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Summary 

In this report, the possibilities for controlling cartilage tissue engineering are discussed. 
Before being able to control a process, the process needs to be defined and understood. The first steps 
in understanding cartilage tissue engineering are investigating the properties of cartilage and cartilage 
tissue engineering research areas. 
Articular cartilage is a specialized, charged and hydrated soft tissue with a specific structural organiza
tion. The mechanical properties vary with location within the cartilage and are dependent on the specific 
biochemical composition and structural arrangement of the extracellular matrix. The mechanical prop
erties of articular cartilage are highly dependent on the integrity of the collagen network, the retention 
within the network of a high concentration of proteoglycans, and the capacity of chondrocytes to maintain 
this extracellular matrix integrity. 
Cartilage tissue engineering research can be divided into several areas. These include the cells, which 
produce the cartilage matrix, the scaffold, which initially houses the cells and provides a 3D structure for 
tissue development, external stimuli, which alter tissue composition and tissue structure, the bioreactor, 
which supplies the in vitro culturing environment, and the chemical environment. The disadvantage of 
different research areas is that each scientist defines its own system in order to investigate a specific 
relation. The data found in literature are system specific and can not be used for the design of a control 
system, but can offer useful tendencies which will help to understand tissue engineering. 
A standardized tissue engineering approach and initial construct have to be chosen in order to obtain 
a set of measuring data that can be used for controlling the system. In this study a multi-stage tissue 
engineering approach is chosen. The initial construct consists of a porcine collagen type I gel seeded with 
primary bovine chondrocytes, harvested from the metacarphalangeal joint. The process to be optimized 
is the development from the initial construct to a tissue engineered construct. This construct needs to 
have a specific structure-function relationship, which can be used as a replacement for natural cartilage. 
The process needs to be optimized with respect to tissue function. Tissue function is defined as the 
capability of load transmission, stress distribution and low-friction articulation. The tissue engineering 
process is an interplay of tissue structure and composition, tissue behavior and chondrocytes. 
Controlling cartilage tissue engineering comes down to monitoring the process of tissue engineering and 
using the monitor information to online change the input parameters to be able to influence the process 
performance to follow a desired trajectory. This requires knowledge of the input-output relations and 
measurement of quantities. 
Literature investigation showed that dynamic compression, gas and nutrient supply (growth factors) are 
relevant input parameters. Dynamic compression stimulates tissue growth in a frequency and amplitude 
dependent manner. Growth factors are useful as they have specific effects. 
Tissue function correlates with material properties as strength, stiffness, damping and friction. These 
properties can be related to tissue characteristics. Strength and dynamic stiffness are provided by the 
collagen fibers, while damping and static stiffness are related to proteoglycans and water content. The 
friction coefficient depends on the synovial fluid, extracellular matrix density and smoothness of the 
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surface. 
Measurements are used to monitor the system. In this report an overview is given of commonly used 
measuring quantities and measuring equipment. Most measuring methods are not suitable for online 
control, as they are destructive or labor intensive. Some relevant quantities and their measuring methods 
are examined with the intention to monitor tissue engineering. 
To build a control system an experimental setup is needed. In this study a measuring setup is adapted to 
a culturing device. This device is not yet suitable for cartilage tissue engineering as some problems and 
design issues arose. Several adaptations are needed to improve the setup, but the created setup will still 
not be the desired bioreactor. Therefore it is suggested to design a new bioreactor. 
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Samenvatting 

In dit verslag worden mogelijkheden tot het regelen van tissue engineering van kraakbeen beschouwd. 
Om een proces te kunnen regelen, moet het proces begrensd en geidentificeerd worden. Om het tissue 
engineering proces te begrijpen zijn de eigenschappen van kraakbeen en de onderzoeksgebieden voor 
kraakbeen tissue engineering onderzocht. 
Kraakbeen is een gespecializeerd, geladen, gehydrateerd weefsel met een specifieke structuur. De mech
anische eigenschappen van kraakbeen varieren met de positie in het kraakbeen en zijn afhankelijk van 
de specifieke biochemische compositie en struetuur van de extracellulaire matrix. De mechanische eigen
schappen van gewrichtskraakbeen zijn afhankelijk van de integriteit van het collageen netwerk, de retentie 
va.n het netwerk door de hoge concentratie proteoglycanen en de capaciteit van de chondrocyten om de 
integriteit van de extracellulaire matrix te behouden. 
In het onderzoek naar kraakbeen tissue engineering kunnen verschillende onderzoeksgebieden worden 
onderscheiden. Zoals: de cellen, welke de kraakbeenmatrix produceren, het dragermateriaal, dat het 
mogelijk maakt om cellen in een 3D vorm te kweken, externe stimuli, waardoor de samenstelling en de 
structuur van het weefsel verandert, de bioreactor, die het sample voorziet van een in vitro leefomgeving, 
en de chemische omgeving, die het sample voorziet van groeifaetoren en voedingsstoffen. Ret nadeel 
van verschillende onderzoeksgebieden is dat iedere onderzoeksgroep zijn eigen systeem definieert om een 
specifieke relatie te onderzoeken. Zolang er geen gestandardiseerd systeem is kunnen de data uit de 
literatuur niet gebruikt worden voor het ontwerp van een regelsysteem. Literatuur is echter weI nuttig 
voor het afteiden van tendencen en het begrijpen van tissue engineering. 
Om een regelsysteem te ontwerpen moet er een goede set van meetdata beschikbaar zijn, hiervoor di
enen een gestandardiseerde tissue engineering methode en een initieel sample gekozen te worden. In deze 
studie is er gekozen voor een multi-stage tissue engineering methode. Ret initiele sample is een collageen 
(type I) gel, waarin primaire chondrocyten worden gezaaid. Deze chondrocyten worden geisoleerd uit 
een metacarphalangeal gewricht van een rund. Ret proces dat geoptimaliseerd moet worden is de on
twikkeling van het initiele sample naar een tissue-engineered sample. Dit sample dient over een specifieke 
structuur-functie relatie te beschikken en dient bruikbaar te zijn als implantaat. Ret tissue engineering 
proces moet geregeld worden met als doel het genereren van een optimale weefselfunctie van het tissue
engineered sample. Tissue engineering is een wissel werking van de stuctuur en compositie van het weefsel, 
het gedrag van het weefsel, en de activiteit van de cellen. 

Voor het regelen van kraakbeen tissue engineering moeten de ontwikkelingen van het proces gevolgd 
worden in de tijd. Aan de hand van deze informatie worden de ingangsparameters veranderd om het 
gewenste systeem gedrag te krijgen. Om een proces te kunnen regelen dienen ingangs-uitgangs relaties, 
meet bare grootheden en meetmethoden bekend te zijn. 
Uit literatuuronderzoek is gebleken dat dynamische compressie, gas- en voedingsstoffen (waaronder groeifac
toren) toevoer relevante ingangsparameters zijn. Dynamische compressie stimuleert, afhankelijk van de 
frequentie en de amplitude, weefseI groei. Groeifactoren zijn interessant als regelingang, omdat ze een 
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specifieke werking hebben. 
Weefsel functie is gecorreleerd aan materiaal eigenschappen, zoals sterkte, stijfheid, demping en wrijving. 
Deze eigenschappen kunnen gerelateerd worden aan kenmerken van het weefsel. Sterkte en dynamische 
stijfheid zijn gerelateerd aan de collageen vezels, terwijl demping en statische stijfheid gerelateerd zijn 
aan proteoglycanen en water. De wrijvingscoefficient hangt af van synoviale vloeistof, de dichtheid van 
de extracellulaire matrix en de gladheid van het kraakbeen oppervlak. 
Metingen worden gebruikt am het process in de tijd te kunnen volgen. In dit rapport wordt een overzicht 
gegeven van meetbare grootheden en meetapparatuur. De meeste metingen zijn destructief en arbei
dsintensief, hierdoor zijn ze niet geschikt om een proces online te regelen. Enkele relevante meetbare 
grootheden en de bijbehorende meetmethode zijn bestudeerd, met de intentie het tissue engineering pro
ces te volgen in de tijd. 
Voor het ontwerpen van een regelsysteem is een experimentele opstelling nodig. In dit onderzoek is 
een meetopstelling aangepast tot een opstelling waarin cellen kunnen leven. Deze opstelling is, door 
praktische problemen en nieuwe ontwerp eisen, nog niet geschikt voor kraakbeen tissue engineering. De 
huidige opstelling kan verbeterd worden door verschillende aanpassingen door te voeren. Echter, de 
verkregen opstelling is dan nog steeds niet de gewenste bioreactor. Ret is daarom raadzaam om een 
nieuwe bioreactor te ontwerpen. 

4 



Contents 

1 Introduction 
1.1 Background 
1.2 
1.3 

Aim .... 
Structure of the report 

2 Articular cartilage 
2.1 Composition 

2.1.1 Chondrocytes 
2.1.2 Collagen ... 
2.1.3 Proteoglycans. 
2.1.4 
2.1.5 

Noncollagenous, nonproteoglycan matrix constituents 
Tissue fluid . . . 

2.2 Structure .. . . . . . . . 
2.2.1 Superficial zone .. 
2.2.2 
2.2.3 
2.2.4 

Transitional zone . 
Radial zone . . 
Calcified zone . 

2.3 Function. 
2.4 Sununary . ... . . . 

3 Overview of cartilage tissue engineering 
3.1 Cells ...... . 
3.2 Scaffolds . . . .. 
3.3 External stimuli. 
3.4 Bioreactors . . . 

3.4.1 Spinner flasks . 
3.4.2 Perfusion culture 
3.4.3 Rotating wall bioreactor 
3.4.4 Cell straining apparatus 

3.5 Medium composition 
3.6 Discussion... .. . 

4 Scope 
4.1 Definition of the Scope. 

4.1.1 Standardization. 
4.1.2 The process ... 

5 

8 
8 
9 

10 

11 

11 
12 
12 
14 
15 
15 
15 
16 
16 
16 
16 
17 
18 

19 
19 
20 
21 
21 
21 
22 
22 
22 
22 
22 

24 
24 
24 
25 



6 CONTENTS 

4.1.3 Optimization criterium and controlled outputs . . . . . . . . . . . . . . . 26 
4.2 First investigation of interrelations . . . . . . . . . . . . . . . . . . . . . . . . . . 26 

4.2.1 Relation between cartilage composition and structure and tissue behavior 26 
4.2.2 Influence of external stimuli on cartilage composition, structure and behavior 29 
4.2.3 Discussion....... . . . .. . . . .. .. . . ..... . ...... . .... 33 

5 ~easurements 

5.1 Aim of measuring . .. .. ... .. .. . ... . . . . .. .. . 
5.2 Overview of measured quantities and measuring equipment . 

5.2.1 Measurements for cartilage structure and composition 
5.2.2 Measurements for mechanical behavior and material properties 
5.2.3 Measurements for chondrocytes 
5.2.4 Discussion... .. ... . .. . 

5.3 Examined measuring methods ..... 
5.3.1 Sulphated glycosaminoglycans 
5.3.2 Histology . . . . . . . . . . . . 
5.3.3 Cell viability and number of cells 
5.3.4 Swelling behavior. 
5.3.5 Compression test 
5.3.6 Discussion . 

6 Culturing device 
6.1 Existing measuring setup ... . . 
6.2 Development of a culturing device 

6.2.1 Practical problems 
6.2.2 Design issues 

6.3 Discussion... ... .. . 

7 Conclusions and Recommendations 
7.1 Conclusions . ... 
7.2 Recommendations 

Bibliography 

A Protocol: Extraction of chondrocytes from bovine feet 
A.1 Dirty stage (20 min) . ..... . . . 
A.2 Clean stage (90 min) . . ...... . 
A.3 Cell filtration and washing (45 min) 

B Protocol: Culturing primary chondrocytes 
B.1 Stock solutions ... .. ... . . 
B.2 Culturing chondrocytes (20 min) 
B.3 Cell counting (10 min) . .. . . . 

C Protocol: Obtaining a collagen gel - I~EDEX 
C.1 Stocksolutions ... .. 
C.2 Collagen gel (70 min) 

6 

35 
35 
35 
35 
37 
38 
39 
40 
40 
41 
42 
43 
44 
44 

46 
46 
47 
47 
48 
49 

50 
50 
51 

52 

58 
58 
59 
62 

64 
64 
65 
66 

68 
68 
69 



7 

D Protocol: Obtaining an agarose gel 71 
Dol Stocksolutions 0 0 0 0 71 
Do2 Agarose gel (90 min) 0 0 0 0 0 0 0 0 71 

E Protocol: Quantitation and discrimination of sulphated glycosaminoglycans 73 
Eo1 Stock solutions 0 0 0 0 0 0 73 
Eo2 Calibration (15 min) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 75 
Eo3 Papain digestion (60 min) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 75 
Eo4 Quantitation of sulphated glycosaminoglycans (60 min) 76 
Eo5 Color reaction (10 min) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 76 

F Protocol: Duostaining CellTracker Green/Propidium Iodide for chondrocytes 78 
Fo1 Stocksolutions 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 79 
Fo2 Testing the optimal concentration of Celltracker Green or Propidium Iodide (180 min) 0 0 79 
Fo3 Duostaining Celltracker Green/Propidium Iodide, for monolayer of cells and cells embedded 

in a gel construct (120 min) 0 0 0 0 0 0 0 0 80 
F.4 Visualization of the duostaining (60 min) 80 

G Experimental setup 83 

H Glossary in Dutch 84 

7 



Chapter 1 

Introduction 

1.1 Background 

Age dependent degeneration as well as major loss of organs or tissue functionality caused by injury, in
flammation or other disease have stressed the need for materials for replacement. Apart from artificial 
systems made of non-biological materials, research for alternative solutions, such as xenotransplantation 
(transplantation of cells, tissue and organs from animals to human beings) and tissue engineering, has 
been intensified during the last decade. Tissue engineering is an emerging field that aims at regenerating 
natural tissues and creating new tissues using biological cells, biomaterials, biotechnology, and clinical 
medicine. The term tissue engineering was officially coined at a National Science Foundation workshop in 
1988 to mean the application of principles and methods of engineering and life sciences toward 
fundamental understanding of structure-function relationships in normal and pathological 
mammalian tissues and the development of biological substitutes to restore, maintain or 
improve tissue function. 

Examples of tissue engineering areas are skin, bone, cartilage, heart valves, arteria. This study focusses 
on cartilage tissue engineering. 

Although cells have been cultured outside the body for many years, research has recently begun to develop 
three-dimensional tissue constructs that will ideally mature into fully functional tissues and organs that 
can be implanted in the body. 

Figure 1.1: Schematic representation of multi-stage cartilage tissue engineering [1] 

An ambitious approach for tissue engineering is illustrated in figure 1.1. It assumes that specific tissues 
and organs will be restored, in a multi-stage fabrication. For example, cells derived from the patient 
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1.2. Aim 9 

may be processed to increase the total number available. These cells are seeded into a suitable three
dimensional resorb able biomaterial (scaffold) and are further processed outside the human body (in vitro) 
to induce the elaboration of new tissue prior to implantation. Success will depend on the ability of the 
cells to synthesize a functional matrix material within a construct at a rate sufficient to balance the loss of 
the degrading scaffold material to ensure a functional material. Furthermore, tissue engineered implants 
must be produced in a highly controlled and aseptic manner. The productivity of the cells depends on 
the culture conditions, like temperature, pH, nutrient supply, growth factors and mechanical loading. 

Tissue processing requires the application of both biochemical and biophysical stimuli to induce cellular 
growth, synthesis and tissue remodelling. Moreover, nutrients and waste products need to move freely 
through the cellular construct to minimize cell death. Inadequate tissue culture conditions are currently 
a major problem with constructs greater than 2 mm in thickness. Furthermore, differences in cell origin 
will lead to variability between end-point implants. 

For in vitro culturing tissue-engineered constructs bioreactors are used. Bioreactors are machines which 
supply tissue engineered constructs with nutrients and withdraw toxic and metabolic by-products. They 
have been developed for a range of applications. 

To improve the in vitro culturing process a bioreactor has to be designed with operation strategies which 
minimize nutrient en waste product gradients and which maximize tissue viability and function. So there 
is a need for a controlled bioreactor. This study focusses on controlling a bioreactor and is part of the 
European IMBIOTOR project. The aim of the IMBIOTOR project is to develop an Intelligent Mini 
BIOreacTOR to control the in vitro growth of tissue-engineered cartilage. The novelty or intelligence will 
be the online use of local and bulk changes in the construct, to change online the input parameters to 
influence the overall performance. The European project will run for three years, leading to a prototype 
bioreactor, the IMBIOTOR. The multidisciplinary project-workgroup consists of six participants. The 
University of Technology of Eindhoven is concerned with two tasks: numerical modelling of cartilage 
tissue engineering and controlling the bioreactor for cartilage tissue engineering. 

Before being able to control a bioreactor a control system needs to be designed. In the design process of a 
control system four stages can be distinguished, namely l:definition of the scope, 2:selection of measuring 
quantities and methods, 3:identification of the process and 4:design of a control strategy. In the first stage 
the controlloptimization problem and the system boundaries need to be defined. During the second stage 
the suitability of measuring methods needs to be investigated. For online controlling it is important to 
select measuring methods that can be used online. Destructive and labor intensive measuring methods 
are not useful for online control. It need to be mentioned that for the development of a model and control 
system destructive or labor intensive methods can be valuable. The third stage is identification of the 
system by measuring and modelling the relations between inputs and outputs. The last stage is designing 
a control strategy (trajectory and influence parameters) that is suitable for achieving the control aim 
within the prescribed ranges. 

1.2 Aim 

The aim of this study is exploring the possibilities for controlling a bioreactor for cartilage tissue engi
neering, by working out the first two stages of control: Definition of the scope and selection of measuring 
quantities and methods. This work will form a basis for designing a control system for a bioreactor for 
tissue engineering of cartilage. Further, requirements for the bioreactor design from a control point a 
view will be discussed. 
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10 Chapter 1. Introduction 

1.3 Structure of the report 

In the first chapter, the specific composition, structure and function of cartilage are described. In the 
second chapter an overview of the essential phases and research areas of tissue engineering is given. 
In the third chapter, the standardized IMBIOTOR approach and the therefore obtained methods are 
presented. The main aim of this chapter is definition of the scope for controlling cartilage tissue engi
neering. This is done by defining the process, the optimization criterium and the controlled outputs. To 
have a better understanding of the process the interrelations between l:mechanical behavior and 2:tissue 
structure and composition and vice versa are reviewed. 
In the fourth chapter, an overview of the standard measuring methods for cartilage composition and 
structure, cellular activity and mechanical behavior is given. Some of these methods are examined and 
worked out with the intension to use them for monitoring tissue engineering in the future. 
In the last chapter an online measuring setup is discussed, as a measuring setup and experimental data 
are needed to control the process. The setup is adapted to a culturing device in order to make it suitable 
for tissue engineering. 
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Chapter 2 

Articular cartilage 

Articular cartilage is a connective tissue that covers the ends of bones within synovial joints. It provides a 
low-friction, wear resistant, load-bearing surface in synovial joints. [2] Articular cartilage is a specialized, 
charged and hydrated soft tissue with a specific structural organization. The mechanical properties 
vary with location within the cartilage and are dependent on the specific biochemical composition and 
structural arrangement of the matrix.[2] 

2.1 Composition 

Cartilage contains a highly structured extracellular matrix that is deposited and maintained by a small 
number of cells, the chondrocytes. The main components of the extracellular matrix of articular cartilage 
are water, collagen and proteoglycan. Articular cartilage does not contain any blood vessels, nerve 
endings and lymphatic vessels.[2] Nutrients, supplied by the surrounding tissues, reach the chondrocytes 
by diffusion, osmosis and perfusion. The nutrient supply is a very slow process and hence a restriction 
for the thickness of the cartilage tissue. 

Figure 2.1: Cartilage composition[3] 
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12 Chapter 2. Articular cartilage 

2.1.1 Chondrocytes 

The chondrocytes represent 10% of the total volume. [?] They are responsible for the production and 
assembly of the constituents of the extracellular matrix of cartilage and are thus essential for maintaining 
the integrity of the tissue. For this purpose chondrocytes adjust their behavior in response to external 
signals: cytokines, growth factors, nitric oxide, vitamins, matrix degradation products, changes in me
chanical and hydrostatic loading patterns. Chondrocytes originate from mesenchymal stem cells found in 
the bone marrow in mature individuals. During embryogenesis cells pass through various lineage stages 
to become hypertropic chondrocytes (figure 2.2) 

~ - --
1 

- -..... 

Figure 2.2: Schematic representation of lineage stages from a mesenchymal stem cell to a fully differenti
ated cell 

During the proliferation stage, the mesenchymal cells continue to divide. After proliferation, the mes
enchymal stem cells start to differentiate into chondrocytes, which secrete a cartilaginous matrix. Differ
entiated chondrocytes (on the periphery) secrete collagen and matrix molecules in order to maintain the 
matrix. The chondrocytes in the central zone, located next to what will soon be bone, enter the final 
stage of development and become hypertrophic chondrocytes, producing proteins that are important in 
calcification of the matrix. Mature articular chondrocytes, unable to proliferate, appear round and are 
completely encased in matrix.[5] 

2.1.2 Collagen 

Collagen contributes approximately 50% of the dry tissue weight of articular cartilage. [?] The collagen 
network consists of collagen fibres. A collagen fibre is a rod-like protein molecule, composed of several 
smaller fibres, called microfibrils. The fundamental unit of such fibril is a macromolecule, called tropocol
lagen, held together by covalent bonds. Tropocollagen consists of three polypeptide chains folded by 
hydrogen bounds in such a way, that they form a triple helical configuration.[6] 
Each polypeptide chain contains approximately 100 amino acid residues. The precise sequence of amino 

acids determines the type of collagen present.[6] Articular cartilage contains predominantly type II col
lagen and smaller amounts of collagen type V, VI, IX, X and XI. Each type of collagen has a specific 
distribution and feature, as can be seen in the table below. The proportions of collagen type IX, XI 
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2.1. Composition 
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Figure 2.3: Schematic representations of a collagen fibre[3] 

13 

relative to type II decreases with increasing cartilage maturity. [2][5] The half-time of type II collagen 
in healthy human cartilage is estimated to be more than 100 years, implying that collagen turnover is 
virtually absent in normal adult cartilage.[w] The composition and structure of the collagen network 
determine its integrity. The collagen fibrillar network holds the cartilage tissue together and provides 
resistance against swelling and tensile stresses.[w] 

Type Distribution Key features 
II articular cartilage Main collagen of cartilage 

invertebral disc forms main fibrils 
VI skin, cornea, tendon, Forms beaded filaments 

ligament, articular cartilage 
IX articular cartilage On surface of type II fibrils links 

vitreous body fibrils and other matrix components; 
can contain a glycosaminoglycan chain; 
modulates fibril diameter 

X hypertrophic and Non fibrillar short-chain 
mineralizing cartilage collagen; may form hexagonal 

lattice in some tissues 
XI articular cartilage Copolimerization with 

invertebral disc collagen II into heterotypic fibrils; 
regulation of fibril diameter? 

XII tendon, ligament, Collagen I fibril associated collagen 
fetal articular cartilage with interrupted tiple helix 

XIV Skin, tendon, Fibril associated collagen 
fetal articular cartilage with interrupted tiple helix 

XVI Many tissues, Fibril associated collagen 
articular cartilage with interrupted triple helix 

Table 2.1:0veI"Vlew of collagen types found III artIcular cartilage[2] 
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14 Chapter 2. Articular cartilage 

2.1.3 Proteoglycans 

Proteoglycans contribute approximately 30-35 % of dry tissue weight of articular cartilage. Proteogly
cans are large molecules consisting of many glycosaminoglycans linked to core proteins. A single core 
protein carries between 6 to 60 glycosaminoglycan chains. The protein core constitutes about 10% of the 
molecular weight, while the glycosaminoglycan chain represent about 90% of the molecular weight of the 
proteoglycan content.[2] 

Figure 2.4: Schematic representation of proteoglycan aggregates[3] 

Glycosaminoglycans are made up of long chains of polysaccharides. In cartilage several glycosaminogly
cans exist, the most prominent being chondroitin sulphate, keratan sulphate, heparan sulphate, dermatan 
sulphate and hyaluronan. Their relative proportions vary with the type of cartilage and with age.[6] 
Via linker proteins proteoglycans form an immobilized three-dimensional network. A characteristic feature 
of proteoglycans is their large number of negatively charged glycosaminoglycan chains. The extracellular 
matrix of articular cartilage contains two major proteoglycan families: large aggregating proteoglycans 
(aggrecan, versican) and small interstitial proteoglycans (biglycan, decorin, fibromodulin, lumican). Ta
ble 2.2 gives an overview of their distribution and composition. The large aggregating proteoglycans 
contribute 50 to 85% of the total proteoglycan content, whereas the small leucine-rich proteoglycans con
tribute probably less then 10% to the total proteoglycans in mature cartilage. In articular cartilage, the 
major proteoglycan is aggrecan, which consists of an extended protein core to which up to 150 chondroitin 
sulphate and keratan sulphate chains are attached. 
The fixed negatively charged proteoglycans give rise to a large osmotic swelling pressure (Donnan effect). 
These swelling properties contribute to the mechanical properties of articular cartilage. In cartilage the 
swelling process is limited by the extensibility of the collagen fibres with which the proteoglycans are 
entangled. 
The stiffness and durability of articular cartilage depend to a large extent on the molecular architecture 
and size of the proteoglycan aggregates. Alterations in proteoglycan aggregations are among the early 
changes detected with degeneration of articular cartilage and with aging. Proteoglycan aggregation and 
a&,DTegate stability appear to be significantly influenced by the concentration of link proteins. Decreased 
aggrecan concentration and aggregation and decreased length of glycosaminoglycan chains are accompa
nied by a relative increase in water content. These alterations decrease the stiffness of the matrix. [2] 
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2.2. Structure 15 

Proteoglycans Distribution Key features 
Aggregan cartilage, brain , blood vessel provides resilience (high fixed charge density) 
Versican cartilage, brain, skin, functional properties related to aggregan 

blood vessel 
Decorin collagenous matrices, bone teeth, Binds to collagen I and II, in vitro 

mesothelia, floor plate fibril modulation; binds to 
TGF-,B; fibronectin, thrombospondin, 
and ,B-amyloid 

Biglycan interstitium, cell surfaces binds to collagen VI; binds to 
TGF-,B; in load bearing 
cartilage more abundant 

Fibromodulin collagenous matrices Binds to collagen I and II, in vitro 
fibril modulation, localized on 
cartilage fibrils; binds to TGF-,B 

Lrnnican cornea, intestine, liver modulates collagen I fibril 
muscle, cartilage formation in vitro 

Epihycan epiphyseal cartilage contains 8 leucine-rich repeats 
carries possibly (CSjDS) chain 

Table 2.2:0vefYlew of proteoglycan types found III artIcular cartllage[2J 

2.1.4 Noncollagenous, nonproteoglycan matrix constituents 

In addition to collagen and proteoglycans, several constituents that are neither collagen nor proteoglycans 
are present in articular cartilage. The functions of these proteins range from involvement in the matrix 
assembly and matrix-cell interactions to modulation of chondrocyte phenotypes.[2J 

2.1.5 Tissue fluid 

Articular cartilage tissue fluid consists of water with dissolved gas, small proteins and metabolites. [2J 
Water accounts for 60 - 85 % of cartilage wet-weight.[wJ About 30% of the interstitial water exists in 
the intrafibrillar space of collagen, a small percentage is within the chondrocytes and the remainder 
occupies the solution domain of the proteoglycans. The mobile cations of the free moving water bind 
to the proteoglycans and create a swelling pressure within the tissue. The amount of water present in 
cartilage depends on the charge density associated with proteoglycans and on the organization, strength 
and stiffness of the collagen network. The water content largely determines the mechanical properties of 
the tissue.[2J 

2.2 Structure 

Mature articular cartilage is an anisotropic material. Under the light microscope, four zones can histolog
ically be distinguished, namely the superficial zone, the transition zone, the deep zone and the calcified 
zone. Within the different zones, structure, composition, cell shape, cell size, synthetic activity and 
mechanical properties of articular cartilage vary.[7][5J 
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(a) (b) 

Figure 2.5: Cross-section of carilage, a: schematic representation, b: histologic picture 

2.2.1 Superficial zone 

The superficial zone is the thinnest zone and is made of two distinct layers. An acellular sheet of 
predominantly collagen fibers covers the joint. Under this, the second layer is composed of flattened 
and relatively inactive chondrocytes with their long axes parallel to the articular cartilage surface. The 
extracellular matrix in this area has more collagen and less proteoglycan than the other zones. There are 
also large amounts of fibronectin and water. This combination of molecules gives more tensile strength 
to this area of the matrix, which could be useful in resisting shear from the surfaces. [2] The superficial 
zone is important for the compressive strength of the tissue.[5] The superficial zone forms the gliding 
surface. [7] 

2.2.2 Transitional zone 

This zone is larger than the superficial zone.[5] The collagen fibrils have a larger diameter and are more 
randomly arranged compared with the superficial zone. The chondrocytes appear rounded and are larger 
and biosynthetically more active than in the superficial zone. The proteoglycan content is highest in this 
zone and the aggTegates are larger than in the superficial zone. 

2.2.3 Radial zone 

In the radial zone the collagen fibrils have their largest diameter. The collagen fibrils are arranged 
perpendicular to the subchondral bone and in the periphery they are arched over to be parallel to the 
superficial zone.[w] The radial zone has a high proteoglycan content and the lowest water content.[7] 
The chondrocytes tend to be aligned in radial columns, and the synthetic activity of the chondrocytes is 
largest. [2] 

2.2.4 Calcified zone 

The thin calcified zone lies closest to the subchondral bone and acts as a transition from cartilage to bone. 
The cartilage is mineralized (calcified) with crystals of calcium salts and has low proteoglycan content. 
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The collagen fibrils from the deep zone insert the calcified zone providing a strong anchoring system for 
the tissue on the subchondral bone. The calcified zone serves for structural and mechanical integration 
of articular cartilage to the underlying bone. [2] 

Parruneters Superficial Transitional Radial Calcified 
% of articular cartilage layer 
-human 2-3 5 92 1-2 
Water content 85% --+ 60% 
Type II collagen 
-content highest --+ 15% decrease 
-fibril 20-50 mm --+ 200-300mm 
-fibril organization parallel to random perpendicular fibrils 

surface to subchondral penetrate 
bone tidemark 

Proteoglycans 
-density low high high absent 
-aggregan aggregates small medium large 
-decorin + biglycan content highest --+ low 
Chondrocyte shape elongated round round round 

single single in coloms smaller than 
cells cells largest in size in radial zone 

Chondrocytes (adult bovine) 
-biosynthetic activity (grains/ cell) a 500 1400 ",3000 high 
-mean matrix volume/cell (f.lm3) 18000 27000 ",32000 
-cell density (cells/mm3) 54000 38000 ",31000 
-mean cell volume (f.lm3) 600 1050 ",1280 
Mechanical function resists resists anchor for 

shear compressive cartilage 
stress stress to bone .. 

note: a Chondrocyte actlVlty values for 93HO-prolme mcorporatIOn 
Table 2.3: Overview of parameters in the different zones of articular cartilage[2] 

2.3 Function 

The function of articular cartilage is transmitting loads from one bone to another, distributing stresses on 
the subchondral bones during peak loading and providing, with the synovial fluid, a low-friction articula
tion. Cartilage can fulfill its function because of the specific composition and structure of its extracellular 
matrix, which gives cartilage the right mechanical properties: high compressive stiffness, deformable sur
face and a smooth, shear resistent, gliding surface. The mechanical properties of cartilage are maintained 
by production of extracellular matrix by the chondrocytes. The mechanical behavior of cartilage is de
termined by the applied load (mechanical, chemical, electrical) and by its mechanical properties.[3] 

Cartilage behavior is based on three balances. 

• Electro neutrality: 
L: negative charge = L: positive charge 
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• Balance of Mass 

l: <Pin = l: <Pout 

• Balance of Pressure: 

l: P = 0 = Phydrostatic - Pswelling + 6.Pext 

Chapter 2. Articular cartilage 

Joint loading in vivo results in a complex combination of compressive, tensile and shear deformations in 
cartilage. Dynamic compression of the extracellular matrix (figure 2.6(b)) induces deformation of cells 
and matrix, hydrostatic pressure gradients, and interstitial fluid flow. Fluid convection and separation of 
the mobile cations (Na + , Ca 2+) from the fixed charge groups of the proteoglycan constituents give rise 
to electrical streaming potentials and currents. The imbalance of ions gives rise to a pressure inside the 
tissue that is higher than that in the external solution creating an osmotic pressure. This gives rise to a 
swelling pressure. The swelling of the proteoglycans is resisted and balanced by tension developed in the 
collagen mesh. The collagen network is subjected to a state of 'prestress' in the absence of external load, 
caused by the swelling pressure. [2] 
Shear deformation of cartilage (figure 2.6(c)) does not induce volumetric changes, intratissue fluid flow 
or pressure gradients. Osmotic pressure (figure 2.6(d)) induces intratissue fluid flow and deformation of 
cells and matrix, electric streaming potentials and currents. 

(a) (b) ( c) (d) 

Figure 2.6: Schematic representation of tissue function a:unloaded b:hydrostatic compression c:shear 
d:osmotic compression 

2.4 Summary 

Articular cartilage is a specialized, charged and hydrated soft tissue with a specific structural organiza
tion. Cartilage material properties are anisotropic, non homogenous and viscoelastic. The mechanical 
properties vary with location within the cartilage and are dependent on the specific biochemical com
position and structural arrangement of the extracellular matrix. The mechanical properties of articular 
cartilage are highly dependent on the integrity of the collagen network, the retention within the network 
of a high concentration of proteoglycans, and the capacity of chondrocytes to maintain this extracellular 
matrix integrity. The material properties alter with degeneration, injury and matrix synthesis. 
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Chapter 3 

Overview of cartilage tissue engineering 

Current techniques can to a certain degree repair cartilage, but until now there has been no technique that 
could reproduce the structure and biomechanical function of normal articular cartilage. In the cartilage 
tissue engineering approach (figure 3.1) multi stages can be discriminated. In this section an overview 
will be given of the essential stages and research areas of cartilage tissue engineering. These include the 
cells, which produce the cartilage matrix, the scaffold, which initially houses the cells and provides a 3D 
structure for tissue development, external stimuli, which alter tissue composition and tissue structure, 
the bioreactor, which supplies the in vitro culturing environment, and the chemical environment. 

Figure 3.1: Schematic representation of multi-stage cartilage tissue engineering[l] 

3.1 Cells 

Cells play an essential role in the cartilage tissue engineering process, because they produce the extra
cellular matrix. Different cell lines can be used for tissue engineering research. Each cell line has its 
advantages. Which cells are used depends on the aim of the research. With respect to the cells choices 
have to be made: 

1. cell type (mesenchymal stem cellsj differentiated chondrocytes) 

2. cell culture (primary jimmortalized cells) 

3. cell origin (porcinejbovinejcaninejhuman cells) 
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The background of these choices will be explained next. In natural cartilage chondrocytes originate from 
mesenchymal stem cells found in bone marrow in mature individuals. Mesenchymal stem cells as well as 
differentiated chondrocytes are used for cartilage tissue engineering. Mesenchymal stem cells can be ex
panded many-fold with little effect on the tissue. By creating the right culturing conditions, mesenchymal 
stem cells can differentiate into chondrocytes. Differentiated chondrocytes are not hard to obtain, but if 
they are cultured for longer period, they easily differentiate into a fibroblastic cell type. Under appropriate 
culture conditions chondrocytes will proliferate and maintain their differentiated character, continuing to 
synthesize cartilage matrix, with which they surround themselves. However, under conditions where the 
cells are kept at relatively low density and remain as a monolayer on the culture dish, a transformation 
occurs. The cells lose the rounded shape that is typical for chondrocytes, flatten down on the substratum 
and stop making cartilage matrix. In particular they stop producing type II collagen (characteristic for 
chondrocytes), and instead start producing type I collagen (characteristic for fibroblasts).[8] 
For tissue engineering primary cells or immortalized cells can be used. Cells harvested from a mam
malian tissue (primary cells) usually only proliferate for a limited number of division cycles, about 50 
for typical cells derived from humans. Commercially available immortalized cells can divide indefinitely. 
Although these cells resemble normal cells in most respects, their immortality reflects the presence of one 
or more mutations that have altered their proliferative properties. Immortalized cells are used widely for 
cell studies because they provide an unlimited source of cells of a standardized, genetically homogenous 
type. [8] Primary cells best resemble nature, but are less reproducible (each time another animal), and 
homogenous. 
Much cun-ent research is done with bovine, canine and porcine chondrocytes, because they are easy to 
obtain, expertise has been gained and in vivo testing of the tissue-engineered construct is possible. The 
disadvantage of these chondrocytes is that they behave different from human chondrocytes. 

3.2 Scaffolds 

A scaffold is a bearer material that makes it possible to culture cells in 3D constructs. Porous scaffolds, 
like gels, may be used to maintain differentiated cells in a given geometry. A scaffold reduces donor 
site morbidity and acts as a substrate to which the chondrocytes can adhere. In monolayer cultures, 
chondrocytes dedifferentiate, adapting to a more flattened appearance and producing Type I instead of 
Type II collagen. However, when grown in three dimensions, chondrocytes maintain their differentiated 
phenotype and function. In this way scaffolds can encourage the proliferation of chondrocytes without 
sacrificing important functions to dedifferentiation. Various scaffold materials have been tested, including 
both naturally derived and synthetic polymers. Only the most extensively used scaffold materials will be 
described. 
An example of a natural polymer is collagen. In 1983, it was found that chondrocytes maintained 
differentiated phenotype and glycosaminoglycan production for six weeks in collagen gels. A key advantage 
is that, because collagen can be recognized by cellular enzymes, it can be remodelled and degraded to 
provide space for the growing tissue. Collagen matrices have also been found to have proper molecular 
cues to stimulate new collagen production by transplanted cells as compared to other scaffold types. Other 
natural polymers are alginate and agarose. Beside the natural polymers researchers are investigate the use 
of synthetic polymers. These materials can be easily mass-produced and their properties can be tailored 
for specific applications. There is also the possibility that growth factors or other pharmacologics could 
be included in the scaffold to encourage certain cellular responses, such as proliferation or differentiation. 
Much current research focuses on the biogradable polymers: PGA (polyglycolic acid), PLLA (poly L-Iactic 
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acid) and PLGA (poly DL-Iactic-coglycolic acid) and on natural polymers: alginate and coUagen.[7] 

3.3 External stimuli 

Articular cartilage is subjected to mechanical, chemical and electrical loading during normal activity. An 
example of a mechanical stimuli is the weight of the body during walking. A chemical stimuli is for exam
ple a concentration difference over the tissue or a gTowth factor. An example of an electrical stimuli is an 
electrical potential field over the tissue. Chondrocytes within the tissue can detect their environment and 
respond to this by metabolic activity. The relations between external stimuli and biosynthetic responses 
of chondrocytes are subject of current research. Biosynthetic activity can be monitored on two levels, 
extracellular and intracellular. Although the process is not completely understood, research showed that 
some types of stimuli are desirable for articular cartilage synthesis and modelling. [7] Each scientist defines 
his own system to investigate a specific interrelation. It has to be mentioned that the obtained data are 
system specific. Section 4.2.2 will give an overview of interrelations found in literature. 

3.4 Bioreactors 

Bioreactors are hoods, in which the culture conditions are regulated, like temperature, medium pH, 
exchange of gases and mechanical stimuli. Bioreactors are used to produce histochemical reproducible 
cartilage. [5] Several bioreactors have been designed , four of them will be described below. In the first 
two bioreactors the mechanical conditions are not regulated explicitly, while in the third and fourth 
respectively microgravity and mechanical unconfined strain are regulated. While the process of tissue 
engineering is not understood and the right culturing conditions are still unknown, current research 
focusses on operation strategies and on bioreactor design. 

(a) (b) 

Figure 3.2: Bioreactors, a: rotating wall bioreactor, b: straining apparatus[9] 

3.4.1 Spinner flasks 

In spinner flasks scaffolds seeded with cells are attached to needles hanging from the stopper of the flask. 
Media is added to cover the scaffolds and mixing is maintained with a magnetic stir bar in the bottom of 
the flask. Media is changed every few days to insure high nutrient concentration. [2] 
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3.4.2 Perfusion culture 

To elimiminate the by mechanical mixing unwanted shear gradients, a micro carrier suspension with cell 
can be placed in fluidized bed or air-lift reactors where mixing is achieved by fluid recirculation rather 
than impeller motion.[2] 

3.4.3 Rotating wall bioreactor 

This bioreactor design (figure 3.2a) is useful for microcarriers and scaffolds. The reactor rotating wall 
vessel reactor is designed by NASA to simulate the effects of microgravity. The most common type 
is the slow turning lateral vessel (STLV). The reactor is comprised of two concentric cylinders. The 
stationarry inner cylinder has a membrane that allows gas exchange while the outer cylinder, made from 
a non-permeable material, rotates. The space between the two cylinders is perfused continuously with 
media. Pre-seeded constructs or chondrocytes and micro carriers are kept in a state of constant free-fall 
by adjusting the speed of rotation of the outer cylinder so that the centrifugal force just balances the force 
of gravity and the fluid drag on the objects inside. Mixing occurs due to the small amount of unavoidable 
settling which creates movement of the scaffold/micro carrier relative to the media. 

3.4.4 Cell straining apparatus 

The cell straining apparatus (figure 3.2b) is developed to apply static and dynamic unconfined compression 
to biomaterial constructs seeded with chondrocytes. The viability of the constructs is maintained by using 
a conventional incubator, whilst the system is subjected to static and dynamic loading. This apparatus 
consists of a conventional loading frame with an hydraulic actuator-controlled vertical assembly, which 
enters a tissue culture incubator. The assembly is connected to a central rod which is attached to a 
mounting plate located within a perspex box which is placed on a circular platter £Xed to the base of 
the loading frame. The mounting plate holds 24 loading pins, half of which are unconstrained to move 
vertically in harmony with the loading assembly. Each loading pin incorporates a Ilmm circular perspex 
indenter, which applies compressive strain to samples located within separate wells of a tissue culture 
plate. [6] 

3.5 Medium composition 

A number of different growth media with varying nutrient contents are commercially available. The 
growth medium for chondrocyte cultures should contain inorganic salts, amino acids, vitamins and a 
buffering component . Included in growth medium is D-glucose as a source of energy. The balance of 
salts should provide an appropriate osmolality (Osm) . Supplements may be added to growth medium, 
like growth factors, antibiotics, antimycotics. A combination of commercially available media and media 
supplements can easily supply all these factors. It is important to refresh the growth media, in order 
the keep the nutrient supply, and the toxic waste products at a acceptable level. Normally the growth 
medium is refreshed every 72h.[7] 

3.6 Discussion 

Cartilage tissue growth is a complex interplay between cells, media, matrix components, mechanical 
stimulation and operation strategy. To understand this complex interplay research focusses on different 
areas, like cells, scaffolds, stimulation (mechanical, chemical, electrical) , bioreactors, media composition . 
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The disadvantage of different research areas is that each scientist defines its own essential system in order 
to investigate a specific relation. For the definition of a system choices need to be made, for example 
methods and materials. In a complex biological system these choices are crucial for the outcome. The 
difficulty of a complex biological system is that variables strongly interrelate. Understanding a biological 
system is not as easy as superposition of specific relations. The data found in literature are system 
specific, but can offer useful tendencies which will help to understand tissue engineering. 
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Chapter 4 

Scope 

4.1 Definition of the Scope 

4.1.1 Standardization 

Since tissue engineering of cartilage is in its development phase, several different methods and materials 
are used in research. For the development of a control system it is essential to have a standardized 
reproducible system, in order to identify the system. Therefore, before being able to control a bioreactor 
for cartilage tissue engineering, a tissue engineering approach and a standard initial construct for the 
bioreactor phase have to be selected. 
For this definition choices have to be made with respect to materials and methods. In figure 4.1 the chosen 
approach is visualized. First, cells are chosen from the following options: human primary cells, primary 
bovine chondrocytes and immortalized chondrocytes. Primary bovine chondrocytes have been chosen, as 
they are easy to obtain in large amounts, close to nature and often used for investigation purposes (much 
experimental data are available). Then the scaffold type is chosen from three possible options: collagen 
gel, collagen sponge or agarose gel. A collagen gel has been chosen as it is an easy to handle degrading 
product suitable for homogeneous cell seeding. A seeding density of 4 .106 cells/ml is chosen, based on 
experiences of the Queen Mary West University. 

metacarphalangeal 
Joint 

bovine primary 
chondrocytes 

00 
000 

+ 

Q -. 
porcine collagen 

type 1 gel 
bioreactor tissue-engineered 

cartilage disc 

Figure 4.1: Standardized cartilage tissue engineering approach; 

Handling biological systems requires experience, patience, accuracy and clear protocols. To handle the 
standardized tissue engineering approach, experience and the methodologies (sterile working, culturing 
cells, isolating primary cells and seeding cells into a gel) are obtained. Appendices A to F contain the 
protocols of the obtained methodologies. 
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4.1.2 The process 

The process to be controlled or optimized is in vitro cartilage tissue engineering. The in vitro pro
cess is the transformation from a homogeneous with primary chondrocytes seeded collagen scaffold to 
an inhomogeneous, specialized, charged and hydrated soft tissue engineered construct with a specific 
structural organization. The tissue engineered construct can be used as a replacement for natural carti
lage (figure4.2). The transformation process is caused by the production of new extracellular matrix by 
chondrocytes, degradation of the scaffold material and cell proliferation. 

(a) (b) 

Figure 4.2: Transformation in a bioreactor: homogeneous collagen (type I) gel with chondrocytes ---> 

specific structural organized tissue, containing collagen (type II), proteoglycans and chondrocytes 

In figure 4.3 the scope of the process of cartilage tissue engineering is visualized. The process is considered 
on the macroscopic level. Tissue engineering of cartilage on macroscopic level is a complex interplay of 
cartilage structure and composition, cartilage behavior and chondrocyte activity. This interplay can be 

Tissue behavior 

External factors 
- stress/strain 

- hydrodynamic pressure Signals 
- fluid flow 

-current 

I Chondrocytes I 
Cartilage structure 
and composition 

- proteoglycan 

Tissue properties - collagen Biosynthetic Activities 
- water 

- solvent 
-ions and cations 

Figure 4.3: Schematic representation of the process of tissue engineering of cartilage on macroscopic level 

influenced by external factors, like mechanical, electrical or chemical loading. When an external factor is 
applied the system exhibits tissue behavior. The chondrocytes within the tissue can detect this behavior 
and respond to this by altering their metabolism. The metabolic activity alters the structure and com-
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position of cartilage. These alterations change the mechanical properties of the tissue and these changes 
result in a change in tissue behavior and so on. 

4.1.3 Optimization criterium and controlled outputs 

The optimization criterium is defined as articular cartilage tissue function: to transmit loads from one 
bone to another, to distribute stresses on the subchondral bones during peak loading and to provide (in 
combination with the synovial fluid) a low-friction articulation. Tissue function is quantified by hydraulic 
permeability, strength, damping, static stiffness, dynamic stiffness, low friction coefficient. Satisfying this 
optimization criterium implies that sterility, cell viability, immunology has to be fulfilled. 

4.2 First investigation of interrelations 

Data found in the literature are not directly useful for the development of a control system, because the 
model systems are not representative for the standardized system. However the tendencies or correlations 
found in literature can be useful to understand the process and to design a control system. This section 
will give an overview of interrelations found in the literature. 

4.2.1 Relation between cartilage composition and structure and tissue behavior 

The relation between cartilage composition and structure, and material properties and tissue behavior 
is in general well understood. The mechanical properties of articular cartilage are primarily determined 
by the extracellular matrix and the fluid phase. In turn, the properties of extracellular matrix depend 
largely on the concentration and structural organization of collagens and proteoglycans. 

Compressive behavior 

Proteoglycans are mainly responsible for the biomechanical characteristics in volumetric deformation, 
whereas collagen organization is more important for distortional behavior.[IO] When the cartilage is loaded 
in compression, fluid movement occurs within the tissue and volumetric changes occur. Fluid movement 
is governed by the hydraulic permeability, which in turn is related to the proteoglycan concentration.[ll] 
Experimental studies have shown that enzymatic digestion of proteoglycans results in a decrease in com
pressive modulus.[12] A decrease in the equilibrium compressive modulus has been shown to correlate 
with an increase in water content in normal cartilage. Loss of proteoglycan not only effects the mechani
cal properties, but also effects solute mobility. [12] Proteoglycan removal was associated with an increased 
influx and efflux of large molecules from the tissue matrix. While the equilibrium shear modulus during 
indentation appears to depend on the proteoglycan concentration, a lack of correlation has been reported 
between the instantaneous shear modulus and proteoglycan content.[2] The instantaneous deformation 
has been proposed to be controlled by the collagen fiber network.[13] During indentation, the instanta
neous shape change is thought to cause the superficial collagen fibers to stretch. Enzymatic degradation 
of the proteoglycans alone does not alter the short-term compressive stiffness for unconfined compression. 
In contrast, collagen degradation has been shown to reduce short-term stiffness. [13] 
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characteristics correlation characteristics ref. 
tissue composition/structure tissue behavior 
water content - equilibrium compression modulus [12] 
proteoglycan content - fluid movement [11] 

- hydraulic permeability [11] 
+ equilibrium compressive modulus [12] 
- solute mobility [12] 

+ influx and efflux of large molecules [12] 

+ equilibrium shear modulus [2] 
- instantaneous shear modulus [2] 

collagen fibre network + instantaneous shear modulus [13] 

+ short-term stiffness [13] 
.. 

Table 4.2: CorrelatIOns between tIssue composItIon/structure and tISsue behaVIOr 

Tensile behavior 

The tensile modulus depends on the collagen fibril density, fibril orientation, and the amount of collagen 
crosslinking.[14] In normal, adult articular cartilage, the intrinsic tensile modulus decreased significantly 
with increasing distance from the surface.[14] Further tensile strength from specimens taken parallel to 
the collagen fibre directions is higher than that from specimens taken perpendicular to the collagen fibre 
directions. A strong positive correlation was found between the equilibrium tensile modulus and the 
collagen-to-proteoglycan ratio throughout the cartilage thickness, emphasizing the importance of the in
teraction between collagen fibres and proteoglycan for the tensile stiffness of the extracellular matrix.(14] 
The tensile modulus of the extracellular matrix has been found to be higher in low- than in high-weight 
bearing areas. This is in accordance to the observation that there are fewer proteoglycans, thus a higher 
collagen-to-proteoglycan ratio, in low loaded areas compared to high loaded areas. A loss of teIISile 
stiffness appear to be related to an increased water content and increased permeability, as observed in 
degenerated cartilage. [15] 

characteristics correlation characteristics ref. 
tissue composition/structure tissue behavior 
weight bearing area - tensile modulus [14] 
collagen/proteoglycan ratio + equilibrium tensile modulus [14] 
collagen fibril density + tensile modulus [14] 
water content - tensile stiffness [14] 
hydraulic permeability - tensile stiffness [15] 
parallel to collagen fibres + tensile strength [15] 
perpendicular to collagen fibres 0 tensile strength [15] 

Table 4.3: CorrelatIOns between tISsue composItIon/structure and tIssue behaVIOr 

Shear behavior 

The intrinsic shear stiffness of the proteoglycan-collagen matrix is mainly associated with the collagen 
fibers, as reflected by the positive correlation between the magnitude of the dynamic shear modulus and 
the collagen content of articular cartilage.[16] 
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characteristics correlation characteristics ref. 
tissue composition/structure tissue behavior 
collagen content + dynamic shear modulus [16] 

.. 
Table 4.4: CorrelatIOns between tIssue composItIOn/structure and tIssue behavior 

Swelling behavior 

Fibre-reinforced hydrogels are used as model systems for cartilage. Hydrogel experiments showed that 
the amount of fixed charge density determines the ability to swell, whereas the amount of crosslinker 
limits this swelling behavior (figure 4.4).[17] Fibres limit swelling in the direction of the fibres. However, 
swelling is unaffected in the perpendicular direction.[18] 
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Figure 4.4: Swelling tests a: influence of fixed charge[17] b: influence of crosslinker[17] c:influence of fibre 
orientation[18] 

characteristics correlation characteristics ref. 
tissue composition/structure tissue behavior 
crosslinker - swelling behavior [17] 
fixed charge density + swelling behavior [17] 
parallel to collagen fibre direction - swelling behavior [18] 
perpendicular to collagen fibre direction 0 swelling behavior [18] 

Table 4.5: CorrelatIOns between tIssue composItIOn/structure and tIssue behaVIOr 

Theoretical model 

The behavior of the extracellular matrix can be modelled with a biphasic or a triphasic mixture theory. A 
biphasic model incorporates a fluid phase (interstitial water) and a solid phase (the collagen-proteoglycan 
organic solid matrix including water, bound to the matrix) to represent the fluid-filled porous-permeable 
medium. The triphasic model contains an extra third phase of charged ions (the interstitial ions within 
the matrix). Such models may be extended by a fourth phase (distinguish positive and negative charges) 
or a phase for bound water.[19] 
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4.2.2 Influence of external stimuli on cartilage composition, structure and behavior 

The alteration of cartilage by the activity of chondrocytes is not well understood. In order to under
stand the mechanisms regulating cartilage adaptation, it is essential to understand the relation between 
external stimuli and the biosynthetic response of chondrocytes. The physical stimuli and the resulting 
cellular responses should be studied at molecular, cellular and tissue levels to understand the feedback 
between applied macroscopic forces, extracellular matrix structure and composition, and the resulting 
tissue material properties. 
Numerous studies of cartilage explants and artificial three dimensional constructs have shown that chon
drocytes can modulate their metabolic activity in response to their environment. In literature several 
relations between macroscopic loading and the composition and structural organization of cartilage ex
plant or with chondrocyte seeded model systems have been found. However, the mechanisms of signal 
transduction of mechanical stimuli are not understood and are the subject of intense research and debate. 

Influence of mechanical loading on chondrocytes 

Chondrocytes are directly linked to the extracellular matrix and are softer by about three orders of 
magnitude than the extracellular matrix. The biosynthetic activities of chondrocytes are regulated by 
the mechanical, electrochemical environments around cells in the extracellular matrix, such as matrix 
deformation, stress/strain, fluid and osmotic pressures and electrical potential.[2] These mechanical and 
electrochemical parameters are the signals that chondrocytes sense and respond to under mechanical and 
chemical loading. Therefore, detailed quantification of these mechanical and electrochemical signals is a 
key step toward understanding the mechano-signal transduction mechanism in cartilage. Since, micro
scopic measurement of mechanical and electrochemical environments around cells is generally not possible 
experimentally, theoretical cell-extracellular models have attracted research interest in efforts to predict 
mechanical and electrochemical fields around and within the chondrocytes encased in the extracellular 
matrix. 

Influence of static compression 

Static compression applied by mechanical or osmotic stresses has resulted in a consistent decrease in pro
teoglycan synthesis in cartilage explants. When compression was maintained for several hours or days, the 
biosynthetic inhibition was shown to be relatively stable with a dose-dependent decrease of proteoglycan 
synthesis with increasing static compression.[20] Static compression of cartilage explants produces inho
mogeneous, zone-dependent deformation, in which the local axial strains in the superficial and transitional 
zone are higher than those in the upper and lower radial zones. The inhibition of biosynthetic activity 
was greatest in the areas undergoing the greatest compressive axial tissue strains.[21] Static compression 
of cartilage explants has been associated with a decrease in cartilage hydration (through fluid loss from 
the matrix) and an inc Tease in the density of matrix-associated fixed charges.[22] This increased charge 
density produces an altered osmotic and ionic environment within the matrix and around the cells. [2] 
Cartilage explants placed under osmotic pressure showed a similar decrease in proteoglycan synthesis rates 
compared with explants placed under static compression. Although mechanical and osmotic loading are 
only equivalent if they produce identical states of tissue strain, both loading conditions have resulted 
in a similar decrease in tissue water content, suggesting the factors related to hydration may have been 
responsible for the observed biosynthetic inhibition. [23] 
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external stimuli correlation characteristics ref. 
tissue compost ion/ structure/behavior 

static compression - proteoglycan synthesis [23] 
- fixed charged density [23] 
- water content [23] 

+ local axial strains (mainly in superficial [21] 
and transitional zone) 

+ biosynthetic activity [21] 
osmotic pressure - proteoglycan synthesis [23] 

- water content [23] .. 
Table 4.6: CorrelatIOns between external stImuh and tIssue composItIOn, structure and behavior 

Influence of release of compression 

The biosynthetic response of cartilage to compression have been shown to differ from that of decompres
sion. The effect of compression is inhibitory and occurs within hours of mechanical equilibrium, whereas 
decompression shows a variable and load magnitude-dependent effect on the subsequent proteoglycan 
synthesis. The release of a low compressive load has resulted in the return of the suppressed proteoglycan 
synthesis to uncompressed control levels. Decompression of large loads has been found to stimulate pro
teoglycan synthesis above levels compared with control. However, when decompressing from extremely 
high loads, proteoglycan synthesis only returns to uncompressed control levels after a long period of re
covery, provided that cells were not killed by the 10ad.[2] 

external stimuli correlation characteristics ref. 
tissue compost ion/ structure/behavior 

release of compressive load + return of suppressed proteoglycan synthesis [2] 
to uncompressed control level 
(period of recovery is coupled to the 
height of the applied load) 

.. 
Table 4.7: CorrelatIOns between external stImuh and tIssue composItIon, structure and behaVIor 

Influence of dynrunic compression 

Dynamic compression of cartilage explants or chondrocyte/agarose constructs has been shown to stimu
late or inhibit biosynthesis, depending on the loading frequency and amplitude.[24] The physical factors 
that appear to regulate the biosynthetic response to cyclic compression include fluid flow, matrix stresses 
and strains, cellular deformations and streaming potentials and currents within the matrix. [25] Theo
retical analysis of cartilage disks in unconfined compression demonstrated that the mechanics vary with 
location within the articular cartilage specimen and with the frequency of the applied load. At low load
ing frequencies, the extracellular matrix may be axially compressed with minimal fluid pressurization. At 
high load frequencies, the speed of fluid flow and the streaming potentials increase at the disk periphery, 
while the hydrostatic pressure increases in the center of the disk.[26] 
T.T.Chowdhury[24] assessed the effect of dynamic strain (frequency: 0.3Hz, 1 Hz and 3Hz) on gly
cosaminoglycan synthesis, cell proliferation and protein synthesis. (figure 4.5) 
Glycosaminoglycan synthesis by chondrocyte/agarose constructs was affected by dynamic compressive 
strain in a frequency dependent manner. [24] Dynamic strain at all frequencies induced an increase in 
cell proliferation. However, protein synthesis was suppressed by all strain regimes tested.[24] In cartilage 
explants subjected to cyclic (1Hz) compressive stress (rather than strain) found an increase in inhibition 
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... 
""1 

I .... fUh" illl& .. lit. Ill, Jill 

(a) (b) (c) 

Figure 4.5: Results T.T.Chowdhury[24]' a: GAG synthesis, b :chondrocyte proliferation, c: proteinsyn
thesis 

with increasing cyclic stress. Inhibition of proteoglycan synthesis was independent of loading time and 
increased from approximately 25% at 0.5MPa to 65% at 2.5 MPa, with a much smaller change thereafter 
(70% at 24MPa).[20J Differences in this study compared with others may be attributed to differences in 
the type of cartilage samples (full-thickness vs partial-thickness or immature cartilage) and to differences 
in loading conditions. 

external stimuli correlation characteristics ref. 
tissue compost ion/ structure/behavior 

dynamic compression + biosynthesis (depending on the [24J 
loading frequency and amplitude) 

+ fluid flow [25] 

+ matrix stresses and strains [25J 

+ cellular deformations [25J 

+ currents within the matrix [25] 
low loading frequency + ECM axially compressed [26] 

- fluid pressurization [26] 
high loading frequency + speed of fluid flow (periphery) [26] 

+ streaming potentials (periphery) [26] 

+ hydrostatic pressure (center) [26J 
constant cyclic strain 
low frequency( < O.OOlHz) 0 proteoglycan biosynthesis (explant) [20J 
high frequency(0.01-1Hz) + proteoglycan biosynthesis (explant) [20] 
frequency dependent '-'" glycosaminoglycan synthesis (agarose) [24J 
all frequencies + cellular proliferation(agarose) [24J 

- protein synthesis( agarose) [24] 
compressive stress + proteoglycan synthesis (explant) [20] .. 

Table 4.8: CorrelatIOns between external stImulI and tIssue compOSItIOn, structure and behavior 
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Influence of gas and nutrient supply on cell metabolism, tissue structure, composition 

B.Obradovic[27] has investigated the effect of gas and medium supply on cell metabolism and tissue 
composition. Cell-polymer constructs were assessed with respect to histomorphology, biochemical com
position and metabolic activity. Low oxygen tension (40 mmHg) and low pH(6.7) were associated with 
anaerobic cell metabolism (yield of lactate on glucose, Y LIC of 2.2 mol/mol) while higher oxygen ten
sion and higher pH were associated with more aerobic cell metabolism. Under conditions of infrequent 
medium replacement (50% once per week), glucose consumption and lactate production both decreased, 
cell metabolism remained relatively aerobic and the resulting constructs were cartilaginous. More aer
obic conditions generally resulted in larger constructs containing higher amounts of cartilaginous tissue 
components, while anaerobic conditions suppressed chondrogenesis in 3D tissue constructs. 

external stimuli correlation characteristics ref. 
tissue compostion/structure/behavior 

oxygen tension and pH + aerobic cell metabolism [27] 
infrequent medium replacement - glucose consumption [27] 

- lactate production [27] 

""' cartilaginous constructs [27] 
aerobic conditions + larger constructs [27] 
anaerobic conditions - chondrogenesis [27] 

.. 
Table 4.9: CorrelatIOns between external stImulI and tIssue compOSItIOn, structure and behavlOr 

Influence of oxygen tension 

Oxygen is a parameter regulating chondrocyte metabolism. Cartilage, an avascular tissue, is nutrified via 
the synovial fluid. Its metabolism is adapted to low oxygen tension. (p02 1-5%). Reduced p02 promotes 
development of cartilage attributes in mesenchymal cells, stimulates proliferation, decreases cellular size 
and increases biosynthetic activity of chondrocytes in a range between 5-10% p02.[28] Normal culture 
conditions are 21% p02 . Little is known about the influence of oxygen on collagen synthesis since most 
of the data in the literature deal with glycosaminoglycan secretion. Ysart and Mason[29] found no stim
ulation in glycosaminoglycan synthesis under 6% p02 in cartilage explants. Hansen[28] found significant 
stimulations in protein and collagen type II synthesis in monolayer cultures under reduced p02. 

external stimuli correlation characteristics ref. 
tissue compost ion/ structure/behavior 

reduced pOz + development cartilage attributes [28] 
in mesenchymal cells 

+ cell proliferation [28] 
- cellular size [28] 

+ biosynthetic activity in chondrocytes [28] 
6% p02 0 glycosaminoglycan synthesis( explant) [29J 
reduced p02 + protein synthesis( monolayer) [28] 

+ collagen type II synthesis( monolayer) [28] .. 
Table 4.10: CorrelatIOns between external stImulI and tIssue compOSItIOn, structure and behavior 
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Influence of growth factors on tissue structure, composition 

Growth factors are a tool to induce tissue growth and regeneration in vivo and in vitro. Much research is 
done with regard to the influence of growth factors. For example, T.Blunk[30] has investigated the effect 
of four regulatory factors (insulin-like growth factor (IGF-I), cytokine interleukin-4 (IL-4), transforming 
growth factor-,81 (TGF-,81), platelet-derived growth factor(PDGF)) on cartilage tissue engineering with 
specific focus on the ability to increase construct growth rate and the concentration and distribution of 
the major extracellular matrix components. The different regulatory factors had significantly different 
chondrogenic responses (as will be given below) and can be used to selectively control the growth rate 
and improve the composition of engineered cartilage. IGF-I, IL-4 and TGF-,81 increased construct wet 
weights by 1.5-2.9 fold over 4 weeks of culture and increased amounts of cartilaginous extracellular matrix 
components. IGF-I maintained wet weight fractions of glycosaminoglycan in constructs seeded at high 
cell density and increased by up to fivefold glycosaminoglycan fractions in constructs seeded at lower cell 
density. TGF-,81 increased wet weight fractions of total collagen up to 1.4 fold while maintaining a high 
fraction of type II collagen. IL-4 minimized the thickness of glycosaminoglycan-depleted region at the 
construct surfaces. PDGF decreased construct growth rate and extracellular fractions. 

external stimuli correlation characteristics ref. 
tissue compost ion/ structure/behavior 

IGF-I, IL-4, TGF-,81 + construct wet weights [30] 

+ amounts of cartilaginous ECM components [30] 
IGF-I '"" maintains wet weight fractions of glycosaminoglycan [30] 

at a high cell density 

+ glycosaminoglycan fractions in constructs [30] 
with a lower cell density 

TGF-,81 + wet weight fractions of total collagen [30] 

'"" maintaining high fraction of type II collagen [30] 
IL-4 - thickness of glycosaminoglycan-depleted region [30] 

at the construct surfaces 
PDGF - construct growth rate [30] 

- ECM fractions [30] 
.. 

Table 4.11: CorrelatIOns between external stlmuh and tissue compOSitIOn, structure and behaVIOr 

4.2.3 Discussion 

Understanding of the structure-function relationship of articular cartilage is essential for controlling car
tilage tissue engineering. The development of a tissue engineered construct depends on multiple inputs 
and outputs and causes changes on multiple levels. A well-defined system of inputs and outputs is nec
essary to enable controlling. A first step has been made; the starting product (collagen gel + primary 
bovine chondrocytes) is defined . To understand the current system it is essential to focus on specific 
interrelations instead of focussing on the whole process of tissue engineering. 
Proposed inputs are static and dynamic compression, oxygen tension and nutrient supply (growth factors). 
Static compression is unsuitable, since it has negative effects on tissue growth. Dynamic compression can 
provide a useful input, since it stimulates tissue growth depending on frequency and amplitude. Low 
oxygen tension decreases cell metabolism. Growth factors have specific effects, which make them useful 
inputs for controlling tissue engineering of cartilage. 
Tissue function correlates with material properties as strength, stiffness, damping and friction. These 
properties can be related to tissue characteristics. Strength and dynamic stiffness are provided by the 
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collagen fibers, while damping and static stiffness are related to proteoglycans and water content. The 
friction coefficient depends on the water content, extracellular matrix density and smoothness of the 
surface. 

Mechanical 
loading 

2 Growth factors 

2 

Figure 4.6: Approach for investigating relevant input output relations 

For example the following investigation approach can be adopted. The relationships between the different 
growth factors (input) and tissue growth and structure (output) are assumed to be selective. These 
relationship should be quantified for the current system. When these relationships are established, the 
effect of mechanical stimuli on the amount of growth factors can be investigated. When these results are 
combined with the macroscopic output, namely tissue growth and structure, conclusions can be drawn 
about the direct and indirect effect of mechanical stimuli on tissue growth and/or structure. This strategy 
can also be adopted to investigate the role of oxygen tension or other inputs. 
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Chapter 5 

Measurements 

5.1 Aim of measuring 

Ultimately, the aim of measuring is to measure those variables that are characteristic for the system used 
to control cartilage tissue engineering. The measured outputs are used, together with the input-output 
relations of the system, to vary input signals in order to obtain the desired system behavior. Therefore first 
the variables need to be identified that are ideally measured for controlling cartilage tissue engineering. 
Then search for methods to measure these variables, or, if this is impossible, look for alternative ways to 
obtain the desired information. 
The measurements need to be useful to obtain information of the system in a relevant time span. The 
measurement method may therefore not be destructive to the system, and not be labor intensive. Destruc
tive measuring methods can only be used when samples are cultured in large batches. In the development 
phase, in order to obtain information from experiments, destructive testing of samples is allowed. 

5.2 Overview of measured quantities and measuring equipment 

As mentioned in chapter 4, tissue engineering is an interplay between tissue composition and structure, 
tissue behavior and chondrocyte activity. To understand the tissue growth process these need to be 
monitored. In this section an overview is given of the most commonly used measured quantities and 
measuring equipment. This section only provides an overview. In section 5.3 some relevant quantities 
and their measuring methods are examined. 

5.2.1 Measurements for cartilage structure and composition 

Direct and indirect measuring methods are being used to measure cartilage composition and cartilage 
structure. With direct measuring methods, information about the construct is obtained directly from 
the sample. The disadvantage of most of these methods is that they are destructive. Examples are 
preparation for histology where a sample is cut in several slices, and radioactive labelling where radio 
active material is added to a sample making it useless as an implant. The advantage of most direct 
measuring methods is that they provide structural information. Indirect measuring methods monitor the 
environment of the system. An example is analysis of the culture medium. Disadvantages are that no 
structural or spatial information is obtained and that there is a varying time delay. The advantage is 
that these methods are non destructive and suitable for deducing tendencies. The table below gives an 
overview of measuring methods used for cartilage investigation, for tissue engineering and for cell biology. 
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This overview is not complete, but it may offer useful examples. 

quantity equipment ref. 
direct: 
construct diameter inverted microscope [31] 
construct thickness probe and DMA [31] 
construct change in height LVDT [32] 
water content ( d) wet weight [27] 
glycosaminoglycan location( d) hist: safrarin-Ojfast green [31][33] 
glycosarninoglycan amount ( d) incorporation 35S04 scintillisation analyzer 
glycosaminoglycan amount (d) dimethyl methylene blue, photospectrometry [31][27] 
proteoglycan synthesis rate( d) 35S radioactive counting [34] 
proteoglycan synthesis rate( d) 35S04 alcian blue preciptation method [34] 
glycosaminoglycan types( d) dimethyl methylene blue photospectrometry [35] 
protein(d) incorporation of [3H]-proline into protein [6] 
collagen amount(d) hydrolysis, reaction p-dimethylaminobenzaldehyde 

and choloramineThydroxyproline content [27] 
collagen anlOunt( d) incorporation of 3H-proJine [27] 
collagen content ( d) Sircol collagen assay (Biocolor), sirius red [36][28] 
collagen types (II,IX) (d) immunohistochemical monoclonal antibodies [31] 
collagen type II(d) ELISA [28] 
indirect: 
temperature thermometer 
pH gas-blood analyzer [27] 
pH pH electrode [27] 
p0 2 gas-blood analyzer [27] 
p0 2 oxygen electrode [28] 

fluorescent oxygen biosensor 
pC02 gas-blood analyzer [27] 

CO2 microelectrode (Dip type, flow through) 
glucose amount glucose oxidase colorimetric procedure [37] 

enzymatic assay spectrophotometry [27] 
glucose electrode 

lactate amount lactate analyzer [37] 
enzymatic assay spectrophotometry [27] 
lactate electrode 

ATP concentration I uciferin-l uciferase method [27] 
ammonia enzymatic assay spectrophotometry [27] 
nitrite concentration Griess assay, spectrophotometry [27] 
medium composition [Hannover] 
Toxicity release of LDH, cytotoxicity detection kit 

Note: d=destructlve to construct 
Table 5.1:0verview of measuring methods for cartilage composition and structure 
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5.2. Overview of measured quantities and measuring equipment 37 

5.2.2 Measurements for mechanical behavior and material properties 

Mechanical behavior is characterized by force and change in geometry of the tissue in time. The mechani
cal behavior of articular cartilage is measured macroscopically, by compression (figure 5.1 a, b, c), uniaxial 
tension, shear and permeability (figure 5.1 d). Compression experiments can be indentation, confined and 
unconfined compression, each of them may be static or dynamic. From the herewith acquired deformation 
data several material properties are deduced. The swelling behavior, caused by the fixed charge density, 
is examined using solutions of differing osmolarities and measuring a change in geometry and thus degree 
of swelling. 

(a) 

(c) 

fluid 
Pt ..... ,.: 

P, 

(b) 

I I , 
Fluid Flow 

(d) 

Figure 5.1: Schematic drawings of test configurations for [a12] a:indentation <Pindentor O.7-2.0mm Ha,K:,v 
b:confined compression <Pindentor = <Pconstruct Ha,K: c:unconfined compression <Pindentor » <Peonstruet Es 

d :permeabili ty 

37 



38 Chapter 5. Measurements 

quantity equipment ref. 
measurement 
construct change in height LVDT [32] 
dimensions construct probe and DMA, microscope [31] 
force load cell 
force/pressure force/pressure transducers 
flowrate mass flow meters 
computed output 
hydraulic permeability Darcy's law: k=Qh(A~P)-l 
axial strain Exx = h xx /5hxx 

lateral strain Eyy = h yy /5hyy 

Poisson ratio v = -Eyy/Exx 

Youngs modulus E = axx/Exx 

fixed charge density ~7r = RTJcfc2 - 4c2 - 2cR:I' [3] 
fluid pressure 
stiffness Ha 

Table 5.2:0vervlew of measunng methods for cartilage behaVlor 

5.2.3 Measurements for chondrocytes 

Chondrocytes determine the tissue engineering process. Therefore the activity is monitored on extra
cellular, cellular and intra-cellular level. Cellular activity depends on the environment and on the cell. The 
extracellular level gives information about the production and degradation of structure and composition 
of a sample. For example, the metabolism of chondrocytes can be monitored by the glucose consumption 
and the lactate production. Cell location, cell number and cell viability provides information about cell 
growth and turnover. If the number of cells is too low it may indicate necrosis. If the number of cells 
is too high, it may lead to nutrient deficiency. The cell morphology provides information of the cell 
phenotype in order to monitor cell-differentiation. At the intracellular level receptors can be found that 
stimulate chondrocytes to produce or degrade extracellular matrix components. These receptors can be 
used to assess the matrix synthesis-degradation equilibrium. 
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quantity equipment ref. 

cell location hist: hematoxylin, eosin, toluidine blue [311[27] 
cell number hemocytometer trypan blue (dissolving matrix) [34] 

DNA content, Hoescht 33258 method spectrofiuorometry [31][27] 
DNA content ethidium bromide fiuorometrically 
cell volume hist: hemoatoxylin and eosin [34] 

Coulter counter [38] 
atomic force microscope [38] 

cell size confocal laser scanning microscope [39] 
histology [34] 
microscope CCD [24] 

cytoskeleton fiuoresence immonostaining 
green fiuorescent protein CLSM 

cell height atomic force microsope [38] 
cell adhesion atomic force microscope [38] 
cell viability hemocytometer trypan blue [34] 

duostaining CTC /PI confocal laser scanning microscope 
ethidium/calcein staining 

cell proliferation incorporation of 3 [RJ-thymidine [28] 
into DNA Multiscan TCA preciptation method 

phenotype chondrocyte markers 
glucose amount glucose oxidase colorimetric procedure [37] 

enzymatic assay spectrophotometry [27] 
lactate amount lactate analyzer [37] 

enzymatic assay spectrophotometry [27] 
MMP's zymography 

=-:-;-: 
Table 5.3:0vefVlew of measurmg methods for chondrocyte metabolIsm 

5.2.4 Discussion 

In establishing relationships between in- and outputs destructive measuring methods can be used as long as 
they are not necessary in the final bioreactor setup. Most of the currently used measuring methods cannot 
be used for online measuring because they are destructive. Medium analysis provides online indirect 
information of construct composition. Radioactive labelling can provide a more accurate and quicker 
idea of construct composition. Histology is now used to obtain structural information. The confocal 
laser scanning microscope and magnetic resonance imaging techniques can be used to obtain structural 
information, but these are very expensive methods. No better non-destructive method is known for 
structural analysis. Development of an online structural measuring method is thus necessary. Fluorescent 
staining of glycosaminoglycans or proteoglycans or collagen fibres may provide a direct online method. 
It must be noted that these stained samples can not be used in implants. Most of the analytical and 
numerical methods used to derive material properties of cartilage assume that the tissue is homogeneous 
and isotropic. This is a simplifying assumption for a direction and position dependent layered structure 
as cartilage. Also, material properties deduced using one measuring method may differ from properties 
derived by another measuring method. The compressive behavior is considered to be the most important 
aspect of tissue function. The objective is to find tQe effect of compression on the sample as a whole. 
Different test configurations can be used to obtain (different) material parameters. A bioreactor design can 
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not contain all these test configurations. So a choice has to be made. In the IMBIOTOR design unconfined 
compression tests are used since they are assumed to mimic the situation in-vivo more accurately, since 
strain is present in more directions. Of the monitored quantities mentioned in table 5.3 cell viability and 
cell number are essential. Other quantities, such as cell size and height, are mainly used to find a relation 
between macroscopically applied compression and cellular deformation. These are measured in order to 
understand the triggers for cellular activity. 

5.3 Examined measuring methods 

Proteoglycans are together with collagen fibres the main solid constituents of cartilage. Their amount 
and structural arrangement in combination with the amount of water determine tissue behavior. This 
study focusses on proteoglycans. Glycosaminoglycans give a proteoglycan the so called negative charged 
density, which gives proteoglycan the ability to attract fluid and solvent. Literature showed that gly
cosaminoglycan content and glycosaminoglycan ratio alter with age and with it the ability to attract 
water. Determination and discrimination glycosaminoglycans is essential for characterisation of the car
tilage composition. Literature and model systems show a relevant relation between proteoglycan amount 
(fixed charged density) and the resilience behavior of cartilage due to osmotic pressure. By measuring 
both a relation could be examined. 
In this section a measuring method is described for determining and discriminating glycosaminoglycans. 
Beside glycosaminoglycan discrimination histology is examined to obtain structural information of the 
tissue-engineered construct. The mechanical behavior of the sample is examined by a compression and by 
a swelling test, as compression and swelling are the most important behavior of cartilage. A measuring 
method for monitoring cellular development (cell nunlber, cell location and cell viability) is examined as 
well. 

5.3.1 Sulphated glycosaminoglycans 

For the quantification and discrimination of sulphated glycosaminoglycans a modified dimethylmethylene 
blue assay is tested. Dimethylmethylene blue is a strongly metachromatic dye for the histochemical de
tection of sulphated glycosaminoglycans. Hence, the amount of dimethylmethylene blue is a quantitative 
measure for the presence of sulphated groups. For discrimination between glycosaminoglycans, the effect 
of digestion of specific glycosaminoglycans on color intensity is measured. 
Approach: 

• Obtaining calibration curves (known amount of specific sulphated glycosaminoglycan) 

• Dissolving matrix sample with papain 

• Selective digestion of sulphated glycosaminoglycans with specific enzymes 

• Measuring difference in absorption between original and digested solution 

The obtained calibration curves (figure 5.2) are comparable to curves in [35]. 

Table 5.5 shows the results from a measurement for discrimination of a known amount (2f.Lg/ml) of ker
atan (test). Two samples (one with and one witHout keratenase) were prepared and the difference in 
absorption value was determined (0.018). This value should have been the same as the absorption value 
in the calibration curve (0.041), but it was not. Longer incubation with keratenase gave no better re
sults. The method has to be reconsidered in order to obtain a good measuring method. A more detailed 
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Figure 5.2: Glycosaminoglycan discrimition calibration curves 

description of this method can be found in appendix E 
nr keratan solution demi keratenase DMM m1 m2 

(2JLg/ml) A525 A525 
B 50JLI 50JLI 2,5 ml -0,001 -0,000 
1 50JLI 50JLl 2.5 ml -0.0016 -0.019 

Table 5.4: Test results for the dlscnmmatlOn of a 2JLg/ml keratan solution 

Advantage: Discrimination of different types of glycosarninoglycans 
Disadvantage: No local information, Destructive method, 

5.3.2 Histology 

41 

The structural organization and composition can be best monitored by histologic sectioning of a construct, 
This in combination with selective staining provides detailed geometric information. Figure 5.3 shows 
histologic pictures of cartilage with two different staining methods, Picture a shows a cross section of 
collagen stained with toluidine blue. Picture band c show cross sections of respectively healthy and not 
healthy cartilage stained with hematoxylin and eosin. With this staining the proteoglycans appear red 
and the collagen fibres green. 
Approach: 

• Fixation of the construct with liquid nitrogen/alcohol/formaldehyde 

• Embedding in plastic or paraffin 

• Making slices (rv lOJLm) with a microtome or cryostat 

• Staining of the slices (toluidine blue, hematoxylin, eosin, ... ) 
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(a) (b) ( c) 

Figure 5.3: Histological picture of cartilage a:toluidin blue c:hematoxylin eosin d:hematoxylin eosin 

Advantage: 2D Local information, detailed information, multiple data can be obtained out of one 
sample, standard methods, widely used. 
Disadvantage: Destructive method, labor intensive. 

5.3.3 Cell viability and number of cells 

Monitoring cell viability, cell shape and cell location provides insight in the state of the cells. Literature 
showed that cell shape changes as a result of compression. Cell viability and cell location change in time 
and are expected to be closely related to nutrient and gas supply. The exact cause and effect of these 
changes are not clear yet, but they may be important indicators for controlling tissue engineering. Using a 
confocal laser scanning microscope and a fluorescent duostaining method offers the possibility to monitor 
living and death cells online in a 3D construct for 24 hours. Cell tracker green is a fluorescent probe 
that stains living cells green. Propidium iodide binds to DNA and once the dye is bound its fluorescence 
is enhanced. Propidium Iodide is excluded from viable cells by the cell membrane. Propidium iodide is 
used to stain the nucleus of death cells red. 
Approach: 

• Staining with Celltracker Green and Propidium Iodide 

• Visualizing with confocal laser scanning microscope 

Before monitoring the primary chondrocytes in collagen a suitable concentration of Celltracker GreenjPropidium 
Iodide and suitable confocal laser scanning microscope setting are tested by use of a monolayer of chon
drocytes (figure 5.4 [a]) as this duostaining has not been used for primary chondrocytes before. Living 
cells are duostained and monitored, all cells look green, then cells are killed by addition of alcohol to check 
the Propidium Iodide staining [bJ. The duostaining protocol was executed for a collagen sample seeded 
with chondrocytes (figure 5.4). Results were negative, because the cells appeared dead before the test. 
Unexpectedly, the collagen scaffold was green fluorescent itself. This might interfere with this method in 
the future. In other gels with different cell types, the method does work. A more detailed description of 
this method can be found in appendix F 
Advantage: Local information, following in time 
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(a) (b) 

Figure 5.4: CLSM images of duostained chondrocytes, a: monolayer, b: collagen sample 

Disadvantage: Construct can not be used for implantation, expensive set up, collagen stains green 
(probably solvable). 

5.3.4 Swelling behavior 

The more negative charged proteoglycans, the more a sample would swell in response to osmotic loading. 
The swelling is counterbalanced by stretching of collagen fibres. A swelling test is therefore an indirect 
measure for proteoglycan content or collagen content, once quantitative info of one of these is available. A 
tissue engineered construct is diluted (10 min) in solutions with different osmolarities to provoke swelling 
or shrinking by osmotic pressure. When after 15 minutes equilibrium has reached the sample is weighed. 
The difference in weight is a quantity for the degree of swelling/shrinkage. 
Approach: 

• Taking sample out a solution 

• Weighing sample on a microbalance 

• Diluting (10 min) the sample in another solution with a different osmolarity (used molarities: 1.5M, 
0.15M,0.015M). 

• Weigh the sample 

Results· 
solution sample 1 sample 2 control solution sample 1 

0.15 M (15 min) 0.204g 0.212g 0.15M (5 min) 0.238g 
0.015M (15 min) 0.195g 0.226g 0.15M (5 min) 0.215g 
0.15 M (15 min) 0.205g 0.197g 0.15M (5 min) 0.201g 
1.50 M (15 min) 0.237g 0.219g O.15M (5 min) O.198g 

Table 5.5: Measurement data from a swellmg test 

The examined measuring method is quick and simple, but the measurement error is larger than the 
measured output for small constructs. Therefor this method is not suitable for measuring the swelling 
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and shrinkage behavior of small tissue engineered cartilage constructs. 
Advantage: Non destructive, quick method 

Chapter 5. Measurements 

Disadvantage: Measurement noise exceeds measured output, bulk modulus ---4 no local information. 

5.3.5 Compression test 

For tissue engineering a functional construct it is important to measure the overall stiffness and the change 
in the overall stiffness of the construct. An unconfined compression test is performed to determine the 
overall stiffness of a collagen construct. In the executed test a displacement is applied and the resulting 
force is measured (figure 5.5). The specifications of the force and displacement sensors are respectively 
range: ±lkN, resolution: ± IN; range: ±6mm. These ranges are inappropriate for this material, but 
these were readily available. The present data do however indicate the magnitude of forces that are to 
be expected in a refined setup. 

Approach: 

• measure dimensions of the construct (2mm) 

• prescribe displacements (Imm,lmm,O.4mm) and measure force 

Advantage: easy method, can be implemented as non-destructive, online method. 
Disadvantage: no local information, the other dimensions of the sample are not easy to measure, in this 
configuration off-line method. 

5.3.6 Discussion 

The examined measuring methods are not yet suitable for control. 
Problems exist with the determination of glycosaminoglycans, as measuring the known quantities does not 
provide the desired results. Longer incubation with the specific enzymes (keratenase, chondroitin lyase) 
did not offer a solution. Changing the order of the enzymes may be considered. It is recommended to 
add a method for measuring collagen content qualitatively, in addition to the proteoglycan measurement . 
Histology is a good method for obtaining structural and compositional information, but it remains a 
destructive measuring method. The confocal laser scanning microscope with the fluorescent Celltracker 
Green/Propidium Iodide staining is a suitable method for visualizing living and dead cell. This method 
is operational for monolayers, but has to be optimized for measurements in collagen constructs. The 
described swelling test is not suitable, because the measurement noise is larger than the measured output . 
The examined constructs are small, porous and soaked with water. When such a construct is put on a 
balance the fluctuations in the amount of water lost, during putting the construct on the balance, are 
of more importance than the amount of water taken up or lost by the construct, in the solutions. The 
method is thus not reliable and needs improvement. Executing the swell test in another way may give 
better results. For example, exposing an enclosed sample to different osmolarities and measuring the 
height. In this way swelling could be quantified online, non destructively. The described compression 
setup was not suitable for measuring the stiffness of the construct, as the setup was over-dimensioned and 
the measurement noise was too large. Using a smaller applied load and a more accurate displacement 
sensor would be an option. Another test configuration could be used to determine the stiffness by 
executing a simple creep test (applying a step load to the construct and measuring the transient construct 
deformation). Another problem involves accurate measurement of the dimensions of the samples, which 
is difficult for a gel-like material. 
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Chapter 6 

Culturing device 

6.1 Existing measuring setup 

To build a control system an experimental setup is needed. With this setup measurements can be tested, 
preliminary relations between inputs and outputs can be studied and requirements for the bioreactor 
design of a bioreactor can be determined. In tills study a measuring device is used to monitor tissue 
engineering online and to gain experience for the requirements for the design of a control device for tissue 
engineering of cartilage. For this purpose, an existing confined compression setup is used (figure 6.1). In 
the past this setup was used to characterize cartilage explants. 

Input 1: 
Compression 

Output 2: 
Potential difference 

Overview of setup 
1: confined compression cylinder 
2: load 
4: displacement sensor 
5: motor 
6: vibrator 
7: (antra load 
8:PC 

Cross-section of cylinder 
51: sample 
52: piston 
53 : glass flIter 
54: cyl inder 
55: top closing ring 
56: medium 
57: potential sensor 

Figure 6.1: Schematic representation of existing confined compression setup 

In the setup the construct of investigation is tangentially enclosed (confined) by a RVS cylinder. The 
bottom of the construct rests on a porous glass filter through which medium flows and on top of the 
construct rests a RVS piston. The setup offers the possibility to measure online change in construct 
height and change of electric potential over the construct. The construct can be loaded by applying a 
static compressive load (piston) and by an osmotic load (changing the external salt concentration). A 
numerical three or four-phasic model , which is readily available in the material technology group, can 
be used to calculate stiffness, strain, permeability and other material parameters by use of measured 
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outputs. For these models assumptions have to be made. 

Advantages 

1. Online measuring setup for mechanical behavior (non destructive) 

2. Mechanical properties (stiffness, strain permeability) can be computed with an available FEM 

3. Freely movable setup 

Disadvantages 

1. Cells can not stay alive in this setup 

2. Because of the small size of the setup, the initial collagen construct needs to be small. The therefor 
required size of the sample makes it too small to handle properly. 

3. Only static compression and osmotic pressure can be used as loading types 

4. Only three measurable outputs: change in height , potential difference over sample and medium 
composition (no online information of sample structure, sterility, cell viability) 

5. Dimension of the setup (oversized for small sample) 

6. Only one sample can be examined per experiment, which makes this setup not suitable for destruc
tive measurement methods. 

6.2 Development of a culturing device 

The setup is altered (figure 6.2) to make it suitable for cell culturing, by adding a sterile medium circulation 
system. The medium is regulated for temperature (37°C) and for gas supply (C02 /02 =5%). Handling 
the altered confined compression setup showed practical problems and offered design issues. Both will be 
described below. 

6.2.1 Practical problems 

The following problems arose: 

1. Sterility of the sealing. 
Originally vaseline was used as a sealant, but this can not be used for the sterile tissue culturing 
setup. So, another solution needs to be found to prevent medium leakage along the piston. 

2. Sterility of pH sensor. 
The original confined compression setup was equipped with a pH sensor. This sensor is omitted in 
the culturing setup to obtain sterility. A solution will be a biocompatible pH sensor 

3. Sample damage by glass filter. 
During assembly and/or compression the sample is damaged and pushed into the pores of the glass 
filter. A solution will be a membrane between the filter and the sample. 

47 



48 

Inputl: 
Compression 

Chapter 6. Culturing device 

Overview of setup 
1: confined compression cylinder 
2: load 
3: flask with culture medium 
4: displacement sensor 
5: molor 
6: vibrator 
7: contra load 
8: roller pump 
9: heating bath 
10: gas flask 
11: humidifier 
12: data·acquisltlon equipment 
13: pressure leave 

Cross-section of cylinder 
51: sample 
52: piston 
53: glass filter 
54: cylinder 
55: top closing ring 
56: medium 

Figure 6.2: Schematic representation of the culturing device 

4. Medium circulation volume is too large to monitor changes in medium composition 
The volume of the circulating medium is too large in relation to the sample size to make medium 
analysis suitable for control. The products produced by the cells are diluted in the medium, and 
are not noticeable as the amount is too small. The size of medium circulation system must be 
optimized with respect to nutrient and gas supply, toxic waste products and growth factors. With 
simple adaptations (like smaller medium tubes or lower medium flow) this can be done easily. 

6.2.2 Design issues 

The current culturing device is not satisfactory. Apart from the problems described in the previous 
section, several design issues arose. It would be worthwhile to consider these and to formulate more 
specifically the aim of investigation, before redesigning the setup. 

• Loading type and loading frequency: 
Loading can be used as a control input as well as for obtaining measured outputs. In the current 
setup, only a static confined compressive load could be applied to the construct . Literature showed 
that static loading decreases proteoglycan synthesis, and dynamic compression stimulates biosyn
thesis depending on the loading frequency and amplitude. So loading type and loading frequency 
have to be taken into account for the design of a control setup. 

• Monitoring of sample structure and composition: 
With the current setup sample structure and composition could not be measured, as the current 
setup can only contain one sample which was enclosed in a RVS cylinder. So optical and destructive 
measuring methods could not be used for monitoring in time, as they ruin the whole experiment. 
A future measuring setup has to be suitable for a batch of samples, for optical investigation and for 
medium analysis. 

• In or outside incubator: 
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The current setup is designed to culture tissue outside an incubator. The disadvantage ofthis design 
is the large scale. Minimization of the current system is possible, yet the design of a reactor that 
can be placed in an incubator has many advantages and should be considered . 

• Uncoupled control parameters: 
As long as cartilage tissue engineering can not be controlled by one parameter, it is necessary to 
have uncoupled input parameters, in order to make specific input parameter invention possible. For 
example, nutrient and gas supply are hard to uncouple as they are both supplied by the circulation 
medium. Increasing the medium flow consequently increases both supplies. 

6.3 Discussion 

As became clear in the previous sections the culturing setup is not suitable as bioreactor. Several adap
tations are needed to improve the setup. These adaptations will make the setup useful for culturing, but 
the created setup will still not be the desired bioreactor. With the setup it will never be possible to cul
ture more than one sample at a time, conduct optical measurements and supply unconfined compression. 
Therefore it is suggested to design and build a whole new bioreactor. 
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Chapter 7 

Conclusions and Recommendations 

7.1 Conclusions 

The optimization criterilUll for cartilage tissue engineering is defined as tissue function: transmitting 
loads from one bone to another, distributing stresses on the subchondral bones during peak loading and 
providing, with the synovial fluid, a low-friction articulation. Tissue function is quantified by (controlled 
outputs) static stiffness, dynamic stiffness, strength, damping, hydraulic permeability, low friction coef
ficient. Satisfying this optimization criterium implies that sterility, cell viability, immunology has to be 
fulfilled. 
Cartilage tissue engineering is a subject of intense research. Knowledge and experience with methods 
are rapidly evolving. Controlling cartilage tissue engineering is a complex endeavor that requires a com
prehensive understanding of the structure-function relationship (figure 4.3) of articular cartilage. The 
development of a tissue engineered construct depends on multiple inputs and outputs. The disadvantage 
of this development stage is that the process is not standardized. The data (input-output relations) 
found in literature can not be used for the design of a control system, because the model systems are not 
representative for or equal to the standardized system. Literature can be used for deducing tendencies. 
Isolation of the relation between a single input and single output, while keeping the other parameters 
constant, is difficult in a complex biological system. To understand the current system it is essential 
to focus on specific interrelations first instead of focussing on the whole tissue engineering process, with 
multiple inputs and outputs. 
The methods and materials for the IMBIOTOR project have been tuned and standardized in order to 
make the outcome of the experiments useful for all partners. These methods (cell culturing, isolating 
chondrocytes, cell seeding) and materials (medium, agarose, collagen, moulds) have been obtained during 
this thesis. 

Most of the measuring methods found in literature are not suitable for online control, because they are 
destructive or labor intensive. Most measuring methods for cartilage structure and composition are de
structive. The positive point of these methods is that they provide location specific information, which is 
important for monitoring the specific composition and structure arrangement of cartilage. An indirect, 
online measuring method for cartilage composition is analysis of composition of growth media. This 
method offers no location specific information, but can be useful for deducing tendencies in the devel
opment of cartilage. The advantage of the measuring methods for mechanical behavior is that they are 
mostly non destructive. The disadvantage is that they only give information of bulk parameters, which 
is not satisfactory for the characterization of the anisotropic, non homogenous material properties of 
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cartilage. 
From control perspectives tissue engineering of cartilage is a slow process. The experiments have long 
time spans, are labor intensive and require experience. Measurement data and a measuring setup are 
needed to design a control system. A confined compression setup has been altered to monitor tissue 
engineering of cartilage. Still, alterations are needed to make the setup useful. 

7.2 Recommendations 

Controlling cartilage tissue engineering 

• Problems with the preparation of the initial cell seeded construct need to be solved to start tissue 
engineering. 

• Problems with the current measuring methods need to be solved to monitor cartilage tissue engi
neering 

• A suitable measuring method needs to be obtained to monitor collagen content and orientation. 

• An experimental setup and data needs to be obtained, to develop a control system. 

• As tissue engineering is complex, it is essential to focus on specific interrelations first, for example 
the influence of one input on multiple outputs, instead of focussing on the whole tissue engineering 
process, with multiple inputs and outputs. 

• New non-destructive measurement methods need to be developed to monitor cartilage structure 
and composition online. 

• The confined compression setup is not suitable for controlling cartilage tissue engineering. It is 
suggested to design a new bioreactor. 

Bioreactor design 

• The designed bioreactor must be suitable for monitoring 

- tissue structure 

- tissue composition 

- tissue function 

- cell viability 

- cellular activity 

• Measuring methods need to be developed to monitor cartilage structure and composition online. 

• In the designed bioreactor the following parameters needs to be assessable as conttol input . 

frequency of the loading system 

composition medium 

• In the designed bioreactor it needs to be possible to apply the inputs parameters uncoupled, in 
order to make a specific input parameter intervention possible. 
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52 Chapter 7. Conclusions and Recommendations 

• The designed bioreactor needs to be suitable for more than one sample. This is important for the 
development of the control system. Using several samples at one time makes it possible to use 
destructive methods for monitoring the process without destroying the whole experiment. 
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Appendix A 

Protocol: Extraction of chondrocytes 
from bovine feet 

General information 

This protocol describes how primary chondrocytes can be isolated from cartilage tissue from a bovine 
metacarphalangeal joint. To obtain a sterile cell culture the isolation process needs to be executed very 
precisely and lUlder sterile conditions. This protocol takes 2 days and contains 3 stages. The first stage 
is the dirty stage. During this stage muck and the skin are removed from the calf feet. The joint capsule 
remains closed. The work is not sterile and is executed in the fume cupboard. The second stage is the 
clean stage. During tills stage the joint capsule is opened and cartilage slices are removed under sterile 
conditions in the LAF hood. The slices are placed for 24 hours in medium with collagenase (an enzyme 
that brakes down collagen) The third stage is the wasillng and filtering of the harvested cells. The washing 
and filtering needs to be done lUlder sterile conditions in the LAF hood. 

Ordering joint (week before): 

Order: two intact calf's feet (complete with skin, cut off at ankle joint, the joint capsule may not be 
damaged). The joint may not be frozen. Use metacarporal joint ( =2th joint cOlUlted from the hoof) 

Autoclave (60min) 

2 scalpelshandles (10,11,20), sieve, pincet, 2 grip-pincet , 100 ml beaker 

A.I Dirty stage (20 min) 

Materials 

pincet, 1 scalpelhandle (not sterile) (20) in tube+alcohol, bucket, bleach, absorbing sheet, aluminium 
sheet 

Preparation 

1. Collect foot from cold room and wash with running water to remove the worst muck A.1(a). 

2. Work in the fume cupboard. 
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A.2. Clean stage (90 min) 59 

(a) (b) (c) 

(d) (e) (f) 

Figure A.l: Dirty stage of isolating chondrocytes from a bovine metacarphalangeal joint 

3. Use a fresh scalpel blade, cut through the skin by one cut at the back of foot (figure A.l(b)). 

4. Pull carefully on the skin of the foot and remove the skin by cutting lengthwise between the skin 
and the ligaments (figure A.l(c,d,e)) . 

5. Take care that the joint capsule remain closed 

6. Empty the arteries from blood by pressing on them. 

7. Keep rinsing mud down the sink throughout and try to avoid putting leg in it. 

8. Put the leg in a bucket and pour bleach over it; till up with water (figure A.l(f)) 

9. Take care that the joint capsule remains closed 

10. Discard skin and gloves in plastic bag in -80C fridge. 

A.2 Clean stage (90 min) 

Materials 

pincet, 2 clamp-pincets in alcohol filled tube, scalpelshandles (sterile) with blades (10,11,20) in alcohol 
filled tube, bucket with bleach with feet, aluminium sheet, EBSS (Earle'S salt solution) (20 ml) or PBS, 
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petridish, medium, agarose (30 mg), tissue culture flask (75 ml), agarose powder (30 mg, frozen powder) , 
medium, tube (50 ml) with vaccuum suction system 

Preparation 

1. Warm up the medium and thaw the collagenase 

2. Spray everything that goes into the LAF hood with 70% EtOH 

3. Fill two 50 ml tubes with alcohol and place in one the grip-pincets and in the other the scalpelhandles 
with blades (10 and 20) 

4. Place aluminium sheet in the LAF hood, fold the sides and spray with alcohol 

5. Put 20 ml EBSS in a petridish 

6. Place joint in the LAF hood 

7. Cut through 2 thick ligaments at back of the foot (figure A.2(a)). 

8. Place a clamp-pincet on the ligaments and pull the ligaments down (figure A.2(b) 

9. Find the exact place of the joint by moving it (it's higher than you may think) 

10. Cut through the ligaments at the front of the foot and place a clamp-pincet on the ligaments and 
pull the ligaments down (figure A.2(c)). 

11. Bow the joint to the front of the foot. 

12. Open joint capsule by cutting through the joint capsule. Start at the back of the foot and work from 
the side to the front. Work carefully and AVOID TOUCillNG the exposed cartilage against any
thing. Take care that no blood flows in the joint. CUT FROM STERlLE part to the UNSTERlLE 
part (from INSIDE to OUTSIDE). Keep the UPPER part of the joint STERlLE. 

13. When the capsule around the joint is cut through, the joint is kept together by a ligament in the 
middle of the joint. Cut this ligament carefully through by using a scalpel size 11, while slowly 
bowing the joint each time a little further to the front, till the upper and lower part are completely 
separated. Keep the upper paart in your hand and take care the lower part of the joint doesn't fall 
(this may ruine your sterile upper part)!! (figure A.2(d) 

14. Carefully remove cartilage slices of the opper part of the joint and put these into the EBSS. Start 
at the right side of the joint (if you are right handed). Take care you may not touch the sterile 
cartilage surface. A. 2( e,f,g) 

15. Take medium and collagenase out of the waterbath 

16. Put 40 ml media into a 50 ml tube 

17. Add 30 mg of collagenase to media (mix it , beware of clumps) 

18. Transfer collagenase solution into a 75 ml culture flask 

19. Transfer cartilage slices with a sterile pincet to the culture flask 

20. Incubate at 37 C in a 5 % CO atmosphere for 24 hours. Vigorously shake the flask a couple of 
times during the incubation. 
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(a) (b) (c) 

(d) (e) 

(f) (g) 

Figure A.2: Clean stage of isolating chondrocytes from a bovine metacarphalangeal joint 
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A.3 Cell filtration and washing (45 min) 

Materials 

seive, 100 ml beaker, 50 ml tube, EBSS or PBS, 175 ml flask 

Preparation 

1. View how far the ECM has degraded and how the isolated cells look like (figure A.3) 

2. Filter the collagenase solution through a seive (place the coarse filter inside the fine filter) into a 
sterile 100 ml beaker. 

3. Transfer the filtered solution to a new 50 mI tube and centrifuge at low speed (500rpm) for 5 
minutes. 

4. Pour off the supernatant carefully and remain pelleted cells (If there is not a clear pellet after 
spinning, then repeat spin) . 

5. Add 35 ml EBSS to the tube and and repeat spin. 

6. Discard the supernatant again and remain the pelle ted cells. 

7. Resuspend the cells in a total volume of 10 ml media. 

8. Count the cells (see cell counting protocol). 

9. Look for a suitable flask(s)(see cell culturing protocol). 

10. Add the desired amount of medium and resuspend the cells. 

11. Distribute the medium with cells over the culture flasks . 

12. Notate the cell type: primary chondrocytes, phase: pI, initials, date and flask number on the top 
of the culture flask and place the culture flasks in the the incubator (37°C 5 % CO2). 

13. Examen the cells. 

14. Place the flasks in the incubator and don 't forget to open the lid. 
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(a) intact collagen slice (b) degrading collagen slice (c) isolated cells 

Figure A.3: A microscopic view of the degradation of the collagenmatrix for harvesting chondrocytes 
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Appendix B 

Protocol: Culturing primary 
chondrocytes 

General information 

Sterile working 

Working with living cells requires sterile working conditions in order to prevent contamination (of human 
and of cell culture). Invisible living organisms (fungi and bacteria) in air or on products can cause 
contamination in a cell culture. To prevent contamination cell work is executed in an aseptical Laminar 
Air Flow hood (LAF hood). Everything that goes into this hood is sterilized by use of an autoclave 
(pressure and temperature) , alcohol or ultraviolet light. 

Culturing cells 

Given appropriate conditions (temperature, nutrient supply, Oz/C02-pressure, humidity, pH, sterility) 
most kind of plant and animal cells will live and multiply in a culture dish.[cell] To fulfill these conditions 
cells are cultured in growth medium in a culture dish in an incubator. The culture dish isolates the cells 
from the environment and offers a soil to attach to. The growth medium contains nutrients and serum 
and takes up the waste products of the cells. The liquid medium needs to be refreshed every three days. 
An incubator is a hood in which temperature, humidity and 02/C02-pressure are kept constant. 
Due to cell division the number of cells increases rapidly. The cell density in culture dish is called 
confluence. If the confluence is ± 75 % the cells needs to be split. Splitting means that the cells needs 
to be removed from the bottom of the culture dish and needs to be divided over two or more flask to a 
confluence of ±30%. The number of cells can be counted (approximately) by using a hemacyto meter. 

B.l Stock solutions 

Culture medium (Smin) 

Materials 

DMEM low glucose (500 ml), Fetal Calf/Bovine Serum (100 ml)(frozen liquid), gentamicin (2.5 ml) (frozen 
liquid), amphotericin (2.5 ml)(liquid), 25 ml pipets 
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Preparation 

• Thaw the Fetal Serum and gentamicin 

• Add 100 ml Fetal Serum, 2.5 ml gentamicin and 2.5 ml amphotericin to the DMEM 

PBS 

Materials 

2 PBS tablets SIGMA, 400 ml demi ultra pur, pincet , 500 ml bottle (scott) 

Preparation 

• Put 400 ml demi ultra pur in a scott bottle 

• Add 2 PBS tablets 

• Autoclave the bottle with liquid by using the liquid cycle. 

B.2 Culturing chondrocytes (20 min) 

Materials 

pipets, culture medium, EBSS, trypsin, vacuum tube with sterile glass pipet, 175 ml culture flask with 
confluent culture, 2 sterile 175 ml culture flasks, tube 

Preparation 

1. Thaw 3 ml trypsin and warm up culture medium 37 ° C 

2. Observe cells with microscope and notate: confluence, date, cell type, phase, type flask, remarks 

3. Place medium, EBSS, trypsin and culture flask in the hood and spray everything with 70% EtOH 

4. Activate vaccuum pouring system 

5. Wash the cells with 5 ml EBSS 

6. Poured off the EBSS 

7. Add 3 ml trypsin and remove it after 1 minute 

8. Put the flask for 7 min in the incubator (37°C 5 % CO2) 

9. Observe cells with microscope and look wether the cells are released from the bottom of the 
flask. (=cells are round and are floating). When it's not,shake the flask vigorously. If this doesn't 
help, repeat the trypsin treatment or use a cell scrapper after the next step to release the cells from 
the bottom. 

10. Add 5 ml medium and suspend the cells. 

11. Pipette the medium with cells in a tube. 
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12. Put the tube in the centrifuge and spin for 5 minutes at 500 rpm to pellet cells. 

13. Pour off the medium, but do not pour of the pellet. 

14. Add 1 ml medium and resuspend the pellet 

15. Count the cells (see cell counting protocol) 

16. Look for (a) suitable flask(s) in the schedule below 
Culture flask Amount of medium Number of cells [start] Number of cells [confluence] 

25 cm:.! 5ml 0.5-1 105 5 106 

75 cm2 10-15 ml 0.1-1 106 2 107 

175 cm2 20-30 ml 1.0-3 106 7107 

17. Add the desired amount of medium and resuspend the cells 

18. Distribute the medium with cells over the culture flasks 

19. Notate the cell type, phase, initials, date and flask number on the top of the culture flask and place 
the culture flasks in the the incubator (37°C 5 % CO2 ) 

(a) not attached (b) attachting (c) infected 

Figure B.1: Attaching cells and infected cells 

B.3 Cell counting (10 min) 

Materials 

eppendorf tube, a with alcohol cleaned heamacytometer, trypan blue, 

Preparation 

1. Transfer 50 pJ of cell suspension to an eppendorf tube 

2. Add 50 /11 of trypan blue in the eppendorf add and mix the solution. 

3. Transfer a small amount of this solution to a heamacytometer. 

66 



B.3. Cell counting (10 min) 

(a) 70% (b) 70% (c) 100% 

Figrne B.2: Confluency of cells 

4. Count the number of cells in the two squared areas and average them. 

5. Compute the number of cells by the following formula: 

Total cells=average count x dilution factor x 104 x volume of cell suspension 

e.g. 45 cells per square x 2 x 104 
X 50 ml=4.5 107 cells 

( a) haemacytometer (b) counting quadrant 

Figrne B.3: Cell counting with a haemacytometer and trypan blue 
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Appendix C 

Protocol: Obtaining a collagen gel -
IMEDEX 

General information 

This protocol describes how a cell seeded porcine collagen type II gel can be obtained out of a sterile 
collagen solution (supplied by imedex) and SIGMA D2429 DMEM lOx culture medium. 
It has to be mentioned that from the three produced batches of collagenjchondrocytes constructs only 
one batch was satisfactory, the other batches had were not suitable because of cell death. The reason for 
cell death is still unclear. 

Autoclave 

At least 1 hour before preparation, put the RVS parts in the autoclave, unwrapped cycle 

Alcohol 

One day before preparation, put the plastic parts of the moulds and a stirrer in alcohol 

C.l Stocksolutions 

Phosphate buffer (0.2 M) 

Materials 

demi ultra pur, sodium phosphate Na2HP04 2H20 powder (Fw=14l), sodiumbiphosphate NaH2P04 
2H20 (Fw=124) 

Preparation 

• Put 40 ml demi ultra pur in a bottle 

• Weigh 0.564 g sodium phosphate powder and dissolve the powder in the demi . (O.2[moljl]*14l[gjmol]*O.02[1]) 

• Weigh 0.624 g sodium bi phosphate powder and dissolve the powder in the solution. 

• Autoclave the solution by using the liquid cycle 
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NaOH solution (2 N) 

Materials 

demi ultra pur, NaOH powder (M=40), bottle 

Preparation 

• Put 40 rnl demi ultra pur in a bottle 

• Weigh 0.8 g NaOH powder and dissolve the powder in the demi 

• Autoclave the solution by using the liquid cycle. 

cell suspension 

Materials 

2 rnl SIGMA D2429 DMEM lOx culture medium, 80 106 cells 

Preparation 

• Culture the cells to an amount of 80 106 cells, section B.2. 

• Remove cells with trypsine from the bottom of the culture flasks. 

• Put them in 2 rnl of lOx DMEM. 

• Count them with a haemacytometer, section B.3. 

C.2 Collagen gel (70 min) 

Materials 

concentrated collagen solution 0l08-PRE 02Sf2 (5,7 mg/ml, supplied by Imedex), cell solution, scalpel 
handle with blade (lO), pH indicator paper (pH 6.4-8.0), lO moulds (6 wells: ¢=5mm, t=3mm), stirrer, 
50 ml jar with lid, aluminium sheet, petridish, medium 

Preparations 

1. Place the stirrer and the perspex parts of the mould in the LAF hood on alcohol sprayed piece of 
aluminium sheet. Let the alcohol evaporate. 

2. Place stirring machine and a jar in the LAF hood. 

3. Place the stirrer in the jar. 

4. Put 18 rnl collagen solution in the jar 

5. Add 2 rnl of lOx DMEM with cells to the 18 rnl collagen solution 

6. Add progressively 1.045 rnl of phosphate buffer P 
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7. Neutralize the collagen solution is by adding progressively 0.955 ml of 0.5 N NaOH. The final 
pH is 7.41, the final collagen concentration is 4.6 mg/ml. (the culture medium contains a color pH 
indicator, the pH alteration may be visualized: the yellow solution turns pink when it is neutralized) 

8. Close the jar with a lid and put the jar on a stirring machine in the fridge for 15 min. The final 
solution has to be cold before gelling 

9. In the meanwhile prepare the moulds in the LAF hood. 

10. Take the jar out of the fridge and fill the moulds with the final solution. Take a 10 ml pipet for it 
and try to avoid bubbles in the solution in the moulds. 

11. Take the moulds in your hands when closing with the perspex lid. Use clamps to press the parts of 
the moulds together. (figure C.1) 

12. Put to moulds in the incubator. 

13. A gel is obtained after a 40 min incubation at +37C. 

14. Put 30 ml medium in a petridish 

15. After incubation open the moulds in the LAF hood and remove the samples by using a scalpel 

Figure C.1: A 6 well mould filled with collagengel 
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Appendix D 

Protocol: Obtaining an agarose gel 

General information 

This protocol describes how a cell seeded agarose gel can be obtained by use of low gelling temperature 
agarose. 

Autoclave 

At least one hour before preparation, put the RVS parts of the moulds in the autoclave, unwrapped cycle 

Alcohol 

One day before preparation, put the plastic parts of the moulds in alcohol. 

D.1 Stocksol utions 

Cell suspension 

Make a cell suspension of 4 106 cells/ml 

D.2 Agarose gel (90 min) 

materials 

low gelling temperature agarose, type VII (Sigma Chemical, [9012-36-3]), this is a powder, rollers for tubes 
in a incubator or oven at 45°C, cell suspension (4 106 cells/ml), EBSS or PBS, sterile scalpel blades, sterile 
pipets, sterile tubes, sterile glass tube with screw lit, sterile moulds for agarose/cell solution, warm water 
bath (37-40°C) in the LAF hood with a tube holder (Take care the water in the bath has to be clean to 
prevent contaminations in the LAF hood) 

preparation 

• Wear gloves and a white coat. Work as much as possible in the LAF hood and work very FAST! 
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• Determine the amount of cell suspension. This should be ready and well mixed in a tube. Put the 
tube in the incubator during the preparation of the collagen solution, so the cell suspension has the 
right temperature for preparing a collagen gel with cells. 

• Make a agarose solution with a concentration of 6%: 6 gram agarose per 100 ml EBSS. Make a 
agarose solution of the same amount as the cell suspension. 

• Autoclave the agarose solution in a tube of glass (liquid cycle) and cool down the gel for only 5 
minutes 

• Put the tube v,rith agarose on a rollers in the oven or incubator at 45°C. 

• Put the moulds in the LAF hood 

• Warm up a 10 rnl pipet with your hands 

• Put the cell suspension just before use in the LAF hood, take care that it is well mixed. 

• Add the cell suspension to the agarose solution 

• Fill the moulds with the final solution by using the warmed pipet. 

• Put the moulds for 20 minutes in the fridge 

• Remove the samples from the moulds v,rith a sample and put the samples in medium in culture 
flasks or tubes and place them in the incubator 

• Refresh the medium every 3 days 

Figure D.l: Chondrocytes in an agarose gel 
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Appendix E 

Protocol: Quantitation and 
discrimination of sulphated 
glycosaminoglycans 

General information 

This protocol describes a method for the quantitation and discrimination of sulphated glycosaminoglycans 
(chondroitin 4 sulphate, dermatan sulphate and keratan sulphate)by using dimethyl methylene blue in 
conjunction with specific polysaccharidases (AC-Iyase, ABC lyase and keratenase). This protocol is 
based on [35]. 

E.! Stock solutions 

Phosphate buffer (pH=6.8) 

Materials 

demi ultra pur, NaH2P04 , EDTA (lmM, Fw=372.2, 20C), dithiothreitol (2mM, Fw=154.2, 4C), 300 I-lg 
papain (OC) , 1.79 g Na2HP04 

Preparation 

1. Put 500 ml demi ultra pur in a bottle 

2. Weigh 0.78 g NaH2P04 (20C) and dissolve this in the demi 

3. Weigh 0.186 g EDTA (lmM, Fw=372.2, 20C) and dissolve this in the solution 

4. Weigh 0.154 g dithiothreitol (2mM, Fw=154.2, 4C) and dissolve this in the solution 

5. Weigh 1.79 g Na2HP04 (20C) and progressively add this to the solution 

Tris/Hel buffer (50 mM, pH=8.0) 

Materials 

demi ultra pur, Tris powder (Fg=121.14), 1 M HCI, 500 ml bottle 
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Preparation 

1. Put 500 ml demi ultra pur in a bottle 

2. Weigh 3.0285 g Tris powder and dissolve this in the demi 

3. Bring the pH to 8.0 by progressively adding 1 M HCI 

Iodoacetic acid solution (60 mM) 

Materials 

demi ultra pur, iodoacetic acid (Mr=185.95) , 500 ml bottle 

Preparation 

1. Put 500 ml demi ultra pur in a bottle 

2. Weigh 5,55 g iodoacetic acid powder and dissolve this in the demi 

Polysaccharidases solutions 

Materials 

demi ultra pur, AC lyase, ABC lyase, keratanase 

Preparation 

1. Make a 0.1 units/ml solution of AC lyase and ABC lyase 

2. Make a 0.2 units/ml solution of keratanase 

Color reagent 

Materials 

1,9 dimethylmethylene blue (or Taylor's blue), 1 I demi water, brown bottle, NaCI, glycine, 0.1 M HCI, 
pH indicator 

Preparation 

1. Make 100 ml 0.1 M HCI stock solution ( ... mg HCI in 100 ml) 

2. Weigh 3.04 glycine and 2.37 g NaCI 

3. Put 95 ml of the O.lM HCI solution in a brown bottle 

4. Add 1 liter of demi water to the solution 

5. Dissolve the glycine and NaCI in the water 

6. Dissolve 16 mg dimethylmethylene blue in the 1 I water solution to give the solution a pH 3.0, with 
A525 0.31. 
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E.2. Calibration (15 min) 75 

7. Store the color reagent in a brown bottle at room temperature. 

8. The reagent will remain stable in a brown bottle at room temperature for at least 3 months. 
\Vhen the reagent is stored at 4C, its colour fades reversibly, perhaps because of aggregation of dye 
molecules. This is not recommended. 

E.2 Calibration (15 min) 

Materials 

Chondroitin 4-sulphate, keratan sulphate, dermatan sulphate (chondroitin sulphate B), calf thymus DNA 
(type 1), Human umbilical cord hyaluronic acid (grade 1), medium, a ..... spectrometer 

Preparation 

1. Make 3 calibration solutions containing 5 ILg sulphated glycosaminoglycan : 100 medium 

2. Put on the photospectrometer 

3. Fill 6 polystyrene tubes (5 ml) with 100 ILl solvent/medium (the same solvent as the samples) and 
one type of glycosaminoglycan (chondroitin 4-sulphate, keratan sulphate and dermatan sulphate) 
up to 5 ILg. 

nr ILg sulphate I-d medium ILl calibration solution 
Blank a 100 a 
1 1 80 20 
2 2 60 40 
3 3 40 60 
4 4 20 80 
5 5 a 100 

4. Repeat the next steps for each polystyrene tube one by one: 

(a) Add to each tube 2.5 ml dimethylmethylene blue color reagent . 

(b) Pour the solution into a disposable spectrophotometer cuvette (by pouring the mixing is com
pleted) 

5. Place the cuvettes in the photospectrometer and read A525 immediately ([Measure Blank], print, 
[1], print, [2], print, .. , [Blank], print) or after a short, fixed time (!! see article) 

6. Make a figure in which the amount of glycosaminoglycan is set out against the read A525 value. 
The created lines are calibration curves. 

E.3 Papain digestion (60 min) 

Materials 

sample (solid or liquid), 1.0 ml 20mM Sodium phosphate buffer (pH 6.8) with 1 mM EDTA, 2mM 
dithiothreitol, 300 ILg papain, iodoacetic acid 

75 



76 Chapter E. Protocol: Quantitation and discrimination of sulphated glycosaminoglycans 

Preparation 

1. Put the sample in 1.0 ml of the phosphate buffer and incubate at 60°C for 60 min to digest 
interfering proteins. 

2. Add iodoacetic acid solution (60mM) to lOmM final concentration. This comes down to 1/5 of the 
amount of the solution. 

3. Make the volume up to 5 ill! by addition of Tris/HCI solution 

E.4 Quantitation of sulphated glycosaminoglycans (60 min) 

Materials 

chondroitin AC lyases, chondroitin ABC lyase, keratanase, demi water 

Preparation 

1. Follow the papain treatment by a selective degradation of glycosaminoglycans with chondroitin AC 
lyase, chondroitin ABC lyase and keratenase 

tube nr ILl sample ILl demi ILl AC lyase ILl ABC lyase ILl keratanase 
1 Blank 100 100 0 0 0 
2 1 100 0 100 0 0 
3 2 100 0 0 100 0 
4 Blank 100 100 0 0 0 
5 1 100 0 0 0 100 

2. Incubate the tubes 1,2,3 at 37°C for 30 min. Take a 100 ILl sample from each tube and execute the 
color reaction, section E.5. 

3. Incubate the tubes 4,5 at 37°C for 30 min. Take a 100 ILl sample from each tube and execute the 
color reaction, section E.5. 

4. Reference the A525 to a whale chondroitin 4-sulphate calibration curve 

5. If the incubation with chondroitin ABC lyase causes a greater reduction in reactivity than incubation 
with chondroitin AC lyase, then standardize the difference by use of dermatan sulphate (chondroitin 
sulphate B) calibration curve. 

6. Incubate the tubes at 37°C for a further 60 min. 

7. Take a 100 ILl sample from each tube and execute the color reaction. 

8. Reference the reduction in reactivity (A525) due to incubation with keratenase by use of a keratan 
sulphate calibration curve. 

E.5 Color reaction (10 min) 

Materials 

lOOILI of each sample, 2,5 ml color reagent, disposable spectophotometer cuvette 
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Preparation 

1. Put 100 /11 of a sample in a polystyrene tube 

2. Add 2.5 ml dimethylmethylene blue color reagent to the tube. 

3. Pour the solution into a disposable spectrophotometer cuvette (by pouring the mixing is completed) 

4. Read A525 irrunediately or after a short , fixed time (!! see article) 
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Appendix F 

Protocol: Duostaining CellTracker 
Green/Propidium Iodide for 
chondrocytes 

General information 

• This protocol is designed by Anita Mol and Roel Breuls 

• Celltracker Green is a fluorescent probe that stains living cells. It is inherited by daughter cells after 
cell division. The advantage of Cell Tracker compared to Calcein is that cells are traceable for at 
least 36 hours (depending on rate of cell division and cell type). F'uthermore, bleaching is limited. 
For more background information see www.probes.com (product number C-7025) 

• Propidium Iodide (PI) binds to DNA and once the dye is bound its fluorescence is enhanced 20-30 
fold. PI is membrane impermeant and generally excluded from viable cells. Therefore, it can be 
used to identify dead cells in a population as a counterstain. For more background information see 
www.probes.com (product number P3566). Note that this protocol is only suitable for PI 
from Molecular Probes and not for PI from Sigma! 

• Be careful with the applied concentration; high concentration CellTracker can modify your cells! 

• If stained cells die, these cells remain fluorescent for a longer period. Hence, CellTracker cannot be 
used as a viability tracer. Unfortunately, the fluorescence intensity of round dead cells remain high. 
Viability tracing requires an additional staining with propidium iodide or propidium homodymer. 
Warning: propidium iodide and propidium homodymer are mutagen and can cause 
cancer. Handle with care. 

• Phase contrast images in combination with CLSM confirm presence of Cell Tracker throughout the 
cytosol with a higher intensity in the nucleus. PI is present in the nucleus of dead cells. 

• The optimal concentration of Cell Tracker Green and Propidium Iodide depends on the cell type 
and can vary between 1 J-LM and 25 J-LM. The optimal concentrations of needs to be determined in 
advance. This will take 3 days. 
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F.l Stocksolutions 

CellTracker Green 

• CellTracker Creen is delivered as 20 vials containing 50 J-Lg (molar weight 464,86 g/mol) 

• To create a stocksolution of 1mM, dissolve the CellTracker in each vial in 108J-LI DMSO 

• The vials are stored at -20°C. Avoid multiple freezing an thawing!! 

Propidium Iodide 

• Propidium Iodide is delivered as 10 ml of 1.5 mM (1 mg/ml) in water. This can be used as a stock 
solution. 

F.2 Testing the optimal concentration of Celltracker Green or Pro
pidi urn Iodide (180 min) 

Materials 

medium, CTC or PI, 8 eppendorf tubes, EBS, vaccuum suction system 

Preparation 

1. One day before: Make 12 culture wells with in each well 1 ml medium with 0.1 106 cells 

2. Warm up medium, thaw CTC or take PI solution out of the fridge 

3. Make Stock solutions of CTC or PI according to the scheme below. , 
concentration medium CTC PI 

O{LM 1ml o {Ll o {Ll 
5J-LM 1ml 5 J-Ll 3,3 {LI 

10 J-LM 1ml 10 J-LI 6,7 J-LI 
15 {LM 1 ml 15 {Ll 10 J-LI 
20 {LM 1 ml 20 J-Ll 13,3 J-LI 

4. Wash the cells twice with PBS 

5. Pour of the PBS well by well and add to each well another stock solutions. 

6. Execute steps 6,7,8 of section F.3 for the CTC test and execute steps 11,12,13 of section F.3 for the 
PI test. 

7. Visualize the cells and find out which concentration is optimal 

8. Repeat the visualization after 24 hours and discover wether CTC or PI harms your cells 
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F.3 Duostaining Celltracker Green/Propidium Iodide, for monolayer 
of cells and cells embedded in a gel construct (120 min) 

materials 

preparation 

l. Take a vial of CellTracker Green out of the -20°C and allow it to thaw. (10 min) 

2. Rinse the cells with PBS or EBSS 

3. Dissolve 1011,1 of the stock solution CellTracker Green (lmM) in 1 rnl medium to obtain a final 
concentration of 10 f.LM. This concentration normally gives reasonable results, however the optimal 
concentration depends on the cell type and can vary between 1 f.LM and 25 f.LM. 

4. Add this final solution to the cells 

5. Incubate for 15-30 minutes at 37°C 

6. Rinse the cells twice with PBS. (second time: put the flask 5 min on the shaking table) 

7. Add fresh medium to the cells 

8. Leave the cells for at least 30 minutes in the incubator before visualizing the cells with the CLSM, 
this to let the glutathione S-transferase-mediated reaction take place. 

9. Meanwhile, dissolve 10 f.LI of the stock solution PI (1.5 mM) in 1 rnl medium to obtain a final 
concentration of 15 f.LM 

10. Add this solution to the cells after the resting period required for Cell Tracker Green (or in the last 
15 minutes of this 30 minutes resting period) 

11. incubate for 10 minutes at 37°C 

12. Rinse the cells twice with PBS 

13. Add fresh medium to the cells 

When you have incubated the cells with PI, it's important to visualize them directly! 

F.4 Visualization of the d uostaining (60 min) 

Setup CLSM 

l. First set up the configuration and scan parameters before taking the cells out of the incubator. 

2. Use the multitrack configuration called CTG-PI. This can be found in the configuration panel under 
the button 'Recording configurations'. Choose 'apply'. If this configuration is not available, ask 
Marcel Rutten. In this configuration the 488 nm laser as well as the 543 laser are used. PI is excited 
with the 543 laser and is collected in channell with a long-pass filter 585nm. This is track l. Cell 
Tracker Green will be excited with the 488 urn laser and collected in channel 2 with a bandpass 
(505-530 urn) filter. This is track 2. The advantage of using multi-track is that cross-talk between 
the channels is avoided. During scanning, the tracks will switch after each line. 
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F.4. Visualization of the duostaining (60 min) 81 

3. Set up scan parameters. Turn on both lasers. Start with a small magnification (lOx). For general 
purpose, use a framesize of 512x512, a scan speed of 5 and a data depth of 8 bit. For a first 
inspection, set the pinhole and detector gain at maximum. 

Creating images 

1. Take your sample out of the incubator. 

2. First perform visual focusing with normal light. 

3. Use 'fast XY' to obtain a rough image of your cells. Now reduce the pinhole for both tracks to 1 
airy unit to get a optimal slice thickness and focus again using 'fast XY' 

4. Use 'continuous' to manually optimize your image using the color palette/range indicator (see CLSM 
manual chapter 4) for both tracks separately. Use the option 'split XY' to visualize the images in 
both channels and the image with the two channels combined. 

(a) (b) 

Figure F.1: CLSM images of duostained chondrocytes, a : monolayer, b: collagen sample 

Image optimisation 

1. Increasing the laser excitation can improve your image. However, there is a limit above which 
increasing the excitation does not improve your image anymore. This limit depends on the magni
fication used (a larger magnification requires more laser power) . 

2. A higher concentration CellTtacker/PI increases the intensity of your image, however the maximum 
concentration is limited since your cells modify (e.g. growth inhibition in C2C12 cells) at high 
concentrations. 

3. A lower scan speed slightly improves the image, but increases the exposure time of the cells. 

4. A larger framesize (resolution) obviously improves your image, but also increases the exposure time 
of the cells. 
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82 Chapter F . Protocol: Duostaining CellTracker Green/Propidium Iodide for chondrocytes 

5. Increasing the data depth to 12 bit did not visually improve the image. 

6. A larger pinhole (equivalent to a larger slice thickness) improves your intensity. Due to a larger slice 
thickness you also obtain signals from out of focus planes. Therefore, try to keep the pinhole near 1 
airy unit. This may not be possible for the 40x objective. The pinhole can be set as low as 0.5 airy 
units; further decreasing the pinhole will highly reduce the image quality. For larger magnifications 
the pinhole (thus the slice thickness) equivalent to 1 airy unit increases 

Image store 

1. Store your image as .jpeg or .tif to reduce the file size. 

2. Keep the amount of data at the CLSM computer as low as possible. Transfer your files with FTP. 
Alternatively, download the LSM image browser from the Zeiss webpage (www.zeiss.com) on your 
own computer and transfer the whole database (.mdb) file 

3. Colour images can be printed, using the multi-print option (only available in the LSM Image 
Browser), directly from the CLSM. Therefore, set the printer options to Photo instead of Advanced 
Photo and choose plain paper. 
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Appendix G 

Experimental setup 

Input 1: 
Ccmpressicn 

Overview of setup 
1: confined compression cylinder 
2: load 
3: flask with culture medium 
4; displacement sensor 
5: motor 
6: vibrator 
7: contra load 
8: roller pump 
9: healing bath 
10: gas flask 
11: humldltier 
12: data-acquisition equipment 
13: pressure leave 

Cross-section of cylinder 
51: sample 
52 : piston 
S3: glass nller 
54: cylinder 
5~ : lOp (losing ring 
56: medium 

Figme G.l: Confined compression setup, a:cross section of existing setup b:overview of altered setup 

(a) (b) 

Figme G.2: Pictmes of the altered confined compression setup 
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Appendix H 

Glossary in Dutch 

agar: agar. Een gelatine achtig produkt dat wordt afgescheiden door rode algen 

agarose: agarose. Een suiker in zeealgen, dat agar de gelachtige structuur geeft 

autoclave: autoclaaf. Apparaat om onder hoge druk en temperatuur dingen te steriliseren. 

amino acid: amino zuur. 

anisotropy: anisotropie. 

articular cartilage: gewrichtskraa.kbeen. 

autologous cell: autologe cel. Een cel met hetzelfde celtype, maar met een andere genetische afkomst 

bioreactor: bioreactor. Een bioreactor is een reactor waarin zich chemische reacties afspelen, gemedieerd 
door een biologisch systeem met enzymen en cellen. Een bioreactor kan varieren van een kleine potje 
tot een heel gebouw.[internet] 

biphasic mixture theory: twee fasen (solid/liquid) theory. Met behulp van deze theory kan het gedrag 
van een poreuse vaste stof gevuld met een vloeistof een modelleerd worden. Deze theory is uitgebreid 
tot een 3 of 4 fasen, door de interstitiele ionen ook te modeleren. 

bone marrow: been merg. 

bovine: runder.. 

canine: konijnen ... 

cartilage: kraakbeen. 

cation: cation. Een positief geladen ion. 

cell division: cel deling. Ret splitsen van een cel in twee dochter cellen. In cellen met een kern vinden 
achtereenvolgens kerndeling (mitosis) en deJing van het cytoplasma (cytokinesis) pJaats. [cell] 

cell differentiation: differentia tie van een cel. eel differentiatie is het proces waarbij een cel van type 
verandert. 

chondrocytes: chondrocyten. De (gedifferentieerde) cellen in kraakbeen 

84 



85 

collagen: collageen. Een collageen vezel is een proteine vezel die een hoofdbestanddeel van bindweefsel 
is. CoUageen is een van de hoofdbestanddelen van de extracellulaire matrix van kraakbeen. Er 
bestaan 19 verschillende types collageen. In kraakbeen komen de types II, VI, IX, X en XI voor. 
Ongeveer 90-95 % is eollageen type II. 

connective tissue: bindweefsel. 

cytokines: cytokine. Een extracellulair signalerings proteine of peptide dat een rol speelt in eel-eel 
communicatie. [cell] 

diffusion: diffusie. 

embryogenesis: embryonale ontwikkeling. De ontwikkeling van een embryo uit een bevruchte eel.[cell] 

extra .. : buiten ... 

extracellular matrix (ECM): extra eellulaire matrix. De ECM heeft in kraakbeen als voornaamste 
bestanddelen: proteoglycans, collagen en water.[cell] 

fibronectin: fibronectine. Fibroneetine is een adhesief proteine dat het hechten van eellen aan de extra
cellulaire matrix bevordert.[cell] 

filtration: filtratie. 

genotype: genotype. Erfelijke informatie van een organisme [cell] 

glucose: glucose. Glucose speelt een belangrijke rol (belangrijkste bouwstof) in de stofwisseling van 
levende cellen. Glucose is het beginproduct voor glycolysis en fermentatie. Glucose komt voor in 
gepolimeriseerde vorm in glycogen in dieren en in zetmeel in plant en. 

glycosaminoglycan (G AG): glycosaminoglycaan. Een glycosaminoglycaan is een bouwsteen van pro
teoglycan. Een glycosaminoglyean is een onvertakte dissacharide eenheid, opgebouwd uit dis
sacharide en amino suikers en suikers. Minstens een van de dissacharides heeft een negatief geladen 
sulfaat of carboxyl groep, waardoor de glycosaminoglycanen elkaar afstoten, positieve ionen aantrekken 
en verbindingen aangaan met water. In kraakbeen komen de volgende glycosaminoglycanen voor: 
hyaluronic zuur, chodroitine sulfaat, keratan sulfaat, dermatan sulfaat en heparan sulfaat. 

histology: histologie. 

hypo .. : ondermaat ... 

hyper .. : overmaat .. . 

hypertrophy: hypertrofie. Hypertrofie is vergToting door overvoeding 

immortalized: geimmortalizeerd, onsterfelijk gemaakt. 

immortalized cell line: geimmortaliseerde cellijn. Een cellijn die een onbeperkt aantal celdelingen kan 
ondergaan. Een geimmortaliseerde cellijn kan opverschillende manieren ontstaan: door chemische 
of virale transformatie of door een fusie van cellen met tumor cellen.[cell] 

in vivo: in het levende organisme. 

in vitro: in een kunstmatige omgeving. 
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86 Chapter R. Glossary in Dutch 

interstitial: tussen ... 

intra .. : binnen .. 

lactate: lactaat. Lactaat is een zout of ester van melkzuur. Lactaat wordt door cellen na fermentatie 
afgescheiden en is een afval produkt. 

lymphatic vessel: lymfevaten 

necrotic: afgestorven 

mamalian: zoogdier ... 

mechanotransduction: meehanotransductie. Mechanotransductie is een mechanisme, dat het detecteren 
en reageren van chondrocyten op hun mechanisehe omgeyjng omvat. 

mesenchymal stem cell: mesenchymale stam eel. £en bepaald type stamcel, dat kan differentieren in 
de volgende cellen: botcellen, kraakbeencellen, spiercellen, beerunergcellen, fibroblast, huideellen 
zie figuur 2.2 

metabolism: stofwisseling[cell] 

native: natuurlijk, aangeboren 

osmolality: osmolariteit 

osmosis: osmose. Osmose is de netto water verplaatsing door een semipermeabel membraan, gedreven 
door een verschil in concentration van het aantal opgeloste stofjes over het membraan. £en semi per
meabel membraan is permeable (doorlatend) voor water, maar niet voor opgeloste moleculen.[eell] 

osteoarthritis: osteoartritis. Osteoartritis is een vorm van artritis, ehronische ontsteking van bot en 
kraakbeen (tast alleen gewricht aan) 

perfusion: perfusie. 

permeability: permeabiliteit. Permeabiliteit is een materiaal parameter. Ret geeft aan hoe gemakkelijk 
vloeistof door een poreus materiaal stroomt. 

phenotype: fenotype. £en fenotype is de observeerbare eigenschap (expressie van genetische informatie) 
van een eel of een organisme gebaseerd 

polysaccharide: meervoudigsuiker 

porcine: varkens .. 

primary cells: primaire cellen. Cellen die verkregen worden door isolatie uit weefsel. 

proliferation: proliferatie. 

protein: proteine ofwel eiwit. 

proteoglycan: proteoglycaan. £en proteoglycaan is een van de hoofdbestanddelen van ECM. Deze 
moleculen bestaan voor 95 % uit polysacehariden en voor 5 % uit proteine. Aan de proteine 
kern zit ten verschillende glycosaminoglycanen gebonden. Proteoglycanen bezitten door de negatief 
geladen glycosaminoglycanen de mogelijkheid om veel water aan te trekken, wat vermoedelijk zorgt 
voor de veerkracht van water. 

86 



87 

rheumatoid arthritis: reuma. Reuma is een vorrn van artritis. Deze vorm van artritis kan naast bot 
en kraakbeen ook andere delen van het rnenselijk liehaam aantasten. Ret begint als een ontsteking 
van bot en kraakbeen, maar het kan op den durn ook gepaard gaan met vermoeidheid en/of koorts. 

scaffold: dragerrnateriaal 

stem cell: Starn eel. Een starn eel is een ongedifferentieerde eel die eontinu en onbeperkt kan delen. Een 
starn eel levert doehtereellen op die kunnen differentieren in bepaald type eel. 

subchondral bone: Botstrueturn die zieh net onder het kraakbeen in een gewrieht bevindt. 

synovial fluid: gewriehtsvoeht 

syntheses: synthese, sarnenvoeging 

tendon: pees 

tissue: weefsel 

viscoelasticity: viseoelastieiteit 

xenotransplantation: xenotransplantatie. Xenotransplantatie is het transplanteren van eellen, weefsels 
en organen van dier naar mens. 

87 


	Voorblad
	Summary
	Samenvatting
	Contents
	1. Introduction
	2. Articular cartilage
	3. Overview of cartilage tissue engineering
	4. Scope
	5. Measurements
	6. Cultering device
	7. Conclusions and recommendations
	Bibliography
	Appendices  
	Appendix A
	Appendix B
	Appendix C
	Appendix D
	Appendix E
	Appendix F
	Appendix G
	Appendix H


