
 

Mechano-regulation of collagen architecture in cardiovascular
tissue engineering
Citation for published version (APA):
Rubbens, M. P. (2009). Mechano-regulation of collagen architecture in cardiovascular tissue engineering. [Phd
Thesis 1 (Research TU/e / Graduation TU/e), Biomedical Engineering]. Technische Universiteit Eindhoven.
https://doi.org/10.6100/IR643993

DOI:
10.6100/IR643993

Document status and date:
Published: 01/01/2009

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 16. Nov. 2023

https://doi.org/10.6100/IR643993
https://doi.org/10.6100/IR643993
https://research.tue.nl/en/publications/880cc71d-739e-43e3-b213-063a3e24e1a8


 
 
 
 
 

Mechano-regulation of  
collagen architecture in  

cardiovascular tissue engineering 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
A catalogue record is available from the Eindhoven University of Technology Library 

  
ISBN: 978-90-386-1931-6 
 
Copyright ©2009 by M.P. Rubbens 
 
All rights reserved. No part of this book may be reproduced, stored in a database or 
retrieval system, or published, in any form or in any way, electronically, mechanically, 
by print, photoprint, microfilm or any other means without prior written permission by 
the author.  
 
Cover design: Anne Seghers 

 
Printed by Universiteitsdrukkerij TU Eindhoven, Eindhoven, The Netherlands. 

 
This research was supported by the Dutch Technology Foundation (STW), applied 
science division of NWO and the Technology Program of the Dutch Ministry of 
Economic Affairs. 
 
Financial support by the Netherlands Heart Foundation and the Dutch Society For 
Matrix Biology for the publication of this thesis are gratefully acknowledged.  
 

 



 
 

Mechano-regulation of collagen architecture in 
cardiovascular tissue engineering 

 
 
 
 
 
 
 PROEFSCHRIFT  
 
 
 
 
 ter verkrijging van de graad van doctor aan de 
 Technische Universiteit Eindhoven, op gezag van de 
 rector magnificus, prof.dr.ir. C.J. van Duijn, voor een 
 commissie aangewezen door het College voor  
  Promoties in het openbaar te verdedigen 
 op donderdag 17 september 2009 om 16.00 uur 
 
 
 
 
 door 
 
 
 
 
 
 Mirjam Petronella Rubbens 
 
 
 
 
 geboren te Spijkenisse 
 
 
 

 



Dit proefschrift is goedgekeurd door de promotor: 
 
prof.dr.ir. F.P.T. Baaijens 
 
 
 
Copromotoren: 
dr. C.V.C. Bouten 
en 
dr. A. Driessen-Mol 
 
 

 



Contents 
 

Summary ix 
 
1 General introduction 1 

1.1 Introduction 2 
1.2 Cardiovascular tissues in health and disease 2 
1.3 Replacement strategies 4 

1.3.1 Heart valves 4 
1.3.2 Blood vessels 5 

1.4 Tissue composition and function 5 
1.4.1 Collagen 6 
1.4.2 Collagen synthesis and cross-linking 7 
1.4.3 Collagen degradation 8 
1.4.4 Collagen architecture and remodeling 8 

1.5 Cardiovascular tissue engineering 9 
1.6 Mechano-regulation of collagen architecture 11 
1.7 Mechanical conditioning in cardiovascular tissue engineering 12 
1.8 Objective and outline 13 

 
2 Methods to quantify strain-induced collagen architecture 
 in engineered cardiovascular tissues 15 

2.1 Introduction 16 
2.2 Tissue model 16 
2.3 Straining system 17 
2.4 Quantification of collagen architecture 20 

2.4.1 Collagen amount and cross-links 20 
2.4.2 Collagen orientation 21 

2.5 Discussion 24 
 
3 Straining mode-dependent collagen remodeling  
 in engineered cardiovascular tissue 27 

3.1 Introduction 28 
3.2 Materials and methods 29 

3.2.1 Cell culture 29 
3.2.2 Engineered cardiovascular tissues 30 
3.2.3 Tissue culture and mechanical conditioning 30 
3.2.4 Quantitative PCR analysis 31 
3.2.5 Quantification of matrix composition 32 
3.2.6 Medium analysis 32 
3.2.7 Statistics 32 

3.3 Results 33 
3.3.1 Effect of straining mode on gene expression 33 

 



3.3.2 Effect of straining mode on tissue protein content 34 
3.3.3 Effect of straining mode on collagen remodeling markers 35 

3.4 Discussion 36 
 
4 The role of collagen cross-links in the biomechanical behavior  
 of human native and engineered heart valve tissue 41 

4.1 Introduction 42 
4.2 Materials and methods 43 

4.2.1 Specimen preparation 43 
4.2.2 Biomechanical testing and matrix analysis 44 
4.2.3 Data analysis 45 

4.3 Results 46 
4.3.1 Biomechanical properties 46 
4.3.2 Collagen content and cross-links 47 
4.3.3 Correlation between collagen content, cross-links, and biomechanics 48 

4.4 Discussion 49 
 
5 Intermittent strain accelerates the development 
 of tissue properties in engineered heart valve tissue 53 

5.1 Introduction 54 
5.2 Materials and methods 55 

5.2.1 Cell culture 55 
5.2.2 Engineered heart valve tissue 55 
5.2.3 Tissue culture and mechanical conditioning 56 
5.2.4 Tissue morphology and organization 56 
5.2.5 Collagen production and cross-link density 57 
5.2.6 Mechanical properties 57 
5.2.7 Statistics 57 

5.3 Results 58 
5.3.1 Evaluation of tissue morphology and organization 58 
5.3.2 Evaluation of collagen production and cross-link density 62 
5.3.3 Evaluation of mechanical properties 62 

5.4 Discussion 65 
 
6 Quantification of the temporal evolution of collagen orientation 
 in mechanically conditioned engineered cardiovascular tissues 69 

6.1 Introduction 70 
6.2 Materials and Methods 71 

6.2.1 Tissue culture and mechanical conditioning 71 
6.2.2 Visualization of collagen orientation 72 
6.2.3 Quantification of collagen orientation 72 
6.2.3 Statistics 74 

6.3 Results 74 
6.3.1 Quantification algorithm 74 

 



6.3.2 Spatial organization of collagen fibers 75 
6.3.3 Temporal evolution of collagen fiber orientation 77 
6.3.4 Spatio-temporal evolution of collagen fiber orientation 78 

6.4 Discussion 79 
 
7 General discussion 83 

7.1 Introduction 84 
7.2 Summary and discussion of main findings 85 
7.3 Critique of methods 90 
7.4 Future challenges 92 
7.5 Relevance for cardiovascular tissue engineering 96 

 
References 99 
 
Samenvatting 113 
 
Dankwoord 115 
 
Curriculum vitae 117 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 

 
 



 

Summary 
 

Mechano-regulation of collagen architecture in cardiovascular tissue engineering  
 
Clinically available heart valve replacements consist of non-living materials, 

lacking the ability to grow with the patient. Therefore, several re-operations are 
necessary to replace the valve with a larger one. In addition, there is a large need for 
living blood vessel substitutes that overcome the drawbacks of current vascular 
prostheses. Cardiovascular tissue engineering focuses on the creation of living heart 
valves and blood vessels that have the potential to grow and remodel in vivo. In brief, 
cells are acquired from a patient and seeded on a biodegradable material or scaffold. 
The cell-seeded scaffold is cultured in a bioreactor where mechanical and biochemical 
stimuli are applied to stimulate tissue development. After several weeks, the scaffold is 
replaced by tissue produced by the patient’s own cells. Ideally, the tissue can be 
implanted in the patient to replace dysfunctional tissue.  

In order to be mechanically functional, such engineered cardiovascular tissues 
should incorporate load-bearing structures to withstand (changes in) the hemodynamic 
environment. The mechanical properties of cardiovascular tissues are dictated by a well 
organized network of collagen fibers. The collagen architecture is influenced by the 
mechanical environment of the tissue. Hence, mechanical conditioning is considered to 
be an important regulator to create engineered cardiovascular tissues with defined load-
bearing structures and mechanical properties.  

The aim of the research presented in this thesis is to elucidate the effects of well-
defined mechanical conditioning protocols on the collagen architecture in engineered 
cardiovascular tissues. In this thesis, three main aspects of the collagen architecture in 
engineered cardiovascular tissues are quantified: collagen amount, collagen cross-link 
density, and collagen fiber orientation.  

To systematically investigate the effects of mechanical conditioning on collagen 
architecture, a model system has been employed. The tissues consist of rectangular 
strips of rapidly degrading polyglycolic acid based scaffolds seeded with human 
vascular cells. The advantage of the model system is that it reduces the number of 
required cells and it allows for the application of pre-defined strain regimes to multiple 
engineered tissues simultaneously. Static conditioning is applied in longitudinal 
direction by constraining the tissues at their outer ends. In addition, different uniaxial 
straining protocols, including continuous dynamic strain (4%, 1Hz, for 10 days and 4 
weeks) and intermittent dynamic strain (3 hours on/off, 4%, 1Hz, for 2, 3, and 4 weeks) 
are applied using a modified straining system.  

The temporal effects of static and dynamic conditioning on collagen amount and 
cross-links are assessed up to 10 days of culture from gene and protein measurements. 
Both conditioning modes upregulate collagen and cross-link expression and protein 
content with time. Dynamic strain results in lower collagen expression and content, but 
enhances collagen cross-link expression and density, when compared with static 
conditioning.  

 ix
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To study the effects of static and dynamic conditioning on the mechanical 
properties of newly formed tissue, the culture period has been extended to 4 weeks. By 
that time, the initial scaffold has lost its mechanical integrity and the mechanical 
properties of the constructs are only determined by the newly formed tissue. Compared 
to 4 weeks of static conditioning, continuous dynamic strain results in similar collagen 
contents but higher cross-link densities, which correlate to improved mechanical 
properties. These findings indicate that, despite a similar collagen amount, the quality 
and structural integrity of the tissue can be improved by dynamic strain via an increase 
in collagen cross-link densities.  

A novel technique has been used to quantify the orientations of the newly formed 
collagen fibers, based on 3D vital imaging using two-photon microscopy combined 
with image analysis. These collagen fiber orientation analyses reveal that mechanical 
conditioning induces collagen alignment in the constrained and intermittently strained 
directions. Importantly, intermittent dynamic strain improves and accelerates the 
alignment of the collagen fibers in the straining direction compared to constraining 
only. In addition, intermittent dynamic strain results in increased collagen production, 
cross-link densities, and mechanical properties at faster rates compared to static 
conditioning, leading to stronger tissues at shorter culture periods.  

In conclusion, these studies show that, when compared to constrained tissue 
culture, continuous dynamic strain does not increase the amount of collagen in the 
tissue but does enhance cross-link densities and collagen fiber alignment. Intermittent 
dynamic strain increases and accelerates the production of collagen, cross-links, and 
collagen fiber alignment. Therefore, intermittent dynamic strain can be used to 
accelerate the creation of load-bearing tissues with a well organized collagen 
architecture. This is of considerable importance for cardiovascular tissue engineering, 
where a functional load-bearing capacity is a prerequisite for in vivo application. 
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General introduction 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Parts of this chapter are based on A. Mol, M.P. Rubbens, M. Stekelenburg, and F.P.T. 
Baaijens, Living heart valve and small-diameter artery substitutes - an emerging field 
for intellectual property development, Recent Patents on Biotechnology, 2(1), 1-9, 
(2008).  

 

 



Chapter 1 

1.1 Introduction 
 

Tissue engineering offers promising alternatives for current replacement strategies 
for heart valves and blood vessels. Using tissue engineering technology, living 
cardiovascular substitutes can be created that have the potential to grow and remodel in 
vivo. In order to be mechanically functional, such engineered cardiovascular tissues 
should incorporate load-bearing structures to withstand (changes in) the hemodynamic 
environment. In cardiovascular tissues, collagen is the main load-bearing constituent 
and the mechanical properties of the tissue are associated with the collagen 
architecture. In this thesis, three main aspects of the collagen architecture are 
quantified: collagen amount, collagen cross-link density, and collagen fiber orientation. 
The collagen architecture is strongly influenced by the mechanical environment of the 
tissue. Hence, mechanical conditioning is considered to be an important regulator to 
create engineered cardiovascular tissues with defined load-bearing structures and 
mechanical properties.  

The aim of the research presented in this thesis is to elucidate the effects of well-
defined mechanical conditioning protocols on collagen architecture in engineered 
cardiovascular tissues with the ultimate goal to optimize and control collagen 
architecture and associated mechanical properties.  

 
1.2 Cardiovascular tissues in health and disease 
 

The heart is a hollow muscular organ that pumps blood through the vascular 
system for transport of oxygen and nutrients to the tissue and metabolic waste from the 
tissue. Returning blood from the body is collected via the vena cava and the right 
atrium into the right ventricle of the heart (figure 1.1a). Upon contraction of this 
ventricle, blood is pumped through the pulmonary artery into the lungs (pulmonary 
circulation). The left ventricle receives oxygenated blood from the lungs through the 
left atrium and pumps the blood into the aorta (systemic circulation).   

To direct the blood flow in one direction, the heart is equipped with four valves 
which prevent backflow of blood: the tricuspid valve, the mitral valve, the pulmonary 
valve, and the aortic valve. The tricuspid and mitral valves are situated between the 
atria and the ventricles. The pulmonary valve is located between the right ventricle and 
the pulmonary artery, while the aortic valve controls the blood flow from the left 
ventricle to the aorta.  

The heart muscle itself is supplied with oxygen and nutrients by the coronary 
arteries (figure 1.1b). These arteries originate from three anatomical dilatations in the 
aorta, called the sinuses. The right coronary artery generally supplies the right ventricle 
and atrium, while the left coronary artery supplies the intraventricular septum, the left 
ventricle, and the left atrium. Both arteries course over the heart, branching into 
segments that penetrate into the tissue, and dividing into capillary networks. 
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 A      B 
 
Figure 1.1: A: Schematic overview of the heart and the four heart valves.  
B: Location of main coronary arteries (www.urac.org).  
 

Cardiovascular diseases are, next to cancer, the leading cause of death in the 
United States (Anderson and Smith, 2005). In 2004, cardiovascular diseases, such as 
heart valve dysfunction or coronary artery stenosis, accounted for 1 of every 2.8 deaths 
(Rosamond et al., 2007).  

The heart valves can be affected by calcification of the leaflets, endocarditis, 
rheumatic fever, myxomatous degeneration, or congenital heart diseases, leading to 
stenosis or insufficiency of the valves. The prevalence of congenital heart disease is 
75/1,000 live births, including 6/1,000 live births with moderate and severe forms 
(Hoffman and Kaplan, 2002). The most frequently affected heart valve associated with 
congenital heart diseases, such as Tetralogy of Fallot, pulmonary valve stenosis and 
atresia, is the pulmonary valve. The total prevalence of these 3 congenital heart 
problems is 6.32 per 10,000 births in Europe (EUROCAT, European Registration Of 
Congenital Anomalies and Twins, 2005). In adults, and more specifically in people 
between 26 and 84 years of age, the prevalence of valvular disease is about 1 to 2% 
(Rosamond et al., 2007) and the aortic valve is most frequently affected. In case of 
heart valve dysfunction, surgical repair or heart valve replacements are needed to avoid 
serious cardiac, pulmonary or systemic problems. 

Cardiovascular diseases can also cause dysfunctional blood vessels. In coronary 
artery disease (CAD), the coronary arteries are occluded due to atherosclerotic plaques. 
Occlusion of these arteries leads to oxygen deprivation of the heart muscle. In 2005, 16 
million people were suffering from CAD in the US (Rosamond et al., 2008). Besides 
this large number of CAD patients, there are 8 million people suffering from peripheral 
artery disease (PAD) (Rosamond et al., 2008). In this latter condition, narrowing of 
arteries in the legs leads to cramping pain caused by inadequate supply of blood to the 
affected muscle and accumulation of lactic acid. When native arteries are occluded or 
damaged, arterial revascularization needs to be performed. 
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1.3 Replacement strategies 

 

1.3.1 Heart valves 

Currently used treatments for end-stage valvular disease include the replacement of 
the native valve. In 2003, 290,000 heart valve replacements were performed worldwide 
(Rosamond et al., 2007). Due to the ageing population and increase of rheumatic 
cardiac disease, heart valve disease is increasing rapidly worldwide. Concomitantly, 
the number of individuals requiring heart valve replacement is predicted to triple to 
over 850,000 by the year 2050 (Yacoub and Takkenberg, 2005).  

Current heart valve replacement strategies include the use of mechanical or 
bioprosthetic valves. Most of the mechanical valves are fabricated of graphite coated 
with carbon which renders them very strong and durable. These valves last usually for 
a life time, but have the disadvantage of being thrombogenic. In order to reduce the 
risk of thromboembolism, patients with mechanical valves require lifelong 
anticoagulation therapy, associated with a substantial risk of spontaneous bleeding and 
embolism (Senthilnathan et al., 1999).  

Bioprosthetic valve replacements are either of animal origin (xenografts), such as 
porcine or bovine pericardial valves, or they can be harvested from human donors 
(homografts). These valves undergo several chemical processes, including preservative 
treatment and sterilization to make them suitable for implantation in humans. The 
major advantage of bioprosthetic valves is that there is no need for anticoagulation 
therapy. However, they represent non-viable prostheses prone to tissue deterioration 
and calcification, limiting their durability (Hopkins, 2005).  Bearing in mind the 
extended life span of the general population, the need for re-operation after 
bioprosthetic valve replacement seems inevitable in the long term (Brown et al., 2008; 
Hammermeister et al., 2000; Lund and Bland, 2006). Another important aspect of the 
use of xenografts is the risk of zoonoses, which are human diseases caused by 
infectious agents from animals. Cryoperserved homografts are substitutes closest to 
natural valves, not being thrombogenic and with a low risk of infection. However, their 
use is restrained due to limited availability and high costs. 

The overall limitation of the clinically available heart valve replacements is that 
they consist of non-living structures and are, therefore, not able to grow, repair, and 
remodel. These necessarily restrict the application of currently available prostheses in 
pediatric patients. Several re-operations are required to replace the valve with a larger 
prosthesis, associated with exponentially increased morbidity and mortality (Mayer, 
1995). In addition, although current prostheses significantly improve life expectancy, 
patient longevity after valvular surgery still remains inferior compared to age-matched 
healthy individuals (Puvimanasinghe et al., 2001). This underlines that the current 
options for heart valve replacements are suboptimal and, as such, the ideal prosthetic 
heart valve has yet to be developed.  
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1.3.2 Blood vessels 

The major treatment for revascularization in coronary artery disease is bypass 
grafting. Approximately 427,000 coronary bypass surgeries have been performed in the 
US in 2004 on more than 249,000 patients to treat coronary artery disease (Rosamond 
et al., 2008). Autologous small-diameter arteries and veins are commonly used as 
coronary artery replacements. However, the effectiveness of this treatment is not long 
term, since only one fifth of the patients are free from ischemic events 15 years 
postoperatively (Sabik et al., 2006). An estimated 5% of these patients have outlived 
their native grafts and have no option other than artificial grafts. Synthetic graft 
replacements, such as expanded polytetra-fluoroethylene (ePTFE) and Dacron®, are 
successful for grafting medium to large diameter arteries (>5-6 mm), but are not 
suitable as small-diameter vascular grafts (Canver, 1995). Graft thrombogenicity, poor 
healing, lack of compliance, and excessive intimal hyperplasia have all been reported 
using small-diameter synthetic grafts (Bordenave et al., 2005). Arterial grafts are also 
required in patients with renal failure who depend on dialysis. This procedure requires 
frequent access to the peripheral circulation, which is usually facilitated by an 
arteriovenous shunt in the arm. This shunt, however, is subject to repeated cannulation 
and has a limited lifetime.  

To create viable heart valves and blood vessels that offer good alternatives to 
overcome the limitations of current treatment options, understanding of the native 
tissue composition and its associated function is crucial. 

 
1.4 Tissue composition and function 
 

Connective tissues, such as heart valves and blood vessels, mainly consist of cells 
and extracellular matrix (ECM). The extracellular matrix is composed of proteoglycans 
and fibrillar proteins, such as elastin and collagen. Proteoglycans are negatively 
charged and attract water. This combination of proteoglycans and water protects the 
tissue against compression and confers a degree of shock absorbance. The collagen 
fibers provide tensile stiffness and strength to the tissue, whereas the elastin fibers are 
responsible for resilience of the tissue.  

Both native aortic heart valve leaflets and arteries are composed of three layers, 
each with a distinct matrix composition. The mechanically strongest layer in the leaflet 
is the lamina fibrosa which is located on the aortic side of the leaflet. In this layer of 
dense connective tissue, thick parallel collagen fibers run in the circumferential 
direction from commissure to commissure. The central lamina spongiosa consists of 
loosely arranged connective tissue with proteoglycans as its main component. The few 
collagenous fibers in this layer are oriented radially. The ventricularis layer is situated 
on the ventricular side of the valve leaflet and contains an organized network of elastin 
fibers. Its function is to restore the collagen fiber geometry to its initial configuration 
between loading cycles.  
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The surfaces of the leaflets are covered with endothelial cells that provide a 
protective, non-thrombogenic layer. The cells present in the leaflets are the valvular 
interstitial cells. Among the valvular interstitial cells (VICs), different cellular 
phenotypes are identified including smooth muscle cells, fibroblasts and 
myofibroblasts. The majority of VICs within heart valve leaflets are the 
myofibroblasts, due to their dual phenotypic characteristics of both fibroblast and 
smooth muscle like cells (Messier, Jr. et al., 1994; Taylor et al., 2003). 

The three layers in blood vessels are the adventitia, media, and intima located from 
the outside to the inside of the vessel. The adventitia is a fibrous connective tissue, 
mainly containing collagen and fibroblasts. Due to the high collagen content, the 
adventitia provides most of the mechanical stiffness and strength to the vessel. The 
media contains smooth muscle cells and elastin, important for the visco-elastic 
behavior of the vessel. The intima, positioned at the lumen, consists of endothelial cells 
that proactively inhibit thrombosis. 

In both heart valves and blood vessels, collagen is specifically organized. Collagen 
in heart valves resembles a hammock-type orientation, while blood vessels possess 
helically oriented fibers (figure 1.2). This specific collagen orientation is closely 
related to the biomechanical behavior of the tissue. In heart valve leaflets for instance, 
the circumferentially aligned collagen fiber orientation is associated with anisotropic 
mechanical properties of the leaflets, revealing stronger and stiffer leaflets in the 
circumferential direction than in the radial direction. In order to understand the 
functioning of collagen in cardiovascular tissues it is essential to investigate how it is 
organized by the cells.  

 

 

5 mm 

    A                B 
 
Figure 1.2: Collagen resembles a hammock-type orientation in heart valve leaflets (A) 
(adapted from Balguid et al., 2007). Blood vessels possess helically oriented fibers, as 
schematically drawn in the adventitia layer (B). 
 

1.4.1 Collagen 

Collagens are the major fibrillar and load-bearing components of most connective 
tissues. Collagen possesses a hierarchical structure (figure 1.3) ranging from fibers 
down to a triple helix organization. The collagen fibers are composed of fibril bundles. 
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Fibrils, with a diameter distribution ranging from 10 to 500 nm (Ottani et al., 2001), 
consist of hundreds of microfibrils. Microfibrils are 4 nm thick assemblies of five 
collagen triple helices. These triple helices are 1.5 nm in diameter and 300 nm in 
length (Kadler et al., 1996). The rope-like triple helices are formed by combining three 
-chains, each containing about 1000 amino acids. 

 
Figure 1.3: The hierarchical structure of collagen from a fiber down to a triple helix 
organization (adapted from www.bio.miami.edu). 

 
Variations in the amino acid contents of the α-chains in the triple helices result in 

structural components with slightly different properties. The type of collagen depends 
on the composition of these α-chains. Collagen type I and III are the most abundant 
types in heart valves and blood vessels. These collagens are classified as fibrous 
collagens, along with collagen types II, V, and XI.   

 

1.4.2 Collagen synthesis and cross-linking 

Collagen formation starts in the endoplasmatic reticulum of the cell where 
procollagen triple helices are formed. The procollagen triple helices are transported to 
the cellular membrane by secretory vesicles and are secreted into the extracellular 
matrix (figure 1.4a). These procollagen triple helices contain telopeptides, which are 
important in the formation of cross-links. The triple helices are soluble in the 
extracellular matrix, but upon cleavage by procollagen C-proteinase and/or procollagen 
N-proteinase, solubility drops and polymerization of collagen fibrils is initiated.  

The collagen fibrils are stabilized by the formation of intermolecular cross-links. 
Cross-links can be formed via two related routes (figure 1.4b): 

1) the allysine route, in which a lysine residue within the collagen telopeptide is 
converted by lysyl oxidase into the aldehyde allysine. 

2) the hydroxyallysine route, in which a hydroxylysine residue in the telopeptide is 
converted into the aldehyde hydroxyallysine.  
The resulting reactive aldehydes can condense with lysyl or hydroxylysyl residues in 
the triple helix to form di-, tri-, or tertrafunctional cross-links.  

Two chemical forms of mature cross-links have been identified, 
hydroxylysylpyridinoline (HP) and lysylpyridinoline (LP). HP cross-links are 
predominant in highly hydroxylated collagens, such as type I collagen in heart valves 

 7



Chapter 1 

and blood vessels. These cross-links are formed by hydroxylation of the telopeptides, 
where lysine is converted to hydroxylysine, catalyzed by the enzyme lysyl 
hydroxylase. Following the hydroxyallysine route, HP (derived from 3 hydroxylysyl 
residues) and LP cross-links (derived from 2 hydroxylysyl and 1 lysyl residue) are 
formed.  

 
 

A        B 

Figure 1.4: A: Fibrillogenesis of collagen, adapted from Kadler et al. (1996). 
Procollagen triple helices are secreted into the extracellular matrix. Upon cleavage of 
the propeptides, polymerization of collagen fibrils is initiated. B: Simplified schematic 
overview of collagen cross-links formation. 
 

1.4.3 Collagen degradation  

Once formed, collagen fibers are susceptible to degradation by enzymes produced 
by the cells. The major class of collagen degrading enzymes are the matrix 
metalloproteinases (MMPs), which is a family of about twenty zinc-dependent 
endopeptides. Based on their substrate specificity and primary structure, the family can 
be subdivided into different groups. The first group, the collagenases (MMP-1, MMP-8 
and MMP-13), can cleave fibrillar collagens (e.g., type I, II, and III). Mammalian 
collagenases cleave the collagen triple helix at 3/4 from the terminal end, generating 
3/4 and 1/4 collagen fragments. These fragments unfold their triple helix and fall apart 
into fragmented single -chains, the so-called gelatins. Group 2, the gelatinases 
(MMP-2 and MMP-9) is well known to degrade such gelatins. Once activated, MMPs 
are controlled by endogenous inhibitors, the tissue inhibitors of metalloproteinases 
(TIMPs). 

 

1.4.4 Collagen architecture and remodeling  

Collagen architecture has been reported to include many aspects, such as collagen 
amount and type, number and type of cross-links, and orientation, length, and thickness 
of the collagen fibers. In this thesis, three main aspects of the collagen architecture are 
quantified: collagen amount, collagen cross-link density, and collagen fiber orientation. 
Collagen remodeling refers to changes in this architecture.  
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1.5 Cardiovascular tissue engineering   
 

The ideal heart valve and blood vessel replacements are autologous, to prevent an 
immune response, and living, to allow growth, repair, and remodeling. The emerging 
field of tissue engineering has tremendous potential in the development of valvular 
replacements and blood vessel bypasses that possess these characteristics. Tissue 
engineering was first introduced in 1993 by Langer and Vacanti, who defined it as an 
interdisciplinary field applying the principles and methods of engineering to the 
development of biological substitutes that can restore, maintain, or improve tissue 
function (Langer and Vacanti, 1993). Figure 1.5 shows a schematic overview of an in 
vitro tissue engineering approach. In this approach, cells are harvested from a patient 
and subsequently expanded to increase their number. The cells are then seeded onto a 
scaffold which most often consists of decellularized naturally derived biomaterials, 
hydrogels, or synthetic scaffolds. To enhance tissue formation, the cell-seeded 
scaffolds are placed in a bioreactor where biochemical and mechanical stimuli are 
applied. After several weeks of tissue development and remodeling, a functional tissue 
can be obtained, which would ideally be implanted back in the patient to replace a 
dysfunctional tissue.  

cells

scaffold

bioreactor

patient
harvest seeding

implantation culture

cells

scaffold

bioreactor

patient
harvest seeding

implantation culture

 
 

Figure 1.5: Schematic overview of in vitro tissue engineering of heart valves and blood 
vessels. Cells, harvested from a patient, are seeded onto a scaffold in the shape of a 
heart valve or blood vessel. Subsequently, the tissues are cultured in a bioreactor 
where biochemical and mechanical stimuli are applied. The resulting living, 
autologous heart valves or blood vessels can be implanted back in the patient. 
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Heart valves and blood vessels have been engineered using decellularized 
xenograft matrices, which were re-populated with cells before implantation. Indeed, 
implantation of decellularized valves re-populated with autologous vascular cells has 
shown promising results as a pulmonary valve replacement in sheep (Steinhoff et al., 
2000). It should be noted, however, that thickening of the leaflets was apparent, which 
may indicate structural degeneration. Seeding of decellularized valves and vena cava 
tissue patches with autologous bone-marrow derived cells, subsequent in vitro 
culturing and implantation in dogs, has shown partly re-populated and endothelialized 
tissues after three weeks (Cho et al., 2005; Kim et al., 2006). Despite the fact that 
decellularized xenografts or allografts seem to be an obvious choice as scaffold for 
tissue engineering, each has inherent limitations. For example, when the matrices are 
xenogenic in origin, the risk of zoonoses exists. When using allografts for pediatric 
patients, the availability of donor valves is still an unsolved problem. Further, 
remodeling and growth has not yet been demonstrated when using such valves, which 
is a prerequisite for use in children and young adults.  

As an alternative to decellularized matrices, hydrogels consisting of either fibrin 
(Aper et al., 2007; Cummings et al., 2004; Flanagan et al., 2007; Jockenhoevel et al., 
2001) or collagen (Cummings et al., 2004; Seliktar et al., 2000) have been used as 
scaffolds to create tissue-engineered heart valves and blood vessels. Fibrin-based 
tissue-engineered small-diameter blood vessels and pulmonary valves have 
demonstrated good results when implanted in sheep (Flanagan et al., 2009; Liu et al., 
2007; Swartz et al., 2005). However, a major concern for fibrin-based tissue-
engineered substitutes is the mechanical instability of the tissue, and the potential to 
rupture in the systemic circulation (Jockenhoevel et al., 2001).  

The most promising tissue engineering approach with respect to growth capacity is 
based on synthetic scaffolds that rapidly degrade within a few weeks. The first 
successful replacement of a single pulmonary valve leaflet with an in vitro tissue-
engineered equivalent based on a synthetic scaffold was demonstrated in young sheep 
(Shinoka et al., 1995; Shinoka et al., 1996). Full trileaflet valve replacements were 
subsequently fabricated based on synthetic scaffolds and were shown to be fully 
remodeled in sheep into native-like tissue structures with adequate functioning up to 
eight months after implantation (Sodian et al., 2000a; Sutherland et al., 2005). 
Hoerstrup et al. (2000) used mechanical conditioning to create trileaflet heart valves by 
exposure of the growing tissues to increasing levels of pulsatile flow. This approach 
has demonstrated potential in animal studies. Vascular patches, based on synthetic 
polymer scaffolds and seeded with autologous bone marrow-derived cells have 
demonstrated tissue regeneration after eight weeks of implantation in dogs (Cho et al., 
2006). The originally seeded cells were still present in the neo-tissue, indicating their 
active role in the tissue regeneration process. Similar to heart valves and vascular 
patches, large blood vessel substitutes (Hoerstrup et al., 2006; Shinoka et al., 1998; 
Watanabe et al., 2001), as well as small-diameter blood vessels (Niklason et al., 1999), 
have been tissue-engineered, based on synthetic scaffolds, and have yielded promising 
results in animal studies. Growth of engineered blood vessels has been demonstrated in 
a two-year follow-up study in juvenile sheep (Hoerstrup et al., 2006).  
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The in vitro tissue engineering approach based on synthetic scaffolds has not only 
shown promising results in animal studies, it could also be translated into the clinical 
setting. For example, tissue-engineered patches based on a synthetic scaffold seeded 
with autologous saphenous vein cells have been successfully used for pulmonary artery 
reconstruction in humans (Matsumura et al., 2003; Shin'oka et al., 2001). However, the 
clinical feasibility for autologous tissue-engineered heart valves and blood vessels has 
still to be demonstrated.  

 
1.6 Mechano-regulation of collagen architecture  
 

Tissue composition and organization are continuously changing due to growth and 
environmental stimuli, in particular mechanical stimuli. Cells sense and control their 
extracellular environment by changing or remodeling their extracellular matrix. Strain 
is an important modulator as this triggers cells to modulate their environment. 
Understanding how cells remodel their matrix in response to external forces, such as 
strain, is crucial to design tissue-engineered substitutes with controlled mechanical 
properties. Model systems can be used to achieve this understanding in a high-
throughput and well-defined environment.  

Many devices have been developed to subject individual cells to mechanical strain 
(Brown, 2000; Lee et al., 1996). The effects on matrix synthesis depended on many 
factors including the loading regime (magnitude, frequency, straining mode), species, 
and cell type. The diverse nature of the studies, in terms of strain profiles and cell 
types, makes direct comparisons very difficult (Berry et al., 2003). In general, dynamic 
mechanical stimulation of cells seeded on two-dimensional substrates showed 
upregulation of matrix production (e.g., collagen) (Butt and Bishop, 1997; Ku et al., 
2006; O'Callaghan and Williams, 2002) and differences in cell morphology (Wang et 
al., 2001) and proliferation (Yang et al., 2004). 

Cells in two-dimensional culture lack the physiological three-dimensional 
environment. Therefore, native tissues and cell-seeded collagen gels have often been 
used to study the effects in a three-dimensional environment. Ex-vivo studies on 
porcine heart valves (Weston and Yoganathan, 2001; Xing et al., 2004b; Xing et al., 
2004a) showed that mechanical stimuli affect matrix synthesis of the cells, depending 
on the nature of the applied flow, the magnitude of pressure, and pulse frequencies. In 
the absence of mechanical stimuli, a decrease in tissue properties of porcine valves was 
observed (Konduri et al., 2005), while cyclic stretching increased collagen content 
(Balachandran et al., 2006). Mechanical stimulation of cell-seeded collagen gels 
affected several processes such as matrix production and, in most cases, enhanced the 
mechanical properties of the constructs (Isenberg and Tranquillo, 2003; Seliktar et al., 
2000). These changes in matrix production in response to strain underline the relevance 
of mechanical conditioning to create functional engineered tissues. 

With respect to collagen cross-link formation, the effect of mechanical 
conditioning is largely unknown, but the relevance of cross-links has been shown for 
tissue mechanical properties in skin and bone tissue. Research on skin has 
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demonstrated that with age mechanical strength and stiffness increase in conjunction 
with an increase in the concentration of the intermolecular collagen cross-links (Avery 
and Bailey, 2005). Furthermore, in bone tissue, a correlation was found between 
collagen cross-linking and biomechanical properties (Banse et al., 2002). Although 
bone is structurally different from cardiovascular tissue, it is proposed that cross-links 
also enhance the stability and strength of collagen fibrils in cardiovascular tissues. 

The effect of mechanical loading conditions on collagen orientation has, for 
example, been studied in simple geometries of cell-populated collagen gels. It was 
demonstrated that uniaxial constraints induced anisotropic collagen orientation (Costa 
et al., 2003; Kostyuk and Brown, 2004), whereas biaxial constraining resulted in 
isotropic orientations (Thomopoulos et al., 2005).  

Studies in these model systems indicate that the collagen architecture is dependent 
on mechanical cues. It is therefore proposed to use these cues in cardiovascular tissue 
engineering to induce and control the collagen architecture of engineered tissues. 

 

1.7 Mechanical conditioning in cardiovascular tissue 
engineering  
 

Although quantitative laws of strain-induced collagen architecture are not 
available, there is strong evidence that mechanical conditioning enhances tissue 
properties in engineered cardiovascular tissues. As mentioned earlier, Hoerstrup et al. 
(2000) showed that improved mechanical properties of tissue-engineered heart valves 
were created by subjecting the tissues to increasing flow and pressure. By contrast, a 
mechanical conditioning protocol incorporating strain alone has been reported by Mol 
et al. (2005). This protocol, in which the leaflets were mechanically conditioned only 
in the diastolic phase of the heart, has shown to render tissue-engineered heart valves, 
capable of withstanding high in vivo pressures in the systemic circulation. Also the 
application of dynamic flexure was shown to improve the mechanical properties of 
tissue-engineered constructs (Engelmayr, Jr. et al., 2005). In collagen gel-based tissue-
engineered heart valves, the application of specific mechanical constraints led to 
commissural alignment of the collagen fibers (Neidert and Tranquillo, 2006). In a 
similar manner, mechanical conditioning was shown relevant for enhancing tissue 
properties of engineered blood vessels (Hoerstrup et al., 2006; Niklason et al., 1999; 
Stekelenburg et al., 2009).  

Although a continuous dynamic strain regime is often applied as it reflects a 
physiological straining situation for blood vessels and heart valves, this regime might 
not be optimal to create tissue-engineered substitutes. Indeed, intermittent conditioning 
has been proposed to disrupt the adaptation response of cells to a continuous stimulus. 
It has been hypothesized that cells yield a specific upper limit when responding to 
mechanical load (Chowdhury et al., 2003; Robling et al., 2002). Above this limit, 
additional loading has no or little effect. Therefore, a delicate balance between periods 
of mechanical stimulation alternated with periods of recovery seems to be more 
effective. Indeed in bone, cartilage, and tendon cell studies, an intermittent strain 
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regime has been demonstrated to be favorable in terms of cell proliferation 
(Barkhausen et al., 2003; Winter et al., 2003), matrix production (Chowdhury et al., 
2003), and mechanical properties (Robling et al., 2002), when compared to a 
continuous strain regime. 

 
1.8 Objective and outline 
 

A main challenge in cardiovascular tissue engineering is to create tissues with 
optimized and controlled mechanical properties. This can be achieved by controlling 
tissue architecture, more specifically the collagen architecture, which, in turn, can be 
regulated via mechanical conditioning (figure 1.6). The goal of this work is to elucidate 
the effects of well-defined conditioning protocols on collagen architecture (amount, 
cross-links, orientation) and the changes (remodeling) of this architecture. 
Understanding these effects will enable optimization of the conditioning regimes for 
engineered cardiovascular tissues.  

 

Mechanical 
conditioning

Tissue composition 
& organization

Mechanical 
properties

Collagen architecture:

• collagen amount

• collagen cross-links

• collagen orientation

Static, dynamic, 
intermittent conditioning

Mechanical 
conditioning

Tissue composition 
& organization

Mechanical 
properties

Collagen architecture:

• collagen amount

• collagen cross-links

• collagen orientation

Static, dynamic, 
intermittent conditioning

 
 
Figure 1.6: A schematic outlining the key objectives of the current work. 

 
Chapter 2 describes the approach and methods to determine the effects of 

mechanical conditioning on collagen architecture in engineered cardiovascular tissues. 
These include a tissue model, a straining system, and methods to quantify aspects of 
the collagen architecture. In chapter 3, the model system is used to study short-term 
effects (up to 10 days) of static and dynamic conditioning on several aspects of 
remodeling in engineered tissues. Differences in collagen and cross-link densities are 
quantified with time at both gene expression and protein levels. In addition, the 
secretion of collagen synthesis and degradation markers is investigated with time. 
Long-term effects (4 weeks) of static and dynamic conditioning on collagen amount 
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and cross-links, and the correlation to mechanical properties of (engineered) heart 
valve tissues, are examined in chapter 4. Chapter 5 studies the temporal effects of 
intermittent dynamic strain on tissue properties in engineered cardiovascular tissues. In 
chapter 6, a new method to quantify collagen orientations is applied to mechanically 
conditioned engineered cardiovascular tissues. Chapter 7 presents a general discussion 
based on the findings of the presented studies. 
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Chapter 2 

2.1 Introduction 
 

Similar to native tissues, the mechanical properties of engineered heart valves and 
blood vessels depend on their structural composition and organization. Collagen is the 
main load-bearing constituent of these tissues and its architecture is considered in this 
thesis as the amount of collagen, collagen cross-link density, and the orientation of the 
collagen fibers. This collagen architecture can be regulated by mechanical conditioning 
of the growing tissues. This chapter describes the tissue model and straining system 
which has been developed to study the effects of mechanical conditioning on collagen 
architecture. In addition, the methods that are used in this thesis to quantify the 
collagen architecture are illustrated.  

 
2.2 Tissue model  
 

To systematically investigate the effects of strain on collagen architecture in 
engineered tissues, a well-defined model system is required. Based on existing heart 
valve and blood vessel protocols (Mol et al., 2006; Stekelenburg et al., 2009), 
rectangular tissue-engineered (TE) strips were made and used as the tissue model for 
engineered cardiovascular tissues (figure 2.1a). Compared to the more complex 
geometry of heart valves and blood vessels, these strips are of simple geometry and 
smaller in size, reducing the required number of cells. In addition, mechanical loading 
can be applied in a controlled way to multiple strips simultaneously.  

To create TE strips, myofibroblast cells were harvested from the saphenous vein 
from a 44 year old woman. Myofibroblasts have been shown to be a suitable cell 
source for cardiovascular tissue engineering (Schnell et al., 2001). This cell type is 
known for its relatively high expression of extracellular matrix (ECM) and its ability to 
actively remodel the ECM (Merryman et al., 2006). This makes this cell source 
particular suitable to study strain-induced effects on collagen architecture and 
remodeling. After harvesting, the cells were expanded for 7 passages in culture 
medium consisting of advanced Dulbecco’s modified Eagle’s medium (DMEM; Gibco, 
Carlsbad, CA), supplemented with 10% fetal bovine serum (FBS; Greiner Bio One, 
Monroe, NC), 1% GlutaMax (Gibco, Carlsbad, CA), and 0.1% gentamycin (Biochrom, 
Terre Haute, IN). 

Non-woven polyglycolic acid (PGA) meshes were used as a biodegradable, highly 
porous synthetic scaffold. The PGA strips (35x5x1 mm) were coated with the 
thermoplastic poly-4-hydroxybutyrate (P4HB) (Sodian et al., 2000a), which enhances 
the mechanical integrity of the PGA scaffold by cross-linking of the PGA fibers. The 
PGA-based scaffold is a rapidly degrading scaffold, which loses its mechanical 
integrity within several weeks. 

To apply controlled dynamic strain to the TE strips, part of the porous PGA-based 
scaffold was embedded in a thin elastic layer of liquid silicone, to prevent plastic 
deformation of PGA. By partly pressing the scaffold into uncured silicone (Silastic 
MDX4-4210; Dow Corning, Midland, MI) a 0.5 mm thick elastic support was created. 
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After curing, the scaffolds were attached at the outer 5 mm in the longitudinal direction 
to the flexible membranes of six-well plates (Flexcell Int., McKeesport, PA) using 
Silastic MDX4-4210 (figure 2.1b). By attaching their outer ends, the tissues were 
constrained in the longitudinal direction. 
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Figure 2.1: A: TE strips consisting of a PGA-P4HB scaffold, seeded with human 
venous cells using fibrin as a cell carrier. B: Reinforcement of the polyglycolic acid 
scaffold with an elastic silicone layer. The upper part shows a longitudinal cross-
section of the PGA/P4HB scaffold embedded in an elastic silicone layer. The 
rectangular strips were attached to Bioflex culture wells to the outer 5 mm of these 
strips (lower part). 
 

The scaffolds were vacuum-dried for 48 hours, followed by exposure to ultraviolet 
light for 1 hour and were subsequently placed in 70% ethanol for 5 hours to obtain 
sterility. Prior to cell seeding, tissue culture medium was added to facilitate cell 
attachment. The scaffolds were seeded with human venous myofibroblasts (passage 7) 
at a seeding density of 2x106 cells per cm2 using fibrin gel. During the seeding 
procedure, cells are centrifuged and resuspended in a thrombin solution (10 IU/mL) 
(Sigma Chemicals, St. Louis, MO), mixed with a fibrinogen solution (10 mg/mL) 
(Sigma Chemicals), and dripped evenly on the scaffold. The cell–thrombin–fibrinogen 
solution is absorbed throughout the whole scaffold. Subsequently, polymerization of 
the fibrin gel starts, serving as a cell carrier during culture (Mol et al., 2005b). The 
engineered constructs were cultured in tissue culture medium consisting of advanced 
DMEM (Gibco), supplemented with 10% FBS, 1% GlutaMax, 0.3% gentamycin, and 
L-ascorbic acid 2-phosphate (0.25 mg/mL; Sigma Chemicals). Medium was changed 
every 3 days. 

 
2.3 Straining system   
 

To investigate the effect of strain on collagen architecture in the TE strips, a 
straining system has been developed as described by Boerboom et al. (2008). The 
straining system consists of a modified version of a Flexercell FX-4000T (Flexcell Int., 
McKeesport, PA). This setup allows easy access to straining of cells using a vacuum 
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controlled deformation of Bioflex six-well plates (Flexcell) over a loading post. The 
original Flexercell system controls the strain magnitude by the amount of vacuum that 
was applied. This system was modified in order to apply various strain magnitudes to 
individual samples simultaneously by controlling the amount of membrane 
displacement when a vacuum was applied. 

Figure 2.2 shows a schematic representation of the modified straining setup. 
Bioflex plates with flexible silicone membranes were mounted on a loading post. 
When a vacuum is applied to the flexible membrane of the Bioflex plate, the 
membrane deforms at the locations where it is not supported by the loading post. In the 
modified version, polycarbonate rings of varying heights were placed around the 
original loading posts. When a maximum vacuum is applied in the presence of the 
polycarbonate rings, the rings limit the deformation of the flexible silicone membrane. 
By varying the height of these rings the deformation of the membrane can be varied. 
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Ring Ring
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Figure 2.2: Schematic cross-section of the modified Flexercell system. This schematic 
shows the polycarbonate rings (gray) placed around the loading post, which limit the 
deformation of the flexible silicone membrane when a vacuum is applied.  

 
First, the applied strain fields in this modified setup were validated for the flexible 

membranes without TE strips using digital image correlation. A random dot pattern 
was sprayed on the flexible silicone membrane of the Bioflex wells. These membranes 
were deformed over a round loading post by applying maximum vacuum pressure at a 
frequency of 1 Hz. During loading, images of the deformed state were recorded at 60 
frames per second using a Phantom v5.1 high speed camera (Vision Research Inc., 
USA). The recorded images were analyzed using Aramis DIC software (Gom mbh., 
Germany). Strain fields were calibrated for three specific ring heights (8.16, 7.47, and 
7.05 mm), corresponding to 4, 8, and 12 % strain, based on theoretical calculations. 
The strain profiles of the membranes showed homogeneous strain fields (figure 2.3) 
with resulting average strains (%) of 3.8 ± 0.6, 8.1 ± 0.7, and 12.5 ± 0.5, respectively. 
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Figure 2.3: Representative two-dimensional strain (%) distribution of the Bioflex 
flexible membrane with the use of a 7.47 mm ring, corresponding to 8% strain. The 
strain profiles of the membrane shows a homogeneous strain field with a resulting 
average strain (%) of 8.1 ± 0.7. The circle indicates the loading post (Boerboom et al., 
2008). 
 

Then, the strain fields were validated at the surface of strained TE strips after 2 
weeks of culture (1 week static culture + 1 week dynamic strain at 1 Hz) for two ring 
heights (8.16 and 7.47 mm), theoretically corresponding to 4 and 8 % strain, 
respectively. The average strains (%) measured 4.6 ± 1.3 and 8.0 ± 2.8, respectively. 
Although the strain fields showed a more inhomogeneous distribution than the strain 
applied to the membrane without a TE strip, the average measured strains were close to 
the calculated ones and the major strain direction for both strain conditions was 
uniaxial in nature (figure 2.4). So, using this straining device, strains can be applied in 
a controlled manner to study their effects on collagen architecture. 
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Figure 2.4: Representative two-dimensional tissue strain (%) distributions on the 
surface of engineered strips, in case of an 8.16 mm ring (A) and a 7.47 mm ring (B). 
The average strains (%) measured 4.6 ± 1.3 and 8.0 ± 2.8, respectively. In both cases 
the strain is uniaxial (Boerboom et al., 2008).  
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2.4 Quantification of collagen architecture  
 

2.4.1 Collagen amount and cross-links 

Histological stainings, such as Masson Trichrome and Picrosirius Red reveal a 
qualitative view on the amount and location of collagen formed in engineered tissues. 
To quantify the effect of mechanical conditioning on collagen and cross-links, 
measurements on protein and gene expression levels can be performed. In addition, 
specific collagen synthesis and degradation markers can be measured to quantify the 
collagen remodeling activity. 

 
Protein level 

To quantitatively assess the amount of collagen on protein level, the amount of 
hydroxyproline was measured using reverse-phase high-performance liquid 
chromatography (HPLC). Hydroxyproline is a major component of the protein 
collagen and its amount can be converted to the amount of collagen using a conversion 
factor of 7.4 (Neuman and Logan, 1950) For HPLC, TE strips were lyophilized and 
subsequently hydrolyzed at 110C for 22 hours in HCL. Hydroxyproline residues were 
measured on the acid hydrolysates after derivatization with 9-fluorenylmethyl 
chloroformate (FMOC) (Bank et al., 1996). The advantage of the reagent FMOC is that 
it gives rise to a single, stable derivative per amino acid. The resulting derivative is 
detectable with high sensitivity and FMOC itself does not interfere with the 
chromatographic separation. The derivatized amino acids were subsequently separated 
based on their retention time to pass through the HPLC system. The same hydrolyzed 
samples were used to determine the amount of mature HP cross-links which are the 
main type of collagen cross-links present in cardiovascular tissues.  

 
Gene expression level 

In addition to the analysis of collagen and cross-link amount on protein level, 
quantitative polymer chain reactions (qPCR) were used to determine collagen and 
cross-link expression on gene expression levels. Accurate and fast qPCR studies reveal 
gene expression data that could be used to predict strain-induced effects on protein 
levels. In addition, using qPCR the effects on the expression of different types of 
collagen were determined. Frozen samples were lysated and RNA was isolated using 
an RNAeasy extraction kit (Qiagen, Venlo, The Netherlands) according to the 
manufacturer’s instructions. The concentration and purity of the RNA were determined 
by measuring the absorptions at 260 nm and 280 nm. Subsequently, 500 ng RNA was 
transcribed into cDNA using random primers. Gene expression of collagen I 
(COL1A2), collagen III (COL3A1), PLOD-2 (encoding for cross-link enzyme) were 
analyzed by quantitative PCR using specific forward and backward primers and 
FAM/TAMRA labeled probes. All data were normalized to glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) expression. 
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Collagen synthesis and degradation markers 
The total collagen amount is a result of collagen synthesis and degradation. To 

discriminate between these processes, specific markers in the culture medium were 
measured. As described in chapter 1, collagens are synthesized as precursor molecules 
called procollagens. These contain additional peptide sequences, referred to as 
“propeptides”, at both the amino-terminal and the carboxy-terminal ends. The function 
of these propeptides is to facilitate the winding of procollagen molecules into a triple 
helical conformation within the endoplasmic reticulum. The propeptides are cleaved 
off from the collagen triple helix molecule during its secretion, after which the triple 
helix collagens polymerize into extracellular collagen fibrils. Thus, the amount of 
procollagen type I carboxy-terminal propeptides (PIP) in the medium was used as a 
measure of the amount of collagen type I molecules synthesized.  

The concentration of PIP in the medium was determined using an Enzyme-Linked 
ImmunoSorbent Assay (ELISA) which is based on a “sandwich” technique. This 
technique involves several steps. Initially, the coating antibody, specific for the 
antigen, is bound to the microtiter plate. The first wash step removes unbound antibody 
and applies a blocking reagent to any surface not bound by the antibody. Next, the 
medium samples, standards and controls are incubated to allow capture of the antigen 
by the bound antibody. Subsequently, the unbound antigen is removed, and a labeled 
antibody, specific for a second site on the target protein, is added. Binding of this 
antibody forms an antigen “sandwich” with the coating antibody. The label on the 
second antibody is then detected by substrate addition, and color formation allows 
detection of the amount of antigen present in medium samples and standards.   

ELISA assays were also used to quantify collagen degradation markers. Mature 
type I collagen is degraded by certain enzymes, such as matrix metalloproteinases 
(MMPs). Through the action of MMP-1, a carboxy-terminal telopeptide region of type 
I collagen (ICTP), joined via trivalent cross-links is liberated during the degradation of 
mature type I. The amount of ICTP in culture medium was measured using ELISA and 
reflects the amount of collagen molecules degraded.  

 

2.4.2 Collagen orientation  

Visualization of collagen fibers 
To visualize the collagen fibers in the engineered strips, a fluorescent collagen-

specific probe has been developed (Krahn et al., 2006). In short, this development was 
based on a new approach that takes advantage of the inherent specificity of collagen-
binding protein domains present in bacterial adhesion proteins (CNA35). The collagen-
binding properties of the protein domain CNA35 are well characterized and this 
domain can be overexpressed in Escherichia coli.  To obtain CNA35, a vector coding 
for the collagen-binding domain A of Staphylococcus aureus was transformed into E. 
coli and expression of this collagen-binding domain was induced. Subsequently, 
CNA35 was fluorescently labeled with Oregon Green (OG-488).  

The CNA35-based probe has some important advantages over existing 
techniques for imaging collagen. Unlike the current label-free microscopic techniques, 
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the use of fluorescently labeled CNA35 allows visualization of much smaller newly 
formed fibrils. In addition, the binding of CNA35 to collagen is strong, but not so tight 
that it becomes irreversible. The latter property is important when such a probe is used 
to monitor collagen formation in real-time, where a probe should not affect the 
structural organization of the collagen that is formed. Finally, CNA35 is approximately 
5 times smaller than antibodies which is beneficial to tissue penetration. 

To image the collagen fibers in TE strips, the tissues were stained with the 
fluorescently labeled CNA35-OG488 probe (3 µM). In addition, the cells were labeled 
with 15 μM Cell Tracker Blue CMAC (CTB; Invitrogen, The Netherlands). CTB and 
CNA35-OG488 are excitable with two-photon laser scanning microscopy (TPLSM) 
and exhibit broad spectra at 466 nm and 520 nm, respectively. An inverted Zeiss 
Axiovert 200 microscope (Carl Zeiss, Germany) coupled to an LSM 510 Meta (Carl 
Zeiss, Germany) laser scanning microscope was used to visualize cell and collagen 
organization. A chameleon ultra 140 fs pulsed Ti-Sapphire laser (Coherent, U.S.A) was 
tuned to 760 nm and two photomultiplier tube (PMT) detectors were defined as 435 – 
485 nm for CTB and 500 – 530 nm for CNA-OG488. Two TPLSM images of cells and 
collagen in engineered tissues after different culture periods using the above mentioned 
method are shown in figure 2.5.  

 

50 m 
                  A                                 B 

50 m 
 

 
Figure 2.5: Cells (cell tracker blue) and collagen fibers (CNA35, green) after 5 days 
(A) and after 4 weeks (B) of culture.   

 
The advantage of TPLSM is that the region excited by two-photon laser 

scanning microscopy is more restricted around the focal plane than by confocal laser 
scanning (CLSM) microscopy. This is due to the fact that the probability of a two-
photon event is extremely low and occurs only when the laser light is the most intense, 
i.e. at the focal point. TPLSM uses longer wavelengths which are inherently less 
damaging to biological materials and more penetrating than the shorter wavelength 
used in CLSM. Thus, using the CNA probe in combination with TPLSM, the collagen 
fibers can be visualized in intact viable samples at different imaging depths.  
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Quantification of collagen orientation 
To quantify the collagen fiber orientations in the two-photon images, a 

quantification algorithm was developed (Daniels et al., 2006). First, the images were 
de-noised by applying coherence-enhancing diffusion (CED) to improve the quality of 
the structures in the image (Weickert, 1999). Using CED, smoothing occurs along, but 
not perpendicular, to the preferred orientation of the structures, without destroying the 
boundaries of the fibers. After applying CED to two-photon images of collagen fibers, 
the images appear less noisy and the fiber structures are enhanced (figure 2.6). 

 

       A           B 
 
Figure 2.6: Original TPLSM image (A) of collagen fibers in a native heart valve and 
after application of coherence-enhancing diffusion which enhances the fibers (B).  
 

The local orientations of the collagen fibers were determined by calculating the 
principal curvature directions. The principal curvatures are the maximum and 
minimum curvatures on a surface of an object, and the directions in which these occur 
are the principal curvature directions. At each point on a three dimensional object, 
three principal curvatures and principal directions (1, 2, and 3) can be defined 
(figure 2.7a). The general orientation of the object is oriented along the minimal 
curvature direction. 
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Figure 2.7: The principal curvature directions of a 3D structure (A) correspond to the 
eigenvectors of the second order Hessian matrix (B). 
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The principal curvatures can be determined from the Hessian matrix (figure 2.7b), 
which is a square matrix of second-order partial derivatives (Ter Haar Romeny, 2003) 
with L representing the image intensity, x representing the vector (x,y,z) and  as a 
measure for scale used on the derivation of L. The eigenvalues and the eigenvectors of 
the Hessian matrix correspond to the principal curvature magnitudes and directions of 
the local image structure. 

The collagen fibers appear as bright tubular structures in a dark environment. This 
prior knowledge related to the imaging modality can be used as a consistency check to 
discard structures with a different polarity. The conditions for an ideal bright tubular 
structure are: 
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                 (eq. 2.1) 

with the signs of 2 and 3 being negative. 
 

As fibers appear at different widths, the second order derivatives were determined 
at a scale adaptive to the local width of the fiber. The optimal scale was determined 
with a contextual confidence measure (Niessen et al., 1997). This confidence measure 
can be associated with a specific orientation to express the confidence in the principal 
curvatures and directions. The confidence measure C is defined as:  
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threshold. 
 

The confidence measure becomes 0 for regions with no preferred orientation and 
has a maximum of 1 for regions with a high preference for one orientation. The scale  
for which the confidence measure is optimal, i.e. where C is closest to 1, is regarded as 
the optimal scale, and was chosen to analyze the orientation of the collagen fibers with. 
The quantification method was validated by Daniels et al. (2006).  

 
2.5 Discussion  
 

To study the effect of mechanical conditioning on collagen architecture, a well-
defined three-dimensional model system was developed. Based on cardiovascular 
tissue engineering protocols, TE strips of simple geometry were created, particular 
suitable to study the effect of mechanical conditioning. In order to allow stretching of 
the engineered strips, part of the PGA scaffold was embedded in a thin layer of silicone 
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to prevent plastic deformation. The presence of the supporting elastic layer resulted in 
an elastic response on the engineered strips, illustrated by the fact that after two weeks 
of culture, the initially applied strain was preserved. A limitation of this setup is that 
tissue formation is constricted to the surface on the TE strips due to reduced supply of 
nutrients in the presence of the silicone layer.  

The described model system and analyses techniques are used in this thesis as 
valuable tools to determine the effect of different loading protocols on collagen 
architecture and remodeling. Methods to determine strain-induced collagen amount and 
cross-links at both gene and protein levels, are applied in chapter 3.  The straining 
system is also used to determine the effect of different straining modes on collagen 
architecture and associated mechanical properties in chapter 4 and 5. The 
quantification algorithm for collagen fiber orientations is applied to mechanically 
conditioned TE samples in chapter 6. 
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Chapter 3 

3.1 Introduction 
 

Cardiovascular diseases are, next to cancer, the leading cause of death in the United 
States (Anderson and Smith, 2005). In 2004, cardiovascular diseases, such as heart 
valve dysfunction or coronary artery stenosis, accounted for 1 of every 2.8 deaths 
(Rosamond et al., 2007).  Currently used treatments for end-stage valvular disease 
include the replacement of the native heart valve by mechanical or biological valves. In 
case of coronary and peripheral artery diseases, the native, nonfunctional artery needs 
to be bypassed. Another medical need for vascular grafts exists in patients with renal 
failure who depend on dialysis. Autologous arteries and veins, as well as synthetic 
grafts are currently used as vascular grafts. The main drawback of mechanical heart 
valves and synthetic cardiovascular substitutes is that they are not able to grow, repair, 
and remodel, which is especially important for pediatric and young adult patients. In 
addition, biological replacements are highly susceptible to tissue degeneration (Schoen 
and Levy, 1999) and the progression of cardiovascular diseases (e.g., stenosis and 
arteriosclerosis), both leading to graft failure (Raja et al., 2004; Sabik et al., 2006). 
Tissue engineering represents a promising alternative to overcome these limitations by 
creating living tissue substitutes that are able to grow, repair, and adapt in response to 
changes in physiological demands. 

Mimicking native mechanical behavior represents a major goal in cardiovascular 
tissue engineering, in particular when facing systemic pressure applications. Similar to 
native cardiovascular tissues, the mechanical properties of tissue-engineered constructs 
depend on the composition and quality of the extracellular matrix, which is a net result 
of matrix remodeling processes in the tissue. The extracellular matrix of tissue-
engineered constructs predominantly consists of collagen fibers, embedded in a gel of 
proteoglycans, including glycosaminoglycans (GAGs). Collagen is the main load-
bearing constituent of these tissues, and collagen cross-links and remodeling define 
their maturity and quality. 

To date, tissue engineering of cardiovascular substitutes based on rapidly degrading 
scaffolds seeded with autologous myofibroblasts has been demonstrated as a promising 
procedure to produce living heart valve and blood vessel replacements (Hoerstrup et 
al., 2000; Niklason et al., 1999). In this approach, cells are stimulated to produce de 
novo extracellular matrix components in vitro. However, engineered tissues often lack 
sufficient amounts of properly organized matrix components and consequently do not 
meet in vivo mechanical demands. To optimize tissue quality and hence improve the 
mechanical properties of engineered tissues, mechanical conditioning strategies are 
critical (Isenberg and Tranquillo, 2003; Mol et al., 2003; Seliktar et al., 2003). 

Various conditioning protocols, such as flow-based and strain-based protocols, 
have been demonstrated to improve tissue properties. Previous conditioning protocols 
were often designed to mimic physiological circumstances. For example, using an in 
vitro pulse duplicator, in which the tissue is exposed to increasing pulsatile flows, 
tissue-engineered heart valves have been obtained, which were successfully implanted 
at the pulmonary position in sheep (Hoerstrup et al., 2000). Novel strain-based 
conditioning protocols combine constrained tissue culture with additional dynamic 
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conditioning. These conditioning protocols have shown to result in functional tissues 
that provide the potential for use as aortic valve (Mol et al., 2006) and small artery 
(Stekelenburg et al., 2009) replacements. However, the biological remodeling 
mechanisms underlying the strain-induced phenomena remain unclear. Accordingly, 
the goal of this study is to quantify the effects of strain-induced tissue remodeling, 
which can subsequently provide an input to mechanical conditioning protocols to fine-
tune tissue properties. It is hypothesized that tissue remodeling depends on the mode of 
straining and thus two modes of straining, either static or dynamic, were quantified on 
several indices of tissue remodeling over a period of 10 days. Differences in matrix 
composition (collagen, GAGs, cross-links) were quantified. Collagen and cross-links 
were measured at both gene expression and protein levels with time. In addition, the 
secretion of specific collagen remodeling markers was investigated with time: collagen 
remodeling enzyme matrix metalloproteinase-1 (MMP-1), collagen synthesis marker 
(procollagen type I carboxy-terminal propeptide, PIP), and collagen degradation marker 
(carboxy-terminal telopeptide of type I, ICTP). 

The effect of strain on matrix production has previously been studied in two-
dimensional culture systems (Asanuma et al., 2003; Ku et al., 2006; O'Callaghan and 
Williams, 2002; Stanley et al., 2000; Yang et al., 1998), lacking a physiological three-
dimensional environment. By contrast, strain-stimulated remodeling has only been 
rarely studied in three-dimensional cell-seeded constructs. In cell-seeded collagen gels, 
it has been demonstrated that dynamic strain influenced the gene expression of collagen 
and elastin (Seliktar et al., 2003). However, corresponding levels of protein content 
were not determined. Studies investigating the effect of dynamic strain on the 
formation of neo-tissue in cell-seeded rapidly degrading scaffolds do report matrix 
protein values, but only at the time of sacrifice after several weeks (Boerboom et al., 
2008; Mol et al., 2005a). The present study is the first to explore temporal effects of 
mechanical conditioning on tissue remodeling in a well-defined model system of three-
dimensional cardiovascular tissues. 

 
3.2 Materials and methods   
 

3.2.1 Cell culture 

Myofibroblasts were acquired from the human vena saphena magna according to 
the Dutch guidelines for secondary use material and expanded using regular cell culture 
methods as described previously (Schnell et al., 2001). Culture medium consisted of 
advanced Dulbecco’s modified Eagle’s medium (DMEM; Gibco, Carlsbad, CA), 
supplemented with 10% fetal bovine serum (FBS; Greiner Bio One, Monroe, NC), 1% 
GlutaMax (Gibco, Carlsbad, CA), and 0.1% gentamycin (Biochrom, Terre Haute, IN). 
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3.2.2 Engineered cardiovascular tissues 

Scaffold preparation and cell seeding procedures were performed as described 
previously (Mol et al., 2005a). Briefly, rectangular strips (35x5x1 mm) of non-woven 
polyglycolic acid (PGA) meshes (Cellon, Bereldange, Luxembourg) were coated with a 
thin layer of poly-4-hydroxybutyrate (Hoerstrup et al., 2000) (TEPHA, Cambridge, 
MA). The PGA scaffold consists of fibers with a diameter of the order of 10–15 m 
and pore sizes that are sufficiently large for complete cell penetration within 3 days 
(Balguid et al., 2008). The bottom surface of the scaffolds was reinforced with a non-
toxic elastic silicone layer (Silastic MDX4-4210; Dow Corning, Midland, MI; thickness 
0.5 mm), enabling precisely controlled cyclic deformation of the constructs up to 
several weeks (Boerboom et al., 2008). In the longitudinal direction, the scaffolds were 
attached at the outer 5 mm to the flexible membranes of six-well plates (Flexcell Int., 
McKeesport, PA) using Silastic MDX4-4210. By attaching the scaffolds at their outer 
ends, the tissues were constrained in the longitudinal direction. 

The scaffolds were vacuum-dried for 48 hours, followed by exposure to ultraviolet 
light for 1 hour and were subsequently placed in 70% ethanol for 5 hours to ensure 
sterility. Prior to cell seeding, tissue culture medium was added to facilitate cell 
attachment. The scaffolds were seeded with human venous myofibroblasts (passage 7) 
at a seeding density of 2x106 cells per cm2 using fibrin gel. During the seeding 
procedure, cells were centrifuged and resuspended in a thrombin solution (10 IU/mL) 
(Sigma Chemicals, St. Louis, MO), mixed with a fibrinogen solution (10 mg/mL) 
(Sigma Chemicals), and dripped evenly on the scaffold. The cell–thrombin–fibrinogen 
solution is absorbed throughout the whole scaffold. Subsequently, polymerization of 
the fibrin gel starts, serving as a cell carrier during culture (Mol et al., 2005b). The 
engineered constructs were cultured in tissue culture medium consisting of advanced 
DMEM (Gibco), supplemented with 10% FBS, 1% GlutaMax, 0.3% gentamycin, and 
L-ascorbic acid 2-phosphate (0.25 mg/mL; Sigma Chemicals). Medium was changed 
every 3 days and stored for medium analysis. 

 

3.2.3 Tissue culture and mechanical conditioning 

As the tissue-engineered strips were attached at their outer ends, static stress was 
generated by the cells as a response to constraining. After 3 days of culture under static 
conditions, four samples were sacrificed and used as baseline controls. Then, the 
engineered tissues were divided into two groups (figure 3.1). One group (n = 16) served 
as static control, whereas the other group (n = 16) was subjected to uniaxial dynamic 
strain (4%, 1 Hz) using a modified version of a Flexercell FX-4000T straining device 
(Flexcell) (Boerboom et al., 2008). A strain magnitude of 4% was chosen as a suitable 
strain condition based on previous studies where it was shown that continuous dynamic 
strain at 8% and above produced reduced tissue properties compared to static 
conditioning (Boerboom et al., 2008). 
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Figure 3.1: Top view of rectangular engineered strips. The strips were longitudinally 
constrained at the outer 5 mm at both ends using silicone glue. Dynamic strain in 
longitudinal direction (indicated by arrows) was applied to the samples in the dynamic 
group. 
 

Static and dynamically conditioned samples (n = 4 for each group per time point) 
were sacrificed after 3, 31/3

 (8 h after start of dynamic conditioning), 4, 6, and 10 days 
of culture (figure 3.2). The silicon layer was gently removed, and the samples were 
divided into two; half of the sample was used for quantitative PCR (qPCR) analyses 
and the other half for tissue content analyses. 

 
0 3 31/3 4 6                        9       10  days

StaticStatic
StaticStatic DynamicDynamic

T T    T T                                 T
M M                       M

0 3 31/3 4 6                        9       10  days

StaticStatic
StaticStatic DynamicDynamic

T T    T T                                 T
M M                       M  

Figure 3.2: Experimental design with schematic overview of time points of analyses. 
“T” represents tissue analysis after 3, 31/3, 4, 6, and 10 days, and “M” represents 
medium analysis after 3, 6, and 9 days of culture (n = 4 per group per time point).  
 

3.2.4 Quantitative PCR analysis 

RNA isolation and semiquantitative mRNA analysis using real-time competitive 
PCR (ABI Prism 7700; Applied Biosystems, Nieuwerkerk aan den IJssel, The 
Netherlands) were performed as described previously (Lindeman et al., 2004; van der 
Slot et al., 2003). In brief, RNA was isolated using an RNAeasy extraction kit (Qiagen, 
Venlo, The Netherlands) according to the manufacturer’s instructions. The 
concentration and purity of the RNA were determined by measuring the absorptions at 
260 and 280 nm. Subsequently, 500 ng RNA was transcribed into cDNA using random 
primers. Gene expression of collagen I (COL1A2), collagen III (COL3A1), PLOD-2 
(encoding for cross-link enzyme), and MMP-1 was analyzed by qPCR using specific 
forward and backward primers and FAM/TAMRA-labeled probes. All data were 
normalized to glyceraldehyde-3-phosphate dehydrogenase expression (GAPDH). 
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3.2.5 Quantification of matrix composition 

Lyophilized samples were digested in papain solution (100 mM phosphate buffer, 5 
mM L-cystein, 5 mM ethylenediaminetetraacetic acid, and 125–140 g papain per mL) 
at 60C for 16 hours. The amount of DNA was determined using the Hoechst dye 
method (Cesarone et al., 1979), and expressed in mg per dry weight (dw). 
Subsequently, digested tissue samples were hydrolyzed in 6M hydrochloric acid 
(Merck, Darmstadt, Germany) and used for amino acid analyses. Hydroxyproline (Hyp) 
residues, as a measure for collagen content, were measured on the acid hydrolysates, 
using reverse-phase high-performance liquid chromatography after derivatization with 
9-fluorenylmethyl chloroformate (Bank et al., 1996). The amount of Hyp was 
expressed per DNA. The GAG content was determined using a modification of a well 
established GAG-assay (Farndale et al., 1986). The amount of GAG in the samples was 
determined from a standard curve and expressed per DNA. 

The number of mature collagen hydroxylysylpyridinoline (HP) cross-links, as a 
measure for tissue maturity, was determined in hydrolyzed samples using high-
performance liquid chromatography (Bank et al., 1996; Bank et al., 1997; Robins et al., 
1996). The number of HP cross-links was expressed per collagen triple helix (TH).  

 

3.2.6 Medium analysis 

Concentrations of the remodeling enzyme MMP-1 and markers for collagen 
synthesis (PIP) and collagen degradation (ICTP) were determined in the culture 
medium by ELISAs. MMP-1 concentrations were quantified by a nonisotopic 
immunoassay for human MMP-1 protein (Calbiochem, Merck, Darmstadt, Germany). 
PIP was measured using a procollagen type I C-Peptide ELISA kit (Takara Bio, Otsu, 
Shiga, Japan). ICTP was determined using a quantitative enzyme immunoassay 
designed for in vitro measurement of carboxy-terminal cross-linked telopeptide of 
human type I collagen (Orion Diagnostica, Espoo, Finland). The ELISAs were 
performed according to the recommendations from the supplier. The assays were 
performed on medium samples after 3, 6, and 9 days of culturing (figure 3.2) and 
corrected for control medium that had been in contact with scaffolds without cells for 3, 
6, and 9 days.  

 

3.2.7 Statistics  

Results are expressed as mean value ± standard deviation. Student’s t-tests were 
used to elucidate differences between static and dynamic conditioning at each time 
point. Dunnett’s multiple comparison tests were used to compare values of later time 
points to the 3-day static baseline control, except for HP cross-links, where values were 
not detectable at this time point. In this case, values of later time points were compared 
to the first detectable time point after 4 days of culture. Differences were considered to 
be significant at a p-value < 0.05. 
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3.3 Results  
 

3.3.1 Effect of straining mode on gene expression  

Human venous myofibroblasts expressed both collagen I and collagen III genes, of 
which collagen I mRNA was most abundantly expressed. Following 3 days of culture, 
dynamic strain was applied to the samples in the dynamic group. Both collagen I and 
III mRNA levels were significantly lower in dynamically strained samples from day 4 
onward, when compared to static levels (figure 3.3a,b).  
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Figure 3.3: Collagen I (A), collagen III (B), PLOD-2 (C), and MMP-1 (D) gene 
expressions. *p<0.05, **p<0.01, and ***p<0.001 represent significant differences 
between dynamic and static conditioning. +p<0.05, ++p<0.01, and +++p<0.001 
represent significant differences compared to the static baseline control after 3 days of 
culture. Dynamic strain resulted in lower collagen gene expressions, but higher PLOD-
2 and MMP-1 gene expressions, when compared to static conditioning. In time, static 
conditioning increased collagen I and III mRNA expressions, while dynamic strain 
increased PLOD-2 and MMP-1 gene expressions. 
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In contrast, PLOD-2 mRNA expression was upregulated by dynamic strain, as 
compared to static conditioning (figure 3.3c). Compared to static conditioning, a 
significant higher MMP-1 mRNA expression was observed in the dynamically strained 
group after 6 and 10 days of culture (figure 3.3d). With time, static conditioning 
increased collagen I and III mRNA expressions, while no temporal variations compared 
to the 3-day baseline control were found as a consequence of dynamic conditioning. 
Dynamic strain increased PLOD-2 and MMP-1 mRNA expressions with time, as 
compared to the static baseline control after 3 days of culture. Static conditioning 
induced no temporal effects in PLOD-2 and MMP-1 mRNA expressions.  

 

3.3.2 Effect of straining mode on tissue protein content  

The effects of static and dynamic conditioning on the amount of DNA, matrix 
proteins Hyp and GAG per DNA, as well as of HP cross-links per TH are depicted in 
figure 3.4. There were no significant changes in the amount of DNA per dry weight 
between static and dynamic conditioning. In addition, no temporal variations were 
found as compared to the 3-day baseline control (figure 3.4a). The amount of Hyp per 
DNA increased with time in both groups, although dynamic strain was less favorable 
for collagen production, as compared to static conditioning (figure 3.4b). On the other 
hand, GAG production was stimulated by dynamic strain and increased with time 
(figure 3.4c). In contrast, static conditioning did not show an increasing trend in GAG 
production with time. HP cross-link densities were not detectable until 4 days of 
culture. Dynamic strain resulted in significant higher numbers of HP cross-links per 
TH, as compared to static conditioning (figure 3.4d). With time, cross-link densities 
increased in both groups.  
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Figure 3.4: Tissue content including DNA (A), Hyp (B), GAGs (C), and HP cross-links 
(D). *p<0.05, **p<0.01, and ***p<0.001 represent significant differences between 
dynamic and static conditioning. +p<0.05 and +++p<0.001 represent significant 
differences compared to the static baseline control after 3 days of culture, except for 
HP cross-links, where values are compared to the first detectable time point. No 
significant differences in DNA content were found between static and dynamic 
conditioning. Dynamic strain resulted in lower collagen content, but higher cross-link 
density and GAG content, as compared to static conditioning. With time, collagen 
content and HP cross-link density increased in both groups, while GAG content was 
only increased after 10 days in the dynamically strained samples.  

 

3.3.3 Effect of straining mode on collagen remodeling markers  

The effects of different straining modes on specific collagen remodeling markers 
for collagen synthesis (PIP) and degradation (ICTP), and remodeling enzyme MMP-1 
are shown in figure 3.5. All three markers of remodeling showed similar effects. PIP, 
ICTP, and MMP-1 concentrations in culture medium of dynamically strained samples 
increased with time and were statistically significantly higher compared to static 
samples. No temporal variations were observed in the concentrations of these markers 
in the medium of statically conditioned samples over the 9 day culture period. 
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Figure 3.5: Concentrations of PIP (A), ICTP (B), and MMP-1 (C) in culture medium. 
*p<0.05, **p<0.01, and ***p<0.001 represent significant differences between 
dynamic and static conditioning. +p<0.05, and +++p<0.001 represent significant 
differences compared to the static baseline control after 3 days of culture. This static 
baseline control after 3 days is similar for both conditioning groups. The 
concentrations of all remodeling markers increased with time for the dynamically 
strained samples, and were higher compared to statically conditioned samples, where 
no temporal variations were observed.  
 

3.4 Discussion 
 

Similar to native cardiovascular tissues, the mechanical properties of engineered 
cardiovascular constructs highly depend on the composition and quality of the 
extracellular matrix. Both the composition and quality are subject to change during 
tissue remodeling in response to mechanical loading of the tissue. In tissue engineering 
strategies, this is mimicked by conditioning the tissue with mechanical cues. Strain-
based conditioning protocols have been shown to result in functional tissues that 
provide the potential for use as aortic valve and small artery replacements (Mol et al., 
2006; Niklason et al., 1999; Stekelenburg et al., 2009). Nevertheless, the mechanical 
properties of these engineered tissues still do not meet those of adult native 
cardiovascular structures due to inefficient remodeling during the in vitro culture 
period. Systematically quantifying the effects of strain on matrix remodeling can 
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elucidate how conditioning protocols can be optimized to achieve and control tissue 
properties using mechanical conditioning. 

While the majority of studies use two-dimensional systems, in this study a well-
defined three-dimensional model system was used to explore temporal strain-induced 
remodeling responses in engineered cardiovascular tissues. It was hypothesized that 
these responses are influenced by the mode of straining and thus the effects of two 
modes of straining, either static or dynamic, were quantified on several indices of tissue 
remodeling with time. Differences in matrix composition (collagen, GAGs, cross-links) 
were quantified. In addition, the secretion of specific collagen remodeling markers 
(MMP-1, PIP, and ICTP) was investigated. 

As native heart valves and blood vessels mainly consist of collagen type I and, with 
smaller amounts of collagen type III, the capacity to produce these types of collagen is 
crucial for cardiovascular tissue engineering. Both collagens I and collagen III were 
expressed in the engineered tissues, of which collagen I was most abundantly expressed 
(figure 3.3a,b). Static conditioning increased collagen I and III expression with time. 
Apparently, the internal stresses generated due to constraining the tissue are sufficient 
to stimulate cells to express these collagen types. This emphasizes the relevance of 
constraining during tissue culture. Additional dynamic strain resulted in lower collagen 
I and III expressions. This might suggest that dynamic strain might not be required for 
the production of collagen over the investigated culture period. However, there seems 
to be an increasing trend in collagen III expression from 6 days onward in the 
dynamically strained samples. It is probable that cells need some time to produce, 
remodel, and mature the tissue. Similar to the wound healing process (Stadelmann et 
al., 1998), during in vitro tissue engineering, collagen type III might be formed and 
deposited at an earlier time point than collagen type I. These early collagen fibers 
would then be remodeled, leading to a more mature tissue, consisting of mainly type I 
collagen, which is the predominant type in cardiovascular tissues. 

In addition to its content, collagen cross-links play an important role in tissue 
maturity and are critical in providing mechanical integrity (Balguid et al., 2007). The 
mature HP cross-links are the main type of collagen cross-links present in 
cardiovascular tissues. These cross-links are formed following hydroxylation of the 
telopeptides of collagen. PLOD-2 has been identified as a telopeptide lysyl 
hydroxylase, the enzyme responsible for this hydroxylation process (van der Slot et al., 
2003). In the present study, PLOD-2 mRNA expression levels of dynamically strained 
constructs increased with time and were higher than for statically conditioned 
constructs. Thus dynamic strain seems crucial to upregulate PLOD-2 to enhance the 
formation of HP cross-links. 

The effects of strain on gene expression were consistent with those at the level of 
protein expression: a dynamic strain regime resulted in lower collagen amounts, but 
enhanced cross-link densities, when compared with static conditioning. This suggests 
that during continuous dynamic strain, cells switch their metabolic balance from 
collagen to cross-link synthesis, thus catalyzing a more stable deposition of collagen 
fibers. This indicates that despite a lower collagen amount, the quality and structural 
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stability of the neo-tissue might be enhanced by dynamic strain via upregulation of 
cross-links, enabling well organized collagen fibers.  

In contrast to the effect on collagen production, the production of GAGs was 
enhanced by dynamic strain (figure 3.4c). Most likely, GAG production is upregulated 
to embed, stabilize, and protect the newly formed matrix components (Grande-Allen et 
al., 2004; Scott and Parry, 1992; Snowden, 1982). The presence of GAGs will be useful 
to withstand the in vivo repetitive strains, as GAGs play a role in shock absorbance. 

Besides quantification of tissue remodeling on gene expressions and protein levels, 
specific collagen remodeling markers were investigated. Markers for collagen synthesis 
(PIP) and degradation (ICTP) were measured to provide insight in the straining mode-
dependency of the collagen turnover balance. The formation of collagen from soluble 
collagen occurs by releasing the procollagen propeptides (PIP). This process seems to 
be enhanced by a dynamic strain regime. Collagen degradation marker ICTP, which is 
released after cleavage of collagen by MMPs, was also enhanced by dynamic strain. 
The balance between synthesis and degradation, and the resulting net collagen content, 
appeared to be dependent on the straining mode. Thus dynamic strain increased both 
synthesis and degradation, and hence remodeling, but resulted in lower net collagen 
levels as compared to static conditioning. In addition, higher MMP-1 mRNA 
expression and protein levels were found in response to dynamic loading. Changes in 
remodeling enzymes, such as MMPs, have been reported to play a key role in tissue 
maintenance, repair, and strain-induced remodeling (MacKenna et al., 2000; Seliktar et 
al., 2001). The relevance of MMPs in cardiovascular development and remodeling has 
been confirmed by highly elevated levels of MMP-1 in fetal-developing heart valves 
compared to very low values in adult valves (Aikawa et al., 2006). These results 
suggest a direct correlation between MMP-1 levels and remodeling activity. So, in 
addition to enhanced collagen synthesis and degradation markers, enhanced MMP-1 
levels in dynamically strained samples also indicate enhanced remodeling activities due 
to dynamic conditioning. 

It is likely that the strain-enhanced cross-link densities and remodeling activities 
will eventually lead to a more mature collagen architecture and improved mechanical 
properties. Other studies based on similar cell-seeded biodegradable scaffolds 
demonstrated improved mechanical properties after four weeks of culture due to 
dynamic conditioning, while collagen levels were equal to statically conditioned 
samples (Boerboom et al., 2008; Mol et al., 2006). The present study now indicates that 
the improved mechanical properties are most likely due to higher cross-link densities 
than to the amounts of collagen per se. 

To attain native values in engineered cardiovascular constructs, mechanical 
conditioning protocols need to be optimized and controlled. Where regular autologous 
tissue engineering protocols take several weeks, the present study has indicated that 
straining mode–dependent differences are induced and detectable after several days. 
Interestingly, the effects on the level of gene expression corresponded to protein data. 
This means that accurate and fast qPCR studies in this well-defined model system can 
be used as valuable tools to unravel the effects of other strain parameters, such as 
period, magnitude, and frequency. Moreover, the analysis of specific collagen 
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remodeling markers in culture medium enables an online non-destructive measurement 
of collagen remodeling. These methods are helpful towards a well-considered 
optimization of tissue engineering protocols. For example, current studies in our lab 
focus on intermittent dynamic strain protocols to combine the favorable effects of 
collagen production due to static conditioning and of cross-link formation due to 
dynamic protocols.  

This present study mainly focuses on the effect of static and dynamic conditioning 
on the remodeling of collagen, which represents the main load-bearing part of 
cardiovascular tissues. Besides collagen, elastin plays a role in the biomechanical 
behavior of cardiovascular tissues, providing resilience to the tissue. Disturbances in 
the elastin homeostasis in heart valves and arteries are believed to represent an 
underlying cause of valve replacement failure (Schoof et al., 2006) and the formation 
of aneurysms (Anidjar et al., 1990). Therefore, elastin formation has been 
acknowledged as a “missing link” for a complete biomechanical function of tissue-
engineered cardiovascular replacements (Patel et al., 2006). Only few studies have 
investigated the effect of mechanical conditioning on elastin formation by 
cardiovascular cells. These studies report that mechanical strain tends to increase 
elastin synthesis by vascular smooth muscle cells, although the effects are sensitive to 
both strain magnitude and mode (Isenberg and Tranquillo, 2003; Sutcliffe and 
Davidson, 1990). Ongoing studies in our lab investigate whether mechanical 
conditioning alone leads to an adequate elastin network in engineered cardiovascular 
tissues or whether biochemical cues are additionally needed. 

In conclusion, this study demonstrates that collagen remodeling is straining mode-
dependent. Static conditioning stimulated collagen gene expression and production with 
time. Dynamic strain resulted in (1) lower collagen gene expression and protein 
content, but (2) enhanced collagen cross-link expression and density, and GAG content, 
and (3) stimulated collagen remodeling, as expressed by enhanced production of 
specific collagen remodeling markers. This indicates that despite a lower net collagen 
amount, the quality and structural integrity of the tissue are improved by a dynamic 
strain regime. These straining mode–dependent remodeling responses provide a balance 
of collagen production and cross-link formation and thus a mechanism to fine-tune 
tissue properties. This is of importance for cardiovascular tissue engineering, where 
insufficient mechanical properties are a main limiting factor for present in vivo 
application.  
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Chapter 4 

4.1 Introduction 
 

Worldwide, approximately 275,000 heart valve replacement surgeries are 
performed annually as a result of heart valve disease (Rabkin and Schoen, 2002). 
Although conventional valve replacement therapies offer functional solutions, they are 
associated with significant risks that limit their success (Grunkemeier and Rahimtoola, 
1990; Jamieson, 1993; Schoen and Levy, 1999; Vara et al., 2005). An important 
shortcoming of prosthetic valves is their inability to grow, adapt, and repair, which is 
particularly relevant for pediatric patients. This drives the multidisciplinary approach 
of tissue engineering as a promising technique for heart valve substitutes. In this 
approach, autologous cells are used to produce living tissues to replace the damaged or 
diseased native heart valves. 

Tissue-engineered (TE) heart valves based on rapidly degrading scaffolds have 
been successfully implanted in the pulmonary position in sheep, showing function and 
tissue composition that resembles that of native tissue after 5 months (Hoerstrup et al., 
2000). Mol et al. (2006) succeeded in the fabrication of human TE valves that were 
able to withstand physiological systemic pressures up to 4 hours in an in vitro setup. 
The valves showed developing anisotropic properties after 4 weeks of culture in a 
bioreactor. In view of these developments in the field of human TE heart valves, a 
comparison between TE and human native valves is necessary as criteria are needed to 
determine when TE tissue can be considered adequate for future implantations in 
patients. A detailed understanding of the relationship between matrix architecture and 
biomechanical function of the native aortic heart valve is therefore crucial to further 
progress in this field. 

In heart valves, like in many tissues, collagens are the main structural proteins and 
the biomechanical properties depend on the collagen architecture. This collagen 
architecture includes many aspects such as the collagen amount and type, cross-link 
densities, collagen fiber morphology and orientation. The collagen fibers of the aortic 
valve leaflets resemble a hammock-type orientation (figure 4.1a) which allows much 
higher stiffness in the circumferential direction than in the radial direction of the 
leaflets, as was demonstrated by biaxial tensile tests on porcine aortic valves (Yacoub 
et al., 1999). To ensure long-term function, mimicking the native collagen architecture 
might be essential in heart valve TE, in particular when facing systemic applications. 
However, how the various aspects of collagen architecture contribute to the 
biomechanical behavior of heart valves is not fully clear.  

Due to the limited availability of fresh material and simulated test environments, 
biomechanical characterization of human aortic valves has been rarely reported (Clark, 
1973; Stradins et al., 2004) and the results have not been correlated to structural 
properties. Available studies on structure–function relationships have mainly focused 
on the role of elastin and have been performed on porcine aortic valves (Schoen, 1997; 
Vesely, 1998). Due to species differences, extrapolation of such results to human 
valves is problematic. Several studies have been conducted to investigate matrix 
composition and collagen architecture in healthy and diseased human and animal aortic 
valves. These incorporate histological examinations of collagen organization (de Lange 
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et al., 2004; Kunzelman et al., 1993; McDonald et al., 2002; Sauren et al., 1980; 
Schenke-Layland et al., 2004), quantitative evaluation of the amounts and types of 
collagen (Bashey et al., 1967; Lis et al., 1987), and quantitative fiber bundle 
morphology (Doehring et al., 2005). Interestingly, collagen architecture in heart valves 
has reported to be age-dependent. With growth and maturation, collagen content 
gradually increases from early to late fetal stages up to a constant level (Aikawa et al., 
2006). With aging, decreasing collagen content has been observed in adults (Bashey et 
al., 1967; McDonald et al., 2002), accompanied by a decrease in the extensibility of 
the heart valve leaflet (Christie and Barratt-Boyes, 1995). Apart from collagen content, 
changes in type and/or fibril size have been proposed to influence heart valve 
biomechanics with age (Christie and Barratt-Boyes, 1995). Indeed research on skin has 
demonstrated that with age mechanical tissue strength and stiffness increase in 
association with an increased intermolecular collagen cross-link concentration (Avery 
and Bailey, 2005). Furthermore, in bone tissue, a correlation was found between 
collagen cross-linking and biomechanical properties (Banse et al., 2002). Although 
bone is structurally different from cardiovascular tissue, it is proposed that cross-links 
would also enhance collagen fibril stability and strength in heart valve tissue. The 
objective of this study was to investigate the structure–function relationships in human 
aortic heart valve leaflets, with special emphasis on collagen content and cross-link 
concentration. Correlations between these structural properties and biomechanical 
parameters were examined in both native and engineered human leaflet tissue to further 
optimize tissue engineering of heart valves. Accordingly, dynamic strain protocols 
were introduced to examine their effects on the enhancement of collagen amount, 
cross-link density, and mechanical properties. 

 
4.2 Materials and methods 
 

4.2.1 Specimen preparation 

Native human valves 
Nine healthy human donor aortic valves (6 female, 3 male, mean age 48.9 ± 11.4 

years) were obtained from the Rotterdam Heart Valve Bank at the Erasmus University 
Medical Center, Rotterdam, The Netherlands. The cause of death of the donors did not 
involve aortic valve disease or other conditions known to precede aortic valve disease. 
Before donation the donors, or their relatives, consented to experimental use of the 
cardiovascular tissue after explantation. Upon dissection, the valves were stored at 4°C, 
and biomechanical experiments were conducted at room temperature within 24 hours.  
 
TE constructs 

Scaffold preparation, cell culture, and cell seeding procedures were performed as 
described previously (Boerboom et al., 2008; Mol et al., 2005a). Briefly, rectangular 
strips (35x5x1 mm) of rapidly degrading non-woven polyglycolic acid meshes (Cellon, 
Bereldange, Luxembourg) were coated with a thin layer of poly-4-hydroxybutyrate 
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(TEPHA Inc., Cambridge, MA). The strips were attached to flexible membranes in 6-
well plates (Flexcell Int., McKeesport, PA) and seeded with human venous 
myofibroblasts using fibrin as a cell carrier (Mol et al., 2005b). The cell-seeded 
scaffolds are referred to as TE constructs. After 5 days of static culture, the TE 
constructs were divided into two groups and cultured for 3 additional weeks. One 
group of static constructs (static, n = 5) was kept constrained at the outer ends and not 
subjected to additional external strains. The other group (dynamic, n = 5) was subjected 
to 4% uniaxial dynamic strain at a physiologically relevant frequency of 1Hz using a 
Flexercell Fx-4000T straining device (Flexcell Int.). 

 

4.2.2 Biomechanical testing and matrix analysis 

Biomechanical testing 
To investigate the biomechanical characteristics of the native tissue, each valve 

was subjected to uniaxial tensile tests in 2 directions (figure 4.2b): strips of 1 valve 
leaflet in the circumferential direction (each strip was 3 mm wide, n = 3–4 strips per 
valve) and 3 mm wide strips of another leaflet in the radial direction (n = 3–5 strips per 
valve). The tensile tests were performed on confined strips, meaning that the ends of 
the strips were clamped, not allowing translational movement between the layers of the 
leaflet. The thickness of the leaflet strips was measured using a Digimatic Micrometer 
(Mitutoyo America Corporation, Aurora, IL). Tensile tests were performed using a 
custom-built tensile tester, equipped with a 20N load cell. Stress-strain curves were 
obtained at a strain rate of the initial length per minute (l0/min) up to failure. From the 
curves, the ultimate tensile stress (UTS) was determined. The slope of the linear part of 
the curve represented the modulus of elasticity (further referred to as modulus) of the 
tissue. Data were averaged per valve leaflet. Anisotropic properties were defined as 
differences between the moduli in the 2 directions. The biomechanical properties of the 
TE constructs in the direction of straining were determined from equivalent tensile 
tests. 

 

 
 

A        B 

Figure 4.1: (A) Anisotropic matrix structure of an aortic valve leaflet (Balguid et al., 
2007). Originating at the commissures, connective tissue bundles run nearly parallel 
with the free leaflet margin. The white bar represents a scale of 5 mm. (B) Uniaxial 
tensile tests were performed on tissue strips (n = 3–5) from two leaflets in 
circumferential and radial direction.  
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Matrix analysis: collagen content and cross-links 
After tensile testing, biochemical assays were performed on the valve leaflet tissue 

strips and TE constructs to evaluate the corresponding tissue matrix composition. The 
tissues were cut such that each valve leaflet strip yielded 4 to 6 samples, whereas 
whole TE strips were used for biochemical analyses. Lyophilized tissue samples were 
hydrolyzed in 6M hydrochloric acid (Merck, Darmstadt, Germany) and used for amino 
acid and cross-link analyses. Hydroxyproline residues were measured on the acid 
hydrolysates, using reverse-phase high-performance liquid chromatography after 
derivatization with 9-fluorenylmethyl chloroformate (Fluka, Buchs, Switzerland) 
(Bank et al., 1996). Collagen content was expressed as a percentage of the specimens’ 
dry tissue weight. The same hydrolysates were used to measure the number of the 
mature collagen cross-links hydroxylysylpyridinoline (HP), which is the main type of 
collagen cross-link present in cardiovascular tissue, using high-performance liquid 
chromatography as described previously (Bank et al., 1997; Robins et al., 1996). The 
number of HP cross-links was expressed per collagen triple helix. Data from valve 
leaflet strips were averaged per valve leaflet. 

 

4.2.3 Data analysis 

Descriptive statistics (mean ± standard deviation) were performed for collagen 
content, HP cross-links, and biomechanical properties (modulus and UTS). These 
parameters were compared between circumferential and radial direction of native 
leaflet strips, between statically and dynamically conditioned TE constructs, and 
between native and engineered tissues, using Student t-tests. In native valves, collagen 
content and cross-link data were correlated to the biomechanical properties using 
Pearson’s correlation analyses. In the two TE groups, correlations between these 
variables, incorporating interaction effects between variables, were investigated using a 
general linear model. The correlation coefficient was represented by r. A p-value < 
0.05 was considered significant. Statistical analysis was performed using SPSS 11.0 
software (SPSS Inc., Chicago, IL). 
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4.3 Results 
 

4.3.1 Biomechanical properties 

In figure 4.2, averaged stress-strain curves are displayed for strips from the native 
valve leaflets (circumferential and radial direction) and engineered tissues (static and 
dynamic conditioning).  
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Figure 4.2: Averaged stress–strain curves (solid lines) for human aortic valves in the 
circumferential and radial directions (A) and for statically and dynamically 
conditioned engineered tissues (B). The dotted lines represent standard deviations of 
all measurements. 
 

An overview of the modulus and UTS for native (radial and circumferential 
direction) and engineered tissues (static and dynamic) is displayed in figure 4.3.  
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Figure 4.3: Mechanical properties of native human aortic valve leaflets and tissue-
engineered (TE) constructs. Modulus (A) and ultimate tensile stress (UTS) (B) of native 
valve leaflets (circumferential and radial direction) and TE constructs (static and 
dynamic). In case of multiple comparisons, differences are compared with values 
below the bold stripe (**p<0.01;***p<0.005).  
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The modulus and UTS of the native leaflets were higher in the circumferential 
direction compared to radial direction (modulus: 15.6 ± 6.4 MPa vs 2.0 ± 1.5 MPa, 
respectively, UTS: 2.6 ± 1.2 MPa vs 0.42 ± 0.24 MPa, respectively). The modulus of 
dynamically strained constructs (5.8 ± 1.1 MPa) was higher compared to statically 
cultured constructs (3.0 ± 0.8 MPa). No significant changes were found in UTS (static: 
0.73 ± 0.16 MPa; dynamic: 0.99 ± 0.22 MPa). The modulus and UTS of statically as 
well as dynamically cultured constructs were significantly lower, compared to native 
valve leaflets in circumferential direction. When comparing to native tissue in radial 
direction, statically cultured constructs had higher UTS and no significantly different 
modulus. Dynamically cultured constructs showed higher modulus and UTS compared 
to native tissue in radial direction. 
 

4.3.2 Collagen content and cross-links 

The amount of collagen per dry weight and the number of HP cross-links per triple 
helix in the tested human heart valves were 0.47 ± 0.09 mg/mg dry weight and 0.52 ± 
0.06, respectively (figure 4.4). No difference in the amount of collagen per dry tissue 
weight between statically and dynamically conditioned TE constructs was found 
(static: 0.09 ± 0.01 mg/mg dry weight; dynamic: 0.09 ± 0.01 mg/mg dry weight). 
Interestingly, the dynamically strained constructs contained significantly more HP 
cross-links per triple helix compared to the statically cultured constructs (static: 0.14 ± 
0.02, dynamic: 0.28 ± 0.06). Collagen content and cross-link concentration were 
significantly higher in native tissue compared to TE constructs (static and dynamic). 
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Figure 4.4: Collagen content (A) and cross-links (B) in native human aortic valve 
leaflets and tissue-engineered (TE) constructs (static and dynamic). In case of multiple 
comparisons, differences are compared with values below the bold stripe 
(***p<0.005). 
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4.3.3 Correlation between collagen content, cross-links, and 
biomechanics 

Native human valves  
A significant correlation was found between the modulus and the corresponding 

values for HP cross-links per collagen triple helix in circumferential direction (r = 0.58, 
p < 0.005). No correlation between collagen content and modulus was observed (r = 
0.05, p = 0.80), as shown in figure 4.5. In the radial direction (data not shown), no 
significant correlations between modulus and HP cross-links per triple helix, or 
between modulus and collagen content were found (r = 0.12, p = 0.54 and r = 0.12, p = 
0.54, respectively). 

 

A          B 

 
Figure 4.5: Modulus and collagen data in circumferential direction of native valve 
leaflets. Each marker represents the average (± standard error of the mean) of 1 valve 
(n = 4 strips). (A) A significant positive linear correlation was present between 
modulus and cross-links per triple helix (r = 0.58, p < 0.005). (B) No linear 
correlation was found between modulus and collagen content (r = 0.05, p = 0.80).  

 
Tissue-engineered constructs  

Statistical analysis of the two TE groups showed no significant correlation between 
the amount of collagen and the modulus (r = 0.40, p = 0.25) (figure 4.6). However, the 
number of collagen cross-links per triple helix showed a significant positive linear 
correlation with the modulus (r = 0.89, p < 0.005). This correlation was independent of 
the mode of mechanical conditioning.  
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A                       B 

Figure 4.6: Modulus in relation to cross-links per triple helix (A) and collagen content 
(B) for statically and dynamically conditioned tissue-engineered (TE) constructs. A 
significant positive linear correlation was observed between modulus and cross-links 
per triple helix (r = 0.89, p < 0.005). No linear correlation was found between 
modulus and collagen content (r = 0.40, p = 0.25).  

 
4.4 Discussion 
 

A thorough insight into the functional structure of native aortic valves related to 
biomechanics is crucial for progress in the field of heart valve tissue engineering. As a 
first step, this study investigated the structure-function relationship between collagen 
content, cross-links, and biomechanical properties in human aortic heart valve leaflets 
and TE constructs. 

Fresh native human valve leaflets were uniaxially tested in two directions, taking 
account of the natural anisotropy in the leaflets. The valve leaflets were much stiffer 
and stronger in circumferential direction compared with radial direction, indicating 
anisotropic mechanical behavior (figure 4.2a). Although uniaxial tensile tests have 
their limitations and do not reflect the full biaxial mechanical behavior of the valve 
leaflet, this method does suffice to investigate global differences in mechanical 
properties in the two perpendicular directions. The biomechanical data were consistent 
with values published in a recent study (Stradins et al., 2004), and show a high 
diversity possibly related to the large biological variations in gross fiber architecture 
observed among the mature heart valve leaflets, due to age and health status of human 
subjects.  
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Interestingly, data analysis of the native leaflets showed a significant correlation of 
collagen cross-linking, but not the amount of collagen, with the tissue stiffness in 
circumferential direction in native valves (figure 4.5). Similar correlations between 
mechanical properties and collagen cross-links were reported for bone tissue (Banse et 
al., 2002), and in scar tissue of collateral ligaments (Frank et al., 1995). Moreover, in 
patellar tendon the modulus was shown to be related to the amount of insoluble (cross-
linked) collagen, but not to the total collagen content (Haut et al., 1992). 

The natural anisotropy clearly plays a large role in the biomechanical behavior of 
the valve leaflets, being more extensible and less stiff in radial compared to 
circumferential direction. In radial direction, the leaflet strips failed between 
circumferentially running fibers. In this direction no correlation was observed between 
the modulus of elasticity and the amount of collagen or cross-links. As the correlation 
between modulus and cross-links only holds for the circumferential direction, it is 
likely that collagen cross-links act in conjunction with collagen fiber orientation in 
providing tissue strength.  

The TE experiments show that dynamic strain increased the cross-link density in 
TE constructs, compared to static conditioning. When data from statically and 
dynamically conditioned samples were combined, the modulus correlated well with the 
cross-link density but not with the collagen content. These data confirm the proposed 
relevance of cross-link stimulation to enhance tissue mechanical properties in 
engineered tissues (Dahl et al., 2005; Elbjeirami et al., 2003). We hypothesize that in 
the initial phase of culturing TE constructs, collagen and other extracellular 
components are produced by the cells to provide biomechanical support at an early 
stage. In this phase, the amount of collagen increases linearly with the modulus, as 
observed by Engelmayr et al. (2005). After reaching a certain amount of collagen, the 
tissue matures further and collagen cross-links contribute increasingly to the modulus. 
Interestingly, this process was enhanced by mechanical stimulation.  

The modulus and UTS of dynamically strained constructs were approximately 30% 
of the leaflet properties in circumferential direction. In addition, cross-link densities as 
well as collagen content in tissue-engineered constructs were both lower compared to 
native tissue. An outlook on the tissue engineering pathway towards functional, 
’native’-approaching tissue is depicted in figure 4.7. The results in this paper reveal a 
directive role of collagen cross-links in the biomechanical development of TE 
constructs towards native tissue.  
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Figure 4.7: Overview of modulus versus cross-links per triple helix for native tissue 
and TE constructs. A positive linear trend can be observed.  

 
In addition to the use of mechanical stimulation to enhance cross-link densities in 

TE tissues, biochemical cues can be used to manipulate the formation of enzymatic 
collagen cross-links. Elbjeirami et al. showed that transfection of cells by lysyl oxidase 
(a collagen cross-link enzyme involved in the formation of enzymatic/natural cross- 
links) increased the number of cross-links and improved mechanical properties of 
tissue-engineered constructs (Elbjeirami et al., 2003). Beekman et al. inhibited 
formation of cross-links by beta-aminopropionitrile (an inhibitor of enzymatic cross-
links), resulting in less cross-links and decreased tissue stiffness (Beekman et al., 
1997). 

In conclusion, the data presented here demonstrate the importance of collagen 
cross-links in determining the biomechanical tissue properties of native heart valve 
leaflets as well as of tissue-engineered constructs. This correlation emphasizes the 
necessity to consider the total collagen architecture as a whole, including amount of 
collagen, cross-link concentration and fiber orientation, as a focus for optimizing 
structural and mechanical properties in engineered tissues. 
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Chapter 5 

5.1 Introduction 
 

Approximately 100,000 heart valve replacements to treat end-stage valvular 
diseases are performed annually in the United States and 285,000 worldwide (Mikos et 
al., 2006; Rosamond et al., 2007). Existing prostheses for end-stage valvular disease 
include mechanical or biological valves. Although these substitutes offer long-term 
efficacy, they have several shortcomings (Mayer, 1995; Schoen and Levy, 1999). For 
example, mechanical valves require lifelong anticoagulation therapy to reduce the risk 
of thromboembolism. Biological valves, on the other hand, suffer from calcification 
and consequent valve failure. The main drawback of these valves is that they do not 
consist of living material and consequently lack the ability to grow, repair, and 
remodel, which is of particular importance for pediatric and young adult patients. 
Tissue engineering represents a promising strategy to overcome this limitation by 
creating living substitutes that are able to adapt in response to changing physiological 
demands.  

To date, tissue engineering of cardiovascular substitutes based on rapidly 
degrading biodegradable scaffolds seeded with autologous myofibroblasts has been 
demonstrated as a promising procedure to create living replacements (Hoerstrup et al., 
2000; Niklason et al., 1999). In this approach, cells are stimulated to produce de novo 
extracellular matrix components, including collagen fibers, which are the main load-
bearing constituents of cardiovascular tissues. Similar to native tissues, the mechanical 
properties of engineered tissues depend on the collagen architecture, which is a delicate 
interplay between the amount of collagen, the number of collagen cross-links, and the 
orientation of the collagen fibers. Consequently, tissues that do not possess sufficient 
amounts of functionally organized collagen fibers will not meet in vivo mechanical 
demands. To optimize collagen architecture during tissue culture and hence improve 
the mechanical properties, in vitro mechanical conditioning strategies are crucial 
(Isenberg and Tranquillo, 2003; Mol et al., 2003; Mol et al., 2006; Neidert and 
Tranquillo, 2006; Seliktar et al., 2003). For tissue-engineered heart valves, 
conditioning regimes are often designed to mimic physiological circumstances. Using 
an in vitro pulse duplicator in which the tissues are exposed to increasing gentle 
pulsatile flows, tissue-engineered heart valves have been obtained that were 
successfully implanted at the pulmonary position in sheep (Hoerstrup et al., 2000). 
However, the tensile strength of these valves was insufficient for use in the aortic 
position, where the mechanical demands are higher (Mol and Hoerstrup, 2004). 
Development of a novel mechanical conditioning protocol, based on strain, was shown 
to increase tissue properties of those valves resulting in promising functionality for use 
as aortic valve replacements (Mol et al., 2006). Nevertheless, due to a lack of adequate 
tissue model systems, quantitative relationships between mechanical conditioning and 
resulting tissue structure and mechanical properties have not been fully established yet. 

As the development of tissue properties with time is difficult to monitor and 
predict in complex tissue geometries, such as heart valves, a model system of 
engineered heart valve tissue is used. This system consists of simple, rectangular-
shaped tissue constructs sealed to the elastic membrane of an adapted Flexercell 
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straining device (Boerboom et al., 2008). In this way, the temporal effects of 
mechanical conditioning on the evolution of tissue properties can be systematically 
investigated under strictly controlled conditions 

Previous studies in our lab using this model system demonstrate that the 
application of prolonged continuous dynamic strain (4% and 8%, 1 Hz) to engineered 
heart valve tissues enhances cross-link densities, but reduces collagen production and 
even deteriorates the mechanical properties at 8% continuous dynamic strain, when 
compared to constrained tissue culture (Boerboom et al., 2008). Intermittent loading 
protocols have been proposed as a method to disrupt the adaptation response of cells to 
a continuous stimulus. In addition, it has been suggested by Robling et al. (2002) and 
Chowdhury et al. (2003) that a certain threshold in the number of loading cycles is 
needed to obtain a maximum response. After exceeding this threshold in the number of 
cycles, the effect of additional continuous loading is decreased. When this maximum 
number of cycles is applied in repeated bursts with sufficient interval time, a more 
effective stimulation will be achieved. Indeed in bone and cartilage tissue engineering, 
an intermittent strain protocol has been demonstrated to be favorable in terms of cell 
proliferation (Winter et al., 2003), matrix production (Chowdhury et al., 2003), and 
mechanical properties (Robling et al., 2002), when compared to a continuous period of 
dynamic strain. Similar results have recently been obtained in our lab for human 
engineered heart valve tissues (Boerboom et al., 2007b), demonstrating the promising 
nature of intermittent conditioning. In the present study, we focus on temporal 
variations in these tissue properties, as we hypothesize that the improved tissue 
properties due to intermittent strain are caused by a more rapid and improved tissue 
production, maturation, and organization.  

 
5.2 Materials and methods   
 

5.2.1 Cell culture 

Myofibroblasts were acquired from the human vena saphena magna according to 
the Dutch guidelines for secondary use material and expanded using regular cell 
culture methods, as described previously (Schnell et al., 2001). Culture medium 
consisted of advanced Dulbecco’s modified Eagle’s medium (DMEM; Gibco, 
Carlsbad, CA), supplemented with 10% fetal bovine serum (FBS; Greiner Bio One, 
Monroe, NC), 1% GlutaMax (Gibco), and 0.1% gentamycin (Biochrom, Terre Haute, 
IN). 

 

5.2.2 Engineered heart valve tissue 

Scaffold preparation and cell seeding procedures were performed as described 
previously (Mol et al., 2005a). Briefly, rectangular strips (35x5x1 mm) of non-woven 
polyglycolic acid meshes (PGA; Cellon, Bereldange, Luxembourg) were coated with a 
thin layer of poly-4-hydroxybutyrate (P4HB; TEPHA Inc., Cambridge, MA). The 
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bottom surface of the scaffolds was reinforced with a non-toxic elastic silicone layer 
(Silastic MDX4-4210, thickness 0.5 mm; Dow Corning, Midland, MI), enabling 
precisely controlled, cyclic deformation of the constructs up to several weeks, as 
validated previously (Boerboom et al., 2008). In the longitudinal direction, the 
scaffolds were attached at the outer 5 mm to the flexible membranes of six-well plates 
(Flexcell Int., McKeesport, PA) using Silastic MDX4-4210. In this way, the tissues 
were longitudinally constrained. The scaffolds were vacuum-dried for 48 hours, 
followed by exposure to ultra violet light for 1 hour and were subsequently placed in 
70% ethanol for 5 hours to obtain sterility. Prior to cell seeding, tissue culture medium 
was added to facilitate cell attachment. The scaffolds were seeded with human venous 
myofibroblasts (passage 7) at a seeding density of 2 million cells per cm2 using fibrin 
gel as a cell carrier (Mol et al., 2005b). The engineered constructs (n = 30) were 
cultured in tissue culture medium consisting of advanced DMEM (Gibco), 
supplemented with 10% FBS, 1% GlutaMax, 0.3% gentamycin, and L-ascorbic acid 2-
phosphate (0.25 mg/mL; Sigma, St. Louis, MO). Medium was changed every 3–4 days.  

 

5.2.3 Tissue culture and mechanical conditioning 

After 1 week of culture under constrained conditions, the engineered tissues were 
divided into two groups. One group (n = 15) served as constrained control, whereas the 
other group (n = 15) was subjected to uniaxial intermittent dynamic strain (4%, 3 hours 
on/off) at a frequency of 1Hz using a modified version of a Flexercell FX-4000T 
straining device (Boerboom et al., 2008) (Flexcell Int.). Constrained and intermittently 
strained samples were sacrificed after 2, 3, and 4 weeks of culture (n = 5 for each 
group per time point). The silicon layer was gently removed, and the samples were 
analyzed for tissue morphology and organization, collagen production, cross-link 
density, and mechanical properties.  

 

5.2.4 Tissue morphology and organization 

Tissue formation was analyzed qualitatively over time with histology. 
Representative pieces of constrained and intermittently strained samples were fixed in 
4% phosphate-buffered formalin. Subsequently, the pieces were transversely embedded 
in paraffin, cut in 10 m sections, and stained with Trichrome Masson to study 
extracellular matrix formation with light microscopy. Additional sections were stained 
with Picrosirius red and analyzed under polarized light. The amount and density of 
birefringent fibers reflect collagen maturity.  

To visualize the organization of cells and collagen fibers in the engineered tissues, 
two-photon microscopy was performed as described previously (Boerboom et al., 
2007a). Samples were labeled by 15.0 M Cell Tracker Blue CMAC (CTB; Invitrogen, 
Carlsbad, CA) and 3.0 M CNA35-OG488, which are specific fluorescent markers for 
cell cytoplasm and collagen, respectively (Krahn et al., 2006). CTB and CNA35-
OG488 are excitable with two-photon microscopy and exhibit broad spectra at 466 and 
520 nm, respectively. Images were taken using an inverted Zeiss Axiovert 200 
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microscope (Carl Zeiss, Oberkochen, Germany) coupled to an LSM 510 Meta (Carl 
Zeiss) laser scanning microscope. A chameleon ultra 140 fs pulsed Ti-Sapphire laser 
(Coherent, Santa Clara, CA) was tuned to 760 nm, and two photomultiplier tube (PMT) 
detectors were defined as 435–485 nm for CTB and 500–530 nm for CNA-OG488. 
Separate images at an imaging depth of 30 mm were obtained from each PMT, and 
combined into single images. 

 

5.2.5 Collagen production and cross-link density 

Collagen production was analyzed quantitatively over time with biochemical 
assays for DNA and hydroxyproline. Lyophilized samples (n = 5 for each group per 
time point) were digested in papain solution (100 mM phosphate buffer, 5 mM L-
cystein, 5 mM ethylenediaminetetraacetic acid (EDTA), and 125–140 g papain per 
mL) at 60C for 16 hours. The amount of DNA was determined using the Hoechst dye 
method (Cesarone et al., 1979), and expressed per mg dry weight. Subsequently, 
digested tissue samples were hydrolyzed in 6M hydrochloric acid (Merck, Darmstadt, 
Germany) and used for amino acid analyses. Hydroxyproline residues were measured 
on the acid hydrolysates, using reverse-phase high-performance liquid chromatography 
after derivatization with 9-fluorenylmethyl chloroformate (Bank et al., 1996). Collagen 
production was expressed as the amount of hydroxyproline per DNA. 

To quantify the maturity of the tissues, the number of mature collagen 
hydroxylysylpyridinoline (HP) cross-links, which are the main type of collagen cross-
links present in cardiovascular tissue, was determined. HP cross-links were measured 
in hydrolyzed samples (n = 5 for each group per time point) using high performance 
liquid chromatography (Bank et al., 1997; Robins et al., 1996). The number of HP 
cross-links was expressed per collagen triple helix (TH). 

 

5.2.6 Mechanical properties  

To determine the mechanical properties, uniaxial tensile tests were performed in 
longitudinal direction of the engineered constructs (n = 5 for each group per time point) 
using a tensile stage (Kammrath & Weiss Gmbh, Dortmund, Germany) equipped with 
a 20N load cell. The thickness and width of the tissues were measured using a Pl 
2300 non-contact optical profiler (Sensofar Tech S.L., Barcelona, Spain), as described 
previously (Boerboom et al., 2008). The Cauchy stress was defined as the force 
divided by the deformed cross-sectional area. Stress–strain curves were obtained until 
rupture at a strain rate of the initial sample length per minute. From the resulting curves 
the ultimate tensile stress was determined. The slope of the linear part of the curve 
represented the modulus of the tissue.  

 

5.2.7 Statistics  

Results are expressed as mean values  standard deviation. Comparisons between 
groups were performed by an analysis of variance using Bonferroni post hoc tests 
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(SPSS Inc., Chicago, IL) to determine significant differences between groups. A level 
of p < 0.05 was used as level of significance. 

 
5.3 Results  
 

5.3.1 Evaluation of tissue morphology and organization  

Trichrome Masson stainings showed that matrix formation was concentrated at the 
upper side of the tissues (figure 5.1). It was observed that the dense layer of matrix was 
thicker in the intermittently strained samples compared to constrained samples and that 
for both groups the total amount of tissue increased with time. 

The Picrosirius red stainings are shown in figure 5.2. Very few birefringent fibers 
can be identified in the constrained group after 2 weeks of culture (figure 5.2a). Some 
birefringent fibers were present in this group after 3 and 4 weeks (figure 5.2b,c). By 
comparison, the amount and density of the birefringent fibers were higher in the 
intermittently strained samples at all time points (figure 5.2d-f). In addition, it was 
observed that the amount of red fibers increased with time due to intermittent 
conditioning (figure 5.2d-f). 

Two-photon microscopy was performed to visualize cells and collagen fibers in 
representative engineered tissues (figure 5.3). Cells and collagen fibers were more 
randomly distributed in the constrained samples (figure 5.3a-c) when compared to the 
intermittently strained samples (figure 5.3d-f). From visual inspection, it was 
concluded that the alignment of the cells and collagen fibers increased with time and 
was highest in the intermittently strained samples which had been cultured for 4 weeks 
(figure 5.3f). The observed alignment was in the direction of straining. 
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A       D 

B      E 

C       F 

Figure 5.1: Trichrome Masson stainings of constrained (A–C) and intermittently 
strained (D–F) samples after 2 (A, D), 3 (B, E), and 4 (C, F) weeks of culture. 
Collagen is shown in blue, cells are in red, and nuclei are in black. Fragmented 
scaffold remnants can be identified in light blue. Tissue formation increased with time 
and was enhanced due to intermittent conditioning. Scale bar represents 50 m. 
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     C               F 

     B                E 

     A              D 

 
Figure 5.2: Picrosirius red–stained sections of the upper side of constrained (A–C) 
and intermittently strained (D–F) samples after 2 (A, D), 3 (B, E), and 4 (C, F) weeks 
of culture, viewed under polarized light. The amount and density of birefringent fibers 
increased with time and were higher in intermittently strained samples, suggesting a 
higher degree of maturation compared to constrained samples. White spots represent 
remnants of scaffold. Scale bar represents 50 m. 
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B                E 

A      D 

C      F 

 
Figure 5.3: Representative two-photon images of cells (blue) and collagen fibers 
(green) in constrained (A–C) and intermittently strained (D–F) samples after 2 (A, D), 
3 (B, E), and 4 (C, F) weeks of culture. Cells and collagen fibers were randomly 
distributed in the constrained samples, while in the intermittently strained samples 
cells and collagen fibers aligned in the strain direction, which was from left to right. 
The highest degree of alignment was observed in intermittently strained samples after 
4 weeks (F). Scale bar represents 50 m. 
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5.3.2 Evaluation of collagen production and cross-link density 

The amount of DNA per mg dry weight slightly increased with time for both 
groups, but no effects of conditioning were observed (figure 5.4a; Table 5.1). By 
contrast, intermittent strain resulted in a higher collagen production, expressed by 
higher amounts of hydroxyproline per DNA, compared to constrained controls after 2 
and 3 weeks of culture (figure 5.4b; Table 5.1). However, by 4 weeks of culture, both 
groups had produced similar levels of collagen. The number of HP cross-links per 
triple helix was higher in the intermittently strained group at all time points. With time 
HP cross-link density in the intermittently strained group increased, whereas the 
corresponding concentration of HP cross-links in the constrained samples did not 
change over time (figure 5.4c; Table 5.1).   

 

5.3.3 Evaluation of mechanical properties   

Averaged stress–strain curves for 2-, 3-, and 4-week-old constrained and 
intermittently strained samples are shown in figure 5.5. After 2 weeks of culture, the 
tissues of both groups showed linear stress-strain curves, representing scaffold and 
immature tissue behavior. At later stages, the engineered tissues demonstrated the 
typical non-linear mechanical behavior representative of soft tissues. The modulus was 
significantly higher in the intermittently strained group as compared to constrained 
controls after 2 weeks of culture (Table 5.1). However, after 4 weeks, the moduli of 
both groups were similar. The ultimate tensile stress increased with time for both 
groups although values for the intermittently strained samples were significantly higher 
at all time points (Table 5.1).  
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Figure 5.4:g DNA per mg dry weight (A), collagen production (B), and concentration 
of HP cross-links per triple helix (C) for constrained (gray circles) and intermittently 
strained (black diamonds) samples after 2, 3, and 4 weeks of culture Significantly 
different (***p<0.001) from constrained group. Significantly different (+p<0.05 and 
+++p<0.001) from 2 weeks’ time point. No differences between the conditioning modes 
on DNA content were observed Collagen production in the intermittently strained 
group was higher after 2 and 3 weeks of culture compared to the constrained samples. 
After 4 weeks, collagen production was similar in both groups. The number of HP 
cross-links per triple helix was higher in the intermittently strained group at all time 
points. With time, HP cross-link concentration increased in the intermittently strained 
group, while no temporal differences were found in constrained samples.  
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Table 5.1. Evaluation of tissue properties with time 

  Culture method 
Tissue properties Loading 

condition 
2 weeks 3 weeks 4 weeks 

DNA/dry weight Constrained 
Intermittent  

1.24 ± 0.23 
1.67 ± 0.24 

2.13 ± 0.26a 
1.95 ± 0.17 

2.21 ± 0.37a 

2.49  0.21a 

Hyp/DNA (µg/µg) Constrained 
Intermittent 

2.75 ± 0.22 
3.96 ± 0.11c 

4.26 ± 0.48b 
5.72 ± 0.38b,c 

6.18 ± 0.3b 

6.38  0.44b 

HP per triple helix Constrained 
Intermittent 

0.06 ± 0.02 
0.16 ± 0.01c 

0.07 ± 0.02 
0.19 ± 0.01a,c

0.06  0.01 

0.24  0.01b,c 

Modulus (MPa) Constrained 
Intermittent 

0.61 ± 0.07 
2.55 ± 0.36c 

1.09 ± 0.29 
1.83 ± 1.15 

2.69  1.08b 

2.88  0.95 
UTS (MPa) Constrained 

Intermittent 
0.18 ± 0.01 
0.47 ± 0.07c 

0.24 ± 0.04 
0.54 ± 0.12c 

0.49  0.15b 

0.76  0.08b,c 

Significantly different (ap<0.05 and bp<0.001) from 2-week time point. Significantly different 
(cp<0.001) from constrained group. Hyp: hydroxyproline; UTS: ultimate tensile stress. 
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Figure 5.5: Averaged stress–strain curves until break for constrained (gray) and 
intermittently strained (black) samples after 2, 3, and 4 weeks (w) of culture. After 2 
weeks, the mechanical behavior of constrained and intermittently strained samples was 
linear. Non-linear tissue-like behavior developed with time.  
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5.4 Discussion 
 

Mechanical conditioning has proven to be a successful strategy in heart valve 
tissue engineering to improve tissue architecture and mechanical properties. Strain-
based conditioning was demonstrated to render tissue-engineered heart valves with 
promising tissue properties. However, quantitative laws for the effect of mechanical 
conditioning have not been fully established. To obtain a thorough insight into the 
evolution of tissue properties in response to mechanical loading, a well-defined model 
system for cardiovascular structures, such as tissue-engineered heart valves, is 
required. In this study, rectangular strips of a biodegradable PGA scaffold seeded with 
human saphenous vein cells were mechanically conditioned using a Flexercell straining 
device. As PGA does not show elastic material behavior (Kim and Mooney, 2000; 
Webb et al., 2004), part of the porous PGA scaffold was embedded in a thin layer of 
liquid silicone. This enabled engineered tissues to be dynamically conditioned to a 
strain amplitude of 4% for up to several weeks (Boerboom et al., 2008).  

Native tissue strains have been reported to amount up to 12% in circumferential 
direction during diastole (Thubrikar et al., 1980). It is questionable whether a stimulus 
with this physiological strain magnitude is the optimal conditioning strategy for 
engineering valves. In fact, previous application of dynamic strains with strain 
magnitudes of 8% and 12% to the engineered constructs resulted in decreased tissue 
properties (Boerboom et al., 2008). Compared to regular conditioning protocols, 
including constrained and continuous cyclic loading, intermittent strain has been 
demonstrated to be a promising strategy to improve tissue properties. Here, we 
investigated the temporal effects of intermittent strain on tissue properties in human 
engineered heart valve tissue. Samples were sacrificed after 2, 3, and 4 weeks of 
conditioning and subsequently analyzed for matrix morphology and organization, 
collagen production, cross-link density, and mechanical properties. 

Intermittent strain resulted in increased matrix formation when compared to 
constraining, as shown qualitatively by histology (figures 5.1). These findings were 
confirmed by quantitative assays that showed improved collagen production in the 
intermittently strained group after 2 and 3 weeks of culture. Thereafter, collagen 
production stabilized in the intermittently strained samples, while it was still increasing 
in the constrained samples (figure 5.4b). A potential mechanism to explain the higher 
collagen production in the intermittently strained samples is a change in phenotype of 
myofibroblasts toward a more synthetic type as a consequence of mechanical loading 
and unloading. It is well known that vascular cells differentiate from a quiescent 
fibroblast phenotype into a more active phenotype, with increased proliferative and 
matrix synthesis activity, in response to mechanical conditioning (Rabkin-Aikawa et 
al., 2004; Stegemann and Nerem, 2003).  

After reaching stable levels of collagen production in the intermittently strained 
samples, the concentration of HP cross-links increased. Interestingly, intermittent strain 
accelerated the maturation process of these tissues, as evidenced from an increase in 
cross-link density. Apparently, cells in the intermittently strained group shifted from 
collagen synthesis to cross-link formation after reaching a stable collagen turnover. By 

 65



Chapter 5 

contrast, collagen production did not attain stable levels in the constrained samples 
after 3 weeks, and cells kept increasing collagen production and did not alter cross-link 
formation. These results indicate a lower level of maturation in the constrained 
samples, when compared to the intermittently strained samples. 

The observed differences in maturation, expressed by differences in HP cross-link 
concentrations between the constrained and intermittently strained samples, were 
confirmed by Picrosirius red staining (figure 5.2). Polarization microscopy revealed 
more red birefringent fibers in the intermittently strained group, which amount 
increased with time. A higher amount of red fibers has been reported to be related to 
larger collagen diameters, improved alignment, more tightly packed collagen 
molecules (Dayan et al., 1989; Rabau and Dayan, 1994), as well as fibers of increasing 
age (Pickering and Boughner, 1991), which are all measures for improved maturation. 
Thus, in addition to higher cross-link concentrations in intermittently strained samples, 
higher amounts of birefringent fibers indicate enhanced maturation of these constructs, 
as compared to constrained samples. 

The amount of collagen and the concentration of HP cross-links play an important 
role in the biomechanical behavior of soft tissues (Balguid et al., 2007; Banse et al., 
2002; Elbjeirami et al., 2003). In the present study, the strain-induced increase in HP 
cross-link density was reflected in the modulus after 2 weeks of culture and in the 
ultimate tensile stress at all time points. Corresponding to an increasing amount of 
tissue with time, the mechanical behavior shifted from linear to non-linear, 
representing immature tissue behavior after 2 weeks and more mature tissue-like 
behavior thereafter (figure 5.5). This non-linear behavior is typical for biological, 
cardiovascular tissues. Intermittent strain did not further increase this non-linearity, but 
stimulated collagen organization as expressed by a better alignment of the collagen 
fibers in the direction of straining, as shown with a specific viable collagen probe and 
two-photon microscopy (figure 5.3). This sophisticated technique can provide valuable 
input for the quantification of the effect of strain on collagen orientation and alignment 
as a function of tissue depth, which is the subject of future studies. It is likely that 
alignment of collagen fibers results in anisotropic properties. However, the dimensions 
of the strips were not suitable to perform tensile tests in two directions. Local 
indentation tests represent a promising alternative to characterize the anisotropic 
mechanical behavior of these engineered tissues (Cox et al., 2006). 

Although an intermittent strain regime resulted in increasing and near-native levels 
of cross-link densities, mechanical properties and collagen synthesis stabilized at levels 
still below adult native values, as previously reported (Balguid et al., 2007). To 
increase collagen production in vitro, current studies investigate whether optimization 
of the intermittent strain regime e.g., shorter straining periods, may lead to further 
improvement of collagen levels or that other cues, such as biochemical stimuli should 
also be applied.  

In conclusion, the data presented here demonstrate the beneficial effects of 
intermittent dynamic conditioning over constrained loading on the development of 
tissue properties in human engineered tissues. Intermittent strain accelerated tissue 
formation and maturation, expressed by a higher collagen production and HP cross-link 
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concentration, respectively. In addition, tissue organization and mechanical properties 
were enhanced by intermittent strain. These results are important for heart valve tissue 
engineering to create strong tissue-engineered heart valves in shorter culture times.  
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6.1 Introduction 
 
Load-bearing soft tissues have a well structured extracellular matrix, organized to 

perform their specialized functions. This extracellular matrix (ECM) is synthesized and 
organized by the cells under the (guiding) influence of external stimuli, such as tissue 
loading directions. It is composed of a network of fibrous proteins, predominantly 
collagen and elastin, embedded in a gel of proteoglycans, glycoproteins, and water. 
Collagen serves as the main load-bearing component of the matrix, whereas the elastin 
fibers give the tissue its resilience. Load-bearing tissues in general exhibit anisotropic, 
non-linear visco-elastic behavior, which is strongly dictated by the extracellular matrix 
organization, in particular the collagen fiber organization. In native heart valve leaflets, 
for example, collagen fibers are oriented primarily in the circumferential direction, 
resulting in stiffer tissue in circumferential compared with the radial direction. 
Likewise, other cardiovascular tissues, such as blood vessels and pericardium, display 
similar complex (biaxial) mechanical properties, related to the particular collagen 
organization within these tissues.  

Mimicking the native structural organization and hence biomechanical tissue 
behavior, provides a major goal in cardiovascular tissue engineering, in particular when 
creating tissues with high biomechanical demands, such as blood vessels or heart 
valves for systemic, high pressure applications. In its most investigated paradigm, 
cardiovascular substitutes are engineered in vitro by using rapidly degrading scaffolds, 
seeded with autologous myofibroblasts (Hoerstrup et al., 2000; Niklason et al., 1999). 
The so-obtained constructs were cultured in bioreactors under conditions that favor the 
production of de novo extracellular matrix components by the cells, including collagen 
fibers. However, these engineered tissues often lack sufficient amounts of properly 
organized matrix components and consequently do not meet the in vivo mechanical 
demands. To optimize the collagen architecture and hence enhance the mechanical 
properties of engineered tissues, mechanical conditioning strategies are crucial 
(Isenberg and Tranquillo, 2003; Mol et al., 2003; Seliktar et al., 2003). Mol et al., for 
example, demonstrated that enhanced (anisotropic) mechanical properties can be 
obtained in tissue-engineered heart valves by conditioning with dynamic strain (Mol et 
al., 2006). These results may be attributed to an upregulation of remodeling enzymes 
(Asanuma et al., 2003; Seliktar et al., 2001), growth factors (Butt and Bishop, 1997), 
and matrix production (Bishop and Lindahl, 1999; Engelmayr et al., 2006; O'Callaghan 
and Williams, 2002), but also to an improved collagen organization due to mechanical 
loading. Nevertheless, quantitative relationships between mechanical conditioning and 
resulting tissue structure and mechanical properties have not been fully established yet, 
due, in part, to a lack of adequate tissue model systems and measurement techniques. 

The effect of different mechanical loading conditions on the collagen orientation in 
engineered tissues has been studied using elastic scattering spectroscopy (Kostyuk and 
Brown, 2004), microscopic elliptical polarimetry (Tower and Tranquillo, 2001a), and 
small light scattering (Engelmayr et al., 2006). In simple geometries of cell-populated 
collagen gels, it was demonstrated that uniaxial constraints induced anisotropic 
collagen orientation (Costa et al., 2003; Kostyuk and Brown, 2004), whereas biaxial 

 70



Quantification of collagen orientation 

constraining resulted in an isotropic orientation (Thomopoulos et al., 2005). 
Comparable results were found by Cox et al. (2008) in engineered cardiovascular 
tissues based on cell-seeded biodegradable scaffolds. In collagen-based tissue-
engineered heart valves, the application of specific mechanical constraints led to 
commissural alignment of the collagen fibers (Neidert and Tranquillo, 2006). However, 
the measurement techniques used in these studies only monitor global collagen 
orientation, and do not provide three-dimensional spatial information throughout the 
sample. Although the importance of a detailed description of collagen fiber orientation 
in the mechanics of load-bearing structures is widely recognized, 3D collagen fiber 
orientations have not yet been examined in response to mechanical loading in 
engineered tissues.  

In this study a novel method for the quantification of collagen orientation, 
consisting of a combination of vital two-photon imaging and mathematical algorithms, 
is applied to engineered tissues to study the effects of mechanical conditioning on the 
temporal evolution of collagen orientation as a function of tissue depth. Cell-seeded 
biodegradable rectangular scaffolds were constrained or intermittently strained in the 
longitudinal direction. Intermittent strain regimes were demonstrated to be favorable in 
terms of cell proliferation (Barkhausen et al., 2003; Winter et al., 2003), matrix 
production (Chowdhury et al., 2003), collagen cross-link density (Boerboom et al., 
2007b), and mechanical properties (Robling et al., 2002), when compared to 
continuous strain protocols. In addition, intermittent strain was shown to yield stronger 
tissues in shorter culture periods in engineered heart valve tissue (Rubbens et al., 
2009b). We hypothesize that the improved mechanical properties of the engineered 
tissues, when exposed to intermittent loading during culture, is also attributed to an 
improved and accelerated (anisotropic) collagen organization. Therefore, the present 
study extends the analyses of these engineered tissues by quantifying the collagen 
orientations after 2, 3, and 4 weeks of constrained and intermittent conditioning. 

 
6.2 Materials and Methods  
 

6.2.1 Tissue culture and mechanical conditioning  

The methods of scaffold preparation, cell culture, seeding, and mechanical 
conditioning have been described previously (Rubbens et al., 2009c). To review 
briefly, human saphenous vein myofibroblasts (p7) were seeded using fibrin as a cell 
carrier onto rectangular strips (35x5x1 mm) of non-woven polyglycolic acid scaffolds, 
coated with a thin layer of poly-4-hydroxybutyrate. In the longitudinal direction, the 
scaffolds were attached at their outer 5 mm to the flexible membranes of 6-well plates 
(Flexcell Int., USA). After 1 week of culture under these constrained conditions, the 
engineered tissues were divided into two groups (figure 6.1). One group (n = 6) served 
as constrained control, whereas the other group (n = 6) was subjected to uniaxial 
intermittent dynamic strain (4%, 3 hours on/off, 1 Hz) using a modified version of a 
Flexercell FX-4000T straining device (Flexcell Int., USA) (Boerboom et al., 2008). 
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After 2, 3, and 4 weeks of culture the collagen orientation was visualized and 
quantified.  
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Figure 6.1: Top view of rectangular engineered constructs. The strips were 
longitudinally constrained at the outer 5 mm at both ends using silicone glue. Samples 
were either constrained (A) or intermittently dynamically loaded (B) in longitudinal 
direction (d1). Direction d2 represents the direction perpendicular to the long axis. 
Positive (+90°) and negative (-90°) directions of d2 are indicated.   
 

6.2.2 Visualization of collagen orientation  

To visualize the collagen fiber orientation, samples were labeled by 15 μM Cell 
Tracker Blue CMAC (CTB; Invitrogen, The Netherlands) and 3 M CNA35-OG488 as 
specific vital fluorescent markers for cell cytoplasm and collagen, respectively (Krahn 
et al., 2006). CTB and CNA35-OG488 are excitable with two-photon microscopy and 
exhibit broad spectra at 466 nm and 520 nm, respectively. An inverted Zeiss Axiovert 
200 microscope (Carl Zeiss, Germany) coupled to an LSM 510 Meta (Carl Zeiss, 
Germany) laser scanning microscope was used to visualize cell and collagen 
organization. A chameleon ultra 140 fs pulsed Ti-Sapphire laser (Coherent, U.S.A) was 
tuned to 760 nm and two photomultiplier tube (PMT) detectors were defined as 435 – 
485 nm for CTB and 500 – 530 nm for CNA-OG488. Two samples per group were 
scanned at three different locations: 1) the center point of the tissue, 2) 5 mm left to the 
center point, and 3) 5 mm right to the center point. At each location a stack of image 
slices was obtained. The thickness of one image slice was 1 m and the maximum 
thickness of the stack was 100 m.  Separate images were obtained from each PMT and 
combined into single images.  
 

6.2.3 Quantification of collagen orientation  

The collagen fiber orientations were determined by analyzing the individual images 
of each image stack as described by Daniels et al. (2006). To review briefly, coherence-
enhancing diffusion (CED) was applied for de-noising to improve the quality of 
structures in the image without destroying the boundaries of the fibers (Weickert, 
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1999). Using CED, smoothing occurs along, but not perpendicular, to the preferred 
orientation of the structures in the image. Subsequently, the local orientations of all 
collagen fibers were determined by calculating the principal curvature directions from 
the eigenvectors of the Hessian matrix (second order structure) (Ter Haar Romeny, 
2003). As fibers appear at different widths, the second order derivatives were 
determined at a scale adaptive to the local width of the fiber. The optimal scale was 
determined with a contextual confidence measure (Niessen et al., 1997). At each 
location a stack of (in-plane) orientation histograms was obtained, representing the 
statistical distribution of local orientations in each image. To calculate the mean fiber 
angle and the dispersity of the distributions, circular statistics were required due to the 
periodicity of the fiber distributions (Karlon et al., 1998; Thomopoulos et al., 2005; 
Zar, 1999). Circular statistics handle periodic data by representing each angle as a unit 
vector oriented at that angle. To calculate the mean angle, the individual unit vectors 
are decomposed into vector components on which statistical operations, such as 
averaging, are permitted (figure 6.2). Histograms of collagen orientations were 
obtained from each two-photon image, and of each the mean vector was calculated, 
representing a mean angle  and a mean vector length r. The mean vector length 
represents a measure of the dispersity of the fiber orientations. A vector length of 1 
indicates no variation in fiber orientations (i.e., all fibers perfectly aligned) while a 
vector length of 0 indicates a random distribution of fiber orientations. Mean angles and 
vector lengths as a function of tissue depth were obtained per image location. To 
generalize the results, the vector components at each depth were averaged over all the 
samples per loading condition per time point. Subsequently, averaged mean angles and 
vector lengths per loading condition per time point were obtained. It should be noted 
that when the dispersity of the collagen orientation distribution is large, the distribution 
becomes essentially random. This diminishes the meaning of the value of the mean 
angle. Hence, for clarity, orientation angles were not reported when mean vector 
lengths (r) were consistently lower than 0.2.  
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Figure 6.2: Example of circular statistics. A circular distribution is represented in a 
histogram (a) and depicted as unit vectors with corresponding angles of 30 and 60 
degrees in a unit circle (b). The mean vector (dashed line) is calculated by averaging 
the decomposed sine and cosine vector components of the individual vectors.  
represents the mean angle and r the length of the mean vector. A vector length of 1 
indicates no variation in fiber orientations, while a vector length of 0 indicates a 
random orientation of fiber orientations.  

 

6.2.3 Statistics  

Statistics were performed, where appropriate, to determine the effect of mechanical 
loading on the alignment of the collagen fibers, as described previously (Thomopoulos 
et al., 2005). To review briefly, alignment in the longitudinal (d1) direction was tested 
for significance at each imaging depth in each set of samples per time point and loading 
condition by performing one-sample t-tests against a reference value of 0 on the cosine 
components of the mean vectors. A p-value lower than 0.05 was considered statistically 
significant.  

 
6.3 Results 
 

6.3.1 Quantification algorithm  

A representative example of the application of the orientation algorithm is shown in 
figure 6.3. For each two-photon image of cells and collagen fibers (figure 6.3a), 
coherence-enhancing diffusion is applied, to enhance the collagen fiber structures 
(figure 6.3b). Next, the principle curvature directions are calculated per pixel (figure 
6.3c). Subsequently, the orientation analysis program generates a histogram of the 
orientations (figure 6.3d), from which the mean angle and vector length are calculated 
using circular statistics.  
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Figure 6.3: Different steps of the orientation analysis. On the two-photon image (A) 
coherence-enhancing diffusion is applied (B). Using the Hessian matrix the principal 
curvature directions are calculated (C) which results in a histogram of orientations 
(D). Scale bars represent 50 m. 

 

6.3.2 Spatial organization of collagen fibers 

Representative images of constrained and intermittently strained samples at 15 m 
and 50 μm depth after 2 weeks of culture are depicted in figure 6.4. Collagen fibers 
were more randomly distributed in the constrained samples (figure 6.4a,b), when 
compared with the intermittently strained samples (figure 6.4c,d), as is depicted in the 
corresponding histograms. No preferred orientations were found in the constrained 
samples (r = 0.13 at 15 μm and r = 0.03 at 50 μm), whereas intermittent loading 
resulted in fiber distributions with more distinct fiber orientations (r = 0.42 at 15 μm 
and r = 0.37 at 50 m). 
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Figure 6.4: Representative two-photon images of cells (blue) and collagen (green) in 
constrained (A,B) and intermittently strained (C,D) samples after 2 weeks at a depth of 
15 m (A,C) and 50 m (B,D) with corresponding histograms of collagen orientations. 
Straining direction was from left to right. Scale bars represent 50 m. 
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The angles and vector lengths as a function of depth of the same samples are shown 
in figure 6.5. No alignment was observed in the constrained samples (figure 6.5a), 
except for the first few slices. On the contrary, higher values of the vector length were 
found throughout the imaging stack of the intermittently strained samples (figure 6.5b), 
indicating a higher degree of alignment. Interestingly, the orientation of the collagen 
fibers in the intermittently strained samples shifted from an almost perpendicular 
orientation at the surface to an orientation into the direction of straining approximately 
50 m deep into the tissue. 
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Figure 6.5: Orientation angles and vector lengths as a function of the imaging depth 
for constrained (A) and intermittently strained (B) samples after 2 weeks of culture. 
These figures correspond to the samples of which 2 images are depicted in figure 6.4. 
Note that the meaning of the mean angle diminishes for low mean vector lengths. 
Therefore, the mean angle of the constrained sample is not shown when the mean 
vector length is consistently lower than 0.2 (indicated by r = 0.2). 
 

6.3.3 Temporal evolution of collagen fiber orientation 

Figure 6.6 shows representative pictures of constrained and intermittently strained 
samples at an imaging depth of 50 m after 2, 3, and 4 weeks of culture. Cells and 
collagen fibers were randomly distributed in the constrained samples after 2 (figure 
6.6a) and 3 (figure 6.6b) weeks of culture. After 4 weeks, some alignment of the 
collagen fibers in the constrained direction was observed (figure 6.6c). However, for 
the intermittently strained samples, both collagen and cellular alignment was evident 
after 2 weeks of culture (figure 6.6d), which were maintained after 3 (figure 6.6e) and 4 
weeks of culture (figure 6.6f).  
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   A       B         C 
 

   D       E         F 
 
Figure 6.6: Representative two-photon images of cells (blue) and collagen fibers 
(green) in constrained (A-C) and intermittently strained (D-F) samples at an imaging 
depth of 50 m after 2 (A,D), 3 (B,E), and 4 (C,F) weeks of culture. Straining direction 
was from left to right. Alignment of cells and collagen fibers developed in time and was 
enhanced by intermittent strain. Scale bars represent 50 m. 
 

6.3.4 Spatio-temporal evolution of collagen fiber orientation  

The quantified collagen fiber orientations were averaged using circular statistics for 
all imaging depths per loading condition per time point. The profiles of the resulting 
orientation angles and vector lengths (as a measure of dispersity) as a function of the 
imaging depth are depicted in figure 6.7. With the exception of the fist few slices, low 
values for the vector length (<0.2) were found in the constrained samples after 2 and 3 
weeks of culture, indicating a random orientation of the collagen fibers (figure 6.7a). 
Interestingly, after 4 weeks, the vector lengths became higher (>0.2) and a change in 
orientation from 70 degrees at the surface to an orientation along the longitudinal 
sample direction (d1) in deeper tissue layers was found. Significant alignment (p<0.05) 
in the d1 direction was found at imaging depths ranging from 35 to 40 m. The 
orientation angles were found to adopt similar profiles in the intermittently strained 
samples for all time points (figure 6.7b). Here, the orientation of the collagen fibers 
shifted from an oblique orientation (70 to 80 degrees) at the surface to a parallel 
orientation along d1 at 50 m deeper into the samples. The lowest dispersities were 

 78



Quantification of collagen orientation 

found in the intermittently loaded samples after 4 weeks of culture. Significant 
alignment (p<0.05) in the direction of straining was found at an imaging depth of 30 
m and deeper.  

 
        A               B 

0 50 100
−90

0

90

depth [μm]

an
gl

e 
[°

]

Con2w
Con3w
Con4w

0 50 100
0

0.2

0.4

0.6

r

depth [μm]

Con2w
Con3w
Con4w

 

0 50 100
−90

0

90

depth [μm]

an
gl

e 
[°

]

Int2w
Int3w
Int4w

0 50 100
0

0.2

0.4

0.6

r

depth [μm]

Int2w
Int3w
Int4w

 
Figure 6.7: Orientation angle () and vector lengths (r) as a function of the penetration 
depth into the tissue for constrained (A) and intermittently loaded (B) samples after 2, 
3, and 4 weeks (w) of culture. For clarity, orientation angles at low mean vector 
lengths (<0.2) are not shown. In the constrained samples, alignment of the fibers and a 
shift in orientation were obtained after 4 weeks of culture. Similar results were found in 
the intermittently strained samples at all time points.  

 
6.4 Discussion 
 

Mimicking native biomechanical behavior is a major challenge for tissue 
engineering cardiovascular substitutes. The anisotropic mechanical behavior of these 
load-bearing tissues depends on the tissue architecture and, in particular, on its collagen 
fiber organization. To optimize collagen orientation and alignment, and hence improve 
the mechanical properties of engineered tissues, in vitro mechanical conditioning 
strategies are crucial. Although the importance of collagen orientation in the 
determination of anisotropic mechanical properties has been widely recognized, the 
effect of mechanical conditioning on the temporal development of 3D collagen fiber 
orientation has not yet been quantified in engineered tissues. In this study a new 
method to quantify collagen orientation was used to investigate the temporal and spatial 
effects of intermittent dynamic strain on the collagen orientation in engineered 
cardiovascular tissues. 

The collagen fibers were stained with a vital collagen-specific probe and visualized 
with two-photon laser scanning microscopy to obtain detailed images of the collagen 
structure as a function of depth within the tissue. Due to the penetration depth of the 
laser, this technique is limited to the top 100 m of the tissue. Two-photon microscopy 
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produces large three-dimensional datasets. Due to the size, and the complexity of the 
collagen network an automated method for the observation and extraction of 
quantitative orientation information provides a faster, more objective and more accurate 
way to analyze the data compared to analysis by hand. Wu et al. (Wu et al., 2003a; Wu 
et al., 2003b) previously designed an automated analysis algorithm to extract 
quantitative structural information of collagen in bovine collagen gels. Collagen fibers 
were visualized using confocal laser scanning microscopy and the orientation, length, 
and diameter of individual fibers were quantified. In contrast to those datasets, the two-
photon images generated in the present study contain complex collagen networks, 
making it unfeasible to extract and analyze single fibers. Therefore, similar to other 
studies (Elbischger et al., 2004; Karlon et al., 1998; Karlon et al., 1999), the orientation 
analysis was based on the spatial context of the images using methods from differential 
geometry, based on an Eigen-analysis of the second order Hessian matrix. The principal 
curvatures, calculated at multiple scales, are used in adaptive de-noising of datasets and 
proved to be robust measures for the local fiber shape and orientation (Ter Haar 
Romeny, 2003).  

Subsequently, this collagen fiber quantification method was used to study the effect 
of intermittent dynamic strain on temporal variations in collagen orientation in 
engineered cardiovascular tissues. It has been demonstrated that factors, such as tissue 
compaction, contact guidance, and aspect ratio of the scaffold may influence collagen 
orientation (Costa et al., 2003; Engelmayr et al., 2006; Neidert and Tranquillo, 2006; 
Sawhney and Howard, 2002). Since these factors were assumed to be identical in both 
strained and constrained samples in the present study, their interference with the effect 
of mechanical conditioning is considered to be minimized.  

In the constrained samples, a random organization of cells and collagen fibers was 
observed after 2 and 3 weeks of culture. However, after 4 weeks, constraining led to 
alignment of the collagen fibers in the constrained direction (figure 6.6c). This can be 
explained by the generation of internal stresses in this direction due to tissue 
compaction (Neidert and Tranquillo, 2006). Interestingly, in the intermittent 
dynamically strained samples, collagen alignment was already present after 2 weeks of 
culture and continued to improve up to 4 weeks (figure 6.6d-f, 6.7b). By this time, the 
lowest fiber dispersities were observed, indicating a highly aligned collagen structure. 
Significant alignment (p < 0.05) in the straining direction was found at an imaging 
depth of 30 m and deeper.  

It is likely that the improved alignment of collagen will result in enhanced 
anisotropy with regards to the mechanical properties of the tissue. In a parallel 
experiment with similar culture and conditioning regimes, it was shown that the 
mechanical properties in the straining direction (d1) of intermittently strained samples 
were indeed higher when compared to constrained samples (Rubbens et al., 2009b). 
Scaffolds of different geometries would be required to study the effect of uniaxial strain 
regimes on the mechanical properties in different directions. Furthermore, with the use 
of square or circular scaffold geometries, the developed quantification method could 
examine the influence of biaxial loading protocols that closely resemble the in vivo 
environment of cardiovascular tissues.  
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In addition to the assessment of temporal development, collagen orientation was 
quantified as a function of depth into the tissue. Analyses revealed a shift from a 
perpendicular or an oblique orientation at the surface to an orientation in the direction 
of straining deeper into the tissue. The orientation of the cells was observed to change 
in a similar way. This co-alignment of cells and collagen fiber orientations corresponds 
to previous findings (Glass-Brudzinski et al., 2002; Wang et al., 2003). Interestingly, 
the oblique or perpendicular orientation of the cells in the superficial layer of our 
tissue-engineered constructs corresponds well to that observed for monolayers of 
strained cells (Dartsch and Hammerle, 1986; Hamilton et al., 2004; Iba and Sumpio, 
1991; Neidlinger-Wilke et al., 2001), where cells align perpendicular to the applied 
strains. We therefore assume that the superficial cells in our 3D tissues behave like a 
monolayer or cell coverage on top of the construct. Similar to monolayers, relatively 
low amounts of collagen are present in this superficial layer, which might explain the 
comparable orientation results. By contrast, cells entrapped in three-dimensional 
environments are known to align to the strain direction (Eastwood et al., 1998; Grenier 
et al., 2005; Seliktar et al., 2000). This corresponds to the orientation of cells below the 
surface layer, where a three-dimensional collagen network collagen is present. 
Regarding the collagen fibers that we were not able to analyze, namely below a depth 
of 100 µm, we hypothesize that the collagen fibers are mainly aligned in the 
constrained and dynamically strained direction.  

In conclusion, a novel method to quantify collagen orientations was applied to 
examine the effect of intermittent strain over time in engineered cardiovascular tissues. 
Intermittent loading resulted in improved collagen alignment in the direction of 
straining in shorter culture periods, compared to constrained loading. Both the method 
and the results are important to create and monitor load-bearing tissue-engineered 
substitutes with an organized (anisotropic) collagen network.  
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Chapter 7 

7.1 Introduction 
 
Cardiovascular diseases are, next to cancer, the leading cause of death in the United 

States (Anderson and Smith, 2005). In 2004, cardiovascular diseases, such as heart 
valve dysfunction or coronary artery stenosis, accounted for 1 of every 2.8 deaths 
(Rosamond et al., 2007). Currently used treatments for end-stage valvular disease 
include the replacement of the native heart valve by mechanical or biological valves. In 
2003, 290,000 heart valve replacements were performed worldwide (Rosamond et al., 
2007). Due to the ageing population and increase of rheumatic cardiac disease, the 
incidence of heart valve disease is increasing rapidly worldwide. Concomitantly, the 
number of individuals requiring heart valve replacement is predicted to triple to over 
850,000 by the year 2050 (Yacoub and Takkenberg, 2005). In case of coronary artery 
diseases, the native, non-functional artery needs to be bypassed. Approximately 
427,000 coronary bypass surgeries were performed in the US in 2004 on more than 
249,000 patients (Rosamond et al., 2008). Saphenous vein grafts are commonly used 
for these procedures, although they have a limited lifespan (Raja et al., 2004), 
demonstrated by a patency of 57% after 10 years (Sabik, III et al., 2005). Vascular 
grafts are increasingly in demand for patients who need follow-up surgery and do not 
have sufficient native graft material. The same is true for arteriovenous shunt material 
for vascular access in dialysis patients.  

The main limitation of currently used heart valve and large blood vessel 
replacements is that they are not able to grow, repair, and remodel, which is especially 
important for pediatric and young adult patients. Tissue engineering represents a 
promising alternative to overcome this limitation by creating living tissue substitutes 
that are able to grow, repair, and adapt in response to changing physiological demands.  

In the most investigated in vitro tissue engineering paradigm, cells are harvested 
from a patient and subsequently expanded to increase their number. The cells are then 
seeded onto a biodegradable synthetic scaffold. To enhance tissue formation by the 
cells, the cell-seeded scaffolds are placed in a bioreactor where biochemical and 
mechanical stimuli are applied. With this approach, tissue-engineered heart valves and 
blood vessels have been created with promising functionality (Hoerstrup et al., 2000; 
Mol et al., 2005a; Niklason et al., 1999; Stekelenburg et al., 2009) 

A main challenge in cardiovascular tissue engineering is to create tissues with a 
well organized tissue structure. As collagen is the main load-bearing constituent of 
these tissues, this can be achieved by regulating the collagen architecture (amount, 
cross-links, and orientation) using mechanical conditioning. Quantitative relationships 
between mechanical conditioning, collagen architecture, and mechanical properties 
have not been fully established yet. Therefore, the goal of this work was to elucidate 
the effects of well-defined mechanical conditioning protocols on collagen architecture. 
This may ultimately result in specified conditioning regimes for engineered tissues with 
controlled collagen architecture and mechanical properties. 
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7.2 Summary and discussion of main findings 
 
Table 7.1 shows a general overview of the effects of the applied mechanical 

conditioning protocols on collagen architecture (collagen amount, cross-links, 
orientation) and mechanical properties (modulus and ultimate tensile stress (UTS)). In 
chapter 3, temporal effects of different straining modes, either static (constrained) or 
dynamic, on collagen amount and cross-links on both gene and protein levels were 
examined. Compared to constraining, a dynamic strain regime resulted in lower 
collagen expression and production, but enhanced collagen cross-link expression and 
density. To determine the mechanical properties of newly formed tissue, the tissues 
were cultured for 4 weeks (chapter 4). By that time, the initial scaffold has lost its 
mechanical integrity and the mechanical properties of the constructs were determined 
by the newly formed tissue. Compared to static conditioning, dynamic conditioning 
resulted in higher cross-link densities, which correlated to improved mechanical 
properties of the dynamically strained samples.  

 
Table 7.1: Effect of conditioning on collagen architecture and mechanical properties 
Chapter Loading 

condition (time) 
Collagen 
content 

Cross
-links 

Orientation Modulus UTS 

3 Continuous 
dynamic vs static 
(up to 10 days) 

 ++    

4 Continuous 
dynamic vs static 
(4 weeks) 

 n.c. ++  ++ + 

5 & 6 Intermittent 
dynamic vs static 
(2 weeks) 

+ ++ +++ +++ ++ 

5 & 6 Intermittent 
dynamic vs static 
(3 weeks) 

+ ++ ++  n.c. ++ 

5 & 6 Intermittent 
dynamic vs static 
(4 weeks) 

 n.c. +++ +  n.c. ++ 

 
Table 7.1: Summary of the effects of different loading protocols on collagen 
architecture and mechanical properties. The influence of each loading condition is 
indicated with  (decrease) or with +, ++, and +++ (increase) with respect to the 
statically conditioned (constrained) samples. n.c. indicates no change with respect to 
static conditioning. UTS refers to ultimate tensile stress. 
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Intermittent dynamic strain resulted in increased collagen production, cross-link 
densities, collagen organization, and mechanical properties at faster rates, leading to 
stronger tissues at shorter culture periods, as compared to static conditioning (chapter 
5). Collagen fiber orientation analyses revealed that mechanical conditioning induced 
collagen alignment in the constrained and intermittent dynamically straining directions 
(chapter 6). Importantly, intermittent dynamic strain improved and accelerated the 
alignment of the collagen fibers in the straining direction compared to constraining 
only.  
 
Intermittent dynamic strain can enhance collagen production 

Constraining the tissues generates internal stresses by contraction of the cells. 
These internal stresses were shown to be sufficient to stimulate the myofibroblast cells 
to produce collagen. This emphasizes the relevance of constraining during tissue 
culture, as was also demonstrated by Neidert and Tranquillo (2006). Our studies 
showed that dynamic strain on top of constraining enhanced both collagen synthesis 
markers as well as degradation markers, compared to static conditioning up to 10 days 
(chapter 3). This indicates that the remodeling activity of the cells was enhanced by 
dynamic strain. The higher concentration of the synthesis marker in the medium was 
not reflected by a higher collagen gene expression. In contrast, collagen expression was 
lower in the dynamically compared to the statically conditioned samples. Continuous 
dynamic strain also resulted in a lower net collagen amount on protein level compared 
to static conditioning. This might be explained by the phenomenon that cells yield a 
certain upper limit for responding to mechanical load. Above this limit, the effect of 
additional loading is decreased. To increase the efficacy of mechanical stimulation, an 
intermittent dynamic strain regime was proposed. Compared to constraining, 
intermittent dynamic strain indeed enhanced collagen amounts after 2 and 3 weeks. 
Thus, a delicate balance between periods of mechanical stimulation alternated with 
periods of recovery is relevant to enhance collagen production.  

Dynamic strain has been reported to enhance collagen production in short-term 
studies (Kolpakov et al., 1995; Ku et al., 2006). However, for prolonged straining of 
engineered tissues such an increase was not always reported (Boerboom et al., 2008; 
Isenberg and Tranquillo, 2003; Mol et al., 2006). This corresponds to the present 
findings where no differences were found in collagen amount between static and 
continuous dynamic conditioning (figure 4.4a), and between static and dynamic 
intermittent conditioning after 4 weeks of culture (figure 5.4b). 
 
Dynamic strain is required to increase collagen cross-link formation 

Using constraining only, the number of cross-links did not significantly increase 
during culture. To enhance cross-link formation, a dynamic strain component was 
required. Apparently, this component does not need to be applied continuously. 
Intermittent dynamic strain demonstrated to be sufficient to enhance cross-link 
formation. The increased cross-link concentration due to dynamic strain may suggest 
that cells improve the intrinsic mechanical properties of collagen. The mature HP cross-
links are formed following hydroxylation of the telopeptides of collagen. PLOD-2 has 
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been identified as a telopeptide lysyl hydroxylase, the enzyme responsible for this 
hydroxylation process (van der Slot et al., 2003). Chapter 3 showed that PLOD-2 
mRNA expression levels of dynamically strained constructs increased with time and 
were higher than for statically conditioned constructs (figure 3.3.c). This suggests that 
an upregulation of PLOD-2 by dynamic strain contributes to an increase in the 
formation of cross-links. 

 
Intermittent dynamic strain accelerates collagen alignment 

In the constrained samples, a random orientation of cells and collagen fibers was 
observed after 2 and 3 weeks of culture. However, after 4 weeks, alignment of the 
collagen fibers was in the constrained direction. This can be explained by the 
generation of internal stresses in this direction due to tissue compaction (Neidert and 
Tranquillo, 2006). By contrast, in the intermittent dynamically strained samples, 
collagen alignment was already present after 2 weeks of culture and continued to 
improve up to 4 weeks. By this time, the lowest fiber dispersities were seen, indicating 
a highly aligned collagen structure (figure 6.7b). Thus, intermittent dynamic loading 
can be used to accelerate and improve anisotropic collagen organization in engineered 
tissues. 

Collagen orientation analyses revealed a transfer from a perpendicular or an 
oblique orientation at the surface to an orientation in the direction of straining deeper 
into the tissue. The orientation of the cells was observed to change in a similar way. 
This co-alignment of cells and collagen fibers corresponds to previous findings, where 
it was demonstrated that collagen orientation was reflected by cell orientation (Glass-
Brudzinski et al., 2002; Wang et al., 2003). Interestingly, the oblique or perpendicular 
orientation of the cells in the superficial layer of our tissue-engineered constructs 
corresponds well to the that observed for monolayers of strained cells, where cells align 
perpendicular to the applied strain (Dartsch and Hammerle, 1986; Hamilton et al., 
2004; Iba and Sumpio, 1991; Neidlinger-Wilke et al., 2001). We therefore assume that 
the superficial cells in our 3D tissues behave like a monolayer or cell coverage on top 
of the construct. Similar to monolayers, relatively low amounts of collagen are present 
in this superficial layer, which might explain the comparable orientation results. By 
contrast, cells entrapped in three-dimensional environments are known to align to the 
straining direction (Eastwood et al., 1998; Grenier et al., 2005; Nieponice et al., 2007; 
Seliktar et al., 2000). This corresponds to the orientation of cells below the surface 
layer, where a three-dimensional collagen network is present. Regarding the collagen 
fibers that we were not able to analyze, namely below a depth of 100 µm, it is 
hypothesized that the collagen fibers are mainly aligned in the constrained or 
dynamically strained direction. 
 
Collagen cross-links are important for tissue mechanical properties 

The moduli of the engineered tissues were enhanced by continuous dynamic 
conditioning compared to static conditioning after 4 weeks of culture (figure 4.3). This 
result is consistent with previously published data showing that dynamic loading of 
tissue-engineered constructs resulted in higher modulus and strength values (Mol et al., 
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2003). It was suggested that this was due to enhanced tissue organization, based on 
qualitative observations by histology. As mentioned earlier, our experiments showed 
that dynamic strain increased the cross-link density. This increase in cross-links was 
reflected in an increase in modulus, which confirms the proposed relevance of cross-
link stimulation to enhance tissue mechanical properties in engineered tissues (Dahl et 
al., 2005; Elbjeirami et al., 2003).  

In the intermittent dynamically strained samples, the increase in HP cross-link 
density was reflected in the modulus after 2 weeks of culture and in the ultimate tensile 
stress at all time points (table 5.1). As cross-links were still higher in the intermittently 
strained samples after 4 weeks of culture, it could be predicted that these samples 
would show a higher modulus compared to the statically conditioned tissues. However, 
no differences in modulus between the two groups were found. It is unclear what the 
cause of this discrepancy is. Clearly, collagen cross-links do not exclusively determine 
the modulus of the tissue, requiring analyses of multifactorial influences.  

 
Evolution of tissue properties with time 

Based on the studies on the temporal effects of strain, a schematic of the proposed 
evolution of DNA, collagen, and cross-links with time is presented in figure 7.1.  
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Figure 7.1: Temporal evolution of DNA, collagen, and cross-links in statically (dashed 
line) and dynamically (straight line) conditioned tissues. DNA was not influenced by 
dynamic strain. In contrast, the temporal evolution of collagen amount and cross-links 
was dependent on the mode of conditioning.  

 
The amount of DNA marginally increased with time in the engineered samples and 

was not influenced by dynamic strain. In literature, the effects of dynamic strain on the 
amount of DNA are not consistent among studies. Increased amounts were reported 
(Jeong et al., 2005; Mol et al., 2003; Sodian et al., 1999; Sodian et al., 2000b; 
Stegemann and Nerem, 2003), as well as no differences (Engelmayr, Jr. et al., 2005; 
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Hoerstrup et al., 2002a; Isenberg and Tranquillo, 2003), and decreased amounts 
(Hoerstrup et al., 2002b). The phenotype of the cells may influence the reported results. 
Vascular cells are known to be able to differentiate from a quiescent phenotype into a 
more active myofibroblast phenotype (Rabkin-Aikawa et al., 2004), with increased 
proliferative and/or matrix synthesis activity in response to mechanical stimulation. 
With time, static and dynamic conditioning increased matrix production, as reflected by 
an increase in collagen amount. The rate of this increase depends on the mode of 
conditioning. Continuous dynamic strain both increased collagen synthesis and 
degradation with a net lower collagen amount compared to static conditioning (chapter 
3). By contrast, intermittent dynamic strain enhanced the amount of collagen compared 
to the constrained state (chapter 5). These effects seem to be temporal in nature. After 4 
weeks of culture the amount of collagen stabilized and was similar in the (intermittent) 
dynamically conditioned samples compared to the statically conditioned tissues. This 
indicates that a certain maximum amount of collagen can be achieved in vitro using the 
current protocols. This amount can be reached more rapidly using intermittent dynamic 
strain. 

The amount of cross-links in the static samples did not increase with time. The 
formation of cross-links was enhanced by (intermittent) dynamic strain and increased 
with time, although an equilibrium number has not been reached by 4 weeks of culture. 
It is hypothesized that hereafter the tissue matures further by increasing cross-link 
densities. 

Regarding the relative contribution of collagen amount and cross-links to the 
mechanical properties, we hypothesize that in the initial phase of tissue culturing, 
collagen and other extracellular matrix components are produced by cells to provide 
biomechanical support at an early stage. In this phase, the amount of collagen increases 
linearly with the modulus, as shown by Engelmayr et al. (2005). Thereafter, the tissue 
matures further and collagen cross-links contribute increasingly to the modulus.  

Corresponding to an increasing collagen content with time, the mechanical 
response changes from a linear to a non-linear form, representing immature tissue 
behavior after 2 weeks and more mature tissue-like behavior thereafter. This non-linear 
behavior is typical for mature cardiovascular tissues. An intermittent strain regime did 
not further increase this non-linearity, but stimulated collagen organization as 
expressed by an improved alignment of the collagen fibers in the direction of the 
applied strain. It is likely that this alignment of collagen fibers results in anisotropic 
properties. However, the dimensions of the strips did not allow tensile testing in more 
than one direction. Local indentation tests represent a promising alternative to 
characterize the anisotropic mechanical behavior of these engineered tissues (Cox et 
al., 2006). 
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7.3 Critique of methods 
 

Tissue model and straining system 
To thoroughly investigate the effects of strain on collagen architecture, a well-

defined model system was required. Based on existing heart valve and blood vessel 
tissue engineering protocols, rectangular tissue-engineered strips were made and used 
as tissue model for engineered cardiovascular tissues. Compared to the more complex 
geometry of heart valves and blood vessels, these strips are of simple geometry and 
smaller in size, reducing the required number of cells per experiment. In these simple 
geometries strain can be applied in a controlled way to study its effects on collagen 
architecture and remodeling. 

The tissue model consisted of venous myofibroblasts, seeded with fibrin onto a 
biodegradable scaffold of polyglycolic acid (PGA) coated with P4HB. Seeding and 
culture protocols were similar to the protocols that rendered tissue-engineered heart 
valves and blood vessels with promising mechanical functionality. PGA has widely 
been used as scaffold material for cardiovascular tissue engineering, as it is a porous 
rapidly degrading scaffold. As PGA does not show elastic material behavior, the 
bottom part of the porous PGA scaffold was embedded in a thin layer of liquid silicone. 
This allowed the application of dynamic strain on these engineered tissues up to several 
weeks. A limitation of this approach is that the silicon layer restricts the diffusion of 
nutrients and oxygen to one side of the tissue. The use of thinner scaffolds would 
reduce this problem. 

By constraining the tissue, compaction of the tissue by the cells is prevented and 
internal stresses are generated. This might favor tissue formation and remodeling. The 
use of the silicon layer resulted in a complex constrained reference condition. The 
bottom of the tissue was embedded in a silicon layer and not able to compact freely in 
lateral direction. This could influence the orientation of the collagen fibers in the lower 
part of the tissue. Extending our experimental models with numerical models should 
elucidate the effects of constraining on a number of factors including tissue 
stress/strain, compaction, and collagen fiber orientation. 

To apply dynamic strains to the engineered tissues, a Flexercell straining system 
was used. By controlling the strain with rings around a loading post, various strain 
magnitudes can be applied to individual samples simultaneously. Circular loading posts 
were used to apply uniaxial straining. The system could be expanded to apply biaxial 
loading protocols to mimic the native loading condition. To apply biaxial straining, 
square loading posts and scaffolds are required. Pilot studies investigated the effect of 
biaxial straining consisting of 2% dynamic strain in one direction and 4% in the 
perpendicular direction. No preferred collagen orientation was observed and the 
mechanical properties were similar in both directions. Further studies should 
investigate whether biaxial strain protocols with larger differences in strain magnitudes 
will lead to anisotropic structural and mechanical properties.  
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Methods to quantify collagen architecture  
In this work, specific attention was paid to certain aspects of the collagen 

architecture, namely the amount of collagen, the collagen cross-link density, and the 
orientation of the fibers. To quantify the effect of strain on collagen amount and cross-
links, both parameters were measured at gene expression and protein levels. The effects 
on the level of gene expression corresponded to protein data, indicating that gene 
expression data can be used as early markers to predict tissue formation.  

The total collagen amount is a net result of collagen synthesis and degradation. To 
discriminate between these processes, specific markers in the culture medium were 
measured. This represented an on-line non-destructive measurement of collagen 
synthesis and degradation activities. 

To quantify collagen fiber orientation, a novel technique was developed, based on 
3D vital imaging using two-photon microscopy combined with image analysis 
(Rubbens et al., 2009a). Previously used visualization techniques include elastic 
scattering spectroscopy (Kostyuk and Brown, 2004), microscopic elliptical polarimetry 
(Tower and Tranquillo, 2001b), and small light scattering (Engelmayr et al., 2006). 
However, these measurement techniques only monitor global collagen orientation, and 
do not provide spatial three-dimensional information throughout the sample. More 
detailed techniques to obtain information on the collagen organization include confocal 
reflection laser scanning microscopy (Brightman et al., 2000; Voytik-Harbin et al., 
2001) and autofluorescence and second harmonic generation (SHG) using multi-photon 
microscopy (Campagnola et al., 2002; Konig and Riemann, 2003; Zipfel et al., 2003). 
The latter is considered to be a very effective technique to visualize collagen (Schenke-
Layland, 2008). However, the feasibility of SHG depends on the tissue properties and 
SHG requires high laser power, which increases the risk of damage to the tissue. To 
overcome these problems a vital collagen specific fluorescent probe (CNA-35) was 
used to visualize the collagen fibers using two-photon microscopy. This probe enabled 
the visualization of very young, thin collagen fibers with more contrast compared to 
SHG (Boerboom et al., 2007a). The advantage of using two-photon microscopy is that 
the collagen organization can be imaged non-invasively and no tissue processing such 
as fixation is required. A disadvantage of this method is that the imaging depth is 
limited to the penetration depth of the laser and the probe.  

The two-photon images generated in the present study contain complex collagen 
networks, making it unfeasible to extract and analyze single fibers. Therefore, similar 
to other studies (Elbischger et al., 2004; Karlon et al., 1998; Karlon et al., 1999), the 
orientation analysis was based on the spatial context of the images using methods 
developed in differential geometry, based on an Eigen-analysis of the second order 
Hessian matrix. The principal curvatures, calculated at multiple scales, are used in 
adaptive de-noising of datasets and have been shown to be robust measures for the local 
fiber shape and orientation (Ter Haar Romeny, 2003).  

Besides collagen amount, cross-links, and orientation, the collagen architecture 
includes other aspects, such as collagen type, fiber thickness, length and morphology. It 
is important in cardiovascular tissue engineering that the appropriate types of collagen 
are formed by the cells. Native cardiovascular tissues mainly contain collagen type I 
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and III, of which collagen type I is the major constituent. mRNA analyses showed that 
myofibroblasts expressed both collagen type I and III, of which type I was mostly 
expressed (figure 3.3). Future research should focus on these types of collagen at a 
protein level, for example using immunohistochemistry or western blotting. Then, the 
temporal and relative contribution of the different types of collagen to the mechanical 
properties of the engineered tissues can be investigated. To quantify collagen fiber 
characteristics such as thickness, length, and morphology, the quantification method for 
collagen orientation could be expanded to extract these features from two-photon 
images of the collagen fibers. 

 
7.4 Future challenges 
 

Figure 7.2 shows the aspects that were studied in this thesis. The effects of well-
defined loading protocols (static, dynamic, and intermittent conditioning) were 
investigated in relation to collagen architecture (collagen amount, cross-links, and 
orientation) and mechanical properties (modulus and ultimate tensile stress). After 
analyzing and interpreting the results some fundamental questions and challenges 
remain before it will be possible to create functional engineered cardiovascular tissues 
with controlled structure and mechanical properties. The challenges mainly include:   
1) elucidating the underlying mechano-regulatory mechanisms of collagen architecture  
2) tuning of tissue composition and organization towards native-like tissue  
3) targeting functional mechanical properties. 
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Figure 7.2: Summary of current achievements and future challenges. The investigated 
parameters presented in this thesis are shown in grey. To obtain functional engineered 
tissues with controlled architecture and mechanical properties, the following 
challenges remain: 1) elucidating the underlying mechano-regulatory mechanisms of 
collagen architecture, 2) tuning of tissue composition and organization towards native-
like tissue, and 3) targeting functional mechanical properties. 
 
How do cells organize the collagen architecture? 

A hypothesis of how cells organize their collagen matrix is depicted in figure 7.3. It 
is assumed that cells produce collagen in a random fashion. When a certain amount of 
collagen is present, cells are able to exert forces on these collagen fibers such that 
bridges of the collagen fibers are formed between them. Thereafter, the collagen 
architecture matures further by increasing the number of cross-links.  
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Figure 7.3: Hypothesis on the formation of collagen architecture including random 
collagen production followed by collagen orientation and maturation. 
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The developed viable collagen-specific probe opens numerous opportunities for 
research in the field of collagen formation and remodeling. Using two-photon 
microscopy, very detailed images of the cells and collagen fibers can be obtained. From 
these images, early collagen formation and bridge formation of collagen between cells 
were observed (figure 7.4). 

 

  

50 m 

 
Figure 7.4: Two-photon image showing the myofibroblast cells (blue) and collagen 
fiber bridge formation (green) between the cells, indicated by the arrow. 

 
To elucidate the mechanisms underlying the formation of these bridges, the probe 

can be used to image collagen formation in real-time (Boerboom et al., 2007a). The 
precise role of the cells can be studied by systematically blocking cell-matrix 
interactions or by inhibiting cytoskeletal and contractile properties, via integrin-
blockers and actin-depolymerising agents such as cytochalasin D.  

As shown in chapter 3, markers in the culture medium can be measured to estimate 
the activity of collagen synthesis and degradation (figure 3.5). Visualization of these 
processes will enhance the understanding of how cells change the orientation of the 
fibers in response to changing mechanical conditions. Ongoing studies focus on the 
development of a probe that stains collagen in the presence of active matrix 
metalloproteinases. An experiment can be performed in which the cells are first 
strained in one direction, followed by straining in an orthogonal direction. It is 
hypothesized that the orientation of the cells and collagen fibers will follow this change 
in straining direction. Real-time visualization of collagen orientation will elucidate how 
cells synthesize and degrade the collagen structure. To specifically investigate the 
effect of changing the straining direction by 90°, other factors that could influence 
collagen orientation, such as contact guidance by the scaffold material, should be 
quantified. For this purpose, cells in a fibrin gel without a scaffold can be used as 
model system. The drawback of using fibrin is that it is weaker than PGA and, by 
implication, less resistant to straining. Moreover, it degrades within several days. The 
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use of higher fibrin concentrations or fibrin degradation inhibitors can be used to 
increase the strength of the gel.  

In addition to experimental models, numerical studies can be used to understand 
the effect of mechanical loading and to test the hypotheses regarding collagen 
remodeling. Previous researchers in the host laboratory numerically studied strain-
induced collagen remodeling by discriminating between collagen synthesis and 
degradation and collagen reorientation (Boerboom et al., 2003; Driessen et al., 2003). 
Using these computational models, the collagen architecture in the aortic valve and 
arterial wall were predicted (Driessen et al., 2005). Data from the proposed 
experimental work are needed to confirm and optimize these models to predict the 
evolution of collagen architecture and mechanical properties in engineered 
cardiovascular tissues. 

 
Towards native-like tissue composition and organization 

As shown in chapter 4, the engineered tissues contained lower amounts of collagen 
and cross-links when compared to adult human aortic valves. It can be questioned 
whether the values extracted from adult human tissue may be required as benchmarks 
for engineered tissues. Tissue-engineered heart valves and blood vessels may not need 
to approach adult native tissue to function adequately. A comparison between 
engineered tissues and pediatric valves and vessels may be more valid. However, such 
donor tissues are highly limited in their availability.  

By contrast to the engineered tissues, mature native cardiovascular tissues exhibit 
an organized three-layered structure. It has already been demonstrated that ovine tissue-
engineered heart valves, implanted at the pulmonary position in juvenile sheep, 
developed from a homogeneous tissue to the established three-layered structure in 20 
weeks under the influence of an active in vivo remodeling process (Hoerstrup et al., 
2000). We therefore speculate that ultimate tissue remodeling of engineered valves and 
blood vessels to a three-layered structure will also take place in vivo. 

To study the effects of mechanical conditioning on tissue properties, the collagen 
architecture was the primary focus of attention. In native heart valves and blood 
vessels, elastin is another critical structural and regulatory matrix protein, responsible 
for tissue flexibility and resilience. Indeed disturbances in the elastin homeostasis in 
heart valves and arteries are believed to represent an underlying cause of valve 
replacement failure (Schoof et al., 2006) and the formation of aneurysms (Anidjar et 
al., 1990). Therefore, elastin formation has been acknowledged as a missing component 
for a complete biomechanical function of tissue-engineered cardiovascular 
replacements (Patel et al., 2006). Mechanical conditioning tends to increase elastin 
synthesis by vascular smooth muscle cells, although the effects are sensitive to 
straining magnitude and mode (Isenberg and Tranquillo, 2003; Sutcliffe and Davidson, 
1990). It should be investigated whether mechanical conditioning leads to an organized 
elastin network in engineered cardiovascular tissues or whether biochemical cues are 
also required. 
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Towards functional mechanical properties 
In this thesis, the collagen architecture was related to global tissue mechanical 

properties, such as ultimate tensile stress and modulus. These parameters provide 
information on the strength and stiffness of the engineered tissues, in particular at 
strains that are higher than the physiological strains occurring in valves and vessels. In 
heart valves, for example, the circumferential strain in vivo are of the order of 10% 
during diastole (Lo and Vesely, 1995; Thubrikar et al., 1980), while the tissues in this 
thesis were tested in the linear region (in the range of 15-30% strain) of the stress-strain 
curves. For more appropriate testing and translation of the test results, it would 
therefore be necessary to also focus on the stiffness and flexibility of the engineered 
tissues in the in vivo strain region (Mirnajafi et al., 2006). For heart valves, this would 
provide insight into the opening and closing behavior of the valve during the cardiac 
cycle. Preferably, these functional mechanical parameters should be monitored and 
controlled during culture in a bioreactor, where mechanical stimuli are well-controlled 
(Kortsmit et al., 2009b; Kortsmit et al., 2009a). To obtain benchmarks for these 
parameters, mechanical properties of native human tissue should be determined. 

 
7.5 Relevance for cardiovascular tissue engineering   
 

The methods and results of this work are of importance and have impact on tissue 
engineering strategies. Relevance of these results for mechanical conditioning as a tool 
in cardiovascular tissue engineering is summarized by the following findings: 

 Compared to constrained tissue culture, continuous dynamic strain does not 
increase the amount of collagen in the tissue. 

 Dynamic strain improves the quality of the tissue expressed by enhanced cross-
link densities and collagen fiber alignment. 

 Intermittent dynamic strain accelerates the production of collagen, cross-links, 
and collagen fiber alignment. 
 

Based on these findings, the following aspects regarding the conditioning protocol 
of engineered heart valves and blood vessels should be taken into consideration. The 
magnitude of strain should be chosen with caution. Native heart valves experience 10% 
stretch during diastole under normal physiological conditions (Lo and Vesely, 1995; 
Thubrikar et al., 1980). These physiological amounts of strain are not optimal for 
conditioning of engineered cardiovascular tissues as the continuous application of these 
strains reduces the net production of collagen and therefore leads to suboptimal 
mechanical properties. One approach to overcome this is to slowly increase the 
dynamic strain magnitude. By changing the magnitude of the stimulus over time the 
adaptation response of cells might be disrupted (Syedain et al., 2008), thus increasing 
the effectiveness of the stimulus.  

An alternative strategy involves the use of straining mode-dependent effects. 
Application of intermittent strain can be used to balance collagen production during 
static conditioning and enhancement of cross-links and alignment during dynamic 
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conditioning. It is recommended to apply a sequential protocol, according to the 
hypothesis as shown in figure 7.3. In different phases of the development of the 
collagen architecture, different modes of conditioning might be required. First static 
conditioning is needed to enhance collagen production, followed by (intermittent) 
dynamic conditioning in a later phase to induce cross-links and collagen alignment. The 
experimental techniques presented in this thesis can be used to optimize these protocols 
for engineered heart valves and blood vessels. Within this respect, it is important to 
consider the total tissue architecture, including amount of collagen, cross-link 
concentration, and fiber orientation, as a focus for creating engineered tissues with 
sufficient load-bearing capacities. 
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Samenvatting 
 
De huidige prothesen die gebruikt worden voor de vervanging van hartkleppen 

bestaan uit niet-levende materialen, waardoor ze niet in staat zijn mee te groeien met de 
patiënt. Hierdoor zijn verscheidende heroperaties noodzakelijk om de hartklep te 
vervangen door een groter exemplaar. Tevens is er een grote behoefte aan levende 
bloedvatprothesen die de beperkingen van bestaande bloedvatvervangingen verhelpen. 
Cardiovasculaire tissue engineering richt zich op de productie van levende hartkleppen 
en bloedvaten die in staat zijn mee te groeien, zich aan te passen en te remodelleren. 
Kort samengevat worden de cellen van een patiënt op een biologisch afbreekbare mal, 
ofwel een scaffold, gezaaid. Deze gezaaide scaffold wordt vervolgens in een bioreactor 
geplaatst, waar mechanische en biochemische conditioneringsprotocollen worden 
gebruikt om de ontwikkeling van weefsel te stimuleren. Na enkele weken in een 
bioreactor is de oorspronkelijke mal verdwenen en vervangen door weefsel dat 
geproduceerd is door de cellen van de patiënt zelf. De gevormde weefsels kunnen dan 
geïmplanteerd worden om de niet-functionerende weefsels in de patiënt te vervangen. 

Om goed te kunnen functioneren moeten deze getissue-engineerde weefsels 
structuren bevatten die sterk genoeg zijn om de (veranderingen in) drukken te 
weerstaan die in het lichaam optreden. De mechanische sterkte van hartkleppen en 
bloedvaten wordt grotendeels bepaald door een sterk georganiseerd netwerk van 
collageenvezels. De collageenarchitectuur is gerelateerd aan de belastingsconditie van 
het weefsel. Mechanische conditionering wordt daarom ook beschouwd als een 
belangrijke strategie om getissue-engineerde weefsels te maken met de gewenste 
structuur en mechanische eigenschappen.  

In dit proefschrift is het effect onderzocht van mechanische belasting op de 
collageenarchitectuur in getissue-engineerde weefsels. Drie belangrijke aspecten van de 
collageenarchitectuur zijn gekwantificeerd: de hoeveelheid collageen, de collageen 
cross-linkconcentratie en de oriëntatie van de collageenvezels. Om deze effecten 
systematisch te onderzoeken is gebruik gemaakt van een modelsysteem, gebaseerd op 
protocollen voor tissue engineering van hartkleppen en bloedvaten. Het modelweefsel 
bestaat uit rechthoekige strips van een biologisch afbreekbaar polymeer die gezaaid 
worden met humane vasculaire cellen. Het voordeel van dit modelsysteem is dat er 
minder cellen nodig zijn en meerdere tests tegelijkertijd uitgevoerd kunnen worden. 
Bovendien wordt de belasting op een gecontroleerde manier opgelegd. Statische 
belasting wordt opgelegd door de uiteinden van deze strips vast te zetten. Met behulp 
van een geoptimaliseerd reksysteem zijn de strips tevens aan dynamische (4%, 1Hz, 
gedurende 10 dagen en 4 weken) of intermittent (3 uur aan/uit, 4%, 1Hz, gedurende 2, 
3 en 4 weken) belastingsprotocollen onderworpen.  

Het temporele effect van statische en dynamische belasting gedurende 10 dagen is 
bepaald op basis van genexpressie- en eiwitanalyses. Beide conditioneringsprotocollen 
verhogen de collageenhoeveelheid en cross-linkconcentraties in de tijd op zowel 
genexpressie- als op eiwitniveau. Dynamische belasting resulteert in lagere 
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collageenwaarden, maar in hogere cross-linkconcentraties in vergelijking met statische 
belasting.  

Om tevens het effect van belasting op de mechanische eigenschappen van de 
weefsels te onderzoeken, zijn de weefsels 4 weken gekweekt. Na 4 weken is de initiële 
scaffold afgebroken en wordt de mechanische integriteit van het weefsel volledig 
bepaald door het nieuw gevormde weefsel. Dynamische belasting resulteert in 
vergelijkbare collageenhoeveelheden en in hogere cross-linkconcentraties vergeleken 
met statische belasting. Deze verhoging in cross-links correleert met verbeterde 
mechanische eigenschappen van het weefsel. Hiermee wordt aangetoond dat bij een 
gelijke collageenhoeveelheid in het weefsel de kwaliteit van het weefsel verbeterd kan 
worden met behulp van dynamische belasting door een verhoging van de cross-
linkconcentratie. 

Een nieuwe niet-destructieve techniek, gebaseerd op 3D visualisatie met behulp 
van twee-photon microscopie, gecombineerd met beeldanalyse, is ontwikkeld om de 
collageenvezeloriëntaties te kwantificeren. Deze analyses tonen aan dat de 
collageenvezels zich door mechanisch conditioneren in de belastingsrichting gaan 
richten. Intermittent belasting resulteert het snelst in het meest georiënteerde netwerk 
van de collageenvezels. Tevens leidt intermittent belasting sneller tot een verhoogde 
collageenhoeveelheid, cross-linkconcentratie en mechanische eigenschappen dan 
statische belasting. Hierdoor kunnen sterkere weefsels binnen een kortere 
kweekperiode gemaakt worden 

Samenvattend laten deze studies zien dat, in vergelijking met statische belasting, 
dynamische belasting de hoeveelheid collageen niet verhoogt, maar de cross-
linkconcentratie en mate van vezeloriëntatie in de belastingsrichting wel. Intermittent 
belasting verhoogt en versnelt de collageenproductie, cross-linkconcentratie en 
vezelvorming in de richting van de belasting. Intermittent belasting kan dus gebruikt 
worden om de productie van weefsels met een goed georganiseerde 
collageenarchitectuur te versnellen. Deze bevindingen zijn zeer relevant voor 
cardiovasculaire tissue engineering waar een sterke en goed georganiseerde structuur 
noodzakelijk is voor het goed functioneren van getissue-engineerde hartkleppen en 
bloedvaten in het menselijk lichaam. 
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