
 

The interplay between the extracellular environment and
cardiomyocyte progenitor cells for material based cardiac
repair
Citation for published version (APA):
Marion, van, M. H. (2013). The interplay between the extracellular environment and cardiomyocyte progenitor
cells for material based cardiac repair. [Phd Thesis 1 (Research TU/e / Graduation TU/e), Biomedical
Engineering]. Technische Universiteit Eindhoven. https://doi.org/10.6100/IR757780

DOI:
10.6100/IR757780

Document status and date:
Published: 01/01/2013

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: 24. May. 2023

https://doi.org/10.6100/IR757780
https://doi.org/10.6100/IR757780
https://research.tue.nl/en/publications/2ef48135-3f28-43eb-b373-0090e1bb51a9


 

 

 

 

 

 

 

 

 

 

 

 

 
 

The interplay between  

the extracellular environment  

and cardiomyocyte progenitor cells  

for material based cardiac repair 
 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

 

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

  

ISBN: 978-90-386-3424-1 

 
Copyright © 2013 by M.H. van Marion 
 
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, photo 
print, microfilm or any other means without prior written permission by the author.  
 
Cover design: Mieke van Marion, Paul Verspaget 
 
Printed by Ipskamp Drukkers B.V., Enschede, the Netherlands 
 
Financial support of the Dutch Heart Foundation for the publication of this thesis is 
gratefully acknowledged. 
 

The research described in this thesis was performed within project P1.04 SMARTCARE of the 

research program of the BioMedical Materials institute, co-funded by the Dutch Ministry of 

Economic Affairs. The research was supported by a grant of the Dutch Heart Foundation 

(DHF-2008T092). 



 

 

 

 
 
 
 

The interplay between 
the extracellular environment 

and cardiomyocyte progenitor cells 
for material based cardiac repair 

 
 
 
 
 

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 10 oktober 2013 om 16:00 uur 

 
 
 
 

door 
 
 
 
 

Maria Hendrika van Marion 
 
 
 

geboren te Dirksland 
 



 

 

 

 
Dit proefschrift is goedgekeurd door de promotiecommissie:  

 

voorzitter:   prof.dr. P.A.J. Hilbers 

1e promotor:   prof.dr. C.V.C. Bouten 

copromotor:  dr. D.W.J. van der Schaft 

leden:   prof.dr. K. Nicolaij 

   prof.dr. R.P. Sijbesma 

   prof.dr. M.J.T.H. Goumans (LUMC) 

   prof.dr. P.A.F.M. Doevendans (UMCU) 

   prof.dr. G.H. Koenderink (VU Amsterdam) 

 
 
 
     
 
 

 

 

 

 

 



 

I 

 

 

 

CONTENTS 
 

 

Summary III 

 

CHAPTER 1: General introduction - 1 - 

Myocardial infarction - 3 - 

Cardiac regenerative therapy - 4 - 

Cardiomyocyte progenitor cells - 6 - 

Cellular environment - 7 - 

Rationale and outline - 8 - 

 

CHAPTER 2: Material-based engineering strategies for cardiac regeneration - 11 - 

Introduction - 13 - 

The host environment of the failing heart - 14 - 

Material-based approaches for cardiac regeneration - 19 - 

Engineered cardiac tissue models - 27 - 

Future perspectives and challenges - 29 - 

 

CHAPTER 3: Matrix production and remodeling capacity of cardiomyocyte progenitor cells 

during 2D in vitro differentiation and in 3D tissue culture - 33 - 

Introduction - 35 - 

Materials and methods - 37 - 

Results - 43 - 

Discussion - 54 - 

 

CHAPTER 4: Differentiation induces the mechanosensitivity of cardiomyocyte progenitor 

cells; implications for cardiac regenerative therapy - 59 - 

Introduction - 61 - 

Materials and methods - 62 - 

Results - 66 - 

Discussion - 71 - 

 



CONTENTS 

 

II 

 

CHAPTER 5: 3D culture and strain are critical for cardiomyocyte progenitor cell viability, 

differentiation and organization - 75 - 

Introduction - 77 - 

Materials and methods - 78 - 

Results - 82 - 

Discussion - 88 - 

 

CHAPTER 6: The effect of cyclic straining on cardiomyocyte progenitor cells in a 3D in vitro 

tissue model - 93 - 

Introduction - 95 - 

The experiment - 97 - 

Where do we go from here? Challenges for the study of cardiac stem cell mechanobiology in 3D - 104 - 

 

CHAPTER 7: Discussion - 109 - 

Perspective and main findings - 111 - 

In vitro model approach - 114 - 

The future of material based cardiac regenerative therapy - 119 - 

Conclusion - 121 - 

 

Bibliography - 123 - 

 

Appendix A - 141 - 

 

Appendix B - 147 - 

 

Samenvatting - 151 - 

 

Dankwoord - 155 - 

 

Curriculum Vitea - 159 - 

 

List of publications - 161 - 

 



 

III 

 

SUMMARY 
 
THE INTERPLAY BETWEEN THE EXTRACELLULAR ENVIRONMENT AND 
CARDIOMYOCYTE PROGENITOR CELLS FOR MATERIAL BASED CARDIAC REPAIR 

 

Cardiovascular diseases are the main cause of death worldwide. Most common are the 

coronary artery diseases, which can cause a myocardial infarction (MI), and can eventually 

lead to heart failure, a condition that is irreversible. Only recently it has become evident 

that the heart itself has some regenerative capacity through the proliferation and 

differentiation of endogenous stem cells and possibly by the recruitment of stem cells from 

other tissues. However, these regenerative mechanisms cannot compensate for the massive 

loss of cardiomyocytes (CMs) and the extensive scar formation that occurs after MI. 

Therefore, transplantation of stem cells to the affected area is considered a valuable option 

to regenerate infarcted cardiac tissue. 

 

Stem cell therapy to treat MI has been studied extensively in both animal studies and clinical 

trials. In general, however, only a minor increase in cardiac function is reported. Cell 

retention is very low, stem cell differentiation mostly not observed, and thus the minor 

positive effects that are observed are mainly ascribed to paracrine signaling. Furthermore, 

the ideal cell source for stem cell therapy has yet to be determined. Nonetheless, 

cardiomyocyte progenitor cells (CMPCs), progenitor cells that reside in the heart itself, form 

a promising cell source for cardiac stem cell therapy, because of their proven 

cardiomyogenic differentiation in vitro, safety after in vivo application, and possibility to be 

used autologously. To improve the effects of stem cell therapy, novel strategies are under 

development. Biomaterial-based approaches are of specific interest, because of their ability 

to mechanically support the heart and to serve as a temporary environment and protective 

delivery vehicle for the cells. In addition, the possibility to tune the biochemical as well as 

mechanical properties of the materials to the specific properties of both the cells and the 

host tissue can make the regenerative capacity of this approach even larger. Knowledge of 

the dynamic and reciprocal interplay between the cells and their micro-environment form 

the basis for the design of a tailored biomaterial.  

 

The aim of the research presented in this thesis is to get insight in the interplay between the 

structural and mechanical environment and CMPC behavior using in vitro model systems. 

The obtained knowledge can be used to provide design parameters for the development of 

biomaterials for material-based cardiac regenerative therapy. A specific focus lies on the 

ability of CMPCs to create their own environment (niche) and the response of CMPCs to 

their extracellular matrix (ECM) and mechanical micro-environment, especially in three 

dimensions (3D).  
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The ability of CMPCs to create their own environment was demonstrated by studying the 

capacity of the cells to produce ECM proteins and modulators. Both the production of ECM 

proteins and modulators increased upon cardiomyogenic differentiation in 2D culture. 

Furthermore, 3D culture resulted in an enhanced ECM production and remodeling capacity 

as compared to 2D culture. These matrix production and remodeling capacities of CMPCs 

can contribute to the remodeling of the infarcted heart tissue and to the formation of a cell-

specific micro-environment (niche), which can be beneficial for cell functionality upon 

delivery in the heart. In addition, for cardiac repair, cell retention and survival after delivery 

are crucial, which can be improved using a biomaterial with a cell-specific composition and 

degradability. 

 

Cell-matrix interactions, such as focal adhesions, are essential for stem cell integration into 

the cardiac host tissue or biomaterial, and for the sensing of mechanical forces. To this end, 

we studied the ability of CMPCs to form and develop focal adhesions and the associated 

intracellular actin cytoskeleton. Undifferentiated CMPCs showed only minor formation of 

focal adhesions and actin stress fibers, indicating reduced mechanosensing properties.  Both 

the formation of focal adhesions and actin stress fibers were induced during early 

cardiomyogenic differentiation (14 days) or were readily developed upon culture in a 

constrained 3D environment (24-48h). The specific mechanosensing properties of CMPCs 

require the design of a specialized biomaterial. 

 

The response of CMPCs on their mechanical environment was studied in 3D 

collagen/Matrigel hydrogels. Uniaxial constrainment of undifferentiated CMPCs in 3D 

hydrogels resulted in gel compaction, showing that the cells are able to exert force on their 

environment. This constrainment further resulted in an enhanced proliferation, viability and 

cardiac protein organization of the CMPCs, but also in cell alignment in the direction of the 

constraint. In a second study, the response of both undifferentiated and pre-differentiated 

CMPCs to cyclic biaxial loading conditions, such as occur in the beating heart, was 

investigated. The complexity of this response, which deviates from observations in 

differentiated fibroblastic cell types, requires a systematic approach to dissect the effects of 

cell tractional forces, tissue compaction, and cyclic strain in future studies.  

 

The findings of this thesis resulted in the formulation of several design criteria for 

biomaterial development: (I) the degradation of the biomaterial needs to be tuned to the 

remodeling capacity of the CMPCs by incorporating MMP-sensitive parts; (II) the 

composition of the biomaterial needs to resemble that of the CMPCs itself by incorporating 

specific ECM proteins or peptides from their niche; (III)  either pre-differentiated CMPCs 

should be incorporated to allow for sensing of mechanical forces, or the biomaterial should 

allow for the rapid development of focal adhesions and the mechanosensing system of the 

cells. The transfer of mechanical forces from the host tissue to the cells additionally requires 

adhesion of the biomaterial to the cardiac host tissue; and  (IV) the material should be 

stable enough for in vitro manipulation, which can enhance cell functionality and induce cell 
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alignment by constrainment. Additionally, specific (anisotropic) mechanical properties can 

be used to guide the orientation response of the cells after in vivo application of the 

biomaterial, but the determination of these properties requires more insight into the 

orientation response of CMPCs on the cyclic mechanical forces of the beating heart.  

 

In conclusion, the results of this thesis demonstrate the importance of the ECM and 

mechanical environment for CMPC behavior. By putting the cells central in our studies and 

systematically studying the interplay between the cells, and their structural and mechanical 

environment, we are now able to define several design criteria for the development of 

biomaterials, which can be used to optimize material based cardiac regenerative therapies 

using CMPCs.  

 

 



SUMMARY 

 

VI 

 



 

- 1 - 

 

 

 

 

 

CHAPTER 1 
GENERAL INTRODUCTION 

 

 
 

 

 

 

 

 

 

 

 

 

 

 



CHAPTER 1 

 

- 2 - 

 



GENERAL INTRODUCTION 

- 3 - 

 

Myocardial infarction 

Every second our heart pumps blood through our body and supplies it with oxygen and 

nutrients. This important function requires a complex structure of the organ. At the micro-

level, the heart is composed of muscle cells (cardiomyoctes, CMs) and non-muscle cells 

embedded in an extracellular matrix (ECM) [35]. The functional cells of the heart are the 

CMs, which are responsible for tissue contraction. CMs comprise 30-40% of the total cell 

number, but due to their size take up approximately 75% of the volume of the heart [35]. 

The majority of the other cells are fibroblasts (cFBs), endothelial cells (ECs), smooth muscle 

cells (SMCs) and pacemaker cells [29]. Since the heart is never at rest, these cells are 

constantly exposed to both electrical signals and mechanical stresses and strains. The 

cardiac ECM is mainly composed of collagen type I and III, but also includes other proteins 

such as elastin, fibronectin, and collagen type IV [139;156]. Both the cells and ECM are 

assembled in a highly aligned and organized structure that changes throughout the depth of 

the tissue, resulting in a typical basket-weave structure crucial for an efficient pump 

function [28].  

Cardiovascular diseases are the leading cause of death worldwide [185]. The most common 

disease is coronary heart disease, which can result in a myocardial infarction (MI) or heart 

attack. During MI, the blood supply to part of the heart muscle is severely reduced or 

completely cut off due to the temporal occlusion of a coronary artery (figure 1), causing a 

lack of nutrients and oxygen to the underlying tissue. This initiates a wound healing process 

in four phases, resulting in both structural and functional changes of the heart tissue [19]. 

Phase I is characterized by the death of cardiomyocytes, and takes place between 6h and 2 

days post MI. This is directly followed by an inflammatory response (phase II, 12-48h post 

MI), causing the degradation of collagen and increase of the matrix remodeling enzymes 

(matrix metalloproteinases, MMPs), which allows for cell infiltration [19;139;251]. After 2-4 

days, granulation tissue is formed (phase III), including new blood vessels, which results in 

the restoration of the blood supply [19;139;251]. Myofibroblasts infiltrate the infarcted 

region and synthesize and remodel the extracellular matrix (ECM). In the final phase (phase 

IV), which starts 2-3 weeks post MI and can last for many years, the ECM synthesis and 

remodeling persists, resulting in maturation of the scar [19;139;251]. Due to the death of 

cardiomyocytes and the subsequent adverse and ongoing remodeling of the tissue, the 

contractile function of the heart is reduced [19]. To compensate for this loss in function, the 

heart will dilate, which can eventually lead to heart failure [19]. To date, no treatment exists 

that can reverse these processes and restore the cardiac function. Pharmacological 

interventions can ameliorate the degeneration process, but the only option for patients with 

end-stage heart failure is a heart transplantation [142]. In incidental cases, patients can 

receive artificial cardiac assistance (e.g. left ventricular assist device, LVAD) as bridge to 

transplantation [97].  
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Figure 1. Myocardial infarction. 

Schematic representation of a myocardial infarction; it is caused by the blockage of a coronary artery, which leads to 

remodeling and finally dilation of the heart wall. Adapted from [1;83].  

 

Cardiac regenerative therapy 

The heart has been considered as a terminally differentiated organ for a long time. Only 

recently, it has become evident that the heart itself has some regenerative capacity through 

the proliferation of endogenous stem cells, and possibly also by the recruitment of stem 

cells from other tissues [5;154;259]. However, these processes do not suffice to compensate 

for the massive loss of CMs and the extensive ECM remodeling that takes place after a MI. 

Therefore, research is performed to develop strategies that are able to regenerate the 

heart. 

The ultimate goal of cardiac regenerative therapies is to completely restore cardiac function 

and the original structure of the tissue. To accomplish this, several challenges need to be 

taken. Firstly, in order to restore the contractile properties of the tissue, an active cell 

component, able to form CMs, is necessary. Secondly, the ongoing adverse remodeling of 

the ECM should be reversed, resulting in the recovery of the normal tissue properties, such 

as ECM composition, structure and mechanical properties. Thirdly, the blood supply of the 

tissue should be restored.  

One possible strategy to regenerate cardiac tissue after a MI is stem cell therapy. Stem cell 

therapy aims to transplant stem cells into the infarcted region by the injection of cell 

solutions via minimally-invasive delivery routes. Ideally, the stem cells should give rise to the 

formation of new cardiomyocytes (CMs) to regain the contractile function of the heart, and 

ultimately also form or attract cardiac fibroblasts (cFBs) for production and remodeling of a 

healthy ECM, and smooth muscle cells (SMCs) and endothelial cells (ECs) for new blood 

vessel formation to restore the blood supply [29;35]. 

Candidate stem cell sources for cardiac stem cell therapy include mesenchymal stem cells 

(MSCs), such as bone marrow derived MSCs (BMSCs) and adipose derived stem cells (ASCs), 

and embryonic stem cells (ESCs) [252;254;262]. However, the clinical application of those 

stem cell sources is limited, either due to a lack of sufficient regenerative capacity 

[252;254;262], or due to ethical considerations [170;254;262]. The recent development of 
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induced pluripotent stem cells (iPS) from adult cells, and the ability to differentiate these 

cells into CMs in vitro, may create an alternative stem cell source [194;254]. Another 

alternative can be found in the recent discovery of an endogenous stem cell pool in the 

heart, the resident cardiac stem cells (CSCs) [186;220;247]. 

Multiple studies, in both animals and humans, have been performed with stem cells, but 

treatment effects are only minor [41;176;201;242]. The retention and survival of the 

transplanted cells is very low, differentiation into CMs often not observed, and the observed 

effects are mainly ascribed to paracrine signaling [163;170;201]. This is probably the cause 

of the limited or absent regeneration of the infarcted cardiac tissue and the only minor 

improvements in cardiac function. 

Another approach to regenerate the heart after MI can be found in the application of 

biomaterials. The materials can be applied as cardiac restraint or as patch, thereby possibly 

preventing cardiac wall dilation [34;74;130]. Next to that, biomaterials can be injected into 

the infarcted area [103;144;161;230]. This will result in a reduced wall stress, and a change 

in mechanical properties of the tissue, which can reverse the adverse tissue remodeling of 

the infarcted tissue and improve cardiac function [231]. However, actual  regeneration of 

the tissue nor the formation of a new vasculature has been observed yet, indicating that a 

cellular and/or biological component is crucial for the regeneration of cardiac tissue.  For 

example, the incorporation of growth factors, chemokines or cytokines to stimulate the 

formation of new blood vessels, to reduce cell death, or to stimulate the endogenous repair 

process by attracting (stem) cells, can result in an increased regeneration of the tissue [231]. 

The regenerative capacity of material based cardiac therapy can be further improved by 

using a combination of stem cells with a biomaterial. Currently, many developments in this 

area are ongoing [197;231;243]. Several approaches are explored, e.g. the material can be 

applied as tissue patch or alternatively can serve as a cell carrier during injections [39;181]. 

The material contributes to the regeneration process by (I) increasing the retention of the 

stem cells, (II) serving as support for the cells, (III) offering a temporal environment that 

protects the cells against the hostile environment of the infarcted heart, and (IV) by 

contributing to the mechanical properties of the heart [109;197]. The additional coupling of 

biochemical factors to the biomaterial, e.g. growth factors and cytokines, can further 

improve the regenerative effects by guiding the differentiation of the incorporated stem 

cells and/or by attracting endogenous stem cells [231;252]. Ideally, the biochemical as well 

as biophysical properties of the material can be adapted to the needs of the stem cells used, 

and tuned to optimize the outcomes of the therapy [190].  
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Cardiomyocyte progenitor cells 

Cardiomyocyte progenitor cells (CMPCs) form a pool of endogenous stem cells, resident in 

the heart itself. They are located in the atrium, the atrium-ventricular septum and the 

epicardial layer of both fetal and adult human hearts [247]. The cells are identified based on 

the expression of stem cell antigen-1 (Sca-1), and are positive for the (stem) cell markers 

CD105, C-kit, CD31 and Isl1, but negative for the ESC marker Oct-4 and cell markers CD14, 

CD34, CD45 and CD133. Furthermore, they express the early cardiac transcription factors 

GATA4, and Nkx2.5 [85;247]. CMPCs can be cultured and proliferated in vitro, in monolayer 

culture, and have a spindle shaped morphology with a high nucleus-to-cytoplasm ratio 

(figure 2A) [247]. CMPCs can be differentiated into the cardiomyogenic lineage upon 

treatment with 5-azacytidine and stimulation with transforming growth factor β1 (TGFβ1) 

and vitamin C [85;213]. This differentiation ultimately gives rise to the formation of beating 

cardiomyocytes, which express both early cardiac markers (GATA4, Nkx2.5, Mef2c, 

myocardin) and late cardiac markers (cardiac-actin, troponinT, MLC2v, βMHC, connexin43), 

and have a well-developed sarcomere structure (figure 2B). Next to their cardiomyogenic 

differentiation capacity, CMPCs are able to differentiate into SMCs and ECs [85]. In vivo 

application of CMPCs in a mouse MI model resulted in enhanced cardiac function, 

demonstrating the value of these cells for cardiac regenerative therapy [54;212;257]. 

However, similar to treatment with other stem cells, both cell retention and cell integration 

into the host tissue was low, and the positive effects on cardiac function were mainly 

ascribed to paracrine actions of the cells, indicating that other strategies are needed for 

functional cardiac regeneration.  

  

 

 

 

 

 

 

 
 

Figure 2. Cardiomyocyte progenitor cells in culture. 

(A) Appearance of undifferentiated fetal CMPCs in culture. CMPCs are spindle shaped and have a large 

nucleus-to-cytoplasm ratio. Magnification 100x. (B) Adult CMPCs after differentiation into the cardiomyogenic 

lineage. Cells are labeled for the sarcomeric proteins α-actinin (red) and troponinI (red). Cell nuclei are stained 

blue. Cross-striations of the sarcomeric proteins indicate   cardiomyocyte maturation. Bar = 20 μm. Adapted 

from [85]. 
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Cellular environment 

In the human body, cells are embedded into a tissue specific environment or cellular niche. 

This three-dimensional (3D) environment contains multiple signals, such as biochemical 

cues, neighboring cells, composition and organization of the extracellular matrix (ECM), and 

biophysical factors. Also when cultured in the laboratory  in a 2D monolayer, when 

encapsulated into a biomaterial, or when injected into the heart, cells experience a certain 

environment. This environment differs from their natural environment, which can have 

effects on their behavior, such as proliferation, differentiation, and response to mechanical 

signals [141]. In cardiac regenerative therapies, both the healthy and diseased environment 

should be considered for cell functionality.  

The ECM of a healthy heart is composed of a highly organized network of fibrous proteins, 

predominantly collagen types I and III, elastin and fibronectin, and basement membrane 

proteins, including collagen type IV, laminin and fibrillin [156]. Via cell-matrix interactions, 

cells communicate with their environment and respond to changes in both composition and 

organization [169]. Furthermore, via specific cell-matrix interactions called the focal 

adhesions, cells sense, respond to, and transduce mechanical signals both from outside the 

cells and from inside the cell [68;169;196]. After a MI, the organization and composition of 

the ECM changes dramatically. Collagen types III and I are produced in elevated amounts, 

and the amounts and types of degradation enzymes changes [139]. These changes in ECM 

do not only have an effect on the mechanical properties of the tissue, but also on the 

formation of cell-matrix interactions and the transduction of mechanical signals.  

The interaction of CMPCs with the cardiac ECM is unknown at the moment. However, for 

other types of CSCs it has been described that the cells encounter a discontinuous basal 

lamina, or, when in a more differentiated form, have a continuous basal lamina, although 

the exact composition of this lamina has not been described [178;237]. It may therefore be 

well possible that also the CMPCs described in this thesis are connected to a (dis)continuous 

basal lamina in vivo depending on their differentiation state.  

The biophysical factors that are part of the cardiac 3D environment include the passive 

mechanical properties of the tissue, i.e. tissue stiffness and the stresses and strains caused 

by chamber filling and wall distension, and the active stresses and strains caused by the 

contraction of the cardiomyocytes and initiated by electrical pulse stimulation. These 

biophysical factors are also changed after MI. Due to the extensive tissue remodeling that 

takes place, the stiffness of the cardiac tissue increases from ~15 kPa in healthy tissue to 

~50 kPa in infarcted tissue [14]. Due to ECM remodeling and fibrosis formation also the 

conduction and propagation of electrical pulses is diminished or even discontinued, and CM 

contraction less efficient [7;231]. Finally, remodeling results in wall dilation and thinning, 

which in turn results in increased stresses in the infarcted area [231]. These changes in 

biophysical factors can also affect the behavior of stem cells. For example, the lineage 

specificity of adherent stem cells in 2D cultures can be directed by the stiffness of the 

substrate [58;65]. However, recent studies demonstrate that it is rather the flexibility and 

density of the ECM fibers than the absolute stiffness of the substrate that induces this 

effect, indicating the importance of the ECM network [232]. Furthermore, the application of 
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(cyclic) mechanical strains has shown to affect the differentiation and proliferation of stem 

cells [90;129;150;203;204;226]. Lastly, it has been demonstrated that electrical stimulation 

of MSCs resulted in the induction of the cardiomyogenic differentiation of the cells [82]. 

Most of these studies are performed in relatively basic, 2D set-ups, instead of a complicated 

more in vivo like 3D situation.   

 

Rationale and outline 

The limited outcomes of both stem cell and material based cardiac regenerative therapies, 

urge for the development of new treatment strategies for MI. The recent invention of 

tunable biomaterials offers new possibilities to increase the efficiency of the currently 

applied methods. The research presented in this thesis has been carried out in the 

SMARTCARE (SMART micro-Tissues for CArdiac REgeneration) project of the BMM 

(BioMedical Materials) program of the Netherlands. This program aims at developing smart 

injectable micro-tissues, composed of a biomaterial (hydrogel), biochemical and mechanical 

factors, and stem cells, for the functional repair of infarcted heart tissue (figure 3). The 

properties and design of the biomaterial are optimized in such a way that the formation of 

heart tissue out of cardiac stem cells is stimulated either in vitro or in vivo, which should 

give rise to functional micro-tissues that can be applied to the patient in a minimally 

invasive way. Due to their ability to differentiate into CMs, and their proven safety after in 

vivo application, CMPCs are, at this moment, the cells of choice for the development of 

these cardiac micro-tissues. The optimal properties of the biomaterial, however, are not 

known. To develop such a biomaterial, more insight in the environmental factors that play a 

role in the behavior of CMPCs is needed. Both the biological and biophysical factors the cells 

will experience when encapsulated in the biomaterial and when injected into the heart are 

crucial in this facet, but largely uninvestigated.  
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Figure 3. Schematic representation of the SMARTCARE project. 

Within the SMARTCARE project, micro-tissues are developed for the functional repair of infarcted cardiac 

tissue. Micro-tissues are composed of CMPCs, a biomaterial and biochemical factors that can further stimulate 

the repair process. Administration of the micro-tissues can be done minimally-invasive, e.g. via catheter 

delivery. © BMM/ Rogier Trompert Medical Art, adapted. 

 

 

In order to develop design parameters for a biomaterial for CMPC encapsulation and 

delivery, the aim of the present thesis is to investigate the interplay between the 

extracellular structural and mechanical environment and CMPC behavior using in vitro 

model systems. I thereby specifically concentrate on the ability of CMPCs to create their 

own niche, and on how and if the cells respond to the extracellular environment. The thesis 

starts with a review on material-based cardiac repair, and discusses its contribution to the 

regeneration process and implications for future research (chapter 2). The ability of CMPCs 

to create their own niche was studied by determining the matrix production and remodeling 

capacity of the cells, as described in chapter 3. An elaborate description of the matrix 

production by the cells in 2D is accompanied by gene expression information of cells 

cultured in 3D. Next, the interactions of CMPCs with their extracellular environment were 

studied by determining, in a 2D study, the ability of CMPCs to form and develop specific cell-

matrix interactions, called focal adhesions. These focal adhesions are crucial for the 

integration of the cells in the heart tissue or in a biomaterial, and for the sensing of 

mechanical signals (chapter 4). I continued my research by investigating how the CMPCs 

respond to their ECM and mechanical environment. The presence of cell-matrix interactions 

in 3D and especially the contribution of both a 3D environment and static mechanical strain 

to the viability, proliferation, orientation and differentiation of CMPCs, were studied 

(chapter 5). The findings of the previous studies were translated to an in vitro model system 

mimicking the biaxial straining situation of the myocardium. The results of this study are 
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described in chapter 6. The thesis concludes with a summary of the most important findings 

and discusses these in light of biomaterial development for cardiac regenerative therapies 

and future research (chapter 7). 

 

 

  

 

 

 

 

 

 

 

Figure 4. Schematic representation of the aim of the thesis: the interplay between the extracellular 

structural and mechanical environment and CMPC behavior. 
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CHAPTER 2 
MATERIAL-BASED ENGINEERING 

STRATEGIES FOR CARDIAC 
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This chapter is based on: 

M.H. van Marion*, N.A.M. Bax*, A.C.C. van Spreeuwel, D.W.J. van der Schaft, and C.V.C. 

Bouten, Material-based engineering strategies for cardiac regeneration, Current 

Pharmaceutical Design (2013) (in press), reprinted with permission. 
* both authors contributed equally.   
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ABSTRACT 

Cardiac tissue is composed of muscle and non-muscle cells, surrounded by extracellular 

matrix (ECM) and spatially organized into a complex three-dimensional (3D) architecture to 

allow for coordinated contraction and electrical pulse propagation. Despite emerging 

evidence for cardiomyocyte turnover in mammalian hearts, the regenerative capacity of 

human cardiac tissue is insufficient to recover from damage, e.g. resulting from myocardial 

infarction (MI). Instead, the heart ‘repairs’ lost or injured tissue by ongoing synthesis and 

remodeling of scar tissue. Conventional therapies and timely (stem) cell delivery to the 

injured tissue markedly improve short-term function and remodeling, but do not attenuate 

later stage adverse remodeling, leading to functional deterioration and eventual failure of 

the heart. Material-based therapies have been successfully used to mechanically support 

and constrain the post-MI failing heart, preventing it from further remodeling and dilation. 

When designed to deliver the right micro-environment for endogenous or exogenous cells, 

as well as the mechanical and topological cues to guide neo-tissue formation, material-

based therapies may even reverse remodeling and boost cardiac regeneration. This paper 

reviews the up-to-date status of material-based cardiac regeneration with special emphasis 

on 1) the use of bare biomaterials to deliver passive constraints that unload the heart, 2) the 

use of materials and cells to create engineered cardiac constructs for replacement, support, 

or regeneration of damaged myocardium, and 3) the development of bio-inspired and 

bioactive materials that aim to enhance the endogenous regenerative capacity of the heart. 

As the therapies should function in the infarcted heart, the damaged host environment and 

engineered in vitro test systems that mimic this environment, are reviewed as well.  
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INTRODUCTION  

Myocardial infarction (MI) is one of the leading causes of death in the Western world. 

During a MI, the coronary blood flow that provides the heart muscle with oxygen and 

nutrients, is severely reduced or cut off completely, resulting in the loss of billions of 

cardiomyocytes. With progressively improved diagnosis and therapy, death rates for people 

suffering from acute MI have declined in the past decades, but at the cost of an increasing 

number of patients with chronic heart disease or heart failure. Current pharmacological 

treatments of post-MI heart failure can attenuate the loss of cardiac function, but do not 

regenerate the heart. Eventually, when the heart fails, cardiac transplantation is the only 

option left, with all its limitations and risks. In the past decades scientists and medical 

doctors have therefore collaboratively searched for novel solutions to regenerate the heart 

and restore cardiac function.   

The heart muscle, or myocardium, is composed of a diverse set of muscle and non-muscle 

cells, supported by an extracellular matrix (ECM). Cells and matrix are spatially organized 

into a complex three-dimensional (3D) architecture to ensure orchestrated electrical pulse 

propagation and muscle contraction. Precise alignment of muscle cells in alternating tissue-

layers is essential to propel blood through the heart. This anisotropy is evident at multiple 

length scales, from the microscopic scale of sarcomere assembly up to the 3D-structure of 

the myocardium, where cardiomyocytes, fibroblasts, and ECM form the typical basket 

weave of cardiac muscle tissue [35].  

Following MI, the endogenous regenerative capacity of the human heart is too weak to 

recover from the damage caused by oxygen deprivation. Instead, the heart sets out a series 

of complicated ‘repair’ processes, including cell death, inflammation, and synthesis and 

remodelling of scar tissue. In the ever-beating heart, remodelling of the scar tissue is self-

maintained, resulting in disarray, scar dilation, and mechanical failure. As a consequence, 

there are two essential problems in the post MI failing heart: 1) massive loss of 

cardiomyocytes and consequent reduction of contractile force, and 2) loss of structural 

organization and integrity and consequent impairment of aligned, coordinated contraction 

and electrical conduction [19;139].  

Cardiac regenerative therapies have therefore grossly concentrated on the replacement of 

lost cardiomyocytes with (stem) cells and the use of biomaterials to reduce left ventricular 

remodelling and dilation. Although the use of stem cells is a route worthwhile pursuing, so 

far only modest and temporary beneficial effects have been reported. Cell retention and 

survival of exogenous cells is limited, possibly due to the harsh and disorganized host 

environment. It is therefore hypothesised that the small but consistent improvements in 

cardiac function observed in large-animal studies and human trials [2;21;218;242] are 

merely due to paracrine effects. Biomaterials are explored to further boost cardiac 

regeneration. Current material-based approaches can be categorized by their potential to 1) 

unload the affected myocardium using passive support; 2) to be combined with (stem) cells 

for the creation of engineered cardiac constructs or improved delivery, retention and 
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survival of cells; and 3) to enhance the endogenous regenerative capacity of the heart, e.g. 

by recruiting endogenous (stem) cells.  

Passive cardiac support aims at reducing or even preventing scar dilation and mechanical 

failure using injectable gels or ventricular restraints made from polymer meshes. The effects 

of the local unloading of the tissue may be compared to those occurring during mechanical 

support with cardiac assist devices. Active cardiac support, using engineered cardiac patches 

or cell-populated injectable gels, combines the benefits of mechanical support with the 

delivery of exogenous cells for replacement of lost cardiomyocytes and contractility. Cell-

free bioactive materials, on the other hand, are being developed to guide and control 

endogenous regeneration via the spatiotemporal release or presentation of incorporated 

soluble factors, such as growth factors, cytokines and chemokines [190]. Next to these 

biochemical cues, the material can be tailored with mechanical or topological cues to 

stimulate the recruitment, adhesion, and/or survival of cardiomyogenic or angiogenic cells. 

It is extremely challenging to define and develop a material that can provide the optimal set 

of cues for cell replacement, tissue formation and organization, while at the same time 

controlling inflammation and adverse matrix remodeling. An obvious complicating factor for 

all approaches is the cardiac host environment that changes with disease progression. 

Damaged tissue composition and organization, mechanical properties, and local stresses 

and strains may all affect the interaction with the delivered constructs and the final success 

of the approach taken.  

This review presents the current status of material-based approaches for cardiac 

regeneration and discusses the many challenges that are ahead to make one or several of 

the approaches succeed. As the success of material-based cardiac regeneration will rely on 

integration in the damaged heart, we start with addressing the different stages of post-MI 

myocardial repair. Next, we focus on the use and application of the different material-based 

approaches in light of hurdles, success, and (pre)clinical outcomes. Finally, we discuss the 

use of in vitro engineered cardiac tissue models to test novel material approaches.  

 

 

THE HOST ENVIRONMENT OF THE FAILING HEART 

“The Heart: The engine of life” is a complex organ that propels the blood through our body 

in order to provide oxygen and nutrients. It is composed of a mosaic of muscle and non-

muscle cells embedded in ECM [35]. The muscle cells, or cardiomyocytes, are the unitary 

elements of cardiac muscle and define cardiac function. Cardiomyocytes occupy 

approximately 75% of normal myocardial tissue volume, but only 30-40% of the total cell 

number. The majority of the remaining cells are fibroblasts, endothelial cells, vascular 

smooth muscle cells and pacemaker cells [29].  

Together, cells and ECM proteins are assembled into a well-orchestrated, aligned 3D 

structure that changes its principle orientation with depth of the tissue (figure 1A,C and 2). 

This unique anisotropic architecture of cells and matrix in cardiac tissue enables an orderly 
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sequence of electrical and mechanical activity resulting in efficient pump function of the 

heart [28]. 

To maintain the structural organization and mechanical integrity of cardiac tissue, 

specialized cell-matrix and cell-cell adhesions are present. Cell-matrix interactions are 

mainly established via integrins, which in muscle cells are organized into costameres. These 

transmembrane receptors anchor the intracellular cytoskeleton to the ECM. On the 

intracellular side, a complex of multiple proteins, including talin and desmin, links to the 

actin in sarcomeres. On the extracellular side, the integrins connect to fibronectin and 

laminin, which in turn connect with the collagen fibers present in the ECM. Cell-cell 

interactions in cardiomyocytes are formed end-to-end at the intercalated disc [123]. This 

disc consists primarily of gap junctions for electrical signal passaging. The major proteins 

found in the intercalated disc are connexins (Cx), which are essential for cardiac action 

potential propagation [52].  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Representative images of Masson Trichrome-stained sections of a control mouse heart (A,C) and a 

mouse heart 2 weeks after the induction of a myocardial infarction (B,D) (Scale bar: 1000 µm). Enlarged 

regions (from black squares in A and B) show the area of the border zone of the infarct (D) demonstrating 

striking differences in cardiac tissue composition and organization compared to the control heart (C). Healthy 

cardiac tissue shows aligned and well-organized tissue architecture (C), while the infarcted area shows 

disorganized tissue architecture (D) (Scale bar: 100 µm).  
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Structural remodeling after MI 

After MI-induced cardiac damage, a reparative process to restore the infarcted myocardium 

and to maintain cardiac function is started [222]. Cardiac repair is a highly complex process 

that involves temporarily overlapping phases, including cell death, inflammation, neo-tissue 

formation, and tissue remodeling. Immediately following MI, the cardiomyocytes die (phase 

1), followed by the inflammatory phase or early wound healing stage (phase 2, 0-7 days post 

MI; figure 2B). In phase 2, the pre-existing ECM degrades, accompanied by infiltration of 

inflammatory cells into the infarcted area to initiate the removal of necrotic 

cardiomyocytes. The granulation phase, or early remodeling phase (phase 3, 7-21 days post-

MI; figure 2C), is a critical step in cardiac repair. In this phase, a second inflammatory 

response to further remove necrotic myocardium is initiated by the infiltration of 

lymphocytes and macrophages into the infarcted area. Concomitantly, myofibroblasts, 

endothelial and endogenous cardiac progenitor cells proliferate and migrate into the 

infarcted area [251], where the myofibroblasts deposit a chaotic, disorganized (isotropic) 

network of collagen fibers. The resulting fiber disarray [12;52] disrupts cell-matrix and cell-

cell adhesion and hence the structural and tensional integrity of the cardiac tissue. 

Maturation of this fibrous tissue starts 2-3 weeks after MI (phase 4; figure 2D) and is 

characterized by ongoing adverse ECM remodeling, leading to a cross-linked collagen-rich 

fibrotic scar [251]. Due to the loss of cardiomyocytes and the ongoing biaxial loading of the 

fibrotic region, the isotropic organization is self-maintained and the tissue starts to dilate 

(figure 1B,D), thereby further limiting coordinated contraction and the possibility to restore 

the linearly aligned cardiac microstructure. This ultimately results in altered (chaotic) 

sarcomeric organization [123], severely impaired contractile function [35], and 

destabilization of the vasculature [156]. Apart from disorganization of myocardial tissue, a 

wide range of events, including changes in cell size (hypertrophy) and myofibroblast 

number, alters tissue morphogenesis. Together, these changes are referred to as structural 

cardiac remodeling [224]. At this stage, the stiffness of the scar tissue (~50 kPa) is 

considerably higher than the stiffness of healthy myocardium (~10 kPa) [62], leading to 

inhomogeneous stress distributions in the tissue. In addition, the rigidity of the matrix in the 

scar may further impair sarcomeric organization and functioning. 
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Figure 2: The repair and remodeling of the ventricle after myocardial infarction involves 4 overlapping phases: 

Ischemia/cell death (phase 1), inflammation (phase 2) (B), early (phase 3) (C) and late remodeling (phase 4) 

(D). Each phase is characterized by specific events, involving different cells and several specific inflammatory 

agents. The complex tissue organization changes from an aligned (anisotropic) structure (A) to a disorganized 

(isotropic) scar (B-D).  

 
 
Electrical remodeling after MI 

Next to structural remodeling, electrical remodeling of the affected myocardium contributes 

to ongoing reduction of cardiac function, although it has a different impact during the 

various phases of post-MI repair. While cardiomyocyte death (phase 1) has no direct effect 

on structural remodeling, it greatly influences electrical function due to changes in the 

propagation of electrical signals. The ischemic event during MI has an immediate effect on 

the plasma integrity of cardiomyocytes, thereby increasing the uptake of intracellular Ca2+, 

occasionally causing spontaneous contractions. Next to this, the conductance of gap 

junctions is reduced due to lack of oxygen, impairing the transfer of electrical signals 

between cardiomyocytes [258]. 

In phase 2, when pre-existing ECM degrades and necrotic cells are removed (figure 2B), the 

inflammatory response causes a change of environmental pH that affects electrical 

remodeling. Cellular ion exchange of cardiomyocytes is altered and gap junction channels 

are closed.  Both events inhibit the induction and propagation of pulses between 

cardiomyocytes. pH changes also increase the sensitivity of cardiomyocytes for Ca2+, 

resulting in an intracellular overload of Ca2+. This may lead to spontaneous cellular 

contraction and abnormal conduction or conduction delay. The degradation of ECM further 

affects electrical remodeling, because it reduces the polymerization of various contractile 

and cytoskeletal proteins, which in turn are related to Ca2+ activation [115]. Lateralization 

and focal disorganization of connexin 43 (Cx43) occurs and has a permissive role in the 

development of arrhythmia or slow conduction [120;121]. Activation of mechanosensitive 
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ion channels at this stage increases the sensitivity of cardiomyocytes to mechanical stretch. 

Thus, small amounts of stretch can already evoke membrane depolarization, contributing to 

extra action potentials and consequently extra systoles that may result in fibrillation [108].  

In Phase 3, myofibroblasts migrating into the infarcted area lead to a profound change in 

electrical properties by synthesizing abundant amounts of matrix proteins in a disorganized 

manner. The increased interstitial fibrosis separates myocardial bundles, which impairs cell-

cell coupling and transverse pulse conduction [52]. With increasing fibrosis, the propagation 

perpendicular to the fiber direction becomes asynchronous, because activation has to 

follow a tortuous route due to the electrical barriers imposed by the ECM. This 

phenomenon, combined with the continued and progressive lateralization and reduction of 

Cx43, causes slow conduction and is a source of arrhythmia [52]. Myofibroblast in the scar 

tissue are able to increase their resting membrane potential, causing an increased sensitivity 

to mechanical deformation and hyperpolarization [108]. In addition, these cells can bridge 

electronic currents between non-connecting cardiomyocytes over an extended distance, 

thereby further reducing conduction rates [7]. In the end, when the scar tissue is maturating 

(phase 4), this part of the heart is unable to generate and propagate action potentials 

because of a lack of cardiomyocytes, while propagation of pulses between disrupted areas 

with healthy cardiomyocytes is impossible due to interstitial fibrosis.  

The continuous changes in structural, mechanical, and electrical properties of the post-MI 

cardiac microenvironment deteriorate cardiac function. Current therapies for MI, such as 

the placing of a stent in the blocked coronary artery or pharmacological agents to increase 

oxygen supply, contribute to an increased survival of patients. These therapies, however, do 

not reverse remodeling or restore cardiac function, leading to an increase of patients with 

chronic cardiac dysfunction and eventual heart failure. Cardiac regenerative therapies are 

emerging as a promising alternative to rebuild cardiac structure and function. Several 

approaches, including the use of cells, cellular products, biomaterials, or combinations 

thereof are being explored.  Cell-based therapy, using cells from a variety of sources, 

including embryonic, induced pluripotent or endogenous stem cells, are most widely used, 

but have only temporal and limited beneficial effects. This may be due to the harsh and 

unorganized host environment that limits cell survival and integration as well as the 

restoration of an organized tissue architecture. Material-based therapies may improve 

cardiac regenerative potential by actively or passively supporting the dilating heart, 

protecting endogenous or transplanted cells, or enhancing endogenous repair and structural 

and electrical reorganization. 
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MATERIAL-BASED APPROACHES FOR CARDIAC REGENERATION 

Material-based approaches can be categorized according to the origin of the materials 

(synthetic or natural); their structure and manufacturing (porous, fibrous, dense); their role 

in supporting or regenerating the heart (patches, gels, cell delivery vehicles, cell recruitment 

vehicles); delivery route (injection, epicardial attachment); or the use of single or hybrid 

materials. Hybrid or composite biomaterials synergize the beneficial properties of multiple 

materials into a superior matrix possibly combined with cells or proteins [49;190]. Despite 

these differences, some general requirements apply to all material-based approaches. For 

regeneration purposes, the biomaterial should at least temporarily provide a favorable 

micro-environment in terms of biological, physical, and mechanical interactions, preferably 

resembling the healthy cardiomyocyte environment [31]. To this end, the biomaterial 

should meet quite a number of important criteria. First, the material should be 

biocompatible, and the degradation products should be non-toxic. Second, the material 

should provide appropriate cell-matrix interactions to allow for cell adhesion and preferably 

also proliferation and differentiation [206]. This can be accomplished by functionalizing the 

scaffold with specific (combinations of) peptides. Third, the porosity and structure of the 

biomaterial should allow for cell migration and vascularization [206]. Fourth, the mechanical 

properties of the material should be such that they are strong enough to withstand the 

contractions of the beating heart, but also elastic enough to enable force transmission [31]. 

Finally, the material should not impair cardiac electrical and conductive properties. For 

cardiac restraints or tissue patches, the material needs to be strong enough to handle and 

attach around or onto the cardiac wall. On the other hand, injectable materials should have 

fine-tuned gelation properties and kinetics in order to remain liquid during injection, while 

allowing for rapid gel formation when injected into the host tissue [206]. Especially for 

minimally-invasive catheter based therapy these properties are critical and often difficult to 

obtain. 

Synthetic materials have the advantage of tunability of most parameters, such as porosity, 

mechanical properties, degradation rate and gelation [206]. In addition, batch-to batch 

variability is generally very low and the immune response can be minimized. A major 

disadvantage of synthetic materials is the lack of bioactivity, which is necessary for e.g. cell 

adhesion, proliferation, and migration. Although synthetic materials can be functionalized 

with specific peptide groups to stimulate cell-biomaterial adhesion and interaction, the 

complexity of the natural cell environment is difficult to mimic and also not completely 

known. Most commonly used synthetic materials are based on variations of poly-(L-lactic 

acid) (PLA), poly-caprolactone (PCL), poly-glycolic acid (PGA), polyethylene glycol (PEG), and 

the thermosensitive hydrogel poly N-isopropylacrylamide (pNIPAAm) [31;103;191;206]. In 

contrast to synthetic biomaterials, natural-derived biomaterials possess an unlimited 

availability of cell ligands that may stimulate cell proliferation, migration, and 

differentiation. Moreover, they can be easily recognized by the host-tissue and remodeled 

or degraded into safe degradation products [206]. Disadvantages include high batch-to-

batch variability and limited control of mechanical properties. Natural-derived biomaterials 

for cardiac regeneration include (I) fibrin, a protein involved in the coagulation cascade; (II) 
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collagen, the most abundant ECM protein in the body; (III) Matrigel, a complex mixture of 

ECM proteins derived from a mouse sarcoma line; (IV) alginate and chitosan, 

polysaccharides derived from algae resp. crustacean shells; (V) hyaluronan, a 

glycosaminoglycan abundantly present in the developing heart; and (VI) keratin, derived 

from human hair or animal wool [31;103;191;206]. Recently, the use of decellularized ECM 

has drawn specific interest, since this will resemble the complexity of the host tissue most 

[206;207]. When using decellularized ECM, all cellular antigens are removed, lowering the 

risks for foreign body reaction and inflammation. Furthermore, it is known that ECM 

proteins are well preserved between species, allowing the use of xenogeneic materials. For 

cardiac regeneration, decellularized tissues including urinary bladder, small intestine 

submucosa, pericardium and ventricular tissue have been studied [206]. Next to natural 

materials, also materials inspired by nature have been developed and studied for cardiac 

regeneration [206]. These are based on self-assembling peptides that form nanofibers upon 

gelation. Examples are RAD16-I and RAD16-II [206] and Puramatrix [230]. The following 

sections provide an overview of the use of bare materials for passive cardiac support, the 

use of materials and cells for active cardiac support using tissue engineering approaches, 

and the development of bio-inspired materials to enhance the endogenous cardiac 

regeneration potential. Table 1 summarizes the application and outcomes of the three 

different approaches in (pre) clinical in vivo studies.  

 

Passive cardiac support 

The tissue remodeling processes that occur after MI result in altered tissue properties of the 

infarcted region, the border zone, and the remote ‘healthy’ tissue. As described, tissue 

changes in the infarcted area result in altered mechanical properties and contractile 

behavior, leading to inhomogeneous and increased stresses in the border zone.  This in turn 

causes the activation of several adaptation processes, such as MMP activation, which 

eventually lead to altered tissue properties of the remote tissue and expansion of the infarct 

[231]. Infarct expansion can be counteracted by stabilizing scar dilation and/or forcing the 

heart into its original shape by using bare, cell-free materials, also referred to as passive 

materials for cardiac support. These are classified into ventricular restraints, passive cardiac 

patches, and injectable materials. For comparison of outcomes in terms of cardiac 

remodeling, regeneration and functional output, we also discuss the use of Left Ventricular 

Assist Devices (LVAD) to mechanically support the heart.     

Ventricular restraints 

Ventricular restraints consist of a polymeric mesh wrapped around the ventricles or even 

the whole heart. It has been demonstrated in vitro that mechanical stresses and strains have 

an effect on both the structural and electrical remodeling of cardiac tissue: mechanical 

stress deforms the ECM and hence alters cell-matrix interactions. In addition, mechanical 

stresses have an effect on cell-cell communication as they stimulate the expression of Cx43 

and N-cadherin, which play an important role in cardiac contractility. Changes in 
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composition of the ECM, due to ongoing strain-induced matrix remodeling, may affect 

electrical coupling in cardiomyocytes [200]. Furthermore, stress stimulates growth and 

differentiation of cells due to the release of paracrine factors and improves cell survival, 

engraftment, and adhesion [124]. Thus, cardiac restraints not only function to mechanically 

prevent left ventricular dilation, they also induce favorable remodeling of the tissue. 

Examples of in vivo applied passive support with bare materials are the textile wrap CorCap 

and the elastic nitinol mesh Paracor HeartNet. CorCap has been proven safe in clinical trials 

and showed both functional and clinical benefits including reversed remodeling of the left 

ventricle in both short (23 months) and long term follow up (5 years) [146]. The safety and 

efficacy of the Paracor HeartNet was shown after 6 months follow-up in 51 patients, 

accompanied with functional and clinical benefits for the patients [116]. Both clinical and 

experimental results have led to a multicenter clinical trial to evaluate the HeartNet, which 

includes 300 patients and is currently ongoing [3]. Implantation of these restraints is 

performed in heart failure patients that have received medical therapy for at least 3 

months. This implies that myocardial repair and remodeling is already in phase 4 at time of 

intervention, which may limit the benefits of the constraint. A disadvantage of the use of 

these restraints is the risk of fibrous encapsulation due to the foreign body response. 

Furthermore, surgical access to the heart is limited due to wrapping of the whole ventricle.  

Ventricular patches 

To circumvent these drawbacks, a (biodegradable) regional patch can be applied to the 

surface of the infarcted heart region only. Despite the local support, the application of such 

a patch can still reduce (regional) wall stress and counteract adverse tissue remodeling. 

Fujimoto et al.  [74] studied the effect of placement of a non-degradable expanded 

polytetrafluoroethylene (ePTFE) patch and an elastic and biodegradable (16 weeks) 

polyester urethane (PEUU) patch in mice, two weeks after inducing MI. They reported 

improved cardiac function after 8 weeks of both patches. Furthermore, in the PEUU patch, 

the remnant material was infiltrated with macrophages and fibroblasts, and underneath the 

patch muscle-like tissue was observed. Next to this, an increase in vessel number in the 

infarcted area was observed. These differential results may partly be explained by the 

biodegradability of the PEUU material. However, the ePTFE patches also had a higher 

stiffness and a lower porosity that could have affected myocardial wall stress and cell 

infiltration. Although polymeric cardiac patches are able to reduce wall stress and improve 

cardiac function after MI, the approach is still highly invasive and support is only applied to 

the epicardial surface of the heart. 

Injectable materials 

The use of injectable materials, specifically hydrogels, may overcome the limitations of 

polymeric cardiac restraints or patches. The major advantage of injectable materials is the 

ability to apply them minimally invasive, offering treatment in many patients. However, this 

also means that many biomaterials are not suitable for this approach, or need 

modifications. 
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Since, according to Laplace’s law, myocardial stress is directly related to pressure, radius of 

curvature and the thickness of the myocardial wall, the injection of hydrogels should 

theoretically result in reduced wall stress due to thickening of the myocardial wall [231]. 

Furthermore, the mechanical properties of the hydrogel itself will also contribute to the 

overall mechanical properties of the injected tissue, resulting in changed stress distributions 

in the injected host tissue [231;252]. Synthetic materials based on PEG and pNIPAAm have 

been tested as injectable material in small animal models [103;181]. Hydrogels were 

injected either directly or 1-2 weeks after induction of MI. In general both PEG and 

PNIPAAm hydrogels injections resulted in improved cardiac function, increased scar 

thickness, and decreased infarct size. However, it has also been shown that injection of PEG 

alone did result in increased wall thickness, but had no effect on cardiac function [181]. 

More importantly, treatment with a synthetic bare biomaterial has so far not demonstrated 

to stimulate neovascularization [103;181].  

As alginate is bio-inert, it forms an interesting biologically derived injectable material 

[103;181]. Most studies have investigated the effect of alginate injections shortly after MI (4 

days to 1 week) in rat, mouse and swine models, and reported an increase in cardiac 

function and improvement of scar thickness. One study reported an increase in arteriole 

density [265] after early alginate injections. Landa et al. investigated the effect of alginate 

injections also in old infarcts in rat (2 months after induction of MI) [127]. They reported an 

increase in scar thickness and improved cardiac function, although the effects were less 

compared to injections 7 days after MI. The positive effects of alginate injections reported in 

animal models have led to the first acellular injectable biomaterial for MI treatment to enter 

clinical trials. The safety and efficacy of alginate injections have been demonstrated in a 

pilot study treating 27 patients [103]. A phase two clinical trial with 300 patients is ongoing.  

Although injections of bare hydrogels have proven to increase wall thickness and improve 

cardiac function, they have so far not demonstrated the ability to induce a biological 

response resulting in cellular infiltration or neovasculature formation. This suggests that 

passive material support alone is insufficient to regenerate infarcted heart tissue and that 

introducing a cellular or biological component into the material is crucial. 

Cardiac assist devices 

A different approach to reduce wall stress and offering mechanical support to the post-MI 

failing heart is the use of cardiac assist devices. In selected patients with end-stage (phase 4) 

heart failure, Left Ventricular Assist Devices (LVADs) are implanted as bridge to 

transplantation to unload the failing heart and to provide an artificial pump to propel blood 

through the body. Recent data, however, suggest that LVADs are not just a bridge to 

transplantation, but may also provide a bridge to recovery [25;97;117;145;215;223]. Studies 

in patients and animal models have demonstrated that LVAD-support can induce 

improvements to the structure and electrical and mechanical function of the heart 

[25;97;117;145;215;223]. In general, all studies report a positive effect of LVAD-support on 

cardiac structure, including the regression of cardiomyocyte hypertrophy leading to the 

reduction of LV mass, wall thickness, and whole heart dimensions. While this may be due to 
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the drastically reduced loads on the myocardium and concomitant atrophy, LVAD-support 

has also shown to reduce fibrosis due to a reduction in collagen content and crosslinks and 

changes in the levels and activity of MMPs and their inhibitors (TIMPs) 

[25;97;117;145;215;223]. The matrix changes may favor cardiac contractile function and 

induce realignment of the cells and matrix in the unloaded, resting heart. In addition, the 

immune system and the production of biological factors, such as chemokines, cytokines and 

growth factors that play a major role in the progression and regression of heart failure, are 

affected by LVAD-support. Recent studies report a decrease in the expression of 

neurohormones, cytokines and reduced activation of the immune system, which repress the 

development of heart failure [97;145;215;223]. Next to this, LVAD-support has 

demonstrated to affect the gene expression of key Ca2+ cycling proteins, which generate the 

contractile force of the cardiomyocytes [215]. Major classes of proteins determining 

cardiomyocyte function include sarcomeric, cytoskeletal, and membrane-bound proteins. 

LVAD treatment has shown to normalize or even improve the levels of these proteins and 

hence to improve cardiac function [97;215]. A striking effect of the drastic stress reduction 

by LVADs in the failing heart is the potential to assists the endogenous regeneration of the 

failing hearts by increasing cell proliferation, inhibiting cell death, and improving stem cell 

recruitment [124].  

 

Altogether, LVAD studies show that enhanced passive mechanical support to unload the 

failing heart can, at least partly, restore cardiac function. This restoration, of what was 

believed to be an irreversible state, demonstrates the plasticity of the myocardium. By 

combining LVADs with adjuvant therapy, as described later, myocardial recovery may be 

further improved. More interestingly, improvement of passive material approaches to 

unload the myocardium may lead to comparable regenerative potential at reduced costs 

and with less invasive techniques. 

 
Active cardiac support  

The combination of (stem) cells and a biomaterial can provide additive value to material 

approaches as well as cardiac stem cell therapy. The biomaterial provides a (temporal) 

adhesion side for the cells, which may improve cell retention, survival and integration in the 

host tissue [206;233]. Moreover, the biomaterial itself will support the infarcted myocardial 

tissue and contribute to the functioning of the heart. At this time two different approaches 

for active material-based cardiac support are employed: 1) the use of in vitro tissue 

engineered cardiac patches or constructs; and 2) the combination of cells and injectable 

materials, also referred to as injectable tissue engineering [39;181]. Obviously, in both 

approaches the cell source plays an important role. 

The cells 

The main cell types in the myocardium are the cardiomyocytes (CMs) and cardiac fibroblasts 

(cFBs). However, cardiac tissue is also highly vascularized, requiring endothelial cells (ECs) 
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and smooth muscle cells (SMCs) [252]. Ideally, these cell types are generated from one type 

of donor cell, which makes stem cells an attractive source for cardiac tissue engineering. 

Currently, bone marrow derived stem cells (BMSCs) are widely used. These include 

mesenchymal stem cells (MSCs), hematopoetic stem cells (HSCs), and endothelial progenitor 

cells (EPCs) [252;262]. Advantages of BMSCs include their ease of harvest and processing, 

the fact that they can be used autologously, and their suggested potential to differentiate 

into myocardial and vascular cells [252]. Next to BMSCs, adipose stem cells (ASCs) form an 

attractive source of adult stem cells. Up to now the cardiac regenerative capacity of both 

BMSCs and ASCs is debated, resulting in the search for alternative (stem) cell sources 

[252;254;262]. Embryonic stem cells (ESCs) may present the perfect choice, as they are 

pluripotent and able to differentiate into all cell types of the human body, including 

cardiomyocytes [254;262]. However, they cannot be derived autologously, causing a risk of 

immune rejection. They also bear the risk of teratoma formation and their use poses critical 

ethical concerns because they are derived from embryos. 

Recently, a new and promising alternative for embryonic stem cells has been discovered. 

Adult cells, such as fibroblasts, can be reprogrammed to the pluripotent embryonic stem cell 

stage by the introduction of a set of transcription factors associated with pluripotency 

[194;254;262]. This Noble-prize winning discovery of so-called induced pluripotent stem 

cells (iPS cells) opens new ways for cardiac regeneration. iPS cells have comparable 

properties of ESCs, but can be used from an autologous source, which excludes the risks for 

immune reactions and allows for the creation of patient specific cell lines. The next couple 

of years it will become clear if and how these cells are suited for clinical use.  

Next to these general stem cells, it has become evident that the heart itself harbors a 

population of tissue specific stem cells, the resident cardiac stem cells (CSCs) [186;247;248]. 

These cells already express some early cardiac specific markers, and are able to differentiate 

into cardiomyocytes and vascular cells [85;186;248]. However, harvesting of these cells from 

biopsies or left-over material from cardiac surgery is much more complex. Next to stem 

cells, skeletal myoblasts have been studied extensively for their use in cardiac regeneration 

[252;254;262]. Due to the high risk of arrhythmias their applicability is however severely 

debated.  

Overall, we can conclude that to date no ideal cell source for cardiac regeneration has been 

established yet, but the iPS cells and CSCs are promising candidates. When designing 

materials for active cardiac support and regeneration, cell-material interactions for these 

specific cell sources should be optimized.  

Engineered cardiac tissues: cell-seeded scaffolds and gels 

Traditionally, cardiac tissue engineering relies on the in vitro generation of structural and 

functional tissues to replace the damaged native host tissue. The engineered tissues are 

made from living cells, a porous biomaterial scaffold, and soluble factors (e.g. growth 

factors), using a bioreactor culture protocol [138]. The scaffold, together with the soluble 

factors and culture protocol, provide for a temporal micro-environment for the cells in 

terms of biological, physical and mechanical interactions. The porous scaffold allows cells to 
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exchange nutrients and waste products but also enhances cell penetration and tissue 

vascularization. Cardiac tissue constructs are designed for replacement therapy of the 

diseased myocardium by placing them in the cardiac wall. These constructs, however, are 

not applicable via a minimally invasive route and are therefore usually attached (as a patch) 

to the epicardial surface of the heart to provide ‘active’ cardiac support. Alternatively, the in 

vitro engineered constructs are used as model systems as is described later.  

Engineered cardiac patches can be manipulated or conditioned in vitro, which may enhance 

the outcomes of the therapy. As the patches are applied on the epicardial surface they may 

stimulate only local tissue regeneration, or only form new tissue onto the scar, limiting the 

functional integration of the patch into the host tissue. Cell-populated injectable hydrogels 

do not have this limitation but are difficult to culture and condition prior to injection. Both 

cardiac patches [34;74;130] as well as cell-populated gels [103;144;161;230] have been 

studied in small animals, mainly shortly after induction of MI. This implies that the effect of 

biomaterials and (stem) cell combinations on cardiac regeneration is mainly studied during 

the 2nd and 3rd phase of healing.  In general, all studies report a positive effect on cardiac 

function and infarct size. In addition, decreased cardiomyocyte apoptosis, cardiomyocyte 

transdifferentation, neovasculature formation, and secretion of paracrine factors by the 

delivered cells have been demonstrated. Recently, new tissue construction techniques have 

been explored to create patches with a specific topology to enhance the organization and 

function of the engineered tissue. For example, Laser Induced Forward Transfer cell printing 

has been used to seed endothelial cells (ECs) and MSCs in defined patterns on a PEUU patch 

to enhance angiogenesis [77]. Liau et al. [137] applied a soft lithography technique to 

fabricate aligned, anisotropic PDMS patches seeded with ESCs-derived cardiomyocytes and 

cardiovascular progenitors, to induce cardiomyocyte alignment, and electromechanical 

coupling. 

Cardiac patches can also be created without a biomaterial scaffold by using cell sheet 

engineering, or cell suspension culture using orbital shakers [75;76;148;219]. These cell 

sheets or cell patches have the advantage over biomaterial-based approaches that they do 

not suffer from negative biodegradation reactions such as inflammatory responses or 

fibrosis. Moreover, cell-cell interactions are easy to make, whereas this may be limited in 

biomaterial approaches due to ECM deposition. However, the functionality of cell sheets 

and patches for cardiac regeneration relies on the generation of functional cardiomyocytes 

or their products. Up to now only ESCs or iPS-derived cardiomyocytes can be cultured in 

sufficient amounts to create large enough cell sheets, which hampers clinical application. 

Cardiac assist devices and cells 

Similar to combining material support with stem cells, the combination of cardiac support 

with LVAD and (stem) cell therapy shows a synergistic role in the recovery and regeneration 

of the failing heart since they have shared mechanistic actions [97]. Both cell and LVAD 

therapy are able to influence cellular function and number while LVAD therapy may 

enhance the efficacy of cell therapy by promoting favorable conditions for engraftment of 

cells [97]. The shared mechanisms to modulate biological factors have an enhanced 
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beneficial effect on myocardial function [97]. LVAD therapy may therefore act as a platform 

for cell therapy. LVAD-support improves the micro-environment for exogenous cells in the 

failing heart and thereby contributes to cardiac regeneration [97;227]. Current experience 

with combined LVAD and cell therapy in clinical trials, show that this combination is safe and 

feasible and although evidence is limited, structural findings suggest that engraftment, 

survival and differentiation of cells in scar tissue is improved [97].  

 

Overall, the concept of active biomaterial support has a positive effect on cell retention and 

survival, tissue regeneration, infarct size, and cardiac function after MI in animal studies. 

However, unequivocal data from large animal studies and translation to clinical settings is 

still missing. Furthermore, results from different approaches are difficult to compare due to 

variation in study set-ups, such as time of intervention after MI, follow-up time, and read-

out parameters. This limits the choice of an optimal therapy or even optimization of 

therapy.  

 

Materials for endogenous repair 

The positive effects reported for the use of stem cells in cardiac regeneration therapy are 

now mainly ascribed to paracrine signaling [163]. In addition, the introduction of cell-

populated biomaterials to the diseased cardiac tissue has shown to induce a biological 

response that causes a cascade of reactions, such as the release of growth factors and 

cytokines, ECM remodeling by MMPs, and the recruitment of endogenous (stem) cells, 

resulting in tissue repair [103]. These observations have led to the idea that the efficiency of 

material-based cardiac regeneration can be increased by introducing factors that activate 

these processes. Novel material-based engineering strategies therefore concentrate on the 

induction of endogenous regeneration processes, e.g. through the in vivo recruitment of 

endogenous (stem) cells, by using ‘smart’ biomaterials functionalized with bioactive factors. 

Many problems related to (stem) cell isolation, handling, survival, and tissue integration 

may be circumvented using this approach. Factors to stimulate neo-vascularization, to 

decrease apoptosis, or to recruit endogenous stem cells have been used in combination 

with different biomaterials and delivery methods [231]. It remains to be elucidated, 

however, if the types and amount of cells that can be recruited in this manner will be 

sufficient to fully regenerate infarcted regions of the myocardium.  

To promote neo-vascularization, pro-angiogenic factors, such as fibroblast growth factor 

(FGF), vascular endothelial growth factor (VEGF), and platelet derived growth factor (PDGF), 

have been encapsulated in gelatin microspheres, chitosan hydrogels, alginate, or PEG-based 

hydrogels [231]. Application of those materials resulted in increased blood vessel formation 

and improved cardiac function in rat and swine models for MI. Apoptosis has been reduced 

using insulin-like growth factor-1 (IGF-1), hepatocyte growth factor (HGF), PDGF, or heat 

shock protein 27 (HSP27) loaded alginate hydrogels, self-assembled oligopeptides, or PLGA 

microspheres, resulting in reduced cardiomyocyte apoptosis, decreased fibrotic area size 

and increased cardiac function in animal models [231]. Recruitment of endogenous stem 
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cells has been induced by stromal derived factor-1 alpha (SDF-1α) loaded self-assembled 

oligopeptides, resulting in an increase in progenitor cells and endothelial cells in the 

infarcted area, neovascularization and improved cardiac function in rats [231].  

Next to specific factors, natural biomaterials have been used to induce an endogenous 

repair process. Examples are fibrin, collagen, hyaluronic acid and Matrigel, resulting in 

increased cardiac function, increased vascularization and stem cell recruitment 

[33;40;79;165;263]. Ideally, the applied material for cardiac repair should mimic the native 

cardiac ECM, therefore decellularized injectable ECM derived from endogenous pericardium 

and myocardium are explored [198;206;207]. The first in vivo studies have shown safety and 

feasibility of the technique and resulted in preserved cardiac function and an increase in the 

amount of endogenous cardiomyocytes 4 weeks after injection in a rat MI model [208]. 

Stimulation of the endogenous repair process seems to be a promising step in material-

based cardiac repair. However, the numerous combinations of biomaterials with bioactive 

factors as well as topological and biophysical cues require novel screening technologies to 

test their effect on cell recruitment and tissue regeneration. Cardiac tissue models, 

particularly when applied in a high-throughput setting, can be a useful tool to screen 

different (combinations of) factors, materials and cells in a controlled and systematic 

manner, without the need for extensive animal studies.  

 

 

ENGINEERED CARDIAC TISSUE MODELS 

In vitro engineered cardiac tissues (ECTs) provide excellent models for studying normal and 

diseased cardiac development and physiology. Their use enables researchers to focus on the 

processes that occur after MI in real time and at the molecular, cellular and tissue level. The 

models can be cultured under highly controlled conditions and can give important insights 

into the responses of cells and ECM on isolated biochemical and biophysical stimuli. In light 

of cardiac regeneration therapy, ECTs can be employed to monitor the survival and 

differentiation of delivered (stem) cells and materials; and the consequent evolution of 

tissue properties under well-controlled conditions [253]. As such, they are extremely useful 

in speeding up the design and development of new cell-based or material-based 

regenerative therapies and interventions for the heart. 

Over the past years, several groups have optimized cardiac tissue engineering methods with 

the goal to regenerate damaged tissue [267] or to develop models of the myocardium ‘in a 

dish’ [6;89;93]. Different approaches are used to create ECTs in vitro. For instance, 

spontaneous self-assembly of cardiomyocytes and non-myocytes is used to generate 

scaffold-free ECTs [113], which may present the most natural mimics of myocardium. Other 

approaches to generate ECTs include the seeding of cardiac cells in hydrogels [18;266] or 

scaffolds [166]. Developments are advancing progressively and tissues now show in vivo like 

cell composition and electrophysiological properties, although they generally lack the right 

organization [56]. Topological cues and mechanical loading protocols are used to improve 

and control the architecture of the ECTs [164;235], while electrical stimulation is applied to 
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enhance the maturation and contractile behavior of the cells [180]. Depending on ECT 

design, functional properties such as action potentials, calcium fluxes, twitch forces and 

frequencies can be measured in vitro. Moreover, scaling down the size of ECTs, i.e. to create 

micro-tissues, and combining these with micro fabrication technology, provides a way to 

study multiple parameters in a high throughput fashion [24].  

In vitro models of post-MI regeneration are now being used to study the effect of injected 

cells or cell-populated hydrogels on ‘host’ tissue function [55;214;238]. Consistent with in 

vivo studies [209;239], injection of neonatal mouse cardiomyocytes into neonatal rat ECTs 

improved or maintained the electrical function of the tissue, whereas injection of mouse 

cardiac fibroblasts (FBs) decreased the beating frequency of the engineered ‘host’ tissue. 

Contrary to what would be expected, injection of embryonic stem cell (ESC)-derived 

cardiomyocytes induced no change in beating properties of ECTs [214]. In fact, injection of 

these cells into neonatal rat-derived ECTs showed a decrease in the average conduction 

velocity 8 days after injection and absence of gap junctions between injected cells and tissue 

cells confirmed a lack of integration in the ‘host’ tissue [55]. These results show the 

usefulness of ECTs to study cell injection and integration. It should be noted, however, that 

ECTs currently used as host tissue for cell injection lack the hostile characteristics of the scar 

tissue that are present in vivo after MI. In vitro models of inflammatory, late remodeling, or 

scar tissues that can mimic this condition have not been reported yet, but would provide 

insight in the treatment possibilities during the different stages of post-MI remodeling.  

Most ECTs employed so far are created from animal derived cells. Only in 2007 the first 

human ECTs were generated from human ESC-derived cardiomyocytes [30]. Recent 

improvements in the differentiation protocols of stem cells to achieve more mature 

cardiomyocytes resulted in the development of additional human ECTs [193;235]. Although 

these ECTs still do not contain fully matured ESC-derived cardiomyocytes, they have been 

successfully used as pharmacological test beds to screen pro-arrhythmic compounds [109]. 

In addition, the human ECTs develop a microvascular network filled with host erythrocytes 1 

week after engraftment onto rat myocardium [235]. These results show the potential of the 

human constructs as cell-seeded patch for regeneration, as well as for development of 

humanized in vitro models. Tulloch et al. [235] recently succeeded in creating ECTs from 

human iPS-derived cardiomyocytes that resemble the structure of ECTs from ESC-derived 

cardiomyocytes. Using iPS cells, patient specific 3D engineered cardiac disease models can 

be made, including the patient’s genetic background [13], that are mechanically and 

physiologically more relevant than cell models because they can include a (fibrotic) ECM 

environment. In combination with high-throughput technologies for (electric, mechanical or 

pharmacological) tissue manipulation, cell marker assessment, and tissue screening, these 

humanized disease models open tremendous ways to screen and compare novel therapies 

for cardiac regeneration at different stages of remodeling after MI. 
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FUTURE PERSPECTIVES AND CHALLENGES  

Overall, material-based approaches for cardiac regenerative therapy focus on the 

preservation of cardiac function and renewal of lost cardiomyocytes and restoration of 

vascular density. The initial rationale behind the application of material-based therapies was 

to increase the regenerative effect seen in stem cell therapies for the heart. However, 

whether the material-based approaches are indeed better compared to stem cell therapy is 

not clear yet. Although the various approaches for cardiac regeneration are difficult to 

compare due to differences in e.g. animal model, time of intervention, and end-point and 

read out parameters, the benefits of material-based approaches still seem fairly modest and 

mostly temporary (Table 1). The numerous different (combinations of) materials, cells and 

soluble factors that can be applied make comparisons and possible routes for optimization 

even more difficult. As a consequence, translation of the outcomes to a clinical setting is 

complex and most material-based approaches have not yet entered the stage of clinical 

trialing. We believe that, similar to the cell-based therapies, in vivo results may be limited 

due to the unknown consequences of the diseased host environment on therapy outcome. 

For instance, the effect of the disturbed ECM organization and cellular micro-environment 

at later stage post-MI remodeling may influence the therapy and should be counteracted by 

the material.  

The requirement of tissue architecture reconstruction further depends on the stage of 

remodeling. While in most animal studies on material-based therapies the material is 

delivered immediately after MI induction, when tissue architecture is almost intact, only few 

studies have focused on material-based intervention during early remodeling (phase 2 and 

3). Intervention studies during the late remodeling phase (phase 4) are still missing. In 

addition, most studies describe only short-term follow-up, while long-term studies report 

inconsistent outcomes. In patients, however, intervention and material delivery (e.g. 

hydrogel injection) shortly after an MI is often not possible, because of late diagnosis or risk 

of rupture of the ventricular wall. More importantly, long-term follow-up is crucial to 

evaluate the potential of new therapies to truly regenerate the tissue, including reversal of 

adverse cardiac remodeling. Testing the effectiveness of material-based therapies at 

different times of intervention, i.e. during different stages of post-MI remodeling, is 

therefore an essential step in the development of new approaches for cardiac regeneration. 

The ability to reverse scar formation and ventricular dilation at late stage remodeling is 

especially useful for treatment of patients that received no (effective) previous treatment. 

Despite our increased understanding of how biomaterials can contribute to cardiac 

regeneration in an instructive and safe way, the optimal design parameters, including 

degradation rate and profile, route of delivery, mechanical properties, and various possible 

bioactivities, largely remain to be elucidated. In addition, the application of existing and 

newly developed substrates requires extensive testing while taking into account the 

physiological environment of the heart. The use of computational models can be used to 

calculate, understand and predict cardiac tissue remodeling in response to delivered 

material and material properties, such as degradation rate and substrate elasticity, whereas 

3D engineered in vitro models can be used to test tissue responses to various delivered 
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materials in a fast and controlled manner. Together, these approaches can truly accelerate 

the optimization of materials. An additional advantage is that they have the potential to 

reduce and refine the required animal experiments needed for clinical translation.  

In order to make material-based cardiac regenerative therapy succeed, smart biomaterials 

are required that simultaneously provide the complex biological and topological signals for 

regeneration and the mechanical support for the heart. These materials should also respond 

to the host tissue and stage of cardiac remodeling, e.g. by changing their degradation rate 

and material properties in response to ECM synthesis and remodeling. They are composed 

of cells or small molecules embedded in a transient network of structural polymers to 

attract endogenous cells and to guide neo-tissue formation. The future material for cardiac 

regeneration should be reproducible and deliverable during a fast, minimally invasive 

procedure to be attractive as ‘injectable’ clinical therapy, either as a single intervention, a 

repeated intervention, or in combination with e.g. LVAD therapy. To this end, biomedical 

engineers, (stem cell) biologists, material scientists, and clinicians should join forces. Only by 

combining their multidisciplinary efforts can we bring material-based cardiac regeneration 

to the next level.  
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ABSTRACT 

Cell-based therapy has emerged as a treatment modality for myocardial repair. Especially 

cardiac resident stem cells are considered a potential cell source since they are able to 

differentiate into cardiomyocytes and have shown to improve heart function after injury in a 

preclinical model for myocardial infarction. To avoid or repair myocardial damage it is 

important not only to replace the lost cardiomyocytes, but also to remodel and replace the 

scar tissue by "healthy" extracellular matrix (ECM). Interestingly, the role of cardiac stem 

cells in this facet of cardiac repair is largely unknown. Therefore, we investigated the 

expression and production of ECM proteins, matrix metalloproteinases (MMPs) and their 

inhibitors (TIMPs) in human cardiomyocyte progenitor cells (CMPCs) undergoing 

differentiation towards the cardiomyogenic lineage in both 2D monolayers and 3D tissue 

models. Our data suggest that CMPCs have the capacity to synthesize and modulate their 

own matrix environment, especially during differentiation towards the cardiomyogenic 

lineage. While in 2D undifferentiated CMPCs expressed collagen I, III, IV and fibronectin, but 

no elastin, during the process of differentiation the expression of collagen I, III, IV and 

fibronectin increased and interestingly also elastin expression was induced. Furthermore, 

undifferentiated CMPCs in 2D express MMP-1 -2 and -9 and upon differentiation the 

expression of MMP-1 decreased, while the expression of MMP-2 and MMP-9, although the 

latter only in the early stage of differentiation, increased. Additionally, the expression of 

TIMP-1, -2 and -4 was induced during differentiation. We confirmed our 2D data in 3D tissue 

culture studies on gene expression of ECM proteins and modulators. This study provides 

new insights into the matrix production and remodeling capacity of human CMPCs, with 

potential beneficial effects for the treatment of cardiac injury. 
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INTRODUCTION 

Cardiovascular disease is the number one cause of death worldwide. In the United States 

alone, every 25 seconds someone suffers from a coronary event, often resulting in 

myocardial infarction (MI), with one person dying every single minute [184]. MI results in 

reduced contractile force of the myocardium due to death of cardiomyocytes followed by 

adverse remodeling of the tissue towards scar tissue, frequently leading to fatal dilation of 

the heart with time. This remodeling is caused by a ceaseless imbalance in dynamic 

synthesis and breakdown of extracellular matrix (ECM) proteins in the myocardium, leading 

to major changes in ECM composition and organization[139].  

Transplantation of several types of stem cells has been proposed as a potential treatment 

for restoring cardiac function after a MI. However, despite the numerous animal and patient 

studies that have been performed, in vivo effects of stem cell treatment on cardiac 

regeneration are still debated [157;170;211]. Moreover, animal experiments have shown 

that these non-cardiac derived cells are not retained in the heart for more than a couple of 

weeks following transplantation [94]. Therefore, despite earlier claims, it is unlikely that 

non-cardiac cells are able to replenish the heart with new contractile cardiomyocytes 

[170;211]. Recently, it has been demonstrated that the heart harbors cardiac progenitor 

cells (CMPCs) [151;213;247;249]. These CMPCs have been shown to be able to differentiate 

into mature cardiomyocytes in vitro [151;213;247;249], whereas in vivo studies have 

demonstrated that injecting these CMPCs in a MI mouse model improves cardiac function 

induced by paracrine effects [212]. Additionally, these cells are able to survive the hostile 

environment of the infarcted scar tissue and even show signs of differentiation towards 

cardiomyocytes which results in further functional improvement of the cardiac muscle 

effects [212].  

To repair the infarcted area not only new cardiomyocytes need to be formed, but also the 

scar tissue needs to be remodeled. The cardiac ECM, which forms the supporting network 

for the cells in the myocardium, is composed of organized fibrous protein structures - 

predominantly collagens, fibronectin, elastin - and basement membrane components like 

laminin, fibrillin and collagen type IV [156]. Cardiac fibroblasts synthesize the fibrillar 

collagens type I and III, representing respectively 80% and 11% of the total collagen content 

of the heart. In contrast, collagen type IV in the heart is produced by cardiomyocytes [29]. 

Collagens provide the tissue with passive load-bearing properties to withstand the high and 

continuously repeating mechanical loads during each contraction cycle. Elastin, the other 

important fibrillar protein of the cardiac ECM, is responsible for recoil and protects the 

myocardium from gradual dilation [153]. Although the exact contribution of elastin to the 

myocardial mechanical behavior is unclear, it is known that after MI the tissue has 

diminished elastic properties, contributing to the thinning and expansion of the infarcted 

area. For this reason, it has been suggested that increased elastin content may be beneficial 

for the healing of MI [153]. 

The cardiac ECM not only forms a supporting network, it also translates single 

cardiomyocyte contractility into a ventricular syncytium as it maintains the alignment of 

cardiomyocytes and aids in the conduction of electrical activity over the myocardium. The 
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structural and mechanical coupling between the ECM and cardiomyocytes is provided by 

transmembrane integrins, such as integrins and dystrogan complexes that connect the 

cardiac ECM to the contractile cytoskeleton of the cardiomyocytes [156;187].  

During development and throughout life, the cardiac ECM remodels to enable growth and 

adaptation of the cardiac tissue. Remodeling of the cardiac ECM is a delicate balance 

between matrix production and breakdown. However, after a MI this balance is disturbed 

and a four phase wound healing process takes place [19]. The first phase, between 6 hr and 

2 days after MI, is characterized by death of cardiomyocytes. This is directly followed by an 

acute inflammatory response (phase 2,12-48 hr after MI). In this phase, the collagen present 

in the myocardium is degraded and cross-links are reduced [156], which is accompanied by 

an elevated expression of matrix metalloproteinases (MMP) -1, -2, -3 and -9 and -13, 

allowing for inflammatory cell infiltration [251;256]. Two to three days after MI, granulation 

tissue is formed and blood supply is restored (phase 3). In this phase myofibroblasts 

infiltrate the infarcted region and synthesize ECM proteins, starting with fibrin and 

fibronectin. Subsequently, collagen III is produced in elevated amounts, followed by the 

production of collagen I. MMPs are further upregulated and expression of MMP-8 is 

observed together with expression of tissue inhibitors of metalloproteinases (TIMP)-1, and -

2 [19;251]. Maturation of the scar (phase 4) starts 2-3 weeks after MI and is characterized 

by ongoing adverse ECM remodeling and MMP-9 and TIMP-1, -2 and -4 are downregulated 

while the increase in MMP-2 expression is sustained [251]. Although cell numbers are 

decreased, myofibroblasts are persistently present in the scar, even many years after MI 

[19]. Thus, during cardiac scar remodeling an extensive ECM degradation and turnover can 

be observed [132;216]. 

Although cardiac stem cells are suggested to beneficially interfere with this remodeling 

process via a paracrine effect, their contribution to remodeling of the infarcted cardiac 

environment is not yet known. Therefore, the objective of the present study was to 

investigate whether CMPCs produce extracellular matrix and matrix remodeling proteins 

and whether this production differs between undifferentiated and differentiated cells. For 

this purpose, the expression, production and activity of ECM proteins, MMPs and TIMPS 

were compared in undifferentiated CMPCs and CMPCs at different time points of the 

cardiomyogenic differentiation process in two-dimensional (2D) cell culture studies. 

Additionally, we investigated the gene expression of ECM proteins and modulators in 

CMPCs embedded in unconstrained and constrained 3D tissue culture models. We 

demonstrate that undifferentiated L9TB CMPCs, an immortalized CMPC cell line, express 

ECM proteins collagen I, III and IV and fibronectin at a low level and do not express elastin. 

During differentiation the expression of collagen I, III, IV and fibronectin increased and, 

interestingly, elastin expression was induced. The undifferentiated CMPCs also expressed 

MMPs and TIMPs. During differentiation MMP-2 and MMP-9 expression were upregulated 

while gene expression of MMP-1 expression was downregulated. The expression of TIMP-2 

and -4 was induced during differentiation. 3D tissue culture of CMPCs resulted in an 

increased expression of collagen III, fibronectin, MMP-2, and TIMP-1, but a decreased 

expression of collagen I compared to 2D culture. Expression of MMP-1 and TIMP-2 was 
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comparable in 2D and 3D culture. Similar to 2D, differentiation of CMPCs in 3D tissue 

models induced the expression of elastin, upregulated the expression of collagen III, and 

downregulated the expression of MMP-1. These data suggest that L9TB CMPCs are able to 

modulate their own environment when undifferentiated and that differentiation increases 

matrix production and changes the matrix remodeling capacity of the cells.  

 
 

MATERIALS AND METHODS 

Culture of cardiomyocyte progenitor cells 

CMPCs were isolated and cultured as described previously [85;213]. CMPCs were 

immortalized by lentiviral transduction of hTert and BMI-1. The immortalized CMPC cell line 

(L9TB) was cultured in SP++ growth medium consisting of M199 (Gibco)/EGM2 (3:1) 

supplemented with 10% fetal bovine serum (FBS) (Greiner bio-one), 1% non-essential amino 

acids (Gibco), and 1% penicillin/streptomycin (Lonza) on 0.1% gelatin (Sigma)/PBS (Sigma) 

coated flasks. For all experimental analysis, CMPCs were seeded on 0.1% gelatin/PBS coated 

cover glasses pretreated and sterilized with 10% acetic acid (Sigma) and 70% ethanol, 

respectively.  

 
2D differentiation of CMPCs  

To induce differentiation, CMPCs were treated with 5 µM 5-azacytidine (Sigma) for 72 hr in 

differentiation medium consisting of IMDM (Iscove’s Modified Dulbecco’s Medium)/Ham-

F12 (1:1) (Gibco) supplemented with 2% horse serum, 10-4 M ascorbic acid (VitC) (Sigma), 

1% non-essential amino acids, 1% insulin-transferrin-selenium (Lonza), and 1% 

penicillin/streptomycin. After 72 hr, the medium was changed followed by transforming 

growth factor (TGF)-β1 stimulation (1ng/ml; Sigma) (IFDIFF media). The medium was 

changed every 3 days with TGF-β1 [213]. Samples for RNA analysis, confocal and 

fluorescence microscopy or zymography were taken at day 0, week 1, 2, 3 and 4. Cell culture 

and differentiation of CMPCs were performed in three independent experiments. 

 

3D tissue culture of CMPCs 

For 3D culture, CMPCs were encapsulated in collagen/Matrigel hydrogels, composed of 50% 

rat tail collagen type I (3.2 mg/mL, BD Biosciences), 8.3% growth factor reduced MatrigelTM 

(BD Bioscience), 2.7% NaOH (0.5M, Sigma-Aldrich) and 39% SP++ growth medium. To induce 

static strain, cell-hydrogel constructs were casted in and between two house-shaped Velcro 

attachment points (5x5mm, 12mm interspace) in non-adhesive 6-well tissue culture plates 

as previously described [80;128;240;241]. These constructs are further referred to as 

constrained constructs. One construct consisted of 400 µL collagen/Matrigel hydrogel 

solution and contained 800,000 cells. Unconstrained constructs were casted as droplets in 
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non-adhesive 6-well plates. Constructs were allowed to polymerize for 1 h at 370C, after 

which growth medium was carefully added to the plates. It was ensured that the constructs 

did not attach to the culture plates. Constructs were cultured for 9 days; growth medium 

was replaced twice a week. To induce cardiomyogenic differentiation, half of the constructs 

was subjected to the differentiation protocol as used for 2D monolayer culture, after 1 day 

of culture, as described above. Constructs were sacrificed at day 1 and day 9, and CMPCS 

were analyzed for gene expression of collagen I, collagen III, elastin,  fibronectin, MMP-1, 

MMP-2, MMP-9, TIMP-1 and TIMP-4. Culture of 3D constructs was performed in three 

independent experiments.  

 
mRNA isolation and quantitative PCR analysis 

For 2D monolayer cultures, total RNA was isolated using the Qiagen RNAeasy isolation kit as 

described by the manufacturer (Qiagen), from 3 samples per test group per experiment 

(N=9) . cDNA was synthesized for 500 ng RNA per sample using the MMLV based cDNA 

synthesis kit (Bio-Rad). Primers for quantitative PCR (qPCR) were designed with Beacon 

Designer 7.0 (Premier Biosoft International). Primer sequences and annealing temperatures 

are presented in Table 1. For 3D tissue cultures, mRNA was isolated from 1 sample per test 

group per experiment (N=3) using the Qiagen RNeasy isolation kit (Qiagen) according to the 

manufacturer’s instructions. Gels were grounded in RLT buffer containing 1% β-mercapto-

ethanol using an Ultra-Thurrax (IKA T10 basic). RNA was amplified and converted to cDNA 

using a QuantiTect whole transcriptome amplification kit (Qiagen) as described by the 

manufacturer (linear amplification of cDNA with this kit was validated before). cDNA 

samples were subjected to qPCR using iQTM SYBR@ Green Supermix (Bio-Rad) and the Bio-

Rad IQ™5 detection system (Version2.0). Samples of the qPCR were analyzed on 2% agarose 

gel stained with ethidium bromide when cycle threshold (Ct)-values were not applicable in 

the undifferentiated CMPCs or when the Ct-value was above 34 (2D culture samples only).  
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Table 1. Primer sequences. 

Primer   Sequence Temp 

    α-cardiac actin fw ACC GAC CTT GCT GTG AAT C 60 

 rv AAT TGT GCT CCG AAA CTA ACC  

    β-MHC fw CAA CAT GGA GCA GAT CAT CAA G 60 

 rv GGC TGG TGA GGT CGT TGA   

    Nkx2.5 fw CCC CTG GAT TTT GCA TTC AC 60 

 rv CGT GCG CAA GAA CAA ACG  

    Gata4 fw TCC AGC AAC TCC AGC AAC 60 

 rv AGA CAT CGC ACT GAC TGA G   

    Mef2C fw TCG GGT CTT CCT TCA TCA G 60 

 rv GTT CAT CCA TAA TCC TCG TAA TC  

    Myocardin fw AGA TGG ATG AAC TCC TGG AC 60 

 rv AGT TGG ACT TCG GGA AGA TC  

    cardiac troponin T (cTnT) fw CGA CGA GAG GAG GAG GAG AAC 60 

 rv CCG CTC TGT CTT CTG GAT GTA AC  

    Collagen I fw AAT CAC CTG CGT ACA GAA CGG 60 

 rv TCG TCA CAG ATC ACG TCA TCG  

    Collagen III fw ATC TTG GTC AGT CCT ATG C 60 

  rv TGG AAT TTC TGG GTT GGG  

Collagen IV fw ACT CTT TTG TGA TGC ACA CCA 60 

 rv AAG CTG TAA GCG TTT GCG TA  

    Elastin fw CTG GAA TTG GAG GCA TCG 60 

 rv TCC TGG GAC ACC AAC TAC   

    Fibronectin fw AAG ACC AGC AGA GGC ATA AGG 60 

 rv CAC TCA TCT CCA ACG GCA TAA TG   

    MMP-1 fw CGC ACA AAT CCC TTC TAC CC 55 

 rv CTG TCG GCA AAT TCG TAA GC   

    MMP-2 fw ATG ACA GCT GCA CCA CTG AG 60 

 rv ATT TGT TGC CCA GGA AAG TG   

    MMP-9 fw TGG GGG GCA ACT CGG C 60 

 rv GGA ATG ATC TAA GCC CAG  

    TIMP-1 fw TGA CAT CCG GTT CGT CTA CA 49 

 rv TGC AGT TTT CCA GCA ATG AG  

    TIMP-2 fw GGA GGA ATC GGT GAG GTC 60 

 rv AAC AGG CAA GAA CAA TGG  

    TIMP-4 fw GAA TCA TCA CTA CCA TCT 55 

 rv TGC TTC ATA CAG ACA TAA  
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Immunofluorescence staining 

The CMPCs cultured on cover glasses were fixated in 3.7% formaldehyde (Merck) for 15 min, 

washed twice with PBS before and after fixation, and permeabilized with 0.5% Triton X-100 

(Merck) in PBS for 10 min. Nonspecific binding of antibodies was blocked with 1% horse 

serum in PBS two times for 10 min. Subsequently, cells were incubated for 2 h with primary 

antibodies in NET-gel [50 mM Tris, pH 7.4, 150 mM NaCl, 5 mM EDTA, 0.05% NP40, 0.25% 

gelatin] with 10% horse serum. The antibodies and there suitable dilutions are listed in 

Table 2. Primary antibodies against collagen I, collagen III, collagen IV, fibronectin and 

elastin were incubated in combination with cell-surface markers CD44 or integrin-β1, 

respectively. Furthermore, primary antibodies against GATA4, Nkx2.5, cardiac troponin I 

(cTnI) and α-actinin were used to determine the stage of differentiation. Cells were then 

washed six times with NET-gel for 5 min and incubated for 1 h with secondary antibodies in 

NET-gel (listed in Table 2). Afterwards, cells were washed with NET-gel two times 5 min and 

incubated with DAPI (1:500) in NET-gel for 5 min to visualize the cell nuclei. Cells were again 

washed four times 5 min. All incubation steps were performed at room temperature. Finally, 

cover glasses were mounted on microscopic slides with Mowiol and examined with a Zeiss 

confocal LSM or Zeiss immunofluorescence microscope (n=2).  

 
 Western blotting 

Total protein extraction for western blot analysis was performed on 2D cultured 

undifferentiated CMPCs (day 0) and CMPCs at week 1, 2, 3 and 4 of the differentiation 

process. Cells were lysed in Ripa lysis buffer (Sigma-Aldrich) containing protease inhibitors 

(Sigma-Aldrich) and stored at -20 oC. Total protein concentrations were determined by 

bicinchoninic acid (BCA) Protein Assay (Pierce). Homogenates (5 µg protein) were size-

fractioned on 10% polyacrylamide gels and transferred to Hybond PVDF membranes. After 

blocking non-specific binding sites, membranes were incubated overnight with anti-Nkx2.5 

(table 2) followed by incubation with a horseradish peroxidase (HRP)-labeled secondary 

antibody for 1 hour (table 2). GAPDH was used as a loading control. Chemiluminescence was 

used (Thermo Scientific Pierce) and visualized using the Proxima C16 Phi+ (Isogen). Nkx2.5 

and GAPDH bands were quantified by determination of intensity of the bands (INT*mm2 

with global background correction) using Quantity One image analysis software (n=2).  
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Table 2: antibodies used for immunoflurescent stainings and Westen blot analysis. 

Antigen  Source  Cat.no  Clone  Isotype  Label  Species  Dilution 

               Collagen I  SA  C2456  COL-1  IgG1  -  Mouse  1/100 

               Collagen III  Abcam  ab7778  -  IgG  -  Rabbit  1/200 

               Collagen IV  Abcam  ab86042  1043  IgG1  -  Mouse  1/200 

               Fibronectin  SA  F3648  -  IgG  -  Rabbit  1/400 

               Elastin  Abcam  ab23747  -  IgG  -  Rabbit  1/100 

               GATA4  SC  sc-25310  -  IgG2a  -  Mouse  1/200 

               Nkx2.5 (IF)  SC  sc-14033  -  IgG  -  Rabbit  1/200 

               Nkx2.5 (WB)  SC  sc-14033  -  IgG  -  Rabbit  1/500 

               cTnI  SC  sc-15368  -  IgG  -  Rabbit  1/250 

               α-actinin  SA  A7811  EA-53  IgG1  -  Mouse  1/400 

               CD44  Abcam  ab24504  -  IgG  -  Rabbit  1/100 

               Integrin-β1  SC  sc-53711  TS2/16  IgG1  -  Mouse  1/50 

               GAPDH  SC  sc-20357  V-18  IgG  -  Goat  1/1000 

               Mouse IgG1  IG  A21121  -  IgG1  Alexa Fluor 488  Goat  1/300 

               Mouse IgG2a  IG  A21130  -  IgG2a  Alexa Fluor 488  Goat  1/300 

               Rabbit IgG  IG  A21428  -  IgG (H+L)  Alexa Fluor 555  Goat  1/300 

               Rabbit IgG  IG  A31572  -  IgG (H+L)  Alexa Fluor 555  Donkey  1/300 

               Mouse IgG1  MP  A21127  -  IgG1  Alexa Fluor 555  Goat  1/300 

               Rabbit IgG  MP  A11008  -  IgG (H+L)  Alexa Fluor 488  Goat  1/200 

               Rabbit IgG  MP  A21428  -  IgG (H+L)  Alexa Fluor 555  Goat  1/200 

               Rabbit IgG  Abcam  ab6721  -  IgG (H+L)  HRP  Goat  1/5000 

Abbreviations used in this table: SA, Sigma Aldrich; SC, Santa Cruz; IG, Invitrogen; MP, Molecular Probes; HRP, 

horseradish peroxidase.  

 
Gelatin zymography 

Gelatin zymography was performed to semi-quantitatively determine the proteolytic activity 

of MMP-2 and -9 in media samples and cell lysates collected from 2D cultured 

undifferentiated CMPCs (day 0) and CMPCs at week 1, 2, 3 and 4 of the differentiation 

process. For cell lysates, cells were lysed in MMP lysis buffer [10 mM Tris (Merck), pH 7.0, 

0.1 mM CaCl2 (Calbiochem), 0.1 M NaCl (Merck) and 0.25% Triton X-100 (Merck)] and stored 

at -80 oC. From both media as well as cell lysate samples, total protein concentrations were 

determined by BCA Protein Assay (Pierce). Protein samples (5 µg) were separated on a 10% 

sodium dodecyl sulfate-polyacrylamide gel (SDS-PAGE) (Bio-Rad) that was polymerized in 

the presence of 0.6% (w/v) gelatin. Zymography was performed as described previously 

[22]. In short, after running the gels were rinsed twice in 2.5% Triton X100 for 30 min at 37 
oC to remove the SDS. Subsequently, the gels were incubated overnight in zymosubstrate 

buffer [50 mM Tris/HCL, 0.05% (w/v) calcium chloride (CaCl2); pH 8.5] at 37oC to activate the 

MMPs. Gelatinolytic activity was visualized by staining the gel with Coomassie Blue solution 

[(0.1% (w/v) Coomassie Brilliant Blue R-250 (Sigma), 4% (v/v) methanol (VWR), 10% (v/v) 

acetic acid (Sigma)] for 2 h at room temperature (RT), followed by destaining in destainer 
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solution [4% methanol, 10% acetic acid] for 1 h. The amount of active or latent MMP-2 

(resp. 66 kDa and 72 kDa) and active or latent MMP-9 (resp. 86 kDa and 92 kDa) in cell 

lysate was visualized using the Versadoc 3000 system (Biorad) and due to system changes 

zymography of the media samples were visualized by Proxima C16 Phi+ (Isogen). For cell 

lysate, optical density of the bands (OD*mm2 with global background correction) was 

measured using the Quantity One software (Biorad) (Undiff n=6; week 1, 2 and 3 of 

differentiation n=7; week 4 of differentiation n=4). While for media samples, intensity of the 

bands (INT*mm2 with global background correction) was determined using Quantity One 

image analysis software (n=2). 

To guarantee equality in protein loading of cell lysate samples, equivalents of 5 μg protein 

were electrophoresed on another 10% SDS-PAGE gel and blotted on a nitrocellulose 

membrane. Membranes were probed with a GAPDH antibody (Santa Cruz, sc 20357), and 

rabbit anti-goat HRP (Pierce 31402). Membranes were incubated with enhanced 

chemiluminescence substrate (Thermo Scientific Pierce), and visualized using the Versadoc 

3000 system (Biorad).  The intensity of the bands (INT*mm2 with global background 

correction) corresponding to GAPDH (37 kDa) was used for normalization among samples 

(Undiff n=6; week 1, 2 and 3 of differentiation n=7; week 4 of differentiation n=4). 

 
Statistical analysis 

All data are presented as mean ± SEM. The qPCR data from 2D cultures was quantified using 

the comparative threshold cycle (Ct) method of Livak et al. [143] and presented as fold 

change (2-∆∆Ct), by comparing signals of the CMPCs at different time points during the 

differentiation process with those of the undifferentiated CMPCs, both relative to an 

internal control, GAPDH. Similar results were found when corrected for TOP1 (data not 

shown). Statistical analysis of the results was performed using a one-way ANOVA with 

Bonferoni correction for multiple comparisons. The qPCR data from 3D cultures is presented 

as fold change (2-∆∆Ct), by comparing signals of the CMPCs embedded in collagen/Matrigel to 

those of 1 day 2D cultured undifferentiated CMPCs, both relative to an internal control. Due 

to the instability of the GAPDH expression in 3D culture, TOP-1 was taken as control gene. 

Statistical analysis was performed used a Kruskall-Wallis test, assuming non-equal variances, 

with Dunn’s post-hoc test for multiple comparisons, because of differences in group size 

between 2D and 3D studies. Western blot analyses were quantified by comparing the 

intensity (INT) values of protein bands, after correcting for GAPDH expression, of the 

samples at different time points. Statistical analysis for western blot was also performed 

using a one-way ANOVA with Bonferoni correction for multiple comparisons. Significance for 

both qPCR and western blot analysis were assumed when P<0.05. Zymographic results of 

cell lysate were quantified by comparing the optical density (OD) values of the MMP bands, 

after correcting for GAPDH expression, of the samples at different time points in the 

differentiation process to those of the undifferentiated samples (fold induction in OD). 

While results of media samples were quantified by comparing intensity (INT) of the MMP 

bands. Statistical analysis of zymography data was performed using a Kruskall-Wallis test, 
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assuming non-equal variances, with Dunn’s post-hoc test for multiple comparisons. 

Significance was assumed when P<0.05. Graphics and statistical analyses were done with 

GraphPad Prism software.   

 
 
RESULTS 

Cardiomyogenic differentiation potential of L9TB CMPCs 

Cardiac lineage commitment of the L9TB CMPCs was confirmed by examining the expression 

of cardiac transcription factors and cardiomyocyte markers. Undifferentiated CMPCs 

expressed the cardiac transcription factors GATA4 (figure 1A,E) and Nkx2.5 (figure 1B,C,D,J) 

at both gene and protein levels. The undifferentiated cells also expressed cardiac 

transcription factors Mef2C and myocardin (AppendixA figure 1). However, the expression 

of mature cardiomyocyte markers on gene level showed low expression cardiac troponin T 

(cTnT) (figure 2A) and the expression of α-cardiac actin was absent in undifferentiated 

CMPCs (figure 2G). On protein level, mature cardiomyocyte markers cardiac troponin I (cTnI) 

and α-actinin were present in undifferentiated CMPCs although cross-striations were not 

observed (figure 2B,H). CMPCs were stimulated to differentiate with 5-azacytidine, followed 

by TGF-β1 and VitC treatment. Cardiac markers were analyzed using qPCR, 

immunofluorescent staining or Western blot analysis after 1 week, 2 weeks, 3 weeks and 4 

weeks of differentiation. During this period of differentiation, the expression of Nkx2.5 on 

gene and protein level significantly decreased over time (figure 1 B,C,D), while the 

expression of GATA4 on gene level was constant till week 3 after which it increased 1.5 fold 

(P<0.05) (figure 1A). Gene expression of Mef2C and myocardin significantly increased, 

respectively 3.5 and 2.6 fold (P<0.001), during differentiation (AppendixA figure 1). 

Moreover, during differentiation the gene expression of the cardiomyocyte marker troponin 

T (cTnT) significantly increased by 243 fold (P<0.001) (figure 2A). Protein expression of cTnI 

remained expressed in the cytoplasm at all time points, although no development of cTnI 

striations was observed (figure 2C-F). At week 4 of differentiation, clusters of cTnI were 

observed around the nucleus (figure 2F). Gene expression of α-cardiac actin (figure 2G) was 

observed at week 2 of the differentiation process. Protein expression of α-actinin was 

present although no striations were observed until week 4 (figure 2H-L). These results 

suggest that the immortalized L9TB CMPCs can differentiate towards the cardiomyogenic 

lineage, although at week 4 of differentiation no fully differentiated, contractile 

cardiomyocytes are present. As 100% of the CMPCs express cytoplasmic cTnI, we conclude 

that at the point of analysis at week 4 all CMPCs are still in the cardiac differentiation path 

towards the cardiomyogenic lineage.  
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Figure 1. CMPCs maintain expression of cardiac transcription factors during differentiation 

Effect of the differentiation process on the expression of cardiac transcription factors in L9TB CMPCs, 

represented by expression of cardiac transcription factor GATA4 on qPCR (A) validation and in representative 

immunofluorescent confocal images showing GATA4 (green) and nuclei (blue) in undifferentiated L9TB CMPCs 

and at four different time points during differentiation towards the cardiomyogenic lineage (E-I). Expression of 

Nkx2.5 measured with qPCR (B) and Western blot analysis (C-D) combined with confocal images showing 

Nkx2.5 (red) and nuclei (blue) (J-N). The data is represented as mean fold increase ± SEM. *P<0.05, **P<0.01 

and ***P<0.001. Scale bar, 50 µm.  
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Undifferentiated CMPCs produce extracellular matrix  

Analysis of ECM proteins at the gene level showed that L9TB CMPCs prior to differentiation 

express collagen I, collagen III, collagen IV and fibronectin (figure 3A,G,M,S) with Ct values of 

approximately 16, 23, 18 and 17 (table 3), respectively while expression of elastin was not 

observed (Ct value around 40) by the undifferentiated cells on gene level (figure 4A, table 

3). Furthermore, collagen I, III, fibronectin and elastin were detected by immunofluorescent 

stainings (figure 3B,H,T and figure 4B, respectively), although predominantly present inside 

the cell, while protein expression of collagen IV was not observed in undifferentiated CMPCs 

(figure 3N).  

Table 3. Expression cycle threshold (Ct) for ECM matrix proteins and modulators during L9TB differentiation 

towards the cardiomyogenic lineage 

Gene Process of Differentiation   Growth Factors 

  Undiff WK1 WK2 WK3 WK4 TGFβ VitC TGFβ/VitC 

            Collagen I 15.95±0.1

4 

14.53±0.0

9 

14.57±0.1

2 

14.67±0.1

4 

14.77±0.1

4 

14.67±0.0

5 

15.72±0.3

5 

15.06±0.1

9 Collagen 

III 

23.01±0.1

0 

17.55±0.1

0 

17.20±0.1

2 

17.09±0.1

4 

17.23±0.1

4 

24.04±0.1

0 

23.12±0.1

0 

24.64±0.4

8 Collagen 

IV 

18.23±0.1

1 

16.42±0.0

5 

16.50±0.0

7 

16.72±0.1

2 

18.60±0.8

1 

16.80±0.0

3 

18.66±0.2

8 

16.47±0.1

6 Fibronectin 16.53±0.1

2 

15.77±0.1

4 

15.40±0.1

2 

15.38±0.1

7 

15.52±0.1

3 

15.03±0.0

3 

16.68±0.5

8 

15.53±0.0

3 Elastin 39.53±0.2

2 

28.46±0.3

2 

28.03±0.4

2 

27.69±0.5

0 

27.84±0.5

3 

35.82±0.9

1 

36.88±0.7

7 

36.32±1.0

8 MMP-1 22.03±0.3

6 

26.24±0.3

1 

26.13±0.1

9 

25.61±0.1

3 

24.67±0.2

2 

26.42±0.1

1 

26.66±0.6

1 

26.90±0.0

7 MMP-2 20.28±0.1

4 

17.81±0.1

7 

17.48±0.0

6 

17.39±0.0

9 

17.51±0.0

9 

19.38±0.0

6 

19.80±0.2

9 

18.45±0.0

3 MMP-9 33.75±0.3

9 

31.26±0.3

5 

32.42±0.1

8 

32.68±0.2

4 

33.27±0.4

8 

34.39±0.4

3 

36.87±1.2

1 

35.40±0.0

1 TIMP-1 16.22±0.1

4 

17.06±0.1

5 

16.87±0.0

7 

16.68±0.1

2 

16.84±0.1

5 

15.61±0.0

9 

15.59±0.3

1 

16.09±0.1

6 TIMP-2 18.44±0.1

0 

17.74±0.0

5 

17.90±0.0

6 

17.97±0.0

4 

18.59±0.1

5 

18.29±0.1

1 

18.26±0.3

1 

18.82±0.0

7 TIMP-4 37.84±0.4

9 

32.53±0.2

7 

33.53±0.2

6 

34.88±0.5

2 

35.60±0.4

9 

39.12±0.8

8 

38.15±1.0

8 

40.0±0.00 

The cycle threshold (Ct) for each gene varied over the time course of differentiation and after the addition of 

growth factors. Not applicable Ct values were set at a value of 40. The table represents mean Ct values ± SEM. 

Highly expressed genes gave a low Ct value (14-20), moderate expression was shown by Ct values of (20-26). 

Low and hardly expressed genes gave a high Ct value of 26-34 and 34-40, respectively. 

 
Differentiation increases the production of ECM proteins 

Although undifferentiated L9TB CMPCs already expressed collagen I, III and fibronectin on 

both protein and gene level, differentiation increased the expression of these proteins at 

mRNA level significantly by an average over all time points of respectively 3.7, 60.8 and 2.9 

fold (figure 3A,G,S). At protein level, the expression of collagen I, III, and fibronectin after 

week 1 into the differentiation process was still found around the nucleus and in the 

cytoplasm (figure 3C,I,U). However, from week 2 onwards all these three ECM proteins were 

localized extracellular (figures  3D-X), as confirmed by double staining with cell-surface 

markers CD44 or integrin-β1. At gene level, the expression of collagen IV was increased by 

an average of 3.7 fold over time (figure 3M).  Protein expression of collagen IV was already 

extracellular at week 1, after which it remained stably present (figure 3O-R). To clearly show 
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the intra- and extracellular presence of the proteins, magnifications of the 

immunofluorescent stainings from figures 3 and 4 are depicted in AppendixA figure 2. In 

contrast to the absence of elastin at gene level in undifferentiated CMPCs, differentiation 

towards the cardiomyogenic lineage induced production of elastin in these cells to mean Ct 

values of 28 (table 3). This increased expression of elastin sustained throughout 

differentiation (figure 4A, table 3).  At protein level, the expression of elastin was detected 

inside the cell during all 4 weeks of the differentiation process (figure 4B-F, AppendixA 

figure 2).  

As both TGF-β1 and VitC play an important role in promoting extracellular matrix deposition 

[26], we determined the contribution of TGF-β1 and VitC to the observed changes in 

expression of matrix proteins. For this purpose, we stimulated undifferentiated L9TB CMPCs 

with TGF-β1, VitC or a combination of TGF-β1 and VitC (TGFβ/VitC) for 72 hr.  Analysis of 

mRNA showed that TGF-β1 and the combination of TGFβ/VitC induce expression of collagen 

I, III, IV and fibronectin (AppendixA figure 3). Statistical analysis showed a significant 

induction of collagen IV mRNA by TGF-β1 by 2.8 fold (AppendixA figure 3A) (P<0.001), which 

was not significantly different from the increase observed during the differentiation process 

(figure 3 M). The same was observed for fibronectin (AppendixA figure 3D, figure 2F, table 

3). Collagen I mRNA levels increased by 1.5 fold after addition of growth factors, although 

not significant (AppendixA figure 3A). On the contrary, collagen III mRNA levels increased by 

1.9 fold after addition of a combination of TGF-β1 and VitC for 72 hr, but did not change 

upon addition of TGF-β1 only (AppendixA figure 3B, table 3). Moreover, the induction in 

collagen III mRNA expression caused by the addition of the components only was 

significantly lower (33 times) than the induction during the differentiation process (figure 

3G). The mRNA expression of elastin was hardly detectable after addition of all three 

components, as shown by Ct values of 36 and 37 respectively (table 3). These data indicate 

that the induction of collagen IV and fibronectin expression during the differentiation 

process is likely initiated by addition of TGF-β1 to the culture medium and not by the 

differentiation perse, whereas the expression of collagen I, III and elastin might be directly 

related to the differentiation process. 

Altogether, these data show that CMPCs are able to produce ECM proteins and that during 

cardiomyogenic differentiation the production of collagens and fibronectin was significantly 

enhanced. Interestingly, differentiated CMPCs also produced collagen IV and elastin. 
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Figure 3. Extracellular matrix (ECM) production by CMPCs  

Production of extracellular matrix components by undifferentiated CMPCs is changed upon differentiation 

towards the cardiomyogenic lineage. Validation of qPCR data on the expression of ECM genes collagen I (A), 

collagen III (G), collagen IV (M) and fibronectin (S). Representative fluorescent confocal images of ECM 

proteins collagen I (B-F), collagen III (H-L), collagen IV (N-R) and fibronectin (T-X) in red, co-stained by cell 

surface markers CD44 (B-F, N-R) or β1 integrin (H-L,T-X) (both in green). The data is represented as mean fold 

increase ± SEM. *P<0.05, **P<0.01 and ***P<0.001. Scale bar, 50µm. Magnifications of the images are 

represented in AppendixA Figure 2.  
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Figure 4. Elastin production upon differentiation 

Expression levels of elastin analyzed on agarose gel 

from qPCR samples (A). Equal amounts of input cDNA 

were used as indicated by GAPDH. Representative 

fluorescent confocal images of elastin (B-F) in red are 

co-stained by cell surface marker β1 integrin in green. 

Scale bar, 50µm.   
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Matrix remodeling is increased by differentiating CMPCs 

Investigation of matrix metalloproteinases (MMP) showed that MMP-1, -2 and -9 genes 

were expressed by undifferentiated CMPCs (figure 5A,D,G, table 3). During differentiation 

towards the cardiomyogenic lineage, the expression of MMP-1 mRNA was significantly 

decreased (figure 5A), while the expression of MMP-2 continuously increased over the four 

weeks of differentiation (figure 5D). The increase in MMP-2 was 7.8 fold in week 1 and 

reached a 12.4 fold after 4 weeks of differentiation (P<0.001) (figure 5D). The expression of 

MMP-9 only increased significantly by 10.7 fold (P<0.05) during the first week of 

differentiation (figure 5G) and decreased thereafter (not significant).  

Enzymatic activity of MMP-2 and -9 in cell lysate and media were determined by gelatin 

zymography. In cell lysate only expression of latent MMP-2 (72 kDa) was determined in both 

undifferentiated and CMPCs during cardiomyogenic differentiation (figure 5B,C). Upon 

differentiation, the levels of latent MMP-2 in cell lysate increased to 4.9 fold in week 1 (n.s.), 

5.3 fold in week 2 (P<0.05), 5.1 fold in week 3 (P<0.05) and 3.9 fold after 4 weeks (n.s.) 

(figure 5B,C). Zymography on media samples showed that SP++ media and IFDIFF media 

already express latent MMP-2 and -9, IFDIFF medium also seems to express active MMP-9 

(figure 5E). Comparable to cell lysate, latent MMP-2 was also present in media samples of 

undifferentiated and CMPCs during differentiation (figure 5E,F). The levels of latent MMP-2 

in media increased over time to 3.2 fold in week 1, 3.7 fold in week 2, 3.9 fold in week 3 and 

5.0 fold in week 4, although all not significantly (figure 5F). In contrast to cell lysate, active 

MMP-2 (66 kDa) was detectable in media samples of CMPCs from week 2 during 

differentiation towards the cardiomyogenic lineage, while it was absent in media of 

undifferentiated CMPC and at week 1 of differentiation (figure 5E). The induction of MMP-2 

expression as a result of cardiomyogenic differentiation was consistent with the gene 

expression data. MMP-9 was only detected in media samples and not in cell lysates (figure 

5H). The expression of latent MMP-9 (92 kDa) increased over time to 1.3 fold in week 1, 3.1 

fold in week 2, 3.8 fold in week 3 and 4.1 fold in week 4, although all not significantly (figure 

5I). Moreover, active MMP-9 (86 kDa) seems to be present in medium samples of CMPCs 

from week 1 during differentiation (figure 5H). 

The tissue inhibitors of metalloproteinases (TIMPs)-1 and -2 were highly expressed (figure 

6A,B, table 3), while TIMP-4 was hardly expressed (mean Ct-value of 37.8 in undifferentiated 

CMPCs) (figure 6C, table 3). The process of differentiation increased the expression of TIMP-

4 (figure 6C, table 3). TIMP-1 expression increased slightly at week 4 of differentiation 

(P<0.01) (figure 6A) and also the expression of TIMP-2 increased significantly in the first 

three weeks of differentiation by 2 fold (figure 6B).  

Similar to ECM protein production, we wanted to determine the role of TGF-β1 and VitC in 

expression regulation of MMPs and TIMPs. Addition of TGF-β1, VitC and a combination of 

TGFβ/VitC caused a decrease in the expression of MMP-1 mRNA (n.s.) (AppendixA figure 

4A). However, the decrease in MMP-1 mRNA expression during differentiation is 7.5 fold 

larger (figure 5A) than the decrease caused by addition of the medium components 

(AppendixA figure 4A). Furthermore, the addition of TGFβ/VitC significantly induced MMP-2 

expression by 2.0 fold (AppendixA  figure 4B) (P<0.01), whereas TGF-β1 and VitC alone did 
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not affect MMP2 expression (AppendixA figure 4B). Additionally, the induction of MMP-2 by 

culture media components (AppendixA figure 4B) is lower compared to the induction 

observed during the differentiation period (figure 5D). The addition of TGF-β1 and VitC, 

either alone or in combination, to the culture medium did not affect the expression levels of 

MMP-9 (AppendixA figure 4C). Furthermore, our data show that addition of TGF-β1, VitC or 

TGFβ1/VitC had no significant effect on the expression of TIMP-1 and -2 (AppendixA figure 

5). Therefore, changes in MMP-1 expression are primarily related to the process of 

differentiation, while the induction of MMP-2 expression may be partly induced by the 

addition of the components to the culture medium, but is further induced by the process of 

differentiation. The regulation of MMP-9 and TIMP-1 and -2 are directly related to the 

differentiation of the cells. These data show that CMPCs differentiating towards the 

cardiomyogenic lineage have the capacity to remodel the ECM.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Expression of matrix remodeling factors in CMPCs  

Expression of matrix modulators in undifferentiated CMPCs and in CMPCs during cardiomyogenic 

differentiation. The mRNA levels of MMP-1 (A), MMP-2 (D) and MMP-9 (G) were evaluated with qPCR analysis 

using GAPDH as internal control. Zymography results of MMPs in cell lysate (B) and media samples (E,H) and 

their quantification (C, F, I). Data are shown as fold change between undifferentiated CMPCs and CMPCs at 

different time points during the differentiation process. Results from cell lysate were also normalized to 

GAPDH expression, determined by western blotting (C). The data is represented as mean fold increase ± SEM. 

*P<0.05, **P<0.01 and ***P<0.001. 
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Figure 6. Expression of inhibitors of matrix remodeling factors in CMPCs. 

The changes during the differentiation period in the expression of TIMP-1 (A) and TIMP-2 (B) were revealed by 

qPCR analysis while TIMP-4 was revealed by real-time PCR (C). The data is represented as mean fold increase ± 

SEM. *P<0.05, **P<0.01 and ***P<0.001. 

 
3D matrix production and remodeling capacity of CMPCs is increased compared to 
2D 

When cultured in 3D collagen/Matrigel based hydrogel constructs, CMPCs express the ECM 

proteins collagen I, collagen III and fibronectin, and the ECM modulators MMP-1, MMP-2, 

MMP-9, TIMP-1, and TIMP-2 (figure 7). When compared to 2D culture, the expression of 

collagen I decreased in 3D culture (figure 7A), whereas the expression of collagen III, 

fibronectin, MMP-2, MMP-9 and TIMP-1 increased (figure 7B,C,E,F,G). The expression of 

MMP-1 and TIMP-2 was comparable in 2D and 3D cultures (figure 7D,G). The extension of 

culture time to 9 days in either GM or DM, resulted in an increase in collagen III expression, 

and a decrease in MMP-1 expression. We did not observe substantial differences between 

unconstrained and constrained constructs, suggesting that the matrix production and 

remodeling capacity of CMPCs in 3D is not dependent on static strain. Also, we did not 

observe changes in expression pattern between constructs cultured in GM or DM, probably 

because there is only a minor difference in cardiomyogenic differentiation pattern between 

these groups (chapter 5, figure 2,3). Interestingly, the expression of elastin was only induced 

in constructs cultured for 9 days in DM (3D constrained d9 DM: Ct = 28.8 ± 0.2; 3D 

unconstrained d9 DM: Ct = 30.6 ± 6.4; day 1 and day 9 GM: Ct >34). Altogether, our results 

demonstrate that the matrix production and remodeling capacity of CMPCs embedded in 3D 

collagen/Matrigel tissue constructs is increased compared to 2D.  

  

 



ECM PRODUCTION AND REMODELING BY CMPCS 

 

- 53 - 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Expression of matrix proteins and modulators in 3D cultured CMPCs compared to 2D. 

Expression of matrix modulators in 2D and 3D constrained and unconstrained cultured CMPCs. The mRNA 

levels of collagen I (A), collagen III (B), fibronectin (C), MMP-1 (D), MMP-2 (E), MMP-9 (F), TIMP-1 (G) and 

TIMP-2 (H) were evaluated with qPCR analysis using TOP-1 internal control. The data is represented as mean 

fold increase ± SEM. *P<0.05, and **P<0.01. 
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DISCUSSION 

Cardiac repair after myocardial infarction involves complex architectural alterations to 

prevent cardiac rupture and left ventricular (LV) dilatation. A correct balance between ECM 

breakdown and production is important for remodeling of the scar tissue and may prevent 

cardiac failure. Since the beneficial effects of cell based therapy cannot be explained by the 

replacement of death cardiomyocytes alone, the objective of this study was to investigate 

whether CMPCs produce matrix proteins and matrix remodeling proteins.  

 
Extracellular matrix production 

The present data show that L9TB CMPCs are able to produce several ECM proteins both in 

2D and in 3D and that the expression increases during in vitro differentiation. We observed 

almost no mRNA expression of elastin in undifferentiated CMPCs both in 2D and 3D 

cultures, while during the differentiation process towards the cardiomyogenic lineage the 

gene expression of elastin was remarkably increased. On protein level, elastin is present in 

undifferentiated CMPCs, which remained present during the process of differentiation. To 

the best of our knowledge, this is the first study describing the ability of cardiac progenitors 

to produce elastin. There is little known about the role of elastin in either cardiac 

regeneration or in differentiation of stem cells towards cardiomyocytes. Mizuno et al. 

speculated that expression of elastin fragments stimulates the synthesis and secretion of 

collagen in vivo and assists in organizing extracellular matrix structures, thereby inhibiting 

negative structural changes of ventricular remodeling. Furthermore, their study shows that 

elastin stabilizes the infarcted area and preserves ventricular function [153]. Recent 

literature also suggests that cardiomyocyte differentiation of mouse ESCs was more 

effective when using insulin-like growth factor binding protein 4 (IGFBP4) immobilized by an 

elastin-like polypeptide than by addition of IGFBP4 as a soluble factor [152]. These and our 

observations indicate that elastin might have a role in differentiation of progenitors towards 

the cardiomyogenic lineage. Moreover, by producing elastin the CMPCs might contribute to 

the formation of a normal, healthy cardiac matrix.  

As shown in this paper, undifferentiated L9TB CMPCs express collagen types I and III, both 

on protein and gene level, which are increased during differentiation towards the 

cardiomyogenic lineage in 2D. Remarkably, the gene expression of collagen I was decreased 

in 3D culture compared to 2D, whereas the expression of collagen III was increased. Some 

previous studies have shown that 3D culture of stem cell increases the expression and 

production of ECM proteins [86;141]. This is in line with our current observations for elastin, 

collagen III and fibronectin, but in contradiction with our data on collagen I. The 3D tissue 

culture system we use is for 50% composed of collagen I, which may cause the reduced gene 

expression of collagen type I in 3D. Although the collagens in the heart are generally 

considered to be produced by cardiac fibroblasts, another recent study confirms that also 

cardiac stem cells are able to produce collagens [124]. Additionally, it is believed that in vitro 

production of collagen I and III can contribute to the differentiation capacity of L9TB CMPCs 

as collagen synthesis is required for differentiation of embryonic stem cells (ESCs) into 
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cardiomyocytes [192]. Next to fibrillar collagens, the heart expresses non-fibrillar collagens 

like collagen IV. In this paper we show that undifferentiated and CMPCs during the 

differentiation process towards the cardiomyogenic lineage express collagen IV on gene 

level and from week 1 in the differentiation process expression is also detected on protein 

level. Collagen IV is the major component of the ECM surrounding cardiomyocytes, which is 

referred to as the basement membrane. In the basement membrane, collagen IV forms a 

scaffold with laminin to create a collagen meshwork, which plays a role in controlling 

migration, differentiation and proliferation of cardiac cells [199]. Furthermore, recent 

studies suggest that collagen IV is able to induce proliferation of H9C2 myoblasts, myocytes 

and myocyte precursor cells [199] and facilitates in the differentiation of cardiovascular cells 

from induced pluripotent stem cells [158].  

Further, fibronectin, an adhesive protein of the supporting extracellular matrix, is produced 

in undifferentiated CMPCs and in CMPCs during the differentiation process in 2D as well as 

in 3D. Previous studies show that fibronectin can provide a temporary matrix for the 

deposition and remodeling of other matrix proteins, such as collagen [236]. Furthermore, it 

is know that fibronectin induces proper cytoskeletal organization [10], thereby improving 

cell-ECM interactions [260], which is important for contraction and myofibril alignment 

[217].  

The medium supplements TGF-β1 and VitC are known to affect the production of ECM 

proteins by cells [26]. We clearly show, however, that in 2D culture, the increased 

expression of collagen III and elastin in our study are related to the process of 

differentiation, rather than to the addition of these medium supplements. The increases in 

collagen I, IV and fibronectin expression on the other hand, cannot be ascribed to the 

process of differentiation alone and are probably a direct result from the addition of TGF-β1 

and VitC. Our data indicate that CMPCs are able to create their own environment, which can 

contribute to the cardiac repair process and may be favorable for further differentiation and 

maturation of CMPCs towards the cardiomyogenic lineage.  

 
Extracellular matrix remodeling 

Next to cardiomyocyte differentiation and ECM production, remodeling of both the existing 

and the newly formed ECM is essential for cardiac regeneration. The remodeling capacity of 

L9TB CMPCs was investigated in 2D monolayer cultures. Upon differentiation of the L9TB 

CMPCs towards the cardiomyogenic lineage, the gene expression of MMP-1 decreased, 

whereas the expression of MMP-2 and -9, TIMP-1, -2 and -4 were increased. To confirm 

expression of MMPs at protein level we analyzed both cell lysates and media samples, 

because media is supplemented with serum containing the non-specific MMP inhibitor α2-

macroglobulin, which may bias results [156;225]. On the other hand MMPs are activated 

outside the cell and activation can therefore only be measured in media samples [257]. By 

zymography we observed in both media samples and cell lysates latent MMP-2, which is 

consistent with the data of Van Oorschot et al. [246]. In media samples, active MMP-2 was 

absent in undifferentiated CMPCs but increased during the process of differentiation 
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consistent with data of Van Oorschot et al. [246] and Winter et al. [257]. As described 

previously, latent MMP-9 was observed both in undifferentiated CMPCs and in CMPCs 

during the differentiation process, while active MMP-9 seemed to be present from week 1 

onwards [257]. In addition to our 2D studies, we showed that in 3D, CMPCs express MMP-1, 

MMP-2 and MMP-9. Furthermore, the expression of MMP-2 was higher in 3D compared to 

2D, though only significantly after 9 days of culture in DM. The increase in remodeling 

capacity in 3D culture compared to 2D has also been described by Liu et al. in mouse 

embryonic stem cells [141]. Similar to our 2D data, the expression of MMP-1 in 3D 

decreased upon cardiomyogenic differentiation. The exact role of MMPs produced by 

(cardiac) stem cells in cardiac differentiation and tissue remodeling is not exactly known. 

Previous studies suggest that expression of MMP-2,-3,-7 and -9 are involved in the 

differentiation of adult mesenchymal stem cells into different classes of myocytes [147] and 

MMPs have been implicated to be involved in the cardiomyogenic differentiation of 

embryonic stem cells [112]. Additionally, MMPs have a role in cardiac development and 

differentiation by releasing bioactive growth factors, like FGF-2 [264]. Adult cardiomyocytes 

are also known to express MMP-2 and -9, indicating that cardiomyocytes participate in the 

remodeling of their own environment [42]. Kassiri et al. showed that MMP-2 is present 

inside cardiomyocytes where it co-localizes with Troponin I and alpha-actinin along the 

sarcomeres, which may affect intracellular contractile filaments [110].  

Normal remodeling and function of the cardiac ECM is a result of a fine-tuned balance 

between MMPs and endogenous TIMPs [105]. We demonstrate that TIMP-1, -2 and -4 are 

expressed in 2D by undifferentiated CMPCs and upon differentiation the expression is 

increased. Furthermore, TIMP-1 expression is increased in 3D compared to 2D, whereas the 

expression of TIMP-2 is comparable. Like for MMPs, there is little known about the role of 

TIMPs in cardiac differentiation. Previously, Young et al. demonstrated that TIMP-1 

expression reduced upon the start of differentiation of P19CL6 cells, a clonal derivative of 

P19 embryonal carcinoma cells, into cardiomyocytes, while the expression of TIMP-2 was 

increased [264]. In the study of Young et al. cardiac differentiation was only followed up for 

12 days [264]. In our study differentiation was followed much longer and actually, although 

we did observe that TIMP-1 was slightly reduced during the first week of differentiation, 

after this period the expression of TIMP-1 did increase. The increase of TIMP-2 found in our 

study was consistent with the finding of Young et al. [264]. TIMP-4 is the only known TIMP 

that is cardiac specific [87]. TIMP-4 has a binding site for GATA, suggesting a role for TIMP-4 

in the differentiation towards the cardiomyogenic lineage [217]. Our data showed that 

TIMP-4 is expressed at a low level and that expression increases during cardiac 

differentiation. Additional research is needed to further explore the role of TIMP-4 in 

cardiac differentiation.  

Although TGF-β1 is known as an important regulator of MMP and TIMP gene expression 

[133], the changes in expression of MMP-1 and -2, MMP-9 and TIMP-1, -2 and -4  in 2D are 

related to the process of differentiation, since they were not affected directly by TGF-β1.   
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Cardiac regenerative therapy 

CMPCs are a promising tool for cardiac regenerative therapy. Transplantation of CMPCs into 

the injured myocardium prevented progression of dilation and maintained the ejection 

fraction of the heart [54;212]. Transplanted undifferentiated CMPCs are able to differentiate 

into cardiomyocytes and increase vascular density [54;212]. The exact contribution of 

CMPCs to this process is unknown at the moment. Although our results need to be 

confirmed in in vivo studies, the combination of our 2D and 3D in vitro data gives indications 

for what may occur in vivo after transplantation of CMPCs in the injured heart.  

It has been shown that CMPCs are able to cause attenuation of the remodeling process after 

myocardial infarction [54;212]. In this study, we show that CMPCs are able to produce ECM 

proteins and modulators in 2D. Together with the observed ECM production and remodeling 

capacity of the cells in 3D, this suggests that the cells are indeed able to produce and 

remodel their environment, and thus can contribute to the remodeling of the cardiac ECM. 

Collagen I, which confers tensile strength and resistance to stretch and deformation [105], is 

produced by CMPCs and is the abundant ECM protein in the adult heart and is involved in 

the stimulation of growth and survival of cardiomyocytes [179;267]. Furthermore, CMPCs 

produce collagen III, which are thin fibers which confer resilience of the heart [105]. Both 

types of collagen are increased during the early phases of cardiac healing [105]. The 

basement membrane protein collagen IV is also increased during the early phases of cardiac 

healing and helps to maintain tissue organization by crosslinking other ECM proteins [104].  

We showed that next to collagens, CMPCs are also able to produce fibronectin and elastin. 

Fibronectin is important for cell adhesion and elastin plays an important role in the 

resilience of cardiac tissue during the cardiac wall stretch and relaxation cycle [105]. 

Moreover, elastin attenuates scar expansion after MI and improves cardiac function [153]. 

Therefore, the fact that CMPCs upon differentiation produce elastin is very promising for 

future therapy.  

For cardiac growth, remodeling and repair the degradation of ECM is critical and this 

process is mainly mediated by MMPs. We show that CMPCs are able to produce both MMPs 

as well as their inhibitors, the TIMPs. Besides matrix degradation, the established roles for 

MMPs include the release of growth factors from the ECM, cleavage of growth factor 

receptors from the cell surface, shedding of cell adhesion molecules, and activation of other 

MMPs. Moreover, MMPs are able to modulate numerous molecular and cellular processes 

that are crucial during cardiac remodeling [250]. Altogether, our results suggest that CMPCs 

are able to tune their degradation capacities and regulate MMP-induced pathways, which 

contribute to the remodeling of the cardiac ECM.  

In conclusion, we provide clear evidence that immortalized CMPCs are able to differentiate 

towards the cardiomyogenic lineage. Furthermore, we show that undifferentiated CMPCs 

are able to produce matrix components both in 2D and in 3D, with the exception of elastin, 

as well as MMPs and TIMPs. Culture of CMPCs in 3D tissue models, results in an increased 

matrix production and remodeling capacity of the cells. Additionally, we show that CMPCs 

change their production of ECM proteins and modulators upon cardiomyogenic 

differentiation. Especially, differentiation, both in 2D and 3D, induces elastin expression, 
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which is likely to be beneficial for cardiac repair. Future research should focus on the 

contribution of cardiac progenitors in modulating the 3D infarcted environment, which 

might provide new treatment modalities for cardiac repair.  
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ABSTRACT  

For cardiac regenerative cell therapy, adherence of the delivered cells to the host tissue and 

sensitivity to mechanical environmental cues is essential for cell survival, migration, 

differentiation and coupling. We studied the adhesion and mechanosensing properties of 

cardiomyocyte progenitor cells (CMPCs) by determining focal adhesion (FA) formation and 

actin fiber development. We show that undifferentiated CMPCs do not form stable FAs and 

have no actin stress fibers, indicating reduced sensing of mechanical signals. Upon early 

cardiomyogenic differentiation, FAs and actin stress are formed. These results give 

information about the applicability of CMPCs in cell therapy and are important for the 

development of biomaterials for CMPC encapsulation, delivery or differentiation.  
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INTRODUCTION 

Over the past few years, the role of mechanical cues in directing stem cell fate has become 

evident. According to several research groups, the lineage specification of adherent stem 

cells in two dimensional (2D) cultures can be directed by the stiffness of the culture 

substrate only [38;58;65;221]. Furthermore, substrate stiffness has also shown to affect the 

function of more mature cells. For example, near native extracellular stiffness has shown to 

enhance the sarcomeric maturation and beating behavior of neonatal cardiomyocytes 

[59;62;101], and the fusion and maturation of myoblasts into myotubes [63]. Recent studies 

by Trappmann et al. [232] suggest that these cellular responses are not directly related to 

substrate stiffness, but to the flexibility and density of the extracellular matrix (ECM) fibers. 

Next to substrate stiffness, mechanical strain is known to influence the differentiation of 

mesenchyal stem cells (MSCs) and embryonic stem cells (ESCs) [167]. Depending on the type 

and magnitude of the applied (cyclic) strain, differentiation of stem cells can be either 

suppressed, keeping the cells in an undifferentiated state [95], or stimulated towards a 

specific lineage, such as bone [119] or cardiac muscle [96].  

Mechanical cues are thus a potent regulator of stem cell behavior and hence especially 

interesting for regenerative therapies. In the case of cell therapy for the treatment of 

myocardial infarction [57;197], after injection, the (encapsulated) cells experience 

biochemical and biophysical cues from the diseased (host) environment. These biophysical 

cues include the passive mechanical properties of the host tissue as well as the active 

stresses and strains of the beating heart. However, the response of the delivered cells is 

highly dependent on the interaction between the cells and the ECM of the host tissue, or 

the biomaterial. This so called mechano-coupling, resulting in  sensitivity to mechanical 

environmental cues, is crucial for cell survival, migration, and differentiation.  

The mechanical forces that are transmitted by the ECM can be sensed by the cells via focal 

adhesions (FAs) [98;196]. Via a complex of proteins, focal adhesions link the ECM to the 

intracellular actin cytoskeleton, which again is linked to the nucleus. Via this network, 

mechanical forces are transduced from the ECM to the nucleus (outside-in signaling) and 

back (inside-out signaling) [43;196]. Cells respond to the transduced signals by activating 

specific signaling pathways that regulate cell function [9]. The stability, size and organization 

of FAs change upon cell adhesion and are responsive to various mechanical cues 

[15;16;160;174]. Cardiomyocyte progenitor cells (CMPCs), progenitor cells that reside in the 

heart, form an interesting candidate cell source for cardiac regenerative therapy. Unlike 

other adult stem cells, CMPCs have shown to be able to differentiate into mature 

cardiomyocytes in vitro using biochemical cues [85;247]. Additionally, recent in vitro studies 

show that these cells produce ECM proteins and their modulators, suggesting that they are 

capable of remodeling the infarcted scar tissue in the heart [11]. Moreover, injection of 

these cells in a mouse MI model resulted in enhanced cardiac functionality, probably as a 

results of paracrine signaling [212]. However, only few cells could be traced back, and cells 

had a preference for adherence to each other rather than to the surrounding tissue [212].    

Despite the promising results observed in vitro  and in vivo, improvement of CMPC retention 

and survival is needed to enhance cardiac regeneration. For this purpose, our studies 
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concentrate on optimizing the interaction between the cells and the host tissue 

environment. Therefore, the objective of this study was to investigate the ability of CMPCs 

to form and develop FAs and develop an actin cytoskeleton in their undifferentiated state 

and during the early phases of cardiomyogenic differentiation. In this way, we want to get 

more insight in the mechanosensing capacity of CMPCs, which is unknown at the moment, 

but highly relevant for mechanical coupling and the design of new polymer materials for cell 

encapsulation, delivery, retention and differentiation. We show that undifferentiated 

CMPCs do not form stable FAs and have no actin stress fibers, indicating reduced sensing 

and transduction of mechanical signals. Upon cardiomyogenic differentiation however, the 

formation of both FAs and actin stress fibers is induced and the mechanosensing apparatus 

is activated. This suggests that CMPCs may only be sensitive to mechanical cues after onset 

of cardiomyogenic differentiation. 

 
 
MATERIALS AND METHODS 

Culture of CMPCs 

Human fetal CMPCs were isolated and cultured as described previously [213]. For this study, 

three different isolations were used: primary cell isolations, named L3 and L6 and the cell 

line L9TB. L9TB CMPCs were immortalized by lentiviral transduction of hTert and BMI-1 as 

described previously [11]. All cell isolations were cultured in SP++ growth medium consisting 

of M199 (Gibco)/EGM2 (3:1) supplemented with 10% fetal bovine serum (FBS) (Greiner bio-

one), 1% non-essential amino acids (Gibco), and 1% penicillin/streptomycin (Lonza) on 0.1% 

gelatin (Sigma)/PBS (Sigma) coated flasks. For all experimental analysis, CMPCs were 

cultured on 0.1% gelatin/PBS coated cover slides (Thermo Scientific), according to the 

standard culture protocol. Cover glasses were pretreated and sterilized with 10% acetic acid 

(Sigma) and 70% ethanol, respectively.  

 
Differentiation of CMPCs  

To induce differentiation, CMPCs were treated with 5 µM 5-azacytidine (Sigma) for 72 h in 

differentiation medium consisting of IMDM (Iscove’s Modified Dulbecco’s Medium)/Ham-

F12 (1:1) (Gibco) supplemented with 2% horse serum, 10-4 M ascorbic acid (Sigma), 1% non-

essential amino acids, 1% insulin-transferrin-selenium (Lonza), and 1% 

penicillin/streptomycin [213]. After 72 h, the medium was changed followed by 

transforming growth factor (TGF-β1) stimulation (1ng/ml; Sigma) [85;213]. Cells were 

stimulated with TGF-β1 at day 7 and 10 of the differentiation process. Samples were 

sacrificed on day 1 (just before onset of differentiation), day 7 (just before TGF-β1 

stimulation), day 8 (24 h after TGF-β1 stimulation), and on day 14 (7 days after the onset of 

TGF-β1 stimulation). Samples were analyzed for gene expression levels by using quantitative 
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PCR and protein expression was examined with immunofluorescent stainings and Western 

Blot analyses. Differentiation was performed for two samples per cell isolations (n=6). 

 

mRNA Isolation and quantitative PCR analysis 

To assess the differentiation state of the CMPCs, cells were analyzed for cardiomyogenic 

markers using quantitative PCR (qPCR). In brief, mRNA was isolated using the Qiagen 

RNAeasy isolation kit as described by the manufacturer (Qiagen). cDNA was synthesized of 

250 ng mRNA per sample using the MMLV based cDNA synthesis kit (Bio-Rad). Primers for 

qPCR were designed with Beacon Designer 7.0 (Premier Biosoft International). Primer 

sequences and annealing temperatures are presented in table 1. cDNA samples were 

subjected to qPCR using iQTM SYBR@ Green Supermix (Bio-Rad) and the Bio-Rad IQ™5 

detection system (Version2.0).  

 

Table 1. Primer sequences. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Immunofluorescence staining 

Protein expression of cardiomyogenic markers as well as focal adhesion formation and 

cytoskeletal development were studied by examining immunofluorescently stained cell 

cultures. For this purpose, CMPCs cultured on cover slides were fixed in 3.7% formaldehyde 

(Merck) for 15 min, washed with PBS, and permeabilized with 0.5% Triton X-100 (Merck) in 

PBS for 10 min. Nonspecific binding of antibodies was blocked with 1% horse serum in PBS 

for 20 min. Subsequently, cells were incubated overnight at 4 0C with primary antibodies in 

NET-gel [50 mM Tris, pH 7.4, 150 mM NaCl, 5 mM EDTA, 0.05% NP40, 0.25% gelatin] with 

10% horse serum. All antibodies used for fluorescent stainings and Western Blot analyses 

and their dilutions are listed in table 2. Primary antibodies against Nkx2.5 and α-actinin 

were used to determine whether the cells remained their cardiomyogenic profile. Focal 

Primer   Sequence Tm 

    Nkx2.5 fw CCC CTG GAT TTT GCA TTC AC 60 

 
rv CGT GCG CAA GAA CAA ACG 

     Gata4 fw TCC AGC AAC TCC AGC AAC 60 

 
rv AGA CAT CGC ACT GAC TGA G  

     Mef2C fw TCG GGT CTT CCT TCA TCA G 60 

 
rv GTT CAT CCA TAA TCC TCG TAA TC 

     Myocardin fw AGA TGG ATG AAC TCC TGG AC 60 

 
rv AGT TGG ACT TCG GGA AGA TC 

     cardiac troponin T (cTnT) fw CGA CGA GAG GAG GAG GAG AAC 60 

 
rv CCG CTC TGT CTT CTG GAT GTA AC 

     connexin43 (cnx43) fw TTT CTT CAA GGG CGT TAA GGA TC 60 

 
rv AGG AGG AGA CAT AGG CGA GAG 
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adhesion formation was determined by staining with a primary antibody against vinculin. 

After primary antibody incubation, cells were washed and incubated with secondary 

antibodies for 1 h at room temperature (listed in table 2). TRITC labeled phalloidin (Sigma) 

(incubation for 1 h at room temperature) was used to stain the actin cytoskeleton. Cells 

were counter stained with DAPI (Sigma) (1:500) to visualize the cell nuclei. Finally, the cover 

slides with cells were mounted on microscopic slides with Mowiol and examined with a 

Zeiss immunofluorescence microscope (n=6).  

 

Table 2. Antibodies used for immunofluorescent stainings and Western blot analyses. 

Abbreviations used in this table: SC, Santa Cruz; SA, Sigma Aldrich; BD, BD Biosciences; AB, Abcam; MI, 

Millipore; IG, Invitrogen; Pi, Pierce; HRP, horseradish peroxidase. 

 

Total protein isolation and isolation of cytoskeletal and soluble protein fractions 

Total protein extracts of L3, L6 and L9TB CMPCs were obtained by lysing the cells in RIPA 

lysis buffer (Sigma-Aldrich) containing protease inhibitors (Sigma-Aldrich) (n=6). Protein 

concentrations were determined using a Bicinchronic Acid (BCA) protein assay (Pierce). 

Total protein extracts were stored at -80 0C until analysis.  

To get a more detailed view on the clustering of FA associated proteins into stable FAs and 

the rate of actin polymerization, soluble and cytoskeletal bound protein fractions of L3, L6, 

L9TB CMPCs were isolated using the ProteoExtract® cytoskeletal isolation and enrichment 

kit (Millipore) (d1 n=6; d7, d8 n=4; d14 n=5). In short, after washing the cells with cold PBS, 

soluble proteins were isolated using cellular extraction buffer (CEB). After washing with 

cytoskeletal wash buffer (CWB), nuclear proteins were isolated after 10 min incubation with 

nuclear extraction buffer (NEB). Cells were washed again with CWB and cytoskeletal 

proteins were isolated after scraping in cytoskeletal solubilization buffer (CSB). All buffers 

contained a protease inhibitor cocktail and sodium orthovanadate, included in the kit. To 

further solubilize cytoskeletal protein extracts of 14 days cultured CMPCs, lysates were 

Antigen  Source  Cat.no  Clone  Isotype  Label  Species  Dilution 

               Nkx2.5  SC  sc-14033  H-114  IgG  -  Rabbit  1/200 

               α-actinin  SA  A7811  EA-53  IgG1  -  Mouse  1/400 

               vinculin (IF)  SA  V9131  hVIN1  IgG1  -  Mouse  1/400 

               vinculin (WB)  SA  V9131  hVIN1  IgG1  -  Mouse  1/500 

               β1-integrin  SC  sc-53711  TS2/16  IgG1  -  Mouse  1/500 

               FAK  BD  bd-610087  77/FAK  IgG1  -  Mouse  1/500 

               pFAK (Y397)  BD  bd-611723  14/FAK(Y397)  IgG1  -  Mouse  1/1000 

               actin  AB  ab-3280  ACTN05 (C4)  IgG1  -  Mouse  1/10000 

               GAPDH  MI  CS207795  -  IgG1  -  Mouse  1/5000 

               Mouse IgG1  IG  A21121  -  IgG1  Alexa Fluor 488  Goat  1/300 

               Rabbit IgG  IG  A21428  -  IgG (H+L)  Alexa Fluor 555  Goat  1/300 

               Mouse IgG + IgM  Pi  31457  -  IgG + IgM (H+L)  HRP  Rabbit  1/10000 
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sonicated for 3 times 10 s at an amplitude of 7 microns (Soniprep 150, Sanyo).  Separated 

protein fractions are further referred to as soluble fraction (S), nuclear fraction (N) and 

cytoskeletal fraction (C). For comparison between fractions, equal volumes of the different 

fractions were used. To check for proper separation of the different fractions, samples were 

checked with Western blotting for GAPDH (only present in S and N) and vimentin (only 

present in C) (data not shown). Protein fractions were stored at – 20 0C until further 

analysis.  

 

Western blotting 

The level of focal adhesion development was semi-quantitatively examined in total protein 

extracts and separated protein fractions (S and C) by Western blotting for β1-integrin and 

vinculin. Equivalents of 5 µg total protein or 12.5 µL of the separated protein fractions were 

size fractioned on a 10% polyacrylamide gel and blotted onto a Hybond PVDF membrane 

(Immobilon-P, Millipore). Non-specific binding sites were blocked with 5% milk powder (ELK) 

in 0.1 % PBS/Tween20. Membranes were probed with primary antibodies at 4 oC overnight, 

washed and subsequently incubated at room temperature with horse-radish peroxidase 

(HRP) labeled secondary antibodies for 1 h (for used antibodies and their dilutions see table 

2). For total protein extracts, GAPDH was used as loading control. For visualization, 

membranes were incubated with enhanced chemiluminescence substrate (Thermo Scientific 

Pierce), and bands were detected using the Proxima C16 Phi+ (Isogen) imager. Bands were 

quantified by determining the intensity of the bands (INT*mm2 with global background 

correction) using Quantity One image analysis software (Biorad, version 4.6.6).  

Activation of the mechanotransduction pathway was semi-quantified by determining the 

levels of phosphorylated FAK (pFAK(Y397)) and total FAK in soluble and cytoskeletal bound 

protein fractions using western blotting. 12.5 µL of the separated protein fractions were 

size-fractioned on a 10% polyacrylamide gel. Western blotting and quantitative analysis 

were performed as described above. 

Cytoskeletal development was semi-quantified by determining the levels of actin in soluble 

and cytoskeletal protein fractions using Western blotting. 12.5 µL of the separated protein 

fractions were size-fractioned on a 10% polyacrylamide gel. Western blotting and 

quantitative analysis were performed as described above.   

 
Statistical analysis 

All data is presented as mean ± SEM. qPCR was quantified using the comparative threshold 

cycle (Ct) method of Livak et al. [143]. qPCR data is presented as fold change (2-∆∆Ct), by 

comparing signals of the CMPCs at different time points during the differentiation process 

with those of undifferentiated CMPCs, both relative to an internal control, GAPDH. Similar 

results were found when normalizing for TOP1 (data not shown). Because of high variation 

in gene expression levels between cell isolations, qPCR data of the three different CMPC 

isolations are presented separately. Western blot analysis of total protein extracts were 
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quantified by comparing the intensity (INT*mm2) values of protein bands of the samples at 

different time points during the differentiation process with those of the undifferentiated 

CMPCs, after correcting for GAPDH expression. Western blot analysis of separated potein 

fractions were quantified by determining the ratio of protein levels (INT*mm2) in the C 

fraction compared to the S fraction (C:S). Cytoskeletal development was quantified by 

determining the ratio of fibrillar actin (F-actin) (the amount of actin present in the C 

fraction) to globular actin (G-actin) (the amount of actin present in the S fraction). These 

actin levels were determined by quantification of the actin protein bands in Western blot 

analysis. Statistical analysis was performed using a one way ANOVA with Bonferoni post hoc 

test for multiple comparisons. Significance was assumed when P<0.05. Graphics and 

statistical analyses were performed with GraphPad Prism software (version 5.04).   

 
 
RESULTS 

Verification of the cardiomyogenic differentiation of CMPCs 

The cardiomyogenic differentiation potential of three CMPC isolations was assessed by 

qPCR and immunofluorescent stainings. On day 1, CMPCs were in their undifferentiated 

state and expressed the cardiac transcription factors Nkx2.5, GATA4, Mef2C and myocardin 

as measured at the RNA expression level (figure 1A-D). Nkx2.5 was also expressed at the 

protein level (figure 2A). Furthermore, expression of the cardiac markers connexin43 and 

troponinT, measured at RNA level, was observed in all three CMPC isolations in their 

undifferentiated state on day 1 (figure 1E, F). Using fluorescence microscopy, a diffuse 

cytoplasmic staining of the sarcomeric component α-actinin was observed (figure 2E). 

Cardiomyogenic differentiation was induced by 5-azacytidine treatment and stimulation 

with TGFβ-1 and vitamin C, as previously described [11;213]. Expression of cardiac 

transcription factors and cardiac markers on gene and protein levels was determined on day 

7 (just before TGFβ-1 stimulation), day 8 (24h after TGFβ-1 treatment) and one week after 

starting TGFβ-1 stimulation, on day 14. For L3 and L6 CMPCs, gene levels of Nkx2.5, GATA4, 

Mef2C and connexin43 were expressed by the CMPCs until day 14 at relatively the same 

level (figure 1A-C, F). Gene expression of myocardin and troponinT increased on day 7 of 

culture and remained elevated on day 8 and 14 (figure 1D, E; L3 n.s.). For L9TB CMPs, the 

gene levels of cardiac transcription factors GATA4 and Mef2C remained relatively constant 

until day 8 of culture but seemed to increase on day 14 (figure 1B, C), whereas the gene 

expression of cardiac transcription factors Nkx2.5 and myocardin, increased from day 8 

onwards (figure 1A, D). Gene expression of the cardiac markers connexin43 and troponinT 

was elevated from day 7 onwards (figure 1E, F). On protein level, all three CMPC isolations 

expressed Nkx2.5 on day 7, day 8 and day 14 (figure 2B-D). Additionally, the sarcomeric 

component α-actinin was present although no striations could be observed (figure 2F-H). On 

day 14, cells showed early signs of sarcomeric organization, as clusters of α-actinin were 
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observed close to the cell membrane (figure 2H). Altogether, these data confirm that all 

three analyzed isolations of CMPCs differentiate towards the cardiomyogenic lineage.  
 

 

 

  

 

 

 

 

 

 

 

Figure 1. Early cardiac lineage differentiation of CMPCs. 

Expression of cardiac transcription factors Nkx2.5 (A), GATA4 (B),  Mef2C (C), Myocardin (D), and 

cardiomyocytes markers TroponinT (E) and connexin 43 (F) in CMPCs during the first 2 weeks of differentiation 

as determined by qPCR. Data are represented as mean fold change ± SEM, n=2 per cell isolation per time point. 

*P<0.05, **P<0.01 and ***P<0.001.  

 
 

 

 

 

 

 

 

 
 

Figure 2. Early cardiac lineage differentiation of CMPCs. 

Immunofluorescent images of the cardiac transcription factor Nkx2.5 (A-D, red) and the sarcomeric 

component α-actinin (E-H, green) in L9TB CMPCs during the first 2 weeks of cardiomyogenic differentiation. 

Arrows denote early signs of sarcomeric organization. Nuclei are stained with DAPI (blue). Images are 

representative for all three cell isolations. Scale bar = 50 µm. Images of L3 and L6 CMPCs can be found in 

Appendix B, figure 1. 
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Cardiomyogenic differentiation of CMPCs induces focal adhesion formation and 
cytoskeletal organization  

Focal adhesion (FA) formation and cytoskeletal development was studied in CMPCs on day 

1, 7, 8, and 14 after the start of the differentiation process. Immunofluorescent stainings of 

undifferentiated CMPCs (day 1) showed only cytoplasmic staining of actin and no presence 

of stress fibers (figure 3A). On day 7 and 8, a few stress fibers could be observed, which 

were mainly located close to the cell membranes (figure 3B,C). In contrast, on day 14 

numerous prominent actin stress fibers were present throughout the whole cell (fig 3D). 

Furthermore, in undifferentiated CMPCs (day 1) no clusters of vinculin were present (figure 

3E), indicating that those cells do not have stable FAs (figure 3E). On day 7 and 8, a low 

number of small clusters of vinculin was observed (figure 3F, G), while on day 14 numerous 

large clusters of vinculin were present in the cells. These clusters co-localize with the actin 

stress fibers (figure 3I-L), which is characteristic for FAs. 

The cytoskeletal development was further studied by semi-quantitatively determining the 

amount of actin polymerization. For this purpose, the ratio of fibrillar actin (F-actin) to 

globular actin (G-actin) was determined by measuring the amounts of actin in soluble and 

cytoskeletal protein fractions of CMPCs using Western blotting. The ratio of F-actin to G-

actin showed an increase  from 0.71 on day 1 to 1.71 on day 14 (figure 4A, B), indicating a 

shift from G-actin to F-actin upon cardiomyogenic differentiation of CMPCs.  

The formation of focal adhesions was further semi-quantitatively studied by determining 

the levels of β1-integrin and vinculin in total protein extracts of differentiated CMPCs using 

Western blotting. Corresponding to our observations from immunofluorescent stainings, the 

amount of vinculin increased in all three cell isolations from day 1 onwards to approximately 

2-fold on day 14 (figure 5A, B). The amount of β1-integrin first slightly increased on day 7, 

followed by a small decrease on day 8 and day 14 (figure 5C, D). Focal adhesion formation is 

characterized by clustering of integrins and FA associated proteins [196]. During FA 

development, the total amount of these proteins can therefore stay relatively constant as 

proteins only shift from the cytoplasm to the cell membrane or FA complex. To study this 

protein clustering, the levels of β1-intergin and vinculin in separated C (cytoskeletal bound) 

and S (soluble/ cytoplasmic) protein fractions were semi-quantified by Western blotting. 

The C:S ratio of vinculin showed an increasing trend  from 0.12  on day 1 to 0.17 on day 14 

(figure 6A,B), suggesting the incorporation of vinculin into FA complexes during the early 

phases of cardiomyogenic differentiation of CMPCs. Although the C:S ratio of vinculin on day 

7 and 8 seem to be slightly higher than on day 14, the total amount of vinculin present in 

the cells was lower at these days, indicating that the formation of FA still increases towards 

day 14. The C:S ratio of  β1-integrin showed an increasing trend  from 0.83 on day 1 to 2.45 

on day 14 (figure 6C, D), indicative of integrin clustering at the cell membrane upon 

cardiomyogenic differentiation of CMPCs.  
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Figure 3. Focal adhesion formation and cytoskeletal development in CMPCs during early cardiomyogenic 

differentiation. 

Immunofluorescent images of phalloidin (A-D, red) showing the cytoskeletal development, and vinculin (E-H, 

green) showing focal adhesion formation, in L9TB CMPCs during the first two weeks of cardiomyogenic 

differentiation. Nuclei are stained with DAPI (blue). (I-L) merged images. Images are representative for all 

three cell isolations. Scale bar = 50 µm. Images of L3 and L6 CMPCs can be found in Appendix B, Figure 2. 

 

 

 

 

 

 

 

Figure 4. Actin polymerization in CMPCs. 

Levels of actin in soluble (G-actin) and cytoskeletal bound (F-actin) protein fractions of CMPCs during the first 

two weeks of cardiomyogenic differentiation. (A) Western blot analysis. (B) ratio of F-actin: G-actin as 

determined by Western blot quantification. Data are represented as mean fold change ± SEM, (d1: n=6, d7-14: 

n=4). *P<0.05, **P<0.01 and ***P<0.001. 
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Figure 5. Semi-quantification of focal adhesion formation in CMPCs during early cardiomyogenic 

differentiation. 

Levels of vinculin (A, B) and β1-integrin (C, D) in total protein extracts of CMPCs during the first 2 weeks of 

cardiomyogenic differentiation. (A,C) Western blot analyses. (B, D) Western blot quantification. Data are 

represented as mean fold change ± SEM (vinculin n=5, β1-integrin d1, d14: n=6, d7, d8: n=5). *P<0.05, 

**P<0.01. 

 

 
 
 
 
 

 

 

 

 

 

 

 

 

Figure 6. Semi-quantification of the clustering of FA proteins in CMPCs during early cardiomyogenic 

differentiation. 

Levels of vinculin (A, B) and β1-integrin (C, D) in soluble and cytoskeletal bound protein fractions of CMPCs 

during the first two weeks of cardiomyogenic differentiation. (A,C) Western blot analysis. (B,D) ratio of 

cytoskeletal bound proteins (C) to soluble (cytoplasmic) proteins (S) as determined by Western blot 

quantification. Data are represented as mean fold change ± SEM (vinculin d1, d14: n=5, β1-integrin d1: n=6, 

d7, d8: n=4, d14 n=5). 
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Cardiomyogenic differentiation of CMPCs results in an increased activation of the 
mechanotransduction pathway  

Upon integrin binding to the ECM, FAK is activated, which is characterized by tyrosine auto 

phosphorylation (Y397). This in turn results in activation of a cascade of proteins responsible 

for the mechanoresponse of the cell [9]. FAK auto phosphorylation was studied in separated 

protein fractions of differentiating CMPCs using Western blotting. pFAK was only present in 

the S fractions, possibly because the binding of pFAK to the FA complex is not strong enough 

and already loosens during the first protein extraction and washing steps, or because the 

levels of pFAK in the C-fraction were too low to detect with western blot analysis. The level 

of pFAK, normalized to total FAK, showed an increasing trend from 2.55 on day 1 to 3.93 on 

day 14. Next to the increase in normalized pFAK levels, low levels of total FAK could be 

observed in the C-fractions in L6 CMPCs from day 7 onwards and in L9TB CMPCs on day 14. 

Altogether, these results suggest that the mechanosensing apparatus in CMPCs is activated 

and might be further induced during cardiomyogenic differentiation. 

 

 

 
 
 
 
 
 
 

Figure 7. Activation of the mechanotransduction pathway in CMPCs during early cardiomyogenic 

differentiation. 

Levels of pFAK(Y397) and total FAK in soluble and cytoskeletal bound proteins fractions of CMPCs during the 

first two weeks of cardiomyogenic differentiation. (A) Western blot analysis. (B) Levels of pFAK normalized to 

total FAK as determined by Western blot quantification. Data are represented as mean fold change ± SEM (d1, 

d14: n=5, d7: n=4, d8: n=2). 

 
 
DISCUSSION 

 

In this study we investigated the potential of mechanosensing of CMPCs, a candidate for 

cardiac regenerative stem cell therapy, in order to optimize the interaction between the 

cells and the host tissue. By elucidating the presence and role of FAs and actin stress fibers 

as key factors of the mechanotransduction pathway, we intend to control CMPC behavior, 

e.g. via the development of new polymer materials for CMPC encapsulation, delivery, 

retention and differentiation. We showed that undifferentiated CMPCs express β1-integrin, 

vinculin, and FAK on protein levels and also pFAK (Y397) was present. However, no protein 
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clusters, characteristic of FA complexes could be observed. Moreover, although actin was 

present in both the soluble protein fraction (G-actin) and cytoskeletal bound protein 

fraction (F-actin), no stress fibers could be observed in the undifferentiated CMPCs. These 

results suggest that undifferentiated CMPCs do not form stable FAs and stress fibers. 

Interestingly, upon cardiomyogenic differentiation, total protein levels of vinculin increased, 

as well as the C:S ratio, indicative of vinculin recruitment to FA complexes. Moreover, small 

clusters of vinculin were first observed in immunofluorescent stainings on day 7, and their 

size and number was greatly increased on day 14. Next to that, CMPCs started to develop 

actin stress fibers upon cardiomyogenic differentiation, which was confirmed by an 

increased ratio of F-actin to G-actin. The clusters of vinculin co-localized with the ends of the 

actin stress fibers, which is characteristic for FA complexes. Although the total amount of 

β1-integrin decreased upon cardiomyogenic differentiation, the C:S fraction remarkably 

increased, which indicates that the integrins are clustering at the cell membrane. In parallel 

with the clustering of β1-integrin, the increase in vinculin, and the formation of vinculin 

clusters and actin stress fibers, the levels of pFAK(Y397) also increased. Auto 

phosphorylation of FAK takes place upon integrin binding to the ECM, and results in the 

activation of a cascade of proteins that induce the mechanoresponse of the cell [9]. 

Altogether, our results suggest  that undifferentiated  CMPCs have a reduced adhesion and 

mechanosensing apparatus compared to CMPCs after onset of cardiomyogenic 

differentiation. The components provisional for adhesion and mechanosensing are 

developed during early cardiomyogenic differentiation, indicating that the mechanosensing 

apparatus is developed.  This suggests that, contradictory to many other stem cells [1-3;5], 

CMPCs may only be sensitive to mechanical cues after onset of differentiation. This may 

have consequences for the applicability of CMPCs in cardiac regenerative therapies. Upon 

injection, the cells are subjected to the local tissue stiffness and mechanical stresses of the 

beating heart. Without proper cell-ECM interactions, there is not only the risk of wash out 

from the tissue, but also the cells are not able to react and adapt to the local mechanical 

environment since they are not strain responsive. Our results suggest that injecting pre-

differentiated CMPCs may result in improved stem cell retention and functionality in the 

injured heart. It has been shown that the encapsulation of stem cells in a biomaterial can 

increase both the engraftment and the functionality of the stem cells [57;191;197;252]. The 

newest strategy in this field is the development of a synthetic biomimetic of the natural 

ECM, composed of synthetic polymers that contain signals for cell adhesion, differentiation 

and homing [36]. Moreover, the biomaterial should be stable and provide protection for the 

cells until the mechanosensing apparatus is developed and the cells can integrate into the 

host tissue themselves. Considering our current findings in 2D, this period should be at least 

14 days, although differentiation in 3D environments may be different.  

 

To our best knowledge this is the first study to describe the adhesion and mechanosensing 

properties of CMPCs. Focal adhesions are considered the main mechanosensors of adhesive 

cells. Moreover, focal adhesion formation has been observed in ESCs [221] as well as MSCs 

[38;65]. Remarkably, we show that, although CMPC express β1-integrin as well as the FA 
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related proteins vinculin and (p)FAK, they do not form stable focal adhesions in their 

undifferentiated state. Upon cardiomyogenic differentiation, formation of focal adhesion 

complexes and cytoskeletal development is initiated. In this paper we studied the formation 

of FAs on gelatin (collagen fragments) coated substrates. However, it is well known that the 

formation of cell-ECM interaction via integrins is highly dependent on the type and amount 

of ligand present [36]. We recently demonstrated the ability of CMPCs to produce and 

remodel their own ECM [11]. The production and remodeling capacity of CMPCs increases 

upon cardiomyogenic differentiation. This may imply that CMPCs create their own ECM 

which triggers FA and stress fiber formation. However, the expression of all ECM proteins, 

except for col IV, remained intracellular up to 2 weeks of differentiation [11]. Since FAs and 

stress fibers start to develop already on day 7, we presume that the the novo ECM synthesis 

of CMPCs had no influence on this process, although this cannot be completely excluded.  

In our studies we only focus on the development of FAs in 2D cultured CMPCs. The existence 

of FAs in 3D has long been debated [9;72]. However, several studies have demonstrated the 

formation of FA-like structures or complexes with similar protein content in 3D [45]. 

Moreover, it has been demonstrated that cardiomyocytes are able to form and develop 

focal adhesion in 2D as well as in 3D [172;189]. The development of FAs and the 

mechanosensing apparatus of CMPCs in 3D is especially interesting for cardiac regenerative 

therapies and should be the subject of future studies. 

 

The adhesion and mechanosensing properties of CMPCs may be involved in cardiogenesis, 

as other researchers also suggested. Hakuno et al. [91] reported that the adhesion of 

embryoid bodies from mouse ESCs, before the onset of Nkx2.5, Mef2C and Tbx5 expression, 

inhibits their differentiation into cardiomyocytes, which was regulated by FAK. In line with 

this, Jacot et al. [100] suggest that pluripotent stem cells start to express and activate their 

mechanotransduction pathway during the process of cardiogenesis, based on the 

observation that substrate stiffness has no effect on cardiomyogenic differentiation of 

undifferentiated stem cells. Furthermore, it has been shown that the absence of β1-integrin 

in ESCs results in a retarded cardiomyogenic differentiation [69]. In contrast to those 

studies, we use progenitor cells, which in their undifferentiated state already express early 

cardiomyogenic transcription factors such as Nkx2.5 and Mef2C. However, it has also been 

shown that the specification of cardiac precursor cells into specialized cardiac cells and the 

formation of sarcomeric structures depends on β1-integrin [69]. Next to the suggested role 

for FA development in cardiogenesis of CMPCs, the impaired adhesion and mechanosensing 

properties of undifferentiated CMPCs may also be a protective mechanism of the cells 

themselves. CMPCs are located in the atrium, the intra-atrial septum, the atrium-ventricular 

septum and the epicardial layer [247], and therefore constantly exposed to the mechanical 

stresses and strains of the beating heart. With an impaired mechanosensing apparatus, 

there is no need for a constant feed-back mechanism to keep the cells in their 

undifferentiated and quiescent state.  
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In mature cardiomyocytes the sites where cell adhesion and mechanotransduction are 

carried out are the costameres [189;260]. Costameres consist of a complex of proteins that 

link the underlying Z-disc to the ECM, and are considered the striated-muscle specific 

variant of FAs [189;260]. Next to adhesion and mechanotransduction, costameres are also 

involved in cell survival, cell-cell communication, sarcomeric protein assembly, ion channel 

functions and protein synthesis [189]. Consequently, the function of cardiomyocytes is 

highly dependent on the structure and organization of both focal adhesion proteins and the 

actin cytoskeleton. For example, Swarek- Maruszewska et al. showed that the integrity of F-

actin is essential for both the myofibrillar structure and the contractility of cardiomyocytes 

[210]. In line with this, Wu et al. [260] state that the stability of the ECM-integrin-

cytoskeletal axis in cardiomyocytes is crucial for contraction. This underlines our suggestion 

that the formation of focal adhesions and the development of the cytoskeleton are 

necessary for the differentiation of CMPCs into mature cardiomyocytes.  

 

In conclusion, we show that undifferentiated CMPCs do not form stable FAs and have no 

developed actin cytoskeleton. Upon early cardiomyogenic differentiation, CMPCs start to 

develop both FAs and actin stress fibers, indicating mechanosensing development.  Next to 

that, presence of pFAK suggests the activation of the mechanotransduction pathway. From 

these findings, we conclude that undifferentiated CMPCs have a reduced mechanosensing 

apparatus and that these cells may only be sensitive to mechanical cues after onset of 

cardiomyogenic differentiation. Our results can be used to study further the applicability of 

CMPCs in cardiac regenerative therapies e.g. by designing guidelines for the development of 

new biomaterials for CMPC encapsulation, delivery or differentiation, and by developing 

new stem cell treatment strategies, e.g. injection of pre-differentiated CMPCs.  
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ABSTRACT 

To gain more insight into the behavior of cardiomyocyte progenitor cells (CMPCs) upon 

encapsulation in a biomaterial or after injection into the host tissue, we investigated the 

effect of 3D culture and static strain on the viability, proliferation and cardiomyogenic 

differentiation capacity of CMPCs, a candidate cell source for cardiac regenerative therapy. 

We compared undifferentiated CMPCs with cells in which cardiac differentiation was 

initiated and actually studied whether both CMPC types respond to the mechanical 

environment by developing an intracellular contractile machinery. We showed that CMPCs 

could be encapsulated and cultured for at least 9 days in 3D collagen/Matrigel hydrogels, 

whilst keeping their early cardiomyogenic profile. Moreover, static strain, as imposed by 

hydrogel constrainment, resulted in an increased cell viability and proliferation and 

appeared crucial for cardiac marker protein expression, organization and cell morphology. 

CMPCs cultured in 3D collagen/Matrigel hydrogels became readily mechanosensitive and 

responded to hydrogel constrainment by orienting in the direction of the constraint. The 

mechanoresponse of CMPCs is crucial for cell integration into the host tissue. Overall, our 

results demonstrate the applicability of CMPCs in a 3D environment. Pretreatment of 

CMPCs in a 3D culture system may enhance the in vivo functionality of the cells compared to 

2D cultured CMPCs, resulting in an improved efficiency of cardiac stem cell therapy. 
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INTRODUCTION 

Cardiovascular diseases (CVD), including myocardial infarction (MI), are the leading cause of 

death worldwide [185]. Only recently, it has become evident that the heart itself has some 

regenerative capacity through the proliferation and differentiation of tissue specific 

endogenous stem cells and possibly by the recruitment of stem cells from other tissues 

[5;154;259]. However, these regenerative mechanisms cannot compensate for the massive 

loss of cardiomyocytes and the extensive scar formation that occurs after MI [5]. Therefore, 

transplantation of large numbers of stem cells to the affected area is considered a valuable 

option to regenerate infarcted cardiac tissue. 

Cardiac stem cell therapy has been studied extensively in both animal studies and clinical 

trials [163;176;201;234;242]. Overall, a small increase in cardiac function is reported 

[41;163;201;242], but cell retention is very low, stem cell differentiation often not observed, 

and the positive effects are mainly ascribed to paracrine signaling [21;41;163]. One way to 

improve the efficiency and effectiveness of stem cell therapy is to combine cells with 

biomaterials [197].  The biomaterial can be applied as tissue patch or serve as injectable cell 

carrier [67;131;207;252]. The biomaterial passively contributes to the regeneration process 

by changing the local mechanical properties, and by inducing paracrine signaling [231;252]. 

However, to regenerate the infarcted tissue and restore heart function, an active contractile 

function of the cells is necessary. The presence of a proper micro-environment is crucial 

within this respect, which can be provided by the biomaterial.  

Traditional culture methods rely on two-dimensional (2D) adhesive substrates. However, 

upon encapsulation in a biomaterial, cells experience a three-dimensional (3D) rather than a 

2D environment. The transition towards a 3D environment can result in different cellular 

behavior, such as changes in proliferation and differentiation [50]. For example, Liu et al. 

[141] demonstrated that embryonic stem cells (ESCs) cultured in 3D show an increased 

expression of genes that regulate cell growth, proliferation, differentiation and ECM 

production and remodeling. More specifically, Duan et al. [60] demonstrated that ESCs 

cultured in hydrogels composed of collagen and decellularized ECM, promoted 

cardiomyogenic differentiation and maturation. Moreover, the interactions with the 

environment, cellular organization and spatial distribution in a 3D environment resemble 

the in vivo situation much more [61]. Therefore, 3D culture systems can give important 

insight in how stem cells respond after transplantation into the heart.  

Upon transplantation into the heart, stem cells also become exposed to mechanical loads. 

The contractile and pulsatile forces of the beating heart can be considered as cyclic strains 

and stresses at the cellular level [46]. Strain is known to affect the proliferation, organization 

and differentiation of stem cells [202]. For example, Huang et al. [96] showed that cyclic 

mechanical straining of bone marrow derived mesenchymal stem cells (BMSCs) results in 

increased expression of cardiomyocyte genes and an increase in the gap-junction protein 

connexin43. Furthermore, Fink et al. [70] and Hansen et al. [93] demonstrated that neonatal 

rat cardiomyocytes cultured in 3D longitudinally constrained hydrogels show alignment, 

increased cardiomyocyte (CM) maturation, and gap junctional coupling. This indicates that 

the application of strain to stem cells may contribute to an improved differentiation and 
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tissue integration. However, to be able to sense and respond to mechanical forces, cells 

should be able to interact with the ECM or biomaterial via specific anchoring proteins [245].   

Cardiomyocyte progenitor cells (CMPCs) from the heart form an interesting candidate cell 

source for cardiac regenerative therapy. Although the properties of CMPCs are promising 

for application in cardiac regenerative therapy, the effects observed in vivo are limited 

[54;85;213;247;257]. We hypothesize that 3D culture of CMPCs, by encapsulation in 

biomaterial, can increase their functionality. We investigated the viability, proliferation and 

cardiomyogenic differentiation capacity of CMPCs in 3D collagen/Matrigel based hydrogels. 

The effect of unidirectional static strain, induced by hydrogel constrainment, was studied to 

discover whether CMPCs respond to mechanical forces. We show that CMPCs can be 

cultured in 3D, and keep their early cardiomyogenic profile. Moreover, CMPCs cultured in 

3D collagen/Matrigel hydrogels respond to static mechanical strain. This strain was shown 

to be crucial for cell survival, proliferation and organization. Our results demonstrate the 

applicability of CMPCs in a 3D environment, and that pretreatment of CMPCs in a 3D culture 

system may enhance their in vivo  functionality for cardiac regenerative therapy compared 

to 2D cultured CMPCs.  

 

MATERIALS AND METHODS 

Culture of cardiomyocyte progenitor cells 

Human fetal CMPCs were isolated from human fetal hearts that were collected after 

elective abortion based on individual informed consent, and after approval by the Medical 

Ethics committee of the Leiden University Medical Centre. The isolated CMPCs were 

cultured and subsequently immortalized by lentiviral transduction of hTert and BMI-1 as 

described previously [11;213]. Immortalized L9TB CMPCs were cultured in growth medium 

(GM) consisting of M199 (Gibco)/EGM2 (3:1) supplemented with 10% fetal bovine serum 

(FBS) (Greiner bio-one), 1% non-essential amino acids (Gibco), and 1% 

penicillin/streptomycin (Lonza) on 0.1% gelatin (Sigma)/PBS (Sigma) coated flasks.  

 
Culture of 3D cell-hydrogel constructs  

For 3D culture, CMPCs were encapsulated in collagen/Matrigel hydrogels, composed of 50% 

rat tail collagen type I (3.2 mg/mL, BD Biosciences), 8.3% growth factor reduced MatrigelTM 

(BD Bioscience), 2.7% NaOH (0.5M, Sigma-Aldrich) and 39% growth medium. To induce 

static strain, cell-hydrogel constructs were casted in and between two house-shaped Velcro 

attachment points (5x5mm, 12mm interspace) in non-adhesive 6-well tissue culture plates 

(figure 1A) as previously described [80;128]. These constructs are further referred to as 

constrained constructs. One construct consisted of 400 µL collagen/Matrigel hydrogel 

solution and contained 800,000 cells. Unconstrained constructs were casted as droplets in 

non-adhesive 6-well plates (figure 1B). Constructs were allowed to polymerize for 1 h at 
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370C, after which growth medium was carefully added to the plates. It was ensured that the 

constructs did not attach to the culture plates. Constructs were cultured for 9 days; growth 

medium was replaced twice a week. To induce cardiomyogenic differentiation, half of the 

constructs was subjected to the differentiation protocol as used for 2D monolayer culture, 

after 1 day of culture [213]. Briefly, constructs were treated with 5 µM 5-azacytidine (Sigma) 

for 72 h in differentiation medium (DM) consisting of IMDM (Iscove’s Modified Dulbecco’s 

Medium)/Ham-F12 (1:1) (Gibco) supplemented with 2% horse serum, 10-4 M ascorbic acid 

(Sigma), 1% non-essential amino acids, 1% insulin-transferrin-selenium (Lonza), and 1% 

penicillin/streptomycin [213]. After 72 h, the medium was changed followed by 

transforming growth factor (TGF-β1) stimulation on day 7 (1ng/ml; Sigma) (IFDIFF media) 

[85;213]. Constructs were sacrificed at day 1 and day 9, and CMPCS were analyzed for 

viability, proliferation, cardiac differentiation, and mechanical responsiveness. Culture of 3D 

constructs was performed in three independent experiments.  

 

 

 

 
 

Figure 1.  Macroscopic pictures of (A) constrained, and (B) unconstrained constructs after 1 day of culture. 

 
Cell viability  

Viability of CMPCs in constrained and unconstrained constructs was determined using a cell 

tracker green (CTG) and propidium iodide (PI) staining (Molecular Probes). Constructs were 

washed twice with PBS and incubated with 10 µM OregonGreen 488 labeled CTG in GM or 

DM for 15 min at 370C. After vigorous washing with PBS, constructs were incubated with 10 

µM PI in GM or DM for 30 min at 370C. After incubation, constructs were washed with PBS, 

submerged in GM or DM and visualized using a Zeiss confocal microscope (N=6 per test 

group).  

 
Immunofluorescent stainings 

Immunofluorescent stainings were performed on constrained and unconstrained constructs 

to assess the proliferation and cardiomyogenic differentiation of the encapsulated CMPCs. 

Constructs were washed three times with PBS and fixated for 1 h in 3.7% formalin (Merck) in 

PBS. After fixation, constructs were washed with PBS again and incubated in 30% sucrose 

(Merck) overnight.  Constrained gels were cut loose from the Velcro attachment point. Gels 

were embedded in TissueTek cryopreservation solution, snap/frozen in ice cold isopentane, 

and stored at -200C. 10 µm thick slices were cut in longitudinal cross-sections using a 

cryotome (Microm HM550), which were stored at -800C until staining. Just before staining, 
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sections were thawed and air-dried at room temperature. For immunofluorescent stainings, 

sections were permeabilized with 0.5% Triton X-100 (Merck) in PBS for 10 min. Nonspecific 

binding of antibodies was blocked with 1% horse serum in PBS for 20 min. Subsequently, 

cells were incubated overnight at 4 0C with primary antibodies in PBS containing 10% horse 

serum. All antibodies and their dilutions are listed in table 1. Cell proliferation was assessed 

by staining for the Ki-67 cell cycle marker. Primary antibodies against GATA4, Nkx2.5, α-

actinin, cardiac troponin I (cTnI) and vimentin were used to determine whether the cells 

remained their cardiomyogenic expression profile. After primary antibody incubation, cells 

were washed in 0.1% Tween-20 (Merck) in PBS and incubated with secondary antibodies for 

1 h at room temperature (listed in table 1). TRITC labeled phalloidin (Sigma) (incubation for 

1 h at room temperature) was used to stain the actin cytoskeleton. Cells were counter 

stained with DAPI (Sigma) (1:500) to visualize the cell nuclei. Slides were embedded in 

Mowiol mounting medium, covered with cover glasses and visualized using a Zeiss 

fluorescent microscope (N=6 per test group).  

 

Table 1. Antibodies used for immunofluorescent stainings. 

Antigen Source Cat.no Clone Isotype Label Species Dilution 

         
Nkx2.5 SC sc-14033 H-114 IgG - Rabbit 1/200 

        GATA4 SC sc-25310 G-4 IgG2a  -  Rabbit 1/200 

        α-actinin SA A7811 EA-53 IgG1 - Mouse 1/400 

        cTnI SC sc- 15368 H-170 IgG  -  Rabbit 1/250 

        vimentin AB 20346 VI-10 IgM  -  Mouse 1/1000 

        Mouse IgG1 IG A21121 - IgG1 Alexa Fluor 488 Goat 1/300 

        Mouse IgG1 MP A21127  -  IgG1 Alexa Fluor 555 Goat 1/300 

        Mouse IgG2a MP A21131  -  IgG2a Alexa Fluor 488 Goat 1/300 

        Mouse IgM MP A21426  -  IgM Alexa Fluor 555 Goat 1/500 

        Rabbit IgG MP A21428 - IgG 
(H+L) 

Alexa Fluor 555 Goat 1/200 

Abbreviations used in this table: SC, Santa Cruz; SA, Sigma Aldrich; AB, Abcam; IG, Invitrogen; MP, Molecular 

Probes. 

 
Quantitative PCR 

mRNA was isolated from 1 sample per test group per experiment (N=3) using the Qiagen 

RNeasy isolation kit (Qiagen) according to the manufacturer’s instructions. Gels were 

grounded in RLT buffer containing 1% β-mercapto-ethanol using an Ultra-Thurrax (IKA T10 

basic). RNA was amplified and converted to cDNA using a QuantiTect whole transcriptome 

amplification kit (Qiagen) as described by the manufacturer. Primers for qPCR were 

designed with Beacon Designer 7.0 (Premier Biosoft International). Primer sequences and 

annealing temperatures are presented in table 2. cDNA samples were subjected to qPCR 

using iQTM SYBR@ Green Supermix (Bio-Rad) and the Bio-Rad IQ™5 detection system 

(Version2.0). 
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Table 2. Primer sequences 

    Primer   Sequence Tm 

    Nkx2.5 fw CCC CTG GAT TTT GCA TTC AC 60 

 
rv CGT GCG CAA GAA CAA ACG 

     GATA4 fw TCC AGC AAC TCC AGC AAC 60 

 
rv AGA CAT CGC ACT GAC TGA G  

     Mef2C fw TCG GGT CTT CCT TCA TCA G 60 

 
rv GTT CAT CCA TAA TCC TCG TAA TC 

     Myocardin fw AGA TGG ATG AAC TCC TGG AC 60 

 
rv AGT TGG ACT TCG GGA AGA TC 

     cardiac troponin T (cTnT) fw CGA CGA GAG GAG GAG GAG AAC 60 

 
rv CCG CTC TGT CTT CTG GAT GTA AC 

     connexin43 (cnx43) fw TTT CTT CAA GGG CGT TAA GGA TC 60 

 
rv AGG AGG AGA CAT AGG CGA GAG 

 

 
 
Internal stress formation 

Retraction of the constrained constructs was determined as measure for internal stress 

formation (N=6). After 1 and 9 days of culture, constructs were cut at one side, next to the 

Velcro attachment point. Pictures were taken before and 5 min after cutting. Tissue 

retraction was calculated from the length of the sample before and after cutting, and 

expressed as % of the original length. 

 
Cell orientation analysis 

Cell orientation was determined from confocal z-stack images of the mid-plane of CTG 

stained constructs (N=4-6, 1 image per sample). Using an in-house algorithm based on the 

method of Frangi et al. [73], the orientation of each structure to be part of a vessel (fiber-

like structure) was calculated [53;241]. In our case, cells that have an elongated shape are 

considered as vessel. In brief, for each pixel the Hessian and corresponding Eigenvalues and 

Eigenvectors were determined. From this, the vesselness (the probability that a pixel 

belongs to a vessel), as determined by Frangi et al. [73], was calculated, followed by an 

estimation of the structure orientation. The orientation is plotted in a histogram, showing 

the fiber fraction per angle (00-1800). The algorithm was implemented in Mathematica 

(Wolfram Research), histogram data was plotted using MATLAB.  

 
Statistical analysis 

All data is presented as mean ± SEM except for the orientation data, which was plotted as 

mean ± standard deviation. qPCR data was quantified using the comparative threshold cycle 

(Ct) method of Livak et al. [143]. qPCR data is presented as fold change (2-∆∆Ct), by 
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comparing signals of the CMPCs embedded in collagen/Matrigel to those of 1 day 2D 

cultured undifferentiated CMPCs [11], both relative to an internal control, TOP-1. Cell 

proliferation was quantified by counting (by two independent researchers) the number of 

Ki67 positive cells relative to the total number of cells. Statistical analysis was performed 

using a one-way ANOVA with bonferoni post-hoc test for multiple comparisons. Significance 

was assumed when P<0.05. Graphics and statistical analysis were performed with GraphPad 

Prism software (version 5.04). 

 
 
RESULTS 

In 3D constrained constructs CMPCs show increased viability and proliferation 

CMPCs embedded in constrained constructs elongated in the direction of the constraint, as 

observed by the CTG staining. Furthermore, almost no dead cells were observed, indicating 

a very high viability (figure 2A). Both the culture time of 9 days and the initiation of 

cardiomyogenic differentiation did not affect the CMPC viability in the constrained 

constructs (figure 2 B,C). CMPCs embedded in unconstrained constructs, however, remained 

much more rounded, though some cells had thin embranchments. Viability in unconstrained 

constructs was lower compared to constrained constructs (figure 2 H). After 9 days of 

culture in unconstrained constructs, viability decreased, both in the constructs cultured in 

growth medium as well as in the constructs submitted to the differentiation protocol, as 

observed by the CTG and the PI staining (figure 2 I,J). 

Proliferation in constrained constructs slightly decreased during culture time in both GM 

and DM, but CMPCs were still able to divide (figure 2D-G). In contrast, proliferation in 

unconstrained constructs was almost completely abolished after 9 days of culture in GM as 

well as in DM (figure 2K-N). 
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Figure 2. Viability and proliferation in constrained and unconstrained constructs. 

Confocal images showing living (green, CTG) and dead cells (red, PI) in constrained (A-C) and unconstrained 

constructs (H-J). Immunofluorescent images showing Ki67 positive cells (green) in constrained (D-F) and 

unconstrained constructs (K-M); nuclei are stained with DAPI (blue). (G) and (N) quantification of the % of Ki67 

positive cells in constrained resp. unconstrained constructs. (A,D,H,K) 1 day of culture; (B,E,I,L) 9 days of 

culture in GM; (C,F,J,M) 9 days of culture in DM. Proliferation data is represented as mean ± SEM. * P<0.05, ** 

P<0.01, **** P<0.0001, N=6. Scale bar = 50 μm. 
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Cardiac specific development of CMPCs in 3D 

Gene expression of cardiac transcription factors GATA4, NKx2.5 and Myocardin, and the 

cardiac markers cTnT and cnx43 was increased in 3D cultured CMPCs compared to the 2D 

cultures, indicative of an increased cardiomyogenic differentiation capacity in 3D (figure 3A-

F). Only the expression of the cardiac transcription factor Mef2C was comparable in 2D and 

3D culture (figure 3C). Extended culture time and subjection to the differentiation protocol, 

as well as construct constrainment did not substantially improve the differentiation capacity 

of CMPCs. However, construct constrainment did result in an enhanced protein expression 

and organization of cardiac markers. Both constrained and unconstrained constructs 

showed protein expression of Nkx2.5 and GATA4 (figure 4A,B,F,G). Remarkably, protein 

expression of GATA4 was abolished in constructs cultured in GM (data not shown), while the 

gene expression level of GATA4 was similar to the levels observed after 1 day of culture or 

after 9 days of culture in DM. Interestingly, constrained constructs displayed a more intense 

expression of the sarcomeric protein α-actinin and the cardiac marker cardiac troponinI 

(cTnI) (figure 4C,D). However, the expression was cytoplasmatic, and no cross-striations, 

characteristic of mature cardiomyocytes, were present yet. In unconstrained constructs 

protein expression of α-actinin and cTnI was mainly observed in and around the nucleus 

(figure 4 H,I). Furthermore, CMPCs in constrained constructs had an elongated and rod-

shaped morphology, while cells in unconstrained constructs were small and rounded. 

Vimentin was expressed cytoplasmatically or in small dots, but no fiber-like structure, 

characteristic of fibroblast-like cells, were observed in both constrained and unconstrained 

constructs (figure 4E,J).   
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Figure 3. Cardiomyogenic differentiation profile of CMPCs cultured in 3D. 

Expression of cardiac transcription markers GATA4 (A), Nkx2.5 (B), Mef2C (C) and Myocardin (D), and cardiac 

markers cardiac troponinT (E) and Connexin43 (F) in CMPC encapsulated in 3D constrained and unconstrained 

constructs as compared to 2D monolayer culture. The data is represented as mean fold change ± SEM. * 

P<0.05, ** P<0.01, N=3. 

 

 

 

 

 

 

 

 

 

 

Figure 4. Protein expression of cardiac transcription factors and cardiac markers in constrained and 

unconstrained constructs subjected to the differentiation protocol, after 9 days of culture. 

Representative immunofluorescent images of (A,F) GATA4 (green), (B,G) Nkx2.5 (red), (C,H) α-actinin (green), 

(D,I) cardiac troponinI (red), and (E,J) vimentin (red) in constrained (A-E) and unconstrained constructs (F-J). 

Constructs cultured for 1 day or 9 days in growth medium gave the same results, except for GATA4, which was 

absent in constructs cultured for 9 days in growth medium (data not shown). Cell nuclei are stained with DAPI 

(blue). Scale bar = 50 μm. 
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CMPCs in 3D align in the direction of the constraint 

To investigate whether CMPCs embedded in a 3D construct are able to sense the 

unidirectional static strain imposed by construct constrainment in the longitudinal direction, 

actin stress fiber formation was studied. After 1 day of culture, CMPC encapsulated in 

constrained constructs showed cytoplasmic staining of actin, but also stress fibers could be 

observed (figure 5A). After 9 days of culture in both GM or DM, the cytoplasmic actin 

staining was diminished and actin stress fibers were observed throughout the cells (figure 5 

C,D), suggesting that the cells have become mechanosensitive. Contrarily, CMPCs 

encapsulated in unconstrained constructs showed either cytoplasmic or cortical staining of 

actin and no stress fibers were developed (data not shown). Only cells at the border of the 

unconstrained gels showed some formation of actin stress fibers, probably because of stress 

in the gels generated by gel compaction. Others have also observed this phenomenon in 

compacting gel systems [183]. In constrained constructs, actin fiber formation correlated 

with construct retraction. After loosening the constructs from the constraint at one side, 

gels retracted from 19.6% at 1 day to 27.0% at day 9 of culture in GM,  and even up to 51.6% 

in DM (fig 5 D). This suggests that CMPCs in constrained constructs are able to sense and 

respond to mechanical strain, and  that differentiation results in an enhanced development 

of their mechanosensing apparatus. Indeed, CMPCs encapsulated in constrained constructs 

had a dominant orientation along the direction of the constraint (900), which becomes more 

pronounced with culture time in GM or DM (figure 6 A-F). CMPCs encapsulated in 

unconstrained constructs showed a random orientation (figure 6 G-L).  

 

 

 
 
 
 
 
 

Figure 5. Actin stress fiber development and internal stress formation in constrained constructs. 

Immunofluorescent images of the actin cytoskeleton (green) in constrained constructs after 1 day of culture 

(A), and 9 days of culture in GM (B) or DM (C). Cell nuclei are stained with DAPI (blue). Scale bar = 50 μm, 

arrow denotes constrained direction. (D) Bar plot showing the % of retraction in constrained constructs. Data 

is represented as mean ± SEM. *** P<0.001, **** P<0.0001, N=6. 
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Figure 6. Orientation of CMPCs embedded in constrained and unconstrained constructs. 

Confocal images showing cell tracker green stained cells in constrained (A-C) and unconstrained constructs (G-

I) after 1 and 9 days of culture. Scale bar = 100 μm, arrow denotes constrained direction (90
0
). (D-E) and (G-I) 

histograms showing the fiber fraction (cellular structures) per orientation angle in respectively constrained and 

unconstrained constructs after 1 and 9 days of culture. Data is represented as mean ± standard deviation, N=4-

6. 



CHAPTER 5 

 

- 88 - 

 

DISCUSSION 

Our data shows that culture of CMPCs in a 3D hydrogel environment significantly improves 

their cardiomyogenic differentiation capacity as compared to 2D culture, independent of 

culture in DM or application of static strain, as imposed by construct constrainment. 

Additional application of strain, however, resulted in an increased cell viability and 

proliferation, and appeared crucial for cardiac protein expression, organization and cell 

morphology. Interestingly, application of strain also resulted in cell alignment, which is 

typical of myocardial tissue.   

An increased differentiation capacity in 3D compared to 2D has also been described by 

Dawson et al. [50] and Liu et al. [141] for (embryonic) stem cells. Furthermore, our data is 

consistent with the results of Gaetani et al. [78], who showed an increased gene expression 

of the cardiac transcription factors Nkx2.5, GATA4 and Mef2C in CMPCs cultured in 3D 

alginate scaffold compared to 2D monolayer culture. However, this is the first time that the 

effect of mechanical load on 3D embedded cardiac stem cells was investigated. Upon 

injection into the cardiac tissue, cells are directly exposed to the rhythmic beating of the 

heart. The ability of the cells to respond to these stimulating movements may be beneficial 

for cell proliferation, viability and tissue integration, as shown in this study. We demonstrate 

for the first time that CMPCs are sensitive to unidirectional static strain, as imposed by 

construct constrainment. Although the application of mechanical load in our study is still 

simple, it does give important insights in the behavior of CMPCs. Firstly, constrained 

constructs show an increased viability compared to unconstrained constructs. Secondly, 

proliferation in constrained constructs diminished with culture time, but cells where still 

able to divide, while in unconstrained constructs proliferation was almost completely 

abolished. The decrease in proliferation is in line with a previous report that the 

proliferation of cardiac cells decreases in 3D culture compared to 2D culture [177]. 

Withdrawal from the cell cycle, as observed in unconstrained constructs, can be a sign of 

terminal differentiation [228]. However, the gene expression of cardiac transcription factors 

and markers in unconstrained constructs was comparable to constrained constructs, 

indicating that CMPCs do not switch to a state of terminal differentiation. More likely, the 

unconstrained environment causes the cells to stay in a more quiescent state. Similarly, Li et 

al. [135] described a quiescent rather than proliferative state of mesenchymal stem cells 

encapsulated in thermosensitive synthetic hydrogels. Thirdly, constructs constrainment 

resulted in an increased protein expression and organization of the sarcomeric protein α-

actinin and the cardiac marker cTnI, although no signs of sarcomeric organization were 

observed yet. The expression of these proteins in unconstrained constructs seemed less 

intensive and was observed mostly in and around the nucleus. Remarkably, the protein 

expression of GATA4 was abolished in constructs subjected to the differentiation protocol, 

independent of strain application. GATA4 is an early cardiac transcription factor that is 

decreased upon cardiomyocyte maturation [134]. However, we did not observe any other 

signs of cardiomyocyte maturation yet. Moreover, GATA4 gene expression levels did not 

diminish in these constructs, which may suggest that one of the supplements of the 
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differentiation medium (vitamin C or TGFβ) is involved in the translation of the GATA4 

mRNA, or that only a part of the cells differentiates and loses the GATA4 expression. To 

exclude the possibility that CMPCs encapsulated in 3D constructs differentiate towards 

fibroblast-like cells, we determined the protein expression of vimentin. Vimentin forms a 

network of intermediate filaments in fibroblast-like cells and is typically not present in 

mature cardiomyocytes, though expression has been observed in fetal cardiomyocytes [88]. 

In both constrained and unconstrained hydrogel constructs, vimentin was expressed in a 

dotted pattern or cytoplasmic, but not as fiber-like structures, indicating that the CMPCs 

were not de-differentiating towards fibroblast-like cells. Fourthly, we showed that the 

application of strain had a large effect on CMPC morphology. Cells in unconstrained 

constructs were small and had a rounded morphology. Only few cells showed small and thin 

embranchments. In contrast, in constrained constructs cells elongated and had a more rod 

shaped morphology, characteristic of mature cardiomyocytes [228].  

 

For stem cell integration into the host tissue, response to mechanical signals is important. In 

this study, we imposed static strain to CMPCs encapsulated in collagen/Matrigel hydrogels 

casted in between two attachment points. Due to gel compaction, a static strain situation is 

created, resulting in an unconfined constrained situation (free edges of the construct are 

able to deform). After release from the constraint, constructs retracted 20%-52% depending 

on culture time and medium, which demonstrates that the cells were actively pulling on the 

gel and indeed are exposed to a static strain situation. The development of actin stress 

fibers, as characteristic of mechanosensitive cells [160], was studied to determine whether 

the cells were able to sense and respond to this strain. We have shown before, that in 2D 

undifferentiated CMPCs have no formation of stress fibers and no stable focal adhesions 

[245]. The formation of a fully developed actin cytoskeleton and stable focal adhesions took 

up to 14 days of differentiation towards the cardiomyogenic lineage. Here, we show that the 

mechanosensitivity of undifferentiated CMPCs is rapidly developed upon encapsulation in 

3D collagen/Matrigel hydrogels. Although no differences in actin stress fiber development 

between constructs cultured in GM or DM could be observed, construct retraction was 

much higher in those constructs, suggesting an increased development of the actin 

cytoskeleton. In unconstrained constructs, actin staining was either cytoplasmic or cortical, 

indicating that the cells were not actively pulling the gel, and had not a developed 

mechanosensing system.  

To investigate whether the CMPCs were not just able to sense but in fact were able to 

respond to mechanical strain, we studied the orientation response of the cells. CMPCs 

encapsulated in constrained constructs oriented in the direction of the constraint. This 

response was more pronounced after 9 days of culture, independent of culture medium. 

These data correspond to the study of Hansen et al. [93], who showed that neonatal rat 

heart cells encapsulated in collagen/Matrigel aligned in the direction of the constraint. Fink 

et al. [70] also showed alignment of neonatal cardiomyocytes (chicken and rat) in 

constrained collagen/Matrigel hydrogels. However, they only reported alignment at the free 

lateral edges and not in the center of the hydrogel. In contrast to constrained constructs, 
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CMPCs encapsulated in unconstrained constructs did not show a preferred orientation. In 

summary, these data indicate that undifferentiated CMPCs encapsulated in 3D 

collagen/Matrigel hydrogels are able to sense and respond to mechanical strain similar to 

differentiated cardiomyocytes. The quick development of the mechanosensing mechanism 

of CMPCs and the observation that anchoring results in cell alignment, suggests that a 

combination of cells and a biomaterial may result in an enhanced efficiency of cell therapy.  

However, to ensure that the mechanical signals of the heart are also transmitted to the 

biomaterial and the cells after injection, the biomaterial should adhere to, and integrate 

into the heart tissue. 

 

The model system we use in this study is based on a well-developed model for skeletal 

muscle [80;128]. The system, based on a combination of collagen type I and Matrigel, allows 

for the use of high cell densities, and provides a biological and natural environment to the 

cells. Moreover, by applying a constraint to the gel, the cells are exposed to intrinsically 

generated stress resulting in cell alignment. The composition of the hydrogel resembles that 

of the native cardiac ECM, which is composed of collagen types I, III and IV, laminin, 

fibronectin, elastin and fibrillin [156]. Next to their proven value in skeletal muscle tissue 

engineering, collagen/Matrigel based hydrogels are also used for cardiac tissue engineering 

in combination with neonatal chicken or rat cardiomyocytes [70] and neonatal rat heart 

cells [93;267]. The system supports cellular differentiation, cardiomyocyte maturation, 

sarcomere development, and contractility. Therefore, collagen/Matrigel represents a 

promising 3D culture environment for use in cardiac regeneration in combination with stem 

cells. However, its use in clinic is awaiting a human version of Matrigel. The use of synthetic 

ECM systems may overcome these limitations in future [48]. 

 

In conclusion, we show that CMPCs can be cultured in 3D collagen/Matrigel hydrogels 

thereby keeping their early cardiomyogenic profile. The cardiomyogenic differentiation 

capacity of CMPCs in 3D is higher compared to 2D culture. Moreover, static strain, as 

imposed by hydrogel constrainment, results in an increased cell viability and proliferation 

and is crucial for cardiac marker protein expression, organization and cell morphology. 

CMPCs cultured in 3D collagen/Matrigel become readily mechanosensitive and respond to 

hydrogel constrainment by orienting in the direction of the constraint. The 

mechanoresponse of CMPCs is crucial for cell integration into the host tissue. Overall, our 

results suggest that CMPC encapsulation in a biomaterial can enhance the survival, 

proliferation and differentiation capacity of the cells, which may result in an improved 

efficiency of cardiac stem cell therapy. 
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ABSTRACT 

For stem cell functionality after transplantation into the beating heart, cell orientation and 

alignment with local cardiomyocytes is of utmost importance. In general, adherent cells in 

2D and in 3D show a strain avoidance response to cyclic uniaxial strain, and orient away 

from the strained direction. Cardiomyocyte progenitor cells (CMPCs) are a valuable cell 

source for cardiac regenerative therapies. However, their response to the dynamic 

mechanical forces of the beating heart is yet unknown. In this study, we studied the 

differentiation and orientation behaviour of both undifferentiated and pre-differentiated 

CMPCs in response to cyclic uniaxial strain in 3D mini-tissues mimicking the biaxial 

constrained situation of the beating heart. We showed that, after application of uniaxial 

cyclic strain, both undifferentiated and pre-differentiated CMPCs kept their characteristics 

of early cardiomyogenic progenitors. Additionally, undifferentiated CMPCs had a spherical 

morphology, had no developed mechanosensing system the first 24-48h of culture, and did 

not show an orientation response. In contrast, pre-differentiated CMPCs had a more spread 

morphology and their mechanosensing system was developed and activated. However, no 

uniform orientation direction was observed. Our results suggest that CMPCs may not 

respond to cyclic mechanical strain in 3D by adapting their orientation away from the 

strained direction, as is observed in most other adherent cells, which may be beneficial for 

transplantation into the heart. However, a concise conclusion on the strain response of 

CMPCs in 3D cannot be given yet and requires additional research, including (I) 2D straining 

studies, (II) alternative 3D model systems, allowing for higher cell densities and longer 

culture times, and (III) signaling interference studies. Understanding the response of CMPCs 

to cyclic strain in 3D can give insight in their response after transplantation into the beating 

heart and can be used as input for the development of new biomaterials for cardiac 

regenerative therapies.  
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INTRODUCTION 

Regenerative medicine using stem cells is considered a valuable strategy to regenerate the 

infarcted cardiac tissue after a myocardial infarction (MI). Several approaches can be 

adopted, which include injection of cell solutions, injection of these cells encapsulated in a 

biomaterial, or the application of an in vitro prepared cardiac tissue patch or cell sheet to 

the epicardial wall of the myocardium [39;181;233;243]. Clearly, in all these approaches, 

after transplantation, stem cells are immediately exposed to the dynamic mechanical forces 

of the beating heart. These mechanical stimuli include the passive stresses and strains 

caused by the expansion of the heart due to chamber filling and wall distension, and the 

active stresses and strains caused by the contraction of the cardiomyocytes [46]. These 

dynamic forces can affect the proliferation, differentiation, and orientation of the injected 

stem cells. Especially the orientation response of stem cells in a 3D environment is not well 

understood yet, but of specific importance for the integration into the host tissue and 

alignment with local cardiomyocytes (CMs).  

It is generally known that adherent cells adapt their orientation in response to cyclic 

mechanical strain. In two dimensional (2D) in vitro studies, adherent (stem) cells show a 

strain avoidance response and orient themselves perpendicular to the direction of cyclic 

strain [106;111;129;140;150;159;168;175;203]. This response has been reported for 

embryonic stem cells (ESCs) [203], mesenchymal stem cells (MSCs) [150;168] and adipose 

derived stem cells (ASCs) [129]. Contrarily, in 2D in vitro studies, cardiomyocytes show a 

biphasic response and change their orientation from parallel to the strain direction to 

perpendicular in a later stage [107]. Both the presence and localization of specific cell-cell 

contacts and the activation of signaling pathways seem to play a role in this response 

[149;188;261]. The orientation response of cells, including cardiomyocytes, to strain in 2D 

can be overruled by the contact guidance of the substrate, e.g. by seeding the cells on 

micro-grooves or micro-patterns [4;84;255]. The orientation response of cells in three 

dimensions (3D) is much less studied and less well understood. Recently, it has been shown 

that, similar to 2D, (myo)fibroblasts also orient away from the strain direction in 3D 

[8;53;71], and that their orientation response in 3D is also dominated by contact guidance 

[71]. The orientation response of stem cells in 3D has not been elucidated yet. When stem 

cells show the same orientation response in 3D as in 2D, similar to adult cells, this may give 

problems with tissue integration after injection in the heart, as they may not align with local 

cardiomyocytes. It is therefore important to know if and how stem cells orient upon 

mechanical stimulation in a 3D environment. 

Next to having an effect on the orientation of stem cells, cyclic strain also influences their 

survival, proliferation and differentiation. Several studies have addressed this issue. Park et 

al. [168] and Maul et al. [150] showed an increase in smooth muscle cell (SMC) related 

genes in cyclically stretched MSCs. In addition to this, Maul et al. also reported an increase 

in bone and cartilage related genes in stretched MSCs as well as an increase in cell 

proliferation [150]. Increased SMC differentiation in response to cyclic strain has also been 

reported by Lee et al. [129] in adipose derived stem cells (ASCs) and by Shimizo et al. [203] 

in embryonic stem cells (ESCs). The latter also reported an increase in cell proliferation in 
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ESCs upon cyclic stretching. Next to endogenous stem cells, at present also induced 

pluripotent stem cells (iPS cells) can be obtained and used [254;262]. Teramura et al. 

showed that the exposure of these iPS cells to cyclic strain results in a decrease of 

pluripotency related genes [226].  

Since our aim is on using stem cells for cardiac regenerative therapy, we are, next to the 

orientation, especially interested in the cardiomyogenic differentiation of the cells in 

response to cyclic mechanical strain. In 2D in vitro studies, Kurazumi et al. showed that the 

application of cyclic strain to cardiosphere derived cells resulted in a decreased 

proliferation, enhanced release of inflammatory cytokines and angiogenic factors, and 

improved cardiomyogenic differentiation [124]. Furthermore, both Ge et al. [81] and Bhang 

et al. [17] demonstrated increased cardiomyogenic differentiation of bone marrow derived 

MSCs exposed to cyclic strain in 2D. Based on these studies it may be concluded that cyclic 

strain, besides the orientation of stem cells, also stimulates their cardiomyogenic 

differentiation and affects their survival and proliferation in 2D. However, in vivo cells will 

not encounter a 2D but 3D environment, which may lead to a different effect on the 

differentiation of the cells, since both 3D culture techniques and a specific micro-

environment are known to highly affect the behavior of cells and their response to specific 

stimuli [27;46;141;229]. The response of ESC derived CMs to cyclic strain in 3D has been 

studied by Gwak et al. [90] and Shimko and Claycomb [204], who reported a frequency 

dependent effect on cardiomyogenic differentiation, and a decreased proliferation. These 

studies show the potential of a controlled 3D micro-environment for the cardiomyogenic 

regeneration potential of stem cells. 

Many of the above-mentioned stem cells may not make it to clinical application, either due 

to limited cardiomyogenic differentiation and limited in vivo regenerative effects, or 

because of ethical considerations. An alternative stem cell that shows great promise for use 

in cardiac regenerative therapy because of its proven in vitro cardiomyogenic 

differentiation, and safety after in vivo application, is the cardiomyocyte progenitor cell 

(CMPC), as has been previously described [11;85;212;247]. In a recent study, we explored 

the effect of uniaxial constraint on these cells in a 3D environment. This resulted in 

enhanced cardiac protein expression, organization, and cell alignment, which demonstrated 

the ability of CMPCs to respond to mechanical forces [244]. However, if and how CMPCs will 

respond, in terms of orientation and differentiation, to the cyclic mechanical forces as 

exerted by the beating heart and in the cardiac tissue environment, is still unknown. Here, 

we study the response of CMPCs cultured in a homogenous 3D matrix environment, 

composed of collagen type I and Matrigel, in vitro under cyclic strain. By using an in vitro 

square tissue model that is confined (constrained) on all four sides and subjected to uniaxial 

cyclic strain using a commercial Flexcell system, we mimic both the active and passive 

loading conditions of cardiac tissue. As previously demonstrated, undifferentiated CMPCs 

have a less developed mechanosensing apparatus, which may affect their strain response 

[245]. Therefore, the response in terms of mechanosensitivity, cell orientation, and 

cardiomyogenic differentiation of both undifferentiated and pre-differentiated CMPCs was 

studied. Furthermore, as described above, it is also known that the response of cells to 



STRAIN RESPONSE OF CMPCS IN 3D 

 

- 97 - 

 

these mechanical cues is dependent on both strain direction and presence and direction of 

the extracellular matrix (ECM) fibers (contact guidance), which can actually interfere. 

Therefore, we aimed to incorporate the effect of the ECM network by either starting the 

uniaxial cyclic strain immediately after preparation of the tissues or by culturing the tissues 

statically for 48h before the onset of uniaxial cyclic strain. We hypothesized that static 

culture would result in remodeling of the collagen fibers into an isotropic network, while the 

collagen network of immediately strained tissues would be composed of randomly arranged 

loose fibrils. We showed that both undifferentiated and pre-differentiated CMPCs keep the 

characteristics of early cardiac progenitors when cultured in 3D mini-tissues and after being 

subjected to cyclic uniaxial strain. Furthermore, undifferentiated CMPCs in 3D had a 

spherical morphology and did not spread in the 3D uniaxial cyclically strained tissues. In 

addition to this, undifferentiated CMPCs had no clear formation of stress fibers and focal 

adhesions (FAs) during the first 24-48h of culture, indicating that their mechanosensing 

apparatus was not completely developed yet. This may be the cause of the absence of 

orientation of the undifferentiated CMPCs in response to cyclic uniaxial strain. In contrast, 

pre-differentiated CMPCs had a spread and elongated morphology after cyclic straining. 

Furthermore, they had a developed and activated mechanosensing apparatus already 

before application of cyclic strain. Nevertheless, the orientation response to uniaxial cyclic 

strain of pre-differentiated CMPCs was not consistent between repeated, identical 

experiments. Clearly, more experiments need to be done to increase our understanding of 

the response of CMPCs to cyclic strain in 2D and especially in 3D, including the underlying 

mechanisms. In this chapter, we describe the first preliminary results, and discuss how we 

should proceed to unravel the mechanobiology of CMPCs in 3D.  

 

 

THE EXPERIMENT 

Experimental outline 

Study design 

The response of CMPCs to uniaxial cyclic strain was studied in biaxially constrained square 

mini-tissues (3x3 mm) composed of collagen/Matrigel and either undifferentiated or pre-

differentiated CMPCs (figure 1). To study only the strain response, without giving the cells a 

change to form or reorganize a more mature ECM, hence avoiding contact guidance by the 

ECM, mini-tissues were immediately exposed to 10% uniaxial strain at 0.5Hz upon gelation, 

for 24h or 48h (immediate strain group). To study the strain response after giving the cells 

the chance to make a more mature and chaotic ECM, mini-tissues were cultured statically 

for 48h before starting the cyclic uniaxial strain for 24h or 48h (0.5 Hz, 10%) (delayed strain 

group). 
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Figure 1.  3D view of biaxially constrained mini-tissues containing pre-differentiated CMPCs after 1 day of static 

culture. (A) top view, (B) side view.  

 

Methods and analysis 

Human fetal immortalized CMPCs were cultured and differentiated towards the 

cardiomyogenic lineage for two weeks, as described before [213;244]. In brief, the collagen/ 

Matrigel mixture was composed of 50% rat tail collagen type I (3.2 mg/mL, BD Biosciences), 

8.3% growth factor reduced MatrigelTM (BD Bioscience), 2.7% NaOH (0.5M, Sigma-Aldrich) 

and 39% SP++ growth medium (undifferentiated CMPCs) or IFDIFF differentiation medium 

(pre-differentiated CMPCs). The cell/gel mixture was casted in and around a square array 

(3x3 mm) of 12 silicone (Dragon skin. Smooth-On) posts that were imprinted on the flexible 

membranes of Bioflex well plates (FlexCell International) (figure 1) [71]. Gels were 

subsequently polymerized for 1 h at 37 0C, 5% CO2 after which medium (SP++ or IFDIFF) was 

carefully added. The silicon posts provided anchoring points for the compacting gel, 

resulting in a biaxially constrained tissue. The tissues were cultured statically, or exposed to 

uniaxial cyclic strain for 24 and 48h using a FlexerCell FX tension4000 system (FlexCell 

International). Time points of 24h and 48h were chosen since we hypothesized that CMPCs 

may have a bi-phasic response to cyclic strain as is observed in mature CMs. Cyclic strain at 

a frequency of 0.5 Hz was gradually increased from 2% to 5% after 2h and, after another 2h, 

to a final 10%. Straining (24h and 48h) was either started 2h after polymerization 

(immediate strain group) or 48h after polymerization (delayed strain group). The latter 

means that the delayed strained tissues were, in total, 72h and 96h in culture. Statically 

cultured mini-tissues (24h and 48h) served as control. 

Mechanosensitivity of the cells was determined from confocal images of whole mount mini-

tissues stained for actin (TRITC labeled phalloidin, Sigma) and pFAK (Alexa488, BD 

Bioscience). Cell morphology and orientation were evaluated by staining the tissues for cell 

tracker orange (CTO, Molecular Probes) and collagen (CNA35 OGG488 [20;122]), and 

subsequent visualization using confocal microscopy. When applicable, cell orientation was 

quantified from confocal z-stack images of the mid-plane of the CTO stained mini-tissues 

(N=4-6, 1-2 images per sample), using an in-house developed algorithm based on the 

method of Frangi et al. [73] as described before [244]. Cardiomyogenic differentiation of the 

cells was assessed in cross-plane cryo-sections by immunofluoresent stainings for GATA4 

(Santa Cruz), Nkx2.5 (Santa Cruz), cardiac troponin I (cTnI, Santa Cruz), α-actinin (Sigma 
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Aldrich), and vimentin (Abcam) as previously described (n=1-2) [244]. Exogenous ECM 

remodeling was studied in confocal images stained for collagen (CNA35 OGG488 [20;122]).  

 

Results 

Exogenous ECM remodeling 

To determine the maturation of the ECM network of both immediately and delayed strained 

mini-tissues, the presence and orientation of collagen fibers was studied. The collagen 

network in the immediately strained mini-tissues was composed of short fibers, while in the 

delayed strained mini-tissues also wavy structures could be observed indicative of matrix 

maturation (figure 3,4). This maturation effect seemed to be larger in mini-tissues 

embedded with pre-differentiated CMPCs. However, differences between groups were not 

very clear and orientation of the collagen fibers was difficult to determine. Therefore, we 

cannot discriminate between the response to strain alone, or the response to strain in a 

remodeled ECM (contact guidance). However, since culture time between groups differs, we 

decided not to combine both experimental groups.  

Cardiomyogenic differentiation 

Differentiation of both undifferentiated and pre-differentiated CMPs was assessed by 

examining immunofluorescent stainings for the cardiac transcription factors GATA4 and 

Nkx2.5, the cardiac marker cTnI, and the sarcomeric protein α-actinin  (table 1). Vimentin 

expression was studied to exclude trans differentiation towards fibroblast-like cells. Protein 

expression of GATA4 and Nkx2.5 was observed in all samples, albeit not all cells expressed 

Nkx2.5, indicating that the cells were still in the early cardiomyogenic development phase. 

Also, α-actinin was present in all cells, and under all conditions, although still cytoplasmic, 

and no early sign of sarcomeric organization could be observed yet. Cytoplasmic protein 

expression of cTnI was observed in all samples embedded with undifferentiated CMPCs, 

except for the samples that were immediately strained for 48h. In pre-differentiated CMPCs, 

cTnI was only present in the samples cultured statically for 24h, or subjected to immediate 

cyclic strain for 24h and 48h. Furthermore, the expression of cTnI appeared diminished in 

the 48h cultured samples, indicating that a prolonged culture time may result in less 

differentiation of the cells. Lastly, vimentin was expressed in both undifferentiated and pre-

differentiated CMPCs in all conditions, though not in a striated pattern, suggesting the cells 

are not differentiating towards fibroblast-like cells. Altogether, our results suggest that both 

undifferentiated and pre-differentiated CMPCs keep their characteristics of early cardiac 

progenitors. For a more detailed view of the effects of cyclic uniaxial strain in 3D on the 

cardiomyogenic differentiation, more extensive and in depth analyses are needed. 
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Table 1: Protein expression of cardiac markers in undifferentiated and pre-differentiated CMPCs embedded 

in 3D mini-tissues. 

condition   GATA4 Nkx2.5  α-actinin cTnI vimentin 

undifferentiated CMPCs             

static 24h xxx xxx xxx xxx xxx 

 
48h + +/- + +/- + 

immediate cyclic strain 24h + +/- + + + 

 
48h + +/- + - + 

delayed cyclic strain 24h + +/- + + + 

 
48h + + + + + 

pre-differentiated CMPCs             

static 24h + +/- + +/- + 

 
48h + +/- + - + 

immediate cyclic strain 24h + + + + + 

 
48h + +/- + +/- + 

delayed cyclic strain 24h + + + - + 

  48h + +/- + - + 

Presence of cardiac markers in 3D cultured mini-tissues as determined by 2 independent researchers. Data 

from 2 experiments are combined (n=1-2). Xxx: samples lost during culture; +: expression observed in all cells; 

+/-: expression observed in part of the cells; - no expression observed. 

 

Mechanosensitivity 

In order to be able to respond to mechanical input signals such as cyclic strain, the presence 

of a mechanosensing apparatus, characterized by stable focal adhesions and the presence of 

actin stress fibers, is crucial. Determination of actin stress fibers and focal adhesion clusters 

in confocal images appeared difficult and for a complete view of the mechanosensing 

system of the cells, more conclusive data is needed. Nevertheless, in the undifferentiated 

CMPCs, we observed only minor formation of actin stress fibers after 48h of static culture 

(figure 2A). In addition, no pFAK clusters, indicative of stable focal adhesions, were present 

(figure 2A). After 24h of immediate cyclic uniaxial strain, stress fibers developed, but the 

presence of pFAK clusters was not observed yet (figure 2B). Interestingly, both stress fibers 

and clusters of pFAK were present after 48h of static culture followed by 24h of cyclic 

uniaxial strain (figure 2C). These results may indicate that the mechanosensing apparatus of 

undifferentiated CMPCs is not yet completely developed during the first 24-48h of culture. 

In contrast to undifferentiated CMPCs, pre-differentiated CMPCs expressed both actin stress 

fibers and pFAK clusters after 24h of static culture, and in all analyzed conditions and time 

points (data not shown), suggesting a developed mechanosensing apparatus. 
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Figure 2. Development of stress fibers and focal adhesions in undifferentiated CMPCs embedded in mini-

tissues.Confocal images of undifferentiated CMPCs embedded in mini-tissues after 48h of static culture (A), or 

24h of immediate (B) or delayed strain (C). Red; actin cytoskeleton, green: pFAK. Bar = 50 μm. Arrows denote 

clusters of pFAK. 

 

Cell morphology and orientation 

No preferred cell orientation of both undifferentiated and pre-differentiated CMPCs was 

observed in statically cultured, biaxially constrained 3D mini-tissues (figure 3A,B, 4A,B). In 

general, both undifferentiated and pre-differentiated CMPCs adopted a spherical 

morphology (figure 3) in the constrained 3D tissues, though sparse elongated cells could be 

observed. After straining, the majority of the undifferentiated CMPCS kept their spherical 

morphology and did not show a clear orientation response (figure 3C-F), which may be 

explained by the absence of stress fibers and FA clusters. In contrast, pre-differentiated cells 

embedded in mini-tissues had a more elongated morphology after subjection to uniaxial 

cyclic strain (figure4 C,D,G,H). Furthermore, in most experiments, cells oriented parallel to 

the direction of strain after 24h (figure 4C-F), and perpendicular to the direction of strain 

after 48h (figure 4G-J), in both immediately and delayed strained tissues. However, results 

were not consistent between repeated experiments since many samples also showed a cell 

orientation of approximately 300/1500 to the direction of strain. These results suggest that 

pre-differentiated CMPCs in 3D mini-tissues respond to cyclic uniaxial strain by adapting 

their cell morphology, but if and how the cells orient, and whether all cells show a response 

to cyclic uniaxial strain remains uncertain. 
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Figure 3: Orientation of undifferentiated CMPCs in 3D mini-tissues, cultured statically or exposed to uniaxial 

cyclic strain. Confocal images from the central plane of cyclically strained mini-tissues containing 

undifferentiated CMPCs, showing cells (red) and collagen (green) at 24h (A,C,E) and 48h (B,D,F). Images of 

(A,B) static culture, (C,D) immediate uniaxial cyclic strain, and (E,F) delayed uniaxial cyclic strain. Bar = 50 μm. 

Arrowheads point at wavy collagen structures. 
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WHERE DO WE GO FROM HERE? CHALLENGES FOR THE STUDY OF CARDIAC STEM 
CELL MECHANOBIOLOGY IN 3D 

To get more insight into the response of stem cells after transplantation into the beating 

heart, more knowledge about their response to cyclic mechanical forces is necessary. Cells 

respond to mechanical strain by adapting their orientation. For 2D culture it is known that 

both adult cells and stem cells show a strain avoidance response, i.e. they orient 

perpendicular to the stretch direction when subjected to confined or pure uniaxial cyclic 

straining [106;111;129;140;150;159;168;175;203]. Interestingly, this response can be 

overruled by the presence and direction of ECM fibers, a phenomenon called contact 

guidance [4;84;255]. Although these same phenomena recently have been observed in 3D 

cultures of (myo)fibroblasts [8;53;71], the orientation response of cells, and especially stem 

cells, to cyclic strain in 3D is still largely unknown. Uniaxially constrained tissue models have 

been used to study the effect of static strain in 3D. We previously reported, that CMPCs 

embedded in 3D uniaxially constrained collagen/Matrigel constructs aligned in the direction 

of the constraint, indicating that the cells are able to respond to uniaxial static strain in 3D 

[244]. This was also observed for early cardiomyocytes, i.e. neonatal cardiomyocytes 

[66;70;93] and ESC derived cardiomyocytes [204], and many other cell types, including 

myofibroblasts [51], skeletal muscle cells [37;241], skeletal muscle progenitor cells [22], and 

mesenchymal stem cells [162]. Additional unidirectional cyclic straining in the constraint 

direction appears to affect the differentiation of cells, although this response is dependent 

on the straining protocol. Shimko and Claycomb showed, for example, that the 

cardiomyogenic differentiation of embryonic stem cell derived cardiomyocytes was 

suppressed at low strain frequencies but enhanced at high frequencies [204]. Similar effects 

have been observed for muscle progenitors, e.g. Langelaan and Boonen [22] et al. reported 

that intermittent strain decreases skeletal muscle differentiation, while others reported an 

increase [155]. In contrast to what has been described for static strain, the orientation 

response to cyclic strain in 3D, and especially in biaxially constrained geometries is largely 

unknown. This response is more challenging to decipher, and needs complicated 3D in vitro 

model systems. We used a recently developed model system of biaxially constrained mini-

tissues, which can be subjected to uniaxial cyclic strain [71]. Using this system we studied 

the response of CMPCs to cyclic uniaxial strain. Based on what previously has been reported 

for myofibroblasts [53;71] and based on the results obtained in our 3D constrainment 

studies [244], we expected that the CMPCs would adopt a random orientation when 

cultured statically in these biaxial constraint tissues. However, we observed mostly spherical 

cells (both undifferentiated and pre-differentiated), suggesting that the CMPCs do not 

respond at all to biaxial static strain. Moreover, in contrast to our expectations, additional 

uniaxial cyclic strain did not provoke a clear response in terms of orientation and 

differentiation. This lack in strain response has also been observed for both undifferentiated 

and transdifferentiated endothelial colony forming cells [51].  

External forces, such as cyclic strain, are sensed and transduced by cells via the ECM-focal 

adhesions-cytoskeleton axis, and activate a cascade of reactions that cause the deformation 
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of almost all intracellular elements [68]. Via this axis, cells are able to sense and transduce 

signals from outside to inside the cells, and vice versa [196]. Many proteins, including FAK, 

ILK s-src, and vinculin, paxilin, zyxin and talin, are involved in this signaling process [9;43;68]. 

The application of force results in the activation of signaling proteins by unfolding or 

phosphorylation, which in turn results in the stabilization and maturation of focal adhesion 

complexes and the polymerization of actin filaments [15;16;68;160;174]. The activation of 

the signaling proteins subsequently results in the activation of underlying regulatory 

pathways that mediate cell functions such as proliferation, differentiation, and sarcomere 

assembly [68;182]. FAK is known to play a central role in this regulatory mechanism, and can 

activate several downstream signaling pathways, such as RhoA and RhoA kinase (ROCK), 

mitogen-activated kinase (MAPK), ERK and p130Cas [68]. Kada et al. [107] demonstrated the 

involvement of protein kinases, including FAK, in the orientation response of embryonic 

CMs. In addition, the involvement of Rac1, a member of the Rho family, in the orientation 

response of neonatal CMs has been shown by Yamaneh et al. [261]. In the present study, we 

did not focus on signaling in the cells, but determined the presence of FAs and actin stress 

fibers in CMPCs embedded in biaxially constrained mini-tissues to get a first insight in their 

mechanosensitivity. A first indication, however, that the signaling pathway is activated in 

the pre-differentiated CMPCs, which have FAs and actin stress fibers, is the presence of 

pFAK clusters. However, whether signals are also transduced, and via which pathway, was 

beyond the scope of this study, and remains to be elucidated. In fact, despite the presence 

of a developed and seemingly activated mechanosensing apparatus, pre-differentiated 

CMPCs did not have an obvious orientation response to cyclic uniaxial strain. Clearly, more 

data on the mechanosensing apparatus of CMPCs in 3D, the transduction of the signals and 

the signaling pathways involved is necessary to understand their response to strain.  

 

The model system used in this study consists of biaxially constrained 3D hydrogel based 

constructs subjected to uniaxial cyclic strain, which allowed us to mimic the cyclic 

mechanical strains of a beating heart in a simplified manner. Because of its proven value in 

previous studies, the hydrogel consisted of a mixture of collagen and Matrigel 

[70;93;244;266]. However, cell-ECM interactions are highly dependent on the type and 

amount of ligand present [36;232]. With the hydrogel we use now, we cannot specifically 

determine, quantify or change these interactions. At present, new synthetic hydrogels with 

known ECM ligands and density are under development [48;114], which can be used to 

study these interactions and the consequences of changing the interactions in more detail. 

The orientation response of cells to strain can be dominated by the architecture of the 

environment, referred to as contact guidance [4;53;71;84;255]. We hypothesized that static 

culture for 48h before the onset of differentiation would result in remodeling of the loose 

collagen fibers of the hydrogel into a more mature, isotropic network. However, large 

differences between the collagen network of immediately strained and delayed strained 

mini-tissues were not observed, which complicated the discrimination between those two 

groups. A prolonged static culture time may be needed to form a strong isotropic network. 

However, this is not possible using the current model system, due to the release of the 
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tissues from the posts caused by tissue-compaction, urging for the development of an 

alternative system. The model system developed by de Jonge et al. [51;53] forms a 

promising alternative as it uses a different anchoring method and allows for the use of 

thicker tissues. We expect that this will allow for denser cell seeding, resulting in better cell-

cell contact, and longer culture times, resulting in remodeling of the ECM in a mature and 

chaotic network. Alternatively, decellularized ECM may be considered, when ECM 

remodeling within this tissue model is not sufficient, or culture time cannot be extended.  

 

In this chapter, we showed that, using the present model system, CMPCs do not respond to 

cyclic mechanical strain in 3D by adapting their orientation away from the strained 

direction, as is observed in most other adherent cells. The absence of a clear strain-induced 

orientation response may be beneficial for transplantation in the heart. Orienting away from 

the strained direction may indicate that the cells will not align with local cardiomyocytes 

and will not be able to integrate into the host tissue. However, based on the data that we 

present here, a concise conclusion about the strain response of CMPCs in 3D cannot be 

given yet. Further research is required to increase our insight on this subject. Firstly, the 

presented experiments should be repeated, to validate the results from this study. 

Secondly, new and alternative studies are needed in order to understand the 

mechanoresponse of CMPCs. 2D strain studies with CMPCs should be performed to see 

whether these cells are in fact able to show a strain-avoidance response. Actually, 

preliminary data from a separate study shows that, after 48h of uniaxial cyclic strain, 

undifferentiated CMPCs did not show an orientation response, whereas pre-differentiated 

CMPCs oriented perpendicular to the direction of the applied cyclic strain (data not shown). 

This may suggest that only pre-differentiated CMPCs show a strain avoidance response, 

which is in agreement with the development of their mechanosensing system [245]. 

Furthermore, alternative 3D model systems, allowing for higher cell densities and longer 

culture times, should clarify whether the response of CMPCs to cyclic strain in 3D is indeed 

different from 2D. Additionally, signaling interference studies, e.g. blocking the formation of 

FA, or blocking the mechanotransduction pathway, can give more insight into the actual 

mechanoreponsive system of CMPCs. Finally, computational studies can provide indications 

about the response of cells to environmental factors and can give direction to the design of 

laboratory experiments. In our opinion, it is essential to get more insight in the 

mechanobiology of CMPCs, in order to understand how and if the cells will react and adapt 

after transplantation into the heart, which is indispensable input for the development of 

new treatment strategies for cardiac regeneration. 
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PERSPECTIVE AND MAIN FINDINGS 

The regenerative effect of stem cell therapy until now is not sufficient to regenerate the 

infarcted tissue and to substantially improve cardiac function after MI [41;176;201]. Novel 

strategies to improve the effects of stem cell therapy are under development. Especially 

biomaterial-based approaches are explored, because of their ability to support the heart 

and serve as a temporary environment for the cells (chapter 2) [197;231;243]. Furthermore, 

the ability to tune the biochemical as well as mechanical properties of the materials to the 

specific needs of the cells can make the regenerative capacity of this approach even larger 

[190;231;252]. The last few years, many different combinations of stem cells, biomaterials 

and biochemical factors have been studied, but results vary and the actual regenerative gain 

is still unclear. For an optimal result of the therapy, the biomaterial should comply with the 

properties of the host tissue and with the needs of the stem cell source used, being either 

exogenous or endogenous. Knowledge of the dynamic and reciprocal interplay between the 

cells and their micro-environment form the basis for the design of a tailored biomaterial.  

 

The aim of the research presented in this thesis is to investigate the interplay between the 

structural and mechanical extracellular environment and CMPC behavior using in vitro 

model systems. I focused on two main questions. (I) Are CMPCs able to create their own 

ECM environment (or niche)? And (II) how do CMPCs respond to the ECM and mechanical 

environment? The answers to these questions can be used to determine design criteria and 

guidelines for biomaterial development to optimize cardiac regenerative therapies. The first 

choice to be made in this project was the cell type to be used. CMPCs were chosen, because 

of their proven cardiomyogenic differentiation in vitro, safety after in vivo application, and 

possibility to use autologously (chapter 1) [54;85;212;213;247;257]. Some ideas about the 

properties of the biomaterial are based on present knowledge. Preferably, the biomaterial 

should have tunable mechanical properties (stiffness), and adhesion molecules for the cells 

(ECM peptides). Such tunable synthetic biomaterials are not available yet, and therefore an 

alternative material was needed to perform the 3D studies. A combination of the natural 

biomaterials, collagen type I and Matrigel, was used because of its approximation of the 

native cardiac ECM [110;156]. Furthermore, collagen/Matrigel based hydrogels have been 

used before in both skeletal muscle and cardiac tissue engineering [70;93;128;241;267].  

 

In the first study, the ability of CMPCs to create their own environment was investigated  

(chapter 3). It was demonstrated that undifferentiated CMPCs are able to produce and 

remodel the ECM, and that their matrix production and remodeling capacity increases upon 

cardiomyogenic differentiation in 2D monolayer culture. Culture in 3D collagen/Matrigel 

hydrogels resulted in an enhanced ECM production and remodeling capacity, indicating that 

the presence of a 3D matrix affects the remodeling capacity of the CMPCs. The ability of the 

CMPCs to produce and remodel the ECM indicates that these cells can contribute to the 

remodeling of (infarcted) cardiac tissue and production of a new ECM, and supports earlier 

in-vivo observations on scar stabilization in post-MI cardiac tissue in mice after CMPC 

delivery [54;212]. Furthermore, the matrix production and remodeling capacities of CMPCs 
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can contribute to the formation of a cell-specific micro-environment (niche), which can be 

beneficial for cell functionality. When considering biomaterial design, this means that the 

degradation of the material can be tuned in concordance with the matrix production and 

remodeling capacity of the CMPCs itself. 

The interaction of CMPCs with their matrix environment was investigated by studying their 

ability to form cell-matrix interactions, with a specific focus on focal adhesions, in 2D 

monolayer studies (chapter 4). Focal adhesions (FAs) are considered the main 

mechanosensors of adhesive cells [16;196]. Undifferentiated CMPCs showed limited 

formation of focal adhesions and no developed actin cytoskeleton. Upon cardiomyogenic 

differentiation, both focal adhesions and cytoskeletal actin stress fibers were formed. This 

suggests that undifferentiated CMPCs have an impaired adhesion and mechanosensing 

apparatus and that only after onset of cardiomyogenic differentiation the cells will become 

sensitive to mechanical cues. If the cells need to be able to adhere, sense and respond to 

mechanical cues, such as biomaterial stiffness or local tissue strains in the beating heart, the 

use of pre-differentiated CMPCs in the biomaterial is preferred over undifferentiated cells. 

Alternatively, the material may be designed to deliver the relevant biochemical factors to 

induce differentiation in-situ.  

Subsequently, the response of CMPCs to the ECM and mechanical environment was 

investigated in 3D (chapter 5). The contribution of the 3D culture environment and 

constrainment on CMPC viability, differentiation and orientation were studied. The 

cardiomyogenic differentiation capacity of CMPCs was higher in 3D compared to 2D. 

Moreover, unidirectional static strain (applied by hydrogel constrainment on two sides) was 

crucial for cell survival, proliferation, and organization. Interestingly, CMPCs cultured in 3D 

collagen/Matrigel hydrogels became readily mechanosensitive and responded to the 

unidirectional constrainment by orienting in the direction of the constraint. This response to 

mechanical stimuli may imply that CMPCs are able to align with local CMs after injection, 

which is crucial for cell integration into the host tissue. The response of CMPCs in 3D 

constrained collagen/Matrigel hydrogels suggests that incorporation of these cells in a 

biomaterial, and in vitro pretreatment of the cells in the biomaterial, for instance by 

applying uniaxial static strain before injection into the heart, may enhance their in vivo 

functionality, resulting in an increased (functional) effectiveness of stem cell therapy. To 

ensure that the cells are able to sense and respond to the mechanical environment of the 

heart, adhesiveness of the biomaterial to the host tissue should be incorporated, e.g. by 

attaching specific adhesion peptides. However, whether cells respond in a similar way when 

the micro-tissue/ hydrogel is attached and constrained on all sides in the 3D environment of 

a cardiac host, remains to be seen.  

Lastly, the results of the previous studies were translated to an in vitro model system 

mimicking the dynamic biaxial strain situation of the beating heart. The response of 

undifferentiated and pre-differentiated CMPCs to cyclic uniaxial strain in 3D constrained 

mini-tissues, again composed of collagen/Matrigel, was studied (chapter 6). 

Undifferentiated and pre-differentiated CMPCs kept their characteristics of early cardiac 

progenitors when cultured in the 3D cyclically strained mini-tissues. Undifferentiated CMPCs 
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had a spherical morphology, and did not have a developed mechanosensing system the first 

24-48h of culture and did not orient in response to uniaxial cyclic strain when embedded in 

the mini-tissues. Pre-differentiated CMPCs had a more spread morphology and their 

mechanosensing system was developed and activated. Although some cells showed an 

orientation response, no uniform orientation direction was observed. Further research, 

including (I) 2D straining studies, (II) alternative 3D model systems, allowing for higher cell 

densities and longer culture times, and (III) signaling interference studies, is required to 

clarify the response of CMPCs to cyclic mechanical forces in 3D. This should help us to 

specifically pinpoint how the cells will react to and adapt after transplantation into the 

heart, which can be used as further input for the development of biomaterials.  

 
Implications for biomaterial development 

The success of the development of new biomaterials largely depends on a fine-tuned 

interplay between the cells, their own ECM production and the material properties that they 

can sense. Interestingly, the results of this thesis show that this interaction is highly cell-

specific, i.e. a material that works for MSCs may not be applicable for CMPCs. By putting the 

cells central within the research questions, cell-specific biomaterials can be developed. 

Consequently, by studying the interaction of CMPCs with their ECM and mechanical 

environment, we are now able to determine some first guidelines for the design of 

biomaterials that can be used for delivery, survival and functional behavior of CMPCs. To 

summarize: I) the degradation properties of the biomaterial can be tuned towards the 

remodeling properties of the CMPCs, e.g. to allow for the production of a matrix by the cells 

or by incorporating MMP-sensitive parts; (II) the composition of the biomaterial can 

resemble the native CMPC environment by incorporating specific ECM proteins or peptides 

from their niche; III) in order to respond to mechanical signals either pre-differentiated 

CMPCs should be incorporated, or the biomaterial should allow for the rapid development 

of a mechanosensing system of the cells. Furthermore, to allow for sensing and responding 

to the mechanical forces of the heart, the biomaterial should adhere to the cardiac host 

tissue; and IV) in vitro culture and application of static strain of the CMPCs embedded in the 

biomaterial, before application to the infarcted heart, can enhance the functionality of the 

cells. For the latter purpose, the biomaterial should be stable and strong enough to endure 

long-term in vitro manipulations.  

The effect of cyclic straining on the orientation response of CMPCs in a 3D environment 

mimicking the affected cardiac host tissue has not become clear in this thesis and requires 

additional research. The orientation of CMPCs and alignment with local CMs in vivo is crucial 

for their tissue integration and functionality. The stresses and strains that the cells feel after 

in vivo application can be affected by the mechanical properties and the stickiness of the 

material to the heart tissue. How these biomaterial properties should be tuned to guide the 

response of the cells to the cyclic mechanical forces of the beating heart remains to be 

elucidated.  
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Next to the design parameters presented here, other factors should be considered in 

biomaterial design for cardiac repair as well. Biochemical factors, e.g. growth factors, 

chemokines and cytokines can increase the regenerative effect, by stimulating the 

endogenous repair processes. Although the cells and biomaterial itself can already induce 

endogenous processes that affect the repair process (both positively and negatively), the 

incorporation of specific factors in the biomaterial itself may enhance the regenerative 

effect of the therapy. During the wound healing process that takes place after a MI, the 

architecture of the ECM is changed to a chaotic and isotropic organization. For proper 

cardiac function restoration of the originally highly organized isotropic ECM structure is 

important. Adapting the organization of the biomaterial, e.g. by introducing anisotropic 

material properties, may contribute to the formation of such an organized ECM structure. 

Furthermore, the electrical conductivity of the material should match that of the cardiac 

host tissue, to ensure proper pulse propagation and synchronous beating of the implanted 

material and the cardiac host tissue. How critical these factors are for the eventual 

regeneration of the cardiac tissue remains to be elucidated. The 3D model systems used in 

this thesis represent a relevant platform for these studies. Finally, the effects and 

contribution of the design parameters to the actual tissue regeneration and cardiac function 

should be tested in in vivo studies. To verify whether the results presented in this thesis can 

be translated to the in vivo situation, animal studies are currently ongoing. Undifferentiated 

and pre-differentiated CMPCs either in solution or encapsulated in collagenI/Matrigel are 

injected in the infarcted region of mouse hearts. The effects of incorporating the cells in a 

gel before injection on cell retention and differentiation, tissue remodeling and cardiac 

function will be studied. 

 

 

IN VITRO MODEL APPROACH 

Material based cardiac tissue engineering approaches 

Different approaches can be followed to apply stem cells in combination with a biomaterial 

to the heart, (chapter 2). The cells and biomaterial can be applied as tissue patch, which 

involves attachment to the epicardial wall of the infarcted region, or injected either as bulk, 

or in small droplets in the infarcted area and border zone of the infarcted region. The use of 

tissue patches enables pre-conditioning by e.g. mechanical and electrical stimulation of the 

constructs, which may enhance the functionality. For example, I showed in this thesis that 

uniaxial constrainment of CMPCs in 3D hydrogels resulted in alignment of the cells, which 

may be beneficial for tissue integration (chapter 5). However, a disadvantage of the use of 

patches is that they are only in connection with the epicardial surface of the heart wall, 

which may result in local tissue regeneration only, or in the generation of additional tissue 

next to the infarcted region. Furthermore, patches cannot be applied minimally-invasively. 

With the use of injectable materials these problems are circumvented. Also, the use of gel-

like materials, which are necessary for injection, allows for the use of completely tunable 
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materials. The recent development of ‘clickable’ co-polymers may be used for this 

[48;114;171]. On the other hand, pre-conditioning of the cells is only possible before 

encapsulation in the material. In this thesis, the interplay between CMPCs and their 

environment was studied with respect to material development for micro-tissue injections. 

Therefore, collagen/Matrigel based hydrogels, allowing for cell-encapsulation and injection 

into the heart, were chosen as biomaterial. In this section, I describe the model systems that 

are used in this thesis, including the choices that were made, and the success and 

limitations of the studies that are presented.  

 
Cell sources 

Cardiomyocyte progenitor cells 

As described before (chapter 1), CMPCs form a valuable cell source for cardiac regenerative 

therapies. However, the use of these cells also brings along disadvantages and specific 

issues, which should be solved before application in humans. Although CMPCs can be 

isolated from biopsies from adult hearts [247], allowing for autologous transplantation, this 

involves a surgical procedure, which can be an extra burden for the patient. The in vitro 

cardiomyogenic differentiation of CMPCs depends on the treatment of the cells with 5-

azacytidine (5-aza), which greatly decreases the proliferation of the cells, and induces the 

unmasking of methylated genes [247]. The use of 5-aza is not allowed in clinic, which urges 

for the need for other factors or stimuli that can stop the proliferation of the cells and 

induce efficient cardiomyogenic differentiation. One possibility may be found in the 

application of cyclic mechanical strain, which has shown to either decrease [92;129;205] or 

increase [119;125] the proliferation of MSCs and ASCs, depending on the stimulation 

protocol used. In this thesis, we showed that culturing CMPCs in 3D unconstrained 

collagenI/Matrigel hydrogels almost completely abolishes the proliferation of the cells 

(chapter 5). This may indicate that encapsulation of CMPCs in a biomaterial may be 

sufficient to stop the proliferation of the cells. If and how the cells should be stimulated for 

efficient cardiomyogenic differentiation in 3D, however, remains to be elucidated. Finally, 

the in vitro cardiomyogenic differentiation of CMPCs involves a long and precise culture 

protocol, which needs experience and is possibly dependent on differences between 

laboratories. Therefore, the research presented in this thesis is restricted to the first weeks 

of the differentiation process, and does not involve the use of cells that have fully 

differentiated into matured beating CMs. We assume that the behavior of mature cells is 

much more difficult to tune, which makes the final transplantation of mature CMs into the 

cardiac environment less attractive.  

     

The majority of the research described in this thesis is performed with human fetal 

immortalized CMPCs, the L9TB cell line. The proliferation and cardiomyogenic 

differentiation of this cell line is relatively stable, which makes the differences between 

experiments smaller and comparison easier. Especially for in vitro research using model 
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systems, as we present here in this thesis, the L9TB CMPCs represent an attractive cell 

source. However, it might be that the response of patient specific (adult) cells differs from 

what we describe here. Based on the results from chapter 3 and 4, where we compared the 

L9TB cell-line with two fetal patient derived CMPC cell sources, we do not expect large 

differences between donors; only the timing of the observed responses may change.  

Alternative cell sources 

Alternative to CMPCs, other stem cells, such as MSCs or ASCs can be used for material based 

cardiac repair. Advantage of these cell sources is that they are relatively easy to harvest. 

Although up to now efficient cardiomyogenic differentiation, and the in vivo regenerative 

effects of these cells are limited [252;254;262], new strategies using (smart) biomaterials 

may enhance these properties. The recent discovery of iPS cells opens the possibilities for 

the development of an unlimited and patient specific stem cell source [194;254;262]. 

Although clinical application of these cells is currently not allowed, the first clinical study 

using iPS cells is now submitted for approval [47]. Based on the presented results with 

CMCPs it may be expected however, that different stem cell sources respond differently to a 

(mechanical) environment. The design of a biomaterial for stem cell support and delivery 

should be adapted to the specific cell source used. 

 

Environmental factors 

2D versus 3D 

Traditional culture methods rely on 2D adhesive substrates. However, in vivo, cells are 

embedded into a 3D environment of neighboring cells, ECM proteins, and biochemical 

factors. The transition from a 2D to a 3D environment can affect the behavior of the cell, 

such as proliferation and differentiation [50;60;141]. Moreover, cell-cell and cell-matrix 

interactions are assembled differently in 2D compared to 3D [61]. In this thesis we showed 

that culturing CMPCs in 3D collagen/Matrigel hydrogels resulted in a decreased 

proliferation, increased cardiomyogenic differentiation capacity, and increased ECM 

production and remodeling capacity (chapter 3, 5). Furthermore, we have shown that, 

depending on the model system used, the mechanosensing apparatus of the cells can be 

developed within 24-48h of culture, while in 2D this process takes 14 days (chapter 4, 5, 6). 

Since the development of the mechanosensing apparatus of CMPCs in 2D is induced by 

cardiomyogenic differentiation of the cells, the quicker development of the mechanosensing 

apparatus of CMPCs in 3D may be explained by the increased cardiomyogenic 

differentiation capacity of the cells in 3D compared to 2D. Whereas 2D studies can be 

helpful in gaining in-depth insight in the underlying mechanisms of adhesion and 

mechanosensing, the use of 3D model systems is important for obtaining data on the 

cellular behavior after transplantation into the heart or encapsulation into a biomaterial, 

and is therefore essential for the development of cardiac regenerative therapies.  Further 

studies on mechanosening in 3D, however should support these studies. 
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Extracellular matrix 

The ECM and cells collaborate in a close fashion. The ECM provides structural support to the 

cells and serves as storage depot for biochemical factors, whereas the cells are responsible 

for the production and remodeling of the ECM. ECM production and remodeling are 

disturbed after MI, ultimately resulting in the formation of fibrotic scar tissue [19;139;251]. 

The ability of CMPCs to produce ECM proteins and their modulators indicates that, next to 

their potential to restore contractile properties of the tissue, they may aid in restoring the 

adverse remodeling process after MI (chapter 2). Furthermore, matrix remodeling is 

essential for cells to migrate through the tissue, and may therefore aid in the homing of 

CMPCs to the infarcted area.  

The composition of the ECM can also affect cellular behavior, such as proliferation and 

differentiation [23;59;126]. The effect of ECM composition was not studied in this thesis. 

Culture in 2D always was performed on gelatin-coated substrates, and 3D culture models 

were composed of the exact same mixture of collagen type I and Matrigel. Since both our 

2D and 3D culture environments are largely collagen based, we do not expect that the 

differences in composition have caused the observed differences. Synthetic biomaterials 

provide an excellent model system to systematically investigate the effect of the ECM 

composition in 3D, by incorporating different (combinations of) ECM peptides [48;114;171]. 

However, the handling and stability of these biomaterials does not allow for in vitro culture 

yet. 

Mechanical strain 

Mechanical forces are known to affect the behavior of stem cells. Cells sense and respond to 

mechanical stimuli via specific cell-matrix interactions, called focal adhesions (FAs), which 

link the ECM to the intracellular actin cytoskeleton [43;99;196]. We have shown that, in 2D 

culture, CMPCs only develop FAs and actin stress fibers upon cardiomyogenic differentiation 

and hence may be less sensitive to mechanical cues, such as strain, in their undifferentiated 

state. Indeed in a separate study the response of both undifferentiated and pre-

differentiated CMPCs to uniaxial cyclic strain in 2D was studied. After 48h of stimulation, 

undifferentiated CMPCs did not show an orientation response, whereas pre-differentiated 

CMPCs oriented perpendicular to the direction of the applied cyclic strain (data not shown). 

Since CMPCs are located in the beating heart, their inability to sense and react to 

mechanical forces may indicate a protective mechanism of the cells. Additionally, we 

showed that, when cultured in 3D constrained collagen/Matrigel constructs, CMPCs readily 

developed their mechanosensing system, and aligned in the direction to the uniaxial 

constraint, demonstrating their ability to both sense and respond to static mechanical force. 

The additional response of CMPCs to cyclic uniaxial strain, was too ambiguous to draw 

unequivocal conclusion of the strain-responsiveness in 3D. Model optimizations allowing for 

longer culture time, and denser seeding of the cells are needed. After these optimizations, I 

believe that the model system provides a good method to clarify the response of CMPC to 

uniaxial cyclic strain in 3D. Insight into the response of CMPCs to the cyclic mechanical 

strains of the beating heart is highly relevant to understand their orientation response, and 
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ability to integrate within the local tissue after injection into the heart. However, we should 

keep in mind that after MI, CMs are replaced by other cells, and may, especially in the later 

phases of the wound healing process, be organized in a very chaotic way. Alignment with 

local CMs is than either not possible or not beneficial for tissue regeneration. Also the 

strains of the infarcted tissue differ from those in healthy cardiac tissue. By lengthening the 

static culture time, allowing for the formation of an endogenous chaotic ECM, and adapting 

the strain protocol (e.g. frequency, magnitude), these issues can be captured by the model 

system as well.   

 

The ability of CMPCs to orient in response to strain is crucial for tissue integration and 

alignment with local CMs. This in turn plays an important role cell functionality, electrical 

pulse propagation and the synchronous beating of the heart. Both mechanical and electrical 

coupling of the cells and the ECM play a role in these processes [123]. In mature CMs, 

mechanical coupling is carried out by the costameres [189;260]. These are focal adhesion-

like protein structures that link the underlying outer Z-disc of the cell to the ECM. 

Costameres play a role in in the adhesion of the cells, but are also the places were the 

contractile forces of the cell are transmitted to the ECM, and where the displacement of the 

ECM is transmitted to the cell [189]. The presence of costameres is thus essential for cell 

contraction and response to mechanical strains in the heart wall. In this thesis, I showed 

that pre-differentiation or culture in a 3D environment induces the formation of focal 

adhesion complexes in CMPCs. Whether these complexes are able to develop into 

costameres when CMPCs are further differentiated into mature CMs remains to be 

investigated. Next to mechanical coupling, also electrical coupling is crucial for proper tissue 

integration and synchronous beating of the cells. Although this was not the focus of the 

present thesis, we did show that CMPCs express connexin43, a cardiac specific gap-

junctional protein involved in electrical coupling of the cells. Also the expression of 

connexin43 increased upon cardiomyogenic differentiation and 3D culture. Additional 

research, e.g. the study of calcium flux over the cell membrane, and signal propagation, is 

necessary to elucidate the electrical coupling properties of CMPCs. Although these studies 

can be included into the current model system, they may require some practical 

adaptations.  

 

In this thesis, the cyclic mechanical forces of the beating heart are considered as uniaxial 

cyclic strains at the cellular level. In practice, the cells in the heart are exposed to a complex 

combination of mechanical forces, including the passive extension due to chamber filling 

and wall distention, and the active compression due to CM contraction [46]. In vitro, the 

active contraction of cells can be mimicked by electrical stimulation of the cells. However, to 

actually contract, cells should have a mature sarcomere structure, which is still absent in 

CMPCs. On the other hand, electrical stimulation has shown to stimulate the differentiation 

of MSCs towards CMs [82]. Electrical stimulation may thus be used to stimulate the 

differentiation of the cells.  
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Matrix stiffness 

All tissues in the human body have their own specific mechanical properties, mainly 

determined by the composition, density, and organization of the ECM fibers. One of these 

properties is the stiffness (resilience to stress). The stiffness of a healthy heart is 

approximately 15kPa, whereas the stiffness of infarcted tissue is increased to ~50kPa [14]. In 

2D, matrix stiffness has shown to affect the proliferation and differentiation of stem cells 

[59;64]. More specifically, the differentiation of MSCs and ESCs can be guided towards a 

tissue specific lineage by culturing the cells on substrates of a physiologically relevant 

stiffness [58;65;221]. Also, the maturation and beating of neonatal CMs is optimal on 

substrates of physiological stiffness [62;101]. Recently, it has been demonstrated that this 

effect is rather caused by the flexibility and the density of the ECM fibers than the absolute 

stiffness of the substrate [195;232]. Although much less studied, matrix stiffness has also 

shown to affect the proliferation and differentiation of stem cells in 3D 

[32;102;136;173;268]. In an attempt to get insight in the effect of matrix stiffness on CMPC 

proliferation and differentiation, I have tried to culture CMPCs on poly-acrylamide gels of 

varying stiffness (3-80kPa). However, the adhesion to the gels was extremely low, probably 

due to the absence of FAs in undifferentiated CMPCs (described in chapter 4), which made 

analyzing impossible. The stiffness of the collagenI/Matrigel hydrogels that were used in our 

3D studies was found to be around 0.4kPa [44]. By using biomaterials with tunable 

mechanical properties that are currently under development, the effect of matrix stiffness 

on CMPCs behavior in 3D can be elucidated. 

 

THE FUTURE OF MATERIAL BASED CARDIAC REGENERATIVE THERAPY 

From the introduction of stem cell therapy to repair the heart, the field of cardiac 

regenerative therapy has developed quickly. The addition of biomaterials to increase the 

effectiveness of the therapy, has opened many new roads to discover. It also required the 

knowledge of scientists from other disciplines than medicine and biology, e.g. biomedical 

engineers and chemists. New (synthetic) biomaterials are being developed, including so-

called smart biomaterials with controllable mechanical and biological properties. Currently, 

numerous different combinations of biomaterials, stem cells, and biochemical factors are 

being investigated in in vitro or animal studies. Some of these even made it to clinical trials. 

However, although most studies report an increase in cardiac function, results are still 

limited and long-term results are elusive. Furthermore, due to the high variance in study 

design, cell source, and biomaterials used, comparison between these new approaches is 

difficult. Up to now, the ideal (combination of) cells, biomaterial, and biochemical factors, 

has yet to be determined. Insight in the response of cells to environmental and biochemical 

factors, and in the effects that the cells exert on their environment can help us understand 

how these factors should be used and can provide guidelines for the development of new 

biomaterials and cardiac regenerative strategies. Up to now, most cell studies are 

performed in 2D culture conditions. Since 3D models systems are a much better 
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representation of the in vivo situation, they should be the culture method of choice for 

future studies. Next to collagenI/Matrigel based hydrogels, as used in this thesis, also other 

3D culture systems using stem cells or neonatal heart cells have been developed 

[118;131;134]. Furthermore, in vitro engineered heart tissues have been developed, in 

which the effect of cell injections can be tested [55;214;238]. Although these tissues are not 

yet of human origin, and still lack the exact composition and mechanical properties of 

infarcted or healthy heart tissue, they can aid in clarifying cellular behavior after injection 

into the heart, and represent an excellent tool for screening different materials and other 

stem cell therapy approaches. Next to in vitro culture model systems also computational 

models can be of indispensable value for the further development of (biomaterial based) 

cardiac stem cell therapy approaches. They can give insight in cell orientation, tissue 

remodeling, and in the change of mechanical properties of the heart tissue after application 

of cells and/or a biomaterial. Furthermore, computational models can allow for quick and 

extensive screening of different approaches without the need for expensive and time-

consuming in vitro or animal studies.  

 

In order to develop improved material based cardiac regenerative therapies, future studies 

should focus more on the interaction of cells and the environment, which should lead to the 

definition of design parameters for the development of (new) biomaterials and therapy 

approaches. In this thesis, I present some specific design parameters for biomaterials in 

combination with CMPCs. Although the specific properties will be different for other cell 

sources, in general, (I) the degradation and composition of the biomaterial should be 

adapted to the ECM production and remodeling capacity of the cell, (II) the biomaterial 

should allow for the formation of cell-matrix interactions, and (III) the mechanical properties 

of the material can be tuned to guide the orientation and alignment of the cells. 3D in vitro 

model systems and computational modeling can greatly contribute to the development of 

the field. Furthermore, the development of engineered heart tissue can aid in screening 

new therapies. Finally, both animal models and eventually clinical trials are necessary to test 

the safety and regenerative capacity of the therapy and to determine the effects on cardiac 

function. The individual and combinatory role of cells, biomaterials, biochemical factors, and 

endogenous repair processes should be clarified, ultimately leading to the development of a 

targeted therapy, able to efficiently regenerate the infarcted heart. One critical question 

here is whether all these components are truly necessary. For actual regeneration of the 

cardiac tissue, an active cell component is necessary. However, the use of stem cells is 

expensive and complicated, and for every cell source the biomaterial properties probably 

need to be adapted. Moreover, up to now efficient cell retention after injection in the heart 

has not been observed yet, even when using biomaterials. The positive effects on cardiac 

function that are observed now are mainly ascribed to paracrine signaling that stimulate the 

endogenous repair processes. This paracrine signaling can also be induced using exosomes 

concentrates from stem cell sources (269-271), which may exclude the transplantation of 

stem cells. Although exosomes can be stored as ‘off-the-shelve’ product, their 

immunological properties are not clear yet. Furthermore, to prepare the exosome 
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concentrates, a cell source and laboratory cell culture is still necessary. The culture of cells 

outside the body may result in the formation of exosomes with a different content than in 

vivo. The endogenous repair process of heart tissue may be stimulated in a more controlled 

way by the use of (recombinant) biochemical factors. This may also allow for the attraction 

and differentiation of specific endogenous stem cells sources, which may result in the 

restoration of the active cellular component of functional heart tissue. Coupling these 

factors to a biomaterial, allowing for a controlled and timed release may enhance their 

effects. Furthermore, the biomaterial can provide support for the dilating heart, and aid in 

recovering the proper structural and mechanical properties of the tissue. The question 

remains, however, in which phase of the wound healing process after MI the therapy should 

intervene. All different phases are characterized by a different mechanical, structural, 

biochemical and cellular composition, and require a different therapeutic approach. Ideally, 

the future cardiac regenerative therapy can completely restore heart function and structure, 

is ‘off-the-shelve’ available, is broadly applicable between patients, and cheap. In my 

opinion, biomaterials and biochemical factors are essential components of such a therapy. 

Also, the contribution of an active cell component is crucial. However, whether these cells 

should be transplanted, or can be attracted from endogenous sources, remains to be 

elucidated. Therefore, research on the behavior of stem cell cells in response to their 

structural, mechanical and biochemical environment, as presented in this thesis, is of 

indispensable value for the development of biomaterials for cardiac regenerative therapy.  

 
 
CONCLUSION 

The main focus of this thesis was to get insight the interplay between the structural and 

mechanical extracellular environment and CMPC behavior, with a specific focus on the 

ability of the cells to produce their own environment, and the response of the cells to the 

environment they encounter. The results provide knowledge on the role of the ECM and 

mechanical environment in the behavior of CMPCs, and provide input for the design of new 

biomaterials for cardiac regenerative therapies. I showed that CMPCs were able to create 

and modulate their own ECM environment. Incorporating CMPCs in a 3D ECM-like 

environment, however, enhanced their ECM modulating capacity and also increased their 

cardiomyogenic differentiation capacity. The cell-matrix interactions responsible for sensing 

of mechanical signals were impaired in undifferentiated CMPCs, but developed upon 

cardiomyogenic differentiation or upon culture in a 3D environment. Constrainment of 

CMPCs in 3D hydrogels resulted in gel compaction, showing that the cells are able to exert 

force on their environment. This constrainment resulted in an enhanced proliferation, 

viability and cardiac protein organization of the CMPCs, but also in cell alignment in the 

direction of the constraint. The response of CMPCs to cyclic strains appeared very complex 

to unravel, and requires additional research.  

When we translate these findings to the design of a biomaterial, several criteria can be 

formulated. Firstly, the degradation of the biomaterial can be tuned to the remodeling 
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capacity of the CMPCs by incorporating MMP-sensitive parts. Secondly, the composition of 

the biomaterial can resemble that of the CMPCs itself by incorporating specific ECM 

proteins or peptides from their niche. Thirdly, pre-differentiated CMPCs should be 

incorporated to allow for sensing of mechanical forces, or the biomaterial should allow for 

the rapid development of focal adhesions and the mechanosensing system of the cells. This 

also requires adhesion of the biomaterial to the cardiac host for the transduction of the 

mechanical forces. And fourthly, the material should be stable enough for in vitro 

manipulation and culture, which can enhance cell functionality, and inducing cell alignment 

by constrainment, and can be beneficial for tissue integration. Additionally, specific 

(anisotropic) mechanical properties will guide the orientation response of the cells after in 

vivo application of the biomaterial, but the determination of these properties requires more 

insight into the orientation response of CMPCs to the cyclic mechanical forces of the beating 

heart.  
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APPENDIX AT CHAPTER 3 

Expression of cardiac transcription factors in CMPCs 

In an undifferentiated state, L9TB immortalized cardiomyocyte progenitor cells (CMPCs) 

express transcription factors that are indicative of a cardiomyocyte predisposition like 

Mef2C and myocardin (figure 1A, B). During the period of differentiation, the expression of 

Mef2C and myocardin significantly increased over time (figure 1A, B), respectively 3.5 and 

2.6 fold (P<0.001).   
 

 

 

 

 

 

 

Figure 1. Gene expression changes during CMPC differentiation towards the cardiomyogenic lineage. 

Effect of the differentiation process on the expression of cardiac transcription factors in L9TB CMPCs. 

Expression of Mef2C (A) and myocardin (B) at RNA-level was increased during the differentiation process. The 

data is represented as mean fold increase ± SEM. *P<0.05, **P<0.01 and *** P<0.001.  

 

Production of ECM proteins in CMPCs during cardiomyogenic differentiation 

The data in chapter 3 show that L9TB CMPCs are able to produce several ECM proteins and 

that expression increases during in vitro differentiation. To clarify the differences between 

intracellular and extracellular expression of ECM proteins, magnifications of confocal images 

represented in figure 3 of chapter 3, are here presented in figure 2.  
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Figure 2. Extracellular matrix (ECM) production by CMPCs. 

Magnifications of the representative fluorescent confocal images in figure 3 in the main manuscript showing 

the production of extracellular matrix components collagen I and III, fibronectin and elastin by undifferentiated 

CMPCs. Upon differentiation towards the cardiomyogenic lineage also collagen IV is expressed. Confocal 

images of ECM proteins collagen I (A-E), collagen III (F-J), collagen IV (K-O), fibronectin (P-T) and elastin (U-Y) in 

red, co-stained by cell surface markers CD44 and β1-intergrin (both in green). Magnification images show that 

intracellular staining of collagen I, III and fibronectin changes to extracellular staining after 2 week of 

differentiation (C,H,R), while collagen IV is already expressed extracellular from week 1 in the differentiation 

process (M). The expression of elastin is only observed intracellular (U-Y). Scale bar, 50µm. 
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The effect of medium supplements on the matrix production and remodeling 
capacity of CMPCs 

As TGF-β and vitamin C (VitC) play an important role in promoting extracellular matrix 

deposition by upregulating collagen and fibronectin synthesis and by decreasing matrix 

degradation through induction of protease inhibitors [26]. To exclude that changes in 

extracellular matrix expression were not caused by the addition of TGF-β and VitC to the 

culture medium, but only by the process of differentiation, we stimulated undifferentiated 

L9TB CMPCs with TGF-β1, VitC and a combination of TGF-β1 and VitC (TGFβ/VitC) for 72 hr 

(Undiff, TGF-β1, VitC n=2; TGFβ/VitC n=1). 
 

 

 

 

 

 

Appendix Figure 3. Gene expression changes in ECM genes induced by TGF-β1 and vitamin C. 

Changes in gene expression of collagen I (A), collagen III (B), collagen IV (C) and fibronectin (D) after addition of 

TGF-β1, VitC or the combination of both (TGFβ/VitC) to the culture media as determined by qPCR analysis. The 

data is represented as mean fold increase ± SEM. *P<0.05, **P<0.01 and ***P<0.001. 

 

 

 

 

 

 

 

 

 

 

Appendix Figure 4. Expression of MMP genes change upon addition of TGF-β1 and vitamin C. 

Changes in gene expression of MMP-1 (A), MMP-2 (B) and MMP-9 (C) after addition of TGF-β1, VitC or the 

combination of both (TGFβ/VitC) as determined by qPCR analsyis. The data is represented as mean fold 

increase ± SEM. *P<0.05, **P<0.01 and ***P<0.001. 
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Appendix Figure 5. TGF-β1 and vitamin C do not affect gene expression changes of TIMPs genes. 

The effect of TGF-β1 and VitC on the expression of TIMP-1 (A) and TIMP-2 (B) in cardiomyocyte progenitor cells 

as determined by qPCR analysis.  
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APPENDIX AT CHAPTER 4 

Protein expression of cardiac markers, focal adhesion and actin in L3 and L6 CMPCs 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Protein expression of cardiac markers in CMPCs during early cardiomyogenic differentiation. 

Immunofluorescent images showing Nkx2.5 (red), α-actinin (green), and cell nuclei (DAPI, blue) in L3 (A-D) and 

L6 CMPCs (E-H) during cardiomyogenic differentiation. On day 14 (D, H) clustering in the α-actinin staining can 

be observed (arrows), indicative of early sarcomeric organization. Scale bar = 50 µm. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Focal adhesion and actin stress fiber development in CMPCs during early cardiomyogenic 

differentiation.  

Immunofluorescent images showing focal adhesion development (vinculin, green), and actin stress fiber 

formation (phalloidin, red) in L3 (A-D) and L6 CMPCs (E-H) during cardiomyogenic differentiation. Cell nuclei 

are stained with DAPI (blue). On day 14 (D, H), numerous focal adhesions and nicely developed actin stress 

fibers can be observed. Scale bar = 50 µm.   
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SAMENVATTING 
 
DE INTERACTIE TUSSEN HARTSPIER-VOORLOPERCELLEN EN HUN EXTRACELLULAIRE 
OMGEVING – RELEVANTIE VOOR REGENERATIE VAN HET HART MET 
BIOMATERIALEN 

 

Hart- en vaatziekten zijn wereldwijd doodsoorzaak nummer één. Aandoeningen aan de 

kransslagaders, die kunnen leiden tot een hartinfarct, vormen een groot aandeel hiervan. 

Een hartinfarct kan uiteindelijk bijdragen aan hartfalen, een onomkeerbaar proces waarbij 

het hart niet in staat is het lichaam van voldoende bloed te voorzien. In tegenstelling tot wat 

lange tijd aangenomen werd, is recent gebleken dat het hart mogelijkheden tot zelf-herstel 

heeft door de aanwezigheid van endogene stamcellen die in staat zijn tot differentiatie en 

proliferatie, en mogelijk ook door het aantrekken van stamcellen vanuit andere weefsels. 

Het herstellend vermogen van het hart via deze mechanismen is echter ontoereikend om 

het enorme verlies aan hartspiercellen en de omvangrijke littekenvorming die ontstaat na 

een hartinfarct te kunnen compenseren. Het transplanteren van stamcellen in het 

aangedane gebied (stamceltherapie) wordt daarom als mogelijkheid gezien om het 

geïnfarcteerde hartweefsel te herstellen. 

 

Stamceltherapie voor de behandeling van een hartinfarct wordt intensief bestudeerd in 

zowel preklinische als klinische studies. Echter, de toename in hartfunctie die wordt 

gerapporteerd is minimaal. Het blijkt dat de retentie van de getransplanteerde cellen in de 

hartwand zeer laag is en differentiatie van de stamcellen wordt meestal niet waargenomen. 

De positieve effecten van stamceltherapie worden dan ook voornamelijk toegeschreven aan 

paracriene signalering. Bovendien is nog onduidelijk wat de ideale celbron voor 

stamceltherapie is. Desalniettemin vormen endogene voorlopercellen van de hartspier 

(CMPCs), stamcellen die in het hart zelf voorkomen, een veelbelovende celbron voor 

stamceltherapie. Dit is gebaseerd op de mogelijkheid tot in vitro differentiatie in 

hartspiercellen, veiligheid na in vivo toediening en de mogelijkheid voor autoloog gebruik. 

Om de effecten van stamceltherapie te vergroten worden nieuwe strategieën ontwikkeld. 

Eén van deze veelbelovende strategieën is gebaseerd op biomaterialen. Deze benadering 

biedt de mogelijkheid het hart m.b.v. het biomateriaal mechanisch te ondersteunen. Tevens 

kan het biomateriaal dienen als tijdelijke omgeving en bescherming voor de cellen tijdens en 

vlak na de transplantatie. Daarnaast kunnen de mechanische- en de biochemische 

eigenschappen van het materiaal afgestemd worden op de specifieke eigenschappen van 

zowel de cellen als het ontvangende weefsel. Voor het ontwerp van een dergelijk ‘op maat 

gemaakt’ biomateriaal voor het hart, is kennis nodig van de dynamische interacties tussen 

de cellen en hun micro-omgeving. 
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Het doel van het onderzoek beschreven in dit proefschrift is inzicht te krijgen in het gedrag 

van CMPCs in interactie met hun structurele- en mechanische omgeving. Hiervoor is gebruik 

gemaakt van in vitro modelsystemen van gekweekte cellen (2D) en cellen in een matrix 

omgeving (3D). De verkregen kennis is van belang voor het opstellen van ontwerpcriteria 

voor biomaterialen die geschikt zijn voor de regeneratie van hartweefsel. De nadruk is 

gelegd op het vermogen van CMPCs om hun eigen omgeving (niche) te creëren en op de 

respons van CMPCs op hun extracellulaire matrix (ECM) en mechanische micro-omgeving, 

met name in 3D. 

 

In een eerste studie toonden we het vermogen van CMPCs om ECM eiwitten en hun 

modulatoren, ofwel hun eigen extracellulaire omgeving, te produceren aan. Daarnaast 

hebben we in deze studie laten zien dat de productie van de ECM eiwitten en de ECM 

modulatoren toenam tijdens differentiatie richting hartspiercellen in 2D. Opvallend was 

bovendien dat het kweken in een 3D omgeving resulteerde in een verhoogde capaciteit tot 

ECM productie en remodelering vergeleken met 2D kweek. We veronderstellen dat dit 

matrixproductie en -remodeleringsvermogen van de CMPCs zou kunnen bijdragen aan de 

remodelering van het geïnfarcteerde hartweefsel en aan de vorming van een cel-specifieke 

micro-omgeving (niche), wat positief kan zijn voor het functioneren van de cellen na 

transplantatie in het hart. Echter voor het herstel van het hart zijn tevens de cel retentie en 

overleving van de cellen na transplantatie van cruciaal belang, en deze kunnen verbeterd 

worden door gebruik te maken van een biomateriaal met een cel-specifieke samenstelling 

en degradeerbaarheid. 

 

Structurele cel-matrix interacties, zoals focal adhesions, zijn essentieel voor de integratie 

van stamcellen in het ontvangende hartweefsel en voor het voelen van mechanische 

krachten door de cel. Daarom bestudeerden we het vermogen van CMPCs om focal 

adhesions en het geassocieerde actine cytoskelet te vormen en te ontwikkelen. 

Ongedifferentieerde CMPCs vormden slechts een minimale hoeveelheid focal adhesions en 

actine stress-vezels, duidend op verminderde eigenschappen voor mechanosensing van 

deze cellen. De vorming van zowel focal adhesions als actine stress-vezels nam echter toe 

tijdens de vroege differentiatie richting hartspiercel (14 dagen) in een 2D omgeving en 

ontwikkelde direct tijdens kweek in een verankerde 3D omgeving (24-48h). Deze specifieke 

mechanosensing eigenschappen van CMPCs vereisen het ontwerp van een gespecialiseerd 

biomateriaal dat de vorming van de structurele cel-matrix interacties bevordert.  

 

De respons van CMPCs op hun mechanische omgeving is bestudeerd in 3D 

collageen/Matrigel hydrogelen. Wanneer ongedifferentieerde CMPCs werden gekweekt in 

uniaxiaal verankerde  3D hydrogelen, resulteerde dit in compactie van de gelen, wat 

aangeeft dat de cellen kracht op hun omgeving kunnen uitoefenen. Deze verankering 

resulteerde tevens in een verhoogde proliferatie, levensvatbaarheid en organisatie van 

intracellulaire cardiale eiwitten van de CMPCs, en bovendien in de oriëntatie van de cellen 

in de richting van de verankering. Naast statische belasting is ook de respons op cyclische 
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biaxiale belastingssituaties (zoals die voorkomen in het hart) van zowel ongedifferentieerde 

als gepredifferentieerde CMPCs bestudeerd. De complexiteit van deze respons, die afwijkt 

van observaties in fibroblastachtige cellen, vereist een nieuwe, systematische benadering 

om de afzonderlijke effecten van celtractie, weefselcompactie en cyclische rek te kunnen 

onderscheiden. 

 

Aan de hand van de in dit proefschrift beschreven resultaten hebben we de volgende 

ontwerpcriteria voor de ontwikkeling van nieuwe biomaterialen voor infarctbehandeling 

opgesteld: (I) de degradeerbaarheid van het biomateriaal  wordt idealiter aangepast aan de 

remodeleringscapaciteiten van de CMPCs, bijvoorbeeld door MMP-gevoelige delen in te 

voegen; (II) de samenstelling van het biomateriaal kan nu aangepast worden aan de 

omgeving van de CMPCs zelf door specifieke ECM eiwitten of peptides in te voegen waarvan 

bekend is dat deze geproduceerd worden door de cellen; (III) Voor mechanosensing is het 

van belang om gepredifferentieerde CMPCs te gebruiken of om het materiaal zodanig te 

ontwerpen dat een snelle ontwikkeling van focal adhesions en het mechanosensing systeem 

van de cellen mogelijk is. Hechting van het biomateriaal aan het ontvangende hartweefsel is 

bovendien noodzakelijk voor de transductie van mechanische krachten naar de cellen; en 

(IV)  het materiaal moet stabiel genoeg zijn om in vitro te kunnen manipuleren, wat kan 

resulteren in een verbeterde celfunctionaliteit en bovendien de oriëntatie van de cellen kan 

beïnvloeden. De oriëntatie van de cellen kan verder beïnvloed worden door specifieke 

anisotrope materiaaleigenschappen te gebruiken. Echter hiervoor is meer inzicht in de 

oriëntatierespons van CMPCs op de cyclische mechanische krachten, die aanwezig zijn in het 

kloppend hart, noodzakelijk. 

 

Bovengenoemde resultaten benadrukken de essentie van de extracellulaire matrix en 

mechanische omgeving voor het gedrag van CMPCs. Door de cellen centraal te stellen in 

onze studies en systematisch de interactie tussen de cellen en hun structurele en 

mechanische omgeving te bestuderen, hebben we belangrijke ontwerpcriteria gedefinieerd 

voor de ontwikkeling van biomaterialen voor hartregeneratie. Deze criteria kunnen gebruikt 

worden voor de optimalisatie van regeneratieve therapieën die gebaseerd zijn op 

biomaterialen en CMPCs.  
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