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Summary 
 

Tissue-Engineered Heart Valves for Minimally Invasive Surgery 

The quest for the ideal heart valve replacement is ongoing as current substitutes, 

such as mechanical and bioprosthetic valves, lack the capability for regeneration and 

growth. This lack of regeneration and growth represents a substantial limitation for 

long-term durability especially in children and young adults. Guided tissue regeneration 

and tissue-engineering of valve replacements are proposed to overcome these 

limitations, as described in the first chapter. Additionally, minimally invasive valve 

replacement procedures are rapidly evolving as an alternative treatment option for 

patients with valvular heart disease. With respect to the obvious potential advantages of 

combining both technologies, the aim of this thesis was to investigate the feasibility and 

functionality of tissue-engineered heart valves (TEHV) for minimally invasive surgical 

implantation. 

The second chapter describes the proof of concept of minimally invasive surgical 

implantation of TEHV, based on autologous cells and rapid degrading synthetic scaffolds, 

in the ovine model. To enable minimally invasive implantation of the TEHV, the scaffolds 

were integrated into self-expandable stents and crimped in order to fit the delivery 

device for trans-apical implantation. In-vitro simulation of this crimping procedure 

revealed no detectable structural damage to the TEHV leaflets. Subsequently, the 

stented TEHV were trans-apically implanted as pulmonary valve replacements in an 

ovine model. Feasibility, safety, and proof of principle of the trans-apical implantation of 

TEHV were demonstrated. Valve performance was satisfactory, but leaflet mobility was 

hampered by thickening and retraction of the leaflets.  

To evaluate whether this in-vivo thickening was due to the substantial tissue 

deformations associated with the crimping procedure, the outcome of trans-apically and 

surgically implanted TEHV were directly compared as described in the third chapter. It 

was concluded that crimping had no adverse effect on the integrity or the functional 

outcome of TEHV, as all explanted valves demonstrated comparable layered tissue 

formation and retraction of the leaflets independent of the implantation method used. 

Tissue thickening of the living TEHV in-vivo was not primarily caused or enhanced by the 

crimping procedure, but rather may represent a phase of tissue remodeling.  

Retraction-induced leaflet shrinkage is an undesired phenomenon and is 

hypothesized to be mainly cell mediated. Therefore, decellularization of the TEHV before 

implantation was proposed in the fourth chapter. In-vitro analysis demonstrated that 

decellularization of TEHV does not alter the collagen structure or tissue strength. 
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Further, decellularization improved in-vitro valve functionality due to reduced retraction 

of the leaflets. Decellularization of in-vitro grown TEHV provides largely available off-

the-shelf homologous scaffolds suitable for reseeding with autologous cells and trans-

apical valve delivery.  

Preliminary results of trans-apical implantation of such decellularized TEHV in 

sheep demonstrated the principal feasibility of these homologous valve replacements 

for minimally invasive surgical procedures, as described in the fifth chapter. 

Decellularized TEHV demonstrated functionality and complete host repopulation in-vivo 

without thickening after 8 weeks. Longer follow-up periods demonstrated mild 

thickening, progressive valvular insufficiency, and a reduced leaflet size after 16 and 24 

weeks. Remodeling of the in-vivo repopulated decellularized leaflets was demonstrated 

by histology and by an increasing degree of anisotropic mechanical behavior over time. 

These results demonstrate that the use of decellularized TEHV as valve replacements is a 

promising approach, but valvular insufficiency still prevents long-term functioning. 

Reseeding these valves prior to implantation or optimizing valve geometry represent 

future strategies. 

 In conclusion, the results presented in this thesis demonstrate that trans-apical 

implantation of TEHV is feasible. The observed in-vitro and in-vivo retraction and in-vivo 

thickening of living TEHV was reduced by decellularization of the engineered tissues. 

Moreover, it was demonstrated that decellularized TEHV can be reseeded in-vitro or 

become rapidly repopulated with endogenous cells in-vivo. Although it remains a 

challenge to overcome the in-vivo reduction in leaflet size on the long term, the rapid 

cell infiltration capacity and the unrestricted and off-the-shelf availability of these 

decellularized engineered valves enable their potential application as superior 

alternative to today’s bioprostheses.  
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Currently available valve substitutes are either mechanical or bioprosthetic 

valves. A major drawback of these conventional heart valve replacements is the absence 

of repair, remodeling and growth capacity, the latter being particularly important for 

children. Tissue-engineering of heart valves might overcome the limitations of today’s 

heart valve substitutes. Besides, less invasive implantation technologies rapidly evolve as 

alternative treatment option to conventional open heart surgery. This chapter provides 

an overview of the current status and future challenges of valve replacements and their 

implantation techniques. 

1.1 Heart valve replacements 

1.1.1 The need for new valve replacements 

Valvular heart disease is an important cause of morbidity and mortality and is 

responsible for more than 20.000 deaths in the United States every year (Rosengart et 

al. 2008). The annual incidence of congenital bicuspid aortic valve defects in the United 

States is over 55.000 (Rosengart et al. 2008). The number of patients requiring heart 

valve replacement is approximately 280.000 annually worldwide (Pibarot & Dumesnil 

2009) and is estimated to triple to over 850.000 over the upcoming five decades (Yacoub 

& Takkenberg 2005). Currently, the available prostheses are either mechanical valves or 

bioprosthetic valves (figure 1.1). Despite excellent durability, mechanical valves have a 

substantial risk of thromboemboli and thrombotic occlusion. Additionally, the required 

life-long anticoagulation therapy potentiates hemorrhagic complications. In contrast, 

bioprosthetic valves show similar flow patterns to that of the native heart valves and, 

therefore, have a low risk of thromboembolism without anticoagulation. However, their 

durability is limited due to calcific or noncalcific tissue deterioration (Schoen & Levy 

2005). A major drawback of both mechanical and bioprosthetic valves is the absence of 

repair, remodeling and growth capacity, the latter being particularly important in 

children and young adults.  

 
 

Figure 1.1: Examples of heart valve prostheses: (A) Monoleaflet mechanical valve 

(Medtronic), (B) Bileaflet mechanical valve (St Jude Medical), (C) Stented pericardial 

bioprosthesis (Carpentier-Edwards Magna), and (D) Bioprosthesis for minimally invasive 

implantation (Edwards Sapien). 
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Cardiovascular disease in general, costs more than any other disease. The total 

direct (health expenditures) and indirect (decreased productivity resulting from 

morbidity and mortality) costs of cardiovascular disease and stroke in the United States 

for 2010 is estimated at 503.2 billion dollars, from which the total hospital costs 

projected for the year 2010 are estimated to be 155.7 billion dollars (Rosengart et al. 

2008). Development of a living valve replacement could save up to 36 billion dollars per 

10 years for just US healthcare by eliminating both re-operations, to replace 

degenerated cryopreserved homografts, and the total cost per patient lifetime after 

mechanical valve implantation (Clarke 2002). In addition, for infants and children, the 

elimination of re-operations to replace non-growing valve replacements will reduce their 

mortality rate and suffering. As the group of congenital heart disease patients is 

expected to increase, the search for alternative heart valve replacements is ongoing. 

1.1.2 Tissue-engineered heart valves 

Tissue-engineered heart valves (TEHV) are proposed as alternative valve 

replacements to overcome the limitations of current substitutes. The field of tissue-

engineering applies the principles of biology and engineering to the development of 

biological substitutes for the repair or regeneration of tissue or organ function (Skalak & 

Fox 1988). In 1993, Langer and Vacanti summarized the early developments in this field 

and defined the original tissue-engineering paradigm that comprises a scaffold which is 

seeded with cells isolated from the recipient, subsequent in-vitro tissue formation and 

in-vivo tissue growth and remodeling following implantation (Langer & Vacanti 1993). 

The in-vivo phase can involve recruitment of the recipient’s inflammatory cells, resulting 

in a combination of seeded and recipient-derived new cells in the TEHV (Mendelson & 

Schoen 2006). Both in-vitro and in-vivo, the key processes during tissue formation and 

maturation are cell proliferation and migration, extracellular matrix production and 

organization, and scaffold degradation. These capacities of the tissue engineered 

construct that enable repair of structural injury, remodeling of the extracellular matrix, 

and potential growth are crucial for long-term success of the living valve replacement 

(Schoen 2006). 

Various approaches of heart valve tissue-engineering are investigated. Roughly, the 

approaches can be divided into three groups, namely the development of the valve 

substitute in-vitro, in-vivo, or in-situ. The first approach aims at the development of the 

TEHV in-vitro according to the classical paradigm (figure 1.2). After seeding (autologous) 

cells onto different types of scaffold material, the construct is cultured in-vitro to 

stimulate tissue formation. Secondly, the in-vivo tissue-engineering approach relies on 

autologous tissue formation by intraperitoneal implantation of a scaffold (Visscher et al. 

2007, Hayashida et al. 2007, Yamanami et al. 2010). After sufficient autologous tissue 

formation in-vivo, the construct is transplanted to serve as a valve replacement. 

However, the current status for this approach is that the volume fraction of cellular 

phenotypes is unbalanced, resulting in inadequate remodeling of the valves (Visscher et 
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al. 2008). The third approach, although not fully complying with the classical concept of 

tissue-engineering as defined by Langer and Vacanti, made the first step towards clinical 

implementation by implanting a scaffold into the patient relying on spontaneous 

endogenous cellular repopulation (Elkins et al. 2001b). For this in-situ tissue-engineering 

approach the regenerative capacity of the body is utilized. Decellularized xenogenic or 

allogenic heart valves are implanted directly, without in-vitro preseeding, in order to 

recruit endogenous cells in-vivo. More recently, direct implantation of smart synthetic 

scaffold materials is proposed that actively attract the circulating endogenous cells. It is 

hypothesized that the scaffold will be populated by endogenous cells and subsequently, 

in-vivo tissue formation will take over the function of the degrading scaffold (Mol et al. 

2009). The in-vitro and the in-situ approach of heart valve tissue-engineering are 

extensively investigated using various scaffold materials and cell sources (table 1.1) and 

will be discussed in more detail in this chapter. 

 

 
 

Figure 1.2: The classical tissue-engineering paradigm. Schematic overview of in-vitro 

tissue-engineering of heart valves. Autologous cells are expanded and seeded onto a 

scaffold. Subsequently, the tissues are cultured in a bioreactor system where biochemical 

and mechanical stimuli are applied. Finally, the resulting living heart valve can be 

implanted into the sheep from which the cells were harvested as a preclinical model. 

 

 Scaffolds for heart valve tissue engineering 

Different types of scaffold material, or so called starter matrix, are used for heart 

valve tissue engineering. The feasibility of biodegradable polymers, natural materials 

such as fibrin and collagen, and xenogenic or allogenic decellularized heart valves to 

serve as starter matrices are extensively investigated.  
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Xenogenic or allogenic materials: The valve replacement that comes closest to 

the geometry and structure of the native valve with native-like mechanical and 

physiological hemodynamics, is the xenograft or allograft (homograft) valve. Obviously, 

the allograft valve is a more natural option compared to the xenograft valve, as the ideal 

valve replacement should show similar biomechanical characteristics to the native heart 

valve. Natural leaflet motion and flow patterns are supposed to avoid stress related 

calcification and early valve failure (Kasimir et al. 2003). The microstructure of the 

allograft valve is favorable with respect to proliferation, differentiation, and survival of 

reseeded cells (Iop et al. 2009). The availability of the allograft valve, however, is limited 

by donor shortage. Due to its anatomic similarity to human valves, the porcine heart 

valve represents an attractive alternative to allograft valves. Additionally, also xenogenic 

pericard is investigated as material for valve replacements (Tedder et al. 2011). 

However, the use of either xenogenic or allogenic valve replacements increases the risk 

for immunogenic reactions. Moreover, using unfixed biological material, and in 

particular when using xenogenic matrices, there is a risk of disease transmissions, such 

as Creutzfeldt–Jakob disease, and transmission of microorganisms or retroviruses 

(Neuenschwander & Hoerstrup 2004). Therefore, the use of both allogenic and 

xenogenic material to produce valve replacements necessitates either crosslinking or 

decellularization of the tissue. Crosslinking the extracellular matrix, however, results in a 

fixed, non-living and non-degrading matrix, which will not be able to grow and remodel 

and is not suitable as a scaffold for tissue engineering. Alternatively, decellularization of 

the biological tissues decreases the immunological response without limiting the 

remodeling capacity, which in turn favorably impacts the long-term graft durability 

(Kasimir et al. 2003). Recently, due to improved decellularization techniques, the 

absence of an immune response was reported for decellularized xenograft valves in 

contrast to their crosslinked counterparts (Bloch et al. 2011). Complete cell removal 

from the tissue is crucial, as residual cells and cell remnants within the matrix might lead 

to calcification (Human & Zilla 2001). Besides proper cell removal, it is important to 

diminish structural alteration of the extracellular matrix to preserve the biomechanical 

characteristics of the native heart valve. Various decellularization methods for 

extracellular matrix are developed and will be discussed later on in this chapter. 

Biodegradable synthetic and natural materials: Biodegradable synthetic 

materials have been introduced as scaffold material for tissue-engineering as an 

alternative to decellularized xenogenic and allogenic matrices. These materials lack the 

risk for xenogenic diseases and rejection due to antigenic epitopes or remnants of DNA. 

Furthermore, they have the advantage of an unlimited supply. After seeding the scaffold 

with (autologous) cells, extracellular matrix is produced to take over the strength of the 

scaffold while the scaffold degrades. Various biodegradable polymers, such as PGA, 

P4HB and PCL, and natural materials, such as fibrin and collagen, were demonstrated to 

be useful for tissue-engineering of heart valves, as listed in table 1.1. Seeded with 
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(autologous) cells and subsequently cultured in-vitro, these materials have shown to be 

feasible for heart valve tissue engineering, with demonstrated functionality in-vitro and 

in-vivo (Shinoka et al. 1996, Hoerstrup et al. 2000, Stock et al. 2000, Sodian et al. 2000a, 

Sodian et al. 2000b, Hoerstrup et al. 2002, Sutherland et al. 2005, Mol et al. 2006, 

Robinson et al. 2008, Flanagan et al. 2009, Gottlieb et al. 2010, Schmidt et al. 2010). 

With or without cells? 

The native valvular interstitial cells ensure the maintenance of a living valve with 

the capability to grow and repair. The two most important functions of these cells are to 

replicate and to synthesize and remodel the extracellular matrix (Gui et al. 2010). 

Therefore, to prevent in-vivo deterioration, a living valve replacement with regeneration 

capacity is pursued. It is, however, unclear whether there is a need for a living tissue at 

time of implantation, or whether circulating cells in the blood or cells from adjacent 

tissues will be able to repopulate a scaffold in-vivo (Simon et al. 2003, Miller et al. 2006). 

Accumulating evidence suggests that circulating endogenous cells can be 

recruited in-vivo. The feasibility of in-vivo repopulation of starter matrices is shown in 

animal studies, were decellularized sheep allograft valves and porcine xenograft valves 

became progressively recellularized with recipient cells over time (O'brien et al. 1999, 

Elkins et al. 2001a, Elkins et al. 2001b). This repopulation was observed to evolve in two 

distinct phases, starting with a nonspecific inflammatory reaction, characterized by an 

infiltration of macrophages during the first few months, followed by colonization with 

fibroblasts. Moreover, it was demonstrated in juvenile sheep that cellular grafts lose 

their original cells, while decellularized conduits get recellularized in-vivo (Hopkins et al. 

2009). Nevertheless, although in-vivo complete cellular ingrowth is proved in animal 

models (Elkins et al. 2001b, Hopkins et al. 2009), clinical studies led to contrary reports 

about cellular infiltration in humans. Although a single case of complete repopulation of 

the vessel wall and partial repopulation of the distal part of the leaflet was 

demonstrated recently (Konertz et al. 2011), others observed only sparsely cellular 

infiltration in the wall (Sayk et al. 2005, Dohmen et al. 2007a) and leaflets (Miller et al. 

2006) of decellularized valve tissues implanted in humans. Acellular xenograft valves 

implanted in children resulted in dramatic structural failure, due to a strong 

inflammatory response without signs of cell repopulation or endothelialization of either 

the valve leaflets or the conduit wall (Simon et al. 2003). 

Thus, for clinical application it might be required to reseed the scaffold prior to 

implantation, or to modulate the scaffold in order to attract the proper endogenous cells 

in-vivo. Treatment of decellularized biological matrices with acetic acid to increase the 

scaffold pore size and porosity improved the efficiency of cell attachment and 

proliferation of human mesenchymal stem cells (Dong et al. 2009). Also, conjugation of 

RGD polypeptides to the acellular scaffold (Dong et al. 2009), antibodies against specific 

cell types (Ye et al. 2009), or precoating of polymeric scaffolds with (autologous) human 
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matrix are reported to improve cell attachment (Ye et al. 2000). Still, besides the 

questionable ability of in-vivo repopulation, preseeding of the valve replacements may 

also be necessary to reduce thrombogenicity and reduce the inflammatory reaction.  

In-vitro preseeding of acellular biological scaffolds has been largely investigated 

with contradictory results. Autologous re-endothelialization under simulated 

physiological conditions significantly improved the total endothelial valve coverage in 

sheep (Lichtenberg et al. 2006b). Preseeding decellularized porcine valves with 

autologous myofibroblasts and endothelial cells showed to enhance their in-vivo 

functionality in a sheep model. The preseeded decellularized valve showed complete 

histological restitution of valve tissue and confluent endothelial surface coverage in all 

cases, while partial degeneration and no interstitial valve tissue reconstitution were 

found for the acellular grafts (Steinhoff et al. 2000). However, thickening of the leaflet 

was observed, which is hypothesized to indicate excessive matrix formation (Steinhoff et 

al. 2000). The phenomenon of in-vivo thickening is also observed for TEHV based on PGA 

scaffolds and autologous cells (Gottlieb et al. 2010, Schmidt et al. 2010). 

 Cell sources for heart valve tissue engineering 

While it is still unclear whether there is a need for a living implant at the time of 

implantation, a variety of cell types have been described for in-vitro (re)seeding of 

synthetic or biological scaffolds, as summarized in table 1.1. Experiments comparing 

allogenic and autologous cells demonstrated that the seeded cells should be of 

autologous source to minimize the immune response (Shinoka et al. 1995). However, it 

was recently shown that also autologous cells can provoke an immune response caused 

by pro-inflammatory cytokines originating from cell death, or DAMP molecules released 

by dying cells within the autologous tissue (Badylak & Gilbert 2008, Brown et al. 2009). 

Vascular derived myofibroblasts and endothelial cells can be harvested from the 

recipient saphenous vein (Rieder et al. 2004). Alternatively, cells derived from bone 

marrow or umbilical cords (blood) and the circulating endothelial progenitor cells show 

the potential to provide both interstitial and endothelial function and are successfully 

used to generate heart valves in-vitro (Hoerstrup et al. 2002, Schmidt et al. 2007b, Sales 

et al. 2009, Sodian et al. 2010). In contrast to vascular cells, these cells can be obtained 

without surgical intervention, thereby enabling potential adaption into in a routine 

clinical scenario.  

It is clear that the most appropriate cell type for in-vitro preseeding is not 

established yet. Bone marrow derived mesenchymal stem cells (MSC) are attractive 

candidates. These cells are successfully used to reseed decellularized matrices 

(Vincentelli et al. 2007, Iop et al. 2009) or synthetic scaffolds (Hoerstrup et al. 2002, 

Perry et al. 2003, Sutherland et al. 2005). MSC show a remarkable similarity in 

phenotype compared to valvular interstitial cells (Latif et al. 2007) and demonstrate anti-
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thrombogenic (Hashi et al. 2007) and immunosuppressive properties. (Uccelli et al. 

2006b) These cells are favorable for utilization in routine clinical practice, due to their 

ease of accessibility and handling and their use in allogenic application (Pittenger & 

Martin 2004). Additionally, both the anti-thrombogenic properties of the MSC (Hashi et 

al. 2007) and the ability to stimulate in-vivo endothelialization (Mirza et al. 2008), 

overcome the necessity of preseeding with endothelial cells. Moreover, MSC are able to 

differentiate into endothelial cells, fibroblasts or myofibroblasts, and smooth muscle 

cells (Iop et al. 2009). Alternatively, scaffolds (re)seeded with MSC just prior to 

implantation, have been successfully implanted in sheep and baboons (Vincentelli et al. 

2007, Weber et al. 2011). Instead of proliferation, differentiation, and extracellular 

matrix production in-vivo, MSC may induce the homing and differentiation of autologous 

host cells, through a paracrine secretion of growth and chemotactic factors enabling 

tissue regeneration (Roh et al. 2010). 

1.1.3 Limitations and challenges in heart valve tissue engineering 

The first results of clinical implementation of decellularized pulmonary allograft 

valves, reseeded with autologous endothelial progenitor cells, showed improved 

freedom from re-intervention in contrast to conventional homografts and xenografts. 

They demonstrated low gradients in follow-up and possibly exhibited adaptive growth 

(interpreted from the increasing diameter of the tissue-engineered pulmonary valve 

annulus and reduction of valve regurgitation) (Cebotari et al. 2011). Decellularized 

allograft valves, reseeded with autologous vascular endothelial cells, demonstrated 

uncompromised follow-up of 10 years, with excellent hemodynamic performance 

(Dohmen et al. 2011). However, the need for valve replacements exceeds the supply of 

donor valves. Therefore, also the largely available decellularized xenogenic pulmonary 

valves, reseeded with autologous vascular endothelial cells, have been introduced for 

right ventricular outflow tract reconstruction, with excellent early and midterm results 

(Dohmen et al. 2007b). Moreover, the short- and mid-term performance of non-seeded 

decellularized xenograft valves in children and patients with congenital heart disease 

were recently reported to meet the performance of other currently available implants 

(Konertz et al. 2011). Nevertheless, as mentioned earlier, the first clinical non-seeded 

applications in children resulted in dramatic structural failure of the heart valves, due to 

strong inflammatory responses (Simon et al. 2003). Additionally, complete destruction 

of a decellularized pulmonary xenograft valve was reported in a single case (Hiemann et 

al. 2010). 

The feasibility and functionality of autologous living valves, created according to 

the classical tissue-engineering paradigm, is only demonstrated in animal studies. One of 

the limitations of this approach is cell-mediated contraction of the valve leaflets caused 

by traction forces exerted by the cells. On the one hand, this cell-mediated contraction is 

functional in ensuring the development of a desirable, highly aligned extracellular matrix 

(Barocas et al. 1998, Shi & Vesely 2003, Mol et al. 2005a, Robinson et al. 2008, Syedain 
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et al. 2011). However, on the other hand sustained traction forces exerted by the cells 

may damage the tissue and restrict culture time, but shorter culture times limit collagen 

and elastin deposition (Robinson et al. 2008). Furthermore, in valvular tissue-

engineering, sustained traction forces can lead to undesirable retraction of the leaflets, 

which results in valvular regurgitation (Shinoka et al. 1995, Shinoka et al. 1996, Flanagan 

et al. 2009, Gottlieb et al. 2010, Schmidt et al. 2010, Syedain et al. 2011). It has been 

suggested to avoid the valvular insufficiency by creating longer leaflets, therewith 

enlarging the coaptation area (Neidert & Tranquillo 2006, Syedain et al. 2011), 

engineering bi-leaflet valves instead of tri-leaflet valves (Neidert & Tranquillo 2006, 

Robinson et al. 2008), or applying a biodegradable support material within the fibrin 

scaffold (Flanagan et al. 2009). As the observed retraction is mainly cell-mediated, 

others applied the myosin inhibitor blebbistatin to the TEHV prior to implantation 

(Syedain et al. 2011). Although this transiently blocked further cell-induced tissue 

contraction initially, leaflet retraction reoccurred beyond 4 weeks follow-up in the ovine 

model. It can be concluded that a proper solution to control these retraction forces is 

lacking and it remains a challenge to overcome retraction of the tissue engineered 

leaflets. The cellular stress generation in tissue engineered constructs demonstrated to 

comprise both a passive and active contribution of the cells (Vlimmeren et al. 2011). 

Therefore, retraction of the tissue-engineered leaflets may be prevented by removal of 

the cellular components. Besides overcoming the cell-mediated retraction of the 

leaflets, decellularization of the TEHV enables off-the-shelf availability of the valve 

replacement. 

Another challenge in the field of heart valve tissue-engineering is to investigate 

the feasibility of using these valve replacements for minimally invasive implantation 

procedures. As will be explained in more detail below, these novel implantation 

techniques are rapidly evolving, but current valve substitutes applied in these 

techniques have their limitations. 

Translation of the completely autologous living TEHV into clinics faces several 

challenges, which will be addressed in the general discussion of this thesis. 

1.1.4 Decellularization of valve tissues 

Various decellularization methods for extracellular matrix are developed and 

documented (Spina et al. 2003, Grauss et al. 2005, Gilbert et al. 2006, Iop et al. 2009). 

The efficiency of cell removal, as well as preservation of the matrix integrity is highly 

dependent on the decellularization method used. Various studies, claiming different 

methods to be better than others, have lead to contradicting reports, mostly due to 

differences in used protocols and thickness of the decellularized material. Various 

studies showed that SD-based treatments are more efficient in cell removal, while 

maintaining matrix integrity and mechanical properties when compared to 

decellularization with Trypsin (Kasimir et al. 2003, Rieder et al. 2004, Tudorache et al. 
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2007, Baraki et al. 2009). Moreover, xenogenic valves decellularized with SD functioned 

properly in sheep without calcification (Erdbrugger et al. 2006) and an increased 

reseeding potential is documented, when compared to SDS specimens (Rieder et al. 

2004). The SD-treatment is often applied in combination with Triton X-100 (Kasimir et al. 

2003, Rieder et al. 2004), as decellularization using SD alone is not always satisfactory 

(Erdbrugger et al. 2006). The combination of Triton X-100 and SD showed to be the best 

for decellularization of porcine aortic and pulmonary roots regarding their re-seeding 

susceptibility. The treatment was followed by washing steps with 199-medium to 

remove any residual detergents and an enzymatic digestion with DNAse and RNAse to 

remove remaining nucleic acids. These steps resulted in an excellent scaffold, which is 

according to histological observations free of xenogenous cells or cell remnants. 

Furthermore, it proved to be well suited for seeding with human cells (Rieder et al. 

2004). Although serum nucleases can be applied to further reduce the DNA amounts in 

detergent pretreated tissues (Gui et al. 2010), the clinical efficacy of commercially 

available materials has already been largely positive despite small amounts of remaining 

DNA (Gilbert et al. 2008). Biological scaffold materials, from which most or all visible 

cellular material is removed, are suggested to be safe for implantation (Gilbert et al. 

2006). 

It should be noticed that the best treatment with respect to in-vitro or in-vivo 

repopulation of the matrix might be different from the method most favorable for 

removing all cellular remnants and meanwhile leaving the extracellular matrix intact. For 

example, tissues decellularized with Trypsin and Triton X-100 showed a looser collagen 

network and increased pore size as opposed to tissues decellularized with SDS. This 

might be favorable for reseeding susceptibility as a small pore size, low porosity, and 

higher density of the collagen network restrict the (seeded) cell adhesion, migration and 

proliferation (Liao et al. 2008, Dong et al. 2009). 

1.2  Valve replacement techniques  
Minimally invasive valve implantation techniques rapidly evolve as alternative 

treatment option for patients with valvular heart disease. These techniques are 

expected to have a major impact on the management of these patients over the next 

several years. (Rosengart et al. 2008) Various trans-vascular, catheter-based 

implantation approaches have been developed and successfully used in both 

experimental and clinical settings (Lutter et al. 2004). In 2002, Alan Cribier (Cribier et al. 

2002) was the first to introduce trans-catheter aortic valve implantation (TAVI) and after 

approval for use in Europe in 2007, an estimated 20.000 patients underwent this 

procedure (Faxon 2011). Recently, the clear efficacy of its use was demonstrated in high-

risk patients with severe aortic stenosis who otherwise would have had no adequate 

treatment (Faxon 2011). Due to this important advantage of the technique the number 

of TAVI can be expected to rise with aging of the population. Alternative to trans-

catheter implantation, minimally invasive surgical techniques, such as the trans-apical 
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approach (figure 1.3) have been successfully introduced into clinical practice (Walther et 

al. 2009). Trans-apical valve implantation is a minimally invasive off-pump technique and 

has been demonstrated to be a safe and successful procedure in elderly high-risk 

patients (Lichtenstein et al. 2006, Walther et al. 2007, Walther et al. 2009). Trans-apical 

access requires a mini-thoracotomy, which might be a slight disadvantage compared to 

trans-femoral techniques. However, it allows for larger valve diameters to be implanted 

as the size of the delivery system can be larger. Additional advantages compared to 

catheter-based procedures with trans-femoral access are: 1) the low-stroke risk due to 

minimal manipulation of the ascending aorta and aortic arch; 2) applicability for most 

patients with severe peripheral vascular disease; 3) the relatively simple learning; 4) and 

possibility to perform valve positioning more precisely (Walther et al. 2009). Further, it 

may be an easy and safe implantation technology for the pediatric patient group. 

 
 

Figure 1.3: Schematic view of trans-apical valve delivery in pulmonary position. The 

delivery system loaded with the crimped valve replacement is inserted trans-apically into 

the right ventricle (a). The delivery system consists of an inner pusher (b) and a sheath 

(c). The crimped valve integrated into the stent (d) is carefully deployed into the 

pulmonary position by slowly advancing the inner pusher (b) into the sheath system (c). 

This technology has been developed for the trans-apical delivery of TEHV (Schmidt et al. 

2010). 

 

The development of valve replacements suitable for minimally invasive (surgical) 

replacement procedures is ongoing since their introduction in 2002 (Faxon 2011). 

However, the currently available replacements and substitutes in development are 

bioprosthetic in nature and will therefore be prone to calcification and progressive 

dysfunctional degeneration. To enable the application of minimally invasive treatment 
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modalities also in younger patients, the next generation valvular replacements ideally 

would be autologous valve substitutes with repair and regeneration capacity (Hoffman 

& Kaplan 2002, Fernandes et al. 2007). 

1.3 Rationale and outline of the thesis  
As reviewed in this chapter, both tissue-engineering of autologous heart valve 

replacements and minimally invasive valve replacement procedures present promising 

technologies for patients with valvular heart disease. However, the feasibility of 

combining both technologies has not been investigated in-vivo. With respect to the 

obvious potential advantages of such a combination, the aim of this thesis was to 

investigate the feasibility and functionality of tissue-engineered heart valves (TEHV) for 

minimally invasive surgical implantation.  

In chapter 2 we set out to evaluate the feasibility of minimally invasive surgical 

implantation of TEHV, based on autologous cells and rapid degrading synthetic scaffolds. 

Stented TEHV were trans-apically implanted as pulmonary valve replacements in an 

ovine model. Feasibility, safety, and proof of principle of the trans-apical implantation of 

TEHV were demonstrated. Valve performance was satisfactory, but with thickening and 

retraction of the leaflets.  

Chapter 3 deals with the underlying cause of the observed in-vivo thickening. To 

evaluate the effect of the crimping procedure necessary for minimally invasive delivery 

of the valve, the outcome of trans-apically and surgically implanted TEHV was directly 

compared. From this study it was concluded that tissue thickening of living TEHV in-vivo 

is not primarily caused or enhanced by the crimping procedure, but is hypothesized to 

represent functional tissue remodeling. 

In chapter 4 a new strategy to avoid the retraction of the leaflets was 

investigated in-vitro. As the retraction is mostly cell-mediated it could be reduced by 

decellularization of the TEHV. Moreover, decellularization of TEHV potentially results in 

a largely available off-the-shelf homologous valve replacement without the risk for 

xenogenic immune response or disease transmission.  

Chapter 5 describes the pre-clinical evaluation of the decellularized TEHV as a 

pulmonary valve replacement for trans-apical implantation in the ovine model. 

Functionality and complete recellularization was demonstrated after 8 weeks follow-up. 

However, after 24 weeks occlusion of the leaflet belly and shrinkage of the valve leaflets 

was observed.  

Finally, the main findings of the thesis are discussed in chapter 6. Additionally, 

implications for future research are provided to further develop this promising approach 

towards a superior alternative valve replacement to today’s bioprostheses.  
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Table 1.1: Tissue-engineering of heart valves: scaffold materials, cell sources, (pre-) 

clinical studies, and main conclusions. 

Scaffold Cell source (& in-
vitro culture 
period after 
seeding, if 
applicable) 

(Pre-) 
clinical 
study  
(follow-up 
period) 

Conclusions and references 

 
Synthetic materials 

  

PHA Autologous 
myoFB and EC 

In sheep (up 
to 17 
weeks) 

In-vivo functionality with minimal regurgitation; 
laminated fibrous tissue with predominant 
glycosaminoclycans (Sodian et al. 2000a). 

PLA & PLGA  Human dermal FB 
and bovine aortic 
EC or ovine 
myoFB and EC (2 
weeks) 

n.a. In-vitro p.o.p. of human TEHV (Zund et al. 1997). 

P4HB Autologous  
vascular medial 
and EC (8 days) 

In sheep (up 
to 24 
weeks) 

In-vivo functionality of viable leaflets without 
thrombus; with mild, non-progressive valvular 
regurgitation (Stock et al. 2000). 

Human UC-blood-
DPC (3 weeks) 

n.a. In-vitro generation of viable TEHV from CD133+ 
cells (Sodian et al. 2010). 

PGA Ovine 
(autologous) 
myoFB and EC (>2 
weeks) 

In sheep (up 
to 11 
weeks) 

In-vivo p.o.p. of TEHV based on synthetic scaffolds; 
no stenosis; trivial (autografts) and moderate 
(allogenic valves) regurgitation; suggest superiority 
of autograft tissue (Shinoka et al. 1995, Shinoka et 
al. 1996). 

PGA & P4HB Human myoFB 
and EC (4 weeks) 

n.a. In-vitro p.o.p. of TEHV for systemic application (Mol 
et al. 2006). 

Human marrow 
stromal cells (3 
weeks) 

n.a. In-vitro p.o.p. of TEHV based on human MSC 
(Hoerstrup et al. 2002). 

Human UC-DPC (3 
weeks) 

n.a. In-vitro p.o.p. of TEHV based on human umbilical 
cord-derived progenitor cells (Schmidt et al. 2006). 

Human amniotic 
fluid derived 
progenitor cells 
(3 weeks) 

n.a. In-vitro p.o.p. of TEHV based on human amniotic 
fluid derived progenitor cells (Schmidt et al. 2007a). 

Ovine MSC (3 
weeks) 

n.a. In-vitro p.o.p. of TEHV based on ovine MSC (Perry 
et al. 2003) 

Ovine peripheral 
blood EPC (3 
weeks) 

n.a. In-vitro p.o.p. ovine peripheral blood EPC as single 
cell source for TEHV (Sales et al. 2009). 

Autologous 
myoFB and EC (3 
weeks) 

In sheep (up 
to 20 weeks 

In-vivo functionality; mobile leaflets no stenosis, 
thrombus, or aneurysm; remodeling towards native 
valves in microstructure, mechanical properties, 
and extracellular matrix (Hoerstrup et al. 2000). 

Autologous 
myoFB and EC 
(up to 4 weeks) 

In sheep (up 
to 8 weeks) 

In-vivo p.o.p. of trans-apical implantation of TEHV; 
in-vivo pulmonary functionality with mobile, but 
thickened leaflets (Schmidt et al. 2010). 

Autologous MSC,  
cultured 4 weeks) 

In sheep (up 
to 8 
months) 

In-vivo p.o.p. of TEHV based on MSC, with trival to 
mild regurgitation at implantation and remodeling 
towards native valves (Sutherland et al. 2005). 
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Autologous bone 
marrow stromal 
cells 

In non-
human 
primates 
(up to 4 
weeks) 

In-vivo p.o.p. of minimally invasive one-step 
approach (isolation, seeding, and subsequent 
implantation); remodeling to endothelialized 
anisotropic tissues (Weber et al. 2011). 

Autologous bone 
marrow stromal 
cells 

In sheep 
(acute 
study) 

In-vivo p.o.p. of trans-apical implantation of TEHV 
in the systemic circulation (Emmert et al. 2011). 

PGA & PLLA Autologous MSC 
(1 month) 

In sheep (up 
to 20 
weeks) 

In-vivo functionality with trival to moderate 
regurgitation after 6 weeks due to thickening and 
retraction; valves undergo structural and functional 
remodeling without stenosis (Gottlieb et al. 2010).  

PCL n.a. n.a. In-vitro p.o.p of functionality of electrospun 
scaffolds (Del Gaudio et al. 2008a, Del Gaudio et al. 
2008b). 

Human myoFB (3 
weeks) 

n.a. In-vitro testing of knitted scaffold for TEHV shows 
low seeding efficiency, but better strength 
compared to electro -spun scaffold (Lieshout et al. 
2006). 

 
Natural materials 

  

Fibrin Neonatal human 
dermal FB (3-5 
weeks) 

In sheep (up 
to 8 weeks) 

In-vitro p.o.p. for aortic pressures, and in-vivo p.o.p. 
of fibrin-based TEHV with increasing regurgitation 
(trival to moderate) at 4 weeks; at 8 weeks 
complete retraction hampered functionality 
(Robinson et al. 2008, Syedain & Tranquillo 2009, 
Syedain et al. 2011). 

Autologous 
myofibroblast 
and EC (4 weeks) 

In sheep (up 
to 3 
months) 

In-vivo p.o.p. of fibrin-based TEHV with remodeling 
leaflets, but retraction resulted in valvular 
insufficiency (Flanagan et al. 2009). 

Fibrin & 
poly-l-lysine 

Human myoFB n.a. In-vitro p.o.p. of fibrin-based TEHV, external 
fixation is required to control leaflet retraction 
(Jockenhoevel et al. 2001). 

Collagen FB (up to 8 
weeks) 

n.a. In-vitro p.o.p. of TEHV based on directed collagen 
gel shrinkage (Shi et al. 2005). 

 
Biological decellularized materials 

  

Human 
pulmonary 
valve 

n.a. In human SynerGraft treatment reduced tissue antigen 
expression but did not alter biomechanics or 
strength; lack of panel reactive antibody response 
(Elkins et al. 2001b). 

n.a. In human 
(up to 5 
years) 

Moderate regurgitation; showed improved freedom 
from explantation, and low gradients compared to 
xeno- and homografts (Cebotari et al. 2011). 

Autologous 
vascular EC  

In human 
(up to 10 
years) 

Excellent hemodynamic performance during mid-
term follow-up. Biopsy of wall reveled 
recellularization (Dohmen et al. 2002, Dohmen et 
al. 2007a, Dohmen et al. 2007b, Dohmen et al. 
2011). 

Autologous EPC 
(3 weeks) 

In 2 children 
(up to 3,5 
years) 

Good functionality with decreased regurgitation 
(mild to trival) and increased pulmonary annulus 
diameter (Cebotari et al. 2006). 

Human 
aortic valve 

  In human Low transvalvular gradients similar to conventional 
homografts, but with low panel reactive antibody 
response (Zehr et al. 2005). 
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Ovine 
pulmonary 
valve 

  In sheep (up 
to 11 
months) 

In-vivo proof of completely endothelialization (after 
6 months) and up to 80% leaflet recellularization 
with interstitial cells after 11 months (with 
expression of α-SMA similar to native valve 
leaflets); no calcification; no regurgitation (O'brien 
et al. 1999, Elkins et al. 2001a, Elkins et al. 2001b, 
Dohmen et al. 2006, Lichtenberg et al. 2006b). 

  In sheep (up 
to 1 year) 

In-vivo recellularization of basal region of cusp with 
myoFB; no calcification; trivial regurgitation 
(Hopkins et al. 2009). 

With or without 
autologous EC (5 
days) 

In sheep (up 
to 6 
months) 

In-vivo endothelialization and partially cellular 
infiltration of leaflets; no regurgitation or 
calcification; no difference between seeded and 
non-seeded groups (Dohmen et al. 2006, 
Lichtenberg et al. 2006a, Lichtenberg et al. 2006b). 

Autologous 
myoFB and EC (8 
days) 

In sheep (up 
to 3 
months) 

In-vivo functionality; complete endothelialization; 
no calcification of valve (Steinhoff et al. 2000). 

Ovine aortic 
valve 

  In sheep (up 
to 9 months 

In-vivo incomplete endothelialization of leaflet; 
cellular infiltration in wall and very sparse in leaflet; 
no calcification (Baraki et al. 2009). 

Porcine 
pericardium 

n.a. In rat (up to 
6 weeks) 

In-vivo PGG-treated pericardium did not calcify; 
infiltration by host FB with subsequent matrix 
remodeling (Tedder et al. 2009). 

Human MSC (8 
days) 

n.a. In-vitro p.o.p. of layered fibrous and spongiosa 
scaffolds (pericardium and pulmonary artery) 
(Tedder et al. 2011). 

Porcine 
pulmonary 
valve 
  

n.a. In human 
children 

Structural valve failure between 7 days and 1 year 
due to strong inflammatory responses; no 
repopulation (Simon et al. 2003). 

n.a. In human 
(up to 5 
years) 

Valve performance superior to currently available 
implants; no calcification (Konertz et al. 2011). 

Autologous EC In human  
(up to 5 
years) 

Excellent hemodynamic performance; no 
calcification; no difference compared to allogenic 
decellularized valves (Dohmen et al. 2007b). 

Autologous 
myofibroblast 
and EC (16 days) 

In sheep (up 
to 4 weeks) 

In-vitro and in-vivo p.o.p. of TEHV for percutanous 
implantation; in-vivo functionality; expression of α-
SMA in leaflets (Stock et al. 2006, Lutter et al. 2010, 
Metzner et al. 2010). 

Autologous bone 
marrow 
mononuclear 
cells or MSC, 
injected prior to 
implantation 

In sheep (up 
to 4 
months) 

In-vivo endothelialization and cellular infiltration in 
both groups; valve calcification, thickening, 
retraction and inflammation in BMMC group; thin 
leaflets, no calcification, lower transvalvular 
gradients and remodeling towards native valves in 
MSC group (Vincentelli et al. 2007). 

Porcine 
aortic valve 

n.a. Subdermal 
in rat (up to 
6 weeks) 

In-vivo calcification was reduced by TRI-COL / 
nuclease treatment (Spina et al. 2003). 

n.a. In sheep (up 
to 5 
months) 

In-vivo proof of functionality untill explantation; 
ingrowth of host fibroblastoid cells; no calcification 
(O'brien et al. 1999). 

Human vascular 
EC (3 days) 

n.a. In-vitro p.o.p. of TEHV by seeding decellularized 
matrices (Bader et al. 1998). 
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Human MSC (4 
weeks) 

n.a. In-vitro proof of human MPC to infiltrate acellular 
porcine valve matrix under static conditions; 
reseeded cells also expressed osteogenic markers 
(Knight et al. 2005). 

Human neonatal 
dermal FB (8 
weeks) 

n.a. In-vitro proof of gradual population of accelular 
matrix with viable cells that produce matrix 
(Zeltinger et al. 2001). 

 

 

Abbreviations used in table 1.1 

Scaffold Cell source Others 

P4HB = poly-4-hydroxybutyrate 
PHA = polyhydroxy-alcanoates 
PGA = polyglycolic acid 
PLA = polylactic acid 
PLGA = copolymer of  
PGA and PLA 
PCL = polycaprolactone 

FB = fibroblasts 
EC = endothelial cells 
MSC = mesenchymal stem cells 
EPC = endothelial progenitor cells 
UC-DPC = umbilical cord -derived 
progenitor cells 

n.a. = not applicable 
p.o.p. = proof of principle 
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2.1  Abstract 
Objective: Here we demonstrate the feasibility of combining the two novel heart valve 

replacement technologies, minimally invasive surgical implantation and tissue 

engineering. 

Background: Minimally invasive valve replacement procedures are rapidly evolving as 

the alternative treatment option for patients with valvular heart disease. Further, tissue 

engineering technologies provide living, autologous heart valves with regeneration and 

growth potential.  

Methods: Trileaflet heart valves (n=16, ØOD 30 mm), based on rapidly degrading 

scaffolds and self-expandable stents, were engineered from ovine vascular-derived 

autologous cells. Tissue-engineered heart valves (TEHV) were analyzed for preservation 

of structural integrity and functionality after in-vitro simulation of the delivery 

procedure (ØOD 12 mm). TEHV were cultured according to two dynamic in-vitro 

protocols applying either only strain (protocol A) or an additional period of strain and 

flow to optimize tissue surface quality prior to implantation (protocol B). In-vivo 

performance up to 8 weeks after trans-apical implantation in sheep in pulmonary 

position was evaluated. Post-operative follow-up comprised echocardiography and 

angiography. Tissue composition of explanted TEHV and corresponding control valves 

was analyzed.  

Results: The TEHV showed preserved structural integrity and functionality after the 

simulated delivery procedure. The trans-apical implantation was successful in all 

animals. Protocol B showed optimized tissue surface quality prior to implantation. Valve 

performance was similar for both culture strategies with functional, but thickened, 

tissue formation. 

Conclusions: This study demonstrates the feasibility of merging tissue engineering and 

minimally invasive surgical valve replacement technologies. Process safety as well as 

principle functionality of the living, autologous engineered heart valves was shown, 

enabling a potentially superior alternative to today’s bioprostheses.  
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2.2 Introduction 
Minimally invasive valve implantation techniques are rapidly evolving as 

alternative treatment option for patients with valvular heart disease. These techniques 

are expected to have a major impact on the management of patients with valvular heart 

disease over the next several years (Lutter et al. 2004). Various trans-vascular, catheter-

based implantation approaches have been developed and successfully used in both 

experimental and in clinical settings (Walther et al. 2007). Alternative minimally invasive 

surgical techniques, such as the trans-apical approach, have been described as safe and 

successful procedures in particular in more complex heart valve pathologies (Lutter et al. 

2004, Lichtenstein et al. 2006).  

The currently available valve substitutes for minimally invasive (surgical) 

replacement procedures are bioprosthetic and associated with calcification and 

progressive dysfunctional degeneration. Furthermore, a major drawback of these 

conventional heart valve replacements is the absence of repair, remodeling and growth 

capacity, the latter being particularly important in children and young adults. Tissue 

engineering, based on autologous cells and rapid degrading synthetic scaffolds, might 

well overcome the limitations of today’s heart valve substitutes. Such engineered living 

heart valves with the potential to grow, repair, and remodel have demonstrated 

functionality in chronic animal studies (Hoerstrup et al. 2000, Sodian et al. 2000a, 

Sutherland et al. 2005). 

So far, both trans-apical valve replacement and tissue engineering have evolved 

rapidly. However, the feasibility of a combination of both novel technologies has, 

although investigated in a preliminary in-vitro study (Stock et al. 2006), not been 

systematically investigated in-vivo yet. With respect to the obvious potential advantages 

of such a combination, this paper presents the first in-vivo results to demonstrate the 

principal feasibility and functionality of minimally invasively implanted tissue-

engineered, living trileaflet heart valves. Valve replacements for minimally invasive 

implantation technologies were manufactured by integrating TEHV, based on autologous 

cells and rapid degrading synthetic scaffolds, into self-expandable stents. By implanting 

these TEHV as pulmonary valve replacements in an ovine model, feasibility, safety and 

proof of principle were demonstrated. 

2.3 Methods 

2.3.1 General overview 

Valve replacements for minimally invasive implantation technologies were 

manufactured by integrating TEHV into self-expandable stents. TEHV were cultured 

according to newly developed dynamic in-vitro culture protocols. Protocol A involved 

two weeks of dynamic straining, thereby allowing fusion of the leaflets. Prior to 

implantation, the fused leaflets were separated. Protocol B incorporated an additional 
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period of dynamic straining including flow after separation of the leaflets to optimize the 

surface quality of the separation areas prior to implantation. In-vivo performance up to 

8 weeks of TEHV was evaluated after trans-apical implantation in sheep (n=6) in 

pulmonary position. Next to each implanted TEHV, an additional valve was engineered 

for each animal to serve as a control valve (n=6). The trans-apical delivery procedure 

required crimping of the TEHV to decrease its diameter. As a precondition for in-vivo 

functionality, preservation of structural integrity and functionality after the delivery 

procedure was evaluated in-vitro with TEHV (n=4) from a single source of ovine cells.  

2.3.2 Heart valve tissue engineering procedure 

Cell harvest 

Autologous myofibroblasts were harvested from ovine jugular veins as previously 

described (Sodian et al. 2000a). Endothelial cells were harvested from ovine carotid 

arteries. The myofibroblasts (figure 2.1 A) were expanded in DMEM Advanced, 

supplemented with 10% lamb serum (Gibco, USA), 1% GlutaMax (Gibco, USA), and 0.1% 

gentamycin (Biochrom, Germany). The endothelial cells (figure 2.1 B) were cultured in 

endothelial basal medium (EBM-2 complemented with the 0.1% Vascular Endothelial 

Growth Factor, 0.4% human Fibroblasts Growth Factor, 0.1% human recombinant long-

Insulin-like Growth Factor-1, 0.1% human Epidermal Growth Factor, 0.1% gentamycin 

and amphotericin, 0.04% hydrocortisone, 0.1% heparin, 0.1% ascorbic acid; Cambrex, 

Belgium) supplemented with 10% lamb serum. All animals received human care and the 

study was approved by the ethics committee (IMM Recherche, Paris, France) in 

compliance with the Guide for the Care and Use of Laboratory Animals, published by the 

National Institutes of Health (NIH publication No. 85-23, revised 1985). 

 

 
 

Figure 2.1: Vascular cells utilized for seeding of the TEHV. The myofibroblasts expressed 

a spindle-like phenotype in culture (A), while the endothelial cells expressed their typical 

cobblestone pattern (B). Scale bars represent 50μm. 

B A 
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Heart valve scaffold fabrication 

Trileaflet heart valve scaffolds (n=16), were fabricated from non-woven 

polyglycolic-acid meshes (PGA; thickness 1.0 mm; specific gravity 70 mg/cm3; Cellon, 

Luxembourg), coated with 1.75% poly-4-hydroxybutyrate (P4HB; MW: 1 x 106; TEPHA 

Inc., USA) in tetrahydrofuran (THF; Fluka, Germany), and integrated into radially self-

expandable nitinol stents (length 38 mm, OD 30 mm when fully expanded at 37:C; pfm, 

AG, Germany). After vacuum-drying overnight, the scaffolds were placed in 70% ethanol 

(Sigma, USA) for 4 hours to obtain sterility. The ethanol was allowed to evaporate 

overnight, the scaffolds were washed in PBS (Sigma, USA) and incubated overnight in 

medium DMEM Advanced, supplemented with 2.5% lamb serum, 1% GlutaMax, 0.3% 

gentamycin, and additional L-ascorbic acid 2-phosphate (0.25 mg/ml; Sigma, USA)), 

referred to as TE-medium, to facilitate cell attachment by deposition of proteins. 

Cell seeding and culturing of the TEHV 

Seeding of the myofibroblasts onto the stented heart valve scaffolds 

(1.5±0.04x106 cells/cm2, passage 6) was performed using fibrin as cell carrier (Mol et al. 

2005b). After seeding, the scaffolds were placed into Diastolic Pulse Duplicator (DPD) 

systems, where the leaflets were exposed to increasing dynamic strains, as previously 

described (Mol et al. 2005a). TE-medium was replaced every 2 to 3 days. After 11 to 12 

days, the TEHV were seeded with endothelial cells (1.6±0.2x105 cells/cm2, passage 5-7) 

and cultured for 2 to 3 additional days before the leaflets were separated. This culture 

protocol is referred to as protocol A (n=12). For surface coverage of the free edges, 

TEHV were cultured for 6 additional days after separation of the leaflets, utilizing an 

adapted version of the DPD systems to provide flow next to dynamic straining. This 

culture protocol is referred to as culture protocol B (n=4).  

The TEHV delivery procedure 

After the in-vitro culture period, the outer diameter was decreased from 30 mm 

to 12 mm (n=11, figure 2.2) using a custom-built tubular-shaped crimping and delivery 

system (Acrostak, Switzerland). The TEHV were left in the device for 30 minutes, which 

was chosen as a clinically representative timeframe for implantation. Thereafter, the 

TEHV were either implanted (n=6) or directly analyzed (n=5). The TEHV that did not 

undergo this delivery procedure served as control valves (n=5). 

2.3.3 Implantation procedure 

Autologous TEHV, engineered according to both protocol A (n=4) and protocol B 

(n=2) were trans-apically implanted into adult sheep (age range of 20 to 22 months and 

35 to 37 months; and weight range of 55 to 63 kg and 68 to 75 kg; for protocol A and B, 

respectively) in pulmonary position. In brief, the animals were anesthetized, intubated, 

and placed in the dorsal recumbent position. Anesthesia was maintained with inhaled 

anesthetics and narcotic agents. The right femoral artery was cannulated for placement 
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of a calibrated pig-tail catheter in preparation for pre-implant and post-implant 

angiography. Access to the apex of the heart was obtained via a partial sternotomy. 

After opening the pericardium at the apex, a double purse-string-suture was placed. 

Anticoagulation was performed using 300 IU/kg heparin. Through a small right apical 

incision, the delivery device was inserted into the right ventricle and advanced to the 

position of the native pulmonary valve. Once positioned, the TEHV were deployed out of 

the delivery device, therewith enclosing the native valve leaflets between stent and 

pulmonary artery wall. The exact valve position was confirmed by angiography. The 

delivery device was retrieved and the apex was safely closed and secured using the 

purse string suture. Anticoagulation was maintained for 7 days. The animals were 

sacrificed and the TEHV, cultured according to protocol A and B, were explanted after 4 

(n=2) and 8 (n=2) weeks and after 4 (n=1) and 7 (n=1) weeks, respectively.  

 

 
 

Figure 2.2: Crimping of the TEHV for trans-apical delivery. The leaflets were separated 

(A) prior to implantation. The diameter was gradually reduced by a factor 2.5 (B-D) 

before the TEHV was introduced into the implantation device (E).  

 

2.3.4 Analysis 

In-vitro valve performance of TEHV 

The in-vitro valve performance of TEHV after simulated delivery procedure was 

visualized in a custom-built valve tester (Geven et al. 2004) using a high-speed video 

camera (Phantom v9.0; Vision Research Inc., USA). The TEHV was exposed to 

physiological systemic flows for 20 minutes and the resulting flow and pressure profiles 

were measured using flow (Transonic, USA) and pressure sensors (Becton Dickinson, 

Belgium). The amount of regurgitation, the effective orifice area, and the mean and 

maximal systolic pressure gradients were calculated and averaged over five cycles. 

In-vivo performance of TEHV 

The in-vivo valve performance of the TEHV (n=6) was evaluated by angiography 

and echocardiography directly after implantation and by echocardiography on day 1 and 

once every following week postoperatively. 
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Qualitative tissue analysis 

All TEHV (n=16), either directly or after having functioned as implant, were 

evaluated macroscopically and tissue composition was analyzed qualitatively by 

(immuno-) histology. Formalin-fixed (Fluka, USA) paraffin-embedded representative 

pieces of TEHV were sliced to 5-7 μm sections. The tissue sections were studied by 

Haematoxylin and Eosin (H&E) staining for general tissue morphology, Masson 

Trichrome staining for deposition of collagen, and Elastin van Gieson staining for 

detection of collagen and elastic fibers. Additionally, immunohistology was performed 

using the Ventana Benchmark automated staining system (Ventana Medical Systems, 

USA) and antibodies for α-smooth muscle actin (α-SMA, clone 1A4; Sigma, USA) and von 

Willebrand factor (vWf; affinity purified rabbit antibodies; DakoCytomation, Denmark). 

Primary antibodies were detected with the Ventana iVIEW DAB detection kit, yielding a 

brown reaction product. Furthermore, tissue samples were fixed in 2% glutaraldehyde 

(Sigma, USA) and sputtered with platin in order to examine the gross structure by SEM. 

Quantitative tissue analysis 

The TEHV used to study the effect of the delivery procedure (n=2 uncrimped; n=2 

crimped), the explants (n=6), their corresponding control valves (n=6), and native ovine 

valves (n=3) were analyzed by biochemical assays for total DNA content, as an indicator 

for cell number, GAG content, and hydroxyproline content, as an indicator for collagen. 

For measuring DNA amount, the Hoechst dye method (Cesarone et al. 1979) was used 

with a standard curve prepared from calf thymus DNA (Sigma, USA) in addition to the 

samples. The GAG content was determined using a modified version of the protocol 

described by Farndale et al. (Farndale et al. 1986) and a standard curve prepared from 

chondroitin sulphate from shark cartilage (Sigma, USA) in addition to the samples. 

Hydroxyproline was determined with a modified version of the protocol provided by 

Huszar et al. (Huszar et al. 1980) and a standard curve, prepared in addition to the 

samples. The amounts of DNA, GAG, and hydroxyproline were expressed per mg dry 

weight of tissue. 

Mechanical properties 

The mechanical properties of the leaflets were determined in circumferential and 

radial direction by uniaxial tensile tests for the TEHV to study the effect of the delivery 

procedure (n=2 uncrimped; n=2 crimped) and the corresponding control valves of the 

explants (n=6). Thickness of the samples was determined with a PLμ 2300 optical 

imaging profiler (Sensofar-Tech S.L., Spain). Stress-strain curves were obtained using a 

uniaxial tensile tester (Kammrath & Weiss GmbH, Germany; load cell of 20N) with a 

constant strain rate of 1.7% per second. The ultimate tensile stress (UTS), as an indicator 

for tissue strength, was determined from the curves. The modulus of elasticity (further 

referred to as modulus) was obtained from the slope of the linear section of the stress-

strain curve as an indicator for tissue stiffness.  
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2.3.5 Statistics 

The results are presented as mean ± standard error of the mean. STATGRAPHICS 

software (Statistical Graphics corp., USA) was used for statistical analysis with p<0.05 

considered as statistically significant. Student t-tests were used to determine the 

influence of the simulated delivery procedure on TEHV properties, with each leaflet 

being considered as n=1.  

2.4 Results 

2.4.1 TEHV and the effect of crimping for delivery 

In-vitro valve performance 

The TEHV showed proper opening and closing behavior after simulation of the 

delivery procedure when exposed to systemic conditions, with a regurgitation value of 

8±3%. The effective orifice area during systole was 1.9±0.1 cm2 and the mean and 

maximal pressure gradients during diastole were 5.1±0.3 mmHg and 17.6±0.3 mmHg, 

respectively. The TEHV thereby fulfilled the ISO 5840 guidelines for valvular 

replacements with respect to the effective orifice area and regurgitation fraction (>1.60 

cm2 and <20%, respectively, for a valve size of 29 mm). 

 
 

 

Figure 2.3: (Immuno-) Histology of the leaflets of the TEHV before and after the 

simulated delivery procedure. H&E (A and D), Masson Trichrome (B and E) and vWf 

staining (C and F). Before simulated delivery, cellular tissues were demonstrated (A) with 

abundant amounts of collagen (B) and endothelial coverage (C) at the luminal side of the 

leaflets. After simulated delivery, the leaflets demonstrated preserved structural integrity 

(D and E). However, incomplete endothelialization of the TEHV was detected (F). Scale 

bars represent 200μm. 
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Qualitative tissue analysis 

Cellular tissue formation and abundant amounts of collagen were demonstrated 

in the leaflets (figure 2.3 A and B) and the wall with higher cellularity and collagen 

deposition in the outer tissue layers. Elastin was not detectable. After the delivery 

procedure preserved cellularity and structure and collagen deposition were 

demonstrated in the leaflets (figure 2.3 D and E) and the wall. The endothelial covering 

on the luminal surfaces of the leaflets (figure 2.3 C) was, although incompletely, 

detectable after the simulated delivery procedure (figure 2.3 F). SEM pictures of the 

hinge region and the leaflets, without and with simulated delivery (figure 2.4 A and B 

and figure 2.4 C and D, respectively) confirmed the preservation of structural integrity 

after the delivery procedure. When protocol A was compared to protocol B, cellular 

coverage of the free edges after leaflet separation was demonstrated. Tissue damage 

due to leaflet separation at the free edges of the leaflets cultured according to protocol 

A (figure 2.5 A and B) was not longer detectable at the free edges of the leaflets cultured 

according to protocol B (figure 2.5 C and D).  

 

 
 

Figure 2.4: SEM of the TEHV before and after the simulated delivery procedure. The 

hinge region (A and B) and the leaflets (C and D) demonstrated preserved tissue structure 

after simulated delivery (B and D).  
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Figure 2.5: Histology of the TEHV cultured according to two different protocols. H&E (A 

and C) and Masson Trichrome (B and D) staining of the leaflet tips of TEHV cultured 

according to protocol A (A and B) demonstrated the lack of tissue at the free edge 

(arrows). Culturing according to protocol B demonstrated overgrowth of this area (C and 

D). Scale bars represent 500μm. 

 

Quantitative tissue analysis 

The delivery procedure induced no significant differences with respect to the 

amount of DNA (3.4±0.1 μg/mg uncrimped and 3.0±0.2 μg/mg crimped), GAG (12.3±0.3 

μg/mg uncrimped and 11.4±0.5 μg/mg crimped), and hydroxyproline (9.7±0.3 μg/mg 

uncrimped and 9.7±0.2 μg/mg crimped). The amount of DNA, GAG, and hydroxyproline 

of the TEHV was lower compared to the amounts measured in native ovine leaflets 

(29%, 29%, and 17%, respectively). When normalized to the amount of DNA, it was 

noted that the extracellular matrix synthesis activity in the TEHV was close to that in 

native ovine leaflets (hydroxyproline per DNA 61% and GAG per DNA 100%). 

Mechanical properties 

The radial and circumferential strips of the leaflets, in both the crimped and 

uncrimped TEHV, were found to have comparable mechanical behavior and were as 

such further treated as one group. The delivery procedure did not affect the modulus 

(3.1±0.2 MPa uncrimped and 3.1±0.2 MPa crimped) and UTS (0.54±0.03 MPa uncrimped 

and 0.60±0.05 MPa crimped). 
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2.4.2 In-vivo TEHV performance  

The trans-apical implantation procedures were uneventful in all animals (n=6) 

regarding perioperative morbidity or mortality. Furthermore, all valves were deployed 

successfully at the targeted site, demonstrated by fluoroscopy. No migration of the 

TEHV or paravalvular leakage was observed. Proper opening and closing behavior was 

demonstrated by echocardiographic measurements (figure 2.6). Minimal regurgitation 

was detected in two animals which remained unchanged over the whole period of 

implantation time. The pressure gradients varied between 10 and 30 mmHg over the 

whole period of implantation time, resulting in a mild stenosis (figure 2.7). Remarkably, 

the in-vivo performance of the TEHV cultured according to protocol B seemed to 

demonstrate somewhat lower pressure gradients. Mild regurgitation was observed for 

both TEHV cultured according to protocol B.  

 

 
 
 

Figure 2.6: Echocardiography of implanted TEHV. Long axis (A,B) and short axis (C,D) of 

the TEHV in closed (A,C) and open (B,D) configuration demonstrated proper opening and 

closing behavior in postoperative echocardiography.  

 

2.4.3 Tissue analysis of the explanted TEHV 

Qualitative tissue analysis 

Macroscopic analysis of the explanted valve leaflets cultured according to both 

culture protocols demonstrated thickened tissue formation (figure 2.8 A-C). No 

differences in macroscopic outcome between protocol A and B and between the time 



Chapter 2   

 28 

points were observed. The wall of the TEHV was integrated into the adjacent tissue. 

Dense, layered tissue with thickened outer layers, containing abundant amounts of 

collagen was demonstrated (figure 2.9 A and D). No elastin was detected (figure 2.9 B 

and E). Cells staining positive for α-SMA were identified mainly in the wall of the 

explanted valves (figure 2.9 C and F). In some areas, a deposition of fibrinous material 

was detected. 

 

 
 

Figure 2.7: Pressure gradients of implanted TEHV. The pressure gradients varied 

between 10 and 30 mmHg over the whole implantation period as measured directly post-

operative, at day 1 and every following follow-up week for the various sheep and valves.  

 

 
 

Figure 2.8: Macroscopic appearance of the explanted TEHV. Representative 

photographs of the leaflets and wall of an explanted TEHV cultured according to protocol 

A (strain only) after 4 weeks. View from pulmonary artery (A) and right ventricle (B) and 

cross-section of leaflet and wall (C). 

0

5

10

15

20

25

30

35

0 1 2 3 4 5 6 7 8

Weeks

P
re

ss
u

re
 g

ra
d

ie
n

t 
[m

m
H

g]

4 wks prot A 8 wks prot A 4 wks prot B 7 wks prot B



   Minimal invasive surgical implantation of TEHV  

 29 

 
 

Figure 2.9: (Immuno-) Histology of the explanted TEHV. Low magnification views of wall 

and leaflets (A-C) and enlarged views of parts of the leaflets (D-F). The explanted tissues 

demonstrated layered formation with abundant amounts of collagen (A and D) and no 

elastin (B and E). Active α-SMA expressing myofibroblasts were located mostly in the wall 

(C and F). Scale bars represent 1000μm. 

 

Quantitative tissue analysis 

Quantitative tissue analysis for the amounts of DNA, GAG, and hydroxyproline of 

the explanted valve leaflets of both culture protocols for all time points, expressed in 

percentages to their according control valve leaflets, are summarized in table 2.1. 

Although statistical analysis were not performed due to low sample numbers, the 

amount of DNA, GAG, and hydroxyproline present in the explants seemed equal or 

increased when compared to their corresponding controls. Large inter-sheep variability 

did not allow for comparisons between protocols and/or time points. 

Table 2.1: Quantitative tissue analysis of the explanted TEHV. Amounts of GAG, DNA, 

and hydroxyproline (Hyp) of explanted TEHV cultured according to protocol A (strain 

only) and B (strain and flow) expressed in percentage to their corresponding controls. 

Sheep Protocol Follow-
up 

DNA 
(% to control) 

GAG 
(% to control) 

Hyp 
(% to control) 

Sheep#1 Protocol A 4 wks 350 309 69 

Sheep#2 125 136 169 

Sheep#3 8 wks 247 215 127 

Sheep#4 98 126 88 

Sheep#5 Protocol B 4 wks 121 193 199 

Sheep#6 7 wks 172 166 540 
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2.5 Discussion 
Living autologous tissue-engineered heart valves, based on rapid degrading 

polymer scaffolds, and minimally invasive surgical valve replacement procedures 

represent promising technologies for patients with valvular heart disease. This paper 

presents proof of principle of the combination of these two novel technologies. In 

summary, autologous TEHV, integrated into self-expandable stents, were developed and 

tested in-vitro for preservation of structural integrity after the delivery procedure before 

they were trans-apically implanted in the pulmonary position of sheep. After in-vitro 

simulation of the delivery procedure the TEHV showed proper in-vitro functionality and 

revealed no detectable structural damage to the leaflets. Furthermore, in-vivo trans-

apical delivery and TEHV deployment were demonstrated to be safe as all procedures 

were uneventful. Valve outcome showed functional, but thickened, tissue formation. 

The application of the TEHV for trans-apical delivery required the valve to be 

integrated into a stent. As a clinically established concept, nitinol stents were chosen as 

they possess shape memory, are self-expanding and, in contrast to balloon-expandable 

stents, allow the least destructive expansion of the delicate living tissue-engineered 

heart valves. The heart valve design included a vascular wall for prevention of 

paravalvular leakage and to protect the leaflets from damage by the stent struts during 

the crimping and delivery procedure (Stock et al. 2006). Aiming at an autologous tissue 

approach, vascular cells were utilized as they have proven to be successful for heart 

valve tissue engineering (Hoerstrup et al. 2000, Sodian et al. 2000a). The trans-apical 

delivery required crimping of the TEHV by a ratio of 2.5 compared to the original 

diameter, which is similar to the crimping ratio clinically in stented bioprosthetic valves 

(Walther et al. 2007). In-vitro simulation of the delivery procedure revealed proper valve 

functioning, preserved structural integrity and no detectable damage to the leaflets and 

the wall. Incomplete endothelialization of the TEHV was seen as a possible indicator of 

surface friction, though this did not result in thromboembolic events in-vivo. The 

simulation of the delivery procedure did not alter the mechanical properties as 

determined by tensile tests. 

Two different in-vitro TEHV culture methodologies, strain conditioning only 

(protocol A) and combined strain and flow conditioning (protocol B), were established. 

The latter protocol was developed to improve the tissue quality particularly with regard 

to tissue coverage of the free edges after separation of the leaflets prior to implantation. 

Addition of flow next to strain to keep the leaflets open during culture resulted in 

optimized coverage of the leaflet free edges with tissue. In-vivo functionality evaluation 

up to 8 weeks of the TEHV cultured with strain conditioning only showed relatively high, 

but acceptable pressure gradients that seemed to decrease over time, possibly related 

to in-vivo remodeling processes. The initial in-vivo performance of valves cultured by a 

combination of strain and flow seemed superior to those of TEHV produced with strain 

stimulation in terms of pressure gradients, though the number of valves was very low. 
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The observed somewhat improved flexibility of the leaflets might be due to advanced 

polymer scaffold degradation as a result of the extended in-vitro culture protocol. 

Besides the slight differences in the initial in-vivo performance, there seemed no 

difference with respect to the two in-vitro TEHV culture methodologies regarding the 7 

to 8 weeks follow up.  

Morphological analysis of the explanted leaflets demonstrated thickened and 

layered tissue formation that may be part of a natural remodeling process. In previous 

studies, the initially thickened leaflets were shown to fully remodel to very thin native-

like leaflets beyond 8-12 weeks (Hoerstrup et al. 2000). The tissue-engineered wall 

structures were integrated into the adjacent native tissue for all explanted valves. 

Interestingly, it seemed that the increased extracellular matrix deposition in the 

explanted TEHV cultured in-vitro with strain only was mainly due to GAG deposition. 

This observation is in accordance with early development in fetal heart valves (Aikawa et 

al. 2006), indicating that the remodeling process of the TEHV after 8 weeks may still be 

in an early developmental stage. To the contrary, the explanted TEHV cultured according 

to a protocol combining strain and flow seemed to show a different in-vivo response, as 

the increase of matrix seemed mainly due to collagen deposition. However, inter-sheep 

variations and the limited amount of implantations compromised the interpretation of 

these results and restricted further comparisons between protocols and follow-up time 

points. The observed deposition of fibrinous material on the valve surfaces might have 

been induced by the compromised endothelial properties. Further in-depth studies are 

necessary to unravel the biological mechanisms behind the thickening of the implanted 

TEHV and the potential role of the lack of endothelial cells within the remodeling 

process. 

These first results of combining minimally invasive surgical valve replacement 

procedures with tissue engineering are promising and demonstrate the feasibility of 

merging the current ‘hot topics’ in heart valve replacement technologies. Although 

representing only a first in-vivo investigation revealing many challenging questions, 

process safety has been demonstrated and future studies have been initiated to assess 

long-term in-vivo functionality as well as a completely trans-vascular delivery approach. 
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3.1 Abstract  
Background: Living tissue-engineered heart valves (TEHV) based on rapidly degrading 

scaffolds and autologous cells might overcome the limitations of today’s valve 

substitutes. After minimally invasive trans-apical implantation into the ovine model, 

TEHV showed adequate in-vivo functionality; however, thickening of the leaflets was 

observed. To evaluate the impact of the substantial tissue deformations of TEHV 

associated with the crimping procedure during minimally invasive delivery, trans-apical 

and conventional implantation technologies were compared in the ovine model.  

Materials and methods: Trileaflet heart valves (n=11) based on PGA/P4HB-scaffolds, 

integrated into self-expandable stents, were engineered from autologous ovine 

vascular-derived cells. After in-vitro culture, TEHV were either implanted surgically 

(n=5), replacing the native pulmonary valve, or delivered trans-apically (n=6) into the 

orthotopic pulmonary valve position. In-vivo functionality was assessed by 

echocardiography and angiography up to 8 weeks. The tissue composition of explanted 

TEHV and corresponding control valves was analyzed.  

Results: TEHV implantations were successful in all cases. Independent of the 

implantation method, explants demonstrated comparable layered tissue formation with 

thickening and deposited fibrous layers. Active remodeling of these layers was evident in 

the explants indicated by vascularisation of the walls, invasion of host cells, and 

formation of a luminal endothelial layer on TEHV leaflets.  

Conclusions: This direct comparison of trans-apical and conventional surgical 

implantation techniques demonstrates that crimping has no adverse effect on integrity 

or functional outcome of TEHV. It suggests that thickening of TEHV in-vivo is not caused 

or enhanced by the crimping procedure, but represents a functional tissue remodelling 

process.  
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3.2 Introduction 
Minimally invasive heart valve replacement procedures represent an attractive 

alternative treatment option for patients with valvular heart disease. Transvascular, 

catheter-based implantation approaches have been developed and although being still 

in its infancy, promising first clinical results have been demonstrated (Rosengart et al. 

2008). Also minimally invasive surgical techniques, such as the trans-apical approach 

have been successfully introduced into clinical practice (Walther et al. 2009). These 

trans-apical techniques have been described as safe and successful procedures in elderly 

high-risk patients (Lichtenstein et al. 2006, Walther et al. 2007) and pivotal randomized 

clinical trials are currently in progress (Walther et al. 2009). However, the currently 

available valve substitutes for such procedures are bioprosthetic in nature and will 

therefore be prone to calcification and progressive dysfunctional degeneration. To 

enable the application of minimally invasive treatment modalities also in younger 

patients, the next generation valvular replacements ideally would be autologous, viable 

valve substitutes with repair and regeneration capacity (Hoffman & Kaplan 2002, 

Fernandes et al. 2007). 

Tissue-engineered heart valves (TEHV) based on rapidly degrading scaffolds and 

seeded with autologous cells might overcome the limitations of today’s valvular 

substitutes. Such living valve replacements with the capability of growth and 

regeneration have shown principal feasibility and functionality in-vitro and in-vivo 

(Hoerstrup et al. 2000, Hoerstrup et al. 2002, Sutherland et al. 2005, Mol et al. 2006, 

Flanagan et al. 2009, Gottlieb et al. 2010). Recently, the successful combination of trans-

apical valve replacement and the tissue engineering approach was demonstrated in the 

ovine model (Schmidt et al. 2010). These results of trans-apical TEHV implantations into 

the pulmonary position were promising and process safety with functional valve 

performance up to 8 weeks was demonstrated. However, despite these auspicious 

results, tissue thickening of the wall and leaflet region was observed in the explants - a 

phenomenon that may have been induced by several factors including seeded cells 

(Brown et al. 2009), remnants of scaffold material (Ceonzo et al. 2006), or functional 

remodelling processes (Hoerstrup et al. 2006). Importantly, also the crimping procedure, 

as a crucial part of each minimally invasive heart valve implantation approach, could 

have caused tissue damage that resulted in thickening of the leaflets in-vivo. While, in-

vitro simulation of the delivery procedure revealed proper valve functioning and 

preserved structural integrity (Schmidt et al. 2010), crimping of the TEHV may have 

caused micro-lacerations that promote an in-vivo tissue response. Therefore, the study 

presented here compares the outcome of TEHV implanted trans-apically from previous 

work (Schmidt et al. 2010) to similar TEHV implanted via conventional surgery to clarify 

the contribution of crimping to observed thickening phenomena, but also to allow for an 

insight into the remodeling processes involved. 
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3.3 Methods 

3.3.1 Tissue-engineered heart valves (TEHV) 

Autologous heart valve replacements (n=22, see table 3.1) were manufactured by 

integrating PGA/P4HB composite scaffolds into self-expandable stents, subsequent 

seeding with vascular-derived myofibroblasts, culturing for 2 weeks in diastolic pulse 

duplicator systems and seeding with vascular-derived endothelial cells as described 

previously (Schmidt et al. 2010). For each animal an additional valve (n=11) was 

engineered in parallel to the implanted TEHV (n=11), to serve as a control valve. The 

implanted and control together are referred to as a pair of TEHV. The pairs of TEHV for 

trans-apical implantation (n=6 pairs; OD 30 mm) have been described previously 

(Schmidt et al. 2010). For conventional surgery, only 2 out of 5 pairs of TEHV were 

seeded with autologous endothelial cells, as endothelial cell isolation was not successful 

for each animal. Additionally, culture protocols were slightly adapted for 4 out of 5 pairs 

of TEHV to achieve more pliable leaflets with homogeneous tissue distribution and less 

scaffold remnants. Therefore, TEHV (n=4 pairs) have been cultured for 2 additional 

weeks in diastolic pulse duplicator systems with reduced serum concentration (0.1% 

instead of 2.5%) to reduce cell proliferation and matrix production. Moreover, valve 

diameter of these TEHV was reduced (n=4 pairs, OD 25 mm).  

 

Table 3.1: Overview of TEHV pairs: stent diameter, in-vitro culture protocol, 

implantation method, and period of in-vivo follow-up. 

Amount 
of TEHV 

pairs 

Stent 
diameter 

(mm) 

In-vitro 
culture 
period 

Endothelial 
pre-seeding 

Implantation 
technique 

Follow
-up 

period 
2 30 2 wks yes 

minimally 
invasive 

4 wks 

2 30 2 wks yes 8 wks 

1 30 3 wks yes 4 wks 

1 30 3 wks yes 7 wks 

1 30 2 wks no 

open cardiac 
surgery 

8 wks 

1 25 4 wks yes 4 wks 

1 25 4 wks yes 3 wks 

2 25 4 wks no 4 wks 

 

 3.3.2 Implantation procedures 

Autologous TEHV were implanted into the pulmonary position of sheep by either 

a trans-apical or conventional surgical approach (table 3.1).  

Trans-apical implantation procedure: The trans-apical implantation procedure of 

TEHV (n=6) has been described previously and is summarized below (Schmidt et al. 
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2010). Autologous TEHV were delivered into the pulmonary valve position using an 

antero-latero-thoracic access and antegrade approach, as previously described. Briefly, 

the valves were crimped and loaded onto a custom-made inducing system consisting of 

a rigid tube (ID 11 mm; OD 12 mm) and pusher (ID 10 mm; OD 11 mm). After mini-

thoracotomy and pericardiotomy, the right ventricle was punctured using needle 

through purse-string sutures. Subsequently, the inducing system was inserted, and the 

valve delivered into the pulmonary artery under visualization by fluoroscopy. Optimal 

position was defined by angiography. After delivery the radial forces of the nitinol stent 

opened the valve, pressed the native heart valve leaflets to the artery wall, and kept the 

stented TEHV fixed. Afterward, the appropriate position and functionality of the 

implanted valve was visualized by angiography. In vivo functionality was monitored 

using trans-thoracic echocardiography during the procedure, immediately after 

implantation, and then weekly up to 8 weeks. Anticoagulation therapy was maintained 

for 7 days after implantation. The valves were explanted after 4 weeks (n=3) and 7 to 8 

weeks (n=3).  

Surgical implantation procedure: In the surgical study TEHV (n=5) were 

implanted in adult sheep weighing 60 to 86 kg, receiving human care in accordance with 

the Dutch guidelines on animal care (Dutch Experiments on Animal Act, February 1997) 

and with approval by the Animal Experiments Committee of the Utrecht University, the 

Netherlands [2008.II.03.037]. The animals were pre-medicated intramuscularly with 

ketamine. Anesthesia was inducted intraveneously with propofol and maintained with 

isoflurane. The pulmonary artery was exposed using a left lateral thoracotomy, entering 

the chest through the third intercostal space. Systemic anticoagulation was achieved 

using 200 IU of heparin/kg. Normothermic cardiopulmonary bypass (CPB) was 

established through left carotid artery and left jugular vein cannulation, after which the 

pulmonary artery was opened longitudinally. The native pulmonary valve leaflets were 

excised and the TEHV was fixed with sutures. The dissected pulmonary artery was closed 

using either an autologous (n=2) or a bovine (n=3) pericardial patch. The functionality of 

the implant was monitored using epicardial echocardiography. After hemostasis and 

placement of the chest drain in the pericardial cavity, the wounds were closed in layers 

and valve functionality was monitored using trans-thoracic echocardiography. In-vivo 

functionality was monitored using trans-thoracic echocardiography weekly up to 8 

weeks. Antibiotics, analgesics, and furosemide were maintained for 3 days. 

Acetylsalicylic acid treatment was started 1 day after surgery and continued until 

termination. The TEHV were explanted after 3 weeks (n=1; sudden death), 4 weeks (n=3) 

and 8 weeks (n=1). 

3.3.3 Qualitative tissue analysis 

All TEHV (n=11 pairs) were evaluated macroscopically. Tissue composition of the 

valves was analyzed qualitatively by (immuno-) histology. Formalin-fixed (Fluka, USA) 

paraffin-embedded representative pieces of TEHV were sliced to 5-7 μm sections and 
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were studied by Haematoxylin and Eosin (H&E) staining for general tissue morphology 

and Elastic van Gieson staining (EvG) for detection of collagen and elastic fibers. 

Additionally, immunohistology was performed using the Ventana Benchmark automated 

staining system (Ventana Medical Systems, USA), antibodies for α-smooth muscle actin 

(α-SMA, clone 1A4; Sigma, USA) and von Willebrand factor (vWf; affinity purified rabbit 

antibodies; DakoCytomation, Denmark). Primary antibodies were detected with the 

Ventana iVIEW DAB detection kit, yielding a brown reaction product.  

3.4 Results 

3.4.1 In-vivo functionality of TEHV  

The trans-apical implantation procedures were uneventful in all animals (n=6) 

and all valves were delivered successfully to the targeted site, as previously described 

(Schmidt et al. 2010). No migration of the TEHV or paravalvular leakage was observed 

and proper opening and closing behavior was demonstrated. Minimal regurgitation was 

detected in 2 animals, which remained unchanged over the follow up period.  

The conventional surgical implantation procedures were uneventful in all animals 

(n=5) without any intraoperative morbidity and mortality. However, one procedure was 

complicated by a tear in the autologous pericardial patch, caused by a strut of the stent. 

Although the animal was initially clinically stable, it died suddenly after 3 weeks, 

probably due to right ventricular failure. The other animals had an uncomplicated 

follow-up. Weekly trans-thoracic echocardiography demonstrated mild to moderate 

regurgitation in all animals (n=5) and intact, but thickened leaflets with limited mobility. 

3.4.2 Macroscopic appearance of the valves 

The macroscopic appearance of the TEHV before implantation was similar for all 

valves, independent of in-vitro culture protocol or diameter (figure 3.1 A-D). All 

explanted valves demonstrated thickened tissue formation and shrinkage of the leaflets 

(figure 3.1 E-L), regardless of different in-vitro culture protocols, endothelial pre-

seeding, implantation methods, and follow-up periods. However, the appearance of the 

ventricular side of the valves explanted after 7 or 8 weeks was smoother when 

compared to the 3 or 4 weeks explants (figure 3.1 I and K versus 3.1 E and G). In all 

explants, there was no macroscopic evidence of calcification, structural damage or 

aneurysm formation. The wall of all explants was integrated into the adjacent tissue 

through the holes of the stent. The degree of integration was higher for the trans-

apically implanted TEHV compared to the surgically implanted TEHV as the native wall 

surrounding the stent was more difficult to separate from the stent.  
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Figure 3.1: Macroscopic appearance of TEHV-implants and -explants. Representative 

pictures of TEHV before implantation (A-D), showing the ventricular view (A and C) and 

the arterial view just after separation of the leaflets (B and D). TEHV explanted after 4 

weeks (E-H) and 8 weeks (I-L), showing the ventricular view (E, G, I, and K) and a 

longitudinal cross section through the valve leaflet (F, H, J, and L). 

 

3.4.3 Histological examination of implants 

Histological examination of all control TEHV demonstrated cellular tissue (figure 

3.2 A, E, I, and J), containing mostly α-SMA positive cells (figure 2B and 2F), and 

abundant amounts of collagen (figure 3.2 C and G). For the TEHV cultured in-vitro for 2 

weeks with 2.5% serum, cellularity seemed increased (figure 3.2 A and I), with more α-

SMA positive cells (figure 3.2 B), and more collagen deposition (figure 3.2 C) in the outer 

tissue layers compared to the middle layer. In contrast, the morphological structure of 

the control TEHV cultured in-vitro for 4 weeks with 0.1% serum (figure 3.2 E-H and J) 

demonstrated more homogeneous tissue formation throughout the wall and leaflets. 

Higher cellularity and fewer scaffold remnants were observed in the middle tissue layer 

compared to the TEHV cultured for 2 weeks with 2.5% serum (figure 3.2 J versus I). 

Elastin was not detected (figure 3.2 C and G). A thin layer of cells staining positive for 

vWf was observed on the leaflets when endothelial cells were seeded (figure 3.2 K), 

which did not seem to affect the overall layering or cellularity of the implants. 
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Figure 3.2: Histology of TEHV-implants. Typical examples of Haematoxylin and Eosin 

staining (H&E; A, E, I, and J), α-smooth muscle actin staining (α-SMA; B and F), Elastic 

van Gieson staining (EvG; C and G), and von Willebrand factor staining (vWf; D, H, and 

K). Larger magnifications of A, E, and D are presented in I, J, and K, respectively. All TEHV 

contained mostly α-SMA positive cells (B and F) and abundant amounts of collagen, but 

no indications for elastin (C and G). TEHV cultured for 4 weeks (E-H and J) demonstrated 

more homogenous tissue formation compared to the TEHV cultured for 2 weeks (A-D and 

I), with higher cellularity and less scaffold remnants in the middle layer (J versus I). An 

endothelial layer was observed when seeded (K). Asterix indicate cutting artifacts. Scale 

bars for A-H represent 2mm. Scale bars for I-K represent 200μm. 

 

3.4.4 Histological examination of explants 

Histological examination of all explanted TEHV demonstrated dense, layered 

tissue with thickened outer layers (figure 3.3). Deposition of collagen was observed in 

the leaflets (figure 3.3 S) and the wall contained wavy and aligned collagen bundles 

(figure 3.4 B) and mature vessel formation (figure 3.4 D and E). The wall was covered 

with a vWf positive layer (figure 3.3 D, H, L, and P). The vWf positive cells indicative for 

an endothelial lining (figure 3.3 H, P, and 3.4 F) were located on top of α-SMA positive 

cells (figure 3.4 C), which were elongated near the surface (figure 3.4 G).  
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Figure 3.3: Histology of TEHV-explants. Typical examples of Haematoxylin and Eosin 

staining (H&E; A, E, I, M, and Q), α-smooth muscle actin staining (α-SMA; B, F, J, N, and 

R), Elastic van Gieson staining (EvG; C, B, K, O, and S), and von Willebrand factor staining 

(vWf; D, H, L, P, and T). Longitudinal cross-sections of TEHV explanted after 4 weeks (A-D 

and I-L) and 8 weeks (E-H and M-P), implanted trans-apically (A-H) or via conventional 

surgical techniques (F-P). (In I-L a part of the arterial wall is missing due to cutting 

artifacts.) Indicated areas in A-D are enlarged (Q-T). The wall and leaflets were 

encapsulated by layers of fibrous material or organized and vascularized deposited layers 

(solid or dashed black arrows, respectively). The ventricular wall and parts of the leaflets 

were covered by a vWf positive layer (dashed white arrows), suggesting an endothelial 

lining (solid white arrows). A demarcation line was detected in wall and leaflets (most 

obvious in M, dashed line). The layered structure of the leaflets (Q-T) showed a mostly 

acellular engineered part in the middle and partly remodeled or acellular fibrous 

depositions on the outside, with deposition of collagen (S). The layers stained either 

mostly α-SMA positive or vWf positive (R versus T). Scale bars for A-M represent 4mm. 

Scale bar for Q-T represents 300μm. 
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In some explants there was evidence of an endothelial layer on the leaflets after 

4 weeks. Moreover, up to two-thirds of the leaflets were covered by endothelial cells 

after 8 weeks (figure 3.3 H and P). The fibrous deposited layers comprised both highly 

cellular tissue as well as acellular parts (figure 3.5 B and C). In addition, large parts of the 

originally tissue-engineered leaflet were acellular or contained cellular remnants (figure 

3.3 Q) or leukocytes and sparsely some red blood cells. A clear border (demarcation line) 

was detected between remodeled (granulation) tissue and the mostly acellular parts of 

the wall or leaflets (figure 3.5 B, C, and F). Macrophages and giant cells were detected 

locally near remnants of scaffold material (figure 3.5 C and D) and at the demarcation 

line (figure 3.5 C and G). The remodeled parts of the explants demonstrated different 

stages of remodeling with locations of highly organized tissue (figure 3.5 E). 

The microscopic evaluation of the individual explants showed small aberrations 

to the general descriptions given above, but no typical patterns regarding the progress 

of remodeling or endothelial covering were observed that might be related to whether 

endothelial cells were seeded prior to implantation or to the in-vivo follow-up period. 

Progression of remodeling of the wall in the surgically implanted TEHV was behind 

compared to that of the trans-apically implanted TEHV, as more and larger areas of 

highly organized tissue were observed in the wall of the trans-apical implanted TEHV. 

Moreover, the wall of the trans-apical implanted TEHV revealed more α-SMA positive 

cells (figure 3.3 B and F compared to figure 3.3 J and N). 

3.5 Discussion 
We have recently demonstrated the feasibility of merging tissue-engineering and 

trans-apical implantation technologies, thereby combining two innovations in heart 

valve replacement technologies (Schmidt et al. 2010). Thickening of wall and leaflets was 

observed due to fibrous depositions. In the present study, we investigated whether the 

observed in-vivo thickening of the TEHV is a result of the crimping, necessary to enable 

the trans-apical delivery procedure, or represents a “physiological” healing response 

independent of the implantation methodology. Therefore, in addition to the trans-

apically implanted TEHV in sheep as described previously (Schmidt et al. 2010), in this 

study similar autologous TEHV have been implanted via conventional surgery in sheep 

and TEHV outcome of was compared.  

Macro- and microscopic valve outcome was comparable for both implantation 

technologies. Explanted valves demonstrated comparable layered tissue formation with 

thickening and shrinkage of the tissue. Vascularisation of the wall and leaflets base, 

invasion of host cells, and formation of an endothelial layer at the ventricular side of the 

explanted valves was demonstrated and is indicative for active remodeling of the 

deposited fibrous layers. The observed in-vivo shrinkage and thickening of the tissue-

engineered leaflets was reported in other animal studies as well (Flanagan et al. 2009, 

Gottlieb et al. 2010). Both leaflet shrinkage and thickening may be of concern for 
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functioning of the right ventricle and should be kept to a minimum, which is focus of 

future studies.  

 
Figure 3.4: Remodeling of the TEHV in-vivo. (A) Schematic overview of an explant, 

indicating location of images B-G. Elastic van Gieson staining (B), α-smooth muscle actin 

staining (α-SMA; C, E, and G), and von Willebrand factor staining (D and F). The wall 

contained abundant amounts of (wavy) collagen and was integrated into the native 

tissue (black arrows in B). Granulation tissue was found in different stages of remodeling 

(C, indicating locations of D-G) with mature vessels (D and E) and endothelial layer (F). 

Below the layer of endothelial cells, an α-SMA positive layer was detected (E versus D 

and G versus F). Scale bars for B and D-G represent 100μm. Scale bar for C represents 

1mm. 
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Figure 3.5: In-vivo response to the TEHV. A) Schematic overview of an explant, 

indicating location of images of Haematoxylin and Eosin staining (B-G). A demarcation 

line (black arrows) was observed in wall (B and C) and leaflets (F and G). Macrophages 

and giant cells (white arrows) were detected near remnants of scaffold material (C and 

D) and at the demarcation line (G). Granulation tissue contained highly organized parts 

(E). Scale bars represent 100μm. 

 

This study demonstrated that the observed valve thickening is not caused by the 

trans-apical delivery method as was suggested previously (Schmidt et al. 2010). The 

underlying mechanism is still unclear and might be related to other factors, such as the 

seeded cells (Brown et al. 2009) or remnants of scaffold material (Ceonzo et al. 2006). 
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On the other hand, regardless of the implantation method the implants seem to 

remodel towards functional and well-organized tissues. Previous animal studies showed 

that long term remodeling of TEHV in-vivo continues approximating native-like tissues 

(Hoerstrup et al. 2000, Gottlieb et al. 2010). It is therefore hypothesized that the 

remodeling of the implanted TEHV in this study represents a functional healing response 

and would continue over time and eventually disappear. Obviously, this needs to be 

further investigated in long-term animal experiments as well as the exact mode of 

remodeling. 

Macroscopic analysis of the explants revealed similar degrees of thickening and 

shrinkage of the leaflets regardless of the implantation method or in-vitro culture 

protocol, endothelial pre-seeding, and follow-up period. The implantation method did, 

however, affect the integration of the TEHV wall with the native tissue, with improved 

integration of the engineered wall for the trans-apically implanted TEHV. This higher 

degree of integration might have been a result of the radial force of the stent bringing 

both walls tightly together. Moreover, discrepancies in remodeling of the wall of the 

TEHV of both implantation methods, are most likely related to the degree of integration 

into the native wall. Highly integrated engineered tissues profit from improved 

transanastomotic vessel ingrowth providing the cells and nutrients necessary for 

remodeling. Valvular insufficiency was less pronounced when the valves were trans-

apically implanted. We hypothesize that these valves had a slightly reduced diameter in-

vivo due to the delivery procedure when compared to the surgically implanted valves. 

This may have resulted in improved leaflet coaptation and reduced valvular 

insufficiency. The microscopic analysis of the explants demonstrated that the thickening 

of the engineered leaflets was due to a fibrous layer deposition. Interestingly, the 

original tissue–engineered layers were almost acellular. The presence of macrophages 

indicated a mild inflammation response to the cell- and scaffold material remnants in 

this layer. The reduced cellularity in the core portions of the engineered tissue is most 

likely a result of limited oxygen and nutrition supply as a consequence of thickening. The 

implants showed active remodeling, as locally well-organized granulation tissue was 

formed. The wall showed a more mature state of remodeling, as transanastomotic 

vessel ingrowth provided the implanted tissue with nutrients. Therefore, we hypothesize 

that remodeling will move up from the wall to the leaflets and will contribute to 

remodel the complete leaflets over time. This hypothesis is supported by the fact that 

the endothelial monolayers appeared to develop from the leaflet basis to the free edge. 

Although minor microscopic differences were observed between the explants, there 

were no typical patterns identified which could be related to the small differences in in-

vitro culture protocols or whether endothelial cells were seeded prior to implantation. 

The role of the pre-seeded endothelial cells is still unknown and future studies will focus 

on endothelialization, as we did not yet provide evidence that the engineered 

endothelia on the TEHV were functional before implantation. The TEHV were designed 
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for and implanted into the pulmonary position. Future studies should focus on TEHV 

designed for and implanted into the aortic position. Although the higher pressures and 

shear stresses at aortic position might induce changed rates of remodeling, we believe 

that the mode of remodeling will be similar. Although further studies are necessary to 

improve in-vivo functionality, reduce thickening in-vivo, and demonstrate durability 

exceeding the life-time of current valve replacements, trans-apical TEHV replacement is 

a promising approach. Anticipating on clinical application, the advantages of the trans-

apical implantation methodology are a shorter hospital stay, lower health costs, and less 

discomfort for the patient (less pain and scaring) when compared to conventional 

surgical implantation.  

In conclusion, this direct comparison of trans-apical and conventional surgical 

implantation techniques demonstrated that thickening of living TEHV in-vivo is not 

caused or enhanced by the crimping procedure. Therefore, trans-apical implantation of 

TEHV is a promising approach for valve replacement. Although leaflet thickening of the 

TEHV may represent a concern with respect to leaflet mobility it is hypothesized to be a 

temporary effect as part of tissue remodeling and to represent functional healing. 
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4.1 Abstract 
Decellularized xenogenic or allogenic heart valves have been used as starter 

matrix for tissue-engineering of valve replacements with (pre-)clinical promising results. 

However, xenografts are associated with the risk of immunogenic reactions or disease 

transmission and availability of homografts is limited. Alternatively, biodegradable 

synthetic materials have been used to successfully create tissue-engineered heart valves 

(TEHV). However, such TEHV are associated with substantial technological and logistical 

complexity and have not yet entered clinical use. Here, decellularized TEHV, based on 

biodegradable synthetic materials and homologous cells, are introduced as an 

alternative starter matrix for guided tissue regeneration. Decellularization of TEHV did 

not alter the collagen structure or tissue strength and favored valve performance when 

compared to their cell-populated counterparts. Storage of the decellularized TEHV up to 

18 months did not alter valve tissue properties. Reseeding the decellularized valves with 

mesenchymal stem cells was demonstrated feasible with minimal damage to the 

reseeded valve when trans-apical valve delivery was simulated. In conclusion, 

decellularization of in-vitro grown TEHV provides largely available off-the-shelf 

homologous scaffolds suitable for reseeding with autologous cells and trans-apical valve 

delivery.  
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4.2 Introduction 
Worldwide, approximately 280.000 valve replacements are performed annually 

(Pibarot & Dumesnil 2009). However, the quest for the ideal heart valve replacement is 

ongoing as current substitutes, like mechanical and bioprosthetic valves, lack the 

capability for regeneration and growth. This represents a substantial limitation for long-

term durability, especially in children and young adults. Guided tissue generation and 

tissue engineering of heart valves are proposed to overcome the limitations of the 

current valve replacements. Both decellularized xenogenic and allogenic heart valves 

have been used as scaffold material for this purpose with pre-clinical and clinical trials 

showing promising results (Elkins et al. 2001b, Booth et al. 2002, Cebotari et al. 2011, 

Dohmen et al. 2011, Konertz et al. 2011). However, a drawback in using either 

xenografts or homografts is the risk for an immunogenic response (Badylak & Gilbert 

2008), which may unfavorably impact the long-term graft durability (Kasimir et al. 2003). 

Graft decellularization is applied to decrease this immunological response, however, it is 

suggested that a number of inflammatory stimuli are still active within decellularized 

xenogenic tissue, causing graft failure (Kasimir et al. 2006). In addition, the use of 

unfixed xenografts carries the risk of disease transmission, such as e.g. Creutzfeldt–

Jakob disease (Neuenschwander & Hoerstrup 2004). The decellularized homograft 

(allograft) is therefore a safer option compared to the xenograft. Additionally, the 

homograft microstructure is favorable regarding survival, proliferation, and 

differentiation of reseeded cells (Iop et al. 2009). However, a major limitation of 

homografts is their limited availability due to donor shortage, especially regarding small-

sized valves.  

As alternative to xeno- and homografts, biodegradable synthetic materials have 

been investigated for tissue engineering (Shinoka et al. 1995, Sutherland et al. 2005, Mol 

et al. 2005b, Engelmayr, Jr. et al. 2006). These materials are attractive because of their 

unlimited supply, and the lack of any xenogenic disease transmission and rejection risk. 

After biodegradation of the scaffold, a completely autologous living valve can be 

obtained with the capability to adapt, remodel and grow (Sutherland et al. 2005). These 

living tissue-engineered heart valves (TEHV) have shown in-vitro and in-vivo 

functionality (Hoerstrup et al. 2000, Hoerstrup et al. 2002, Sutherland et al. 2005, Mol et 

al. 2006, Robinson et al. 2008, Iop et al. 2009, Flanagan et al. 2009, Gottlieb et al. 2010, 

Schmidt et al. 2010, Lutter et al. 2010). However, a common observation is retraction of 

the leaflets, resulting in valvular insufficiency (Shinoka et al. 1995, Shinoka et al. 1996, 

Flanagan et al. 2009, Schmidt et al. 2010, Vlimmeren et al. 2011, Syedain et al. 2011). As 

the observed retraction is mainly cell-mediated, cell removal of TEHV represents a 

strategy to reduce retraction of the leaflets. Upon attaining sufficient amounts of 

extracellular matrix in-vitro, removal of the cells can be realized by a decellularization 

procedure. Decellularization has been intensively investigated for xeno- and homografts 

(Gilbert et al. 2006). Although this procedure has been applied to tissue-engineered 
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arteries (Dahl et al. 2003, Gui et al. 2010, Dahl et al. 2011), it is to our knowledge, not 

applied to TEHV. In addition to reducing cell-mediated leaflet retraction, 

decellularization enables storage and subsequent off-the-shelf availability of the valve 

replacements. 

To overcome the limitations of current valve replacements and tissue-engineered 

solutions, there is a need for a widely available, unfixed, homologous valve substitute, 

without the loss of functionality due to leaflet retraction. Therefore, in this study we 

investigate to decellularize in-vitro grown TEHV based on rapidly degrading synthetic 

scaffolds and homologous cells. We tested the feasibility of this approach by 

demonstrating cell removal and analysis of the biomechanical properties and in-vitro 

functionality. Clinical applicability was evaluated by studying the effect of storage upon 

the tissue properties of the decellularized TEHV. These novel off-the-shelf homologous 

valves can be used as scaffold for guided tissue generation or be reseeded prior to 

implantation. Non-toxicity and reseeding capacity of the decellularized TEHV with bone-

marrow mesenchymal stem cells (MSC) was investigated. In addition, the impact of 

crimping on the reseeded cells was assessed to demonstrate feasibility of the use of 

reseeded decellularized TEHV for minimally invasive valve delivery. 

4.3 Materials and methods 

4.3.1 Heart valve tissue engineering 

Tri-leaflet heart valve scaffolds (n=15) were fabricated from non-woven 

polyglycolic-acid meshes (PGA; thickness 1.0 mm; specific gravity 70 mg/cm3; Cellon, 

Bereldange Luxembourg) and coated with 1.75% poly-4-hydroxybutyrate (P4HB; MW: 1 

x 106; TEPHA Inc., Lexington MA USA) in tetrahydrofuran (THF; Fluka (Sigma-Aldrich), St 

Louis MO USA). Scaffolds were integrated into radially self-expandable nitinol stents 

(length 27 mm, OD 25 mm (n=9) or OD 30 mm (n=6) when fully expanded at 37oC; pfm-

AG, Köln Germany). Ovine vascular derived cells (previously characterized to express 

vimentin, SMemb, and hsp47, and partially α-SMA (Geemen et al. 2012)), expanded in 

DMEM Advanced (Gibco, Invitrogen, Carlsbad CA USA), supplemented with 10% lamb 

serum (Gibco, Invitrogen), 1% GlutaMax (Gibco, Invitrogen), and 1% Penicillin-

streptomycin (Lonza, Verviers Belgium), were seeded onto the stented heart valve 

scaffolds (1.5x106 cells/cm2, passage 6) using fibrin as cell carrier (Mol et al. 2005b). 

After seeding, scaffolds were placed into Diastolic Pulse Duplicator systems for culture in 

closed configuration (Mol et al. 2005a). The leaflets were exposed to dynamic strains by 

applying increasing transvalvular pressure differences that started from 3 mmHg after 5 

days and build up to 15 mmHg in the 4 following days and kept as such until the fourth 

week. TE-medium (DMEM Advanced, supplemented with 0.1% lamb serum, 1% 

GlutaMax, 1% Penicillin-streptomycin, and L-ascorbic acid 2-phosphate (0.25 mg/ml; 

Sigma-Aldrich)) was replaced every 2 to 3 days. After 4 weeks of culturing, the TEHV 

were either decellularized (n=12) or analyzed directly as cell-populated controls (n=3).  
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4.3.2 Decellularization 

A decellularization protocol, based on existing protocols (Spina et al. 2003, Ye et 

al. 2009), was applied to the in-vitro grown TEHV (n=12). In short, the TEHV were 

washed three times in PBS (Sigma-Aldrich) and decellularized overnight via incubation in 

PBS supplemented with 0.25% Triton X-100 (Merck, Darmstadt Germany), 0.25% sodium 

deoxycholate (SD, Sigma-Aldrich), and 0.02% EDTA (Sigma-Aldrich) at 37°C. 

Decellularization was followed by two washing cycles in PBS. Subsequently, TEHV were 

treated with a nuclease digestion solution of 50-mM TRIS-HCl buffer (Tris 

(hydroxymethyl)-aminomethan (Merck) pH 8.0, supplemented with 100 U/ml 

Benzonase® (25 units/μl, Novagen, Madison WI USA) and 1 mmol/l of MgCl2 (Merck)) at 

37°C, to remove remaining nucleic remnants. After 5-8 hours the nuclease digestion 

solution was replaced with a nuclease digestion solution containing 80 U/ml Benzonase® 

and incubated overnight. Thereafter, the solution was replaced again by a 20 U/ml 

Benzonase® solution and incubated for 5-8 hours. The TEHV were washed twice in PBS, 

followed by a washing cycle with M-199 medium (Gibco, Invitrogen) for more than 24 

hours at 4°C to remove cellular remnants. TEHV were washed twice in PBS to remove 

the medium, sterilized in 70% EtOH (70% ethanol absolute (VWR international S.A.S. 

Fontenay-Sous-Bois, France) and 30% autoclaved ultrapure water) for 30 minutes, and 

again washed in sterile PBS. All steps were conducted under continuous shaking. 

Decellularized TEHV were used for functionality testing (n=6), stored for 18 months in 

fresh M-199 medium (at 4oC; n=2), or reseeded with MSC (n=4). 

4.3.3 In-vitro valve performance 

In-vitro valve performance of the cell-populated TEHV and decellularized TEHV 

was visualized in a custom-built valve tester (Geven et al. 2004), using a high-speed 

video camera (MotionScope M-5; IDT, Lommel Belgium). To minimize cell-mediated 

retraction in the cell-populated TEHV before testing, separation of the fused leaflets was 

performed within 5 minutes prior to testing. Cell-populated (n=3, ID 23 mm) and 

decellularized (n=4, ID 23 mm; n=2, ID 28 mm) TEHV were exposed to pulmonary 

conditions for 20 minutes (peak systolic blood pressure of 30 mmHg; end-diastolic blood 

pressure of 10 mmHg; 72 bpm). The resulting flow and pressure profiles were measured 

using flow (Transonic, Ithaca NY USA) and pressure sensors (Becton Dickinson, Temse 

Belgium). To assess prolonged endurance of the decellularized TEHV, the exposure to 

pulmonary conditions was continued for 24 hours (n=1, OD 23 mm; n=2, OD 28 mm). 

The cell-populated TEHV showed too much regurgitation to perform endurance tests. 

Measures for regurgitation, effective orifice area (EOA, expressed in percentage of the 

valve root surface area in order to compare valves with different diameters), and peak 

systolic pressure gradient were obtained for each tested valve after 20 minutes and 24 

hours (if applicable) by averaging these parameters over 10 cycles and compared to 

those of a porcine aortic bioprosthesis (n=1; ID 23 mm; Epic Valve, St. Jude Medical Inc, 

St. Paul MN USA). 
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4.3.4 Reseeding decellularized TEHV with MSC  

MSC isolation, characterization, and differentiation potential  

Mesenchymal stem cells (MSC) were isolated from bone marrow of adult sheep 

by density gradient using standardized protocols (Pittenger et al. 1999). The 

mononuclear cell fraction was plated out in expansion medium (α-MEM (Gibco, 

Invitrogen), supplemented with 10% calf serum (Gibco, Invitrogen), 2 mM L – Glutamin 

(Gibco, Invitrogen), and 1% Penicillin-streptomycin (Lonza)). After 72 hours, the non-

adherent cells were discarded and adherent cells were washed gently with medium, 

cultured for about 14 days, and subsequently stored in liquid nitrogen. One week prior 

to seeding MSC were thawed and expanded further in growth medium (MSC-medium; 

α-mem (Gibco, Invitrogen), supplemented with 10% lamb serum (Gibco, Invitrogen), 1% 

GlutaMax (Gibco, Invitrogen), and 1% Penicillin-streptomycin (Lonza)), which was 

replaced twice per week. 

Cells (passage 2 and 10) were FACS analyzed for MSC cell surface markers CD29, 

CD44, CD166, Stro-4, CD14, CD45, and CD31 (Gronthos et al. 2009). To induce 

differentiation into adipocytes and osteocytes, ovine MSC were plated at 1000 cells per 

cm2 in multiwall plates. For adipogenic differentiation the basic medium DMEM (Gibco, 

Invitrogen) was supplemented with 1 µM dexamethasone (Sigma-Aldrich), 120 µM 

indomethacin (Sigma-Aldrich), 10 µg/ml insulin (Sigma-Aldrich), 2 mM L-glutamine 

(Gibco, Invitrogen) and penicillin/streptomycin (Gibco, Invitrogen). The osteogenic 

induction medium contained DMEM supplemented with 10 mM β- glycerophol-2-

phosphate (Sigma-Aldrich), 50M ascorbic acid-2-phosphate (Sigma-Aldrich), 10m 

dexamethasone, 2 mM L-glutamine, penicillin/ streptomycin and 10% FCS (Biowest, 

France). The chondrogenic differentiation was evaluated in a 15 ml conical tube with 

2x105 cells/ml in DMEM medium supplemented with 2 mM L-glutamine, 1% FCS, 10 

ng/ml TGF-β (Peprotech, USA), 50 µM ascorbic acid and 0.5 µg/ml insulin. During the 

total differentiation period of 21days all induction media were replaced three times a 

week. The differentiation cultures were harvested after 21 days, washed in PBS and 

fixed in 4% Formalin for 1 h before histological analysis. For histological evaluation cells 

were stained with Oil Red-O (to detect lipid vacuoles), Alizarin Red S (to detect calcium 

deposits) and Toluidin blue staining (to detect cartilage-specific proteoglycan synthesis). 

Reseeding decellularized TEHV with MSC 

To show feasibility of the decellularized TEHV as living implant, decellularized 

TEHV (n=4) were reseeded with ovine bone marrow derived mesenchymal stem cells 

(MSC; 0.1x106 cells/cm2, passage 5). In order to create a confluent layer of MSC on the 

valves, the reseeded valves were cultured in MSC-medium under static conditions for 2 

to 3 days until further analysis.  
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Crimping and cell viability of reseeded decellularized TEHV 

To demonstrate the potential of the living TEHV for minimally invasive 

implantation procedures, simulation of the necessitated crimping procedure was 

performed with the reseeded decellularized TEHV (n=3), as described previously 

(Schmidt et al. 2010). After simulation of the crimping procedure cell viability was 

assessed and compared to the non-crimped control (n=1) by whole-mount staining with 

cell tracker green CMFDA (CTG; Molecular Probes, the Netherlands) and propidium 

iodine (PI; Molecular Probes, the Netherlands), as described previously (Breuls et al. 

2003). Visualization was performed with a 2-photon confocal microscope (Laser 

Scanning Microscope 510 META NLO, Zeiss, Germany) to observe living cells in green 

and dead cells in red. 

4.3.5 Qualitative and quantitative valve tissue analysis 

Histology and SEM 

All TEHV (n=15) were evaluated qualitatively by histology. Representative pieces 

of TEHV were formalin-fixed and either embedded into paraffin and sectioned at 7 μm 

or snapfrozen and sectioned at 10 μm. The paraffin sections were stained with 

Haematoxylin and Eosin (H&E, Sigma-Aldrich) to visualize general tissue morphology and 

presence of cells, with Picrosirius Red for collagen structure, and with DAPI to assess the 

presence of cell nuclei. Frozen sections of the cell-populated and decellularized TEHV 

were stained with FITC-labeled phalloidin (1:200; Sigma-Aldrich) and DAPI to visualize 

(removal of) F-actin and nuclei, respectively. The H&E and Picrosirius Red staining were 

visualized by normal light microscopy. The Picrosirius Red staining was additionally 

visualized by polarized light microscopy. DAPI and F-actin stainings were visualized by 

fluorescence microscopy. Tissue samples of the reseeded decellularized TEHV were fixed 

in 2% glutaraldehyde (Sigma, USA) and sputtered with platin in order to examine 

confluency of the seeded cells by SEM.  

DNA and extracellular matrix analysis 

Cell-populated (n=3), decellularized (n=4), and stored decellularized (n=2) TEHV 

were analyzed quantitatively for total amount of DNA, as an indicator for cell number, 

glycosaminoglycans, and hydroxyproline, as an indicator for collagen. For each valve, 

two samples per leaflet were analyzed. Hence, all valves contained 6 individual 

measurements, which were averaged to represent an average value for each valve. The 

amount of DNA was measured using the commercially available Quant-iTTM Picogreen® 

dsDNA kit (Molecular Probes, Invitrogen). The glycosaminoglycans content was 

determined using a modified version of the protocol described by Farndale et al. 

(Farndale et al. 1986) and a standard curve prepared from chondroitin sulphate from 

shark cartilage (Sigma Aldrich) in addition to the samples. Briefly, 40 μl of diluted sample 

(without addition of chondroitin AC lyase, chondroitin ABC lyase and keratanase) was 
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pipetted into a 96-well plate in duplicate. Subsequently, 150 μl dimethylmethylene blue 

(46 μM dimethylmethylene blue, 40.5 mM glycin, 40.5 mM NaCl, pH 3.0) was added and 

absorbance was measured at 540 nm. Hydroxyproline content was determined 

according to the protocol described by Huszar et al. (Huszar et al. 1980) and a standard 

curve prepared from trans-4-hydroxyproline (Sigma Aldrich). The amounts of DNA, 

glycosaminoglycans, and hydroxyproline were expressed per mg dry weight of tissue.  

Mechanical analysis 

The mechanical properties of the leaflets of cell-populated (n=3), decellularized 

(n=4), and stored decellularized (n=2) TEHV were determined by uniaxial tensile tests. 

Three strips in the circumferential and 4 strips in the radial direction (width=2.9±0.4mm) 

were cut from the leaflets from each TEHV. Stress-strain curves were obtained using a 

uniaxial tensile tester (Kammrath & Weiss GmbH, Dortmund Germany), equipped with a 

20N load cell and all samples were tested at identical strain rate (150µm/s for strips 9 

mm in length and 100µm/s for strips 6 mm in length). The ultimate tensile strength 

(UTS), as measure for tissue strength, was defined as the maximum stress value in the 

stress-strain curve. The Youngs modulus, as measure for tissue stiffness, was 

determined as the slope in the linear region of the stress-strain curve at large strains. 

The obtained values for tissue strength and stiffness were averaged for each valve. 

4.3.6 Statistics 

Measurements are presented as the mean ± standard error of the mean (SEM). 

One-way ANOVA (post hoc Bonferroni) was used to determine the differences between 

the groups of valves with respect to functionality parameters, extracellular matrix 

contents and mechanical properties. STATGRAPHICS software (Statistical Graphics corp., 

USA) was used for statistical analysis with p<0.05 considered as statistically significant.  

 

4.4 Results 

4.4.1 Macroscopic valve appearance 

The macroscopic appearance of the cell-populated TEHV revealed thin, shiny 

tissue formation in the wall and leaflets with no visual changes upon decellularization 

(figure 4.1 A, D, and G). After separation of the leaflets, the cell-populated TEHV 

demonstrated leaflet retraction (figure 4.1 B). In the decellularized TEHV and the MSC-

reseeded decellularized TEHV retraction of the leaflets was minimal (figure 4.1 E and H, 

respectively). After exposure to pulmonary conditions in the valve tester for 20 minutes, 

the leaflets of the cell-populated TEHV had completely retracted (figure 4.1 C), while the 

decellularized leaflets did not show retraction after 24 hours of exposure to pulmonary 

conditions (figure 4.1 F). The crimping procedure to simulate minimally invasive valve 

delivery is demonstrated in figure 4.1 I.  
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Figure 4.1: Macroscopic appearance of the cell-populated TEHV (A-C), decellularized 

(D-G), and reseeded TEHV (H-J). The macroscopic appearance of the cell-populated TEHV 

(A) was not affected by decellularization (D) and revealed thin, shiny tissue formation in 

the wall and leaflets (G; ventricular surface of the valve leaflets). Retraction of the 

leaflets of the cell-populated TEHV (B) is seen immediately after separation of the 

leaflets, which is absent in the decellularized TEHV (E) and did not re-occur after 

reseeding with MSC (H). After 20 minutes exposure to pulmonary conditions, the leaflets 

of the TEHV were completely retracted (C), while the decellularized leaflets do not show 

this retraction even after 24 hours of exposure to pulmonary conditions (F). In order to 

test their potential for minimally invasive implantation, the reseeded valves were 

crimped (I) before analysis. 
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4.4.2 In-vitro valve performance 

Opening and closing behavior of the TEHV was improved after decellularization 

(figure 4.2), though some prolapse of the leaflets was observed in the decellularized 

TEHV (figure 4.2 A). In contrast, closure of the cell-populated valve leaflets was 

hampered by retraction of the leaflets (figure 4.2 B). The cell-populated TEHV 

demonstrated 30±9% regurgitation, which reduced by decellularization to 15±2% 

(p<0.05) and remained stable at 18±2% after 24 hours endurance testing. The effective 

orifice area (EOA, expressed in percentage of the valve root surface area) increased from 

53±8% for the cell-populated TEHV to 66±3% for the decellularized TEHV (p<0.05). The 

EOA of the decellularized TEHV remained stable at 61±4% after 24 hours endurance 

testing. The peak systolic pressure gradient for the cell-populated TEHV was 17±2 mmHg 

and was reduced to 10±1 mmHg by decellularization (p<0.05), remaining stable at 8±1 

mmHg after 24 hours endurance testing. For comparison, the average values for the 

porcine aortic valve bioprothesis tested at similar conditions were 4±1% regurgitation 

and an EOA of 40±0% (both significantly lower compared to the decellularized TEHV, 

p<0.05). The peak systolic pressure gradient was 18±1 mmHg (significantly higher 

compared to the decellularized TEHV, p<0.05).  

 
 

Figure 4.2: In-vitro functionality of cell-populated and decellularized TEHV. (A) After 

decellularization the TEHV showed improved opening and closing behavior when exposed 

to pulmonary conditions, although some prolapse of the leaflets (indicated by black 

arrows) was observed. (B) Closure of the cell-populated valve leaflets was hampered by 

retraction of the leaflets.  

 

4.4.3 Qualitative and quantitative valve tissue properties  

Histological appearance 

Histology of the cell-populated TEHV revealed cellular tissue formation (figure 4.3 

A-C) with higher cellularity in the outer tissue layers, which was most clearly observed in 

the wall. Abundant amounts of cross-linked collagen were detected in the leaflets (figure 

4.3 D and E) and the wall. After decellularization, no cells were detected (figure 4.3 F-H), 
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while the structure and deposition of the collagen in the leaflets (figure 4.3 I and J) and 

the wall were maintained. Storage of the decellularized TEHV for 18 months did not 

affect the histological appearance (data not shown).  

 

 
 

Figure 4.3: Histology of the cell-populated (A-E) and decellularized (F-J) TEHV. 

Haematoxylin and Eosin staining (H&E; A, B, F, G), Phalloidin and DAPI staining (C and H), 

Picrosirius red staining visualized by transmitted light (D and I), and Picrosirius red 

staining visualized by polarized light (E and J). Overview of wall and leaflet of cell-

populated TEHV (A) indicating locations of images B-E. Overview of wall and leaflet of 

decellularized TEHV (F) indicating locations of images G-J. Before decellularization, 

cellular tissues (A, B, and C) contained abundant amounts of collagen (D and E) and F-

actin (C). After decellularization, the leaflets demonstrated preserved structural integrity 

(F and G) and collagen (I and J), but no F-actin (H) or nuclei (F, G, and H). Scale bars in A 

and F represent 1mm; Scale bars in B-E and G-J represent 200μm.  
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DNA and extracellular matrix 

The results of the quantitative tissue analysis are presented in figure 4.5. 

Decellularization of the TEHV revealed a significant reduction (over 99%) in the amount 

of DNA. Although the amount of glycosaminoglycans was significantly reduced after 

decellularization, no differences with respect to the amount of hydroxyproline 

(representative for 10% of the amount of collagen (Piez & Likins 1960)) were observed. 

Storage of the decellularized valves did not affect tissue matrix composition. Compared 

to native valves, the cell-populated TEHV showed 28% of the DNA amount, 74% of 

collagen amount, and 94% of the amount of glycosaminoglycans measured in native 

ovine valve leaflets (Schmidt et al. 2010). 

 

 

Figure 4.4: Amounts of glycosaminoglycans, hydroxyproline, and DNA in the leaflets of 

the cell-populated, decellularized, and stored decellularized TEHV. Values are 

represented as mean values ± SEM. The amount of DNA and glycosaminoglycans (GAG) 

was significantly reduced in decellularized and stored decellularized TEHV compared to 

the cell-populated TEHV (**p<0.01 and *p<0.05, respectively). No differences with 

respect to the amount of hydroxyproline (Hyp; representative for 10% of the amount of 

collagen (Piez & Likins 1960)) were observed in decellularized and stored decellularized 

TEHV compared to cell-populated TEHV. Storage of decellularized TEHV did not affect the 

amounts of DNA, glycosaminoglycans (GAG), or hydroxyproline (Hyp). 

 

Mechanical properties 

No significant differences were observed in mechanical behavior of the strips in 

radial direction compared to circumferential direction in both the cell-populated and 

decellularized TEHV. Therefore, these values were pooled. The decellularized and stored 
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decellularized TEHV showed a shift of the stress-strain curves to the left when compared 

to the cell-populated TEHV (figure 4.5 A). The Youngs modulus of the decellularized 

TEHV was increased compared to the cell-populated TEHV (figure 4.5 B). The 

decellularization procedure did not affect tissue strength (UTS), but reduced the 

thickness of the TEHV (figure 4.5 B). Storage of the decellularized TEHV for 18 months 

did not significantly change the mechanical properties compared to the decellularized 

TEHV (figure 4.5 B).  

 

 
 

 

 
 

Figure 4.5: Mechanical properties of the leaflets of the cell-populated, decellularized 

and stored decellularized TEHV. Values are represented as mean values ± SEM (A) 

Typical examples of stress-strain curves of uniaxial tensile tests. (B) Neither the 

decellularization procedure nor the storage period significantly affected the tissue 

strength (UTS) or stiffness (Youngs modulus). The thickness of the decellularized and 

stored decellularized TEHV was reduced compared to the cell-populated TEHV (* p<0.05). 

A 

B 

* * 
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4.4.4 MSC characterization, differentiation, and reseeding of 

decellularized TEHV  

The bone marrow derived population of cells exhibited an immunophenotype 

associated with cultured MSC (CD29+/CD44+/CD166+/ Stro-4+/CD14+-/CD45-/CD31-; 

data not shown). Moreover, differentiation potential of the cells was demonstrated by 

differentiation into osteogenic, chondrogenic, and adipogenic cell lineages (figure 4.6 A, 

B, and C, respectively). After reseeding the decellularized TEHV with MSC, a confluent 

layer of cells was demonstrated on the leaflets and wall by histology and SEM (figure 4.6 

D-I). 

4.4.5 Viability and crimping of reseeded decellularized TEHV  

The confluent cell layer was demonstrated to consist of viable cells (figure 4.7 A), 

which remained viable after the simulated crimping procedure (figure 4.7 B), although 

some spots of local damage were observed (figure 4.7 B insert). 

 

 
Figure 4.6: MSC differentiation and reseeding of the decellularized TEHV. 

Differentiation potential of the MSC was demonstrated by differentiation into osteogenic 

(A; Alizarin Red S staining), chondrogenic (B; Toluidin blue staining), and adipogenic (C; 

Oil Red-O staining) cell lineages. After reseeding the decellularized TEHV, Haematoxylin 

and Eosin (D) and DAPI staining (E and F) confirmed the attachment of cells, which 

formed a confluent layer after 3 days, as demonstrated by SEM (G-I). Scale bars in: A and 

C represent 25μm; B represents 100μm; D-F represent 200μm; G-I represent 1mm, 

100μm, and 10μm, respectively. 
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Figure 4.7: Viability of the reseeded decellularized TEHV before and after crimping. A 

confluent layer of living cells (green) was observed on the reseeded decellularized TEHV 

(A), which was still viable after crimping of the valves (B). Small clusters of dead cells 

(red, indicated by white arrows) were observed due to the crimping of the valves 

(enlarged in inserted image of B). Scale bars in A and B represent 200μm. 

 

4.5 Discussion 
In this study, we investigated the feasibility of a novel off-the-shelf tissue 

engineered homologous heart valve concept providing unrestricted availability and 

minimal risk for immunogenic reactions or disease transmission. Our approach was to 

decellularize in-vitro grown TEHV, based on rapidly degrading synthetic scaffolds, in 

order to create starter matrices for guided tissue generation and tissue engineering as 

an alternative to xeno-and homografts. Complete cell removal was demonstrated 

histologically and biochemically. The effects of decellularization on extracellular matrix 

content, biomechanical properties, and in-vitro valve functionality were assessed by 

comparisons to cell-populated TEHV. Further, the effect of storage on the tissue 

properties and the reseeding feasibility of the decellularized TEHV were evaluated as 

well as the potential of reseeded decellularized TEHV for minimally invasive valve 

delivery procedures.  

Cell-mediated traction is functional in ensuring the development of a desirable, 

highly aligned extracellular matrix in tissue-engineered cardiovascular substitutes 

(Barocas et al. 1998, Shi & Vesely 2003, Mol et al. 2005a, Robinson et al. 2008, Syedain 

et al. 2011). However, sustained traction forces can result in undesirable retraction of 

the leaflets, resulting in valvular regurgitation (Shinoka et al. 1995, Shinoka et al. 1996, 

Flanagan et al. 2009, Schmidt et al. 2010, Syedain et al. 2011). Although it has been 

suggested to avoid valvular insufficiency by creating longer leaflets and a larger 
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coaptation areas (Neidert & Tranquillo 2006, Syedain et al. 2011), engineering bi-leaflet 

valves instead of tri-leaflet valves (Neidert & Tranquillo 2006, Robinson et al. 2008), or 

applying a biodegradable support material within the fibrin scaffold (Flanagan et al. 

2009), a sustained solution to control these traction forces is still lacking. This study 

shows that decellularization of the TEHV effectively reduces the retraction of the leaflets 

in-vitro.  

The efficiency of cell removal, as well as preservation of the matrix integrity is 

highly dependent on the decellularization method used. Cell remnant removal is 

necessary, as the presence of dead cells potentially lead to inflammation and or 

calcification in-vivo (Human & Zilla 2001). In the present study, we choose to 

decellularize our TEHV with sodium deoxycholate (SD). Various studies showed that SD-

based treatments are more efficient in cell removal, while maintaining matrix integrity 

and mechanical properties when compared to decellularization with Trypsin (Kasimir et 

al. 2003, Rieder et al. 2004, Tudorache et al. 2007, Baraki et al. 2009). The use of SD is 

preferred above sodium dodecylsulfate (SDS) (Kasimir et al. 2003, Zhou et al. 2010) and 

was used to produce xenogenic valve replacements that functioned properly in sheep 

(Erdbrugger et al. 2006). Furthermore, an increased reseeding potential is documented 

for SD-treated extracellular matrix, when compared to SDS specimens (Rieder et al. 

2004). The SD-treatment is often applied in combination with Triton X-100 (Kasimir et al. 

2003, Rieder et al. 2004), as decellularization using SD alone is not always satisfactory 

(Erdbrugger et al. 2006). Therefore, we choose to include the use of Triton-X 100. The 

presence of small amounts of cellular antigens is described to be insufficient to elicit the 

type of pro-inflammatory or immune response that could adversely affect biological 

scaffold remodeling (Gilbert et al. 2008). On the contrary, it is suggested that a low level 

expression of the α-gal-epitope has the potential to initiate an inflammatory response, 

leading to graft failure (Kasimir et al. 2006). When translating the approach of the 

current study to human, the potential inflammatory response due to expression of the 

α-gal-epitope is avoided by using homologous cells. Nevertheless, with respect to 

calcification, complete cell removal should be pursued, as residual cells and cell 

remnants within the matrix might induce calcification (Human & Zilla 2001). The 

protocol used for decellularization of the TEHV in this study demonstrated to remove 

over 99% of the cellular material. Although serum nucleases can be applied to further 

reduce the DNA amounts in detergent pretreated tissues (Gui et al. 2010), the clinical 

efficacy of commercially available materials has been claimed despite small amounts of 

remaining DNA (Gilbert et al. 2008).  

Preservation of collagen integrity in the decellularized valve replacements was 

demonstrated by histology. Remarkably, although not significant, biochemical analysis 

indicated a trend towards increased collagen amounts after decellularization, which has 

been observed previously by others (Gui et al. 2009). This (non-significant) increase in 

collagen in the decellularized TEHV compared to the cell-populated TEHV is assumed to 
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originate from the loss of cells and glycosaminoglycans, and therewith the relative 

decrease in the dry weight of the sample. In the current study, we observed a reduction 

of one-third of the amount of glycosaminoglycans after decellularization. Although 

Grauss and colleagues (Grauss et al. 2005) observed an almost complete washout of 

glycosaminoglycans after decellularization with Triton-X, most other studies 

investigating decellularization of biological matrices did not study the effect on 

glycosaminoglycans. Because glycosaminoglycans appear to play a significant role in 

shock absorption, tissue elasticity, and prevention of calcification (Simionescu et al. 

2003), replenishment of the lost compounds should be pursued in-vivo to enhance 

valvular durability. As a mature elastic network has not yet been detected in our cell-

populated TEHV, the effect of decellularization on the elastin network was not explored. 

However, the formation of an elastic network in the TEHV is of particular importance for 

the biomechanical behavior of the valve (Mol et al. 2009) and is subject of current 

research.  

The decellularized valve leaflets were thinner compared to the cell-populated 

leaflets, which cause is twofold. Firstly, the observed reduction of glycosaminoglycans 

after decellularization is likely to be associated with a loss in water content. Secondly, 

the cell-populated leaflets were most probably thickened due to cell-mediated 

retraction directly after separation of the merged leaflets. The retraction in the cell-

populated leaflets may also explain the observed shift to the left of the linear part of the 

stress-strain curve after decellularization. Similar shifts in stress-strain curves were 

observed for native decellularized tissues (Dahl et al. 2003). Elongation of the cell-

populated samples before testing to their original length before retraction is 

hypothesized to result in the same shift as observed for the decellularized samples.  

Tissue strength of the leaflets was not affected by the decellularization 

procedure. The tissue stiffness was increased, but did not negatively affect valve 

functionality of the decellularized TEHV. Moreover, peak systolic pressure gradients 

were decreased in the decellularized TEHV, while the EOA was increased, probably due 

to reduced thickness of the leaflets. Additionally, reduced leaflet retraction after 

decellularization had a beneficial effect on the regurgitation. Compared to the cell-

populated TEHV, the decellularized TEHV showed significantly reduced regurgitation 

that remained stable up to 24 hours endurance testing. Closure of the cell-populated 

TEHV was hampered by cell-mediated retraction of the leaflets and, therefore, 

endurance tests of these valves have not been performed. Although closure of the 

leaflets was significantly improved by decellularization, regurgitation was still observed, 

caused by subtle leaflet prolapse. Enlargement of the coaptation area of the leaflets is 

proposed to avoid the observed prolapse and is currently under investigation. The EOA 

and peak systolic pressure gradient of the decellularized TEHV were higher and lower, 

respectively, than those of the porcine aortic bioprosthesis. Though, it should be noted 

that the aortic bioprosthesis did not function satisfactory at pulmonary conditions.  



Chapter 4   

 64 

Growth and remodeling of the valve replacement in-vivo requires a living tissue 

and, therewith, (re)population of the acellular tissue with cells. Still, it is unclear whether 

there is a need for recellularization prior to implantation, or whether circulating cells or 

cells from adjacent tissues may repopulate the scaffold in-vivo (Simon et al. 2003, Miller 

et al. 2006). Engineered decellularized tissues may be superior for cellular migration 

compared to decellularized native tissues, due to a lack of prominent elastin barriers and 

a less mature collagen structure (Dahl et al. 2003, Gui et al. 2009). Long-term animal 

experiments have to clarify the need for in-vitro preseeding and are necessary to 

demonstrate growth and remodeling potential. Nevertheless, the feasibility of using 

decellularized TEHV as living implant was demonstrated by in-vitro reseeding with bone 

marrow derived mesenchymal stem cells (MSC). MSC are attractive candidates and 

successfully used to reseed decellularized matrices (Vincentelli et al. 2007, Iop et al. 

2009). Moreover, MSC show a remarkable similarity in phenotype compared to valvular 

interstitial cells (Latif et al. 2007), demonstrate anti-thrombogenic (Hashi et al. 2007), 

and immunosuppressive properties (Uccelli et al. 2006a), and suitability for utilization in 

routine clinical practice, due to their ease of accessibility, handling and their use for 

multiple recipients (Pittenger & Martin 2004). Additionally, both the anti-thrombogenic 

properties of the MSC (Hashi et al. 2007) and the ability to stimulate in-vivo 

endothelization (Mirza et al. 2008) overcome the necessity of preseeding with 

endothelial cells.  

After reseeding the decellularized TEHV, a confluent cell layer was observed 

within 3 days, without cell-mediated retraction of the leaflets. By reseeding the valves 

with MSC we aim for in-vivo recellularization with recipient cells (Roh et al. 2010). 

Reseeded or not, we hypothesize that leaflet retraction of the decellularized TEHV will 

not re-occur in-vivo, as the contractile myofibroblasts are removed and should be 

replaced by cells with a more quiescent and less contractile phenotype. Moreover, in-

vivo leaflet shortening has been shown to be prevented by hemodynamic loading 

(Weber et al. 2011). Nevertheless, animal experiments are mandatory to elucidate 

whether leaflet retraction will not re-occur in-vivo.  

Storage of the valves for 18 months did not affect the collagen structure, extra 

cellular matrix composition or the mechanical behavior. These results support the 

potential use of decellularized TEHV to serve as off-the-shelf valve replacements. 

Besides, clinical application for guided tissue generation and tissue engineering is 

attractive as the decellularized TEHV are suitable for minimally invasive implantation 

techniques. These novel heart valve replacement procedures represent an attractive 

alternative treatment option for patients with valvular heart disease and will likely have 

a major impact on the management of these patients over the next several years 

(Rosengart et al. 2008). A perquisite for minimally invasive implantation techniques is 

crimping of the valve to fit the delivery device. In the case of a living implant, the 

crimping could be harmful to the cells. Therefore, simulation of the necessitated 
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crimping procedure was evaluated for the reseeded decellularized TEHV. The observed 

cell damage due this crimping procedure was small and only locally. Therefore, the 

crimping is hypothesized not to affect the proposed in-vivo recruitment of cells by the 

MSC.  

4.6 Conclusion 
Here we demonstrate that decellularization of TEHV is feasible with efficient cell 

removal and preservation of collagen and tissue strength. By creating TEHV from rapid 

degrading synthetic scaffolds and homologous cells we avoid the risks for xenograft-

specific immune responses or disease transmission. Moreover, decellularization enables 

on-the-shelf storage of the in-vitro grown TEHV and strongly reduces cell-mediated 

retraction, thereby improving valve performance. Decellularized homologous TEHV have 

the potential to serve as largely available off-the-shelf scaffolds without risk for 

xenogenic disease transmission. These novel scaffolds can be used as starter material for 

guided tissue generation and tissue engineering and potentially serve as an alternative 

to xeno-and homografts.  
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5.1 Abstract 

Background: Current biological valve prostheses are manufactured from xeno- or 

homografts, which are either associated with the risk of immunogenic reactions and 

disease transmission (xenografts) or have low availability (homografts). Autologous 

tissue-engineered heart valves (TEHV), based on largely available biodegradable 

synthetic scaffolds and without the risk for disease transmission, have demonstrated 

promising results in preclinical studies. Though, progressive regurgitation is observed 

due to cell-mediated leaflet retraction. Previously, we demonstrated the in-vitro 

feasibility to create off-the-shelf homologous valve replacements, without leaflet 

retraction, by decellularization of TEHV.  

Objective: We aim to demonstrate the feasibility of decellularized TEHV for trans-apical 

implantation in an ovine model and study valve functionality and host repopulation 

capacity. 

Methods: TEHV (n=5), based on rapid degrading PGA/P4HB scaffolds, were engineered 

from ovine vascular-derived cells and decellularized after 4 weeks in-vitro bioreactor 

culturing. In-vivo valve performance in pulmonary position was evaluated after trans-

apical implantation in sheep (n=3). Control implants (n=2) were analyzed to validate cell 

removal and preservation of extracellular matrix by histology. After 8 (n=1), 16 (n=1), 

and 24 weeks (n=1), repopulation of the decellularized TEHV was investigated by 

histology. Additionally, biaxial test were performed to determine mechanical properties 

of both implants and explants. 

Results: Trans-apically implanted decellularized TEHV demonstrated cellular 

repopulation of the valve matrix within 8 weeks. In-vivo performance of the implanted 

valves was excellent up to 8 weeks. Thereafter, regurgitation developed and 

macroscopic analysis revealed a reduction in leaflet size after 16 and 24 weeks. 

Mechanical analysis of the explanted leaflets showed a trend towards increased 

anisotropic properties over time, resembling remodeling towards native-like valvular 

properties. 

Conclusions: We demonstrate the principal feasibility of decellularized TEHV as 

homologous valve replacements for minimally invasive surgical procedures with rapid 

cellular repopulation. Initial valve performance was excellent, but moderate valve 

insufficiency developed over time, caused by a reduction in leaflet size. Changes in valve 

geometry might overcome the leaflet size reduction and allow for further exploring the 

potential of decellularized TEHV in long-term preclinical studies. 
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5.2 Introduction  
Valvular heart disease is an important cause of morbidity and mortality and is 

responsible for more than 20.000 deaths in the United States every year (Rosengart et 

al. 2008). The number of patients requiring heart valve replacement is approximately 

280.000 annually worldwide (Pibarot & Dumesnil 2009) and is estimated to triple to over 

850.000 over the upcoming five decades (Yacoub & Takkenberg 2005). Therefore, the 

search for both alternative heart valve replacements and less invasive implantation 

techniques are ongoing.  

Currently available heart valve replacements lack the capability for regeneration 

and growth, which represent substantial limitations for long-term durability, especially 

in children and young adults. Guided tissue generation and tissue-engineering of heart 

valves are proposed to overcome these limitations. Decellularized xenogenic and 

allogenic heart valves have been used as scaffold material for guided tissue generation 

and tissue-engineering of valve replacements with pre-clinical and clinical trials showing 

promising results (Elkins et al. 2001a, Elkins et al. 2001b, Cebotari et al. 2011, Dohmen 

et al. 2011, Konertz et al. 2011). Alternatively, biodegradable synthetic and natural 

scaffold materials have been investigated for tissue engineering of heart valves and have 

demonstrated functionality in animal studies (Hoerstrup et al. 2000, Sodian et al. 2000a, 

Sutherland et al. 2005, Schmidt et al. 2010). All these novel replacements with growth 

and regeneration potential have their own drawbacks, as xenografts are associated with 

the risk of immunogenic reactions or disease transmissions, availability of homografts is 

limited, and cell seeded tissue-engineered leaflets based on synthetic or natural 

biodegradable materials suffer from cell-mediated retraction and subsequent 

regurgitation in-vivo (Shinoka et al. 1995, Shinoka et al. 1996, Flanagan et al. 2009, 

Gottlieb et al. 2010, Schmidt et al. 2010, Syedain et al. 2011). To overcome the 

drawbacks of the tissue-engineered valve substitutes, we have recently proposed to 

decellularize tissue-engineered heart valves (TEHV, chapter 4). By decellularization of 

homologous TEHV, based on biodegradable PGA/P4HB scaffolds, we are able to produce 

largely available off-the-shelf homologous starter matrices without the risk for 

xenogenic disease transmission. Moreover, these novel matrices are designed to be 

suitable for minimally invasive surgical implantation procedures, demonstrate promising 

in-vitro functionality, and can either be reseeded prior to implantation or serve as 

starter matrices for guided tissue generation. 

Viability of valve replacements is considered crucial for their long-term success, 

as cells enable repair of structural injury, remodeling of the extracellular matrix, and 

potential growth (Schoen 2006). Therefore, rapid repopulation of the acellular valve 

replacement is pursued to prevent in-vivo deterioration. Accumulating evidence 

suggests that acellular matrices become progressively repopulated with recipient cells 

over time (Elkins et al. 2001b, Miller et al. 2006, Hopkins et al. 2009, Konertz et al. 2011). 
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In this study, in-vivo functionality and host repopulation capacity of these novel 

largely available off-the-shelf homologous starter matrices is evaluated by trans-apical 

implantation as a pulmonary valve replacement in sheep up to 24 weeks. Here, we 

present preliminary results as the study is ongoing to increase sample numbers.  

5.3 Methods 

5.3.1 Heart valve tissue engineering & decellularization 

Living tissue-engineered heart valves (TEHV) were engineered as previously 

described (chapter 4). In short, tri-leaflet heart valve scaffolds (n=5) were fabricated 

from non-woven polyglycolic-acid meshes (PGA; thickness 1.0 mm; specific gravity 70 

mg/cm3; Cellon, Bereldange Luxembourg) and coated with 1.75% poly-4-

hydroxybutyrate (P4HB; MW: 1 x 106; TEPHA Inc., Lexington MA USA) in tetrahydrofuran 

(THF; Fluka (Sigma-Aldrich, St Louis MO USA)). Scaffolds were integrated into radially 

self-expandable nitinol stents (length 27 mm, OD 30 mm when fully expanded at 37oC; 

pfm-AG, Köln Germany) and seeded with ovine vascular derived cells (1.5x106 cells/cm2, 

passage 6) using fibrin as cell carrier (Mol et al. 2005b). After seeding, scaffolds were 

cultured for 4 weeks in Diastolic Pulse Duplicator systems (Mol et al. 2005a). Thereafter, 

the living TEHV were decellularized, as described in chapter 4. Briefly, the TEHV were 

decellularized with a solution containing 0.25% Triton X-100 and sodium deoxycholate 

(SD) and 0.02% EDTA. Subsequently, remaining nucleic remnants were removed using a 

50-mM TRIS-HCl buffer solution supplemented with decreasing concentrations of 

Benzonase. In between steps, TEHV were washed in PBS, and finally with M-199 medium 

to remove cellular remnants sterilization in 70% EtOH. Decellularized TEHV were stored 

in fresh M-199 medium at 4oC. 

5.3.2 Crimping and delivery procedure 

To enable trans-apical delivery, the outer diameter of the decellularized TEHV 

(n=5) was decreased from 30 mm to 12 mm and subsequently loaded onto a custom-

made inducing system (OD=12mm) consisting of a rigid tube and pusher, as described 

previously in chapter 2 (Schmidt et al. 2010). Thereafter, the decellularized TEHV were 

either implanted (n=3) or analyzed as control valves (n=2).  

5.3.3 Trans-apical implantation and in-vivo performance of TEHV 

To evaluate in-vivo functionality and host repopulation capacity, decellularized 

TEHV (n=3) were trans-apically implanted as pulmonary valve replacement in adult 

sheep (age range of 2.3±0.6 months; weight range of 65.3±10.0 kg). All animals received 

human care and the study was approved by the ethics committee (Veterinäramt, 

Gesundheitsdirektion, Kanton Zürich [ 197/2010 ]) in compliance with the Guide for the 

Care and Use of Laboratory Animals, published by the National Institutes of Health (NIH 

publication No. 85-23). Decellularized TEHV were delivered into the pulmonary valve 

position using an antero-latero-thoracic access and antegrade approach, as previously 
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described (Schmidt et al. 2010). In brief, after mini-thoracotomy and pericardiotomy, the 

right ventricle was punctured using needle through purse-string sutures. Subsequently, 

the inducing system was inserted, and the valve delivered into the pulmonary artery 

under visualization by fluoroscopy. Optimal position was defined by angiography. After 

delivery the radial forces of the nitinol stent opened the valve, pressed the native heart 

valve leaflets to the artery wall, and kept the stented TEHV fixed. Afterward, the 

appropriate position and functionality of the implanted valve was visualized by 

angiography. In vivo functionality was monitored using trans-thoracic echocardiography 

during the procedure, immediately after implantation and after 1, 3, 5, 8, 16, and 24 

weeks postoperatively. Anticoagulation therapy was maintained for 7 days after 

implantation. The animals were sacrificed and valves were explanted after 8 weeks 

(n=1), and 16 (n=1), and 24 weeks (n=1).  

5.3.4 Qualitative tissue analysis 

Control (n=2) and explanted (n=3) decellularized TEHV were evaluated 

macroscopically and tissue composition was analyzed by (immuno-) histology. Formalin-

fixed (Fluka, USA) paraffin-embedded representative pieces of the valves were sliced to 

7 μm sections. The paraffin sections were stained with Haematoxylin and Eosin (H&E, 

Sigma-Aldrich) to visualize general tissue morphology and presence of cells, with 

Picrosirius Red for collagen structure, with DAPI to assess the presence of cell nuclei, and 

antibodies for α-smooth muscle actin (α-SMA, clone 1A4; Sigma, USA). Further, Verhoeff 

van Gieson staining for detection of collagen and elastic fibers and Von Kossa staining to 

detect calcification were applied. Immunohistology was performed using the Ventana 

Benchmark automated staining system (Ventana Medical Systems, USA) and antibodies 

for α-smooth muscle actin (α-SMA, clone 1A4; Sigma, USA), Vimentin (clone Vim 3B4, 

DakoCytomation, Copenhagen, Denmark), and von Willebrand factor (vWf; affinity 

purified rabbit antibodies; DakoCytomation, Denmark). Primary antibodies were 

detected with the Ventana iVIEW DAB detection kit, yielding a brown reaction product. 

The H&E, Verhoeff van Gieson, Von Kossa, α-SMA, vWf, and Vimentin staining were 

visualized by normal light microscopy. Additionally, the Picrosirius Red staining was 

visualized by polarized light microscopy. Sirius Red binds to collagen in a parallel fashion 

and enhances the degree to which they retard polarized light (birefringence) of the 

fibers (Junqueira et al. 1979, Pickering & Boughner 1991). DAPI stainings were visualized 

by fluorescence microscopy. Representative tissue samples of the 16 (n=1) and 24 weeks 

(n=1) explants were fixed in 2% glutaraldehyde (Sigma, USA) and sputtered with platin, 

in order to examine the surface by SEM. Calcification of representative pieces of the 

control implants, 8 weeks (n=1), 16 weeks (n=1), and 24 weeks (n=1) explants was 

analyzed using a high resolution micro-CT system (μCT80; Scanco Medical, Bassersdorf, 

Switzerland), company provided software (MicroCT) and thresholds correlated to a 

calcified ovine coronary artery. 
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5.3.5 Mechanical analysis 

The mechanical properties of the leaflets were determined in both 

circumferential and radial direction by bi-axial tensile tests. From controls (n=2) and 8 

and 16 weeks explants (both n=1) samples (7x7 mm) were cut from the leaflet(s) (n=1 

leaflet for 16 weeks explant; n=2 leaflets for controls and 8 weeks explant). Due to 

transport issues it was not possible to perform tensile tests on fresh tissue of the 24 

weeks explants. Thickness of the samples was determined with a slide gauge. Stress-

strain curves were obtained using the bi-axial tensile tester (BioTester with 5N load cell; 

CellScale, Waterloo, Canada) and the LabJoy program (V7.05, CellScale) with a constant 

strain rate of 1.7% per second. A protocol of increasing strains in subsequently 

circumferential and radial direction was repeated 5 times for each increasing strain step 

(10%, 20%, and 30%). The Youngs modulus was obtained from the slope of the linear 

section of the last stress-strain curve from each series of repetition (at 8-10%, 18-20%, 

and 28-30% strain), as an indicator for tissue stiffness. The obtained values for tissue 

stiffness are presented as the mean ± standard deviation of the tested samples for each 

valve. 

5.4 Results 

5.4.1 Implantation and in-vivo valve performance  

The trans-apical implantation procedures (n=3) were uneventful regarding 

perioperative morbidity or mortality. Furthermore, all valves were deployed successfully 

at the target site. No migration of the implanted valves was observed. Transvalvular 

pressure gradients and grade of regurgitation did not change dramatically during follow-

up (figure 5.1 A). Grade of insufficiency of the valve increased for all valves from 

trivial/mild to moderate/severe (figure 5.1 B). Satisfactory valve performance with 

mobile leaflets and sufficient opening and closing was demonstrated after implantation 

by echocardiographic measurements (figure 5.2 A-C), although subtle prolapse of the 

leaflets was observed for the valves followed for 16 and 24 weeks. Remarkably, a 

coaptation failure was observed for the valve that was followed for 8 weeks (figure 5.2 

C), most likely as a result of leaflet separation prior to implantation. Although prolapse 

of the leaflets was not observed in the first post operative measurement, it led to severe 

insufficiency of the valve after 8 weeks (figure 5.1 B). A bloodstream between the native 

wall and the wall of the implant was observed in the sheep followed for 16 weeks, 

further referred to as paravalvular leakage.  

5.4.2 Macroscopic valve appearance 

After decellularization and separation of the leaflets, retraction of the 

decellularized TEHV leaflets was minimal (figure 5.3 A). The macroscopic appearance of 

the decellularized TEHV implants revealed thin and shiny tissue formation in the wall 

and leaflets (figure 5.3 B and C). Valves explanted after 8 weeks, 16 weeks, and 24 weeks 

showed thin and shiny leaflets (figure 5.3 D-L) with minor thickening, mostly in the base  
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Figure 5.1: In-vivo follow-up of decellularized TEHV. (A) Transvalvular peak pressure 

gradients (ΔP peak) and mean pressure gradients (ΔP mean) for sheep followed for 8 

weeks (sheep#1), 16 weeks (sheep#2), and 24 weeks (sheep#3). (B) Grade of insufficiency 

during follow-up. *Grading: 0/1/2/3/4 – none/trivial/mild/moderate/severe. 

 

 
Figure 5.2: Echocardiography of the implanted decellularized TEHV. Representative 
examples of direct in-vivo valve behavior (A-C) and 1 week (D-E), 3 weeks (F), 8 weeks 

(G), 16 weeks (H), and 24 weeks (I) postoperatively. Implanted decellularized TEHV 

demonstrated thin and mobile leaflets, that properly opened (A & D) and closed (C and E-

I), although coaptation failure was observed for the valve that was followed for 8 weeks 

(arrow in C). 
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of the leaflets, observed in the 16 and 24 weeks explants (figure 5.3 I and L, 

respectively). Complete closure of the valve leaflets was demonstrated after 8 weeks 

(figure 5.3 D). Although after 16 weeks closure of the leaflets was demonstrated by 

echocardiographic measurement, some reduction of the leaflet size was observed post 

mortem (figure 5.3 G). Leaflet size reduction was increased after 24 weeks (figure 5.3 J). 

 
 

Figure 5.3: Macroscopic appearance of the implanted and explanted decellularized 

TEHV. Representative photographs of the implanted (A, B & C), and explanted 

decellularized TEHV after 8 weeks (D, E & F), 16 weeks (G, H & I), and 24 weeks (J, K & L) 

in-vivo. Views from pulmonary artery (A, D G, and J), ventricular side (B, E, H, & K), and a 

cross-section of leaflet and wall (C, F, & L). Explants revealed thin, shiny tissue and 

complete closure of the leaflets after 8 weeks in vivo (A-C). Post mortem leaflet closure 

was incomplete in the 16 weeks explant (G). Leaflet size reduction was observed for both 

16 and 24 weeks explants (G–I and J-L, respectively (one leaflet is not visible in pictures G 

and J, as it stacked to the wall)), with minor thickening most present in the leaflet base (I 

& L). After 24 weeks, a folding line in the middle of the leaflets (K, white arrows) and 

irregularities and red spots on the edge of the leaflets (K, black arrows) were observed. 
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The valve conduit wall of all explants was integrated into the adjacent native wall. The 

decellularized TEHV explanted after 16 weeks, however, showed parts were no 

integration was visible, most probably the place where paravalvular leakage had 

occurred. Leaflet size reduction might be correlated to both leaflet retraction and an 

observed upward movement of the leaflet belly attachment to the wall in time, which is 

visible beyond 16 weeks at the ventricular side of the leaflets (figure 5.3 H and K) and 

the cross-section of wall and leaflets (figure 5.3 I and L). After 24 weeks a 

circumferentially oriented folding line was observed in two of the three leaflets (figure 

5.3 K) most likely as a consequence of leaflet prolapse. Moreover, these leaflets revealed 

irregularities and red spots on the edges, which might be related to the separation of 

the leaflets prior to implantation.  

5.4.3 Qualitative tissue analysis  

The decellularized TEHV implants demonstrated no cellular remnants in leaflets 

or wall (figure 5.4 A, E, I, & M) and abundant amounts of collagen (figure 5.4 Q). The 

explanted tissues after 8, 16, and 24 weeks all showed complete cellular repopulation of 

the decellularized implants (figure 5.4 B, F, J, & N, C, G ,H, & O, and D, H, L, & P, 

respectively), mostly by fibrocytic and some fibroblastic cells and with higher cellularity 

in the wall (figure 5.4 F-H) and hinge region (figure 5.4 J-L). Furthermore, monocytic 

infiltrates were found and a few polymorphonuclear cells and giant cells in the proximity 

of foreign scaffold remnants in the leaflets, wall, and hinge region (figure 5.4 B-D, F-H, 

and J-L, respectively) which indicate a granulomatous reaction. The V-shaped structure 

in the hinge region of the 8 weeks explant might be the first indication of fusion of wall 

and leaflet (figure 5.4 J). Moreover, H&E staining of the hinge region of the 16 weeks 

explants shows two additional layers (figure 5.4 K), indicative of repetitive depositions. 

After 24 weeks no layer formation is detectable (figure 5.4 L). Cells positive for α-SMA 

were sparse in the leaflets of the explants (figure 5.5 A-C). In the wall of the 8 weeks 

explant α-SMA expression was abundant on the stent side and detected in a layer of 

cells on the luminal side (figure 5.5 D). The wall of the 16 weeks explants showed 

homogenous α-SMA expression and demonstrated a capillary system (figures 5.5 E), the 

latter also observed for the 24 weeks explants, but with the expression of α-SMA located 

on the luminal side of the wall (figure 5.5 F). Verhoeff van Gieson staining did not reveal 

elastin in the leaflets, but demonstrated elastin in the wall on the stent side after 8 

weeks (figure 5.5 G), and on both stent and luminal side after 16 and 24 weeks (figure 

5.5 H & I). Abundant amounts of wavy collagen was observed in all explants (figure 5.5 

G-I). Maturation of the collagen in the explanted tissues compared to that of the 

implanted tissue was demonstrated in the Picrosirius Red staining visualized by polarised 

light (figure 5.5 R-T versus Q). Colours of longer wavelengths (from yellowish-orange to 

red) indicate larger collagen fiber diameters, better alignment of the fibers, and more 

tightly packed collagen molecules (Dayan et al. 1989, Rabau & Dayan 1994). Moreover, 

the amount and density of the birefringent fibers was taken as a measure of maturity.  
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Figure 5.4: Histology of the implanted and explanted decellularized TEHV. Hematoxylin 

& Eosin staining (H&E; A-L), DAPI staining (M-P), and Picrosirius Red staining visualized 

by polarized light microscopy (PR; Q-T) are shown. Before implantation, the lack of cells 

was demonstrated (A, E, I, & M) with abundant amounts of collagen (Q). Fusion of leaflet 

and wall might have started within 8 weeks (arrow in J) and was demonstrated by 

additional layers after 16 weeks (arrows in K). Complete repopulation of the 

decellularized tissues was evident after 8 weeks (B, F, J, & N (with N showing the tip of 

leaflet)), 16 weeks (C, G, K, & O) , and 24 weeks (D, H, L, & P). Compared to the implant 

(Q) collagen was more mature in the explants (R-T). Scale bars represent 100μm.  
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Figure 5.5: Histology of the decellularized TEHV explanted after 8, 16, and 24 weeks. α-

Smooth muscle actin staining (α-SMA) demonstrated rarely some positive cells (arrows) 

in the leaflets (A-C) and large amounts of positive cells and a capillary system in the wall 

(D-F). Verhoeff von Gieson staining (VvG) demonstrated collagen and elastin (solid 

arrows) in the wall (G-I; dashed arrow indicates a piece of native tissue) with more wavy 

collagen in the stent side (lower part of picture) compared to the luminal side (upper part 

of picture). Von Kossa staining (VKossa) did not detect calcification in the leaflets after 8 

and 16 weeks (M & N) or in the wall of all explants (P-R). Calcification was detected near 

scaffold remnants in the leaflets of the 24 weeks explants (O). Scale bars represent 

100μm.  
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Calcification of the tissue was not detected by Von Kossa staining in the 8 and 16 

weeks explants (figure 5.5 M & P and N & Q, respectively) and wall of the 24 weeks 

explants (figure 5.4 R). It was, however, detected in the leaflet of the 24 weeks explants 

at locations of scaffold remnants (figure 5.4 O). Vimentin expression was observed in 

both leaflets and wall (figure 5.6 A & B, respectively) of the 8 weeks explants. Von 

Willebrand factor was expressed throughout the leaflet and most strongly on the inner 

side of the wall (figure 5.6 C and C & D, respectively). Some parts of the wall 

demonstrated expression of Von Willebrand factor only in a detached cell layer, most 

likely representative of an endothelial layer.  

SEM analysis of the decellularized TEHV explanted after 16 and 24 wks (figure 

5.7) demonstrated the presence of a cobble stone cell layer, confirming the presence of 

an endothelial cell layer, as seen in the vWf staining for the 8 weeks explant.  

 

 
 

Figure 5.6: Histology of the leaflets of explanted decellularized TEHV after 8 weeks. 

Vimentin expression was observed in both leaflets and wall (solid arrows in A & B, 

respectively). Also remnants of scaffold stained black (dashed arrows). Von Willebrand 

factor (vWf; C & D) was expressed throughout the leaflet (C) and most strongly on the 

inner side of the wall (C & D). Some parts of the wall demonstrated expression of vWf 

only in detached layer of cells, most likely representing an endothelial layer. Scale bars 

represent 100μm.  
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Figure 5.7: SEM of the explanted decellularized TEHV. The decellularized TEHV 

explanted after 16 weeks (A & B) and 24 weeks (C & D) showed formation of an 

endothelial layer. Scale bars in A and C represent 50μm and in B and D represent 10μm. 

 

 
 

Figure 5.8: Micro-CT scans of the implanted and explanted decellularized TEHV. (A) The 

control implants did not demonstrate calcification. (B) Small areas of calcification 

(indicated by white arrows) were present in the 8 weeks explants, which most probably 

were induced by the sutures (for in-vitro valve fabrication). (C) After 16 weeks 

calcification was not detected. (D) Calcification was present on the free edge of the 

leaflet explanted after 24 weeks. Scale bars represent 1mm. 
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The micro-CT analysis of the control implant and the valve tissues explanted after 

16 weeks revealed no signs of calcification (figure 5.8 A and C, respectively). The valve 

wall explanted after 8 weeks demonstrated two small areas of calcification (figure 5.8 B), 

which were not observed in histology and are most probably related to the sutures (for 

in-vitro valve integration into the stent). The valve explanted after 24 weeks revealed, in 

contrast to the Von Kossa staining, only calcification on the free edge of the leaflet 

(figure 5.8 D) at similar location where also irregularities were found (figure 5.3 I & K).  

5.4.4 Mechanical properties 

The mechanical properties of the implanted and explanted leaflets in both radial 

and circumferential direction are represented in figure 5.9. The Youngs modulus of the 

initial decellularized leaflets calculated at 10 and 20% strain was almost equal in 

circumferential and radial direction. Remarkably, for the explanted tissues a trend is 

observed in time of an increasing ratio between the Youngs modulus in the 

circumferential direction and the radial direction, indicative for the development of 

anisotropic tissue properties, which was obvious at all evaluated strains. 

5.5 Discussion 
Current available heart valve replacements, for both conventional and minimally 

invasive implantation technologies, lack the capability for regeneration and growth, 

which represent substantial limitations for long-term durability, especially in children 

and young adults. In this study, the in-vivo functionality of a novel homologous off-the-

shelf valve replacement was investigated by trans-apical implantation of decellularized 

TEHV as pulmonary valve replacement in sheep. Although only preliminary results are 

presented, sufficient valve performance and rapid repopulation of the acellular tissue 

was demonstrated after 8 weeks. Mechanical analysis of the explanted leaflets showed a 

trend towards increased anisotropic mechanical behavior over time, resembling 

remodeling towards native-like valvular properties. Minor thickening of the 

decellularized TEHV leaflets and reduction in leaflet size was observed at explantation 

after 16 and 24 weeks. 

In-vivo valve performance directly following implantation was sufficient, with 

only trivial regurgitation during the first 8 weeks follow-up. However in-vivo 

performance was not stable with longer follow-up periods. The valves develop trivial to 

moderate regurgitation after 16 weeks continuing moderate until sacrifice at 24 weeks. 

After 16 week a reduced leaflet size was observed, which was most likely a result of both 

retraction of the leaflets and potentially merging of the leaflet belly and wall. Retraction 

of the explanted leaflets is held responsible for the observed minor thickening of the 

decellularized TEHV leaflets explanted at 16 and 24 weeks and hence to contribute to 

the reduction in leaflet size. On the contrary, there was almost no α-SMA expression 

detected in the repopulated leaflets, which indicate a quiescent and less contractile cell 
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phenotype. Leaflet prolapse was observed during follow-up of the valve explanted after 

24 weeks, with spots of calcification on the free edges of the leaflets. 

   
 
  

 
 
 

Figure 5.9: Mechanical properties of the implanted and explanted decellularized TEHV 

leaflets. (A) Typical examples of stress-strain curves of the leaflets up to 20% strain. (B) 

Youngs moduli calculated at 10%, 20%, and 30 % strain. Remark: values and curves of 

the implanted leaflets for 30% strain are not available as clamping of the samples failed 

before reaching 30% strain. 
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Leaflet retraction is a common feature of autologous living valves created 

according to the classical tissue engineering paradigm (Shinoka et al. 1995, Shinoka et al. 

1996, Flanagan et al. 2009, Gottlieb et al. 2010, Schmidt et al. 2010, Syedain et al. 2011). 

This retraction is mainly cell-mediated and recent work demonstrated that cell-induced 

retraction, both passive and active, accounted for 85% of total tissue retraction 

(Vlimmeren et al. 2011). Therefore, TEHV were decellularized to reduce leaflet 

retraction. Although our decellularization approach demonstrated to preserve collagen 

integrity and tissue strength, tissue stiffness increased, and a reduction in 

glycosaminoglycans was observed. Nevertheless, decellularization effectively reduced 

leaflet retraction and favored in-vitro valve performance (chapter 4). However, residual 

stresses in the extracellular matrix still accounted for mild retraction after separation of 

the leaflets. This passive retraction of the extracellular matrix reduced the coaptation 

area of the valve leaflets. The resulting minimal coaptation might have been responsible 

for the observed in-vivo leaflet prolapse after 16 and 24 weeks. The observed 

paravalvular leakage might be indicative of a too small stent size. To prevent 

paravalvular leakage a larger stent is required. Additionally, a larger stent (and valve) 

size will favor coaptation as a direct result of incomplete unfolding of the stent after 

trans-apical implantation. The reduced valve diameter will improve leaflet coaptation 

and therefore prevent prolapse, potentially reducing valvular insufficiency. In chapter 3 

a reduced valve diameter due to incomplete unfolding of the stent was hypothesized to 

be the underlying cause for improved valve performance in the trans-apical implanted 

valves compared to the surgically implanted valves. 

Decellularized TEHV demonstrated complete repopulation within 8 weeks in 

sheep with endogenous cells in wall, hinge region, and leaflets. Compared to other 

reports on repopulation of decellularized homo- and xenografts, full repopulation of the 

leaflet tip of the decellularized TEHV within 8 weeks is remarkable and has never been 

shown before. Somehow, repopulation of decellularized tissue-engineered matrices 

seems to be more efficient compared to decellularized native matrices. Repopulation up 

to 75% of the leaflet length of decellularized native valves was reported after 6 months 

in sheep (Elkins et al. 2001b) and even after 1 year no full repopulation was observed 

(Hopkins et al. 2009). Thus far, the process of repopulation was believed to evolve from 

the conduit wall up to the leaflet associated with revascularization of the graft (Elkins et 

al. 2001a). We hypothesize that rapid repopulation of decellularized engineered tissues 

mainly occurs by endogenous cells circulating in the blood in contrast to cell migration 

from the conduit wall. This route of repopulation is hypothesized to occur due to a lack 

of prominent elastin barriers and a less mature, more porous collagen structure in the 

engineered tissues as compared to native tissues. Clearly, more fundamental studies are 

required to obtain insight into the mechanisms behind the observed rapid repopulation. 

Relying on endogenous repopulation, one should keep in mind that the repopulation 

capacity of humans might be less efficient compared to the animal model. Moreover, 
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the repopulation capacity might be age- and health-dependent. However, this might be 

less of an issue for the engineered decellularized valves owing to their rapid 

repopulation capacity as compared to the decellularized xeno- and homografts. 

Nowadays, only sparse cell infiltration in leaflets of decellularized homografts has been 

observed when implanted in patients (Miller et al. 2006). Long-term results of current 

running clinical studies using decellularized xeno-and homografts (Cebotari et al. 2011, 

Dohmen et al. 2011, Konertz et al. 2011) will provide more insight in the repopulating 

capacity of humans.  

In-vivo repopulation of acellular valve replacements is of utmost importance to 

enable growth and remodeling of the tissue. In this study, it was demonstrated that the 

infiltrated endogenous cells started to remodel the implanted extracellular matrix. 

Histology of the wall revealed vascularization and highly organized tissue. The 

decellularized TEHV explanted after 8 weeks demonstrated macrophages throughout 

the leaflets, most likely responsible for the observed decrease of scaffold remnants over 

time. Moreover, more and thicker birefrigent fibers in the Picrosirius Red stainings 

indicated maturation of collagen of both wall and leaflets. The mechanical properties of 

the decellularized TEHV demonstrated an increasing degree of anisotropic mechanical 

behavior with time, indicating remodeling towards native valve properties. 

Unfortunately, fusion of wall and leaflet belly was observed, with first histological 

indication in the 8 weeks explants. The cross-sections of leaflet and wall of the explants 

(figure 5.3 C, F, I, and L) suggest that the line where leaflets are attached to the wall 

upward in time, as a result of remodeling. At present it is unclear what causes this 

phenomenon.   

Small areas of calcification, observed in leaflets explanted after 24 weeks, might 

be the result of various factors. Two leaflets of the valve demonstrating calcification, 

revealed a line of folding due to prolapse. Non-physiological loading of the prolapsing 

leaflets might have increased stresses and strains, which initiate calcification, similar to 

what is observed in pathological native leaflets (Schoen & Levy 2005). Irregularities, 

most likely related to the manual leaflet separation prior to implantation, were observed 

on the free edges of the leaflets and might have induced calcification. On the other 

hand, calcified edges might have become visible as irregularities. Additionally, residual 

cells and cell remnants can induce calcification (Human & Zilla 2001), but cellular 

remnants were not detected in our control decellularized TEHV. Further, the reduced 

amount of glycosaminoglycans could have failed their role in shock absorption, tissue 

elasticity, and prevention of calcification (Simionescu et al. 2003). Lastly, local stiffer 

regions due to scaffold remnants are another plausible cause for the observed 

calcification, as calcification of cells is regulated by matrix stiffness (Yip et al. 2009). 

Although the Von Kossa staining indicated calcification in areas of scaffold remnants, 

this might well be an artifact of the staining, as these areas were not detected by micro-

CT analysis to be calcified. Nevertheless, calcification is of great concern in valve 
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replacement and should be limited before initiating clinical application. Though, the 

ovine model is known for rapid calcification (Hopkins et al. 2009) and may overestimate 

the response in human.  

In this chapter, the preliminary results of an ongoing study are presented. 

Further conclusions based on larger sample numbers, quantification of the extracellular 

matrix components, and additional stainings will be presented separately. The 

phenotype of the endogenous attracted cells need to be assessed in both the living and 

decellularized TEHV to provide in-depth insight into the remodeling process. Other 

studies revealed that repopulation of acellular grafts evolved in two distinct phases, 

starting with a nonspecific inflammatory reaction, characterized by an infiltration of 

macrophages during the first few months, followed by colonization with fibroblasts 

(Elkins et al. 2001a). More specifically, studying the phenotypes of macrophages that are 

related to either chronic inflammation or remodeling (Brown et al. 2009) would be of 

interest. In order to gain insight into the repopulation capacity of decellularized TEHV in 

humans, decellularized TEHV based on human cells may be implanted in a non-human 

primate model. First of all in-vivo performance of the decellularized TEHV needs to be 

optimized. Therefore, in-vivo leaflet retraction, prolapse of the leaflets and fusion of wall 

and leaflet belly have to be addressed. We hypothesize that by enlarging the coaptation 

area and oversizing of the stent the in-vivo coaptation will be improved. Additionally, 

implementation of sinuses into the stented valve geometry will enable vortexes in the 

blood flow which, in turn, (1) promote active closure of the leaflets (Grande-Allen et al. 

2000) and therewith prevent prolapse and potentially retraction; (2) reduces local 

stresses and strains in the prolapse area of the leaflets and, therefore, might prevent 

calcification and increases the durability of the valve cusps. Another area of future 

studies is the translation to minimally invasive, trans-vascular delivery of the 

decellularized TEHV. In this study, decellularized TEHV were trans-apically implanted. 

The trans-apical access requires a mini-thoracotomy, which is a more invasive technique 

when compared to trans-vascular, catheter-based implantation approaches. Though, 

trans-apical access allows for larger valve diameters to be implanted (Walther et al. 

2009). To enable minimally invasive, trans-vascular delivery, the valve needs to be 

crimped to a smaller diameter, which feasibility remains to be investigated for TEHV 

approaches.  

 In conclusion, preliminary results of trans-apical implantation of decellularized 

TEHV in sheep demonstrate the principal feasibility of these novel homologous off-the-

shelf valve replacements for minimally invasive surgical procedures. Moreover, in 

contrast to decellularized homo-and xenograft, these decellularized TEHV rapidly 

repopulate in-vivo. It remains a challenge to overcome the in-vivo reduction of leaflet 

size for long-term evaluation of these novel valve replacements.  
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6.1  Summary and main findings of the thesis 
Currently available valve substitutes are either mechanical or bioprosthetic 

valves. A major drawback of these conventional heart valve replacements is the absence 

of repair, remodeling and growth capacity, the latter being particularly important for 

children and young adults. Tissue-engineering of heart valves might overcome the 

limitations of today’s heart valve substitutes. Besides, less invasive implantation 

technologies rapidly evolve as alternative treatment option to conventional open heart 

surgery. The aim of this thesis was to investigate the feasibility and functionality of 

tissue-engineered heart valves (TEHV) for minimally invasive surgical implantation 

techniques.  

Therefore, we set out in chapter 2 to evaluate the feasibility of trans-apical 

implantation of TEHV, based on autologous cells and rapid degrading synthetic scaffolds. 

Alternative to minimally invasive trans-catheter implantation, trans-apical implantation 

was chosen. This minimally invasive surgical technique allows for larger valve diameters 

to be implanted as the size of the delivery system can be larger compared to the 

catheter. All minimally invasive delivery devices require crimping of the valve. In-vitro 

simulation of this crimping procedure for trans-apical delivery revealed no detectable 

structural damage to the TEHV leaflets. Thereafter, stented TEHV were trans-apically 

implanted as pulmonary valve replacements in an ovine model. Feasibility, safety, and 

proof of principle of the trans-apical implantation of TEHV were demonstrated. Valve 

performance was satisfactory, but leaflet mobility was hampered by thickening and 

retraction of the leaflets.  

In chapter 3, to investigate whether the observed in-vivo thickening was due to 

the crimping procedure, the outcome of trans-apically and surgically implanted TEHV 

was compared in an ovine model. Independent of the implantation method explants 

demonstrated layered tissue formation with thickening and deposited fibrous layers. 

Active remodelling of these layers was evident in the explants, indicated by 

vascularisation of the walls, invasion of host cells, and formation of a luminal endothelial 

layer on TEHV leaflets. It was clear that tissue thickening and retraction of living TEHV in-

vivo was not primarily caused or enhanced by the crimping procedure, but represents a 

phase of tissue remodeling. For optimal valve performance, both leaflet retraction and 

thickening should be kept to a minimum.  

Retraction of the leaflets, after separation of the fused leaflets prior to 

implantation, is mostly cell-mediated (Vlimmeren et al. 2011) and may be reduced by 

decellularization of the TEHV, as investigated in chapter 4. Decellularization of TEHV did 

not alter the collagen structure or tissue strength. Moreover, it enabled on-the-shelf 

storage of the in-vitro grown TEHV. As hypothesized, it strongly reduced cell-mediated 

retraction thereby improving valve performance and providing a promising starter 

matrix for in-vivo guided tissue regeneration. To allow for the development of an 



   General discussion 

 89 

autologous living implant, reseeding the decellularized valves with mesenchymal stem 

cells (MSC) was demonstrated. Simulation of trans-apical valve delivery resulted in 

minimal damage to the reseeded cells. From these in-vitro analysis it was shown that by 

decellularization of in-vitro grown TEHV off-the-shelf homologous starter matrices with 

uncompromised availability can be developed, which are suitable for reseeding with 

autologous cells and trans-apical valve delivery.  

Preliminary results of trans-apical implantation of such decellularized TEHV in 

sheep demonstrated the principal feasibility of these homologous valve replacements 

for minimally invasive surgical procedures, as described in chapter 5. Decellularized 

TEHV demonstrated functionality and complete host repopulation in-vivo. Remarkably, 

complete repopulation of the leaflets was observed within 8 weeks, while repopulation 

of decellularized biological matrices derived from native tissues was not completed 

within a year (chapter 1). Repopulation of decellularized tissue-engineered matrices 

seems to be more efficient compared to decellularized native matrices. Moreover, this 

rapid repopulation suggests that repopulation does not only rely on infiltrating cells 

from the adjacent native wall, as postulated for decellularized native valves, but also 

from endogenous cells circulating in the blood. Remodeling of the decellularized leaflets 

was demonstrated by histology and by an increasing degree of anisotropic mechanical 

behavior over time. Valve performance was not stable with longer follow-up periods 

demonstrating mild to moderate regurgitation at 16 weeks. Explantation after 16 and 24 

weeks revealed minor thickening and a reduced leaflet size, which was most likely a 

result of both retraction and merging of the leaflet belly and valve wall. Moderate 

regurgitation and leaflet prolapse was observed during follow-up to 24 weeks, with 

small areas of calcification in the leaflets. 

All together, the results in this thesis demonstrate (1) that trans-apical 

implantation of TEHV is feasible, (2) that in-vitro retraction and in-vivo thickening of 

living TEHV can be reduced by decellularization of the engineered tissues, and (3) that 

these decellularized TEHV rapidly repopulate in-vivo. However, it remains a challenge to 

overcome the in-vivo reduction of leaflet size on the long term.  

6.2  Study limitations and considerations 
Before providing directions for future research, the results, limitations, and 

considerations of the present thesis (schematically presented in figure 6.1) will be 

discussed below. 

6.2.1  Leaflet retraction 

The living TEHV leaflets demonstrated immediate retraction after separation of 

the leaflets prior to implantation (figure 6.1 A I). Leaflet separation is required as they 

fuse during in-vitro culture to enable the development of a desirable, highly aligned 

extracellular matrix (Mol et al. 2005a). This retraction of leaflets, associated with 
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regurgitation in terms of valve performance, is a common limitation of autologous living 

valves, created according to the classical tissue engineering paradigm (Shinoka et al. 

1995, Shinoka et al. 1996, Flanagan et al. 2009, Gottlieb et al. 2010, Schmidt et al. 2010, 

Syedain et al. 2011). Recent work demonstrated that retraction is cell-induced, both 

passive and active, and accounts for 85% of total tissue retraction (Vlimmeren et al. 

2011). Therefore, in this thesis, leaflet retraction was reduced by decellularization 

(figure 6.1 B I). However, residual stress in the extracellular matrix still induced mild 

retraction after separation of the leaflets. This passive retraction of the extracellular 

matrix reduced the coaptation area of the valve leaflets (figure 6.1 B II) and may be 

responsible for the observed leaflet prolapse (figure 6.1 B IV). Incomplete unfolding of 

the stented TEHV after trans-apical delivery could provide a solution to return the 

coaptation area (figure 6.1 B III). By having the valve slightly crimped in position, the 

reduced valve diameter might be sufficient to improve leaflet coaptation, preventing 

prolapse, and hence reduce valvular insufficiency. In chapter 3, incomplete unfolding of 

the stented TEHV was hypothesized to be the underlying cause for improved valve 

performance in the trans-apical implanted valves compared to the surgically implanted 

valves.  

6.2.2  Thickening  

Living TEHV revealed in-vivo thickening which was not related to the either 

surgically or trans-apically implantation method (chapter 3 and figure 6.1 A II-IV). The 

thickening in turn, reduced leaflet mobility, which is of concern for functioning of the 

right ventricle and has to be avoided. First, in chapter 2, the observed fibrous 

depositions were hypothesized to be induced by a compromised endothelial cell layer 

after crimping. However, similar fibrous depositions were identified when 

endothelialized TEHV were surgically implanted without prior crimping (chapter 3). 

Though, also the endothelial layer on the TEHV implanted surgically was not 

demonstrated to be functional. Remnants of scaffold material may present another 

plausible cause for in-vivo thickening (Ceonzo et al. 2006), as the presence of giant cells 

and macrophages indicated a mild inflammation response in both living and 

decellularized TEHV. However, decellularized TEHV, also containing scaffold remnants, 

did not demonstrate leaflet thickening by deposition of fibrous layers (chapter 5). 

Therefore, we hypothesize that in-vivo thickening of the living TEHV is caused by the 

presence of living cells, as even autologous cells may induce a host response (Brown et 

al. 2009). Interestingly, the living TEHV were almost acellular at explantation after 4 

weeks. The loss of original cells after implantation was also reported for cellular 

homografts (Hopkins et al. 2009). This reduced cellularity may arise from limited oxygen 

and nutrition supply as a consequence of thickening. The observed minor thickening of 

the decellularized TEHV leaflets explanted at 16 and 24 weeks is hypothesized to result 

from leaflet retraction, the latter partly held responsible for the reduction in leaflet size.  
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Figure 6.1: Schematic overview of the results, limitations, and considerations of the 

living and decellularized TEHV. A) Living TEHV demonstrated retraction of the leaflets 

after separation (I). After implantation, thickening and retraction of the leaflets was 

observed, with various degrees of regurgitation (II and III). Sustained leaflet retraction 

prevents closing of the leaflets and hence reduces hemodynamic loading. Without 

correct hemodynamic loading, retraction will continue until the leaflets disappear (IV). 

Sufficient coaptation to ensure hemodynamic loading of the valve leaflets is 

hypothesized to be crucial for remodeling towards functional native-like leaflets (V) and 

might explain the remodeling to very thin native-like leaflets beyond 8-12 weeks in-vivo, 

as was demonstrated previously (Hoerstrup et al. 2000). B) Although decellularization 

effectively reduced retraction of the leaflets after separation, mild retraction still 

occurred due to residual stress in the extracellular matrix (I). The lack of coaptation after 

implantation (II) can be restored by incomplete unfolding of the stented TEHV after 

trans-apical delivery (III). The altered hemodynamic loading is most likely responsible for 

the observed prolapse (IV) and reduced leaflet size after they became rapidly 

repopulated in-vivo. Moreover, fusion of wall and leaflet belly resulted in a more 

posterior position of the hinge region compared to the original position (dashed lines in 

IV&V) which might be, at least partly, due to small depositions in the V-shaped hinge 

region. Sufficient coaptation to ensure hemodynamic loading directly after implantation 

is hypothesized to be crucial for remodeling towards functional leaflets on the long term 

(VI).  
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6.2.3  Decellularization 

In this thesis, decellularization was applied to overcome leaflet retraction of the 

TEHV. Instead of eliminating the force generating capacity of the cells, complete cell 

removal was demonstrated crucial, as passive cells also contribute to the tissue 

retraction (Vlimmeren et al. 2011). In addition, residual cells and cell remnants within 

the matrix may lead to calcification (Human & Zilla 2001). Hereby, it is important to limit 

structural alterations of the extracellular matrix by the decellularization process to 

preserve biomechanical behavior. Our decellularization approach, as described in 

chapter 4, demonstrated to preserve collagen integrity and tissue strength. Tissue 

stiffness was increased, but with no impact on in-vitro valve performance. Changes to 

the sterilization method in the protocol used in this thesis might decrease the 

discrepancies in stiffness, as similar decellularization protocols with lower percentage of 

ethanol revealed no changes in stiffness after decellularization (Jiao et al. 2011). 

Moreover, regardless of species, their decellularization process caused only modest 

changes in viscoelastic properties (Jiao et al. 2011). Though, the observed reduction in 

glycosaminoglycans might be a concern. Glycosaminoglycans play a significant role in 

shock absorption, tissue elasticity, and prevention of calcification (Simionescu et al. 

2003) and in-vivo replenishment may be necessary for long term durability. Storage of 

the decellularized TEHV for 18 months did not affect the collagen structure, extra 

cellular matrix composition or the mechanical behavior. Therefore, decellularization of 

TEHV enables potentially off-the-shelf valve replacements.  

6.2.4  Repopulation  

Decellularized TEHV demonstrated complete repopulation after 8 weeks follow-

up in sheep, even up to the tip of the leaflets (chapter 5). This rate of repopulation 

seemed to be more efficient compared to decellularized native matrices, as for the latter 

only sparse repopulation was reported 6 to 9 months after implantation ((Elkins et al. 

2001b) and (Baraki et al. 2009), respectively) and was not completed within 1 year 

(Hopkins et al. 2009). Thus far, the process of repopulation was believed to evolve from 

the conduit wall up to the leaflet associated with revascularization of the graft (Elkins et 

al. 2001a). We hypothesize that rapid repopulation of decellularized engineered tissues, 

as observed in our study, mainly occurs by endogenous cells circulating in the blood in 

contrast to cell migration from the conduit wall. This discrepancy is likely due to a lack of 

prominent elastin barriers and a less mature collagen structure in the engineered tissues 

as compared to native tissues. Nevertheless, more fundamental studies are required to 

obtain insight into the mechanisms behind the observed rapid repopulation.  

Relying on endogenous repopulation, one should keep in mind that cell 

repopulation might be less efficient in humans compared to animals, as only sparse cell 

infiltration in leaflets of decellularized homografts has been observed when implanted in 

human (Miller et al. 2006). This might be less of an issue for the engineered 

decellularized valves due to their lack of prominent elastin barriers and a less mature 
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collagen structure compared to the decellularized xeno- and homografts. Nevertheless, 

the repopulation capacity of the recipient may be age- and health-dependent. Long-

term results of current running clinical studies using decellularized xeno-and homografts 

(Cebotari et al. 2011, Dohmen et al. 2011, Konertz et al. 2011) will provide more insight 

in the repopulating capacity of humans.  

Nevertheless, in chapter 4 the feasibility of using decellularized TEHV as living 

implant was demonstrated by in-vitro reseeding the valves with bone marrow derived 

mesenchymal stem cells (MSC). Reseeding of the decellularized TEHV resulted in a 

confluent cell layer within 3 days, without cell-mediated retraction of the leaflets. By 

reseeding the valves with MSC prior to implantation we aim for in-vivo homing and 

differentiation of autologous host cells (Roh et al. 2010). MSC are attractive candidates 

and successfully used to reseed biological and synthetic matrices (chapter 1). Moreover, 

both the anti-thrombogenic properties of the MSC (Hashi et al. 2007) and the ability to 

stimulate in-vivo endothelization (Mirza et al. 2008) overcome the necessity of 

preseeding the valves with endothelial cells. MSC reseeded decellularized native valves 

became reendothelialized after 4 months in sheep and it was demonstrated that MSC 

prevent the leaflets from thickening and retraction (Vincentelli et al. 2007). 

6.2.5 Remodeling 

Histological analysis of the explants of both living and decellularized TEHV 

(chapter 2 and 3) demonstrated active remodeling, indicated by local well-organized 

granulation tissue. As the wall showed a more mature state of remodeling, we 

previously assumed that remodeling is initiated in the wall and progresses towards the 

leaflets. This hypothesis was supported by the development of an endothelial lining 

from the leaflet basis towards the free edge in the living TEHV (chapter 3). However, the 

decellularized TEHV explanted after 8 weeks demonstrated macrophages throughout 

the leaflets, most likely responsible for the observed decrease of scaffold remnants over 

time (chapter 5). Moreover, mechanical analysis of the explanted leaflets showed a 

trend towards increased anisotropic properties over time. Therefore, remodelling does 

not necessarily have to start in the wall, but relies on the presence of living cells.  

In previous studies, initial thickening of tissue-engineered leaflets was followed 

by remodeling to very thin native-like leaflets (figure 6.1 A V) beyond 8-12 weeks in-vivo 

(Hoerstrup et al. 2000). Perhaps the remodeling of the implanted living TEHV as 

described in chapter 2 and 3 represents a functional healing response that continues 

over time and ultimately evolves into functional tissue. However, longer follow-up times 

in our studies were hampered by loss of mobility due to thickening and reduction in 

leaflet size. The reduced leaflet size was also observed in the decellularized TEHV in vivo. 

This was hypothesized to result from both fusion of the wall and leaflet belly. 

Remarkably, compared to the leaflets of the living TEHV in vivo, there was almost no α-

SMA expression detected in the repopulated decellularized leaflets, which indicate a 
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quiescent and less contractile cell phenotype. Further, characterization of the 

phenotype of the endogenous attracted cells in both the living and decellularized TEHV 

will provide more insight into the remodeling process. The presence of leukocytes in the 

explants, in particular lymphocytes, macrophages, and dendritic cells, demonstrate the 

activation of the immune system. In 2008, Badylak and Gilbert characterized the pro-

inflammatory, cytotoxic macrophage phenotype M1 to belong to cells that promote 

pathogen killing and cells that are associated with classic signs of inflammation, 

especially chronic inflammation. These M1 phenotype macrophages express CD68 and 

CD80 surface markers in rats. On the other hand, the anti-inflammatory macrophage 

phenotype M2 promotes immuno-regulation, tissue repair, constructive tissue 

remodeling, and express CD163 surface markers in rats (Badylak & Gilbert 2008). 

Although species differences do exist, the phenotype of the macrophages in the host 

response can indicate the direction of the remodeling response (Badylak et al. 2008). 

Small areas of calcification, observed in leaflets explanted after 24 weeks of 

chapter 5, might be the result of various factors. Prolapse of the leaflets, and hence, 

non-physiological loading could have increased stresses and strains, which may initiate 

calcification, similar to what is observed in pathological native leaflets (Schoen & Levy 

2005). Additionally, residual cells and cell remnants can induce calcification (Human & 

Zilla 2001). However, these cellular remnants were not detected in our control 

decellularized TEHV. Also the reduced glycosaminoglycan content could have failed its 

role in shock absorption, tissue elasticity, and prevention of calcification (Simionescu et 

al. 2003). Local stiffer regions due to scaffold remnants are another plausible cause for 

the observed calcification, as calcification of cells is regulated by matrix stiffness (Yip et 

al. 2009). And last but not least, the observed irregularities at the free edges of leaflets, 

related to the manual leaflet separation prior to implantation, might be responsible for 

calcification in the explants. On the other hand, calcified edges might have become 

visible as irregularities. Although calcification is of great concern in valve replacement 

and should be limited before initiating clinical application, the ovine model is known for 

rapid calcification (Hopkins et al. 2009) and may overestimate the response in human. 

6.2.6 The lack of the native sinus  

The geometry of the native valve is far more complex than the current TEHV 

design. Due to the stented approach, the TEHV has a cylindrical V-shaped hinge region 

instead of a sinus shaped belly as in the native root. As observed by Leonardo Da Vinci 

already 500 years ago, the sinuses in the native valve help to create vortexes in the 

blood flow which, in turn, promote active closure of the leaflets (Gharib et al. 2002). 

Moreover, vortex flows facilitate the smooth closure of the valve, reduces wear and 

abnormal stress in the leaflets and, therefore, increases the durability of the valve cusps 

(Katayama et al. 2008). In contrast, without the sinus, the leaflets close only passively as 

a result of the backflow (Grande-Allen et al. 2000). Although the sinus is less pronounced 

on the pulmonary site compared to the aortic position, the lower pressures across the 
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pulmonary valve require the active contribution of the blood vortexes in order to close 

the leaflets properly. The lacking blood vortexes in the V-shaped hinge region of the 

decellularized TEHV might have been responsible for fusion of wall and leaflet belly 

(chapter 5). This fusion might be, at least partly, due to small depositions in the V-

shaped hinge region, resulting in a more posterior position of the hinge region 

compared to the original position (dashed lines in figure 6B IV&V).  

6.2.7 Minimally invasive valve replacement 

Feasibility, safety, and proof of principle of the trans-apical implantation of living 

and decellularized TEHV were demonstrated. The trans-apical implantation is known as 

a minimally invasive surgical technique as the trans-apical access requires a mini-

thoracotomy. Although it is a more invasive technique compared to the minimally 

invasive trans-vascular implantation approach, the delivery device allows for larger valve 

diameters to be implanted (Walther et al. 2009) and hence was favorable to start with. 

To enable minimally invasive trans-vascular delivery of the TEHV, the valve needs to be 

crimped to a smaller diameter to fit the catheter, which feasibility remains to be 

investigated for TEHV approaches. In order to crimp the TEHV to smaller diameters the 

leaflets and wall have to become thinner. Moreover, the stent should be shorter and 

more flexible in order to follow the curvature of the vessels during trans-vascular 

delivery without damaging the vessels. 

6.2.8 Animal model and ethical considerations 

The development of heart valve replacements with remodeling and growth 

capacity are of relevance for patients with valvular heart disease and will decrease both 

suffering and mortality of patients and in particular children. Although in-vitro testing 

can answer some questions with respect to expected in-vivo functionality, it will never 

provide a full mimic of the in-vivo response to and remodeling of the implant. Although 

the life of each animal needs to be respected, this type of translational research from 

bench to bed requires in-vivo validation in animals prior to clinical application. The ovine 

model is a commonly used animal model for cardiovascular implants and is an excellent 

predictor of the durability and performance of biologic heart valves regarding 

calcification, the main failure mechanism of valvular prostheses (Hopkins et al. 2009). In 

this thesis, feasibility and functionality of living and decellularized TEHV was investigated 

in sheep. All animals received human care and the three studies were approved by the 

ethics committees in compliance with the Guide for the Care and Use of Laboratory 

Animals, published by the National Institutes of Health (NIH publication No. 85-23). The 

number of animals involved in each study was kept to a minimum and necessary 

adjustments to the valve design and culture protocol were applied before continuing 

implantations. The animal studies described in this thesis were of value to answer the 

questions regarding feasibility, influence of valve crimping to allow transapical 

implantation, and in-vivo remodeling. Moreover, without these animal studies the rapid 

repopulation potential of the decellularized TEHV would not have been noticed. As the 
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series of explanted tissues of different culture- and implantation protocols and follow-up 

times enables more in-depth studies into the mechanisms behind the in-vivo response, 

these animal studies will contribute to a wider understanding of the benchmarks at 

implantation and in-vivo remodeling of TEHV. Nevertheless, it remains unknown to what 

extent results from animal models can be directly translated to humans. For example, 

the ovine model failed to predict the dramatic structural failure of clinical application of 

non-seeded decellularized xenografts in children (Simon et al. 2003). The structural valve 

failure was related to remnants of xenogenic cells and the more robust immune system 

of younger patients. The use of allogenic cells in our TEHV will eliminate this immune 

response to xenogenic material. However, complete cell removal needs to be pursued 

and other possible inflammatory cues need to be investigated before the TEHV can be 

applied to help young children. Conversely, an abundant fibrotic response to 

cardiovascular implants is observed in sheep, which presumably overestimates tissue 

remodeling relative to humans (Schoen et al. 1984). Based on our results of the living 

and decellularized TEHV in the ovine model, we hypothesize that thickening of the 

leaflets might be less of a problem in humans.  

6.3 Future directions 
The results presented in this thesis demonstrate that trans-apical implantation of 

TEHV is feasible. The observed in-vitro and in-vivo retraction and in-vivo thickening of 

living TEHV can be reduced by decellularization of the engineered tissues. Moreover, it 

was demonstrated that decellularized TEHV can be reseeded in-vitro or become rapidly 

repopulated with endogenous cells in-vivo. However, leaflet retraction returned beyond 

8 weeks in-vivo. A sustained solution to control the cellular traction forces on long term 

remains to be solved and possible solutions and other challenges towards clinical 

implementation will be discussed below. 

6.3.1 Native valve geometry  

 The TEHV has a cylindrical V-shaped hinge region (figure 6.2 A) instead of a sinus 

shaped belly and, hence, alter the vortexes in the blood necessary for proper 

hemodynamic loading and leaflet closing. Here, two solutions are proposed to approach 

the native valve geometry more closely. First, the scaffold shape needs to contain a 

larger belly to come closer towards the native root shape. However, as cellular traction 

forces will retract the newly formed tissue, the desired belly leaflet shape can only be 

acquired by external fixation all over the leaflet during in-vitro culture. When such 

fixation of the leaflet shape is feasible, this will enable culture with separated leaflets 

and, hence, prevents irregularities on the free edges as manual separation of the leaflets 

after culture is not necessitated. Second, implementation of the sinus into the wall is 

suggested to enable the physiological vortexes and hence improve closing and loading of 

the valve (figure 6.2 B). Although, implementation of the sinus is more complicated, as it 

requires a new stent design and adaptation of the bioreactor systems, it is hypothesized 

to favor hemodynamic loading of the valve. This, in turn, might help to stabilize the 
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position of the hinge region and prevent the upward movement. In addition to approach 

the native valve geometry, sufficient coaptation directly after implantation is 

hypothesized to be crucial to ensure hemodynamic loading on the long term and, in 

turn, remodeling towards functional leaflets. Physiological loading of the valve will 

prevent in-vivo retraction (Weber et al. 2011) and calcification of the leaflets (Schoen & 

Levy 2005).  

The TEHV of the present thesis were designed for pulmonary valve replacement. 

Future studies should focus on designing TEHV for the aortic position. The mechanical 

properties of the valve tissue allow for systemic loading conditions and the higher 

pressures might actually be favorable in reducing the retraction as the valve tissue might 

get more stretched. Though, sufficient coaptation should be ensured to avoid leaflet, 

prolapse. Apart from sufficient coaptation, stent and valve geometry need to be adapted 

to prevent blocking of the coronary arteries, as previously described for the first trans-

apical aortic implantation of TEHV in sheep (Emmert et al. 2011).  

 

 
 

Figure 6.2: Proposed changes to the stented scaffold design to approach the native 

valve shape. (A) The current V-shaped hinge region of the TEHV should contain a larger 

belly, which needs to be fixed during culture. (B) Implementation of the sinus in the 

stented wall will enable the physiological vortexes and hence improve closing and 

loading of the valve.  

 

6.3.2 Catching the right cell type  

Decellularized TEHV rapidly repopulated in sheep (chapter 5). However, the 

mechanism behind this rapid repopulation should be investigated by fundamental 

studies in-vitro. Moreover, as described in one of the previous sections, characterization 

of the attracted endogenous cell types in the explants may shed light on the tissue 

remodeling response, as the phenotype of the macrophages in the host response can 

indicate the direction to either chronic inflammation or remodeling (Badylak et al. 2008, 

Brown et al. 2009). It was demonstrated in chapter 4 that the decellularized TEHV allow 

for in-vitro reseeding with MSC and still are suitable for trans-apical implantation 
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procedures. MSC reseeding of decellularized TEHV may be a promising method to 

attract anti-inflammatory macrophages with phenotype M2 that differentiate into the 

remodeling phenotype, rather than the macrophages related to chronic inflammation 

(Roh et al. 2010). 

Additionally, even when current clinical studies with decellularized native valves 

show that they do not become repopulated in some or all patients, the decellularized 

TEHV might get repopulated due to their more efficient repopulation capacity. 

6.3.3 Towards desired valve properties 

The presence of increased amounts of glycosaminoglycans is described to 

correlate with reduced tissue retraction in tissue-engineered strips, fabricated in a 

similar manner as the TEHV in this thesis (Vlimmeren et al. 2011). Based on that study, 

prolonged in-vitro culture of TEHV for 6 weeks instead of 4 weeks may increase 

glycosaminoglycan content (Vlimmeren et al. 2011) and reduce tissue retraction, which 

in turn will favor in-vivo valve behavior and prevent calcification (Simionescu et al. 

2003). However, our decellularization procedure demonstrated to decrease the amount 

of glycosaminoglycans by one-third. Still, as we did not see a complete wash-out of 

glycosaminoglycans after decellularization, we might end up with higher amounts of 

glycosaminoglycans by starting with higher amount before decellularization by a longer 

in-vitro culture period. Prolonged culture time in-vitro will also reduce the number of 

scaffold remnants at implantation. This in turn prevents calcification, as mentioned 

above (Yip et al. 2009), and may lower the inflammation response which in turn could 

favor faster remodeling and shorten the time period towards a more quiescent cell 

phenotype. An elastic network has not yet been detected in our TEHV and as the 

formation of an elastic network in the TEHV is of particular importance for the 

biomechanical behavior of the valve (Mol et al. 2009) obtaining such a network should 

be subject of further research.  

6.3.4 Future animal studies  

Animal studies are necessary to confirm whether the above recommendation will 

ensure natural loading of the valve leaflets and hence prevents occlusion of the leaflet 

belly, leaflet retraction, and calcification. Moreover, animal studies could clarify whether 

reseeding with MSC is required to attract the desired anti-inflammatory macrophages 

with phenotype M2 that differentiate into the remodeling phenotype. Long-term animal 

experiments are mandatory to assess the in-vivo valve performance, remodeling 

towards native-like tissues, and eventually growth. To demonstrate growth, TEHV have 

to be implanted in juvenile sheep and a biodegradable stent is required to allow for a 

growing valve diameter. In order to get insight into the repopulation capacity of 

decellularized TEHV in humans, decellularized TEHV based on human cells may be 

implanted in a non-human primate model.  
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6.3.5 Challenges towards clinical implementation 

The feasibility and functionality of autologous living valves, created according to 

the classical tissue-engineering paradigm, are thus far only demonstrated in animal 

studies. Due to substantial technological and logistical limitations, translation of the 

completely autologous TEHV into clinics faces several challenges. The clinical success of 

the TEHV will depend on their superiority compared to today’s bio-prostheses. 

Therefore, clinical characteristics such as regurgitation, stenosis, thromboembolism, 

calcification and infection have to be favorable for the TEHV compared to those of 

current available replacements. Moreover, proof of viability, regenerative capacity, long-

term durability exceeding today’s available bioprostheses, and eventually growth of the 

valve replacement is required.  

The mechanical properties and collagen content of autologous living TEHV 

implants will rely on the cellular productivity of the patient. These significant inter-

patient differences in the autologous TEHV (Geemen et al., 2011) are excluded when 

creating homologous decellularized TEHV based on well characterized cells from a cell-

bank. Though, concerns regarding variability of in-vivo remodeling among patients are 

comprehensible, as repopulation and remodeling capacity might depend upon age and 

influenced by several diseases. 

Last but not least, the TEHV needs to become accepted by the surgical 

community. The (decellularized) TEHV have to demonstrate to exceed the life-time of 

conventional valve replacements with a high degree of certainty (Rahimtoola 2003). 

Additionally, as the need for valve replacements will exceed the supply of donor valves, 

the (decellularized) TEHV has to compete with the decellularized xenograft valves that 

are currently in clinical trials (Konertz et al. 2011).  

6.4  Conclusion and clinical relevance  
Trans-apical implantation of TEHV is feasible. In-vitro retraction and in-vivo 

thickening of living TEHV is reduced by decellularization of the engineered valves. Rapid 

repopulation of decellularized TEHV was demonstrated in sheep. Although the challenge 

remains to overcome in-vivo leaflet retraction, these novel off-the-shelf autologous 

scaffolds can either be reseeded with autologous cells or used as starter matrices for 

guided tissue generation and potentially serve as an alternative to xeno-and homografts. 

The suitability of the seeded or non-seeded TEHV for trans-apical implantation enables 

the accelerated introduction into clinical practice. Additionally, the rapid infiltrating 

capacity and unrestricted and off-the-shelf availability of these decellularized 

engineered valves are of large clinical relevance for patients with valvular heart disease. 
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Samenvatting 
 

Ter vervanging van de huidige hartklepprothesen, die zich niet kunnen aanpassen 

aan of meegroeien met de patiënt, worden tissue-engineerde hartkleppen ontwikkeld. 

Daarnaast kan het ongerief van de patiënt tijdens en na een hartklepvervanging 

verminderd worden door minder invasieve implantatie technieken. Zoals beschreven in 

hoofdstuk 1, hebben deze twee technologieën te weten tissue-engineering en minder 

invasieve implantatie van hartkleppen, zich los van elkaar ontwikkeld. Het doel van het 

promotieonderzoek was om deze twee nieuwe technologieën te combineren. 

De mogelijkheid om tissue-engineerde hartkleppen voor minder invasieve 

implantatie te gebruiken wordt beschreven in hoofdstuk 2. Door middel van transapicale 

toegang tot het hart werden tissue-engineerde hartkleppen geïmplanteerd in schapen. 

De functionaliteit van de kleppen was afdoende, al vertoonde de geëxplanteerde 

kleppen verdikking en retractie van de vliezen. 

Het reduceren van de diameter van deze levende tissue-engineerde hartkleppen, 

noodzakelijk voor minder invasief implanteren, werd gezien als een mogelijke oorzaak 

voor de in-vivo verdikking. Daarom werden tissue-engineerde hartkleppen ook op 

conventionele wijze geïmplanteerd, zoals beschreven in hoofdstuk 3. Daar geen 

verschillen werden gevonden tussen de uitkomsten van de beide implantatie 

technieken, werd geconcludeerd dat het reduceren van de diameter van de levende 

tissue-engineerde hartkleppen geen effect had op het in-vivo verloop. Verdikken van de 

hartkleppen wordt verwacht een fase van remodelering te zijn, maar dient tot een 

minimum beperkt te worden. 

Aangezien retractie van de klepvliezen hoofdzakelijk cel geïnduceerd is, werden 

in hoofdstuk 4 de tissue-engineerde hartkleppen gedecellularizeerd. Hierdoor bleef 

retractie van de vliezen grotendeels uit, wat ten goede kwam aan de in-vitro 

functionaliteit. Het behoud van collageenstructuur en weefselsterkte van de gekweekte 

hartkleppen werd aangetoond, evenals de mogelijkheden voor het langdurig bewaren 

van de kleppen en het in-vitro herzaaien van de vliezen. 

Preklinische studies in schapen hebben aangetoond dat decellularizatie van 

tissue-engineerde hartkleppen ook wenselijk is voor het in-vivo gedrag. Hoofdstuk 5 

beschrijft dat verdikking acht weken lang uit bleef en de hartkleppen remodeleerde en 

repopuleerde. Op langere termijn vertoonden de hartkleppen echter toenemende 

insufficiëntie en verkleining van de vliezen; deze hartkleppen zijn daarom nog niet 

geschikt voor klinische toepassing. 



Samenvatting   

 112 

In dit proefschrift zijn de technologieën tissue-engineering en minder invasieve 

implantatie van hartkleppen succesvol gecombineerd. Gedecellularizeerde tissue-

engineerde hartkleppen verminderen retractie en verdikking van de vliezen in-vivo en 

worden snel gerepopuleerd. Verdere ontwikkeling van deze veelbelovende 

hartklepprothesen zal in de toekomst leiden tot het beperken van her-operaties en 

complicaties en daarmee het ongerief van patiënten verminderen. 
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