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Abstrakt 

     Xenogenní biologické srdeční chlopenní náhrady používané v současnosti v klinické praxi 

mají celou řadu limitací. Hlavním problémem je rozvoj degenerativních změn, který vede k 

dysfunkci chlopně. Reoperace je nutná až u 65% pacientů za 15 let po implantaci těchto 

chlopní. Cílem tkáňového inženýrství je vytvořit nový typ autologní biologické náhrady 

srdečních chlopní pro klinickou praxi, která bude obsahovat živé autologní buňky a bude mít 

zachovánu schopnost remodelace. Za tímto účelem se používají různé typy scafoldů, buněk a 

různé laboratorní postupy. Většina z nich se však neosvědčila pro různé limitace, jako je 

nekompatibilita s imunitním systémem, špatná penetrace buněk do scafoldů, nízká produkce 

mezibuněčné hmoty, špatné biomechanické vlastnosti a nezachovaná schopnost remodelace 

po implantaci in vivo. 

     V první části výzkumu bylo cílem porovnat buněčné složení a strukturu mezibuněčné 

hmoty a mechanické vlastnosti lidského perikardu jako potenciálního scafoldu pro tkáňové 

inženýrství autologní srdeční chlopennní náhrady se strukturou normální lidské aortální 

chlopně.  

     Druhá část výzkumu byla soustředěna na přípravu dynamického kultivačního systému 

(bioreaktoru) pro trojrozměrné (3D) dynamické kondicionování tkáně lidského perikardu 

regulovaným pulsním průtokem kultivačního media.       

     Ve třetí části výzkumu byla provedena pilotní studie s užitím nové metody přípravy 

trojcípé srdeční chlopenní náhrady založené na 3D kondicionování tkáně lidského perikardu 

(mechanotransdukci). Vzorky lidského perikardu byly odebírány během kardiochirurgických 

výkonů a kultivovány 4 týdny v dynamických podmínkách in vitro ve tvaru trojcípé aortální 

chlopně. Poté byly vzorky kondicionované tkáně perikardu srovnány s tkání 

nekondicionovaného perikardu od stejného pacienta a s normální aortální chlopní odebranou 

při srdečních transplantacích.   

     Lidský perikard obsahuje vimentin pozitivní perikardiální intersticiální buňky (PICs), které 

mají podobné vlastnosti jako chlopenní intersticiální buňky (VICs). Tyto buňky jsou schopné 

reagovat na mechanické zatěžování v procesu nazývaném 3D mechanotransdukce proliferací 

a diferenciací do aktivního fenotypu a produkcí nové mezibuněčné hmoty (ECM). 

To bylo dokumentováno statisticky významným vzestupem vimentin a α-SMA pozitivních 

PICs buněk, a také zvýšenou produkcí kolagenu I, elastinu a glykosaminoglykanů (GAGs). 

Histologická struktura lidského perikardu po kondicionování je velmi podobná normální 
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aortální chlopni a bylo prokázáno, že 3D mechanické kondicionování je důležité pro aktivaci 

PICs buněk a remodelaci tkáně.  

     Na základě výsledků této studie lze konstatovat, že autologní lidský perikard může být 

slibnou tkání k připravě srdeční chlopenní náhrady se živými buňkami. Náhrada srdeční 

chlopně tohoto typu může mít optimální biomechanické a hemodynamické vlastnosti a 

nebude vyvolávat nežádoucí imunitní reakci po implantaci in vivo.  

      

 

Klíčová slova: autologní lidský perikard, perikardiální intersticiální buňky, intersticiální 

buňky aortální chlopně, mezibuněčná hmota, 3D zatěžování, mechanotransdukce, bioreactor, 

sečný modul pružnosti, tkáňové inženýrství. 
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Abstract 

     Currently used xenogeneic biological heart valves have several limitations in clinical 

practice. The main problem is the development of degenerative changes leading to valve 

failure. Re-surgery is required in approximately 65% of patients at 15 years after 

implantation. The challenge of heart valve tissue engineering is to create a new type of 

autologous biological heart valve prosthesis for clinical use with living cells capable of valve 

tissue remodeling. Several approaches are used with different types of scaffolds, and with a 

variety of cells and laboratory protocols. Most of them have not proven themselves, due to 

limitations such as scaffold immune system incompatibility, non-optimal mechanical 

properties, scaffold shrinkage, poor cell penetration, low extracellular matrix production and 

poor biomechanical properties and no remodeling potential after implantation in vivo.  

     In the first part of the research, the objective is to compare the cellular matrix, the 

extracellular matrix structure and the mechanical properties of human pericardium as a 

potential scaffold for autologous heart valve tissue engineering with the structure of the 

normal human aortic heart valve.  

     The second part of the research deals with the preparation of a dynamic culture system (a 

bioreactor) for in vivo human pericardial tissue three-dimensional (3D) conditioning with 

pulse and regulated flow of the culture medium. 

     In the third part of the research, a pilot study with the use of a new method for preparing a 

three-cusp heart valve construct from human pericardium for potential use as a heart valve 

replacement based on 3D pericardial tissue conditioning (mechanotransduction). Human 

pericardium samples were harvested during cardiac surgery and were cultured under dynamic 

conditions in vitro in the shape of the three cusp aortic heart valve for up to four weeks. After 

this time, the conditioned pericardial samples were compared with the control unconditioned 

pericardial samples from the same patient, and with the normal aortic heart valve obtained 

during heart transplantation.  

     Human pericardium consists of vimentin-positive pericardial interstitial cells (PICs), which 

have similar properties to those of human valve interstitial cells (VICs). These cells are able 

to respond to mechanical stresses through a process called 3D mechanotransduction, by 

proliferating and differentiating into an active phenotype capable of producing new 

extracellular matrix (ECM). This was shown by a statistically significant increase in vimentin 

and alpha smooth muscle actin (α-SMA) positive cells after conditioning, and also by 

increased production of collagen I, elastin and glycosaminoglycans (GAGs). The histological 
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structure of the conditioned pericardium is very similar to that of the normal aortic heart 

valve, and 3D dynamic conditioning was proven to be important for PIC activation and tissue 

remodeling.  

     Based on the results of this study, autologous human pericardium may be a promising 

tissue from which to construct a living heart valve substitute. A heart valve replacement of 

this type may possess optimal biomechanical and hemodynamic properties and may be free of 

negative immune response after implantation in vivo. 

 

Keywords: autologous human pericardium, pericardial interstitial cells, aortic heart valve, 

valvular interstitial cells, extracellular matrix, 3D conditioning, mechanotransduction, 

bioreactor. secant elastic modulus, tissue engineering.  
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2. Abbreviations 

 

α-SMA         alpha - Smooth Muscle Actin  

CAD            computer-aided drafting  

CD31    Cluster Differentiation 31, platelet-endothelial cell adhesion molecule, also                      

referred to as PECAM-1 

CMFDA       5-chloromethylflorescein diacetate 

CW               Continuous-Wave Doppler 

DMEM         Dulbecco's Modified Eagle's Medium 

ECM             ExtraCellular Matrix 

EOA             Effective Orifice Area  

Es                  Elastic secant modulus  

ESEM           Environmental Scanning Electron Microscope 

FBS              Fetal Bovine Serum  

GAGs           GlycosAminoGlycans  

H&E             Hematoxylin-eosin and elastica staining 

HPF              High-Power Fields - the maximum magnification power of the objective 

HP                 unconditioned Human Pericardium  

Ki-67             nuclear marker for cell proliferation 

LCA              common LeukoCyte Antigen  

NAV             Native (normal) Aortic Valve 

PICs              Pericardial Interstitial Cells 

PW                Pulsed-Wave Doppler  

SEM             Scanning Electron Microscopy 

SHG             Second Harmonic Generation microscopy  

STL format   technology called STereoLithography) for 3D printing 

SV                 Stroke Volume  

VICs             Valve Interstitial Cells 

3D                 3 Dimensional 

TEV              Tissue-Engineered Valves  

TPEM            two-photon excitation microscopy 

2D                 2 Dimensional 

VTI                Velocity Time Integral 
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3. Introduction 

     Heart valves are very important for normal blood flow in the heart. Valve defects are either 

stenoses, meaning narrowing, or regurgitations caused by incompetence of the valves. The 

prevalence of heart valve diseases increases with age. It is estimated that around 300,000 

valve replacements are implanted worldwide each year and this number will likely rise 

manifold in the upcoming decades (Yacoub M.H., Takkenberg J.J., 2005). 

     The valve replacements currently used (for examples, see Fig. 1) have a number of 

limitations and risks for the patient. Mechanical valve replacements are made from pyrolytic 

carbon or titanium components and, upon implanting, require permanent anti-coagulation 

treatment. They are subject to a risk of dysfunction of the valve replacement due to the 

structural defects of mechanical valves, paravalvular regurgitation, hemolysis, and 

thrombosis, fibrous tissue of the pannus or infectious endocarditis on their surfaces that is not 

natural for the body. The incidence of mechanical valve dysfunction is reported in 2-4% of 

patients each year and the mortality caused by this dysfunction is 1-2% of patients per year 

(Vojáček J., Kettner J. et al., 2009; Vahanian A. et al., 2012).  

     Exogenous bovine valves fixated with glutaraldehyde, valves produced from bovine 

pericardium, and cryopreserved allografts (homografts) from human donors (see Fig. 1) are 

widely used biological valve types at the present time. Pericardial valves, crosslinked and 

fixated by glutaraldehyde, have greater resistance against degradation by collagenases. They 

further prevent infiltration by cells and the natural remodeling of the valve, and have a 

tendency toward more frequent occurrence of undesirable degenerative changes and 

calcification, which are described in 2-4% of patients per year (Popelová J. et al., 2007). In 

the case of biological valve replacements, the necessity of reoperation due to structural 

changes (see Fig. 2 A,B,C) occurs in up to 65% of patients under 60 years of age within 15 

years of implantation. For this reason, they are primarily used in patients over 65 years of age 

(Popelová J. et al., 2007; Vahanian A. et al., 2012; Cheung D.Y. et al., 2015, Welke K.F. et 

al., 2011). Compared with native heart valves, they have more problematic biomechanical 

characteristics and their surfaces are not covered with endothelium (Vojáček J., Kettner J. et 

al., 2009; Vahanian A. et al., 2012).  

     Ross’ operation (a diseased aortic valve is replaced with the patient’s pulmonary valve, 

which then replaced either by a mechanical valve or by a biological valve) is surgically 

difficult, and is linked with up to 10% higher early mortality. It has unconvincing long-term 

results, and it is necessary to reoperate in up to 20% of patients within 10 years. In a long-
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term study, the main complication is stenosis of the homograft, for which replacement of the 

pulmonary valve is required (Kallio M. et al., 2015).  

     Therefore, there is currently no optimal valve replacement available in clinical cardiology 

and in cardio surgery that would be “custom-made for each patient”, be natural for the body 

and contain live autologous cells capable of remodeling the extracellular matrix (ECM), have 

a surface covered with endothelium, and not cause an undesirable immune response leading to 

an earlier development of degenerative changes (Fig. 2A, B, C) or the need to re-operate.   

 

   

Fig. 1. Some types of present-day valve replacements – a double-disc mechanical valve 

and a biological valve replacement for surgical and catheter implantation. 

    

Fig. 2A. An explanted biological valve replacement with significant degenerative 

changes, thickening, calcification, and rigidity of the cusps. 

 

 



16 

 

 

Fig. 2B. Biological valve replacement with degenerative changes and infiltration of 

immune cells - H&E stain (magnification 50x, 400x). Scale bar = 200 µm,100 µm. 

 

Fig. 2C. Plasmatic positivities CD68 (shown in brown) were focally found in an 

explanted bovine aortic valve replacement, identifying the presence of macrophages in 

the surface part of the valve in the context of the immune response to the xenogeneic 

valve (magnification 400x). Scale bar = 100 µm. 
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     A normal aortic valve has a specific shape (Fig. 3) and is composed of three histological 

layers. Lamina ventricularis (C) is found on the chamber-side of the valve and mostly 

contains elastic fibers. Lamina fibrosa (A) is on the opposite side of the valve, facing the 

ascending aorta, and is composed of thickly-arranged collagen fibers. This layer is responsible 

for most of the mechanical characteristics of the aortic valve. The central part of the valve is 

created by lamina spongiosa (B), composed primarily of glycosaminoglycans and 

proteoglycans (GAGs). The surface of the valve is covered by endothelial cells (Fig. 4). 

 

 

 

 

 

 

 

 

Fig. 3. A tricuspid aortic valve with visible sinus of Valsalva and connection of coronary 

arteries.  

  

Fig. 4. Normal aortic valve. H&E stain (magnification 100x). Scale bar = 200 µm. Collagen 

fibers are apparent in red, particularly lamina fibrosa (A), elastic fibers in lamina ventricularis 

(C) in purple and the central part is lamina spongiosa (B). 
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     The main cellular type of aortic valve is valve interstitial cells (VICs). These are cells of 

mesenchymal type that occur in multiple phenotypes. The ratio of the individual phenotypes 

present in the aortic valve changes over the course of a lifetime from the embryonic period to 

adulthood (Schoen F.J., 2008). VICs are highly dynamic and ductile cells, able to respond to 

stimuli from the extracellular environment. They are closely attached to the valvular ECM 

that they both produce and remodel. These cells are also mutually closely attached, using 

cytoplasmic processes and junction connections and, as such, they create a complex three-

dimensional structure within the ECM (Plant A.L. et al., 2009). This structure is apparent in 

examinations using confocal microscopy (Fig. 5). 

 

 

 

Fig. 5. Aortic heart valve, lamina fibrosa. Second harmonic generation (SHG) and two-

photon excitation (TPEM) microscopy imaging:  bright green fluorescence - 5-

chloromethylfluorescein diacetate (CMFDA) staining of living cells (VICs), 

autofluorescence of elastin, magenta - SHG signal of collagen. 

 

     The changes in the composition of ECM and mechanical straining are perceived by the 

VICs, using receptors for growth factors and communication of the cells with ECM. The 

external impulses are transformed into intracellular signals that govern the genetic behavior of 

the cell and can therefore also participate in the change of its phenotype. It is assumed that 

https://juniper.ikem.cz/,DanaInfo=www.ncbi.nlm.nih.gov+pubmed?term=Plant%20AL%5BAuthor%5D&cauthor=true&cauthor_uid=19027042
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signaling uses growth-factor functions in synergy with direct mechanical strain 

(mechanotransduction), and leads to the proliferation and differentiation of these cells 

(Schoen, F.J., 2008; Plant, A.L. et al., 2009).  

     The signal paths lead to the creation of a specific structure of the tissue and, affected by the 

uneven straining of the surface of the valve, they also form the basis for anisotropy of its 

structure and mechanical characteristics. The amount and the quality of newly-created or 

remodeled ECM (including the orientation of the ECM fibers in the 3D structure of the 

tissue), the type of collagen, elastin and its crosslinking, as well as the content of GAGs, 

determine the mechanical characteristics of the valve tissue, including its pliancy, strength in 

traction and anisotropy (Engelmayr Jr. G.C., Sacks M.S., 2008). 

     In adults, VICs usually have a resting phenotype called quiescent fibroblast-like phenotype 

(identified as qVICs), which characteristically expresses low levels of cellular marker for 

smooth-muscle alfa actin (α-SMA). Their role is similar to that of chondrocytes in the 

cartilage or osteocytes in bones; that is, to sustain an even level of production and degradation 

of ECM, thus maintaining the adequate structure and function of the heart valve. VICs may be 

activated into a myofibroblast-like phenotype (identified as aVICs), i.e. into active cells that 

express α-SMA and mediate the process of remodeling the valve tissue. This change into an 

active phenotype occurs as a reaction to chemical or mechanical signals from the cellular 

environment (Ku C. et al., 2006; Colazzo F. et al., 2011). 

     As a whole, VICs behave in ways to create and remodel the ECM, also based on sensing 

damaged ECM or from sensing pressure changes in their own surroundings. This is a very 

effective and sophisticated method of perceiving defects in the ECM structure, which they 

attempt to repair this way in order to sustain the normal structure and function of the tissue. 

(Ku C. et al., 2006; Colazzo F. et al., 2011). 

     Although tissue engineering of heart valves has made significant progress, when it comes 

to understanding the structure and the function of these valves and their clinical applications, 

there remain certain limitations within these proceedings in order to create a live heart valve 

that is capable of remodeling and, in the case of child populations, that is also capable of 

growth and biological integration. A heart valve replacement created by tissue engineering 

(TEHV) should optimally  cause no undesirable immune reactions against the valve tissue 

after implanting. Further, it should be non-thrombogenic; that is, ideally the surface should be 

covered with endothelium. It would also be valuable for the valve to have an appropriate 

anatomical shape, mechanical characteristics, proper function and for it to be easily 

implantable in clinical practice.   

https://juniper.ikem.cz/,DanaInfo=www.ncbi.nlm.nih.gov+pubmed?term=Plant%20AL%5BAuthor%5D&cauthor=true&cauthor_uid=19027042
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     Tissue engineering has various methods for producing a biological valve replacement. 

There are various types of scaffolds and scaffold processing, as well as various types of cells 

for seeding scaffolds. In this case, natural biomaterials, such as collagen and fibrin, appear 

suitable for creating conditions for cell proliferation and differentiation. For example, 

collagen was used in the form of a hydrogel to create cusps of a valve and an entire conduit 

(Neidert M.R., Tranquillo R.T., 2006). Flanagan et al. created a completely autologous valve 

replacement in the form of a mold from fibrin, using sheep cells from their carotid artery that 

were implanted into the stem of the pulmonary artery of a sheep (Flanagan T.C. et al., 2007).  

     Generally, the main problem with these TEHV (made from biological materials without a 

firm structure of EMC created in vitro in hydrogel conditions) is that these materials are not 

stable in shape upon straining. They may retract, thus causing the loss of coaptation of the 

valve (Van Loosdregt I.A. et al., 2014). Synthetic polymers have the advantage of easier 

processing into the required shape of the valve, and better mechanical characteristics. Among 

such polymers typically used are polyglycolic acid (PGA), polylactic acid (PLA), 

polycaprolactone (PCL), poly(4-hydroxybutyrate) (P4HB) (Filova E. et al., 2009), or 

combined scaffolds such as PGA/P4HB TEHV scaffold (Dijkman P.E. et al., 2012).  

     The scaffolds are seeded with cells and cultivated and dynamically strained in vitro. A 

problem may occur with excessively fast biodegradation of the scaffold, before it is 

strengthened by the new production of ECM, or in retraction of the cusps of the valve. This 

may lead to structural changes and valve incompetence. However, slow degradation of the 

synthetic scaffold can cause a chronic inflammatory reaction, leading to fibrosis and 

dysfunction of the valve (Ghanbari H. et al., 2009; Claiborne T.E. et al., 2012).  

     A problem also remains in the penetration of cells into deeper layers of the scaffolds, 

depending on the size of the pores or the character of the scaffold. The interactions of cells 

with matrixes are highly specific, arranged by mediators and sometimes difficult to simulate 

under laboratory conditions (Plant A.L. et al., 2009).  

     New technologies such as electrospinning have enabled the development of TEHV on the 

basis of scaffolds in a controlled nanofiber structure that simulates the arrangement of ECM 

fibers, anisotropy of normal heart valve tissue, and enables the growth and differentiation of 

cells (Fallahiarezoudar E. et al., 2015). Such TEHVs have been created, for example, from 

polyurethane (Fan R. et al., 2013), or from poly(glycerol sebacate) (PGS) (Masoumi N. et al., 

2014), with VIC cells that produced new ECM and remodeled the scaffold (Sant S. et 

al.,2013).  

https://juniper.ikem.cz/,DanaInfo=www.ncbi.nlm.nih.gov+pubmed?term=Plant%20AL%5BAuthor%5D&cauthor=true&cauthor_uid=19027042
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     Rapid prototyping (3D bioprinting) is used in the preparation of valves that correspond to 

anatomical shapes according to CT or MR examinations. They also attempt to respect the 

individual layers of the tissue, that is, the character of the ECM and cell content. For example, 

valves from P4HB (Sodian R. et al., 2002) or from poly(ethylene glycol) – diacrylate 

supplemented by alginate (Hockaday L.A. et al., 2012) were created in this way. Migration 

and proliferation of VICs and their ability to produce new ECM (collagen, GAGs) and 

remodel the valve tissue was documented in the case of 3D valves created from a hydrogel of 

methacrylated hyaluronic acid and gelatin from human VICs by cells from the aortic valve 

(Duan B. et al., 2013). 

     Another way to prepare valve replacements in tissue engineering is to remove cells from 

suitable tissue through physical methods (freezing and thawing), through chemical methods 

(hypertonic or hypotonic buffers, detergents) or through biological methods (chelators, 

enzymes) and thus to decellularize it while sustaining its ECM structure.  

     For example, DNases/RNases were used for decellularization (Paniagua Gutierrez J.R. et 

al., 2015), Triton X (Akhyari P. et al., 2010), and also sodium deoxycholate (Zhou J. et al., 

2010), sodium dodecyl sulfate (Flameng W. et al., 2014) and ethylenediaminetetraacetic acid 

(Takagi K. et al., 2006). Decellularized valve tissue should not contain any nuclear material 

and only minimal amounts of dsDNA, less than 50 ng/mg of dry weight of ECM (Crapo P.M. 

et al., 2011). Allogeneic or xenogeneic tissue or a valve can be used for this purpose. Given 

the preservation of the ECM structure, decellularized valves have similar hemodynamic 

characteristics to biological valves (Jiao T. et al., 2012). However, unlike them, they are not 

crosslinked with glutaraldehyde, thus enabling cellularization by autologous cells after 

implantation (Neumann A. et al., 2014).  

     Until now, glutaraldehyde has been used to crosslink biological valve replacements. New 

procedures are also being developed, for example the use of carbodiimide, neomycin 

trisulphate and pentagalloyl glucose (TRI) (Tam H. et al., 2015), or substances such as 

quercin (Somers P. et al., 2015). However, it is apparent from the studies and from clinical 

experience with the use of decellularized scaffolds that these allogeneic or xenogeneic tissues 

can cause undesirable immune reactions against foreign tissues in vivo. These can negatively 

impact the “survival” of the valve after implantation, its remodeling, etc. (Zhou J. et al., 

2010).  

     Chemical crosslinking and decellularizion processes have been used with varied success to 

decrease undesirable immune responses to the xenogeneic tissue, but in general, it is apparent 

that further studies are necessary to improve our understanding of this immune reaction. 
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Ligands and ECM structure can be changed by crosslinking and decellularization processes, 

thus impairing the natural molecular mechanisms necessary for the normal function of 

interstitial cells (Knight R.L. et al., 2008). It has been demonstrated that these processes are 

not sufficiently reliable in removing cells and achieving immune tolerance of the valve tissue, 

and also because they can even influence the early and long-term survival of the heart valve 

after implantation (Kasimir M.T. et al., 2006).  

     For example, xenogeneic decellularized valve replacements Matrix P® and Matrix P 

plus® were used in clinical practice to replace the pulmonary valve. A surgical or 

transcatheter exchange of this valve replacement had to be performed in 52% of the patients 

within 19 months, due to its failure caused by an immune reaction against the valve cusps. 

This caused an inflammation leading to tissue fibrosis, as documented by histology and 

magnetic resonance examinations (Voges I. et al., 2013).  

     The goal of tissue engineering efforts is to create an autologous valve replacement, in 

order to prevent undesirable immune reactions against the valve tissue in vivo. To achieve 

this, some authors use molds from biocompatible materials in the shape of a heart valve, 

which they temporarily transplant under the skin of animals, so-called ‘in-body tissue 

architecture’ technology. Skin fibroblasts grow into the mold and create a new ECM. The 

result is an autologous valve that can be used for implantation (Kishimoto S. et al., 2015). 

This approach appears to be promising. However, we are waiting for further results of studies 

after implanting these valves to aortal position, in which the valve is exposed to different 

hemodynamic conditions and greater strain than for the position of the pulmonary valve 

replacement.  

     An alternative method for creating autologous heart valve replacement that we will 

examine in our work is the use of human tissue of a similar histological composition as the 

aortic valve, and its modification in vitro. Human pericardium (Fig. 6) is a tissue of this type. 

It is composed of two layers, fibrous (A) and serous (B), and contains pericardial interstitial 

cells (PICs) of mesenchymal type, similar to VICs in heart valves. The fibrous part is 

composed of a dense network of collagen fibers, while the serous layer (closer to the 

pericardial cavity) contains (in comparison with the fibrous layer) fewer collagen fibers and is 

covered by mesothelial cells that have a secretory function.  
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Fig. 6.  

Human pericardium. H&E stain (magnification 100x). ). Scale bar = 200 µm. Dense 

collagen fibers in the fibrous layer are apparent in red.  

 

 

     Modification of the human pericardium in vitro can be a new approach to creating 

autologous heart valve replacements with live cells capable of remodeling in vivo. The 

harvesting of pericardium can already be performed with minimal invasiveness in clinical 

practice today. A valve of the necessary size and dimensions (a stent) can be prepared for the 

patient based on MR, CT or 3D echocardiography examination with the use of CAD 

(computer-assisted design) technology and 3D printing (rapid prototyping). Using these 

methods, it is possible to create an anatomically shaped stent for a specific patient. It will be 

possible to evaluate the function of the valve replacement in a dynamic cultivation system 

under simulated physiological conditions prior to implantation. Using an echocardiographic 

examination, the evaluation includes an assessment of the opening of the valve, coaptation of 

the cusps, glow gradients and effective orifice area (EOA), as well as valve regurgitation. 

     In our estimates, dynamic conditioning in the bioreactor may lead to positive remodeling 

of the human pericardium tissue by PICs prior to actual implantation, provided that the PICs 

behave similarly to VICs (Berry J.L. et al., 2010). We can evaluate the quality of pericardial 

tissue, the structure and viability of PICs prior to implantation using immunohistochemical 

techniques or confocal microscopy.  
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     Besides sustaining their regeneration function after implantation, an advantage of 

autologous valves from human pericardium with endothelium-covered surfaces may also be 

their non-thrombogenic surface. In these valves we can expect a decreased risk of infectious 

endocarditis. We can also expect that long-term anticoagulation treatment will no longer be 

necessary. The potential growth of these valves after implantation in child patients is also 

promising. 

     Human pericardium is a prosmising tissue for the preparation of autologous heart valve 

replacements. It is a complex tissue with a sustained ECM structure and a network of live 

PICs that can proliferate, differentiate and modify the pericardial tissue through the 

production of new EMC under the influence of a specific mechanical strain (3D 

mechanotransduction), similarly to the proliferation of VICs (Colazzo F. et al., 2011). It is 

reasonable to assume that the cells will retain their remodeling capability even after 

implantation in vivo in the blood circulation.  

     The mechanical characteristics of the human pericardial tissue may be similar to the tissue 

of a normal aortic valve, which likely also relates to the similarity of the histologic structure 

of both these tissues (particularly the composition of their fibrous layer). The anisotropy of 

the tissue of a normal aortic valve is given by the arrangement of collagen fibers, primarily in 

the circumferential direction (Martin C., Sun W., 2012).  

 

4. Objectives  

1. Compare the cellular and extracellular matrix (ECM) structure and mechanical properties 

of human pericardium as a potential scaffold for autologous heart valve tissue engineering 

with the structure of the normal human aortic heart valve.  

 

2. Construct the dynamic culture system with pulse flow of the culture medium for three-

dimensional (3D) conditioning of human pericardial tissue. 

 

3. Perform a pilot study with the use of a new method for preparing a three-cusp heart valve 

construct from autologous human pericardium for potential use as a heart valve replacement 

based on 3D conditioning (mechanotransduction) of human pericardial tissue. 
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5. Hypothesis: 

     The cellular matrix and the extracellular matrix structure and mechanical properties of 

human pericardium as a potential scaffold for autologous heart valve tissue engineering are 

similar to the structure and the mechanical properties of the normal human aortic heart valve.  

     A dynamic culture system will be constructed with pulse flow of the culture medium for 

three-dimensional (3D) conditioning of human pericardial tissue.  

     In vitro modification of the autologous human pericardial tissue structure by 3D dynamic 

conditioning will prove that pericardial interstitial cell (PIC) behavior is similar to that of 

valve interstitial cells (VICs) of normal aortic heart valve. These cells are able to respond to 

mechanical stresses (mechanotransduction) by proliferating and differentiating into an 

activated myofibroblast-like phenotype capable of producing a new ECM and remodeling the 

histological structure of the tissue. 

     We assume that the biomechanical and hemodynamic properties human pericardial tissue 

will be comparable to the normal aortic heart valve. 

 

6. Materials and methods 

6.1  Histological and immuhistochemical analysis  

     For the histological evaluation, the samples were fixed in 10% formalin, embedded in 

paraffin, cut at 4 μm and stained with hematoxylin-eosin (H&E) and elastica Weigert - van 

Gieson. All tissue samples were also evaluated for several cell markers, such as cytoskeletal 

proteins vimentin (a type III intermediate filament protein) and desmin (a marker of striated 

muscles), alpha smooth muscle actin (α-SMA), CD31 (platelet-endothelial cell adhesion 

molecule, also referred to as PECAM-1), LCA (leukocyte common antigen) and β-catenin (a 

cell adhesion protein associated with cadherin junctions linking cadherins to the actin 

cytoskeleton). Alcian blue staining was used for staining acidic glycosaminoglycans (GAGs; 

mucopolysaccharides). 

     Immunohistochemical detection of collagen I, III and elastin was performed on paraffin 

sections 4 μm in thickness, using a two-step indirect method. The slides were deparaffinized 

in xylene and rehydrated in graded ethanol. After deparaffinization and rehydration, 

endogenous peroxidase was blocked by 0.3% H2O2 in 70% methanol for 30 minutes. A 

primary antibody was applied for 30 minutes at RT, and antibody detection was performed 

using Histofine Simple Stain MAX PO (MULTI) Universal Immuno-peroxidase Polymer, 
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anti-Mouse and anti-Rabbit (Histofine; Nichirei, Japan). Immunohistochemical detection of 

vimentin, desmin, α-SMA, CD31, LCA and β-catenin was performed on sections of paraffin-

embedded tissues 4 μm in thickness, using the Ventana Benchmark Ultra system (Tuscon, 

AZ, USA) with the ultraView Universal DAB Detection Kit. The primary antibodies were: 

anti-vimentin (1:500; V9, Dako, Glostrup, Denmark), anti-α-SMA (1:1000; 1A4, Dako, 

Glostrup, Denmark), anti-CD 31(1:100; JC7OA, Dako, Glostrup, Denmark), anti-LCA 

(1:100; 2B11+PD7/26, Dako, Glostrup, Denmark), anti-β catenin (1:100; 17C2, Leica 

Biosystems, Germany), anti-desmin (1:100; D33, Dako, Glostrup, Denmark), anti-collagen I 

(1:50; polyclonal, CosmoBio Co., Japan), anti-collagen III (1:100; FH-7A, Abcam, 

Cambridge, UK) and anti-elastin (1:200; polyclonal, Abcam, Cambridge, UK). Finally, the 

specimens were stained with Dako Liquid DAB (3.3 diaminobenzidine) + Substrate-

Chromogen System (Dako, Glostrup, Denmark) for 5 min, and were then counterstained with 

Harris’s hematoxilin and were mounted.   

     The stained specimens were evaluated by light microscopy (Leica DMLB 100S) and 

microphotographs were taken (software Leica image manager). The average number of cells 

was calculated from 10 high-power fields (HPF - the maximum magnification power of the 

objective) in each group of evaluated tissue samples, using an Olympus BX 40 microscope, 

400x magnification level (microscopic field ≈ 440 x 440 µm).  

 

6.2  Histomorphometric analysis  

     A histomorphometric evaluation of the presence of collagen I, elastin and GAG was 

performed using the ImageJ analysis program (Image Processing and Analysis in Java; 

National Institute of Health, USA). Ten image files were scanned from each 

immunohistochemically (collagen I, elastin) stained sample or Alcian blue (GAGs) stained 

sample, (100x magnification), giving a total of 300 images of unconditioned pericardium, 

pericardium after dynamic conditioning, and normal aortic valve. Ten lines of bar profiles 

were subsequently evaluated for each image for an investigation of the structure of the tissue. 

We evaluated this with the use of so-called “integrated density” - the total amount of collagen 

I, elastin and mucopolysaccharides in the examined tissue was determined, with the exclusion 

of non-compacted tissue structures, which are artifacts resulting from the processing of 

histological samples. The content of the investigated ECM proteins (collagen I, elastin) and 

GAGs in the tissue was calculated as the integral of the density of the pixel values (color 

intensity) along the lines of the bar profiles, which is like the tissue thickness of the stained 

ECM component multiplied by its color intensity (Schneider et al., 2012).  
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6.3  Scanning electron microscopy (SEM) 

     An FEI Quanta 200 ESEM microscope (Institute of Botany, Academy of Sciences of the 

Czech Republic) was used to examine the surface of the tissue by SEM (scanning electron 

microscopy). This microscope has outstanding non-high-vacuum operating modes: Low 

Vacuum and ESEM (Environmental Scanning Electron Microscope) additionally improved by 

the Peltier cooling stage for the samples (equipped with an external water chiller). 

     The ESEM technology makes it possible to investigate specimens in their natural state, 

under conditions of a water vapour atmosphere at pressures up to 2600 Pa (=26 mbar =20 

Torr). Gas (water vapour) ionisation inhibits accumulation of the charge on the surface of 

non-conductive specimens and amplifies the secondary electron signal. There is no need for 

time-consuming conventional preparation techniques (such as coating), which may produce 

unwanted artefacts in the sample. 

     In addition, the cooling system makes it possible to explore easily-damageable living 

specimens by freezing them to temperatures from 0°C to –20°C with accuracy of 0.1°C. 

Cooling is effective for reducing the danger of over-drying and wizening of the sample and 

the danger that burns or swellings can be made by an intensive electron beam. 

     Suitable usage of these abilities, together with high resolution (up to 3.5 nm at 30 kV) 

electron optics and the sensitive Gaseous Secondary Electron Detector, makes it possible to 

observe natural state biological specimens with useful magnifications from 6x up to ordinary 

20,000x - 50,000x, depending on the quality of the sample material (the microscope is built to 

maximum magnification >1,000,000x). 

     Our specimens were scanned using the ESEM mode in their natural state under water 

vapour atmosphere at pressures around 300 Pa and at temperatures slightly below -10°C. The 

electron beam accelerating voltage was 20 kV and the magnification was up to 1000x. 

 

6.4  Second harmonic generation (SHG) and two-photon excitation (TPEM) microscopy  

     All images were acquired by a Leica TCS SP2 acoustooptical beamsplitter (AOBS) 

multiphoton confocal laser scanning microscope based on the Leica DM IRE2 inverted 

microscope and equipped with the following light sources: Ar laser (458 nm/5 mW, 476 nm/5 

mW, 488 nm/20 mW, 514 nm/20 mW), HeNe lasers (543 nm/1.2 mW, 633 nm/10 mW) for 

one-photon excitation, and a mode-locked Titanium(ti) - Sapphire Chameleon Ultra laser 

(Coherent Inc., Santa Clara, CA, USA), tuneable from 690 to 1040 nm for TPEM.  

     The light emitted from collagen was detected by NDD - RLD photomultipliers installed 

directly under the lens of a scanning confocal microscope head. Signal collagen using SHG 
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was recorded as λex (wavelength of the excited photons) 860 nm and λem (wavelength of the 

emitted photons) 430 nm. 

     Live cells were labelled by CellTracker
TM

 Green CMFDA (5-chloromethylflorescein 

diacetate, Molecular Probes, Invitrogen Detection Technologies). Tissue samples were 

immersed in CMFDA dye solution (at a concentration of 10.0 µM/L in serum-free medium) 

for 30 minutes at 37
 o
C in an incubator, according to the manufacturer’s instructions. CMFDA 

is a colorless dye that releases a brightly fluorescent product after being cleaved by the cell’s 

cytosolic esterases, a reaction that also involves glutathione-SH. The time management 

between tissue dissection and image acquisition was no longer than 45 min. 

     Two-photon excitation microscopy (TPEM) was used to assess the cell morphology, 

distribution, viability, cell-cell and cell-matrix interactions and elastin fiber architecture 

(Imanishi Y. et al., 2007). SHG imaging was performed to assess the architecture and the 

spatial distribution of the collagen fiber (Campagnola P.J. et al., 2002). Both surfaces of aortic 

heart valve cusps (lamina fibrosa and ventricularis) and unconditioned pericardium (inner and 

outer part) were assessed to the maximal depth of penetration (around 80-100 um). In our 

study, temperature had the greatest impact on cell viability. A heated chamber and a heated 

objective were applied to optimize the temperature (37
o
C) during image acquisition. 

 

6.5  3D conditioning (mechanotransduction) in a bioreactor 

     Human pericardium was sutured onto a valve holder in the shape of a tricuspid heart valve, 

using 4-0 monofilament polypropylene (Surgipro
TM 

II) sutures under sterile conditions. The 

pericardium heart valve constructs (annulus diameter 20 mm) were placed into a cylindrical 

conditioning chamber. Within this chamber we conditioned the pericardial heart valve 

construct for 4 weeks. A human pericardial heart valve construct was conditioned in a 

bioreactor by a pulse flow of culture medium containing DMEM, 10% fetal bovine serum 

(FBS; Sebak GmbH, Aidenbach, Germany) and 2% w/v ABAM (antibiotic/antimycotic 

solution containing 10,000 I.U./ml Penicillin G, 10,000 µg/ml Streptomycin and 25 µg/ml 

Amphotericin B, Cat. No. 30-004-CI, Mediatech, USA).  

     The human pericardial heart valve constructs were conditioned in the incubator by 

gradually increasing the pulse flow of the culture medium at weekly intervals from 300 to 600 

ml/min, in a humidified atmosphere of 5% CO2 in air, temperature 37
o
C and pH 7.4. The 

culture medium was replaced weekly. 

     During conditioning of the pericardial heart valve constructs, the pericardial heart valve 

leaflets were subjected to a shear stress of approximately 5-15 dynes/cm² due to the flow of 
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medium when the valve was opened, to a flexural stress due to cyclical opening and closure of 

the leaflets, and to a tensile stress when the valve was closed (Choon Hwai Yap et al., 2012). 

The average maximal systolic pressure in the system was 100-120 mmHg, the mid diastolic 

pressure at valve level during valve closure was 60-80 mmHg, and the end diastolic pressure 

in the chamber for conditioning was 0-5 mmHg. Pressures were measured invasively by 

pressure transducer technology (B. Braun Combitrans double Monitoring kit ref No. 

5200011), GE Carescape 8850 monitoring system. After 4 weeks, the conditioned 

pericardium valve cusp samples were sent for histological and immunohistochemical analysis, 

and for biomechanical testing. The results were compared with the unconditioned pericardium 

samples obtained from the same patient, and with the native aortic heart valve cusp tissue.  

 

6.6  Assessing the biomechanical properties  

The specimens were transported to the Laboratory of Biomechanics at the Faculty of 

Mechanical Engineering of the Czech Technical University in Prague, and were documented 

and processed as soon as possible (the average time interval after tissue harvesting during 

cardiac surgery or after dynamic conditioning was 4 hours). The dimensions of the samples 

were contactlessly measured by laser-profiled scanCONTROL 2800 (Micro – Epsilon, 

Ortenburg, Germany – Fig. 7). Strips typically 0.2 ÷ 0.5 mm in thickness, 3 ÷ 5 mm in width 

and 10 ÷ 15 mm in length were prepared for mechanical testing. 

     Mechanical experiments were carried out on a tensile testing machine for soft tissues 

(Messphysik Materials Testing GmbH, Fürstenfeld, Austria) equipped with a 25 N load cell 

(Fig. 8). Deformations were assessed via image analysis of video records conducted by a 

built-in videoextensometer. Monotonic uniaxial loading was applied at a loading rate of 1 

mm/s, which corresponds to a strain rate of d/dt ≈ 0.1 s
-1

. The results were obtained after five 

cycles of preconditioning (loading/unloading) in order to attain repeatable behavior of a 

specimen. Ɛmax was defined as the maximum strain at which the stress increases 

monotonically (after this point, the slope to an –ε graph starts to decline, which indicates the 

initiation of a tissue failure process). Mechanical properties were evaluated from this last 

loading cycle. The evaluation of the mechanical properties was based on the secant elastic 

modulus Es defined in {1}:  

max

max

s
E




                       {1} 
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Here, max is the maximum Cauchy stress achieved within the monotonic response of the 

material. It was computed as F·(1+ε)/S; where F, S and ε denote the loading force, the 

reference cross-section area and the engineering strain, respectively. 

 

 

Figure 7. Laser profile sensor scanCONTROL 2800 (Micro-Epsilon, Ortenburg, Germany) 

reading a sample profile (thickness and width), a detail of scanning and processed data.  

 

 

 
 

Figure 8. Left – biaxial testing machine for soft tissues Zwick/Roell. Right – a detail of a 

sample stretched in the clamps of the machine. The sample is identified by marks in between 

which the longitudinal deformation is evaluated. TEV samples were tested in radial (R) and 

circumferential (C) direction. 
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6.7  Assessing echocardiographic and hemodynamic properties 

     The hemodynamic performance of TEV was assessed visually and by echocardiography at 

systemic pressures (120/80 mmHg) using a pulse flow mechanical circulatory support device 

for simulating the physiological condition of human circulation in vitro. The pericardial valve 

function was estimated in a chamber for valve construct conditioning. The pressure gradients 

and the effective orifice area (EOA) of the valves was measured using a Vivid i GE 

Healthcare echocardiography machine and a GE 3S-RS cardiac sector array ultrasound probe 

with a 1.5 – 3.6 MHz broadband multi-frequency range for 2D, color and Doppler imaging. 

The pressure gradients obtained by the Bernoulli equation correlate well with the 

hemodynamically measured gradients. EOA represents the minimal cross-sectional area of the 

flow jet downstream of the valve. Doppler EOA was determined using pulsed-wave (PW) and 

continuous-wave (CW) Doppler and the continuity equation EOA = SV/VTIvc, where SV is 

stroke volume and VTIvc  is the velocity time integral at the level of the vena contracta 

measured by CW Doppler (Garcia et al., 2004; Garcia and Kadem, 2006). In the Doppler 

measurements, the ultrasonic beam was oriented parallel to the flow across the human 

pericardial valve in the chamber for conditioning, guided by 2D imaging and assisted by color 

flow imaging.  

 

6.8  Statistical analysis 

     All parameters are expressed as mean values ± standard deviation and as a median with a 

range. A two-sample t-test or an unpaired Wilcoxon test for non-Gaussian distributed 

variables was used. The Bonferroni correction for multiple group comparison was applied. All 

tests were two-sided, with p < 0.05 considered statistically significant. The statistical analyses 

were performed using MedCalc software. 

     The histomorphometric data were evaluated using ANOVA and Student-Newman-Keuls 

multiple comparisons. The data were evaluated in the SigmaStat program.   
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7. Results 

7.1 Comparison of the cellular and extracellular matrix structure of human 

pericardium and normal aortic heart valve 

     The objective of this part of study was to evaluate and compare the cellular and ECM 

structure and the mechanical properties of human pericardium with the properties of the 

normal human aortic heart valve, and to assess whether this tissue may serve as a promising 

scaffold for autologous heart valve tissue engineering. We have compared human pericardial 

tissues and normal aortic heart valves harvested during cardiovascular surgery and heart 

transplantation, using histological, immunohistochemical analysis, scanning electron 

microscopy (SEM) and confocal microscopy (SHG/TPEM) evaluation. The properties of 

biomechanical tissues were assessed and compared on the basis of the secant elastic modulus 

Es.  

 

7.1.1  Study group 

     The study group consists of 16 patients (donors). All patients signed an informed consent 

form prior to enrolment in the study. The project was approved by the Ethical Committee of 

the Institute for Clinical and Experimental Medicine in Prague, Czech Republic. Native 

human pericardium samples, approximately 4 x 10 cm, were harvested at the time of heart 

surgery from 11 patients (undergoing coronary artery bypass grafting or valve surgery, 2 

women, 9 men, average age 68 ± 8 years). Normal aortic heart valve samples were obtained 

from 5 other patients (5 men with dilated cardiomyopathy, average age 51 ± 15 years) during 

heart transplantation. The tissue samples were obtained at different times, depending on the 

scheduled surgery (Fig. 9), and were transported to the laboratory in a sealed container 

containing DMEM (Dulbecco's Modified Eagle's Medium; Sigma, St. Louis, MO, U.S.A; Cat. 

No. D5648) at body temperature (37
o
C).  
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Figure 9. Human pericardium (C) and normal aortic heart valve (B) were harvested during 

open heart surgery (A).  

 

7.1.2  The cellular and ECM structure of the normal aortic heart valve 

     H&E staining of the normal aortic heart valve (Fig. 10), consists of three specific layers. 

Lamina fibrosa is the part facing the outflow surface, the middle is lamina spongiosa, and the 

lamina ventricularis is the part facing the inflow surface. Human aortic heart valve cusp ECM 

is composed primarily of collagen type I, III, elastin and GAGs.  

     On the surface of the heart valve there is endothelium, which is CD31 and β-catenin 

positive. The ECM is produced by VICs that exists in several phenotypes. VICs of spindle-

shaped and polygonal morphology are present mostly in the lamina fibrosa in connection with 

stress-bearing collagen fibres. A smaller amount of VICs is present in the lamina spongiosa 

and in the lamina ventricularis. Most of them are positive for vimentin staining, i.e. a marker 

of cells of mesenchymal origin, and represent a quiescent state of VICs (i.e., qVICs). Aortic 

heart valve cusp tissue also contains a small amount of α-SMA positive cells, which represent 

activated myofibroblast-like VICs (aVICs). These cells are also found predominantly in the  
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Figure 10. Hematoxylin-eosin and elastica staining (H&E) of a normal (native) aortic heart 

valve (A,B,C) and human pericardium (D, E, F), magnification 200x. Scale bar = 200 µm. 

Lamina fibrosa (B), lamina spongiosa and lamina ventricularis (C) of the normal aortic heart 

valve, magnification 400x. Human pericardium, fibrous part (E) and serous part (F), 

magnification 400x. Scale bar = 100 µm. The nuclei of the cells are blue, the collagen fibres 

are red, the elastin fibres are blue-purple.  
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lamina fibrosa, where the valvular tissue is under the influence of the greatest shear stress and 

strain forces. Activated VICs (aVICs) represent approximately 15-17% of all VICs (Fig. 11). 

 

 

 

Figure 11. Cell characterization in a normal (native) aortic heart valve (I), - upper part of 

images. Human pericardium (II), - lower part of images. Immunohistochemistry staining for 

vimentin (A), α-SMA (B), CD31 (C), and β-catenin (D), magnification 400x, scale bar = 100 

µm. Immunopositivity of the targeted proteins in the cells is depicted in intense brown color, 

nuclei are in blue.  

 

 

      Lamina fibrosa consists of rich collagen type I and III fibers with parallel orientation and 

crimping, red colored by H&E. This is confirmed by immunohistochemical staining for 

collagen I and III. In lamina fibrosa, collagen fibres are aligned preferentially in the 

circumferential direction. These fibres are the main stress-bearing structure in the aortic heart 

valve. There are elastin fibres in small amounts in the lamina fibrosa between the collagen 

fibres, and their wavy formation network provides connections between collagen fibres and 

other valve layers (Fig. 10, 12).    

     Collagen I and III fibres are present in smaller amounts in the lamina spongiosa. They are 

loosely packed and are thinner. The elastin fibres in the spongiosa layer continue from the 

fibrosa layer to the lamina ventricularis, and are in smaller amounts than in the lamina  
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Figure 12. ECM characterization in a normal (native) aortic heart valve (I), - upper part of 

images. Human pericardium with surrounding fatty tissue after harvesting (II), - lower part of 

images. Immunohistochemical staining for collagen type I (A), for collagen type III (B) and 

for elastin (C); the samples are counterstained with Harris’s hematoxylin. Detected proteins 

are positive in brown color, nuclei are in blue. D: Alcian blue staining for GAGs, positivity is 

shown in blue or dark blue, nuclei are in red. Magnification 100x, scale bar = 200 µm.  

 

 

 

ventricularis. The lamina spongiosa consists predominantly of a well-developed GAG layer 

(glycosaminoglycans and proteoglycans). This layer is very important for absorbing energy 

during valve compression in the cardiac cycle (valve closure and opening). A small amount of 

GASs are also distributed in other all histological layers of the aortic heart valve cusp (Fig. 

12). 

     In the lamina ventricularis, predominantly well-developed rich wavy arranged and radially 

aligned elastin fibers (blue-purple colored by H&E) are seen, together with small amounts of 

collagen I and III, which have a thinner fibre appearance than in the lamina fibrosa. Elastin 

fibres are responsible for restoring the wavy and crimped structure of the collagen during 

aortic valve unloading. GASs are also present, but in a smaller amount than in the lamina 

spongiosa (Fig. 10, 12).      
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7.1.3  The cellular and ECM structure of the normal human pericardium  

     Normal human pericardium consists of two specific layers, i.e. the serous part facing the 

heart, and the fibrous part on the opposite side, which merges into the fatty tissue surrounding 

the pericardium on the outer side. Mesothelial cells cover the inner pericardial surface facing 

the heart (the serous part) (Fig. 10). These cells are positive for vimentin, α-SMA positive 

staining and negative for CD31 staining. Beta-catenin-positive staining is also detected 

between mesothelial cells (Fig. 11). In the human pericardial tissue there are pericardial 

interstitial cells (PICs) that are of mesenchymal origin. They are found predominantly in the 

fibrous part of pericardial tissue, and have a spindle-shaped and polygonal morphology. PICs 

are stained by H&E, and also display vimentin positivity, similar to VICs in the normal aortic 

heart valve, and represent a quiescent state (qPICs). Only a small proportion of these cells are 

stained for α-SMA and represent an activated cell form of PICs (aPICs), similar to aVICs in 

the aortic heart valve. Immuhistochemical cell staining is well depicted by a plasma-intensive 

brown color. PICs and also VICs in the normal aortic heart valve are desmin-negative and 

LCA-negative. No staining for β-catenin was evident between PICs. In the outer layer of the 

pericardium, which is in transition with surrounding adipose tissue, small capillaries can be 

seen with endothelial cells in the lumen staining positively for CD31 and beta-catenin (Fig. 

11). 

     The fibrous part of the native human pericardium is very similar to the fibrosa layer of the 

normal aortic heart valve. It consists of densely-packed collagen fiber bundles that have a 

crimped appearance on H&E (Fig. 10). They consist of collagen type I and III, as was 

confirmed by immunohistochemical staining (Fig. 12). In this part of the pericardial tissue 

PICs also have a more spindle-shaped morphology, probably due to higher collagen density in 

the surrounding ECM, similar to the situation observed in the fibrosa layer of the aortic heart 

valve. In the serous part of the pericardium, collagen I and III bundles can be seen that are 

more loosely-packed or more tightly-packed. PICs have a more spread-out (polygonal) 

morphology in the serous part of the pericardium, corresponding to the ECM character that 

surrounds these cells. Again, elastin is well developed throughout the pericardium, forming a 

scaffold interspersed with the fibrous and serous part of collagen. Elastin fibers are 

particularly well developed in the inner pericardial side facing the heart (the serous part), but 

in smaller amounts throughout the tissue structure, and the amounts are smaller than in the 

normal human aortic heart valve. GAGs are present in both layers of human pericardial tissue, 

but in greater amounts in the serous part (Fig. 10, 11, 12). 
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7.1.4  A comparison of the cellular and the ECM structure of normal human aortic 

heart valve and pericardium     

     The histological structure of aortic heart valve and pericardium tissues is very similar. The 

surface of the aortic heart valve is covered by endothelial cells. Mesothelial cells are observed 

on the inner pericardial surface facing the heart (the serous part). The fibrous part on the 

opposite side is connected with fatty tissue surrounding the pericardium on the outer side. 

When this adipose tissue is removed from human pericardium, we can see a typical surface 

pattern in SEM (Fig. 13). SEM of the human pericardium and of the aortic heart valve cusp 

tissue revealed close similarities in surface morphology. The outer surface of pericardium (the 

fibrous layer) and lamina fibrosa of the aortic heart valve display microscopic grooves and 

ridges formed by well-developed thick collagen bundles of ECM. This specific surface pattern 

with corrugation is more profound in the normal aortic heart valve. These tissue layers 

possess the highest amounts of collagen I and III and therefore impart the greatest strength 

and resilience to the tissue.  

 

 

Figure 13. Scanning electron microscopy (SEM) of the human pericardium and of the 

normal aortic heart valve cusp. The lamina fibrosa of the aortic heart valve (A), and the outer 

surface of pericardium, fibrous layer (B) display microscopic grooves and ridges that are 

formed by well-developed thick collagen bundles of ECM. Scale bar = 50 µm. 
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     The surface of the heart valve is covered by endothelium, which is CD31 and β-catenin 

positive (Fig. 11). Mesothelial cells are present on the inner pericardial surface facing the 

heart (the serous part), visualized by H&E (Fig. 10). These cells are vimentin- and α-SMA 

positive, and CD31 negative (Fig. 11). 

     Both normal human aortic heart valve tissues and human pericardium tissues contain cells 

of mesenchymal origin - VICs, PICs, which are specifically arranged in the ECM structure. 

Both of these cells exist in quiescent and activated (fibroblast-like) phenotype and are 

responsible for tissue remodeling, ECM production and degradation.  

     The lamina fibrosa of the aortic heart valve and the fibrous part of human pericardium 

contain thick bundles of collagen I and III. The middle part of the aortic heart valve contains 

mainly GAGs and sparsely distributed collagen I and III fibers. In the middle part of human 

pericardium we observe less densely arranged collagen fibers that mimic the structure of the 

lamina spongiosa of the normal aortic heart valve. GAGs are apparent relatively uniformly in 

all layers of human pericardial tissue, but in smaller amounts than in the normal aortic heart 

valve. Elastin fibers are apparent between the wavily arranged collagen fibers in all layers of 

the pericardial tissue, similarly as in the normal aortic heart valve, but in the pericardial tissue 

they are not arranged in densely corrugated structures, as they are in the lamina ventricularis 

of the normal aortic heart valve. The serous part of human pericardial tissue that corresponds 

to the lamina ventricularis of the normal aortic heart valve has a greater presence of collagen I 

and III fibers than lamina ventricularis of the normal aortic valve (Fig. 10, 12). 

     The surface layers of both tissues, the arrangement of the cells and the ECM are better 

shown by confocal and TPEM microscopy (Fig. 14A). Aortic heart valve cusps show a well-

developed collagen network in the examined tissue, with the density of the crimped, densely-

packed fiber being highest on the side of the lamina fibrosa. VICs in this densely packed 

collagen layer of the lamina fibrosa display predominantly a spindle-shaped cell morphology. 

The high density of thicker collagen bundles in this layer constrains these cells. They display 

a morphology that accommodates this architecture with their shape and cellular processes 

aligned in parallel to the collagen bundles that they produce and remodel. Similar huge and 

uniformly oriented bundles of collagen fibers are seen in the fibrous part of human pericardial 

tissue, and the PICs in this part have a more spindle-shaped morphology. In lamina 

vetricularis of the aortic heart valve and in the serous part of human pericardial tissue, the 

collagen fibers are more loosely packed with a non-uniform direction, and the VICs and PICs 

in both tissues display a more spread-out cytoplasmic morphology. The elastin fibers are 

much thinner than the collagen fibers, with branches around the collagen fibres. They are well  
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Figure 14A. Second harmonic generation (SHG) and two-photon excitation (TPEM) 

microscopy imaging:  bright green fluorescence - 5-chloromethylfluorescein diacetate 

(CMFDA) staining of living cells (VICs, PICs, endothelial and mesothelial cells), 

autofluorescence of elastin, magenta - SHG signal of collagen in the lamina fibrosa (A) and 

lamina ventricularis (C) of the normal aortic heart valve and the fibrous (B) and serous part 

(D) of human pericardium. The collagen bundles are thicker and more densely arranged in the 

lamina fibrosa of normal aortic heart valve (A) and in the fibrous part of human pericardium 

(B) in comparison with lamina ventricularis of normal aortic heart valve (C) and the serous 
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part of human pericardium (D). VICs and PICs in these parts of the tissue have a more 

spindle-shaped morphology. In the lamina ventricularis of normal aortic heart valve and in the 

serous part of human pericardium, the collagen bundles are loosely arranged and VICs and 

PICs have a more spead-out cytoplasmatic morphology. Green elastin bundles can be seen 

between the collagen fibers and the cells. Scale bar = 50 µm. 

 

 

 

Figure 14B. Second harmonic generation (SHG) and two-photon excitation (TPEM) 

microscopy imaging:  bright green fluorescence - 5-chloromethylfluorescein diacetate 

(CMFDA) staining of living cells (VICs, PICs, endothelial and mesothelial cells), 

autofluorescence of elastin, magenta – a SHG signal of collagen. Multiple VIC connections 

and inteactions are seen in the lamina fibrosa of normal aortic heart valve (A). Cell-to-cell and 

points of cellular attachment of PICs to collagen bundles in the ECM are present in human 

pericardial tissue (B). scale bar = 50, 20 µm.     

 

 

developed both in the lamina fibrosa and in the lamina ventricularis, but predominantly in 

lamina ventricularis of the normal aortic heart valve, forming a scaffold interspersed with 

elastin fibres. Elastin fibers occur relatively rarely in human pericardial tissue. They are 

particularly well developed in the serous part, but are generally observed in smaller amounts 
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than in the normal human aortic heart valve. In both tissues, live VICs and PICs exhibited an 

intensely green florescence and well developed cytoplasmic processes when stained with 

CMFDA. PIC cytoplasmic extensions are shown in both pericardial layers, with cytoplasmic 

connections evident between the cells. Points of cellular attachment of PICs to collagen 

bundles are also visible, and this documents integrity of the cells with ECM in this tissue (Fig. 

14B). 

 

7.1.5  Biomechanical properties of the normal human aortic heart valve and native 

human pericardium 

     This part of the study compares the mechanical properties of normal human aortic valve 

and human pericardium in order to reveal whether pericardium-based valves are suitable for 

replacement purposes. In order to answer this question, uniaxial tensile tests were carried out 

with samples of human pericardium (HP) and normal aortic valve (NAV), and the results 

were compared. The total number of tested samples was: 22 for HP from 11 patients (donors) 

and 10 for NAV from 5 patients (donors). 

     NAV strips were cut in the circumferential direction of the valve. Samples of HP excised 

in longitudinal direction and in transversal direction showed comparable mechanical 

properties, which suggests isotropic behavior of pericardium. Therefore only samples cut in 

longitudinal direction (respecting the orientation of the heart) were included in our study.  

     Mechanical experiments provided secant elastic moduli for the tested specimens as 

follows: HP – Es = 38.7 ± 32.9, and NAV – Es = 31.9 ± 16.4 MPa (mean ± sample standard 

deviation). The results are displayed in Table 1. A two-sample t-test revealed non-significant 

differences between the groups (p-value = 0.44).  

 

Table 1.    

tissue donors samples Es [MPa] h [mm] w [mm] 

HP 11 22 38.7 ± 32.9 0.51 ± 0.26 5.22 ± 1.92 

NAV 5 10 31.9 ± 16.4 0.50 ± 0.14 4.16 ± 0.84 

 

Number of donors (patients) and samples for the tested tissues. HP - human pericardium; 

NAV - native aortic valve; Es - secant elastic modulus; h – thickness of samples; w - width of 

samples. For the thickness of the samples, the result of the t-test is: p(NAV–HP) = 0.87.  
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     The results presented here were obtained after five cycles of preconditioning applied in 

order to attain repeatable behavior of a specimen. max was defined as the maximum strain at 

which the stress increases monotonically (after this point, the slope to a – graph starts to 

decline, which indicates the initiation of a failure process). The samples attained mean max in 

the range 0.09 - 0.15, and the mean corresponding maximum stress was 1.4 - 2.5 MPa. 

 

 

7.2 Construction of the dynamic culture system for pericardial tissue 3D 

conditioning  

     We constructed a bioreactor capable of generating a pulse flow of culture medium. This 

high flow dynamic culture system consists of a pulsatile pump (Stőckert SIII, Sorin Group 

Deutschland GmbH) for driving the flow of the culture medium (thereby perfusing and 

conditioning the human pericardial heart valve), a reservoir for regulating the fluid 

capacitance and the function of the pericardial heart valve, a chamber for placing the 

pericardial heart valve (80 mm in internal length and 42 mm to 30 mm in inner circular 

diameter, corresponding to the normal size of the left ventricle and the ascending aorta in 

adults), containing a hollow cylindrical holder for the pericardial heart valve, and a gas 

exchanger for perfusing the culture medium with air mixed with 5% CO2. The individual 

components of the bioreactor are connected by tubing (3/8 inch in inner diameter) and during 

conditioning the entire system is placed in a cell incubator. All components of the bioreactor 

are constructed from biocompatible materials (PVC, silicone, plexiglas) and were sterilized 

before use.  

     The components and function of each part of the dynamic culture system are described in 

detail in the patent:   

Inventors/Applicants: Straka František, Mašín Jaroslav, Schorník David, Pirk Jan:  

Title: A method of constructing a pericardial heart valve replacement, a pericardial heart 

valve replacement constructed according to this method, and a device for the in vitro 

conditioning and modification of tissue of autologous pericardium for the construction of a 

pericardial heart valve replacement. International Publication Number: WO 2013/182171 A1. 
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7.3 Modification of human pericardium by tissue 3D conditioning 

(mechanotransduction)  

     A pilot study was performed with the use of a new method for preparing a three-cusp heart 

valve construct from autologous human pericardium for potential use as a heart valve 

replacement. This method is described in detail in the patent (Straka F. et al., 2013). Our 

approach is based on harvesting living human pericardium, which is then subjected to three-

dimensional (3D) modification of its histological structure using a specially-designed 

bioreactor for high pulse dynamic flow culture and conditioning. Like human aortic heart 

valve interstitial cells (VICs), pericardial interstitial cells (PICs) are activated by mechanical 

forces (3D mechanotransduction) to an active myofibroblast-like phenotype (aPICs) capable 

of producing and remodeling new ECM. We evaluated the pericardial heart valve construct 

for cell phenotype, ECM composition, mechanical properties and hemodynamic performance. 

We compared unconditioned human pericardial tissue with 4-week conditioned human 

pericardial tissue from the same patient, and with a native (normal) human aortic heart valve 

harvested during heart transplantation, using histological, immunohistochemical and 

biomechanical analysis and echocardiography assessment.  

 

7.3.1  Study group  

     Our study group consisted of 8 patients. All patients signed an informed consent form prior 

to enrolment in the study. The project was approved by the Ethical Committee of the Institute 

for Clinical and Experimental Medicine in Prague, Czech Republic. Human pericardium 

samples were harvested at the time of heart surgery from 3 patients (from 2 men undergoing 

coronary artery bypass grafting and aortic valve replacement, and from 1 woman undergoing 

mitral valve replacement, average age 76 ± 3 years). The tissue samples were obtained at 

different times, depending on the scheduled surgery (Fig.15A). A pericardium sample of 

approximately 4 x 10 cm was obtained from each patient and was transported to the 

laboratory for heart valve construction in a sealed container containing DMEM (Dulbecco's 

Modified Eagle's Medium; Sigma, St. Louis, MO, U.S.A; Cat. No. D5648) at body 

temperature (37
o
C). The human pericardial heart valve constructs were conditioned in the 

incubator by gradually increasing the pulse flow of the culture medium (Fig. 15). After 

conditioning in a bioreactor, these samples formed the conditioned pericardium group. Other 

pericardium samples obtained from the same patients were sent directly for histological and 

immunohistochemical evaluation. They formed the unconditioned pericardium group. Normal 
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(native) aortic heart valve samples were obtained from 5 other patients (5 men with dilated 

cardiomyopathy, average age 52 ± 16 years) during heart transplantation. 

 

 

Figure 15. Human pericardium was harvested during open heart surgery (A) and was sutured 

to an anatomically-shaped stent (holding system) in the shape of a tricuspid aortic heart valve 

(B). The pericardial valve construct was conditioned in a bioreactor (C) in the chamber for 

conditioning with culture medium flow (D). E - tricuspid tissue-engineered human pericardial 

valve (TEV, conditioned human pericardium) after 4 weeks of 3D conditioning.  
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7.3.2  The cellular and ECM structure of human pericardium after 3D conditioning 

(mechanotransduction)   

     Dynamic conditioning of human pericardium in a bioreactor significantly influences PIC 

proliferation, differentiation and ECM production. A significant increase in the total PIC 

number is observed on H&E stained sections, together with a significant increase in the 

content of collagen, which also displays a crimped architecture (Fig. 16).  

 

 

 

Figure 16. Hematoxylin-eosin and elastica staining of a normal (native) aortic heart valve 

(A), unconditioned human pericardium (B) and human pericardium after 3D conditioning (C), 

magnification 100x - upper part of the images, 200x - lower part of the images, scale bar = 

200 µm. The nuclei of the cells are blue, the collagen fibres are red, the elastin fibres are blue-

purple. There is a significant increase in the number of PICs and in the ECM content, which 

displays a collagen crimped architecture, and elastin fibres are also seen in human 

pericardium after conditioning.  

 

 

     Conditioned human pericardium shows a threefold increase in the number of vimentin-

positive quiescent qPICs (Fig. 17) in comparison with unconditioned pericardium: 

unconditioned pericardium 7.5 ± 3.3, conditioned pericardium 23 ± 16.1, aortic heart valve 
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vimentin positive VICs 67.8 ± 21.5 average number of cells per one microscopic field in HPF 

magnification, 400x. The proliferation and differentiation of PICs in the tissue samples of 

pericardium was relatively uniform, and was most apparent in the fibrous layer. These 

differences are statistically significant between all three groups (p ≤ 0.001). 

 

Figure 17. Cell characterization in a normal (native) aortic heart valve (A), in unconditioned 

human pericardium (B), and in human pericardium after 3D conditioning (C). 
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Immunohistochemistry staining for vimentin (I.), α-SMA (II.), Ki-67 (III.), CD31 (IV.), and 

β-catenin (V.), magnification 400x, scale bar = 100 µm. Immunopositivity of the targeted 

proteins in the cells is depicted in intense brown color, nuclei are in blue. Significant 

proliferation and differentiation of PICs (an increase in the number of vimentin and α-SMA 

positive cells) was observed in human pericardial tissue after conditioning.  

 

  

     The active ECM-producing phenotype of pericardial interstitial cells (aPICs) is confirmed 

by α-SMA positive staining of cytoplasm (brown color). We found a twofold increase in the 

number of α-SMA positive cells after dynamic conditioning in comparison with 

unconditioned pericardium (Fig. 17): unconditioned pericardium 3.3 ± 2.3, conditioned 

pericardium 8.9 ± 6.0, aortic heart valve α-SMA positive aVICs 11.7 ± 6.4, average number 

of cells per one microscopic field in HPF magnification, 400x. These differences in the 

number of α-SMA positive cells are statistically significant between unconditioned 

pericardium and conditioned pericardium (p ≤ 0.01), and between unconditioned pericardium 

and aortic heart valve (p ≤ 0.001), but are not significant between aortic heart valve and 

conditioned pericardium.  

     Ki-67, a specific nuclear marker of cellular proliferation, was also positively stained in a 

greater number of cells after dynamic conditioning: unconditioned pericardium expressed 

0.17 ± 0.37, conditioned pericardium expressed 1.8 ± 2.0, and normal aortic heart valve 

expressed 0.33 ± 0.6 as the average number of cells per one microscopic field in HPF 

magnification, 400x. Although the number of Ki-67 positive cells is relatively small (Fig. 17), 

the differences between conditioned pericardium and unconditioned pericardium or normal 

aortic heart valve are statistically significant (p ≤ 0.001). PICs proliferated and differentiated 

to an active aPICs phenotype in response to 3D dynamic loading (mechanotransduction) in a 

similar way as VICs are activated to aVIC phenotype in the aortic heart valve. PICs 

proliferated and differentiated preferentially in the superficial fibrous part of the conditioned 

human pericardial heart valve construct, which was the area of highest sheer stress and strain.   

     Beta-catenin staining positivity is lost from the mesothelial pericardial surface, most 

probably due to loss of these cells after conditioning, but it remains positive in the walls of a 

few capillaries, similar to CD31 positive staining (Fig.17).  

     Histological and immunohistochemical staining show a substantial increase in the amount 

of ECM in the conditioned pericardium tissue in comparison with unconditioned pericardium 

(Fig. 16, 18). The content of collagen I, (highest in the fibrosa layer), GAGs and elastin was  
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Figure 18. ECM characterization in a normal (native) aortic heart valve (A), in 

unconditioned human pericardium with surrounding fatty tissue (B), and in human 

pericardium after 3D conditioning (C). Immunohistochemical staining for collagen type I 

(I.) and for elastin (II.); the samples are counterstained with Harris’s hematoxilin. Detected 

proteins are positive in brown color, nuclei are in blue. III: Alcian blue staining for GAGs, 

positivity is shown in blue or dark blue, nuclei are in red. Magnification 400x, scale bar = 100 

µm. After conditioning, an increase was observed in the content of investigated proteins and 

GAGs in human pericardial tissue in comparison with unconditioned pericardium. 
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higher throughout the thickness of the conditioned pericardium, the width of which is also 

increased as a result of aPIC proliferation, differentiation and new ECM production induced 

by 3D mechanotransduction. These results were confirmed by histomorphometric analysis. 

Conditioned pericardium contained a greater amount of collagen I, elastin and GAGs than 

unconditioned pericardium, as measured by the integrated pixel values (color density), 

corresponding to the total amount of proteins and GAGs in the tissue: unconditioned 

pericardium – collagen I 40.3 ± 13.6, elastin 5.7 ± 2.7, GAGs 15.9 ± 8.4; conditioned 

pericardium -  collagen I 58.6. ± 15.4, elastin 10.4 ± 3.6, GAGs 39.0 ± 14.7. We estimate that 

the human pericardium ECM content increased by about 20-30% after dynamic loading. 

There are also very important structural changes in the collagen fibers, which became thicker 

after conditioning, stronger and more densely arranged predominantly in the fibrous part of 

the pericardium. The amount of ECM components was higher in conditioned pericardium 

than in the aortic heart valve (the integrated pixel values: collagen I 25.9 ± 4.2, elastin 20.9 ± 

4.5, GAGs 32.8. ± 13.4) with the exception of elastin. These differences are statistically 

significant between all three groups (unconditioned, conditioned pericardium and aortic heart 

valve) in the collagen I and elastin content, and in the GAG content between unconditioned 

and conditioned pericardium (p ≤ 0.001), but they are not significant between aortic heart 

valve and conditioned pericardium in GAG content.  

 

7.3.3  Biomechanical properties  

     Mechanical integrity and durability are desirable properties of bioprosthetic valves. 

Although pericardium-based valves have proved to be suitable for replacement purposes, their 

mechanical properties could be improved by a culturing procedure. In order to assess this 

effect, uniaxial tensile tests were carried out with pericardium after dynamic conditioning 

(referred to as tissue-engineered valves - TEV). Samples of unconditioned human pericardium 

(HP) and native aortic valve (NAV) were prepared and also underwent tensile testing, and the 

results were compared. The total number of tested samples from patients (donors) is listed in 

Table 2. NAV strips were cut in the circumferential direction of the valve; TEV strips were 

tested in radial and circumferential direction; HP strips were cut transversely and 

longitudinally with respect to the orientation of the heart.  
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Table 2.     

tissue donors  

number 

 

samples 

number 

Es [MPa] h [mm] w [mm] 

HP 3 20 18.1 ± 10.6 0.72 ± 0.26 6.26 ± 1.42 

NAV 5 11 32.0 ± 15.6 0.52 ± 0.15 4.27 ± 0.88 

TEV 3 11 21.0 ± 15.3 0.67 ± 0.17 3.83 ± 0.88 

HP_L 3 8 17.1 ± 11.4 0.69 ± 0.36 5.58 ± 1.38 

HP_T 3 12 19.0 ± 10.5 0.75 ± 0.14 6.62 ± 1.45 

TEV_C 2 6 22.6 ± 14.8 0.63 ± 0.11 3.73 ± 0.95 

TEV_R 2 5 19.6 ± 17.6 0.72 ± 0.23 3.96 ± 0.88 

 

     The number of patients (donors) and samples of the tested tissues: unconditioned 

human pericardium (HP); conditioned human pericardium (tissue engineered heart valve - 

TEV); normal (native) aortic heart valve (NAV); HP_L – human pericardium in longitudinal 

direction; HP_T – human pericardium in transversal direction; TEV_C – tissue-engineered 

valve in circumferential direction and TEV_R – tissue-engineered valve in radial direction; Es 

– secant elastic modulus; h – thickness of the samples; w – width of the samples.  

 

      

Figure 19. Averaged secant elastic moduli (Es) in each group: normal (native) aortic heart 

valve (NAV), unconditioned human pericardium (HP) and conditioned human pericardium 

(tissue engineered heart valve - TEV). Bars indicate standard deviation of the sample. A two-

sample t-test revealed significant differences in Es between NAV – HP: p(NAV–HP) = 0.02. 
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The differences between other groups are statistically non-significant: p(TEV–HP) = 0.60, 

p(TEV–NAV) = 0.11. 

 

     Mechanical experiments gave the secant elastic moduli for the tested specimens as follows: 

TEV – Es = 21.0 ± 15.3 MPa, HP – Es = 18.1 ± 10.6, and NAV – Es = 32.0 ± 15.6 MPa (mean 

± sample standard deviation). The results are displayed in Fig. 19. The influence of sample 

orientation for TEV is displayed in Fig. 20, and for HP in Fig. 21.  

 

 

 

 

Figure 20. Averaged secant elastic moduli (Es) for TEV cut in radial direction (TEV_R) and 

in circumferential direction (TEV_C). Bars indicate the standard deviation of the sample. A 

two-sample t-test revealed non-significant differences between radial and circumferential 

direction; p(TEV_R - TEV_C) = 0.75. 
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Figure 21. Averaged secant elastic moduli (Es) for HP cut in longitudinal direction (HP_L) 

and in transversal direction (HP_T). Bars indicate standard deviation of the sample. A two-

sample t-test revealed non-significant differences between the directions; p(HP_L – HP_T)  = 

0.74. 

 

Table 3.  

compared groups Es   

 p-value 

h   

 p-value 

HP-NAV  0.02*  0.02* 

TEV-NAV 0.11 0.29 

HP-TEV 0.60 0.55 

HP-HP_L 0.85 0.84 

HP-HP_T 0.85 0.74 

HP_L-NAV   0.03* 0.27 

TEV-TEV_C 0.85 0.57 

TEV-TEV_R 0.85 0.69 

HP_L-HP_T 0.74 0.70 

TEV_C-TEV_R 0.75 0.46 

HP_L-TEV_C 0.48 0.69 

 

Results of a two-sample t-test and corresponding p-values for secant elastic modulus (Es) 

and thickness of the samples (h) in the compared groups: unconditioned human 

pericardium (HP); conditioned human pericardium (tissue engineered heart valve - TEV); 
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normal (native) aortic heart valve (NAV); HP_L – human pericardium in longitudinal 

direction; HP_T – human pericardium in transversal direction; TEV_C – tissue-engineered 

valve in circumferential direction and TEV_R – tissue-engineered valve in radial direction. 

An asterisk indicates a group with significant differences (p-value  ≤  0.05). 

 

 

     The following secant moduli were obtained for the anisotropy: TEV_C (in circumferential 

direction) – Es = 22.6 ± 14.8 MPa, TEV_R (in radial direction) – Es = 19.6 ± 17.6 MPa, HP_L 

(in longitudinal direction) – Es = 17.1 ± 11.4 MPa, HP_T (in transversal direction) – Es = 19.0 

± 10.5 MPa. The results of the statistical analyses (p-values) of the differences in the secant 

modulus and in the thickness of the samples (h) between each of the groups are listed in Table 

3. The samples attained mean max in the range 0.09 - 0.15, and the mean corresponding 

maximum stress was 1.4 - 2.5 MPa. 

Fig. 19 shows that the secant modulus of HP is approximately two times lower than for 

NAV (p = 0.02). However, during the cultivation process, the modulus was increased and the 

two sample t-test revealed no significant differences between NAV and tissue engineered 

(TEV) valve. This suggests that the mechanical properties of the conditioned human 

pericardium were positively changed by the cultivation procedure and are comparable with 

the properties of NAV. 

A comparison between HP samples excised in longitudinal direction and in transversal 

direction revealed isotropic behavior of pericardium, Fig. 21. The averaged secant elastic 

moduli (Es) for TEV cut in circumferential direction (TEV_C) were higher than in radial 

direction (TEV_R), but the differences were statistically non-significant; p(TEV_R - TEV_C) 

= 0.75, Fig. 20.  

 

    

7.3.4  Echocardiographic and hemodynamic properties of a human pericardial valve in 

vitro  

     After 3D mechanotransduction and modification of its histological structure, the TEV 

exhibited valve cusp motion similar to that of a normal aortic heart valve with normal opening 

and closing of the valve leaflets and no regurgitation. The TEV with annulus size of 20 mm at 

a physiological intravalvular Doppler flow rate of 1.1-1.2 m s
-1

 has a maximal transvalvular 

gradient of 4-7 mmHg, a mean gradient of 2-3 mmHg, and an effective orifice area of 2.6-2.7 
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cm². The gradients and the cusp motion did not deteriorate during the course of TEV 

conditioning (Fig.22).  

 

 

Fig 22. Echocardiographic evaluation. TEV is seen in its opened position in the chamber 

for conditioning (real-time 2D imaging), Doppler gradient 4-7 mmHg. 

 

 

8. Discussion 

     Human autologous pericardial tissue may provide an appropriate scaffold for tissue 

engineering of the aortic valve, because it closely resembles the histological structure, the cell 

phenotype and the mechanical properties of the native aortic heart valve. VICs are the main 

cell type of normal aortic heart valve. The proportion of the phenotypes present in the aortic 

heart valve changes through the embryonic period, childhood and adult life. In adults, VICs 

are mostly of a quiescent fibroblast-like phenotype (qVICs), and express low levels of the 

cellular marker α-SMA ) (Liu A.C. et al, 2007; Taylor P.M. et al., 2000). These cells not only 

interact with the ECM but also interact one with another through cytoplasmatic extensions 

and cellular junctions. They form a complex three-dimensional network within the ECM, 

which is well visible in SHG/TPEM imaging. Several molecules are involved in these 

communications, e.g. N-cadherin (cadherens junction), desmoglein (desmosomal junction), 

connexins 26 and 45 (gap junction), several integrin molecules, i.e. α1, α2, α3, α4, α5, α6 and 

β1 (Latif N., et al., 2006). This three-dimensional network and these cell associations are 

important for sensing strains and stresses in valve tissue and for reacting to them 

appropriately. Forces exerted on the ECM by the flow of blood in vivo are sensed by the 

VICs, and probably through cell-ECM adhesions. These signals are transformed 
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intracellularly by signal transduction pathways, which influence the function and the genetic 

behavior of the cells (Schoen F.J., 2008). VICs continuously respond to their environment by 

proliferating and differentiating to an activated myofibroblast-like phenotype called aVICs, 

which produce, remodel and crosslink the ECM through the production of several enzymes, 

including lysyl oxidase (LOX), lysyl hydroxylase, matrix metalloproteinases (MMPs) and 

their inhibitors (TIMPs) (Chester A.H., Taylor P.M., 2007). Natural collagen crosslinking 

within the ECM is also influenced by the biological environment and by the specific steric 

organization of the collagen (Reiser K. et al., 1992). This unique biological behavior of VICs 

permits heart valve tissue growth, repair and adaptation to circulatory forces, which is very 

important for maintaining long-term heart valve function. The amount and the quality of the 

ECM that is produced, including the collagen fiber orientation, the collagen type and the 

degree of crosslinking, determine the mechanical properties of the tissue, such as compliance, 

elastic modulus and tensile strength. This is important for connective tissue that serves as a 

structural scaffold for load bearing, e.g. the heart valve (Schoen F.J., 2008).  

     PICs are of similar mesenchymal original as VICs (Taylor P.M. et al., 2000). In human 

pericardial tissue PICs exist, similarly as VICs in the aortic heart valve, in a quiescent and 

activated (fibroblast-like) phenotype, and they are probably responsible for tissue remodeling. 

As was confirmed in our study by the results of SHG/TPEM imaging, the shape of the VICs 

and PICs corresponds to the surrounding ECM structure, mainly in the nature and the 

arrangement of the collagen fibres. In parts of the tissue with a loosely-packed arrangement of 

the collagen fibers, such as the lamina ventricularis of the aortic valve or the serous part of the 

pericardium, the cells have a more spread-out cytoplasmic morphology. However, the cells 

have a rather spindle-like morphology between the densely packed collagen bundles in the 

lamina fibrosa aortic valve or in the fibrous part of human pericardial tissue. Cell-to-cell and 

cell-to-ECM communication are well visible in SHG imaging.   

     Mesothelial cells form a monolayer of flattened squamous-like epithelial cells resting on a 

thin basement membrane supported by dense connective tissue. The main purpose of these 

cells is to produce a lubricating fluid that is released between pericardial layers. These cells 

do not have the structure or function of valvular endothelial cells. When using human 

pericardium as a scaffold to prepare heart valve replacements, these cells should be removed 

from the surface of the pericardium. 

     SEM of the human pericardium and aortic heart valve cusp tissue revealed close 

similarities in surface morphology (corrugations, grooves and ridges) based on the 
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arrangement of huge collagen I and III bundles. Human pericardial tissue has a very similar 

ECM structure to the normal aortic heart valve.  

     Aortic valve leaflets are composed primarily of collagen (60% of total ECM dry weight) 

(Kunzelman K.S. et al., 1993). The main collagen types in the aortic heart valve are collagen I 

(74% of the total collagen) and collagen III (24% of the total collagen). Elastin represents 

13%, and is responsible for the elastic properties of the valve leaflet and for restoring the 

crimped (corrugated) state of collagen fibers during unloading (Ku C.H. et al., 2006). 

Collagen bundles, which are the main load-bearing component, have a specific architecture 

that endows heart valve tissue with the ability to withstand the circulatory forces (which are 

highest in the circumferential direction) over the course of a lifetime. Its fiber orientation in 

the direction of the largest tensile stress, density and cell associations are very important for 

this purpose (Schoen F.J., 2008). Collagen I and collagen III fibres are also found in the tissue 

of human pericardium, predominantly in the fibrous part, where they form thick bundles. In 

addition, collagen fibers are present in the serous part of pericardial tissue, which corresponds 

to the lamina ventricularis of a normal aortic heart valve. In this part of human pericardial 

tissue, collagen I and collagen III fibers are more frequent and thicker than the lamina 

ventricularis of a normal aortic valve.  

     Elastin occurs in the aortic heart valve cusp tissue as a crosslink formed by lysyl oxidase 

from tropoelastin monomer, and it is surrounded by a fine mesh of microfibrils, 

predominantly fibrillin-1 and fibrillin-2 (Wagenseil J.E., Mecham R.P., 2007). These fibrillins 

can bind integrins, proteoglycans and growth factors, and can play a role in cell signaling 

(Bax D.V. et al., 2007). Dense wavy elastin fibers are observed in the lamina ventricularis in 

the aortic heart valve, and sparsely-distributed elastin fibers are also present in the lamina 

spongiosa. There are also thin layers in the lamina fibrosa that surrounds and connects the 

collagen fibers. This arrangement forms the characteristic corrugated structure of the fibrosa 

layer. It is assumed that the elastic fibers present in the lamina spongiosa connect the elastic 

fibers in the lamina ventricularis with collagen fibers in the lamina fibrosa. This enables the 

mechanical properties of these two layers to combine when the aortic heart valve cusps open 

and close during the cardiac cycle (Stella J.A., Sacks M.S., 2007). Elastin fibers can be 

observed between the wavily arranged collagen I and III fibers in all layers of the pericardial 

tissue, but they are not arranged in a densely corrugated structure as they are in the lamina 

ventricularis of a normal aortic heart valve. 

     Glycosaminoglycans (hyaluronan, heparin sulfate, chondroitin sulfate, dermatan sulfate, 

keratin sulfate) and proteoglycans (i.e. decorin, biglycan, versican) are comprised 
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preferentially in the lamina spongiosa of the aortic heart valve leaflets, where collagen I and 

collagen III fibers are also sparsely distributed. GAGs dampen vibrations and allow 

compressibility of the leaflets and changes in the arrangement of collagen and elastic fibers in 

the aortic heart valve leaflet during the cardiac cycle (Tseng H., Grande-Allen K.J., 2011; 

Lincoln J. et al., 2006). GAGs are also seen relatively uniformly in all layers of human 

pericardial tissue, and in smaller amounts than in the normal aortic heart valve. In the middle 

part of human pericardium we also observe less densely arranged collagen fibers. This part of 

the pericardial tissue between the fibrous and serous part mimic the lamina spongiosa layer of 

a normal aortic heart valve, but it is not so clearly expressed in the histological structure. 

     Human pericardium ECM contains well-developed and crimped collagen fibres 

interspersed with fibres of elastin and GAGs. Like in the aortic heart valve, interactions 

between these components of the ECM are responsible for the mechanical properties of the 

tissue. Confocal microscopy and TPEM of human pericardium confirmed a complex three-

dimensional PICs and ECM network very similar to that of the native aortic heart valve, with 

intimate associations present between cells and between cells and collagen fibers. It is very 

difficult to achieve such a complex cellular and ECM histological structure for artificially 

generated scaffolds from several biocompatible materials for heart valve tissue engineering. 

     The significant increase in the total number of PICs, aPICs and α-SMA expression in 

human pericardial tissue during dynamic conditioning shows that PICs can proliferate and 

differentiate, and can be activated to an active pericardial interstitial cell phenotype similar to 

aVICs. Ki-67 staining proved increased proliferation of aPICs, which is mostly apparent in 

the superficial layer (the fibrous part) of the pericardial heart valve construct exposed to the 

highest shear stress and strain. The increase in collagen, elastin and GAGs in human 

pericardial tissue after in vitro conditioning means that PICs remain metabolically active and 

are capable of responding to mechanical stress and strain in their environment through the 

production of new ECM and tissue remodeling. PICs survived in vitro for 4 weeks of 

conditioning, suggesting that the nutrient diffusion is sufficient to sustain pericardial living 

tissue in the bioreactor.  

     3D mechanotransduction can be used in tissue engineering as a method for in vitro tissue 

modification to improve its histological structure. The main forces that may cause cell 

activation and tissue remodeling are shear stress, hydrostatic pressure, compressive and 

tensile forces. It was confirmed in vivo that the cellular response to mechanical stimulation 

can be influenced by the direction of the applied forces, by the extracellular matrix 

architecture, and by cell morphology and orientation (Kurpinski K. et al., 2006). Forces 
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exerted on the ECM by the flow of blood in vivo, or by the flow of the culture medium in 

vitro, stretch the heart valve leaflets and are sensed by VICs, and probably also by PICs, 

through cell-ECM adhesions. These signals are transformed intracellularly by signal 

transduction pathways, which influence the function and the genetic behavior of the cells. 

Growth factor signaling is thought to act cooperatively, leading to directed cell proliferation 

and differentiation. Together, these signaling pathways lead to specialized tissue formation 

and remodeling (Schoen F.J., 2008). Several cellular and subcellular mechanisms are thought 

to be involved in the 3D mechanotransduction process. A very important factor is tissue 

stiffness and compliance. Mechanical forces can be transmitted from cell surface receptors 

into the downstream signaling cascades. This has been described by Chester as direct 

centralized mechanotranduction (Chester A.H. et al., 2014). In this way, mechanical forces 

are transmitted by integrin-based cell focal adhesion complexes that connect ECM proteins to 

the cell actino-myosin cytoskeleton through transmembrane integrins and several types of 

adaptor proteins that are involved in this reaction (i.e. talin, vinculin, α-actinin, filamin A, 

p130Cas, tensin, zyxin, paxillin). Actin filaments are connected to the intracellular part of 

focal adhesions by filamin A. This process is influenced by several growth factors (i.e. 

fibroblast growth factor - FGF, transforming growth factor - TGF, vasodilatator-stimulated 

phosphoprotein - VASP, vascular endothelial growth factor - VEGF) (Zaidel-Bar R., Geiger 

B., 2010; Atherton P. et al., 2015; Nieves B. et al., 2010; Hoffman L.M., et al., 2012). Several 

proteins also change the enzyme activity in these integrin-based functions of focal adhesion 

mechanosignaling, including small GTPase proteins, such as RhoA kinase (ROCK), Rac1 and 

Srs, focal adhesion kinase (FAK), the receptor protein tyrosin phosphatase α (RPTPα), 

extracellular signal regulated kinase (ERK), mitogen-activated protein kinase (MAPK), or 

they become phosphorylated during mechanical stretching (i.e. substrate domain p130Cas by 

Src family kinase in vitro) (Jiang G. et al., 2006; Sawada Y., et al., 2006). Activated ROCK 

and RhoA kinase play a role in several cellular processes, most notably in the organization of 

actin filaments and in phosphorylation of myosin light chains (MLC) under dynamic 

conditioning (Holle A.W., Engler A.J., 2011). Several enzymes, e.g. FAK, are involved in 

mechanical stretch signaling through integrins in cell migration and proliferation (Mitra S.K. 

et al., 2005). The intermediate filament protein vimentin, which binds to filamin A and 

protein kinase C epsilon, influences cell adhesion and spreading on collagen due to interaction 

with actin and with β1 integrins (Kim H., et al. 2010). Myosin light chain kinase (MLCK) also 

plays a role in cell spreading by phosphorylating the regulatory light chain of myosin II, 

which binds to F-actin (Yang C.X. et al., 2006). 
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     The increase in membrane tension and stress fibre contraction may also increase the 

activity of mechanosensitive (stretch-activated) ion channels, such as MscL (Ca
2+

) or the two-

pore domain K
+ 

channels TRAAK, TREK1, and TREK2. Mechanosensitive eukaryotic 

cation-selective ion channels sense and respond to mechanical forces, transducing them into 

an ionic current across cellular membranes. This modifies the electrical potential of the cell 

and participates with the actin cytoskeleton in plasma membrane remodeling (Sbrana F. et al., 

2008; Kocer A., 2015; Brohawn S.G., 2015).  

     Merely removing VICs from their ECM environment is enough to transform them to an 

aVIC phenotype (Schoen F.J., 2008). Stretching experiments conducted on these cells in vitro 

have also shown that they readily become activated by low levels of cell membrane and 

cytoplasm deformation. In response to mechanical 14% or 20% stretch activation of VICs, 

there was an increase in mesenchymal stem cells and adipose-derived stem cells in vitro, 

[(3)H]-proline, collagen synthesis and in the expression of gene products such as collagen III 

(COL3A1 gene) or collagen I (COL1A1 gene). It is also hypothesized that similar gene 

expression and secretion of MMPs or their tissue inhibitors (TIMPs) takes place (Colazzo F. 

et al., 2011; Ku C.H. et al., 2006). This may be an example showing that mechanical forces 

can also be transmitted without central signaling pathways to the nucleoskeleton. This process 

has been described by Chester et al. as decentralized mechanotransduction (Chester A.H. et 

al., 2014). The F-actin cytoskeleton and the mechanical connections formed by the LINC 

complex (Linker of the Nucleoskeleton to the Cytoskeleton) have a key role in propagating 

the mechanical forces from integrin receptors to the nuclear surface. The LINC complex 

consists of two protein families in the nuclear envelope: the SUN (Sad1p, UNC-84) domain 

proteins, which are located in the inner nuclear membrane (INM) and transluminally bind the 

KASH (Klarsicht/ANC-1/Syne Homology) domain proteins, i.e. nesprins, which occur in the 

outer nuclear membrane (Alam S. et al., 2014). Deformations at subcellular scale 

(microtubule motors like dynein and kinesin, actomyosin, intermediate filaments) with 

changes in nuclear shape may induce changes in gene transcriptional activity (Wang N. et al., 

2009), i.e. α-SMA corresponds with gene ACTA2 expression (Gould R.A. et al., 2012). 

Recently, a description was made of nuclear membrane proteins called lamins, which are 

mechanosensitive. Lamin A and cytoskeletal myosin II seem to be mechanically coupled to 

the collagenous matrix, and these coiled-coil proteins assemble into specific networks that are 

responsible for transducing mechanical signals from ECM to the nucleus (Dingal P.C., 

Discher D.E., 2014). Additional research is needed to provide a better understanding of the 

pathways and the mechanisms of mechanotransduction. 
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     In vitro mechanical conditioning induces changes and modification of the human 

pericardial tissue and improves its histological structure. After conditioning, human 

pericardium contains live PICs and well-developed and crimped collagen fibers interspersed 

with fibers of elastin and GAGs. As in the aortic heart valve, interactions between these 

components of the ECM are responsible for the mechanical properties of the tissue. Elastin 

(which extends in diastole) allows pericardial valve cusps to stretch, while collagen crimping 

unfolds during valve closure in diastole. Once unfolded, the collagen resists any further 

stretching of the valve cusp tissue, providing strength and preventing cusp prolapse. During 

systole, elastin contracts (recoils) the valve cusps, and the collagen fibers refold to allow for 

smooth valve opening.   

     The 3D mechanotransduction of the human pericardial valve construct, supported by the 

holding system in a specific physiological shape, causes strain and stress to act differently at 

different points on the pericardial heart valve replacement, which stimulates the 

differentiation of PICs and the formation of new ECM. The anatomical 3D stent serves to 

remodel human pericardium to the desired shape of the heart valve and prevents retraction of 

the pericardial heart valve leaflets, which could lead to regurgitation. This could be due to the 

tissue contraction that occurs with new ECM production, and due to collagen and elastin 

cross-linking. Our results indicate that sufficient tissue remodeling occurs with shorter 

conditioning periods (shorter than 4 weeks).  

     Uniaxial tensile tests confirmed that human pericardium is a suitable material for heart 

valve replacements. In one part of the study, the secant elastic modulus of the native 

pericardial specimens was compared with native aortic heart valves. The differences were not 

statistically significant, and may have been could be caused by variability between the donors. 

Uniaxial tensile tests also confirmed the mechanical integrity of the pericardial tissue-

engineered valves. The secant elastic modulus of human pericardial conditioned specimens 

was found to be slightly lower than the secant elastic modulus of native aortic heart valves. 

However, the differences were not statistically significant. After conditioning, a tendency 

toward anisotropy in the pericardial tissue was observed, Es was larger in circumferential 

direction than in radial direction. However, the differences were not statistically significant. 

Soft tissues frequently exhibit nonlinear and anisotropic mechanical behavior. In such a 

situation, unlike for linearly elastic materials, there is no simple parameter that is suitable for 

forming a basis for comparing material properties. The correct procedure is to specify the 

stress or strain level, the loading rate, and the direction in which the elastic modulus was 

obtained.  
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     Depending on these conditions, the Young elastic modulus of aortic valves is usually in the 

range of units and tens of MPa (Balguid A. et al., 2007). Kalejs et al. (Kalejs M. et al., 2009) 

found the elastic modulus in the circumferential direction (under a stress level of 1 MPa) for 

human NAV to be 15.3 ± 4 MPa. Anssari-Benam et al. (Anssari-Benam A. et al., 2011) 

reported a monotonically increasing elastic modulus from 5 MPa to 35 MPa for engineering 

strains from 0 to 0.2 at a strain rate of 0.1 s
-1

 in porcine samples. However, our assessment of 

the culturing procedure is based on the secant modulus. The estimated circumferential Es, fig. 

2 in Anssari-Benam et al. (Anssari-Benam A. et al., 2011), gives ≈ 10 MPa. Figure 1 in 

Stradins et al. (Stradins P. et al., 2004) gives Es ≈ 5 MPa for human aortic valve in the 

circumferential direction (at ε = 0.1). In comparison with bovine pericardium, which is 

frequently used as a scaffold, our data suggest that human tissue has lower stiffness. The 

reported elastic moduli for fixed and fresh bovine tissue range between 20 and 70 MPa (Sung 

H.W. et al., 1999; Zioupos P., Barbenel J.C., 1994). However, tissue engineered heart valves 

based on biodegradable scaffolds seeded with cells such as a polyglycolic acid (PGA) scaffold 

coated with polyhydroxybutyrate (PH4B) and seeded with human venous myofibroblast cells, 

have a generally lower secant elastic modulus than a native aortic heart valve ~ 3 - 6 MPa and 

conditioned human pericardium (Mol A. et al., 2006).  

     Proper function of the human pericardial heart valve construct was confirmed visually and 

by echocardiography at systemic pressures. The well-developed ECM, pericardial tissue is 

strong enough to withstand such pressures. The soft and pliable characteristics of human 

pericardial valve leaflets allow the leaflet motion to have a close resemblance to the motion of 

normal aortic heart valve leaflets, and the measured pressure gradients and EOA are 

comparable with those of a normal aortic heart valve of similar annulus size (19-21 mm). 

However, these gradients and EOA are superior to currently used xenogeneic heart valvular 

prostheses of similar size 19 - 21 mm: maximum gradient 17 - 47 mmHg, mean gradient 9 - 

24 mmHg, effective orifice area 1.1 - 1.8 cm
2
 (Zoghbi W.A. et al., 2009).  

     Our results suggested that the surface mesothelial cells of the pericardium were released 

from the pericardial tissue during conditioning. It can be assumed that, after implantation of 

the autologous pericardial heart valve replacement in vivo, the surface of the valve may again 

endothelialize and become covered by the patient’s own endocardial and endothelial cells 

(originating from circulating endothelial progenitor cells). We consider it very probable that 

endothelial cells will attach and anchor onto the surface of the pericardial heart valve 

replacement. We base this assumption on the presence of specific amino acid sequences and 

other ligands for cellular adhesion receptors on the surface of the pericardial extracellular 
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ECM, which is considered to be an attractive substrate for endothelial cell adhesion (Li S., 

Henry J.J. 2011; Hristov M. et al., 2003).  

     The physiological shape of the stent or holding system for 3D conditioning should be 

designed according to the patient's aortic root or valve geometry, using computer-aided 

drafting (CAD) and rapid prototyping techniques (Lee M., Wu B.M., 2012). The best method 

for forming a custom-designed pericardial heart valve replacement that “fits the patient” is 

based on CT angiography, MR or 3D echocardiography imaging of the patient’s heart, 

because the dimensions of the aortic root and the aortic valves are not uniform, and vary in 

individual patients (Jatene M.B. et al, 1999). The shape of the stent of the aortic heart valve 

can be created on the basis of a 3D CT scan of the patient’s heart. This model is exported to 

STL format (an abbreviation based on 3D printing technology called STereoLithography) for 

3D printing. An example of this method is shown in Fig. 23 (Krupa P., Straka F., Poslednik J., 

2016, unpublished data).  

 

 

Fig. 23. The anatomically shaped 3D stent, based on the CT of the patient’s heart - CAD 

models, format of STL files for 3D printing.  
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Autologous human pericardium is a complex tissue. Due to its inherently natural cellular 

and ECM organization, which closely resembles the normal aortic heart valve, and has similar 

mechanical properties, autologous human pericardium may be a promising tissue (scaffold) 

from which to construct a living heart valve replacement. Mini-invasive harvesting of 

autologous pericardial tissue from an individual patient can be performed using minimally 

invasive (thoracoscopic) techniques, or using a specially-designed catheter with optics.  

In vitro modification of autologous human pericardial tissue by 3D dynamic conditioning 

(3D mechanotransduction) may offer a new approach for preparing an autologous heart 

replacement for potential clinical use. The valve can be stentless or stented. The stent may be 

manufactured from biodegradable materials (for example polylactide, polyurethane, etc.) The 

advantage of an absorbable stent is that it will temporarily support the pericardial heart valve 

replacement in the anatomical position of the native heart valve until the sutured margins 

grow into the wall of the heart or into the aortic root. 

An autologous human pericardial tissue scaffold may also avoid a negative immune 

response, which results in the development of degenerative structural changes in heart valve 

replacements made from allogeneic, xenogeneic or biocompatible synthetic materials after in 

vivo implantation (Barone A. et al., 2014). It can be assumed that there will be a lower 

incidence of degenerative changes and a longer functional lifetime for an autologous heart 

valve replacement of this kind after in vivo implantation than for currently-used heart valve 

substitutes.  

   

9. Conclusions 

     The research has demonstrated the potential of autologous human pericardium for 

mimicking the natural structure, the mechanical properties and the interstitial cell behavior of 

the normal aortic heart valve.  

     In vitro modification of autologous human pericardial tissue by dynamic conditioning (3D 

mechanotransduction) may offer a new approach for preparing an autologous heart 

replacement for potential clinical use. A dynamic culture system (a bioreactor) with pulse 

flow of the culture medium was prepared for this purpose. 

     Normal human pericardium consists of vimentin-positive PICs that have properties similar 

to those of VICs of the aortic heart valve. These cells are able to respond to mechanical 

stresses (3D mechanotransduction) by proliferating and differentiating into an activated 
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phenotype (aPICs) capable of producing a significant amount of new ECM (collagen I, elastin 

and GAGs) and remodeling the histological structure of the tissue.  

     Uniaxial tensile tests were performed in order to compare the mechanical properties of 

conditioned pericardium with the mechanical properties of native aortic heart valve. The 

results of our assessment of the mechanical properties indicate that the secant elastic modulus 

of the pericardium after conditioning is comparable to that of the native aortic heart valve. 

Such a pericardial heart valve may possess optimal hemodynamic properties, physiological 

pressure gradients and flow parameters, and may be capable of remodeling and regenerating 

in vivo, and there may be no negative immune response reaction. This makes human 

pericardium a promising tissue for preparing an autologous living heart valve substitute by 

tissue engineering modification. 

Mini-invasive harvesting of autologous pericardial tissue from an individual patient can be 

performed using minimally invasive (thoracoscopic) techniques, or using a specially-designed 

catheter with optics. An autologous human pericardial tissue scaffold may avoid a negative 

immune response, which results in the development of degenerative structural changes in 

heart valve replacements made from allogeneic, xenogeneic or biocompatible synthetic 

materials after in vivo implantation. We assume that there will be a lower incidence of 

degenerative changes and a longer functional lifetime for an autologous heart valve 

replacement of this kind after in vivo implantation than for currently-used heart valve 

substitutes. 

 

10. Summary 

1. The research has confirmed that the cellular content, extracellular matrix (ECM) 

structure and the mechanical properties of human pericardium are very similar to the 

structure of the normal human aortic heart valve. 

 

2. A bioreactor has been constructed that is capable of generating a pulse flow of culture 

medium for three dimensional (3D) conditioning of human pericardial tissue. 

 

3. A pilot study was perfomed with the use of a new method for preparing a three-cusp 

heart valve replacement from autologous human pericardium based on human 

pericardial tissue 3D dynamic conditioning (mechanotransduction).  
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4. The histological structure of the conditioned pericardium is very similar to that of the 

normal aortic heart valve, and 3D dynamic conditioning has been proven to be 

important for PIC activation and tissue remodeling. Autologous human pericardium 

may be a promising tissue from which to construct a living heart valve substitute. A 

pericardial heart valve replacement of this type may possess optimal mechanical and 

hemodynamic properties, and there may be no negative immune response after 

implantation in vivo.    

 

 

Souhrn 

1. Výzkum prokázal, že buněčné složení, struktura mezibuněčné hmoty a mechanické 

vlastnosti lidského perikardu jsou velmi podobné normální aortální chlopni.  

 

2. Zkonstruovali jsme bioreaktor generující pulsní průtok kultivačního média pro 

trojrozměrné (3D) kondicionování tkáně lidského perikardu. 

 

3. Provedli jsme pilotní studii s použitím nové metody přípravy trojcípé náhrady srdeční 

chlopně z lidského perikardu, založené na 3D kondicionování (mechanotransdukci) 

této tkáně. 

 

4. Histologická struktura kondiciovaného perikardu se velmi podobá tkáni normální 

aortální chlopně a 3D dynamické kondicionování bylo prokázáno jako významné pro 

aktivaci PIC buněk a tkáňovou remodelaci. Autologní lidský perikard může být 

slibnou tkání pro vytvoření živé srdeční chlopenní náhrady. Perikadiální chlopenní 

náhrada tohoto typu vykazuje optimální mechanické a hemodynamické vlastnosti a 

nebude vyvolávat nežádoucí imunitní reakci po implantaci in vivo.  
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