
Gustav Steinho�     Editor 

Regenerative 
Medicine - from 
Protocol to Patient
3. Tissue Engineering, Biomaterials 
and Nanotechnology

 Third Edition 



  Regenerative Medicine - from Protocol to Patient 



  



       Gustav   Steinhoff    
 Editor 

 Regenerative Medicine - 
from Protocol to Patient 
 3. Tissue Engineering, Biomaterials 
and Nanotechnology

Third Edition                      



 Edition 3: published in fi ve separate volumes:

Vol. 1: 978-3-319-27581-9
Vol. 2: 978-3-319-27608-3
Vol. 3: 978-3-319-28272-5
Vol. 4: 978-3-319-28291-6
Vol. 5: 978-3-319-28384-5 

 ISBN 978-3-319-28272-5      ISBN 978-3-319-28274-9 (eBook) 
 DOI 10.1007/978-3-319-28274-9 

 Library of Congress Control Number: 2016931901 

 Originally published in one volume:
1st edition: ISBN: 978-90-481-9074-4 (Print) 978-90-481-9075-1 (Online) (2011)
2nd edition: ISBN: 978-94-007-5689-2 (Print) 978-94-007-5690-8 (Online) (2013) 
 © Springer International Publishing Switzerland   2016 
 This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of 
the material is concerned, specifi cally the rights of translation, reprinting, reuse of illustrations, recitation, 
broadcasting, reproduction on microfi lms or in any other physical way, and transmission or information 
storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar methodology 
now known or hereafter developed. 
 The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication 
does not imply, even in the absence of a specifi c statement, that such names are exempt from the relevant 
protective laws and regulations and therefore free for general use. 
 The publisher, the authors and the editors are safe to assume that the advice and information in this book 
are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or the 
editors give a warranty, express or implied, with respect to the material contained herein or for any errors 
or omissions that may have been made. 

 Printed on acid-free paper 

 This Springer imprint is published by Springer Nature
The registered company is Springer International Publishing AG Switzerland 

 Editor 
    Gustav   Steinhoff   
  Department of Cardiac Surgery 

and Reference and Translation Center 
of Cardiac Stem Cell Therapy (RTC), 
Medical Faculty 

 University of Rostock 
  Rostock ,  Mecklenburg-Vorpomm,   Germany   



v

   Foreword: Regenerative Medicine: 
From Protocol to Patient 

   

    Third Edition 

 The vision to unravel and develop biological healing mechanisms based on evolving 
molecular and cellular technologies has led to a worldwide scientifi c endeavour to 
establish  regenerative medicine . This fi eld involves interdisciplinary basic and 
(pre)clinical research and development on the repair, replacement, regrowth or 
regeneration of cells, tissues or organs in congenital or acquired diseases. Stem cell 
science and regenerative biology is prompting the most fascinating and controversial 
medical development of the twenty-fi rst century. It can be envisaged that this devel-
opment will establish completely new molecular and cellular techniques for medi-
cal diagnosis and therapy. The early rush of scientifi c development was initiated 
more than one hundred years ago by the physiology of blood regeneration (Hall and 
Eubanks 1896) and successful vascular surgical techniques for organ transplanta-
tion (Carrel and Guthrie 1905). However, the clinical realization of allogenic blood 
transfusion lasted until the discovery of the blood group antigens (Landsteiner 
and Levine 1928) and successful routine allogenic organ and bone marrow trans-
plantation towards the end of the last century. 

 Similar to the fi eld of allogenic cell and organ transplantation, it seems that 
 regenerative medicine  again condenses mankind’s visions, hopes and fears regard-
ing medicine: Hopes of eternal life and effective treatment of incurable disease, as 
well as fears of the misuse of technology and uncontrolled modifi cations of life are 
polarizing the scientifi c fi eld. The development and public acceptance of new ethi-
cal and regulatory guidelines is a necessary process to support further clinical devel-
opment. Nevertheless, the vision of a new medicine using the regenerative power of 
biology to treat disease and restructure the organism is setting the aims for scien-
tifi c, technological and medical development. Viewing the great expectations to 
restructure and regenerate tissues, organs or even organisms, the current attempts of 
both scientists and physicians are still in an early phase of development. 
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 The fi eld of  regenerative medicine  has developed rapidly over the last 20 years 
with the advent of molecular and cellular techniques. This collection of volumes on 
 Regenerative Medicine: From Protocol to Patient  aims to explain the scientifi c 
knowledge and emerging technology, as well as the clinical application in different 
organ systems and diseases. The international leading experts from four continents 
describe the latest scientifi c and clinical knowledge in the fi eld of  regenerative med-
icine . The process of translating the science of laboratory protocols into therapies is 
explained in sections on basic science, technology development and clinical transla-
tion including regulatory, ethical and industrial issues. 

 This collection is organized into fi ve volumes: (1)  Biology of Tissue Regeneration ; 
(2)  Stem Cell Science and Technology , (3)  Tissue Engineering, Biomaterials and 
Nanotechnology , (4)  Regenerative Therapies I.;  and (5)  Regenerative Therapies II. 
Biology of Tissue Regeneration (Volume 1)  focuses on regenerative biology with 
chapters on the extracellular matrix, asymmetric stem cell division, stem cell niche 
regulation, (epi)genetics, immune signalling, and regenerative biology in organ sys-
tems and model species such as axolotl and zebrafi sh. 

  Stem Cell Science and Technology (Volume 2)  provides an overview of the clas-
sifi cation of stem cells and describes techniques for their derivation, programming 
and culture. Basic properties of differentiation states, as well as their function are 
illustrated, and areas of stem cell pathologies in cancer and therapeutic applications 
for these cells are discussed with the emphasis on their possible use in  regenerative 
medicine . 

  Tissue Engineering, Biomaterials and Nanotechnology (Volume 3)  focuses on 
the development of technologies, which enable an effi cient transfer of therapeutic 
genes and drugs exclusively to target cells and potential bioactive materials for clin-
ical use. The principles of tissue engineering, vector technology, multifunctional-
ized nanoparticles and nanostructured biomaterials are described with regards to the 
technological development of new clinical cell technologies. Imaging and targeting 
technologies, as well as the biological aspects of tissue and organ engineering are 
described. 

  Regenerative Therapies I (Volume 4)  gives a survey of the history of regenerative 
medicine and clinical translation including regulation, ethics and preclinical devel-
opment. Clinical state-of-the-art, disease-specifi c approaches of new therapies, 
application technologies, clinical achievements and limitations are described for the 
central nervous system, head and respiratory systems. Finally,  Regenerative 
Therapies II (Volume 5)  contains state-of-the-art knowledge and clinical translation 
of regenerative medicine in the cardiovascular, visceral and musculoskeletal 
systems. 

 These volumes aim to provide the student, the researcher, the healthcare profes-
sional, the physician and the patient with a complete account of the current scien-
tifi c basis, therapeutical protocols, clinical translation and practised therapies in 
 regenerative medicine . On behalf of the sincere commitment of the international 
experts, we hope to increase your knowledge, understanding, interest and support 
by reading the book. 

Foreword: Regenerative Medicine: From Protocol to Patient 
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    Chapter 1   
 Novel Concepts in Design and Fabrication 
of ‘Living’ Bioprosthetic Heart Valves: 
From Cell Mechanosensing to Advanced 
Tissue Engineering Applications                     

       Maurizio     Pesce       and     Rosaria     Santoro   

    Abstract     Despite the use of bio-valve prostheses to replace diseased heart valves 
dates more than 50 years ago, and the large and increasing need of this type of 
implants for heart surgery worldwide, defi nitive solutions to manufacture ‘lifetime- 
long’ valve replacements are not yet available. In fact, although various problems in 
the manufacturing process of these implants have been circumvented compared 
with the beginnings, these solutions have not yet led to a full biological compatibil-
ity in the human system due to long term infl ammation, calcifi cation and ultimately 
structural valve deterioration. Importantly, the more limited duration of the valve 
bio-prostheses occur in pediatric patients and adults under the age of 65. These are 
the patients who more often need prosthesis replacement and therefore new invasive 
surgical interventions with a compromised quality of life. 

 The present contribution is centred onto the dissection of the valve cells response 
to mechanical stimuli regulated by the extracellular matrix, and new engineering 
systems that have been set up to mimic the tissue mechanics in the heart valve leaf-
lets and manufacture the ‘living bioprosthetic’ valves. This latter goal is being pur-
sued intensely worldwide by exploiting the most advanced technologies in material 
science and scaffolds design.  

  Keywords     Valve bioimplant   •   Tissue engineering   •   Valve interstitial cell   • 
  Mechanosensing  

        M.   Pesce ,  M.Sc., Ph.D.      (*) •    R.   Santoro    
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1.1       Introduction – The Current Limitations in Biological/
Bio-Prosthetic Valve Implants Design 

 Diseased and dysfunctional heart valves are routinely repaired or replaced by surgical 
interventions. If damage is too severe to enable valve repair, the native valve is 
replaced by a prosthetic valve. About 300,000 heart valve procedures are performed 
every year worldwide, and this number is expected to triple by 2050 consequently 
to the trend of the lifespan to increase. Two types of commercially available heart 
valve prostheses are used at present: mechanical or biological (David  2013 ; 
Kheradvar et al.  2015 ). Despite having excellent durability and a non-modifi able 
mechanical performance, the mechanical prostheses are prone  to   thromboembolic 
complications requiring lifelong anti-coagulation therapy. Biological valves 
undergo structural deterioration, and this is still the principal cause of prosthetic 
valve failure in the mid/long term, affecting signifi cant portions of the patients 
populations, especially in the young (Forcillo et al.  2013 ). 

 The technology employed to produce the  commercial   bio-valve implants is based 
on tissues of animal origin. Pericardial membrane and valve leafl ets, from bovine 
and porcine are the most commonly used. In order to increase mechanical resis-
tance, the animal-derived tissues are normally treated with low concentration alde-
hydes (e.g. glutaraldehyde, GA). This generates covalent bonds between components 
of the extracellular matrix and prevents acute host immune rejection (Carpentier 
et al.  1969 ). Treatment with aldehydes has also major drawbacks concerning peri-
cardial or valve tissue long-term durability. In fact, clinical data from long term 
follow up of patients receiving pericardium-made bio-prosthetic implants, have 
indicated severe structural valve deterioration (SVD) and calcifi cation. SVD is pri-
marily caused by a chronic infl ammatory condition resulting from a non-complete 
detoxifi cation of the fi xative remnants from the xenograft tissue (Grabenwoger et al. 
 1996 ; Siddiqui et al.  2009 ), and/or by the failure of the fi xation protocols to remove 
major xeno-antigens such as the 1, 3 α-Galactose (Konakci et al.  2005 ; Naso et al. 
 2012 ,  2013 ; Galili  2005 ; Hülsmann et al.  2012 ) (α-Gal). In addition, although it has 
been demonstrated that bioprosthetic valves are liable to undergo an  in vivo  recel-
lularization process by recruitment of circulating cells (De Visscher et al.  2007 ), the 
clinically employed biological implants are not designed to contain living cells, 
making them prone to infi ltration by infl ammatory elements of the recipient (Rieder 
et al.  2005 ), causing chronic infl ammation. 

 New pericardium and valve tissues decellularization strategies have been there-
fore proposed, based on treatment  with   ionic/non-ionic detergents and enzymes that 
remove the genetic content and xenoantigens (Mirsadraee et al.  2006 ,  2007 ). While 
these methods have been found to reduce immunogenicity of the pericardial tissue 
for xenotransplantation (Vinci et al.  2013 ), and to  favor   post-graft recellularization 
by host cells (Iop et al.  2014 ), the decellularized tissues employed to manufacture 
valve prostheses are still devoid of valve competent cells, which may contribute to 
renew the extracellular matrix and thus repair the tissue over time increasing its 
longevity (CardioPulse Articles  2015 ). 

M. Pesce and R. Santoro
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 Tissue engineering methods to  produce   ‘off the shelf’ living valve substitutes 
have been set up. This approach consists in combining three-dimensional (3D) bio-
degradable scaffolds produced with different materials and manufacturing methods 
or decellularized tissues (e.g. porcine-derived aortic valves; pericardial membrane) 
with cells of various origin and level of potency (Jana et al.  2014 ; Kheradvar et al. 
 2015 ). Apart from advantages and drawbacks depending on the bio-compatibility of 
the scaffold materials and the cell types which may have a variable, and in several 
cases still unknown, adaptability to the high degree of mechanical stimulation act-
ing in cardiac valves, there are two major limitations in this approach:  (i)  the insuf-
fi cient structural stability of the tissue-engineered valve leafl ets that undergo 
retraction and thickening thus causing regurgitation and insuffi ciency in the mid 
long term (van Vlimmeren et al.  2011 ), and  (ii)  the limited access of cells in the 
decellularized tissues (Dainese et al.  2012 ) that probably requires advanced cell 
seeding methods to achieve good recellularization effi ciency. Finally, in this respect 
it is surprising that the employment of valve-derived cells, and in particular the so 
called ‘valve interstitial cells’ (VICs), has been introduced to this aim only recently 
in the valve tissue engineering scenario, while other cells such as bone marrow- 
derived mesenchymal progenitors or endothelial cells have been used for longer time.  

1.2     Designing the Right Mechanosensing 
Environment – Anisotropic Structure 
and Valve Resistance to Mechanical Load 

 When observed at an ultrastructural level, the valve tissue has a very complex and 
well-organized structure (Fig.  1.1 ). A crucial feature is, for example, the specifi c 
arrangement of the extracellular matrix components (namely collagen, glicosami-
noglycans and elastin), whose specifi c orientation and prevalent distribution in the 
small leafl et thickness  and   width has evolved to make the tissue very resistant to 
mechanical stress at valve closure during diastole, and soft and pliable to allow the 
blood fl ow through the valve at opening during systole (Breuer et al.  2004 ; Balguid 
et al.  2007 ,  2008 ; Hammer et al.  2014 ). In three leafl et valves (the aortic and the 
pulmonary) for example, it comprises three specialized layer (the  Fibrosa , the 
 Spongiosa  and the  Ventricularis ; Fig.  1.1 ) whose distinct cellular and extracellular 
matrix composition ensures correct absorption of mechanical stress, confi ned in a 
thickness of around 500 μm. The presence of non-uniformly arranged collagen bun-
dles in the  Fibrosa  (the layer exposed to the aortic outfl ow segment; Fig.  1.2a ) is, for 
example, the crucial structural component determining the anisotropic mechanical 
behavior of the leafl ets. This is adapted to ensure a maximal resistance to stress at 
the leafl ets commissures and at the ‘belly’ portions, where the largest mechanical 
stresses are normally acting when valve closes (Fig.  1.2b ). The presence of elastin 
bundles in the  Ventricularis  (the part of the tissue located on the ventricular side of 
the valve) has specifi cally evolved to support the recoil of the leafl ets to their 

1 Novel Concepts in Design and Fabrication of ‘Living’ Bioprosthetic Heart…
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crimped initial state after diastolic loading (Breuer et al.  2004 ) (Fig.  1.1 ). Finally, 
the spongiosa layer (located in the middle portion between the two other has a lower 
structural organization, it is mainly composed of Glicosaminoglycans (GAGs) that 
function as a ‘cushion’ absorbing mechanical solicitations caused by leafl et motion. 
Leafl et complexity is increased by a non-homogeneous cell  composition   and distri-
bution in the valve. This consists in valve endothelial cells (VECs), which line the 
infl ow and outfl ow valve surfaces, and valve interstitial cells (VICs), a plastic fi bro-
blast/myofi broblast phenotype, that provide the necessary ECM components 
renewal into a tissue undergoing, in its average lifetime, three billion load/unload 
cycles (Sacks et al.  2009 ). Mechanical forces, acting especially during embryonic 
shaping of the heart valves, give a primary contribution to differentially align and 
determine different shapes of VECs on the two leafl et surfaces, and are crucial to 
induce differential strain-dependent maturation of the valve fi brillar matrix struc-
ture by modulating the function/phenotype of VICs in the three presumptive layers 
(reviewed in (MacGrogan et al.  2014 )).

  Fig. 1.1    Structure and 
mechanical behaviour of 
the aortic valve tissue 
throughout the cardiac 
cycle (Adapted from van 
Vlimmeren et al.  2011 ). 
The picture on  top  shows 
the three layered structure 
of the leafl et (split in 
 fi brosa ,  spongiosa  and 
 fi brosa  layers from the 
aortic through to the 
ventricular side). The 
drawing in the  middle  
describes the modifi cations 
of the leafl et structure in 
the diastole/systole 
transition and the main 
changes in the strain of the 
collagen and elastin fi bres 
in the  fi brosa  and 
 ventricularis . The  graph  
on the  bottom  shows the 
strain/stress relationship in 
the transition from systole 
(valve closed) to diastole 
(valve closed) and the main 
structural components in 
the leafl et layers that are 
involved (From Breuer 
et al. ( 2004 )       
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1.3         Mechanical Load, Mechanosensing 
and Cellular Responses 

 The extracellular matrix (ECM) not only provides a passive scaffold to maintain 
cells in a confi ned architecture, but it is also an active source of stimuli to the cells 
that are not just limited to a humoral control  of      tissue homeostasis. In fact, the ECM 
is also deputed to transduce mechanical cues that translate into geometric-, posi-
tioning- and motion-sensing information by the cells. These powerful forces are 
thought to be particularly active in the cardiovascular system, including heart valves, 
where motion is part of the physiologic functions, and positioning information is 
likely a crucial feedback signal orchestrating correct heart/heart valve patterning. 
The ability of the cells to sense the environment through mechanical activation of 
intracellular pathways is intrinsic in the developmental process of multicellular 

  Fig. 1.2    Structure of the aortic valve  fi brosa  (Adapted from Dainese et al.  2012 ; Breuer et al. 
 2004 ; Balguid  2008 ). ( a ) Sirius Red staining of the aortic valve spongiosa reveals a high degree of 
anisotropy in collagen fi bres deposition. The scheme on the  right  indicates the main direction of 
tensile strength oriented along the main fi bre deposition pattern, resulting in an anisotropic loading 
distribution. ( b ) The image on the  left  indicates a polarized light picture of the collagen bundles in 
the  fi brosa. Green squares  indicate the two commissural areas and the red square shows the ‘belly’ 
portion. These areas are those where the maximal loading stress is applied at valve closure 
according to mathematical modelling of stress/strain patterns (From Hammer et al.  2014  and 
Balguid et al. ( 2007 ,  2008 )       
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organisms. For example, the recent implication of the mechanosensing-activated 
pathway Hippo in  the      pre-implantation development, has allowed to connect the old 
concept of cellular ‘polarity’ acquired by blastomeres undergoing the fi rst embry-
onic divisions (Johnson and Ziomek  1981 ) to the events segregating the embryonic 
(pluripotent) cells from the extraembryonic (trophectoderm) lineages depending on 
cell positioning (Biggins et al.  2015 ; Nishioka et al.  2009 ). This applies also to 
adult-derived stem cells, e.g. mesenchymal stem cells, in which cellular lineage 
identity and basic features such as proliferation and differentiation are affected by 
discrete geometric patterning into cell colonies (Vunjak-Novakovic  2008 ; Nelson 
et al.  2005 ) and intracellular signalling eliciting by shape-dependent discrete cyto-
skeleton tensioning (Kilian et al.  2010 ). Finally while geometrical modelling of the 
environment is strictly associated to normal (stem) cell fate and functions into tis-
sues, alterations of positioning cues can also lead, at least theoretically, to abnor-
malities in stem cells proliferation and telomeric size (Blagoev  2011 ). 

 The  ECM      composition is complex and highly adapted to regulate the tissue func-
tions. For example, the variable content of adhesive proteins, fi brous proteins and 
proteoglycans is crucial to generate anchorage and modulate mechanical stimuli 
that are known to have potent inductive functions on tissue-resident cells. In this 
regard, one of the most important characteristics of the ECM is its stiffness, 
described by the Young’s elastic modulus (E[Pa]). ECM stiffness is relevant either 
for passive loading to the cells, or as a stimulus regulating critical cellular activities, 
such as induction of cytoskeleton tensioning and the associated intracellular signal-
ling pathway. The physiological stiffness changes signifi cantly between different 
tissues, ranging from the very soft brain tissue (0.1–1 KPa), to the very stiff pre- 
calcifi ed bone (25–40 KPa), while intermediate ranges (8–17 KPa) are typical of the 
skeletal muscle (Engler et al.  2006 ). 

 A simple method to investigate the stiffness effects on cell behaviour is to manu-
facture culture surfaces with a  defi ned      elastic modulus. These substrates can be 
easily generated using various technologies and materials such as the polydime-
thilsiloxane (Gray et al.  2003 ), polyethilenglicol (Khatiwala et al.  2009 ), or poly-
acrylamide (Pelham and Wang  1997 ). In these bi-dimensional (2D) culturing 
environments, whose biophysical features can be accurately detected by nano- 
indentation methods or atomic force microscopy (Engler et al.  2007 ), cell attach-
ment is mediated by coating the surfaces with specifi c ECM components such as, 
for example, collagen (Engler et al.  2006 ; Quinlan and Billiar  2012 ), fi bronectin 
(Peyton and Putnam  2005 ) or specifi c integrin-binding adhesion peptides (Wang 
et al.  2012 ; Gould et al.  2012 ). This enables the manufacturing of adhesion surfaces 
transducing discrete mechanical information to the cells  via  the activation of spe-
cifi c receptor signalling (Balaoing et al.  2015 ; Ramos et al.  2010 ). Culturing cells 
onto substrates of known and controlled stiffness  has      offered the chance to describe 
for the fi rst time the correlation between the intracellular machinery regulating cell 
rigidity (e.g. that dependent on the small-GTP binding protein RhoA and its down-
stream target ROCK (Zhou et al.  2011 )) and progenitor cells differentiation. When 
cultured on high stiffness substrates, various cell types, such as embryonic fi bro-
blasts (Kim et al.  2012 ), cardiac fi broblasts (Xie et al.  2014 ), and mesenchymal 
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progenitors (Engler et al.  2006 ) were reported to show increased substrate contact 
areas and focal adhesions, and this correlated with an induction of genes involved in 
osteogenic commitment. 

 How does  the      matrix rigidity affect the biology of the heart valves? As shown in 
Fig.  1.1 , the valve tissue is a composite structure in which cells are embedded into 
extracellular matrix layers with distinct elasticity. For example, the fi brosa layer 
contains an anisotropic arrangement of Collagen fi bres whose mechanical compli-
ance is higher compared with that of the amorphous-structured spongiosa, in which 
Glycosamino-Glycans (GAGs) are the most represented matrix components 
(Schoen  2008 ). Although a comprehensive dissection of the VICs phenotype with 
respect to the mechanical compliance of the three valve tissue layers has not yet 
been performed, the susceptibility of these cells to differentiate into pro-osteogenic 
cells (Chen et al.  2009 ), especially when cultured onto surfaces with high stiffness 
(Yip et al.  2009 ), along with their mechanical adaptability to the compliance of the 
surrounding environment (Wyss et al.  2012 ; Liu et al.  2013 ), makes them likely 
potent mechanical ‘sensors’ in the valve. These cells in fact, are not only able to 
fulfi l the leafl ets tissue turnover and to adapt to the leafl ets mechanical complexity, 
but evolve toward pathologic phenotypes depending on local perturbations of the 
valve matrix compliance. In keeping  with      this hypothesis, the regions in the Aortic 
Valve leafl ets that are most subject to mechanical load, i.e. the commissures and the 
‘belly’ portions (regions highlighted in red and green, respectively in Fig.  1.2b ), are 
those into which preferentially calcifi c lesions are fi rst detected (Hinton and Yutzey 
 2011 ), probably as a result of stiffness-dependent calcifi c nodules deposition by 
VICs (Bouchareb et al.  2014 ; Bertazzo et al.  2013 ). The above considerations dem-
onstrate the ability of the cells in general to ‘feel’ the mechanical environment and, 
restricted to valve biology, may have implications for tissue pathologic evolution. 
This suggests that VICs mechanosensing ability will have to be taken into consider-
ation in future tissue engineering approaches aiming at reconstructing durable valve 
bioprostheses architecture using these cells or other mechanosensing-susceptible cells.  

1.4     From Cell and Tissue Mechanics to Tissue Engineering 

 As well highlighted in other contributions available in the literature (e.g. reference 
(Kheradvar et al.  2015 )), the design concept  of   off-the-shelf tissue engineered heart 
valve bioprostheses is based on the ability of  ex vivo  cultured cells (Weber et al. 
 2012 ) to colonize 3D scaffolds manufactured with various biologically compatible 
polymers, and induce maturation of leafl et-like tissues by  in vitro  mechanical load-
ing, before implantation into suitable animal models (e.g. sheep). In early attempts, 
the adopted engineering strategy was to employ preformed three-leafl et tubular con-
structs manufactured with non-woven scaffolds made of biodegradable materials 
(e.g. Poly-Glycolic-Acid, PGA and Poly-L-Lactic-Acid, PLLA) as 3D seeding sub-
strates for cells (Hoerstrup et al.  2002 ; Schmidt et al.  2010 ). Unfortunately, despite 
the initial success of cell seeding and  in vitro  maturation of the tissue constructs, 
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in several of these attempts, ‘compaction’ and ‘retraction’ of tissue engineered leafl ets 
were observed. This effect altered the geometry, the compliance and, ultimately, 
compromised the mechanical performance of the tissue engineered valve prosthe-
ses. These effects occurred especially at long term after implantation in animals due 
to a non-optimized arrangement of the structural elements associated with the cells 
and infl ammatory cells infi ltration. In addition, while at least in principles, the pres-
ence of a three-dimensioned environment should confi ne the cells to stay into an 
‘instructive’ leafl et geometry, the employment of biodegradable materials does not 
support a native-like structural and mechanical maturation of the engineered valve 
tissue, thereby causing loss of structural and mechanical coherence. Models of tis-
sue compaction and retraction have been set to explain this limitation in TEHV 
design (van Vlimmeren et al.  2011 ,  2012 ; van Loosdregt et al.  2014 ). These inves-
tigations have clearly indicated that passive and cell-mediated forces are involved in 
leafl ets retraction. The passive shrinkage is essentially caused by failure of the 
newly formed tissue to withstand cellular traction forces as the scaffold degrades; a 
further active retraction is then caused by cellular traction forces that compensate 
for the hemodynamic loading as well as by cell-mediated remodelling of the ECM 
components (van Loosdregt et al.  2014 ; van Vlimmeren et al.  2012 ). 

 While the introduction of an anisotropic design in TEHV scaffolds manufactur-
ing may reduce the impact of the cell-mediated shrinkage (Loerakker et al.  2013 ), 
the problem of passive compaction due to the rapid reabsorption of the scaffold 
remains essentially unaddressed. One possibility to circumvent this problem may be 
in the future to invest into novel ‘hybrid’ approaches, which may take advantage of 
the physical properties of non- degradable   materials to manufacture scaffolds with a 
specifi c anisotropic design and mechanical behaviour, and of cell-seeding/depositing 
techniques to cellularize the anisotropic 3D environment and achieve maturation of 
the tissues through mechanical stimulation. Another approach, as recently suggested 
(Kural and Billiar  2014 ; Hjortnaes et al.  2015 ), may be to modulate the cell-
mediated tensile strength of the tissue directly in the 3D environment by employing 
materials with defi ned stiffness to reduce the propensity of VICs to evolve towards 
myofi broblasts/osteogenic cells and humoral signals (e.g. treatment with TGF-β), 
and/or to induce VICs to deposit ECM components (e.g. Collagen) with an aniso-
tropic deposition pattern, resembling that present in the native tissue (MacGrogan 
et al.  2014 ). 

 Evolved scaffold fabrication criteria have been fi nally introduced to achieve a 
more complex bio-artifi cial leafl ets design with the aim at reproducing the architec-
ture and the mechanical behaviour of the native valve tissues. Examples of these 
new techniques are electrospinning (Masoumi et al.  2014a ), 3D printing (Mosadegh 
et al.  2015 ) and stereolithography (Morsi  2014 ). These methods have been employed 
with different classes of biocompatible artifi cial materials (Morsi  2014 ) and, in 
some instances, have been combined together (Masoumi et al.  2014b ) in order to 
generate complex scaffolds reproducing the natural layering of the valve leafl ets 
tissue with a specifi c degree of structural anisotropy. These fabrication methods can 
be interfaced with computer-added-design (CAD) tools that make possible to 
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include in the fabrication process the mechanical parameters of the tissue during its 
motion and loading, thus empowering the  manufacture   of bio-artifi cial leafl ets with 
a pre-determined resistance to stress (Lueders et al.  2014 ).  

1.5     Conclusions 

 Compared with the early and ineffi cient approaches stemming from application of 
basic principles in materials/cells interactions, the engineering of ‘off-the-shelf’ 
valve substitutes has become a sophisticated process involving an interdisciplinary 
integration of various techniques and manufacturing strategies. Although advance-
ments in material science allows the employment of various polymers with different 
chemical composition, different degrees of reabsorption and biophysical properties, 
the evolution of tools to operate tailored scaffold fabrication makes possible the 
manufacture of 3D environments where cells might be placed in the right mechanical 
environment. This will lead to the necessary improvements of the valve bioartifi cial 
leafl ets manufacturing process to achieve a realistic translation.     
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