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Abstract

The rapid evolution of heart valve tissue engineering is
progressively moving from an in vitro to in vivo setting, pushing human
decellularized grafts into preclinical and clinical application. The cost
effectiveness and relatively straightforward processing of acellular
heart valves would make this concept potentially available for both
adult and paediatric patients. This approach relies on the body’s
endogenous regenerative capacity. The most appealing results to date
have been realized using human acellular biological scaffolds. At
present, two crucial limitations pose a significant delay to their
application in routine clinical practice: the lack of donor tissues and the
limited storage stability of biological scaffolds at 4°C in saline solution.
Therefore, decellularized xenogeneic scaffolds, such as pericardium,
which is abundantly available and ideally devoid from endogenous cell
elements and immunogenic epitopes, could potentially be used for
manufacturing cardiovascular substitutes. In order to ensure routine
use of cardiovascular scaffolds, off-the-shelf availability requires tissue
banking.

The objective of this study was to evaluate the suitability of three
different preservation methods for preservation of decellularized
bovine and porcine pericardial scaffolds: cryopreservation (as the
standard preservation method currently in use), vitrification, and
freeze-drying. The implementation of novel preservation technologies
for tissue banking of such scaffolds requires careful validation to
demonstrate the maintenance of their biological and functional
integrity.

Bovine and porcine pericardia were decellularized using Triton X-
100, sodium cholate and endonucleases. Following decellularization,
bovine and porcine samples were subjected to either slow-freezing-
rate cryopreservation, vitrification or freeze-drying (n=6 in all cases).



Slow-freezing-rate cryopreservation was conducted at ~1°C/min using
10% DMSO as a cryoprotectant. Vitrification was performed using
VS83 (4.65mol/L formamide, 4.65 mol/lL DMSO and 3.31 mol/L
propylene glycol in EuroCollins solution) and cooling above the vapour
phase of liquid nitrogen. Freeze-drying was carried out using a
programmable freeze-drier with temperature-controlled shelves, while
samples were infiltrated with sucrose for lyoprotection. The impact of
these preservation methods on the structural integrity of the scaffolds
was assessed using histological staining, scanning electron
microscopy (SEM), multiphoton microscopy (TPM) and uniaxial tensile
testing. Fourier transform infrared spectroscopy (FTIR) was performed
to study the overall protein secondary structure and differential
scanning calorimetry (DSC) was used to determine thermal protein
denaturation profiles. In addition, cytotoxicity analysis was performed.

Histological staining, SEM and TPM revealed that the extracellular
matrix (ECM) integrity was maintained after all preservation treatments
compared to the non-preserved control in both species. Inspection of
the protein amide-l band (1600-1700 cm™") in the FTIR spectra
showed no statistically significant differences in overall protein
secondary structure after preservation and reconstitution. DSC results
indicated that the protein denaturation temperature was not
significantly affected by any of the preservation protocols. Uniaxial
tensile testing demonstrated the preservation of the biomechanical
properties of porcine scaffolds, whereas for bovine scaffolds significant
differences were observed following cryopreservation treatment.

Furthermore, differently treated scaffolds possess excellent
cytocompatibility in vitro. This is of major importance since the
preservation of ECM components and their bioactive properties may
guarantee endogenous tissue regeneration upon implantation.

The most commonly used preservation method for cardiovascular
tissue banking is cryopreservation by slow-rate freezing. It is shown,
however, that cryopreservation of bovine pericardial tissues using 10%
DMSO and slow-rate freezing results in more rigid tissues compared



to vitrified or freeze-dried tissues, whereas the biomechanical behavior
of porcine scaffolds was unaffected by any of the preservation
methods. This change in mechanical properties seen in DBP might be
caused by damage due to ice crystal formation disturbing the ECM
histoarchitecture. However, all preservation technologies were suitable
for preserving ECM components with no apparent sign of denaturation
of collagen or loss of elastin and sGAGs. Similarly, proteins were
found to be stable as no changes were introduced to their structure.

In conclusion, freeze-drying and vitrification represent alternative
methods to conventional cryopreservation that demonstrate excellent
outcomes regarding preservation of ECM structure and its
components. Both cryopreserved and vitrified tissues are usually
stored in liquid nitrogen or a mechanical freezer, and include the use
of highly toxic cryoprotective agents. Freeze-drying is carried out using
non-toxic protective agents and the scaffolds can be stored in
operating rooms at room temperature, which gives surgeons the
opportunity to choose the ideal graft for the benefit of the patient.
Freeze-drying reduces infrastructural costs for storage and shipment
and preserves ECM integrity as well as vitrification and even better
than conventional cryopreservation.

It is therefore suggested that freeze-drying could replace currently
used cryopreservation and vitrification approaches for the preservation
of xenogeneic decellularized scaffolds.
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1 Introduction

Cardiovascular disease (CVD) has become the largest cause of
morbidity and mortality globally. It is responsible for almost one million
deaths each year. CVD includes all the major disorders of the heart
and blood vessels, comprising coronary, congenital and valvular heart
disease; stroke; hypertension; and vascular dementia [1]. One of the
most common diseases affecting the heart is valvular disease, which
is manifested by two types of valve deficiencies, stenosis and
regurgitation. In both cases, significant morbidity and mortality will
affect these patient populations if no suitable therapy is provided.
Around 290,000 heart valve replacements are performed each year
and this figure is estimated to triple by 2050 [2,3].

Over the past decades, major advancements have been made in
the reconstruction and replacement of malfunctioning valvular heart
tissues. Valve replacements can be categorized into human heart
valves and prosthetic valves. Human heart valves include autografts
and allografts, while prosthetic valves consist of either mechanical or
xenogeneic valve tissues harvested from animals such as pigs. The
first FDA-approved mechanical valve was introduced by Dr. Albert
Starr and Lowell Edwards [4]. This revolutionary step considerably
improved outcomes for patients with valvular disease. Unfortunately,
enthusiasm for mechanical valves was tempered as soon as their
related complications to thromboembolic events and the need for
lifelong anticoagulation were recognized [5]. Due to these
complications, the main goal of subsequent research was to develop
bioengineered tissues for use as alternative heart valves to overcome
the drawbacks of mechanical prostheses. In 1965, Carpentier
successfully introduced the use of xenogeneic porcine bioprosthesis to
substitute for the aortic heart valve. Unfortunately, non-treated porcine
valves were characterized by limited durability (from 6 months to 1



year), mainly caused by immune response to animal tissues [6]. In
order to improve these outcomes, Carpentier employed
glutaraldehyde (GA) to stabilize the collagen and reduce antigenicity,
increasing the durability of functioning valves from a few months to 6
years [7]. With the application of a low concentration of GA for
xenogeneic tissues, a new era of commercialization of bioprosthetic
heart valves began. Bovine and porcine pericardia subjected to GA
were introduced in this period as biomaterials for the fabrication of
heart valves [8,9] as well as patches for repair and reconstruction in
the cardiac and vascular surgical field [10]. Despite the absence of
regeneration and growth potential and the manifestation of
calcification, clinical experience confirmed low thrombogenicity and
improved durability in vivo, which was becoming interestingly attractive
to implantation centers and hospitals around the world. Along the
same lines, the use of homograft heart valves in clinical practice was
introduced in 1962 by Ross [11] and in 1965 by Boyes [12], and
showed excellent hemodynamic performance and resistance to
infection [13]. Heart valves can be isolated from multi-organ donors,
cadavers or from recipients of heart transplantation.

The growing clinical need for homograft valve substitutes in
different sizes in cardiac surgery and the progress made in the
cryobiology field encouraged the establishment of allograft valve
banks. Cryopreservation is the gold standard method, which has been
used for many years for the long-term storage of allograft heart valves
in tissue banks. Cryopreserved allografts are usually preferred for right
ventricular outflow reconstruction in children with congenital heart
disease, young patients, and women of childbearing age. Clinical
concerns about cross-infections and bacterial contamination during
storage led to application of harsh disinfection and sterilization
methods. However, these pretreatments resulted in a decrease in
allograft longevity during the early 1970s [14,15]. Another factor
associated with the degeneration of cryopreserved heart valves, is
cell-mediated calcification and the host’'s immune response to foreign
antigens expressed on allograft implants. In order to overcome these



limitations and to reduce the antigenic response upon transplantation,
decellularization methods have been developed to produce biological
scaffolds composed of extracellular matrix (ECM), which are free from
cell elements including cell membranes, organelles and nucleic acids.
Many decellularization protocols applied to human heart valves have
proven to be very promising treatments with excellent outcomes in
preclinical and clinical studies [16,17]. However, it remains
questionable whether standard cryopreservation is suitable for
preserving the long-term performance of decellularized grafts. It has
been reported that cryopreserved heart valves demonstrated structural
matrix damage and deterioration of their components (Collagen and
Elastin), probably due to ice damage [18]. Indeed, several preclinical
[19] and clinical studies [20] have shown that cryopreservation after
decellularization might cause calcification, compromising the positive
outcomes of the application of decellularized allografts. Rival
candidates for the long-term storage of decellularized scaffolds are
ice-free cryopreservation (also called “vitrification” and “freeze-
drying”). Both technologies rely on the use of specific protectants that
form a glassy state, enabling preservation of the ECM and
representing promising alternatives to standard cryopreservation by
slow-rate freezing.

The aim of this PhD thesis was to evaluate the impact of freeze-
drying, Vvitrification and standard cryopreservation on xenogeneic
decellularized bovine and porcine scaffolds. The impact of the different
preservation methods was assessed in terms of histoarchitecture,
biochemical composition, protein stability, biomechanical integrity, and
cytocompatibility. Combining an effective decellularization method,
such as TRICOL, with adequate preservation technology could
provide off-the-shelf, functional, durable and self-regenerating
scaffolds for cardiovascular surgery.

The thesis is structured into four main chapters. The first chapter
provides an introduction to the PhD project. The second chapter
describes experimental methods and protocols applied for the



decellularization and preservation of xenogeneic scaffolds and their
assessment. The third chapter consists of the main results obtained
from characterization of decellularized and differently preserved
bovine and porcine scaffolds, and finally, the last chapter concludes
with a discussion of the work and the future outlook.



1.1 The Heart
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Figure 1-1: The Heart Coronary, Arteries and Veins by Leonardo Da Vinci. Adapted' from [21]

The heart has always been a center of interest for many
physicians and philosophers for understanding the functioning of the
body. As far back as the beginning of the eleventh century, Avicenna
(980-1037 CE) recognized and described the heart in “Canon of
medicine” as one of the body’s vital organs, which controls and guides
the others. There was widespread controversy in medieval Europe
surrounding Galen's view of the heart as the vital and soul force and
the liver as the operating organ supplying the body with nutrients
through the venous vein [22]. However, Galen's anatomical work
became accepted in Europe through Avicenna's book. In the 1490s,
Leonardo da Vinci (1452-1518 CE) challenged the Galenist view by
describing the heart as the most powerful muscle in the body [23]. He
was the first to recognize that the heart is a muscle and that systole is
the active phase of the cardiac cycle, not diastole as hypothesized in
the Galenist theory [24]. Furthermore, Da Vinci 's drawings of the



coronary arteries are the earliest known detailed anatomical sketches
involving the aorta (Fig.1-1).

Today, it is known that the human heart is a muscular pump which
never rests. It beats 100,000 times a day, pumping around 8,000 liters
of blood through our body [25] (Fig. 1-2). It is cone-shaped with a
mass of between 250 and 350 grams [26]. The heart is part of the
circulatory system, along with a network of blood vessels (arteries,
veins and capillaries). Their function is to supply the organs and
tissues with oxygen and nutrients and to take on carbon dioxide and
waste.
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Figure 1-2: Blood circulation through the heart to the body. Adapted from[27]

The heart is located in the thorax in the mediastinum, posterior to
the sternum and between the lungs (Fig. 1-3). The heart is surrounded
by a double walled sac called the pericardium [28], which provides
protection and helps to fix it inside the chest. In the pericardial cavity,



serous lubricating fluid is present between the pericardium and heart.
Its major function is to favor the motion of the heart and to prevent
friction. The heart wall is composed of three layers: the epicardium,
myocardium, and endocardium (Fig. 1-4).

pericardium

diaphragm

Figure 1-3: Heart location between the lungs (Mediastinum). Adapted from [29

1.1.1 Histological and structural properties of the
pericardium

The pericardium is a closed sac made of connective tissues that
contains the heart, the roots of the great arteries and 5-30 ml
pericardial fluid. It is also called the parietal pericardium [30]. The



parietal pericardium is composed of serous and fibrous layers (Fig. 3).
The fibrous layer is fused to the serous one, forming a single layer with
two surfaces, i.e. fibrosa and serosa [30]. The outer layer, fibrosa, is
covered with adipose tissue, which anchors the heart to the
mediastinum, while the inner layer, serosa, consists of continuous
lines of mesothelium producing pericardial fluid [31]. The main
functions of the pericardium are to:
* Provide stabilization to the heart in its anatomic position through
the maintenance of geometry by preventing its adhesion to
other structures in the thorax [32].
* Maintain the volume/pressure ratio in the heart chambers [32].
* Protect the heart against the spread of infections by generating
a physical barrier [31].
* Lubricate the surface of the heart with serous fluid, preventing
damage to the epicardium and reducing friction with

surrounding elements [33].



Pericardial
cavity

Fibrous

layer Parietal
- pericardium
layer
- Visceral
pericardium
Myocardium
Endocardium

Myocardium
Endocardium
Visceral pericardium
(epicardium)
Parietal

pericardium

i A
..-'tw R

Figure 1-4: Heart wall layers. The insert illustrates the pericardium’s layers. Adapted from[26].

The microscopic structure of the human parietal pericardium
consists of three layers: the serosa, the fibrosa and the epipericardial
connective tissue layer (Fig. 1-4). The serosal surface contains a
continuous layer of mesothelial cells with microvilli, whose major
function is the formation and regulation of serous fluid. The cells lie on
the basement membrane supported by wavy collagen fibers in the
submesothelial layer (Fig. 1-5a and b). Fibrosa is composed of a small
number of connective tissue cells, well-organized compacted collagen,
and unimposing elastic fibers, including small vessels coming through
in oblique plane. Different layers of collagenous bundles can be
identified in the fibrosa (Fig. 1-6D). The fibers in close proximity to the
mesothelium seem to have cephalo-caudal orientation [31], whereas



the dense fibrosa showed anisotropically-oriented collagen bundles
with crimped pattern and thin elastic fibers perpendicular to the
collagen [34]. Their external elastic fibers are larger than those closest
to the mesothelium. Elongated and narrowed cells are resident in the
connective tissue of the fibrosa. The multidirectional orientation and
wavy appearance of collagen permits some degree of stretching and
elongation. By contrast, the epipericardial layer is rich in elastic fibers
and contains blood vessels, adipose tissue and neuronal elements
(Fig. 1-5a and b)[31].

Ultrastructural examination of the mesothelial cells shows two
differently shaped cells - flat and cuboidal ones - which may differ in
their function. The flat cells consist of thin cytoplasm, few mitochondria
and poorly developed endoplasmic reticulum and Golgi apparatus,
whereas the cuboidal-shaped cells are rich in organelles, Golgi
apparatus, mitochondria and well-developed endoplasmic reticulum.
Both cell forms carry occasional cilia and are covered with 3um long
microvilli (Fig. 1-5a). The latter increase the surface area for the
transport and production of pericardial fluid. The presence of few
vesicles along the luminal surface was observed. Mesothelial cells are
attached to each other through desmosomes, which build junctional
complexes reinforcing and tightening the intracellular adhesion.
Traditionally, flat mesothelial cells have been identified as the most
abundant cell type in parietal pericardium, whereas cuboidal cells
seem to appear as single cells or in small groups and are most
commonly located in the visceral part of pericardium [34,35].
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Figure 1-5: Histological sections of parietal pericardium: H&E (A) and Movat pentachrome
(B). The insert (X800 magnification), mesothelial cells with microvilli are visible. Adapted from
[31]. (C) Parietal histological section of human pericardium showing mesothelial layer (arrow),
(D) Polarized light microscope section showing orientation of collagen fibers through entire
thickness. Adapted from[34].
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1.2 Heart valves

The heart is composed of four chambers: the left and right
ventricles and the left and right atria. The role of the heart is to collect
blood from the lungs and pump it throughout the body in a
unidirectional way, carrying it through four valves (Fig. 1-2). The
atrioventricular valves (AV, tricuspid and bicuspid) allow blood to flow
only from atria to ventricles in order to prevent regurgitation. The
semilunar valves (SL, pulmonary and aortic) enable blood to flow only
from the ventricles out of the heart in order to prevent backflow [36].

The four heart valves are supported by a cardiac framework made
of dense connective tissue (collagen), which forms the base of the
heart (Fig 1-6a). This area remains stationary during the heart’s
motion, whereas the flaps of the valves, along with the myocardium
and arteries, belong to the heart’s dynamic component. Figure 1-6b
shows the close relationship of the heart valves to each other, which is
important for their individual dynamical function. The four valves are
composed of two or three mobile fibrous tissues called leaflets or
cusps, lined with endothelium [37].

Pulmonary
Valve

a

Tricuspid
Coronary sinus Valve
Ostium

Figure 1-6: A: Cardiac skeleton supporting the four heart valves. Adapted from [38]. B:
anatomical view of the four heart valves showing their relationship to each other. Adapted
from [37]
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1.2.1 Atrioventricular Valves

The AV valves are composed of large asymmetrical, thin, soft and
pliable leaflets situated between the atria and the ventricles. The
number of leaflets has been traditionally defined by the commissures.
The mitral valve (Fig. 1-7) is composed of just two leaflets, anterior
and posterior, and is responsible for the left atrioventricular
performance. The triscupid valve (Fig. 1-7) consists of three irregular
flap-like leaflets referred to as anterior, posterior and septal leaflets,
and monitors the right atrioventricular opening [39]. Their general
anatomical structure is similar and comprises the annulus, leaflets,
tendinous cords, and papillary muscles [40]. The leaflets are attached
to their respective annulus as a solid ring-like fibrous cord defining the
opening area of the valve. The chordae tendineae, a tendinous cord of
white collagen, attaches the free edge of the leaflet to the papillary
muscles.

The ECM composition and structures of the cardiac valves ensure
their functionality and durability. The AV valves share very similar
ECM structures. However, the mitral leaflets differ from the triscupid
ones in that they are thicker and there are twice as many nerves in the
anterior leaflet as in the posterior one. Architecturally, the leaflets can
be dived into lamina atrialis (facing the atrial side) and lamina fibrosa
(facing the ventricle side), surrounded by endothelial cells. Lamina
atrialis consists of fibrocytes lying between the collagen fibers and
histocytes. By contrast, the lamina fibrosa of the triscupid valve is
composed of dense collagenous fibers, and forms the backbone of the
valve. Furthermore, mitral leaflets contain other cells types such
fibroblast, smooth muscle and myocardial cells [37]. Both valves also
show remarkable differences due to their position in the high and low-
pressure system of the circuit. Thus, their structural design considers
these specific flow characteristics.

The chordae tendineae of the mitral valve have a similar
composition to the tricuspid valve. They are mostly composed of



collagen, elastic fibers and endothelial cells [41]. Collagen, one of the
main load-bearing components, is arranged parallel to the long axis of
the chordae in order to maintain the competency of the cardiac valves.
Elastic fiber alterations or modifications in the collagen arrangement
may lead to chordal rupture [38].

Mitrel Valve ~ Triouspld Valve

Figure 1-7: lllustration of Mitral and Tricuspid valves showing the annulus, chordae tendineae
and papillary muscles. Adapted from [37].

1.2.2 Semilunar valves

The semilunar (SL) valves’ structure and anatomy is much simpler
and more elegant than that of the AV valves. The unique shape of SL
valves gives them an autonomous structure without need for chordae
tendineae to maintain their performance. The SL valves connect the
ventricles to the great arteries. Anatomically, three cusps form the SL
valves and provide them with distinct mechanistic functions. Each
cusp is attached to its respective annulus (crown-shaped fibrous
structure), resulting in a “semilunar” shape [38]. The aortic valve
connects the left ventricles to the ascending aorta. The cusps of the
aortic valve are named for their relationship to the coronary arteries,
which branch from its sinuses as follows: left coronary, right coronary
and non-coronary cusps (Fig. 1-8a) [39]. In contrast, the pulmonary
valve connects the right ventricle to the pulmonary root. Its cusps are
defined by their relationship to the aortic valve and called right and left-
facing cusps and non-facing cusps (Fig. 1-8b). The aortic valve is seen



as the “centerpiece” of the heart [37]. However, both valves show
comparable architecture. The pulmonary valve is employed as a
substitute for the malfunctioning aortic valve in Ross’ procedure [42].
The differences seen in histological investigations might only be due to
their exposure to different pressures and not to their mechanical

performance.
a sinotubular b Pulmonary
Jjunction  commissure ( P Valve
sinus X Non-Facing
left coronary
ostium

Right
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Figure 1-8: SL valve structures a: Aortic root drawing. b: Pulmonary and aortic valves
showing their relationship to each other. Adapted from[38]



1.3 Valves’ ECM structures and components

The ECM components and structure of a valve are important
factors for its function and durability. All four valves share a highly
organized leaflet structure with unique mechanical properties, which is
divided into, spongiosa, fibrosa and ventricularis for SL or atrialis for
AV valves [39]. The principal ECM components of the leaflets are
collagen type | (70%), Il (24%), V (2%), elastin (10%) and
proteoglycans (20%) offering exceptional durability, flexibility and
strength for each valve type [43-45]. Fibrosa provides the stress-
bearing fibrous layer. It is mostly composed of circumferentially-
oriented collagen type | and lll, responsible for mechanical strength
[46]. The spongiosa or central layer consists predominantly of a high
concentration of proteoglycans and glycosaminoglycan (side-chains of
proteoglycans), with little contribution from collagen and elastic fibers.
It works as a barrier between the two layers, allowing the absorbance
of the generated stresses during valve closure [45]. The ventricularis
and atrialis layers of SL and AV are composed of radial and
circumferentially-oriented elastic fibers surrounding lose collagen
fibers, allowing the cups/leaflets to resist deformation and reformation
and maintaining the collagen configuration [47,48]. Proteoglycans are
distributed throughout the leaflet layers. The flexibility of these layers
permits the leaflets to recoil during valve closure [49]. Their major role
is to enhance viscoelasticity and to withstand compressive loads [50].



1.4 Heart valve disease: Stenosis &
Regurgitation

Valvular heart disease is characterized by the manifestation of
stenosis or regurgitation. Any of the four cardiac valves can be
affected, compromising heart function and resulting in high mortality
(200,000 death every year) [1]. Stenosis is the failure of the valve to
successfully open or close, due to a decrease in the orifice area of the
valve, leading to obstruction of the blood flow (Fig.1-10). Regurgitation
is a defective closure of the valve leading to leakage of blood back into
the left atrium during systole (valve incompetence) [37] (Fig 1-11a).

The functional modification of the valves is closely linked to
structural change, which is probably mediated by interaction of ECM
components, valvular cells and environmental conditions. Genetic
predisposition may play a role as well. However, aortic valves are the
most frequently diseased valves. When considering only severe aortic
stenosis, its frequency of occurrence is around 2—4 % in the elderly
(over 65) and increases to 25 % when aortic sclerosis is implicated.

1.4.1 Pathology of heart valve disease: mechanism

Three types of pathological modification of the valve can be
distinguished: (1) congenital deformities leading to dysfunction of the
valve (bicuspid aortic valve); (2) myxomatous valve degeneration
attributed to collagen degradation, proteoglycan accumulation and
elastic fiber fragmentation [39], consequently causing weakness and
prolapse of the leaflets and, hence valve regurgitation and
incompetence [13,39]; and (3) fibrotic degeneration as a consequence
of collagen accumulation, proteoglycan degradation, and elastic fiber
fragmentation. These structural changes result in an increase in the
stiffness of the leaflets (decrease in compliance) leading to an
obstruction of the movement of the valve known as stenosis. Valve
stenosis is considered as a continuum from sclerosis to advanced



stenosis, characterized initially by valve thickening, followed by
formation of calcium nodules and neovascularization [51].

1.4.1.1 Aortic valve stenosis

The aortic valve is the most commonly affected valve with stenosis
caused by calcification termed as calcific aortic valve disease. Its
etiology in industrialized countries has undergone a fundamental shift
from rheumatic to degenerative calcification [52]. In order to remain
pliable, the aortic valve must be exposed to continuous repair
throughout life, which occurs by means of the cells residing within the
tissue. Valve interstitial cells (VICs), as the predominant cell type, are
distributed in different sub-populations that control the homeostasis
within the three layers of valve cusps (Fig. 1-9), whereas valve
endothelial cells (VECs) form a line in the outer layers (fibrosa and
ventricularis) of the cusps and function as a barrier to prevent
inflammatory cell infiltration and lipid accumulation [25].
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Figure 1-9: Cellular architecture of the Aortic Valve. Adapted from [25]

Calcific aortic valve disease (CAVD) is a degenerative process
mediated through alterations of valve interstitial cells (VIC). They are
responsible for repair of damaged collagen and other ECM
components during valve remolding. VICs are known to be highly
plastic and able to transit from one phenotype to another when it is



needed, for example in response to injury, pathology, or during
hemostasis [13]. The main cause of CAVD is believed to be initiated
through the activation of VICs by increases in proliferation and trans-
differentiation to myofibroblast and osteoblasts promoting calcification
and bone formation (Fig. 1-10) [13,39,51]. On the other hand, the
second mechanism that has been suggested is related to mechanical
stress caused by blood crossing the aortic valve, which damages the
basement membrane of the cusps (Fig.1-9). The damage caused to
the basement membrane in turn results in infiltration of inflammatory
cells such T-lymphocyte, and deposition of low-density lipoprotein
(LDL), causing the initiation of a chronic inflammatory process [53].

In more recent years, many studies have implicated
atherosclerosis in the development of CAVD. Atherosclerosis is an
extremely complicated process involving several factors that lead to a
lesion composed of lipids, macrophages, proliferating smooth muscle
and apoptosis [25]. A wide variety of factors (cholesterol, LDL, male
sex, diabetes mellitus, smoking) have been identified as being
associated with an increase in the incidence of valve stenosis, and
likely play a role in structural leaflet damage. A recent study proposed
that valvular calcification is an active process, not a passive one as
was originally believed, and that it is based on activation of pro-
osteogenic signaling pathways. The existence of osteoblasts with
lipoprotein deposition and chronic inflammation in atherosclerotic
vascular lesions as well as in CAVD also supports the hypothesis of a
common cellular mechanism [25]. Moreover, the progression of CAVD
has also been strongly associated with hereditary factors.
Malformation of the aortic valve (bicuspid aortic valve (BAV)) is one of
the most common congenital heart diseases, characterized by two
cusps rather than three. The valve with two cusps is forced to sustain
far more mechanical stress, resulting in stenosis (Fig.1-10). 50% of
adult patients and 70 to 85% of children with valve stenosis possess a
BAV [54]. BAV occurs frequently with other cardiovascular
malformations such coarctation of the aorta [54].
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Figure 1-10: Disease progression of aortic valve stenosis from normal or bicuspid aortic
valve. Adapted from [55]

1.4.1.2 Mitral valve regurgitation

Myxomatous degeneration of the mitral valve is the most common
valvular disease, causing frequent heart failure [56]. The structural
degeneration described in 1.41 leads to a floppy valve (Fig. 1-11A).
Mitral valve prolapse is characterized by a decrease in collagen in the
fibrosa layer and an increase in glycosaminoglycan concentration in
the middle part (spongiosa), which in turn results in a thickening and
rise in extensibility in the spongiosa and a decrease in stiffness in the
fibrosa (Fig.1-10B2). These structural changes are on account of
alterations in ECM remodeling (Collagen, GaGs) through the activation
of VICs [13]. There is clear evidence that mitral valve prolapse is also
linked to some heritable disorders such as Marfan and Ehlers-Danlos
syndromes and to gene mutation characterized by connective tissue
dysfunction affecting the hemostasis and remodeling of the ECM.
Taken together, the pathogenesis of mitral valves by regurgitation may
develop, caused by ECM dysregulation due to a cellular alteration or
based on genetic conditions, ultimately causing a major alteration to
the biomechanical function of the valves.
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The treatment of heart valve disease usually depends on the
clinical condition of the patients. The current pharmaceutical therapies
are able to treat the symptoms but do not solve the main health
problem and may only delay surgical intervention (valve repair or
replacement). Degeneration of the valves is an irreversible event. In
most cases, surgical treatment remains the sole solution for these

patients.



1.5 Heart valve substitution

Cardiovascular disease is recognized as one of the main causes of
mortality in industrial countries. It affects more than 100 million people
worldwide [59]. Each year, 280,000 valve substitutes are implanted
globally [60]. The disease etiology has gone through a transformation
from rheumatic heart problems to degenerative ones. Rheumatic heart
disease is still considered the most common malady in developing
countries [59]. The high demand for surgical substitution of
degenerative diseased heart valve has created a large market for
manufacturing prosthetic substitutes, which would ideally mimic the
function of the native valve characterized by an excellent
hemodynamic performance, long durability, and low thrombogenicity.

Nowadays, the increase in life expectancy, which is accompanied
by frequent comorbidities, will increase the prevalence of valvular
surgeries over the coming years. Three types of cardiac valve
substitutes are used for heart valve replacement.

* Mechanical heart valves, which are implanted surgically;

* Bioprosthetic heart valves (BHV), which can be implanted via a

surgical or transcatheter approach [61];

* Cryopreserved allografts, which are implanted surgically.

Currently, application of heart valve replacement worldwide is
estimated to be approximately 70% mechanical valves, 28%
bioprostheses, and 2% cryopreserved allograft heart valves [62]
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Figure 1-12: Different types of prosthetic heart valves divided into mechanical (a-c) and
bioprosthetic (d-h). a, Bileaflet mechanical valve (St Jude); b, monoleaflet mechanical valve
(Medtronic Hall); c, caged ball valve (Starr-Edwards); d, stented porcine bioprosthesis
(Medtronic Mosaic); e, stented pericardial bioprosthesis (Carpentier-Edwards Magna); f,
stentless porcine bioprosthesis (Medtronic Freestyle); g, percutaneous bioprosthesis
expanded over a balloon (Edwards Sapien); h, self-expandable percutaneous bioprosthesis
(CoreValve). Adapted from [60]

1.5.1 Mechanical heart valves

The choice of prosthetic heart valve is usually defined by the age
and the medical history of the patient. Traditionally, guidelines
recommend the implantation of a mechanical valve for patients under
60 with life expectancy over 10-15 years [63]. Mechanical valves are
durable and last over 20-30 years but they are thrombogenic.
Therefore, patients require lifelong therapy with anticoagulation drugs
such as warfarin [63]. This thrombogenicity is due to the metallic
material used for valve manufacture. In order to overcome this
limitation, major advances have been made in their material
composition, design and surface processing (coating). Since the first
valve developed by Starr and M. Lowell Edwards, different materials
have been fabricated such as metal or carbon alloys.

Mechanical valves are divided into three models according to their
design [60]:

* (Caged-ball valves: the first successful mechanical valve was

implanted in the early 1960s. It was commonly made of metal
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alloys; this model is no longer implanted because of its high
thrombogenicity. The design basically comprises a silastic ball
with a circular sewing ring and a cage formed by 3 metal arches
(Fig.1-12c). It is characterized as having the smallest effective
orifice area [60];

Single-tilting-disk: the “Monoleaflet valve”. This was introduced
in 1970s. It is composed of a single flat, free-floating circular
disk ensured by two metal struts. However, some models
showed intermediate thromboembolic complications. The most
used monoleaflet valve in Europe is the “Bjork—Shiley Disc
valve” and the most implanted worldwide is the Medtronic Hall
(Fig.1-12b). Tilting valves can create an opening angle from 60°
to 80°C, thus achieving two different sizes of orifices [60,64];
Bileaflet valves: this substitute class was implemented for the
first time in the 1980s. This two-disc technology is capable of
excellent hemodynamic performance and provides low
thrombogenicity in comparison with its counterparts. This
enables the bileaflet valve to be the most frequently implanted
mechanical replacement in the world. The structure is
composed of two semicircular leaflets that are attached to a
rigid ring by small hinges or open pivots. The disks can open
and close simultaneously. The opening angle of the leaflets
ranges from 75° to 90°, resulting in three orifices. The most
commonly employed valve substitutes in this category are the
St. Jude Medical valve (Fig.1-12a) and Bileaflet Bicarbon—Sorin
(Fig 1-13) [60,65].
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Figure 1-13: Composite image of examples of mechanical valves from the major
manufacturers. Adapted from[65].

1.5.2 Bioprosthetic heart valves

Bioprosthetic heart valves (BHV) are usually manufactured from
animal heart valves or pericardium isolated from bovine or porcine
origin. The great advantages of the use of BHV become evident in the
cardiovascular field following the implantation of the first allograft aortic
valve by Donald Ross [11]. Low thromboembolic risk and excellent
hemodynamic performance led to hope for new generation of
biological cardiac valves for all patient populations. But the lack of
donor tissue has prompted the search for other biological substitutes.
The first attempt with xenogeneic tissues preserved in
mercurochrome-and-formalin was tested in five patients with poor
durability in 1965. Later, in 1969 Carpentier introduced the use of
glutaraldehyde (GA) as an oxidizing agent, which prevents collagen
denaturation, stabilizing the structure of collagen and masking the
xenoantigens in the porcine aortic valve. The use of GA treatment
together with the metal frame would ensure the tissue’s three-
dimensional shape, which is of major importance for the functioning of
the valve. The stent-mounted porcine valve was termed a
bioprosthetic valve [5]. On the other hand, lonescu introduced GA-
fixed bovine pericardial valves mounted on a Dacron-covered titanium
frame. The so-called lonescu-Shiley Pericardial Xenograft was tested
later in clinics in patients with an encouraging success rate [9].

Bioprosthetic substitutes can be fabricated as stented or stentless
valves. The aim of the design is to mimic the anatomy and function of
the native valve. Therefore, various aspects have to be considered in
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the design of the substitute such as the assembly of the valve,
techniques used for surgical implantation and the biocompatibility of
the chosen material [66].

1.5.2.1 Stented valves
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Figure 1-14: A composite of bioprosthetic valves from each of the four major manufacturers.
Adapted from[65]

Stented bioprosthetic valves are the most commercially produced
substitutes for heart valve replacement. Pericardial valves are
produced from GA-fixed sheets of pericardium forming valve leaflets
mounted inside or outside metallic or polymer stents (Fig. 1-14
(Carpentier-Edwards Magna)). The stent consists of three posts
resulting in a semilunar shape, surrounded by a swing ring enabling
the fixation of the implant in valve annulus. GA-treated porcine leaflets
are mounted directly on the supporting stent (Fig. 1-12d (Medtronic
Mosaic)). It has been reported that the stent could result in obstruction
of the left ventricle, a decrease in the opening area of the valve and
increase in stress at the stent sites. These facts may impact the
cardiac function and durability of the valve [60]. The most famous
stented valves from several manufacturers are shown in figure 14.

1.5.2.2 Stentless valves

The concept of stentless valves was introduced following in the
footsteps of homograft aortic valve replacement, which was seen as
the first stentless implanted biological valve. The main aim was to
improve hemodynamic performance. The bioprosthesis is sewn
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directly at the site of the implantation either as full root or using a
modified subcoronary-technique [60]. The stentless design is foreseen
for implantation of larger prostheses, leading to a larger effective
orifice area, resulting in better hemodynamics and decreasing the risk
of valve prosthesis-patient mismatch [67] (Fig. 1-15b). Recently it has
been shown in a randomized trial that the use of stentless Freestyle
(Medtronic) for aortic root replacement is more suitable than a
homograft. Progressive valve dysfunction and the need for
reoperations were significantly lower in Freestyle [68] (Fig. 1-15b).
However, stentless valves with a semilunar shape cannot be applied
for mitral valve replacement.

Calcified s a
aortic valve

Isolated aortic valve
replacement with
a stented bioprosthesis

Stentless total aortic
root replacement

Figure 1-15: Aortic valve replacement with stented (a) and stentless bioprosthesis (b) for total
aortic root replacement. Adapted from [68]. Figure illustration by Rob Flewell. Stentless total
aortic root replacement provides a lower rate of structural valve deterioration and reoperation
as observed in homograft.
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1.5.2.3 Percutaneous valves

Percutaneous heart valve implantation has recently been
introduced into clinical practice as an alternative to open surgical
replacement. It provides minimal invasive intervention without the
need for heart-lung bypass machines. The implantation is performed
on a beating heart. It is intended for high-risk patients with severe
aortic stenosis. The valves are usually mounted into a balloon-
expandable (Fig. 1-12g) or elastic-memory Nitinol stent (Fig. 1-12h)
and delivered via catheters employing mostly transarterial or
transapical approaches (Fig. 1-16b) [69]. Several companies offer
bioprosthetic valves for transcatheter implantation produced with
bovine or porcine pericardium. The latter is thinner, enabling the size
of the delivery system to be decreased. Among the commercial
available percutaneous valves are [70]:

* Engager™ System (Medtronic Inc., Minneapolis, MN), with
bovine valve pericardial bioprostheses;

* JenaClip (JenaValve Inc.,Germany) based on porcine
aortic valve;

* CoreValve (developed by Medtronic Inc.) realized with

porcine pericardium (Fig.1-12h);

Edwards Sapien valve (Edwards Lifesciences) made of

bovine pericardium (Fig.1-16a);

Percutaneous heart valve implantation provides major advantages
over bioprosthetic valve implantation, such as superior hemodynamic
performance, safety and reproducibility. It can be used for a variety of
valve replacements in the aortic, pulmonary and mitral position in most
patients. However, transcatheter technology is one of the most
expensive heart valve replacements today [71]. Some options for
commercial percutaneous heart valves are illustrated in figures 1-16.
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Figure 1-16: (a) Edwards Lifesciences have developed three transcatheter heart valves. The
first successful designed heart valve - CoreValve - was from Medtronic. Adapted from [4](b)
delivery system. Adapted from [72]

1.5.2.4 Allograft heart valve

The idea of using a human cadaveric heart valve to replace a
diseased native one is quite old. The application of allograft
implantation was initiated by the experimental work of Lam [73], who
performed an allogeneic implantation of an aortic valve in the
descending aorta of a dog. Later, Murray et al. [74] applied this
technique in patients for the replacement of regurgitating aortic valves,
showing satisfactory results. Based on these works, a few years later
Donald Ross in Europe [75] and Sir Brian Barratt-Boyes [12,76] in
New Zealand reported independently about a similar procedure able to
successfully replace aortic valves in humans. Follow-up of the treated
patients showed excellent hemodynamic performance and durability
[77]. Generally, allograft valves are preferred in patients with
endocarditis, since they perfectly match a recipient’'s damaged valve
annulus. The patient populations that are most likely to benefit from
these valves are women of childbearing age, children and young
patients. They are employed frequently for the reconstruction of the
right ventricular outflow tract in pediatric patients (Fig. 1-17). Allograft
heart valves combine various advantages such as remarkable
performance, resistance to infection, and a low incidence of
thromboembolic complications [78]. However, due to the limited
availability of tissue donors (valve scarcity) [79], allograft valves are
less used than bioprosthetic and mechanical prostheses in surgical
intervention. The lack of human donor valves is owing to several
attempts at prolonging their storage time and keeping them free from
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pathogens. In the 1960s-1970s the use of harsh sterilization and
preservation protocols including gamma irradiation [80], incubation in
GA and flash freezing negatively impacted their durability [77], which
was found to be inferior compared to that of mechanical valves. Later
on, allograft heart valves were mostly aseptically stored wet with
prolonged refrigeration at 4°C for implantation purposes [81];
subsequently this 4°C storage was replaced by cryopreservation
methods and establishment of allograft heart valve banks. A more
detailed description of banking procedures will be provided in
paragraph 1.8.
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Figure 1-17: Aortic valve replacement with aortic homograft. Adapted from [82]

1.5.3 Structural degeneration of biological valves

About 30% of xenogeneic bioprostheses and 10-20% of homograft
heart valves failed within 10-15 years of implantation [63,83]. In the
young patient population, this degeneration is stronger and rapider
due to accelerated calcification, which is probably related to the
recipient's age [84,85]. The key elements of tissue degeneration of
biological valves involve factors related to (1) recipient metabolism, (2)
the structure and chemistry of the implant, (3) preservation and
processing methods, (4) mechanical load, and (5) surgical technique
used for suturing the valve to the annulus [84]. Bioprosthetic valve
failure was attributed to two main mechanisms: structural and non-
structural degeneration [86] (Fig. 1-19). Non-structural deterioration is
mainly induced by extrinsic diseases such as pannus ingrowth,
endocarditis and leaflet thrombosis, including patient-implant
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mismatch or flawed attachment of the stent to the valve annulus (Fig.
1-18). In general, structural degeneration is the most common reason
for failure of biological valves. Interestingly, the allograft and
bioprosthetic valves share the common mechanism of structural
deterioration of the native cups due to calcification. The
pathophysiology of mineralization in cardiovascular tissues is a
complicated issue, and one which is not fully understood. However,
the mechanism behind the intrinsic modifications works the same way
in both cases. Both undergo tissue degeneration marked by narrowing
and thickening of the cusps, calcification and tears limiting their
hemodynamic performance and durability (e.g. stenosis and
regurgitation). In general, biological valves are characterized by their
low/absent regeneration potential. While allografts are devoid of viable
valvular cells caused by their harvesting and processing in ischemia
conditions, and by cryopreservation trauma [87], xenogeneic valves
are chemically treated with GA, devitalizing the cells and blocking the
collagen fiber rearrangement. Both are unlikely to have any capability
of ECM remolding and thus any endogenous matrix regeneration is
rendered unfeasible. Moreover, the remaining fragments of the dead
cells (cellular debris, and subcellular vesicle-like organelles) in the
tissues were identified as a source of calcium-binding sites [88].

Both allogeneic and xenogeneic valves are prone to collagen
degeneration. Their durability depends on the quality of the original
isolated collagen. The loss of cells which are usually involved in ECM
remolding results in progressive collagen degradation [13]. Besides
this, the fixation of collagen with GA in the case of bioprostheses
allows only one configuration/orientation of the fibers, compromising
the structural reorganization of the cusps during valve function.
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Figure 1-18: Failure modes of bioprosthetic heart valves: the most common reason is
calcification. Adapted from [89]

Addressing the topic of calcification, collagen and elastin can serve
as nucleation sites for calcium phosphate minerals [90-92]. In fact,
clinical and animal studies demonstrated structural calcification of
ECM components, i.e. collagen and elastin in allograft and
bioprostheses, which seems to occur independently from cell-
mediated ones.

The degeneration of bioprosthetic implants has also been
associated with the immunological response to the xenogeneic
epitopes galactose-a1,3-galactose (alpha-gal), since the GA fixation
does not really remove the antigenicity of xenogeneic-tissues.
Crosslinking renders the tissue only immunologically acceptable for in-
human implantation, partially shielding the antigens and delaying the
immune response. It has been demonstrated that immunologic activity
against the implanted bioprosthesis plays a role in the acceleration of
the calcification process [93,94]. In addition, the phospholipids and
residual free aldehyde functional groups can react with the free
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calcium ions in the blood, and contribute as well to bioprosthetic tissue
calcification [95]. In the counterpart, the immunological issues related
to the use of cryopreserved allografts are not fully elucidated. It has
been shown that allografts may induce immunological reaction upon
implantation. Kneib at al. [96] reported that patients with homografts
developed a humoral response to human leukocyte antigens (HLA).
Theoretically, this reaction can contribute to accelerate degeneration
of allograft valves, but it is still not yet clear to what extent this immune
reaction impairs valve dysfunction. Schoen et al. claimed in many
studies that the typical degeneration seen in allograft valves cannot be
attributed to immunological responses [87,97], whereas some
evidence [98,99] has confirmed the involvement of an immunological
response phenomenon to structural valve degeneration.
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stent fracture
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Figure 1-19: Structural und non-structural degeneration of bioprosthetic valves. Adapted from
[86]
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1.6 Scaffolds for cardiovascular tissue
engineering

Cardiovascular tissue engineering (TE) aims to repair and replace
tissues and organs damaged by disease, aging or trauma with new
ones that mimic (at least partially) the function and structure of the
original tissue. Body tissues and organs such as the skin or liver have
the potential to renew and restore themselves through a regeneration
process. This feature relies on the body’s endogenous capacity for
self-healing. Nevertheless, this capacity of the organism is limited to a
certain extent. In general, two main strategies are used in tissue
engineering, namely an in vitro and in vivo approach.

In vivo relies on the use of resorbable implants, which have the
potential to induce the body’s endogenous regenerative capacity in
order to gradually restore the graft and convert it into an autologous-
like tissue, while in vitro TE applies the strategy of using cell-seeded
scaffolds in static (Incubator, two dimensional) or dynamic (Bioreactor,
three dimensional) conditions. Generally, the media are supplemented
with growth factors and proteins that are needed for cell maintenance
and differentiation. This approach aims to develop a mature implant
equivalent in the laboratory, ideally using the patient’s own cells.

Traditionally, three types of scaffold have been suggested for
cardiovascular TE: porous scaffolds, fibrous scaffolds, and hydrogels
(Fig. 1-20) [100].
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Figure 1-20: Cartoon of the principle scaffolds that have been utilized for heart valve tissue
engineering research. Adapted from [100]

1.6.1 Scaffolds

Scaffolds constitute an important component for tissue engineering
strategies. A wide range of options can be considered when choosing
the best biomaterial for cardiovascular TE. All biomaterial types have
strengths and weaknesses related to their structure and composition
and chemical modifications, though ideally scaffolds must meet the
following basic requirements [101]:

i) Cyto/biocompatibility: Ideally scaffolds should not provoke
any immune reaction upon implantation, in order to prevent
tissue rejection. In addition, they must provide a 2/3D
structure for cells to attach, proliferate, differentiate and

migrate onto and through the scaffold. For cardiac TE
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applications it is of major importance that scaffolds should
be bio-compatible with their surrounding environments such
as cells and tissue components and in contact with blood,
where induced thromboembolism can lead to severe
complications;

i) Bioactivity: It should possess a bioactive surface and
physical cues such as topography to facilitate cell
alignment, organization and promote faster regeneration;

iii) Architecture: any TE biomaterial should have a porous
structure which allows cell penetration and migration and
enables new tissue formation and remodeling. Additionally,
the structure must promote nutrient and metabolite transport
and have a predictable biodegradable rate that matches in
vivo/vitro tissue growth and regeneration (balance between
tissue degradation = tissue formation). The by-products
should not be toxic;

iv) Biomechanical properties: the scaffolds must have
appropriate  mechanical properties, which should match
closely those of the native tissue. This is important on the
one hand for in vivo functionalization of the implant and on
the other hand because it influences the mechanosensitivity

of the cells, determining the differentiation tendency.

1.6.1.1 Biodegradable synthetic scaffolds

Synthetic scaffolds include all materials that are chemically
designed to mimic natural products but still can provide
biocompatibility [102]. They were introduced as resorbable medical
devices for tissue repair. However, they also offer many attractive
advantages for TE applications. First, their degradation kinetics can be
controlled to suit different applications in TE, supplying material with
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superior biomechanical properties which has a greater advantage over
natural polymers. Scaffolds can be fabricated into any design and
shape with requested pore size, which allows selective control of their
desirable stiffness and biomechanical properties. Generally speaking,
mechanical strength is inversely proportional to porosity. Therefore,
depending on the application, a compromise between porosity and
biomechanical strength always has to be taken into consideration.
Furthermore, manipulation of the surface with attractive chemical
groups for cell attachment allows for improved interaction with the
matrix surface. An attractive synthetic polymer used in cardiac TE (Fig.
1-21) with wide applications is polyglycolic acid (PGA). Depending on
its medical applications, PGA can be produced in different forms:
knitted, woven and non-woven meshes, foam, sponges and nano-
fibers.

Another appealing synthetic polymer is poly(lactic acid) (PLA). One
of its main advantages is the release of L-lactic acid, a naturally
occurring byproduct of anaerobic metabolism in humans, which can be
eliminated as carbon dioxide and water. Application of the polymer
(PGA) in the cardiovascular field was initiated for construction of
tissue-engineered heart valve leaflets in vitro and in vivo in ovine
models [103,104]. The preliminary results were indicative of proper
matrix generation, but the success of these valves was limited,
partially due to animal infection and their short persistence. PGA and
PLA are usually used in medical applications as absorbable sutures,
known as Dexon and Vicryl. A combination of the polyester polymers
PLLA and PGA (PLGA) is among the most frequently successfully
applied biodegradable synthetic polymers for tissue engineering
strategies [105]. They can be produced in different ratios, enabling
tuning of their biomechanical behavior. The copolymer was also used
for development of tissue-engineered heart valve leaflets in vitro,
which showed high biocompatibility but poor valve performance and
durability. Unfortunately, PLGA is characterized by limited bioactivity
due to the release of large amounts of highly acidic byproducts.
However, this drawback can be improved by using salt leaching
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(sodium chloride particulates) to increase the pH, thus leading to
better bioactivity [105].

Figure 1-21: TE heart valve of PGA mesh coated with poly-4-hydroxybutyrate after 14 days of
conditioning in bioreactor. Adapted from [106]

1.6.1.2 Natural scaffolds

Unlike synthetic polymers, natural occurring polymers are easily
available, non-toxic and can be isolated from animals or plants. They
consist of proteins or polysaccharides, which can be utilized to
produce porous, fibrous and hydrogel natural scaffolds.

Natural  polymers promise high  biocompatibility  and
biodegradability without any adverse impacts on the environment or
human beings. They are composed of natural binding sites for cells
and are safe and free from side effects. However, they are
characterized by poor biomechanical properties and rapid degradation
in vivo, which must be taken into account during scaffold design.
Among naturally occurring polymers, collagen, alginate, and fibrin are
the most commonly used for cardiac scaffold applications. Hyaluronic
acid, chitosan and silk have also been employed.

Collagen is by far the most abundant and predominant fibrous
matrix protein in mammals. It accounts for 30% of the total protein
found in the body and consists of a triple helical structure. It is slightly
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immunogenic, due to a large degree of homology across species and
has been used extensively in a wide range of TE applications. The
variety of its parameters involving protein density, orientation and
packing result in different but unique mechanical properties in a large
number of tissues. Thus, its application ranges from soft tissues such
as cartilage and skin to hard tissue like bone [105]. Collagen type-I is
routinely used for research after extraction from rat or bovine tendons
and bovine dermis [102]. Collagen has been produced in different
forms, such as sponges, fibers or hydrogels. For fabrication of
collagen scaffolds, a wide range of manufacturing techniques can be
used to achieve the desirable properties [102]. For materials with high
porosity, freeze-drying or phase separation are the techniques of
choice, while electrospinning can be used to create aligned
nanofibrous collagen scaffolds [107]. Collagen type-l can also be
combined with glycosaminoglycans and processed through freeze-
drying, for example, to generate scaffolds for skin in burned patients
[108]. For heart valve repair purposes, collagen modeling (collagen
gel) methods have been applied to manufacturing of valve cusps
[109]. A lack of cell invasion and poor mechanical properties were
observed when utilizing collagen gel. Further improvement of porosity
and combination with synthetic polymers would enhance the strength
of the scaffolds. Since the surface morphology of the biomaterial plays
a role in the bioactivity of the scaffolds, it is crucial to take into account
the optimization of the fabrication method. Available options for the
fine-tuning of collagen stiffness are limited. However, crosslinking
procedures have been widely used to prevent the degradation of
collagenous scaffolds in vivo and to increase their strength, such as
dye-mediated photooxidation and chemical, synthetic and natural
agents. GA is a frequently applied crosslinking-agent in a variety of
collagenous biomaterials. The most used form of collagen in clinical
practice is provided by skin substitutes (Cosmoderm, [110] ) and
dermal fillers (Cymetra, [111] ).

Fibrin gel is a natural scaffold that can be formed by the body after
injury. It can also be produced from fibrinogen and thrombin as
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scaffolds for TE applications. Fibrin-based biomaterials have been
considered a particularly attractive material for medical application.
Their unique polymerization mechanism enables the tuning of gelation
times and manipulation of the network structure. The role of fibrin as a
biological scaffold has been acknowledged both experimentally and
clinically. It is widely used for speeding up wound healing or for
repairing a large number of organs such as the heart [112] and urinary
tract [113]. Fibrin is highly bioactive, and consists of many cell binding
epitopes allowing interplay with different cell types and making its
application extremely attractive for TE strategies. In fact, fibrin
produced using the patient's own blood has been used in the
cardiovascular field to bioengineer heart valves (Fig.1-22a1 and a2)
[114]. This offers great advantages for its clinical use, since the
autogeneic scaffolds are devoid of immune response-related
complications. The most significant limitation of fibrin scaffolds is a
lack of strength in their structure to withstand mechanical load in vivo
[115]. Enhancement of mechanical strength is still under investigation.
Different strategies are being tested to overcome this challenge, and
fabrication of a composite using a synthetic/natural polymer for
engineering vascular grafts [116] may be one of the possible routes.
Current technology using aprotinin, a protease inhibitor of fibrinolysis,
also holds significant promise for this field [117].

Alginate is a natural polysaccharide which is generally isolated
either from brown algae or bacteria. This natural polymer has been
largely used as hydrogels for TE applications. Arginine-glycine-
aspartate (RGD) peptides are incorporated into scaffolds to boost their
bioactive features, allowing matrix-cell interaction. Before use, alginate
is further cross-linked with UV light or chemically with carbodiimide to
improve its biomechanical properties. Alginate has attractive
characteristics, making it interesting for cardiac regeneration. First, it is
soluble in water as a viscose solution, facilitating its use as an
injectable hydrogel. Moreover, it possesses the ability to build beats,
fibers and films, thus broadening its experimental and clinical
application. Alginate applications include cell transplantation, wound
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healing and drug/protein delivery system. Most polysaccharides are
biocompatible with blood, which make them strong candidates for the
generation of cardiac failure [118] and construction of heart valve
substitutes (Fig.1-22b1 and b2). Advanced alginate systems (Algisyl)
are currently tested clinically in patients with moderate to severe heart
failure [119].

Figure 1-22: Heart valve for TE strategies fabricated from natural scaffolds. a1 and a2 fibrin-
based heart valve reinforced with textile, Adapted from [120]. (b1) and (b2)” Alginate shaped
in tricuspid valve made from hydrogel. Adapted from [119]

1.6.1.3 Decellularized scaffolds

There is a growing clinical need for readily available substitutes for
a variety of cardiovascular surgical demands. Allogeneic tissues
continue to represent the best solution for in-human transplantation.
However, their application is limited in part by donors’ scarcity and
tissue failure due to the immunological-inflammatory processes
caused by the remaining viable cells after cryopreservation.

In order to overcome this hurdle, decellularization has been
initiated to improve first of all the durability and in vivo functionality of
the scaffolds. The procedure can be employed on allogeneic and
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xenogeneic tissues, ideally rendering them free of cells and
immunogenic epitopes and hence making them potentially
biocompatible for in-human implantation. The most appealing results
today have been achieved using decellularized allograft heart valves.
It has become evident that the removal of cellular components and
especially HLA antigens from the endothelium ensures their longevity
[121,122]. In xenogeneic tissues, GA-treatment was not capable of
providing a long-term solution for antigenicity-related complications.
The immune response against xenogeneic epitopes such as Alpha-gal
and N-Glycolylneuraminic acids (Neu5GC) can be detected after heart
valve replacement [123]. Alpha-gal provokes a hyperacute rejection,
while with Neu5GC the response is delayed.

Decellularization offers a solution to the use of animal tissue to
obtain acellular scaffolds devoid from DNA and optimally foreign
epitopes, while the original ECM and their components are maintained
and hold the matrix bioactive properties necessary for cell adhesion,
proliferation and differentiation. Xenogeneic heart valves and
pericardium obtained from bovine and porcine animals are abundantly
used as acellular scaffolds in cardiac vascular TE approaches aiming
to solve the donor shortage issue. Thanks to its excellent
biomechanical properties of withstanding load, bovine pericardium is
preferred over other species, while porcine pericardium has the major
advantage of lower thickness. Due to the possible risk for patients of
developing Creutzfeldt-Jakob disease, bovine pericardium is
harvested from prion-free animals.

1.6.2 Tissue guided regeneration in vivo

In the last decades, major efforts were made to develop
cardiovascular substitutes by means of TE. The strategy of in vivo
guided regeneration relies on the organism’s endogenous capacity for
regeneration and repopulation of the implanted graft, avoiding lab-
expensive and time-consuming in vitro cell culture in bioreactors [124].
The in vivo TE approach was introduced to offer ready and easily
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available substitutes in a short time. It is assumed that over time the
scaffold would slowly degrade, ideally leading to a biological matrix
with high potential for remolding and growth. Basically, the approach is
based on an inflammatory response-driven functional regeneration,
which can be divided into three phases (Fig. 1-23):

i.  Aninflammatory phase, which is characterized by:

o material/blood contact allowing the formation of scaffolds
rich in endogenous proteins, cytokine and growth factors
initiated by the first steps of the wound healing process;

o inflammatory response with prominent infiltration of
immune cells, such as monocytes (e.g. macrophages),
and the formation of a provisory matrix.

i. A proliferation phase, which is composed of:

o recruitment of various stem cells, progenitor cells and
fibroblasts;

o interplay between macrophages and cells leading to
production of ECM components, angiogenesis, and re-
endothelialization of the graft.

iii. A remodeling phase, which consists of
o remodeling ECM components (Collagen, Elastin, GaGs);

o resolution of the inflammatory response.
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Figure 1-23: Overview of different phases of tissue-guided regeneration from resorbable
material toward a viable substitute. a: the natural phases of the wound healing response. b:
Inflammatory phase characterized by several steps. Adapted from [124]

In vivo cardiovascular TE applications include the regeneration of
blood vessels, heart valves and cardiac patches. Polyurethane
biodegradable scaffolds were attempted for arterial replacement.
Unfortunately, the use of this synthetic polymer often shows poor
mechanical properties in vivo leading to development of an aneurysm
[125]. The main challenge for arterial substitution is that the implant
should be able to withstand arterial pressure immediately after
implantation. In order to overcome the lack of strength in the synthetic
scaffold, Xeltis BV developed a bio-resorbable supramolecular
polyester using electrospun for total cavo-pulmonary connection in
pediatric patients. The initial clinical trial showed promising results in
terms of scaffolds biocompatibility and remolding [126]. Other trials
have been conducted using electrospinning technologies to produce
new hybrid scaffolds made from biodegradable synthetic material and
gelatin. The mixture of synthetic and natural polymers seems to
significantly improve the elasticity and hence the compliance of the
tubular grafts [127].

Regarding tissue engineered heart valves for in vivo settings, the
most prepossessing outcomes have been achieved using acellular
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scaffolds such as decellularized homografts [20,128,129]. In preclinical
and clinical studies, decellularized heart valves for allogeneic
implantation demonstrated self-regeneration potential, providing viable
and functional tissues, excellent hemodynamic performance and even
somatic growth in young patients [17,129-131]. These promising
results underline the preference for allogeneic scaffolds for clinical use
(Fig. 1-24b). However, clinical studies produced controversial
outcomes in terms of their potential to stimulate endogenous cellular
regeneration. SynerGraft valves demonstrated poor repopulation in
vivo [132], while the Hannover group reported almost full repopulation
of the arterial wall and partial recellularization of the cusps with the
patient’s own cells (Cebotari et al. 2011).

Cryolife Inc. (Georgia, USA) initiated the commercialization of
decellularized heart valves upon the SynerGraft (SG) patent for
decellularization technology. Their most prominent product is
CryoValve SG (Fig. 1-24a), a cryopreserved allograft substitute, with
good clinical outcomes [133]. According to the company, 5,700 heart
valve replacements have been performed since 2000. Considering
donor scarcity, decellularized xenograft heart valves [134,135],
decellularized porcine and bovine pericardia [136,137], and
decellularized porcine small-intestine submucosa [138] represent
potential alternatives for the generation of novel heart valve
replacements. Despite the reassuring results obtained from animal
studies (500/700 SynerGraft porcine valves) carried out by O’Brien et
al. [139], application of their product in clinical trials demonstrated high
failure and detrimental consequences. Non-fully decellularized
scaffolds with remaining xenogeneic epitopes resulted in the death of
three pediatric patients [140]. Therefore, clinical application of
xenogeneic scaffolds requires overcoming the stumbling block of the
immune response to xenoantigens. Matrix P, a decellularized porcine
valve substitute with a surprisingly positive clinical outcome [141], is
commercially distributed by Autotissue Ltd. (Berlin, Germany).
However, a recent investigation demonstrated that 38% of patients
required reoperation due to graft failure after only 15 months [142].
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Currently, other technologies are being tested in an attempt to
overome the xenoantigen hurdle, especially alpha-gal. Epitope-free
tissues are generated from transgenic knockout pigs for this antigen
[93,134]. Moreover, coffee bean a-galactosidase and recombinant
human a-galactosidase seem to be effective at removing alpha-gal in
porcine aortic valves and pericardium [143]. It is likely that these new
alternative methods are efficient, but they are also very costly and time
consuming and need particular employees with highly specialized
expertise. Apart from cardiac replacements utilizing valves of animal
origin, decellularized xenogeneic pericardial patches have been
extensively investigated for heart valve fabrication and cardiac
reconstruction [144-146]. Although it promises success, clinical use is
restricted due to the absence of proof showing the
removal/deactivation of the xenoantigens and the lack of suitable
preservation and sterilization methods. However, the
commercialization of decellularized pericardial patches does not seem
to be completely affected. (Matrix P Plus equine, (Autotissue Ltd,
Berlin, Germany) and PhotoFix decellularized bovine pericardium and
CryoPatch Pericardial Sheet, (Cryolife Inc.) (Fig. 1-24c).

&~

Figure 1-24: Decellularized scaffolds. A: Synergraft CryoValve B: TRICOL aortic graft
(porcine) for allogeneic implantation applied successfully in preclinical study, C: PhotoFix
decellularized bovine pericardium. a and c adapted from[147]. b Adapted from[17]

1.6.3 Decellularization in the cardiovascular field

Decellularization procedures have been introduced to overcome
the current drawbacks of cryopreserved allografts and bioprosthetic
heart valves. This modality allows removal of all endogenous cell
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elements including cell membranes, organelles, and DNA, which are
involved in structural deterioration and valve failure (inflammation,
immune reaction and calcification) [84,148]. Ideally, the native
structure, components, and physical properties should be preserved
for proper function in vivo. In addition, these scaffolds should be
biocompatible for cell colonization and repopulation. A variety of
protocols were applied to decellularize tissues or organs. The
approach is based on the lysis of cell membranes using either ionic
solutions or physical treatments followed by detergent extraction steps
to solubilize the nuclear and cytoplasmic cellular elements and finally
combined with enzymatic treatments, mechanical agitation and/or
perfusion. At the end, washing steps are carried out to remove
residues of the chemicals used during the procedure. The
effectiveness of the agents used for decellularization depends on the
tissues cellularity, density and lipid content [149]. Frequently used
chemical agents include: hypotonic and hypertonic solutions,
detergents, and alcohols. Treatments with hypotonic and hypertonic
solutions or their alternation are responsible for the induction of cell
lysis through simple osmotic shock. Hypertonic solutions separate
DNA from proteins and may also cause dramatic damage to some
proteins, especially for those carrying the contractility function [150].
For efficient removal of DNA from the tissue, ionic, non-ionic, and
zwitterionic detergents are used for decellularization. These
detergents can easily solubilize the membrane and isolate DNA from
proteins. Sodium dodecyl sulfate (SDS) is among the strongest
chemicals used for this approach. This ionic agent is very effective in
removing cell residues from dense tissues compared to other
detergents but is also much more detrimental to ECM (loss of GAG
and growth factors, denaturation of collagen and precipitation of
elastin). Alternatively, sodium cholate offers a better option for
preserving the ECM, while removing the cellular elements from the
tissues [149]. The most commonly used nonionic gentle detergent for
tissue delipidation is Triton X-100. Its general targets are lipid-lipid and
lipid-protein interactions [151], whereas zwitterionic detergents are
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specially selected for thinner tissues, and their application is
accompanied by disruption of the ultrastructure. A balance between
the exposure times, extraction of cellular components and the loss of
ECM proteins should be taken into consideration during the procedure.

Chelating agents, such as ethylenediaminetetraacetic acid
(EDTA), are able to disrupt cell adhesion to ECM, therefore they are
usually supplemented to the detergents in the first steps of
decellularization to boost the effect of the subsequent extraction
treatments. It is likely that this cell disruption leads to the release of
autolytic activities and metalloproteinase. Serine protease inhibitors
such as phenlymethylsulfonyl fluoride (PMSF) are employed to
prevent adverse damage to ECM [152,153]. Moreover, biologic agents
such as enzymes are frequently utilized to break cell-cell binding and
proteins by cleaving peptide bonds. In order to enhance the
effectiveness of decellularization, enzymes such as nucleases are
used as a terminal step in order to remove the remnants of nucleic
acids. Endonucleases are preferred over exonucleases. The cleavage
of the nucleotides occurs in mid-sequence and thereby they can easily
fragment DNA. Trypsin, a serine protease, is another enzyme that can
be used for tissue decellularization. However, it should be used with
caution. Elastin and collagen possess limited resistance to this
enzyme.

Alcohols, such as isopropanol, ethanol, and methanol, are
effective for removing lipids. They should be used carefully, due to
their fixative potential.

Freezing/thawing cycles and force/pressure can be applied as well
as physical technique, allowing cell lysis within thin tissues, such as
pericardium, urinary bladder and intestine [149,154]. However, the
freeze-thaw process causes ice crystal formation, which does not lead
to the loss of ECM proteins but might minimally alter its
histoarchitecture.

Additionally, perfusion and agitation are additive techniques used
during decellularization. Perfusion is preferred over agitation for the
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vascular tissue network. It has been shown to be highly effective in
such tissues. Regarding non-vascular tissues, immersion combined
with agitation has been described as successful in heart valves,
pericardium, tendon and other targets [149]. The exposure time of
such approaches depends on tissue thickness, density, detergent
used, and intensity of agitation.

1.6.4 Decellularization procedures for pericardium

Pericardium can be easily obtained from different biological
sources. It can be autologous, allogeneic or xenogeneic. In general,
human pericardium is for some surgeons the best choice for
cardiovascular surgery. It possesses several advantages over its
xenogeneic counterpart, because it is free from animal-derived
pathogens and shows growth potential [155,156]. However, its clinical
application is currently restricted in cardiovascular surgery due to
shrinkage, thickening, degeneration and its tendency to form
aneurysms [157]. Several groups experienced negative and failed
outcomes using autologous pericardium to repair heart valves [158—
160]. Valve deterioration was caused by thickening and retraction of
valvular leaflets.

Human pericardial patches are commercially distributed by
CryoLife but limited scientific information is available on these
products. In order to prevent retraction, cryopreserved human
pericardium has been stabilized with GA and used for replacement of
cusps or valves. Although processing the tissues with GA stabilizes
the ECM components and provides low antigenicity, the use of cross-
linked tissues has also been associated with several limitations,
including altered mechanical properties, calcification, cytotoxicity and
early clinical failure in patients [158,161]. In order to produce acellular
biocompatible pericardium for cardiovascular surgery, a wide variety of
protocols have been established and performed in different ways
[136,137,144]. Courtman et al. suggested a four-stage detergent and
enzymatic extraction process for bovine pericardial tissue. The
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preliminary results revealed acellular scaffolds composed of well-
preserved collagen, elastin and GaGs [162]. Interestingly, Courtman
reported that the deletion of the use of 1% SDS as a final extraction
step was benéeficial for the outcome.

During recent years, many other groups have compared a variety
of decellularization protocols in order to find the most suitable method
for decellularizing pericardium. Yang et al. performed and compared
three protocols on bovine pericardium, namely the detergent and
enzyme extraction (DEE), trypsin (TS), and Triton X-100 and sodium-
deoxycholate (TSD) methods. They reported that all the protocols
were effective in the removal of DNA, although the TS and TSD
approaches resulted in severe damage to the matrix, altering the
biomechanical properties [163]. Other comparative work was carried
out by Mendoza-Novelo et al. The principal chemical agents utilized in
this experiment were: Triton X-100, tridecyl polyethoxy ethanol (ATE),
and alkaline treatment combined with nucleases. They also found that
all protocols were able to effectively remove DNA. A decrease in
GAGs content was observed after all three treatments, while no
significant differences were observed between Triton X-100 and ATE
in terms of maintenance of histoarchitecture and biomechanical
behavior [164]. Recently, two other decellularization treatments for
bovine pericardium have been investigated [165]: 1) 0.25%Trypsin-
EDTA, TritonX-100, Deoxycholic acid, Peracetic acid/Ethanol and 2)
Deoxycholic acid, DNase, RNase, Ethanol. Sahijt's work revealed that
treatment with trypsin is damaging to the collagenous matrix. These
results are consistent with these previous works [149,163].

Additional studies evaluated the impact of decellularization using
SDS as a detergent, showing discrepancy in the literature. Mirsadraee
et al. performed decellularization on human pericardium, applying SDS
in combination with a hypotonic buffer solution and a nuclease and
reporting excellent results. The decellularization with SDS succeeded
in retaining all the major components and mechanical properties of the
native matrix [166]. Conversely, in calf pericardium, SDS induced
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swelling and a drop in the denaturation temperature, as well as
modification of the biomechanical properties, also indicating a fall in
the strength of the scaffolds [167]. This finding confirmed previous
published work from Courtman et al. Decellularization protocols should
therefore be optimized for specific tissues to achieve maximal cell
removal with preservation of ECM integrity and biomechanical and
bioactive properties.

Numerous post-decellularization treatments have been developed
to improve biocompatibility of the graft upon implantation and
potentially regulate host cell proliferation and differentiation. The
functionalization of the pericardium using cell-adhesive peptide
sequences today represents a promising strategy. The bioactive
sequences are chemically defined peptides with high stability, and are
devoid of immunogenicity [168]. Among the polypeptides applied in
functionalization, the tripeptide Arg-Gly-Asp is the most common cell
adhesion motif. Recently, Aubin et al. demonstrated the great
functionalization potential of three different bioactive sequences on cell
attachment of human umbilical vein endothelial cells and a trend
toward increased in vivo endothelialization of decellularized ovine
pulmonary and aortic valves [168]. Similar results have been achieved
by Dong et al. utilizing RGD-functionalized pericardium. Increased cell
colonization, proliferation and migration was achieved with this cell
adhesion motif [169]. In the past, a protein-based coating approach to
decellularized scaffolds (fibronectin, vitronectin, etc.) has been
applied, inducing enhancement of endothelialization and
recellularization of the autologous cells in vivo [170]. However, the
coating with fibronectin and RGD was associated with an increase in
neointima formation in vascular grafts [171,172]
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1.7 Tissue banking of cardiovascular grafts

Since Ross and Barratt-Boyes introduced the use of human
allografts and homografts into clinical practice there has been a clinical
need to store available donor tissues to ensure their off-the-shelf
availability for emergency or elected patients. Currently, heart valves
and pericardium stored in tissue banks are cryopreserved human
allografts ranging from newborn to elderly donors (> 65). The last
overview published by the European Homograft Bank (EHB) in
Brussels stated that between 1989-2008, 5,133 valves were
cryopreserved, of which 4,600 were implanted in Europe. During the
same period, 4,511 were discarded due to atheromas and fat deposits
and a lack of sufficient decontamination (Table 1) [173].

Table 1: Valves and arteries processed and discarded during last 20 years in Europe.
Adapted from [173].

18621888 18882008
Valves Arteries Valves Arteriea
Country Processed Discarded Processad Dizcarded Processed Discarded Processed Discarded
Beigium 2,207 834 655 139 2950 1,300 1,857 617
France 683 7 57 13 1,400 634 130 47
Germany 454 200 13 1 168 83 i 0
Luxemburg 14 3 1 0 44 18 2 0
Switzerland 394 158 70 15 418 208 40 14
Natherlands 2 0 0 0 4 0 o 0
taly iz} 20 1 1 &l 22 3 16

The initial tissue selection is carried out according to strict
exclusion criteria focused on tissue quality, such as malformation,
dilatation and calcification. It is performed by trained cardiosurgeons
with the help of laboratory technicians from the tissue bank. Moreover,
the quality control includes blood screening for transmissible diseases
like HIV (human immunodeficiency virus), AIDS (acquired immune
deficiency syndrome), hepatitis B/C, syphilis, enteroviruses and a
series of histological and bacteriological examinations. Dissection,
decontamination, cryopreservation and storage of the allografts are
performed in separate workstations under laminar flow and sterile
conditions. Usually, the tissues are procured from heart-beating multi-
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organ donors, recipients of heart transplantation (domino heart), and
non-heart-beating deceased patients (cadavers). The tissues are
transported in sterile conditions in wet ice at 4°C in a triple bag filled
with tissue culture medium or saline solution. Following their
decontamination with antibiotic cocktails and negative bacteria
sampling, the valves are exposed to 10% DMSO and frozen by slow-
rate freezing and stored in the vapor phase of liquid nitrogen for a
maximum of 5 years. When an allograft is needed, the tissue bank is
contacted by a surgeon stating the emergency level and patient
indications. On agreement with the tissue bank’s proposal, a graft
meeting the suitable criteria is sent to the clinic using dry ice shipment
[173]. Alongside allograft heart valves, other tissues such as
pericardium, arteries and veins are issued. Over the last few years, the
activities of cardiovascular tissue banks in Europe have remained
relatively stable. However, the number of donor tissues has decreased
while demand has not. Among the European tissue banks, there are
very large methodological differences regarding microbiological
testing, decontamination and preservation of cardiovascular grafts.
There is a high need for standardization of the protocols and
procedures within European cardiovascular banks [174].

Given the recent advances of decellularized human valves
undergoing clinical trials in Europe such as Espoir (decellularized
pulmonary) [175] and Arise (Aortic valves)[176], crucial basic
questions in tissue banking need to be revised:

* Is cryopreservation suitable for decellularized scaffolds?

* What properties should the preserved scaffolds ideally have?

Currently, decellularized heart valves are implanted shortly after
accomplishment of the decellularization procedure. It was reported
that they are stored in saline solution at 4°C for up to 3 weeks [129].
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Table 2: Tissues issued by tissue banks, Adapted from [174]

Other tissues issued 2007 2008 2009 2010
banks 3 3 3 3
Pericardium | in % of all banks 19% 18% 17% 17%
tissues 39 50 34 81
banks 7 T 7 9
Arteries In % of all banks 44% 41% 39% 50%
tissues 307 305 423 481
banks 3 3 3 4
Veins in % of all banks 19% 19% 17% 22%
tissues 245 229 314 286

1.7.1 Cryopreservation of cardiac tissues

Cryopreservation relies on the use of cryogenic temperatures to
preserve structurally intact living cells and tissues. Cryopreservation
protocols have been established based upon knowledge acquired from
the cryobiology of single-cell suspensions, which have later been
applied to tissues. The main aim of this technique for tissue
preservation is to ensure high cell viability and the genetic stability of
cells after thawing, as well as to preserve the structure of the ECM.
The most commonly used cryopreservation techniques are slow
freezing and vitrification. These are two fundamentally different
methods. Whereas conventional cryopreservation permits ice
formation, vitrification is based on preventing it. Both methods,
however, share the same physical and chemical relationships.

Basically, the principle of cryopreservation is dominated by the
freezing of water, which represents 80% of tissue mass. The extent of
damage caused by this process depends on the amount of free water
in treated cells or tissues and on its ability to crystalize during the
cooling process. In slowly cooled conditions, ice formation generally
starts in the extracellular solution surrounding the biological material.

Many protocols are available to successfully cryopreserve different
types of cells and even cell aggregates, but the most challenging task
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is to achieve reproducible results for more complex tissues such as
heart valves and engineered scaffolds, which requires knowledge of
the important variable parameters involved in tissue cryopreservation.
Among cryoprotective agents (CPAs), glycerol and DMSO are the
most frequently applied cryoprotectants. Dextrans, glycols, starches,
sugars, and polyvinylpyrrolidone have also been wused as
cryoprotective agents, but they are only used in combination with
aforementioned low molecular weight cryoprotective agents.
Additionally, fetal bovine serum (FBS) is often supplemented to
cryopreservation solutions. The latter do not have any specific
protective potential. CPAs protect during slow freezing by decreasing
the rate of cell shrinkage and the ice fraction of the frozen solution,
inhibiting solute effect injury due to too high salt concentrations, and
minimizing intracellular ice formation [177]. Furthermore, they
decrease the freezing point, providing more time for dehydration.
However, they are cytotoxic at high concentrations. Toxicity can be
reduced by decreasing the CPA loading temperature and using short
exposure periods. Therefore, cryoprotectants should be used with
caution. Their selection should first be based on their degree of toxicity
and secondly on their membrane permeability. It has been shown that
for vitrification a combination of CPAs leads to a synergistic increase
in cell viability [178]. The chemicals utilized for cryopreservation
approaches can be dived into intracellular and extracellular
cryoprotectants [179]:

* intracellular cryoprotectants are penetrating agents with low
molecular weight, such as DMSO or glycerol. They permeate
the cells, minimizing damage and ice formation, and preventing
membrane rupture;

* extracellular cryoprotectants that do not penetrate cells are
characterized by relatively high molecular weights, such as
sucrose, hydroxyethyl starch. They are used as bulking agents

to increase the glass transition temperature.
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Successful cryopreservation includes maintenance of intact
metabolizing cells that possess the ability cell division ability. In order
to reduce the cytotoxic effect and celllECM injuries during freezing,
precooling of CPA solution to 4°C is crucial. The biological material is
frequently transferred into a precooled cryoprotective solution and
moved to a precooled cryopreservation device. Cooling rate is one of
the most important factors affecting cell survival. It has been shown
that cell-specific controlled-rate freezing maximizes the viability of
several types, particularly when it is used for freezing single-cell
suspensions. In tissues, however, this is difficult to accomplish due to
the heterogeneous combination of cells, each of which has its own
optimal cooling rate [180].

Ice formation is considered to be one of the major causes of
cryoinjury to cells and tissues (Fig. 1-25a and b). Conventional
cryopreservation is optimized to avoid intracellular freezing, whereas
vitrification aims to avoid any ice formation (intra and extracellular).
Dehydration in vitrification occurs by chemical substitution, while in
slow-rate freezing dehydration is achieved by both osmotic
dehydration and chemical substitution. Extracellular ice is formed in
frozen tissue during slow freezing (low cooling rates), which results in
an increase in solute concentration triggering osmotic dehydration of
the cells. Under these conditions, the cell contents actually vitrify due
to the combined processes of dehydration and cooling, thus the
vitreous phase and freezing phase can coexist within the same system
[181].

Potentially serious damage caused by dehydration and ice
formation can be minimized by the following factors:

Use of cryoprotectants in appropriate concentration;
Freezing container;

Cooling/thawing rate;

Combination of CPAs;

Maintenance of the appropriate storage temperatures.

ok 0N =
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Storage and shipment temperatures may impair the graft quality if
they are performed above the glass transition temperature of the
freezing solution. Brockbank et al. reported that valve leaflets frozen
slowly were negatively affected by storage at -80°C [182].

Cartilage (100x)

Figure 1-25: Light microscope of cryosubstituted frozen (a) and vitrified cartilage (b) intensive
ice formation. Frozen cartilage contained ice within the cells and the matrix, while vitrified is
free from ice. Adapted from[181]

1.7.1.1 Cryopreservation by controlled-rate freezing

Cell viability and the ECM integrity of cardiovascular tissues such
as heart valves and arteries can be preserved by controlled-rate
freezing. The optimal survival of single cell suspensions and tissues
occurs at a cooling rate somewhere between 0.3°C and 10°C per
minute. Usually, the cooling rate is only controlled between 4°C and -
40°C. Slow cooling permits significant cell shrinkage (dehydration) and
avoids formation of intracellular ice, if sufficient CPA is used. Thanks
to its unique properties (inert, inflammable, readily available, relatively
cheap and non-toxic), liquid nitrogen is often used to regulate
controlled-rate freezers either by Direct Temperature Feedback or via
Timed Pulse methods. Both rely on the control of the temperature of
the chamber using a continuous supply of liquid nitrogen. The careful
monitoring of the freezing rate is regulated by the programming
capability of the device. Step Down Freezing is another method which
is often practiced in the labs. Samples are placed in a precooled
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freezing container and transferred to a freezer (-80°C) overnight. For
long-term storage the samples are moved to nitrogen vapor. It is
disputed if this simple device can provide the controlled cooling rates
and ice nucleation associated with a true controlled-rate freezer [177].

Another factor which would probably affect the outcome of
cryopreservation (ECM integrity or cell viability) is the warming rate.
Most cryopreservation procedures apply rapid warming. The
prevalence of works on cryopreservation performed using a rapid
warming rate is probably due to the fact that priority has been given to
the investigation of the cooling rate [177]. Rapid warming is carried out
by simple immersion of the samples in a warm water bath. Recently,
the warming rate topic has been addressed, e.g. hanowarming using
nanoparticles has been developed to increase warming rates. This
new technology holds promise to improve cell viability and tissue
function after cryopreservation [183]

The utilization of culture media in tissue banking as the base
solution for preservation is a common practice. However, these media
do not suit optimal preservation at cryogenic temperatures. They are
predominantly used to maintain cellular function at normal
physiological temperatures. When tissues are exposed to cold, it is
more appropriate to use media which are designed for reduced
temperatures [184,185].

Clinically, the evidence for the survival of donor cells in
cryopreserved cardiac valves is not strong; moreover, they do not
appear to have any beneficial effect. On the contrary, cell remnants
and the immunological incompatibility of graft and recipient were
associated with reduced durability and valve dysfunction [62,98]. Many
other studies highlighted the key point that intact connective tissue
structure is of major importance for proper valve functioning while the
remaining viable cells in allografts are useless [186,187]. Typically,
10% dimethyl sulfoxide is added to cells and tissues before freezing.
Extensive ice crystal formation was observed in the ECM of frozen
tissues following cryopreservation [179]. Ice crystal formation may
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disrupt the histoarchitecture of the ECM. Therefore, it remains
questionable whether standard cryopreservation is suitable for
decellularized grafts, or, indeed, any grafts, since there have been
conflicting results reported in the literature. Gerson et al. reported that
SynergraftTM cryopreserved allograft valves did not show signs of
structural damage using two photon-laser scanning confocal imaging
[188]. On the other hand, performing similar microscopic imaging,
conventional cryopreservation of porcine heart valves demonstrated a
dramatic loss of autofluorescence and SHG within the frozen samples
[189]. Evidence for the damaging role of ice in tissue cryopreservation
has been previously reported by Brockbank and coworkers [18,190]
and confirmed by other studies [186,191,192]. This finding led to the
development of an alternative ice-free cryopreservation approach also
referred to as vitrification.

1.7.1.2 Vitrification

Vitrification is the solidification of a liquid without crystallization.
This method relies on the use of extremely high concentrations of
cryoprotective agents and rapid cooling rates to avoid ice formation
during cooling to cryogenic temperatures and rewarming. Vitrification
allows successful preservation for a wide range of cells and tissues,
including sperm [193,194], ovarian tissue, oocyte, embryos and
blastocysts [195,196]. Vitrification can be applied to a wide variety of
biological systems. The procedure is in many regards similar to that of
conventional cryopreservation. Precooled CPAs are added in a
stepwise or gradient manner to ice in order to reduce toxic side
effects. Rapid cooling rates are typically applied down to around
-100°C. This is normally done above the vapor phase of liquid
nitrogen or in a precooled 2-methylbutane bath. Once the sample
temperature reaches —100°C, slower cooling rates are used to further
decrease the temperature down to cryogenic levels to avoid cracking.
This can be performed by transferring the sample to a -150 °C
mechanical freezer or placing it near the top of a vapor- phase
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nitrogen-cooled freezer [197]. Finally, the tissues are stored well below
the glass transition of the solution, typically between —135°C and —
160°. In these conditions, a stable vitreous state reigns. This is crucial
for the retention of vitrified tissue integrity and cell viability. Warming is
performed in a similar manner, slowly to —100°C and then rapidly to
0°C by immersing the tissue in a water bath. A thermocouple is usually
used to monitor cooling and warming. Rapid warming is generally
beneficial for cryopreserved samples and even more important for
vitrified tissues due to the need to avoid injury from devitrification and
subsequent recrystallization [198]. Vitrification procedures can be
performed with a simple apparatus composed of polystyrene box,
metallic rack, and liquid nitrogen and rely on the application of
mixtures of high levels of penetrating CPAs, such as glycerol, DMSO,
ethylene glycol, formamide, propanediol and butanediol. Three main
factors need to be taken into consideration for the formulation of a
vitrification solution: the total solute concentration (higher than 40%),
cryoprotectants’ ability to form glass, and the cooling/warming rate
rapid [199] .

The vitrification protocols established by Brockbank et al. for heart
valves [197] as well as other tissues [200,201] are based on a protocol
(VS41A) that was originally designed for preservation of mouse
embryos by its originators [202]. VS41A is also known as VS55 [201].
The formulation consists of 8.4 M CPAs mixture of 3.1M formamide,
3.1M DMSO, and 2.2 M propylene glycol, which reflects its 55 % (w/v)
of cryoprotective agents. VS55 was intended for organ preservation
[203]. However, the application of this protocol for heart valve tissues
showed some limitations. It is only suitable for small sized tissues, ice
is formed during rewarming, and produced cracks in the sample below
the solution glass transition temperature. To overcome these
drawbacks, the solute concentration (w/v) was increased from 55% to
83% to formulate VS83 [197]. The VS83 appears to be extremely
stable below and above the glass transition temperature, and even
allows stable storage at -80°C (Fig. 1-26). VS83 has previously been
applied to native aortic porcine heart valves [204]. Brockbank and
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coworkers reported that the second protocol is cytotoxic to valvular
cells, but preserves the ECM [204,205]. However the application of
this protocol demonstrated excellent ECM integrity and maintenance
of the matrix components (collagen, elastin, and GAGs) and high
hemodynamic performance in several studies [189,204,206,207].
Interestingly, large animal studies within these works pointed out that
ice-free, cryopreserved heart valves were only slightly immunoreactive
and resistant to calcification, whereas cryopreserved ones calcified. In
fact, it seems that vitrification masks or modifies immunoantigens. The
loss of cell viability appears to be beneficial for the reduction of
immunogenicity as was observed in vivo [204] and in vitro [205].
Recellularization with myofibroblasts and fibroblasts was detected
after 20 weeks in vivo [197].

Ice formation
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Figure 1-26: Differential scanning calorimetry (DSC) of cryopreserved and vitrified DBP stored
at -80°C and -150°C using VS83

In summary, cryopreservation and VS55-based vitrification may
both result in high cell viability, but studies carried out by Brockbank in
collaboration with other groups showed that VS83-realized vitrification
is superior for rabbit and porcine cartilage plugs, and human biopsy
specimens [181]. In cardiovascular tissues the utilization of VS83
protocol allows better preservation of ECM structures. This positive
effect has been demonstrated in several tissues such as vessels [201],
veins [208] and heart valves [197] (Fig. 27). Among cryopreservation
approaches, vitrification/ice-free preservation seems to be the best
choice to preserve the ECM integrity of decellularized scaffolds for
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cardiovascular surgical purposes. Moreover, vitrification is cheaper
and does not require expensive equipment. Its simplicity and
economic advantages may make it attractive for application in tissue
banking. The disadvantages of this technology are the use of cytotoxic
CPAs, and the costs associated with low temperature storage and

shipping.

Heart Valve Leaﬂql (20x)

i

Figure 1-27: Cryosubstitution of conventional cryopreserved and vitrified heart valve leaflets
and TE blood vessels (TEBV). A: frozen leaflets B: vitrified leaflets. C: Frozen TEBV. D:
Vitrified TEBV. Extensive ice formation is present in the frozen tissues. Adapted from[181]

1.7.1.3 Freeze-drying

Freeze-drying is a controllable method for dehydrating frozen
biological products under vacuum. It is also referred to as
lyophilization. It can be traced back to prehistoric times, when it was
used for food storage. It combines the benefits of both freezing and
drying to offer a dry, shelf-stable, and readily available product [209].
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Freeze-drying is widely applied in the pharmaceutical industry for
processing of active proteins but is less used for cells and tissues.
This is due to its irreversible damage to cell viabilty and ECM
structure. Compared to cryopreservation, freeze-drying causes much
more damage. Freezing and drying are both severe stress factors for
tissues. Therefore, special protectants (lyoprotectants) need to be
added to the solution to avoid damage during the process. When
water is removed, lyoprotectants replace the water by forming
hydrogen bonds with proteins, stabilizing the proteins and permitting
them to maintain their original configuration [210]. Additionally,
lyoprotectants need to be capable of forming a glassy state at room
temperature. Sucrose and trehalose are non-reducing disaccharides
and good glass formers. Both sugars possess the properties to be
employed as lyoprotectants for dry preservation.

Figure 1-28: Freeze-drying of decellularized scaffolds using 80% sucrose. a: freeze-dried
decellularized porcine pulmonary heart valve and. b: Freeze-dried DBP

There are 4 steps to complete the freeze-drying of biological tissue
scaffolds [211] (Fig. 1-29). The whole process time ranges from
several hours to days.

* Pretreatment: Includes incubation of the biological material with
lyoprotecant. This step is important for protecting a material
from freezing damage during the process;

* Freezing (Solidification): Scaffolds are cooled, and water is

converted into ice until maximum freeze concentration occurs:
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* Primary drying (Sublimation): Biological material is dried under
low pressure, below its glass transition temperature to avoid
sample collapse and to minimize damage during drying;

* Secondary drying (Desorption): the temperature is slowly
increased to higher than in the primary drying phase, keeping
the samples below glass transition temperature. The aim of this
step is gradual dehydration of the sample while the glass

transition temperature increases (removing unfrozen water).
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Figure 1-29: Hypothetical freeze-drying paths consisting of solidification and sublimation of
ice avoiding the direct liquid-gas transition. Paths A to B to C: solidification of liquid below the
triple point and paths C to E/D: sublimation of ice to gas (water vapor) C to D: lowering the
pressure, C to E: supplying heat. Adapted from[212]

Freeze-drying in the cardiovascular field it is not a new topic.
Freeze-dried allografts are convenient to store and transport. Several
decades ago, the efficacy of freeze-dried allograft (without
lyoprotectant) was evaluated by Ross’ group in a long-term clinical
study [77]. A high incidence of cuspal tears was observed along with
deterioration of the mechanical properties [75,213]. Several other
groups reported that freeze-drying causes drastic structural and
mechanical alterations when applied to the preservation of native

bovine pericardium [214-216] or decellularized arteries [217].
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However, all these freeze-drying studies appear to have been
performed without using any type of lyoprotective agent. Recently,
Wang et al. reported on the freeze-drying of decellularized porcine
pulmonary heart valves using sucrose as a lyoprotectant. The work
showed that freeze-drying allows for storage and transport at room
temperature, by using specific protectants that form a glassy state in
these conditions [218,219]. The sucrose-protected freeze-dried valves
demonstrated a well-preserved histoarchitecture after rehydration
[220], and excellent performance, coupled with cell repopulation
potential, in juvenile sheep [221] (Fig. 1-30). To sum up, freeze-drying
allows storage at room temperature, eliminating the need for liquid
nitrogen and reducing infrastructural costs for shipment. This
technology has the potential to compete with cryopreservation
approaches. Both standard and ice-free cryopreservation require
storage at ultra-low subzero temperatures and frozen transport. Once
the damaging effects of freeze-drying can be overcome, freeze-drying
can be applied to a variety of decellularized scaffolds (Fig. 1-26a and
b), holding promise for its application in biobanking.

eneration of freeze-dried Implantation in the sheep Explantation & months post OF and

implants after rehydration examination of the lissue
Figure 1-30: Successfully implanted freeze-dried porcine heart valve in large animal model
(sheep). Recellularization and no calcification were observed after 6 months. Adapted from
[221]

1.7.2 Summary

The utilization of the above-mentioned preservation strategies has
been largely described in the literature for native cardiovascular
tissues, especially heart valves. Only a few studies focused their
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attention on studying the impact of preservation on decellularized
biological materials. Conclusive investigations on the adverse impact
of preservation methods, such as for instance decellularized
xenogeneic pericardial scaffolds, are still missing. Ultilization of
preservation methods for decellularized scaffolds may impair ECM
integrity and biomechanical properties leading to poor graft durability
and tissue degeneration and eventually graft dysfunction in vivo, as
has been previously observed for native tissues. At present,
decellularized grafts have reached a point where development of
adequate preservation strategies is urgently needed for clinical
application. Therefore, evaluating the impacts of preservation
technologies on the in vitro properties of scaffolds is of major
importance.
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1.8 Aim of the project

The aim of this PhD project was to investigate the feasibility of
several preservation strategies for decellularized pericardial scaffolds
in order to ensure off-the-shelf availability and their routine use in the
clinic. The work is focused on the evaluation of the suitability of three
different preservation methods to preserve decellularized bovine and
porcine pericardial scaffolds: cryopreservation as the gold standard
preservation method, vitrification, and freeze-drying.

In order to achieve this main goal, this PhD thesis addresses the
following objectives:

Decellularization of bovine and porcine pericardial scaffolds
applying TRICOL technology;

Analysis of maintenance of their ECM structure and mechanical
behavior;

Investigation of the preservation methods tailored for
decellularized scaffolds;

Evaluation of their impact on ECM integrity (histologically,
microscopically and biochemically), biomechanical properties

and cytocompatibility.
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2 Material & Methods

All reagents used for decellularization and preservation are from
Sigma-Aldrich (Saint Louis, MO, USA) unless otherwise stated.
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2.1 Decellularization of bovine and porcine

pericardia

Native bovine pericardium was collected from 8-month-old animals
(Piebald calves) in a local slaughterhouse (Bugin S.r.L, S. Maria di
Sala, Venice), while porcine from 9-11-month-old animals (Duroc pigs)
was obtained from a local slaughterhouse (Macello F.lli Guerriero,
Villafranca Padovana, Padua). Both tissues were transferred in
phosphate buffered saline (PBS). Dissection and additional washing in
PBS/medium were carried out within two hours of arrival in the
laboratory. Excess adipose tissue was carefully trimmed from the
pericardium (Fig. 2-1b). Isolated pericardia were kept in sterile bottles
of 200 mL or 400 mL according to the amount of tissue to be
decellularized (= 100 cm?400 mL). Briefly, the first step of the
decellularization protocol of pericardial patches was performed under
continuous stirring with hypotonic buffer solution (pH 7.4) containing
10% (v/v) DMSO, 10 mM of sodium ascorbate, and protease inhibitors
(Pl) (2 mM of phenylmethylsulfonyl fluoride, 5 mM of N-
ethylmaleimide,5 mM of benzamidine, 1 mM of iodoacetamide, and 5
mM of EDTA). After 8 hours, the solution was replaced with hypotonic
washing solution without DMSO and PI. Then the pericardia were
washed for the next 16 hours (8 hours each time) with 1% (v/v) Triton
X-100 in the presence of Pl and without PI in Triton X-100 0.1% (v/v).
Further washing steps followed in PBS solution containing sodium
chloride (0.5 M) at 4 °C for two 8-hour periods and in hypotonic PBS
buffer. This was followed by replacing Triton X-100 with 10 mM of
sodium cholate and the extraction was resumed for two 8-hour periods
at room temperature. The pericardia were finally washed in 10% (v/v)
isopropanol in 0.9% NaCl. All extraction steps were carried out in
degassed solutions containing 10 mM sodium ascorbate and 5 mM
ethylenediaminetetraacetic acid (EDTA) under nitrogen atmosphere
(Fig.31c). Residual nucleic acids were digested using the non-specific
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endonucleases Benzonase™ at a concentration of 1500 U cm™ at 37
°C for 48 h. So-obtained DBP patches were maintained in antibiotics
and antimycotic cold saline solution (100 U/mL penicillin, 100 mg/mL
streptomycin and 25 pg/mL amphotericin B) for one week until further
processing.

Figure 2-1: Dissection and isolation of bovine pericardium for decellularization procedure. A:
bovine heart, b: native BP marked using sutures to indicate area of interest. C: decellularized
BP using TRICOL technology.
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2.2 Conventional cryopreservation

Decellularized pericardial patches were transferred into
polyethylene vials with cryopreservation medium, containing 10% (v/v)
dimethyl sulfoxide and 90% (v/v) medium 199. Slow-rate-freezing was
conducted at ~1°C/min. in a controlled rate freezer (CM-2000;
Carburos Metalicos, Madrid, Spain) at 40 °C min™" down to -80°C.
Then, samples were plunged into liquid nitrogen and stored at —150
°C. The cryopreserved pericardia were stored at -150°C for 1 month
until further assessment. Rapid warming was carried out in a 37°C
water bath. After thawing, the tissues were washed 5 times in PBS for
10 min each.

Table 3: Step up of the freezing machine used for cryopreservation: cooling rate 1°C/min

Temperature time
4°C 0.1 min
4°C 10 min

-80°C 84 min
-80°C 10 min
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2.3 Vitrification using VS83

DBP scaffolds were cut into rectangles with an area of 6 cm2. The
patches subjected to vitrification were infiltrated gradually in precooled
VS83 solution (4.65 mol/L formamide, 4.65 mol/L DMSO and 3.31
mol/L propylene glycol in Euro-Collins solution) in six 15 min-steps at
4°C [207,222]. Cryoprotectant concentrations of the diluted VS83
solutions were step-wise increased from 0 to 12.5, 25, 50, 75 and
100%, resulting in a final total concentration of 12.5 mol/L of
protectants as previously described [197]. Scaffold patches were
placed in bags (Caso vacuum bags, Arnsberg, Germany) containing
VS83, while the top was covered with 0.5 ml of 2-methylbutane in
order to prevent air contact and ice nucleation. A polystyrene box was
filled with liquid nitrogen and two-racks were positioned above the
liquid nitrogen. Rapid cooling at ~ -20 °C/min was achieved by placing
the samples on the racks above the vapor phase of liquid nitrogen. A
separate control specimen was prepared under the same conditions to
measure the cooling rate of the samples with a T-type thermocouple
(Fluke, Everett, USA). Upon reaching -100 °C, the sample bags with
the DBP patches were transferred to a -150 °C mechanical freezer
(MDF-1155ATN; Sanyo Electric Biomedical Co., Bad Nenndorf,
Germany). Thawing of the tissue was achieved by placing the bags in
a 37°C water bath for 1-2 min, followed by five washes in PBS
solution for 10 min each

Figure 2-2: Vitrification of decellularized scaffolds using VS83
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2.4 Freeze—drying

T60 12000
3 =
] 8000 £
520 o
o 6000 £
E H H 35
s 0 4000 3
= ol 100 200 400 500 600 700 £
-20 2000
-40 0

Time (min)
Figure 2-3: freeze-drying program used for DBP and DPP. Slow freezing at 1°C/min to -30°C.
Primary drying for 420 min at -30°C and 60 mTorr. Secondary drying: increase in temperature
to 40°C at 0.1°C min™"

In order to load patches with the lyoprotectant sucrose for freeze-
drying, decellularized pericardial tissues were incubated in 5% (w/v)
sucrose solution at 37°C for 4 hours and then transferred to a sucrose
solution of 80% (w/v), in which they were maintained at 37°C for 60
min [220]. The 80% sucrose solution was refreshed three times (Fig.
2-4a). Sucrose-loaded tissues were placed in sterile petri dishes.
Freeze-drying was achieved using a programmable freeze-drier with
temperature-controlled shelves. The samples were subjected to slow
freezing at 1°C/min until the temperature reached -30°C; primary
drying was performed for 7 hours at -30°C and 60 mTorr. For
secondary drying, the temperature was increased to 40°C at a rate of
0.1°C/min, while keeping the vacuum pressure at 60 mTorr (Fig. 2-3).
The dried samples were stored at 4°C for 1 month until further
assessment (Fig. 2-4b). Rehydration was carried out by washing out
the sucrose using PBS. The samples were subsequently incubated in
PBS overnight until further assessment.
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Figure 2-4: Freeze-dried DBP loaded with 80% sucrose. (a) Incubation of DBP patches in 50
ml 80% sucrose solution. (b) Freeze-dried DBP before rehydration.

/ Preservation \

Freeze- Cryopreservatior
10% DMSO
Vitrification -150°C

VS83

Figure 2-5: Preservation strategies applied for decellularized porcine and bovine pericardium
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2.5 Histological analysis

2.5.1 Tissue sample dissection

Samples of the control and preserved tissues (n=3 in all cases)
measuring 6-8 mm in diameter were cut using a biopsy puncher (Kai
industries, Seki, Japan) for histology, Fourier-Transform Infrared
spectroscopy (FTIR), Differential Scanning Calorimetry (DSC),
Scanning Electron Microscopy (SEM), multiphoton microscopy and
cytotoxicity assessment. Biomechanical and biochemical analyses
were performed on six DBP scaffolds (n=6).

2.5.2 OCT embedding for decellularized scaffolds

Histological staining was carried out on native and decellularized
scaffolds to evaluate a decellularization process. Prior to embedding,
the samples were fixed in 4% paraformaldehyde (PanReac
AppliChem, Chicago, IL, USA) in PBS for 20 min at room temperature
in darkness and then incubated in 20% sucrose in PBS overnight at
4°C. The embedding of the samples was performed in a 1:1 solution of
20% sucrose and O.C.T (Optimal Cutting Temperature compound,
Sakura, Japan). Subsequently, they were snap-frozen in liquid
nitrogen and stored at -80°C until cryosectioning. Staining was
performed on 5-6 um sections using standard hematoxylin/eosin
(H&E), Mallory trichrome (MT) and alcian blue (Bio-Optica, Milan,
Italy). Images were captured using a Nikon Eclipse 50i light
microscope equipped with a NIS-Elements D3.2 Software (Nikon
Corporation, Shinagawa, Tokyo, Japan)

2.5.3 Paraffin embedding for preserved patches

The ECM structure of pericardial scaffolds was assessed by
histological staining following preservation methods. Prior to paraffin
embedding, the samples were fixed in 4% paraformaldehyde

63



(PanReac AppliChem, Chicago, IL, USA) in PBS for 20 min at room
temperature in darkness. The analysis was conducted on 6-7um
sections using standard hematoxylin/eosin (H&E), Mallory trichrome
(MT) and PicroSirius red (Bio-Optica, Milan, Italy) staining. The
sections were inspected under a bright field (H&E and MT) and
polarized light (Picrosirius red) microscope. Images were captured
using a Nikon Eclipse 50i light microscope equipped with NIS-
Elements D3.2 Software (Nikon Corporation, Shinagawa, Tokyo,
Japan).
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2.6 Scanning Electron Microscopy

Native, decellularized and treated samples were fixed and
maintained in Karnovsky solution [8% (w/v) paraformaldehyde, 10%
(v/v) glutaraldehyde (50%) in 0.2 M cacodylate buffer] at 4°C in the
dark until the assessment. Prior to SEM analysis, Karnovsky solution
was removed and the samples washed in physiologic solution (0.9 %
NaCl) and dehydrated for 10 min with serial gradients of ethanol (70%,
80%, 90% and 100%). Subsequently the samples were critical point-
dried (CPD) and coated with gold-palladium. Analysis of their surface
was performed using a JEOL JSM-6490 electron microscope. The
images were acquired using low vacuum mode 20 kV at low and high
magnification (1,000x and 10,000x). Analysis of their surface was
performed using a JEOL JSM-6490 electron microscope. The images
were acquired using low vacuum mode 20 kV at low and high
magnification (1,000x and 10,000x).
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2.7 Multi-photon microscopy (MPM)

Multiphoton-induced auto fluorescence and second harmonic
generation (SHG) were detected using two photon microscopy
connected to a titanium:sapphire laser source (Chameleon Ultra 2,
Coherent), with tunable emission wavelength of 700-900 nm at
80MHz, described in detail elsewhere [223]. Additionally, the major
components of the basal lamina of DPP upon preservation were
selectively captured by using indirect immunostaining on cryosections.

2.7.1 Evaluation of collagen and elastin fibers

Multiphoton-excited autofluorescence and SHG microscopy are
powerful non-invasive imaging tools for studying ECM-ultrastructure
components, such as elastic and collagenous fibers, without the need
to previously label or fix the tissue. The chosen excitation wavelength
was 800nm in order to detect the SHG and the elastin
autofluorescence signal separately (one excitation wavelength, two
separate channels for detections). The SHG was detected at 400 nm
while elastin had its autofluorescence centered around 525 nm. The
images were acquired with a fixed resolution of 1024x1024 pixels and
frame accumulation of one hundred and twenty frames, with a pixel
dwell time of 0.14 us. To perform quantitative measurements, images
were additionally acquired as RAW uncompressed files. Four different
regions of interest (ROI) were taken to assess SHG intensities, which
are measured as grey value intensities of tissue structure integrity.
Besides that, quantification of the fiber waviness was implemented as
previously described in [224]. Briefly, the distance between visible
endpoints of a collagen bundle (LO) and the length of the fiber bundle
(Lf) was measured using Neurond, (ImageJ plug-in). The quantification
of the waviness of the fibers is defined as straightness parameter: Ps
= LO/Lf.
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Where Ps is restricted between 0 and 1. Ps= 1 indicates a straight
fiber. The quantifications were conducted using ImagedJ (NIH, Open
Source Program).

2.7.2 Combined MPM and immunofluorescence

Basal lamina proteins - laminin, collagen type IV, and heparan
sulfate - were detected together with collagen type-l SHG and elastin
autofluorescent signals. The SHG was identifiable at an excitation
wavelength of 1200 nm, while elastin and the secondary antibody’s
fluorophores at 800 nm. The images were acquired with a
magnification of 25x, fixed resolution of 1024x1024 pixels, and
frameaccumulation of 120 frames. Prior to the detection of the
proteins, the slides were washed in PBS to remove OCT followed by
incubation for 10 min with bovine serum albumin (BSA). Primary and
secondary antibodies were also diluted in a 1% (w/v) BSA solution.
The primary antibodies were incubated for 60 min at 37 °C in a
humidified atmosphere and then washed in PBS. Incubation with the
secondary antibodies, rhodamine (rhod)-conjugated anti-rabbit and
anti-rat, was performed for 30 min at 37°C in the dark. The slides were
washed again in PBS followed by mounting with aqueous mounting
medium. The antibodies, dilution and supplier utilized for this
technique are described in Table 4.

Table 4: Primary and secondary antibodies used for evaluation of basal lamina proteins using
TPM

Primary antibody

Antibody Dilution Company

Collagen IV 1:100 ab6586, rabbit (Abcam, Cambridge, USA)
Laminin 1:100 20097, rabbit (Dako, Santa Clara, USA)
Heparan 1:50 AB1948P, rat (Millipore, Burlington, MA, USA)
sulfate

Secondary antibody

Antibody Dilution Company

Rhodamine 1:100 AP132R, goat-anti-rabbit-IlgG and AP136R anti-
(rhod- goat-rat-IgG (Millipore, Burlington, MA, USA)
conjugated)
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2.8 Biochemical analysis

Prior to dissection the patches were washed with Milli-Q water
(ultra-purified water) for 1-2 hours. Then were lyophilized using the
freeze-drying machine for subsequent biochemical tests. Shortly
before starting the assessments, the dry weight of the scaffolds
(bovine and porcine, (n=5-6)) was recorded.

2.8.1 Sulfated glycosaminoglycans quantification
(GAGS)

Lyophilized pericardial tissues were used for the quantification of
chondroitin sulfate, one of four GAG groups, according to the protocol
established by Farndale et al [225], Chandrasekhar et al [226] and
improved by Barbosa et al [227]. Briefly, pericardial samples (n=6; 10-
12 mg dry weight) were digested with 7 Uml™" papain overnight at
60°C. A dimethylmethylene blue (DMMB) solution was prepared in a
formate buffer pH 3.0 containing 5% ethanol and 0.2 M guanidine
hydrochloride (GuHCI) to isolate the GAG-DMMB complex from
tissues. The GAG-DMMB complex was obtained as a stable pellet
after centrifugation of the treated samples. The dissociation of the
complex was achieved using 4 M GuHCI solution at pH 6.8 containing
10% propanol. The UV absorption of the decomplexed DMMB was
then proportional to the GAG amount complexed from the treated
sample [227]. The absorbance was read at a wavelength of 656 nm.
Dilutions of chondroitin sulfate (Sigma-Adrich) were used to generate
a standard curve. The concentration of sGAGs was calculated by
interpolation from the standard curve.

2.8.2 Hydroxyproline (HYP) quantification

HYP is one of the major components of collagen protein
comprising 14% of total amino acid content. Therefore, the
quantification of collagen was carried out by measuring it based on the
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protocol established and described by Edwards & O Brien [228].
Briefly, lyophilized pericardial tissues (n=5; 5-6 mg dry weight) were
digested using 4 ml 6 N HCI overnight at 120°C and the supernatant
was collected after centrifugation The hydrolysate was neutralized at
96°C for 2 hours and an assay buffer (50 g/L citric acid monohydrate,
120 g/L sodium acetate trihydrate, 34 g/L sodium, 0.8% (v/v) glacial
acetic acid and 20% (v/v) 1- propanol, at pH 6.5) was added to dried
samples. 50 pL triplicates of standard (trans-4-hydroxy-L-proline
amino acid; Sigma) and test solutions were incubated with 100 pl
chloramine-T reagent (14.1 mg/mL). Following incubation, 100 pl
Ehrlich reagent (200 g/L 4-(dimethylamino) benzaldehyde, 60% (v/v)
1-propanol and 26% (v/v) perchloric acid) was added and again
incubated at 60 °C for 45 min. The optical density was measured in a
96-well plate at a wavelength of 565 nm. The HYP content was
determined by interpolation from the standard curve.

2.8.3 Denatured Hydroxyproline (dHYP)
quantification

The same groups described above for quantification of HYP were
also used for the quantification of dHYP. The quantification of
denatured collagen was carried out according to Bank et al. [229].
Moreover, autoclaved NBP and NPP samples were used as positive
controls. Lyophilized preserved samples weighting (n=6; 10-15 mg dry
weight) were incubated with 5 mg/ml a-chymotrypsin solution
containing 0.1 M Tris and 2.5 mM calcium chloride overnight at 37°C.
The digestion of the tissues by the enzyme led to the release of
degraded collagen, which was quantified using hydroxyproline (HYP)
as described above (2.8.2)
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2.8.4 Elastin quantification

Elastin content was as quantified using the Fastin Elastin assay kit
(F2000, Biocolor, Carrickfergus, United Kingdom). Samples with 3-6
mg dry weight were obtained from decellularized and preserved
patches (n=4). The test was conducted following the steps described
in the kit's protocol. First, the samples were treated with 0.25 M oxalic
acid at 100°C overnight to extract a-elastin. The extract was added to
fastin dye reagent (5,10,15, 20-tetraphenyl-21H, 23H-porphine
tetrasulfonate (TPPS)) to form elastin-dye complex as a brown pellet.
The dye dissociation reagents were then added to release the dye into
the solution. Elastin was gained and its absorbance was measured at
a wavelength of 513 nm in a microplate reader (TECAN Infinite M2,
Tecan Trading AG, Mannedorf, Switzerland). Standard curves were
made from the reference solution of a-elastin prepared from bovine
neck ligament elastin (1 mg/ml), in 0.25 M oxalic acid. Elastin content
was determined by interpolation from the standard curve as ug
elastin/mg dry tissue
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2.9 Fourier transform infrared studies

The overall protein secondary structure of the various treatment
groups was studied after immersing samples in deuterium oxide (D,0)
for 3-4 hours in order to reduce the contribution of interfering water
bands in the protein amide-I| region. FTIR spectra were recorded and
analyzed using a PerkinElmer 100 FTIR spectrometer (PerkinElmer,
Norwalk, CT, USA) equipped with a triglycine sulfate detector and an
attenuated total reflection (ATR) accessory equipped with a ZnSe
crystal/diamond and a pressure arm to position the sample on the ATR
surface. The acquisition parameters were as follows: 4 cm-', 4 co-
added interferograms and 4000-900 cm™ wavenumber range.

Decellularized preserved samples were cut with the help of a
biopsy punch (Kai industries) with a diameter of 6 mm and placed on
the ZnSe crystal. Infrared spectra of the patches were recorded
immediately. The region 1700-1600 cm-1 was selected from the
acquired spectra to analyze the overall protein secondary structure.
Second derivatives of the spectra were calculated using a 13-point
smoothing factor (Omnic software (Thermo-Nicolet, Madison, WI,
USA)) and normalized to resolve differences in peak intensities. Ratio-
values of bands at 1650 (assigned to a-helical structures) and 1630
cm” (assigned to R-sheet structure) were calculated to quantify

differences in amide-I band profile among treatment and control

Xi (1630 cm™!) Beta
Xi (1650cm~—1) Alpha’

groups using the following calculation: R=

Where X represents the spectral absorbance value at 1630 or at
1650 cm™.
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2.10 Differential scanning calorimetry studies

DSC measurements were performed using a Netzsch DSC 204F1
Phoenix instrument (Netzsch Geraetebau GmbH, Selb, Germany).
Approximately 10-15 mg wet weight of tissues were cut using a biopsy
punch (6 mm) and subsequently transferred into aluminum sample
pans, which were hermetically sealed and placed in the DSC. An
empty pan was used as a reference. In order to study protein
denaturation profiles, the samples were heated from 20°C to 90°C at
the rate of 10°C/min. Protein denaturation of the tissue is visible as an
endothermic event in the DSC traces. The thermograms were
analyzed using Netzsch Proteus analysis software in order to obtain
the onset temperature (Tonset) Of protein denaturation
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2.11 Uniaxial tensile testing

Samples for mechanical testing (native, decellularized,
decellularized preserved and GA-fixed) were isolated from the left
anterior side of the bovine pericardium, where the collagen showed
the most uniform fiber distribution, parallel to the heart circumferential
direction [230], while porcine patches were cut along collagen fiber
orientation. Their alignment was visualized using a light box and two
polarized light filters (Fig. 2-5b). The investigation of the mechanical
properties of the patches was conducted in an Instron® tensile
machine (Instron 3365; Instron, Bucks, UK) equipped with
temperature-controlled bath (Fig. 2-5¢c). The samples were tested in
PBS at 37 °C. For this purpose, strips of pericardium measuring 10
mm in length by 5 mm in width were cut and their thickness was
measured at three points using a Mitutoyo thickness gauge (Mitutoyo;
precision: £0.01 mm) (Fig. 2-5a).

Figure 2-6: a: Cutting block used for the dissection of specimen for uniaxial tensile testing. b:
Decellularized pericardial samples were isolated parallel to the collagen fiber alignment. c:
Biomechanical test set-up utilized for the uniaxial tensile loading to failure in the Instron tensile
machine.

73



2.11.1 Test procedure

Low-force uniaxial tensile testing was basically done as previously
described in [231]. Decellularized (control), preserved groups and
native GA-fixed pericardial specimens were subjected to low-strain-
rate uniaxial tensile loading to failure. The average thickness value
was used for testing. The specimens were preconditioned for 50
cycles at a rate of 20 mm/min, before being sequentially stretched to
failure at the same rate. The test was stopped on occurrence of failure,
as determined by the first significant decrease in load detectable
during extension. During testing the load (F, in Newtons) and
specimen extension (Al, in mm) were recorded and subsequently
converted to engineering stress (o, MPa) and engineering strain ().
The stress-strain curves of each sample were plotted and analyzed by
the means of four parameters, elastin phase modulus (MPa), collagen
phase modulus (MPA), failure strain (mm) and ultimate tensile strength
(MPa), which has been characterized previously by Korossis et al.
Finally, the calculated biomechanical parameters were averaged over
the number of samples in each group and analyzed by means of four
parameters: elastin phase slope (EI-E), collagen phase slope (Coll-E),
ultimate tensile strength (UTS) and failure strain (eUTS) (Fig. 2-6).

- Elastin Transition | Collagen |«
UTS T T Tphase” T T T T phase | phase
o
o
Ll
o=
|—
o
Transition
stress r
= — —
STRAIM Transition Failure
strain strain

Figure 2-7: Typical stress-strain behavior of soft tissue, which consisted of an initial linear
region (elastic phase), followed by a secondary prolonged linear region (collagen phase), prior
to failure. UTS: ultimate tensile strength. Adapted from[232].
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2.12 In vitro cytocompatibility assays

Following preservation methods, the cytotoxicity of the scaffolds
was assessed with quantitative and qualitative assays according to
ISO 10993-5 for biological evaluation of medical devices through
contact and extract (only for preserved DPP patches) [233]. Two
different cell lines were tested: umbilical vein endothelial cells
(HUVEC) and human bone marrow mesenchymal stem cells (hBM-
MSC).

2.12.1 Contact cytotoxicity assay

Scaffold cyto-compatibility following preservation was assessed
with a contact cytotoxicity assay as described in ISO 10993-5 for the
biological evaluation of medical devices. Preserved pericardia were
cut with biopsy punchers (Kai industries, 8 mm diameter) and attached
to a six-well culture plate (Corning Inc., Lowell, MA, USA) using steri-
strip (3M, Maplewood, MN, USA). Prior to cell seeding, 24 h
treatments with the antibiotic/antimycotic solution were performed to
ensure scaffold disinfection, as previously described in [234]. The
samples were then washed three times with PBS and kept overnight in
basal or alpha MEM Medium at 37°C until cell seeding. HUVEC, P5,
and hBM-MSC (Promocell, Heidelberg, Germany), P7, were seeded
into each well at 1.5 x 10° cells in 2 ml of culture medium. The seeded
punches were cultured for 3 days and stained with Giemsa to visualize
the cell morphology and distribution under light microscopy. Wells with
no scaffold samples and with cyanoacrylate glue were seeded with the
same cell density and served as negative and positive controls,
respectively. Images were acquired at phase contrast with a Nikon
Eclipse 50i light microscope equipped with NIS-Elements D3.2
Software (Nikon Corporation, Shinagawa, Tokyo, Japan).

75



2.12.2 Proliferation assay (MTS)

A proliferation test was performed using an MTS assay (CellTiter
96®AQueous One Solution Cell Proliferation Assay, Promega,
Madison, WI, USA). Viable proliferating cells have the ability to reduce
MTS tetrazolium to a formazan-dye, which can be detected at 490 nm
(FLUOstar Omega, BMG LABTECH, Ortenberg, Germany). The cell
proliferation was assessed at two time points (24 h and 72 h).

2.12.3 Extract cytotoxicity assay

Preserved decellularized porcine pericardial samples were used to
prepare soluble extracts. DMEM with 80% (v/v) DMSO served as
positive (cytotoxic) control and cell culture medium as negative control.
Prior to extraction, the samples underwent disinfection treatment for
24 h as described above (2.12.1) and were then minced with a scalpel
(n=4 for each group). The minced tissues were incubated with cell
culture medium for hBM-MSCs (alpha-MEM) and HUVEC (Basal
medium) respectively (1 ml per 100 mg wet tissues) for 72 h at 37°C
under agitation. The samples were subsequently centrifuged at 20.000
g for 15 min and the supernatants were collected immediately for
further processing. In the meantime, hBM-MSCs P6 and HUVEC P8
were seeded at 1,5*10° into a 24-well plate (Corning Inc) at 37°C in
5% (v/iv) CO,. After 48 h hours both cells lines reached a confluency
of 80%. The cell culture media was aspirated and the soluble extracts,
positive and negative control (0.5 ml) were added in triplicate to the
wells. Cell morphology was observed at phase contrast with a Nikon
Eclipse 50i light microscope equipped with NIS-Elements D3.2
Software (Nikon Corporation).

2.12.4 Cytotoxicity assay (LDH)

The supernatants from cell culture of HUVEC and hBM-MSC of
contact and extract assay (only preserved DPP) were analyzed for
extracellular lactate dehydrogenase LDH (Pierce LDH Cytotoxicity
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Assay Kit, Thermo Fisher Scientific) at two time points (24h, 72h).
Basically, in the case of cell lysis, LDH is released into the culture
media. This allows its quantification using a colorimetric assay based
on the conversion of tetrazolium salt into formazan following an
enzymatic cascade. The absorbance was measured at 490 nm using a
plate reader spectrophotometer (FLUOstar Omega) and calculated as
previously described [235]

2.12.5 Live-dead staining

Preserved porcine pericardial patches were cut with biopsy
punches (8 mm diameter) for live/dead staining to assess cytotoxicity
of CPAs after 72h. Punch disinfection was performed to ensure
scaffold disinfection according to (2.12.1). hBM-MSCs P7 were
seeded into each well at 1.5 x 10° cells in 2 ml of culture medium.
Live/dead staining solution was prepared with 1 uM calcein AM and 1
MM ethidium homodimer-1 (1.2 pl calcein and 5 pl of ethidium
homodimer-1 in 5ml of PBS). After 72 h of cell culture, live/dead stain
solution was added into each well to completely cover the tissue and
samples incubated at 37°C in the dark for 30 min. The samples were
washed 3 times in PBS and then wet mounted onto a microscope slide
and covered with a glass coverslip. The visualization of living cells was
carried out by means of MPM as previously described (paragraph
2.10). The images were acquired with a magnification of 25x, fixed
resolution of 1024x1024 pixels, and frame accumulation of 120 frames
but as Z-Stack. The Z-Stack images of all groups were converted to
single image by Z-projection with the help of imagedJ. This permits the
visualization of 3-D datasets in 2-D. Live and dead cells were counted
with cell counter (imaged tool) and the percentage of viable cells was
calculated as follows: (Viable cells/total number of cells)x100.

2.12.6 Statistical analysis

All data were expressed as mean + standard deviation. Data were
analyzed in Microsoft Excel, and GraphPad Prism for Mac, Version 6.0
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(GraphPad Software Inc., California). One-way ANOVA using the
Tukey test was performed to evaluate significant differences for all
groups (native, decellularized, preserved) for both species.
Significance was accepted at the 5% significance level.
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3 Results
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3.1 Evaluation of TRICOL bovine and porcine
pericardial scaffolds

Sabra Zouhair, Eleonora Dal Sasso and Sugat R. Tuladhar performed
the decellularization of bovine and porcine pericardial tissues. For this
chapter of the thesis, Sabra Zouhair performed most of the analysis
unless otherwise stated. Histological staining, as well the MPM
imaging of the fibrosa layer of DBP and DPP scaffolds shown in this
work, was carried out by Eleonora Dal Sasso,. Data evaluated and
analyzed by Sugat R. Tuladhar are not shown in this paragraph.

First co-authors contribution statement
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3.1.1 ECM evaluation after decellularization

3.1.1.1 Histological analysis

H&E MT AB

NBP

DBP

Figure 3-1: Histological staining of NBP (a-c) and DBP (e-g). (d, f) H&E, (a, d) MT and (b, e)
AB (c, f). Scale bars represent 100 um.

The ECM structure of pericardial scaffolds was assessed by
histological staining. H&E staining revealed spatial distribution of cells
within native bovine (Fig. 3-1a) and porcine pericardia (Fig. 3-2a).
Mesothelial cells also were identified lining the serosa of the native
pericardial sections. Broadly, the ECM structure was mainly composed
of wavy collagen fibers and GaGs as observable by MT and AB (Fig.
3-1b,c and Fig. 3.2b-c) for bovine and porcine tissues respectively.
After Tricol treatment, decellularized bovine and porcine samples
appeared to be acellular and devoid of cellular fragments and nuclear
residues as visible by H&E and MT, respectively (Fig. 3-1d-e and Fig.
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3-2d-e), while collagenous matrix organization and structure were
maintained in both species. Discoloration of GAGs was observed in
both DBP (Fig. 3-1f) and DPP (Fig. 3-2f) samples in comparison to
native sections (Fig. 3-1c, Fig. 3-2c).

Figure 3-2: Histological staining of NPP (a-c) and DPP (d-f), H&E, (a, d) MT and (b, e) AB (c,
f). Scale bars represent 100 um.

3.1.1.1.1 Scanning electron microscopy

To further analyze the effectiveness of TRICOL decellularization,
ultrastructural imaging was carried out using SEM. Surface analysis of
serosa of NBP and NPP tissues revealed a cobblestone-like structure
(Fig. 3-3a,b and e, f respectively), which was not observed in TRICOL
DBP (Fig.3-3 c, d) and DPP samples (Fig. 3-3g, h). Cell removal leads
to the exposure of the collagen bundles in bovine and porcine
scaffolds in serosa and fibrosa layers (Fig. 3.3c, e and Fig.3.4c, e
respectively). At higher magnification, collagen organization appears
to be well-maintained after decellularization. Moreover, elastic fibers
were detected on the fibrosa of DBP and DPP samples (Fig. 3-4c, d
and g, h respectively).
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NEP ppp SEROSA

Figure 3-3: Scanning electron microscopy analysis of the serosa surface of native and
decellularized porcine and bovine pericardial tissues: micrographs are represented in two
magnifications 1000X and 5000X. Scale bars indicate 5 um and 10 um

FIBROSA
NPP

Figure 3-4: Scanning electron microscopy analysis of the fibrosa surface of native and
decellularized porcine and bovine pericardial tissues: micrographs are represented in two
magnifications 1000X and 5000X. Scale bars indicate 5 um and 10 um

3.1.1.2 Multiphoton imaging

Autofluorescence imaging and SHG revealed similar collagen and
elastin structures in native and decellularized bovine and porcine
tissues in serosa and fibrosa layers. Representative images of serosa
surface showed the presence of green fluorescent cell nuclei and
elastic fibers detected at 800 nm in native tissues (bovine and porcine)
(Fig. 3-5b und h). This depends on two-photon excited reduced
coenzyme NAD(P)H, whereas at the same excitation the nuclei were
absent in decellularized scaffolds (Fig. 3.5e and k).

The SHG imaging confirmed the crimped pattern of collagen fibers,
which were more evident and larger in the fibrosa of native and
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decellularized bovine and porcine pericardia (Fig.3-6 a, d, g, j) and
smaller and better organized on serosa (Fig. 3-5 a, d, g, j).
Autofluorescence analysis on serosa and fibrosa layers displayed
elastic fibers running parallel to collagen in NBP and DBP (Fig. 3-5b, e
and Fig. 3-6b, e respectively) and wavy and branched elastic networks
in NPP and DPP (Fig. 3-5h, k and Fig. 3-6h, k respectively). Cell
removal seems to have induced more organized collagen structure.
However, quantification of the SHG signal in the serosa and fibrosa
layers did not show any statistically significant differences between the
native tissues and their decellularized counterparts in either species
(Fig. 3-7), suggesting that decellularization did not affect the quality of
collagen.

SEROSA

SHG

Autofluorescence

Composite

Figure 3-5: Second harmonic generation (SHG) microscopy and Multiphoton-induced
autofluorescence imaging of serosa of the native and decellularized bovine and porcine
pericardial tissues. Both collagen (400 nm) and elastic fibers (525 nm) appeared clearly in
native and decellularized porcine and bovine tissues. Moreover, cells were detected in
natives of both species. Scale bars represent 50 um.
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FIBROSA

Autofluorescence

Composite

Figure 3-6: Second harmonic generation (SHG) microscopy and Multiphoton-induced
autofluorescence imaging of fibrosa of native and decellularized bovine and porcine
pericardial tissues. Both collagen (400 nm) and elastic fibers (525 nm) appeared clearly in
native and decellularized porcine and bovine tissues. Scale bars represent 50 um.
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Figure 3-7: Quantification of SHG signal intensities of collagenous structures (n=6). Data are
presented as mean + SD. No significant differences were found between the native and
decellularized tissues in respect to serosa (a) and fibrosa (b) layers.
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3.1.2 Evaluation of protein stability and secondary
structures

3.1.2.1 Analysis of the fingerprint region of the proteins with
FTIR

FITR analysis was performed to investigate the impact of TRICOL
on the overall protein secondary structures. The amide-l band region
1700-1600 cm™ is used to correlate the band shape with secondary
structure contents. Second derivative spectra of native and
decellularized samples were calculated to reveal differences in the
amide-l region assigned to the two main types of protein secondary
structure. Figure 3-8 (a1) and (a2) shows typical spectra
demonstrating the bands at 1650 and 1630 cm™" more clearly, which
likely indicate a-helical and B-sheet structures, respectively, in both
tissues. The ratio of the bands at 1650 and 1630 cm™ was used as a
parameter to highlight differences among the treatment groups. The
ratios in NBP and NPP tissues were found to be respectively 0.96 and
0.95 (Fig. 3-8 (b1) and (b2). The corresponding values for DBP and
DPP tissues were respectively 0.96 and 0.98 Fig. 3-8 (b1) and (b2),
suggesting that the overall protein secondary structure was not
affected by the TRICOL decellularization procedure.
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Figure 3-8: The panel presents second derivatives of the recorded spectra between 1600 and
1700 cm’” indicating a-helical structures at 1650 cm™, and B-sheet structures at 1630 cem ™" in
bovine (a1) and in porcine (a2). The bars represent B/a ratio from the different spectra of the
native and decellularized groups from both tissues (b1 and b2). Data are presented as mean *
SD. No significant differences were found between the groups in both species.

3.1.2.2 Analysis of denaturation profiles of ECM proteins
using DSC

The denaturation profile of native and decellularized scaffolds was
investigated using DSC, which provided thermal fingerprints of the
scaffolds that were used to detect possible negative effects of the
decellularization technology on matrix proteins such as protein
denaturation, degradation or crosslinking. Figure 3-9 (a1) and (a2)
shows DSC thermograms of native tissues and after decellularization
in both species. The protein stability of bovine and porcine pericardia
was assessed by means of Tonset and compared among native,
decellularized and GA-treated pericardia in each species Fig. 3-9 (b1)
and (b2); Tonset for the bovine group was determined to be 66.7 + 0.9,
67.77 £ 0.07 and 83.55 £ 0.25°C, and for the porcine group 65.4 +
0.25, 6445 = 0.15 and 86.45 £ 0.17°C. Statistically significant
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differences were found for native DPP in comparison to decellularized
DPP (P< 0.05) indicating a minor decrease in the denaturation
temperature in this species. By contrast, GA-fixation significantly
increased the protein denaturation temperature for both bovine and
porcine tissues to respectively 83 and 86°C (p< 0.001).
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Figure 3-9: Evaluation of protein stability after TRICOL using DSC. DSC thermograms of the
tissues after decellularization and GA-fixation are shown in panels a1 and a2. Bars b1 and b2
show the onset temperature of protein denaturation (Tonset) for bovine and porcine tissues.
Data are presented as mean = SD. ***P<0.001, * p<0.05.

3.1.3 Assessment of the biochemical properties of
decellularized scaffolds

3.1.3.1 HYP content and sGaGs

Collagen and sGaGs are the main components of the ECM of
pericardial scaffolds. Therefore, their quantification is important for
studying the extent of the damage that might be caused by
decellularization. The HYP content in decellularized porcine and
bovine tissues (127.12+52 ug/mg dry weight) was estimated to be
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higher in comparison to their native counterparts (119.55+26.12 ug/mg
dry weight). This is likely due to the loss of cells and soluble proteins
after decellularization. However, no statistically significant differences
were found between native and decellularized tissue for both species
(Fig. 3-10a). A decrease in the amount of sGaGs was observed after
the TRICOL procedure; for bovine and porcine respectively
(4.50+2,75; 5.97+1.01 pg/mg dry weight) compared to their native
counterparts (13.71% 6,83; 8.23+ 2.77 ug/mg dry weight) (Fig. 3-10b).
However, differences were only found to be statistically significant for
the bovine pericardium (P< 0.01). These results confirmed the
maintenance of collagen and GaGs after preservation as observed
with the ultrastructural analysis.
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Figure 3-10: Biochemical results: quantification of hydroxyproline content (a) and sulfate
glycosaminoglycans (b) after preservation and reconstitution. Mean hydroxyproline (HYP) and
sulfated glycosaminoglycans (sGAGs) content per dry weight of tissue (n = 6). No significant
difference was found in HYP contents after the treatments. A decrease of sGAGs in DBP was
confirmed statistically. Data are presented as mean + SD. ***P<0.001

3.1.4 Evaluation of the biomechanical behavior of
bovine and porcine tissues

3.1.4.1 Uniaxial tensile testing

Biomechanical testing was performed on native and decellularized
bovine and porcine tissues. For comparison, glutaraldehyde-
crosslinked samples were also tested. The generated stress-strain
curves are illustrated in Figure 3-11 (a1) and (a2), demonstrating the
typical J-shaped curves of soft tissues [236]. Significant differences in
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stress-strain behavior of bovine and porcine pericardia were observed
after decellularization and fixation.
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Figure 3-11: Average of stress strain curves of native, decellularized, GA-fixed bovine and
porcine tissues. Data are presented as mean = SE.

The calculated biomechanical parameters of bovine and porcine
pericardia after treatments are illustrated in Fig. 3-12. The results
primarily show a trend towards lower slopes in both the elastin and
collagen-phase modulus, suggesting increased compliance. However,
this decrease was only statistically significant for the collagen-phase
modulus in DPP (59.07 + 8.02 MPa) compared to NPP (37.33 + 11.12
MPa, Fig. 3-11b, p<0.001). A similar tendency was observed for the
failure strain parameter. The decellularized scaffolds (bovine and
porcine) demonstrated higher values compared with their native
counterparts, indicating a tissue with greater extensibility. Moreover,
the ultimate tensile strength of DPP scaffolds (7.9 £ 2.88 MPa, p<0.05,
Fig. 3-12c) was found to be significantly lower compared to NPP ones
(13.65 £ 1.73 MPa, Fig. 3-12c). Additionally, a significant increase in
thickness upon TRICOL was observed in porcine scaffolds
(0.231£0.024 mm, 0.15+0.014 mm, P< 0.01; Fig. 3-11e). This finding is
indicative of an increased scaffold compliancy after TRICOL.

Regarding GA-treatment, the tissue crosslinking resulted in a
significant increase in the slope of the elastin-phase modulus for both
bovine (1.19+1,13 MPa) and porcine (0.58+0.39 MPa) tissues in
comparison with their decellularized counterparts respectively
(0.24+0,11; 0.24+0.38 MPa, Fig. 3-12a), indicating a loss of
compliance. A comparable trend has been observed for the slope of
the collagen-phase modulus of decellularized scaffolds with respect to
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native tissues, although the slope was found to be significantly higher
only for bovine tissues (57.8£11.13 MPa, P< 0.001, Fig. 3-12b). In
addition, GA-treated tissues demonstrated differences between native
and decellularized scaffolds with regard to failure strain, though this
was only statistically significant for the porcine group (0.58+0.51, p<
0.001, Fig. 3-12c). It appears that GA- treatment leads to a loss of
extensibility in bovine and porcine tissues.
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Figure 3-12: Mean of biomechanical parameters for decellularized pericardial scaffolds
compared to native and GA-treated tissues. (a) Elastic phase modulus, (b) Collagen-phase
modulus, (c) Failure strain and (d), Ultimate tensile strength, (e) Thickness. Data are
presented as mean * SD; asterisks indicate significant difference of the treated groups
compared to the control. *P<0.05, **P<0.01, ***P<0.001
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3.2 Evaluation of preservation methods on
bovine pericardial scaffolds

3.2.1 ECM evaluation of preserved DBP patches

3.2.1.1 Histological analysis

Histological staining was used to analyze the ECM architecture of
decellularized, FD, vitrified and cryopreserved DBP patches. Collagen
was arranged in fibers showing their wavy and crimped appearance in
red (Hematoxylin/Eosin) and blue (Mallory trichrome) in control (Fig. 4-
1a and b), as well in the FD (Fig. 1e and e), vitrified (Fig. 4-1i and j)
and cryopreserved (Fig. 4-1m and n) samples. PicroSirius red staining
under bright field microscopy also demonstrated the typical structure
of DBP, mainly composed of regularly structured collagen bundles
(pink) and a few elastic fibers (brown) of both preserved and control
DBP samples (Fig. 4-1g; FD, k; vitrified, o; cryopreserved, c; control).
Under polarized light microscopy the PicroSirius red-stained sections
revealed strong red-orange-green birefringence, which was correlated
with collagen thickness and packing. The birefringence characteristic
of collagen allowed visualization of fiber crimp. Thicker crimped
collagen appeared red-orange, whereas thinner collagen fibers were
detected in green. This appearance was maintained in DBP scaffolds
after preservation and reconstitution (Fig 4-1d; control, h; FD, I;
vitrified, p; cryopreserved). None of the applied preservation
procedures affected the gross histoarchitecture of the ECM.
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Figure 3-13: Histological staining of preserved DBP patches. Representative light-
micrographs of Hematoxylin/Eosin and Mallory Trichrome revealed well-preserved collagen
structure in controls (a, b), FD (e, f), vitrified (i, j) and cryopreserved (m, n). PicroSirius red
staining viewed under bright field or polarization contrast showed a crimped collagen profile
and few elastic fibers in all investigated groups. Scale bars represent 100 um.

3.2.1.2 Scanning electron microscopy

Under SEM the DBP scaffolds showed a complex network of wavy
fibers in the fibrosa layer, whereas a smooth and glistening surface
with wavy morphology was observed on the serous side. Treated
groups (Fig. 4-2e-p) demonstrated similar histoarchitecture compared
to the control (non-preserved) (Fig. 4-2a-d), both on the serosa and
fibrosa layers. At higher magnification, the collagen bundles also
displayed a well-organized structure in all groups. (Fig. 4-2b, d for the
control; f, h for the FD; j, | for the vitrified and n, p for cryopreserved

groups).
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Figure 3-14: Scanning electron microscopy analysis of the surfaces fibrosa and serosa of
differently preserved groups: control (a-d), FD (e-h), vitrified (i-l) and cryopreserved (m-p).
Micrographs are represented in two magnifications 1000X and 10000X. Scale bars indicate 1
um and 10 um.

3.2.1.3 Multiphoton imaging

In order to investigate whether the preservation methods caused
any damage to the ECM, two-photon excitation microscopy was used
for three-dimensional tissue imaging directly on non-processed
scaffolds without any labeling. This allowed visualization of elastin
autofluorescence and detection of the collagen SHG signal.
Autofluorescence imaging and SHG revealed similar collagen and
elastin structures between the control (Fig. 4-3a, b) and the FD (Fig 4-
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3d, e), vitrified (Fig 4-3g, h) and cryopreserved (Fig. 4-3j, k) samples.
Wavy and branched elastic fibers varying from aligned to interweaving,
together with crimped collagen fibers, could be visualized, as can be
seen in the composite images (Fig. 4-3c, f, i, I). Qualitatively, collagen
and elastic fiber organization and structure were similar in the FD (Fig.
4-3f), vitrified (Fig. 4-3i), cryopreserved (Fig. 4-3I) and control groups
(Fig. 4-3c). Quantification of the SHG signal intensity and straightness
parameter did not reveal any significant differences among the groups
(Fig. 4-4a and b, respectively). Hence, bundle organization and fiber
waviness of collagen were maintained after all preservation methods,
confirming the MPM imaging results.
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Figure 3-15: Second harmonic generation (SHG) microscopy and Multiphoton-induced
autofluorescence imaging of the control (a-c), FD (d-f), vitrified (g-i), cryopreserved (j-I) DBP
patches. Scale bars represent 50 um.

95



a b
1.0
100- a
£ 0.8
T 804 o T T
o T :
v s 0.64
¢ 601 1
» 2 o044
c 404 = -
© c
2 3 0.2-
20~ 2 0.
0- T T 0.0~ N T T
> Q ) o Q > )
© < D S © ®
iy ¥ S 00& < £ o

Figure 3-16: Quantification of SHG signal intensities of collagenous structures (a). (n=4-5).
(B) Quantification of straightness parameter of collagen fibers. Data are presented as mean +
SD. No significant differences were found between the groups after preservation and
reconstitution.

3.2.2 Evaluation of protein stability and secondary
structure

3.2.2.1 Analysis of denaturation profiles of ECM proteins
using DSC

The denaturation profile of DBP patches treated with the different
preservation methods was studied using DSC, which provided thermal
fingerprints of the scaffolds which were used to detect possible
negative effects of preservation processing on ECM proteins. GA-
treated scaffold samples were also tested and used as controls. The
DSC thermograms of the different treatment groups are shown in Fig.
4-5a and b. Protein denaturation was visible as an endothermic peak,
which was determined by the protein composition of the scaffolds (Fig.
4-5a). The shape of the denaturation profile did not show distinct
differences among the groups. The Tonset Of protein denaturation of the
control occurred around 67°C and the midpoint around 70°C. The
peak area reflecting denaturation enthalpy was approximately 2.4 J/g.
The Tonset Was compared among the treatment groups, and the results
showed that the protein denaturation temperature was not significantly
affected by any of the preservation protocols (Fig. 4-5b). The Tonset Of
the control and preserved groups ranged between 65-67°C, whereas
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GA-fixation significantly increased the denaturation temperature to 83
°C (p<0.05)
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Figure 3-17: Investigations of denaturation profile using DSC. Panel A shows DSC
thermograms of the tissues after preservation and GA-fixation. B: Bars show the onset
temperature of protein denaturation (Tonset). GA-treated group demonstrated a significant
increase in Tonset. NoO significant differences were found between the groups after storage.
Data are presented as mean + SD. ***P<0.001.

3.2.2.2 Evaluation of the overall protein secondary structure
with FTIR

FTIR was used to study the effect of preservation processing on
the overall protein secondary structure of DBP patches. The amide-I
region of the spectra was selected, and second derivative spectra
were calculated to reveal the different composite bands reflecting
distinctive types of protein secondary structure. A typical second
derivative spectra of the amide-l region is shown in Fig. 4-6a. The
shape of the amide-l band was similar in all spectra. Bands at 1650
and 1630 cm™ have been reported as depicting a-helical and B-sheet
structures, respectively. The ratio of the bands at 1650 and 1630 cm™
was used as a parameter to compare the treatment groups [237]. This
ratio varied between 0.95 and 0.99 (Fig. 4-6b), but no significant
differences were detected between any of the treatment groups and
the control. This indicated that the applied preservation methods did
not alter the overall protein secondary structure of the DBP scaffolds.
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Figure 3-18: Infrared spectra of DBP scaffolds after preservation and reconstitution. a shows
the second derivatives of the recorded spectra between 1600 and 1700 cm™". Different peaks
in the amide-I band (1700-1600 cm") represent different types of secondary structure: a-
helical structures at 1650 cm", and [-sheet structures at 1630 cm”'. Panel b shows the
calculated ratio 3/a from the different spectra of the preserved groups. Data are presented as
mean = SD.

3.2.3 Assessment of the biochemical properties of
preserved DBP patches

3.2.3.1 Denatured HYP and sGaGs

Given the important role of GAGs and collagen in the functional
properties of the scaffolds, quantification of these compounds was
carried out after the various preservation treatments. Quantification of
sulfated GAGs in the preserved samples did not show any significant
differences compared to the control group. The sGAG contents of
control, FD, vitrified and cryopreserved DPB samples were found to be
2.01£0.55, 1.57+0.53, 1.9940.62 and 2.29+0.56 pg/mg dry weight,
respectively (Fig. 4-7a). The dHYP contents of FD, vitrified and
cryopreserved patches were estimated to be 18.21+7.61, 22+6.46 and
20.18 + 8.10 pyg/mg dry weight, respectively, without any significant
differences between the treatment groups (Fig. 4-7b). Similar dHYP
contents were also detected in non-treated DBP (17.89+3.73 ug/mg
dry weight), as well as in native BP (12.93+2.19 pg mg-1 dry weight).
Autoclaved scaffold patches (control) were found to have a
significantly increased dHYP content of 101.89+25.58 ug/mg dry
weight. Overall, these results suggested that none of the applied
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preservation methods induced collagen denaturation, thus confirming
the DSC and FTIR studies.
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Figure 3-19: Biochemical results: Quantification of sulfate glycosaminoglycans (a) and
denatured hydroxyproline content (b) after preservation and reconstitution. Mean denatured
hydroxyproline (dHYP) and sulfated glycosaminoglycans (sGAGs) content per dry weight of
tissue (n = 6). No significant differences were observed in sGaGs or in dHYP content after the
treatments. Data are presented as mean + SD. ***P<0.001.

3.2.4 Evaluation of the biomechanical behavior after
preservation

3.2.4.1 Uniaxial tensile testing

Biomechanical assessment was carried out to investigate the
mechanical characteristics and behavior of the scaffolds following the
different preservation methods. Treated DBP specimens were
subjected to low-strain rate uniaxial tensile loading to failure, together
with GA- treated scaffolds, which served as control. The acquired
force and elongation of each specimen tested were converted to
engineering stress and strain, respectively. The stress-strain profiles of
each specimen were averaged over the number of specimens in each
group and are presented in Fig. 6A. All groups showed the typical
stress-strain behavior of soft tissues, which consisted of an initial
linear region (elastic phase), followed by a secondary prolonged linear
region (collagen phase), prior to failure [238]. The FD and vitrified
scaffolds demonstrated similar biomechanical behavior, whereas the
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cryopreserved and GA-treated patches showed significant changes
compared to the control group (non-preserved decellularized
scaffolds). The mean of the calculated biomechanical parameters,
derived from the stress-strain curves of the specimens in the different
groups, are shown in Fig. 4-8a. The elastic phase modulus of the
cryopreserved and GA-treated groups tended to be higher compared
to the control, FD, and vitrified ones, suggesting a decrease in
compliance for the cryopreserved and GA-treated groups (Fig. 4-9a).
However, the differences were not statistically significant. Differences
were observed in the collagen-phase modulus of the cryopreserved
and GA-treated groups, compared to the non-treated control (57.7+8.9
MPa, p<0.001, 57.8 £11.1 MPa, p<0.001, respectively) (Fig. 4-9b),
indicating decreased compliance. A significant increase in the
collagen-phase modulus was also found in the FD group compared to
the control one (42.3x11.7 MPa, p<0.05), but the significance of this
increase was lower compared to that observed in the case of
cryopreserved and GA-treated groups (p<0.05) (Fig. 4-9b).

No statistically significant differences in failure strain (Fig. 4-9c)
and ultimate tensile strength (Fig. 4-9d) were detected between the
groups. An increase in thickness was found in all groups compared to
the control, but the differences were statistically significant only in the
case of FD and GA-treated groups (Fig. 4-8b).
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Figure 3-20: Mean of strain-strain curves and thickness parameter of preserved and GA-
Fixed DBP patches. Data are presented as mean + SE for (a) and SD for (b); asterisks
indicate a significant difference between the treated groups compared to the control. *P<0.05,
**P<0.01, ***P<0.001
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Figure 3-21:Mean of biomechanical parameters for the preserved pericardial patches
compared to non-preserved control and GA-treated tissues. (a) Elastic-phase modulus, (a)
Collagen-phase modulus, (c) Failure strain and (d) Ultimate tensile strength. Data are
presented as mean * SD; asterisks indicate a significant difference between the treated
groups compared to the control. *P<0.05, **P<0.01, ***P<0.001.

3.2.5 Evaluation of cytotoxicity of preserved DBP
patches

3.2.5.1 Contact cytotoxicity assay and Proliferation assay
(MTS)

Scaffold cytocompatibility following preservation was assessed
under a contact cytotoxicity assay for 24 and 72 h. There were no
cytotoxic effects observed by any of the preservation treatments.
HUVECs and hBM-MSCs grew towards and in contact with all scaffold
samples, with no evidence of contact inhibition or changes in cell
morphology (Fig. 4-10e-j), similar to the case of the control (non-
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preserved DBP) (Fig. 4-10c and d). The cyanoacrylate (positive control
was obviously toxic (Fig. 4-10k-l). Cells that were seeded on culture
plastic, without any scaffolds, proliferated and reached confluency
faster (Fig. 4-10a and b). Additionally, cytotoxicity analysis performed
using MTS proliferation assay did not reveal any statistically significant
decrease in cell viability among the treated samples after 24 h. A
notable increase in proliferation was recorded after 72 h, confirming
that no cytotoxic effect was induced from the preserved samples (Fig.
4-11a and b). By contrast, statistically significant differences were
observed 24 h and 72h after cell incubation with the positive control
(cyanoacrylate) in  comparison with all preserved groups.
Cyanoacrylate appears to be highly toxic to the cells, leading to
complete cell death after 72 h (Fig. 4-11a and b).
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Figure 3-23: MTS proliferation assay after 24 h and 72 h. Data are presented as mean + SD;
asterisks indicate a significant difference between the treated groups compared to the positive
control **P<0.01, ***P<0.001.
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3.3 Evaluation of the preservation methods on
porcine pericardial scaffolds

3.3.1 ECM evaluation of preserved DPP patches

3.3.1.1 Histological analysis

Histological staining was used to analyze the ECM architecture.
The maintenance of the overall ECM architecture and its components
in the preserved samples was confirmed by histological staining with
H&E, MT and AB. Collagen-type | was arranged in fibers, highlighting
its wavy and crimped appearance in red (H&E) and blue (MT) in the
control (Fig. 4-1a and b), as well in the FD (Fig. 4-1d and e), vitrified
(Fig. 4-1iand j) and cryopreserved (Fig. 4-11 and m) samples. A similar
trend was observed for sGAGs; their distribution pattern did not vary
between the groups (Fig4-1c, control; f; FD; k: vitrified; n;
cryopreserved), indicating that none of the applied preservation
procedures impaired the ECM architecture.
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Figure 3-24: Histological staining of preserved DPP patches. Representative light-
micrographs of Hematoxylin/Eosin, Mallory Trichrome and Alcian blue revealed well-
preserved collagen structure in control (a-c), FD (d-f), vitrified (i-k) and cryopreserved (I-m).
Scale bar represents 100 um.

3.3.1.2 Analysis of basal lamina elements using TPM

To evaluate the impact of the preservation methods, indirect
immunofluorescence for the major components of basal lamina of
preserved DPP patches was performed on cryosections in
combination with MPM. No modifications of the basal membrane
distribution could be observed among the groups, as displayed by
collagen IV, laminin and heparin sulfate respectively for control, FD,
vitrified and cryopreserved (Fig. 5-2), which can be detected on the
submesothelial basal lamina of the serosa and the basal lamina of
small-caliber vessels in the fibrosa. MPM allows simultaneous
visualization of the SHG of collagen and the autofluorescence of
elastin in cryosections of all the groups, confirming the previous
histological results.
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F_igure 3-25: The visualization and investigation of the major components of the basal lamina
combining indirect immunofluorescence and MPM. The images revealed similar protein
distribution within the preserved groups with respect to the control (DPP). Scale bars indicate
100 um.

3.3.1.3 Multiphoton imaging

Multiphoton-excited autofluorescence and SHG microscopy were
applied to the preserved patches without the need for prior labeling or
fixing of the tissues. The SHG signal and autofluorescence were
inducible within all groups. Qualitatively, both collagen (400 nm) and
elastic fibers (525 nm) appeared clearly structured in the control (Fig.
5.3a and b), FD (Fig. 5.3d and e), vitrified (Fig. 5.3g and h) and
cryopreserved (Fig. 5.3i and k) scaffolds. The composite images
showed elastic fibers running parallel to the collagen fibers in all
groups (Fig. 5-3c, f, i, I). The analysis with MPM imaging suggests that
the ECM components were not impacted by preservation methods.
This was confirmed by the quantification of the SHG signal, which did
not reveal any statistically significant differences between the groups
(Fig. 5-4).
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Figure 3-26: Second harmonic generation (SHG) microscopy and Multiphoton-induced
autofluorescence imaging of the control (a-c), FD (d-f), vitrified (g-i), cryopreserved (j-I) DPP
patches. Scale bars represent 50 um.
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Figure 3-27: Quantification of SHG signal intensities of collagenous structures (a) (n=9). Data
are presented as mean + SD. No significant differences were found between the groups after
preservation and reconstitution.
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3.3.2 Evaluation of protein stability and secondary
structure

3.3.2.1 Analysis of denaturation profiles of ECM proteins
using DSC

The denaturation profile of DPP patches after preservation and
reconstitution were studied using DSC. GA-treated and thermally
denatured samples were also tested and used as controls. The test
provided thermal fingerprints of the scaffolds, which were used to
detect possible protein damage such as crosslinking or denaturation.
Figure 5-5a illustrates DSC thermograms of the treated groups, where
protein denaturation is visible as an endothermic peak. The shape of
the denaturation profile did not show distinct differences between the
preserved and control groups. The Tonset Of protein denaturation of
both the control and the preserved groups occurred at around 65°C,
whereas GA-fixation and thermal treatment significantly increased the
denaturation temperature, to 83°C and 80°C respectively (p<0.001)
(Fig. 5-5b). The thermally treated sample showed a lack of
denaturation peak. Only a very small negligible peak in the DSC trace
was visible, indicating a mostly denatured sample.
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Figure 3-28: Investigations of denaturation profile using DSC. Panel a shows DSC
thermograms of the tissues after preservation and GA-fixation. b: Bars show the onset
temperature of protein denaturation (Tonset). GA and thermal treated groups demonstrated a
significant increase in Tonset. NO significant differences were found between the groups after
storage. Data are presented as mean + SD. ***P<0.001.
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3.3.2.2 Evaluation of the fingerprint region of the proteins
with FTIR

FTIR was used to study the effect of preservation methods on the
overall protein secondary structure of DPP patches. Second derivative
spectra were calculated from the original spectra of the amide-| region
revealing two main distinctive types of protein secondary structure: a-
helics and B-sheets. Fig. 5-6 illustrates typical second derivative
spectra of the amide-Il. The shapes of the bands at 1650 and 1630 cm’
' which are assigned to a-helical and B-sheet structures respectively,
were similar in all spectra with the exception of the spectra of
denatured scaffolds. The relative content of a-helical structures
appears to be altered by thermal treatment. The ratio of the bands at
1650 and 1630 cm™ was calculated as a parameter to compare the
treatment groups [237]. This revealed no significant differences
between any of the preserved groups and the control. This ratio
ranged between 1 and 1.2 (Fig. 5-6b), while the ratio of the denatured
sample was twice as high, at around 2 (P< 0.001). This indicated that
the applied preservation methods did not alter the overall protein
secondary structure of the DBP scaffolds
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Figure 3-29: Infrared spectra of DPP scaffolds after preservation and reconstitution. a shows
the second derivatives of the recorded spectra between 1600 and 1700 cm’". Different peaks
in the amide-I band (1700-1600 cm") represent different types of secondary structure: a-
helical structures at 1650 cm-1, and (-sheet structures at 1630 cm'. b shows the calculated
ratio 3/a from the different spectra of the preserved groups. Data are presented as mean +
SD.
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3.3.3 Assessment of the biochemical properties of
preserved DPP patches

3.3.3.1 HYP content and sGaGs and Elastin

Biochemical analyses confirmed the maintenance of ECM after
preservation as observed with the ultrastructural analysis, FTIR and
DSC. Quantification of HYP content did not show any significant
difference after preservation compared to the control group. The HYP
content of control, FD, vitrified and cryopreserved DPP samples was
found to be 111.36+32,02, 125.12 + 50.02, 106.49+18.86, 100.87 +
46,09 pg/mg dry weight, respectively (Fig. 5-7a). The sGaGs content
of FD, vitrified and cryopreserved patches was estimated to be,
4.53+0.14 and 4.8910,77 and 5.15 0.85 pg/mg dry weight,
respectively, without any significant differences between the treatment
groups with respect to the control (5.03 £+0.43 pg/mg dry weight) (Fig.
5-7b). The same applies to the elastin content. There was no
statistically significant difference between the elastin content values in
the control (32.57+£3.13 pg/mg dry weight) and the FD, vitrified and
cryopreserved patches (40.43+11.17, 42.66+£11.7, 44.20£20.25 ug/mg
dry weight respectively) (Figure 5-7¢). Overall, these results suggested
that none of the applied preservation methods impacted the ECM
components.
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Figure 3-30: Biochemical results: Quantification of HYP content (a) SGAGs (b) and Elastin (c)
after preservation and reconstitution. HYP and sGAGs content per dry weight of tissue (n = 4-
5) are presented as mean + SD. No significant differences were observed in HYP, sGaGs,
and elastin contents.

3.3.4 Evaluation of the biomechanical behavior of
DPP after preservation

3.3.4.1 Uniaxial tensile testing

Biomechanical assessment was performed to analyze the
mechanical properties of the porcine scaffolds following the different
preservation methods, as previously described in paragraph 4.41.
Native porcine tissues treated with GA served as control. The
calculated parameters are illustrated in figure 5-8. In general, no
significant differences were found in any of the biomechanical
parameters studied (p > 0.05) among the treated groups, except in the
case of GA-fixed tissues, where a statistically significant increase in
the failure strain was observed compared to that in the decellularized
and preserved groups (p<0.01) (Fig. 5-8c). However, the elastic-phase
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modulus of the cryopreserved and GA-treated groups tended to be
higher compared to the control, FD, and vitrified ones, suggesting a
decrease in compliance for the cryopreserved and GA-treated groups
(Fig. 5-8a). Additionally, the results demonstrated that preservation
methods have an effect on thickness; a statistically significant
decrease was observed in all groups compared to the control (p<
0.001), (Fig. 5-8e). However, a significant difference in thickness
between porcine decellularized scaffolds and GA-treated native tissue
was also observed.

a Elastin-E-modulus b Collagen-E-modulus
2 100 .
1 ' ; _% ]
© . @ 604 o
g £ L -
) = { '
= ol -
o ‘I. |, e 20
0. N s T N (; bl T
S L & F € L & &£ F e
o > 3@\ < <"n({\ “{6&\ o Thickness
0.3
0.2 -% g 3 -
£ u R
. E *
c Failure strain d uTs 0.1
- 2
20 ¥ 0. T 7 T T T
o Aol
E . o 1 i J| &« “é“’b o @
—E. . ML % . T < &
. 10
Bk L 3 j‘_t 1
v *
P S T s '
& B & & o & < e & o
(Pe‘ &‘é‘ [ G,v‘ 4@ 3

Figure 3-31: Mean of biomechanical parameters for the preserved pericardial patches
compared to non-preserved control and GA-treated tissues. (a) Elastic-phase modulus, (a)
Collagen-phase modulus, (c) Failure strain and (d) Ultimate tensile strength. Data are
presented as mean * SD; asterisks indicate a significant difference between the treated
groups compared to the control. ***P<0.001.
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3.3.5 Evaluation of cytotoxicity of preserved DPP
patches

3.3.5.1 Extract and Direct Contact Cytotoxicity Assays

3.3.5.1.1 Contact Assay

Qualitative  macroscopic imaging of contact cytotoxicity
demonstrated that both HUVEC and hBM-MSCs attached and grew
well into contact with the preserved pericardial scaffolds, with no
evidence of contact obstruction (Fig. 5-9e-j). Additionally, cell
morphology in close proximity to the preserved punches was similar to
that of the negative controls (DPP and Steri-strips). Cell appearance
was healthy and confluent, whereas the positive control
(cyanoacrylate) was clearly cytotoxic in turn resulting in inhibition of
cell adhesion and destruction. This finding was confirmed by the MTS
proliferation assay. The test did not reveal any statistically significant
decrease in cell viability of either cell line among the treated samples
after 24 h and 72 h. An increase in proliferation was observed after 72
hours, confirming that preservation methods were not cytotoxic to the
cells (Fig. 5-11a and b). HUVEC were completely dead after
incubation with cyanoacrylate and hBM-MSC showed very low cell
viability. This was statically significant in all groups (p<0.001) (Fig. 5-
10 a and b).
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Figure 3-32: Giemsa stained contact cytotoxicity using two different types of human cells,
hBM-MSC (a b, d, f, h, j, ) and HUVEC (a, c, e, g, i, k). Positive control (cyoanoacrylate) and
negative controls (steristrips and DPP). Scale bars represent 100 um.
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Figure 3-33: MTS proliferation assay after 24 and 72 h of HUVEC (a) and hBM-MSCs (b).
Data are presented as mean * SD; asterisks indicate a significant difference between the
treated groups compared to the positive control **P<0.01, ***P<0.001.

3.3.5.1.2 Extract Assay

In order to investigate whether the residual CPAs after
preservation procedures could be cytotoxic, HUVEC and hBM-MSC
have been used to perform extract cytotoxicity assays. For this
purpose, both cell lines were cultured in the medium conditioned by
differently preserved tissues. The cells cultured with the extract
medium of differently preserved groups were studied at the contrast
microscopy phase. The analysis did not reveal any impairment of cell
expansion compared to the negative controls (cells, and DPP). They
showed the typical morphological shapes of both cell lines -
cobblestone for HUVECs and spindle-fibroblast-like for hBM-MSCs
(Fig 5-11e-l) - whereas the positive control (80% DMSO) results in
complete cell death induced by cell lysis and destruction (Fig 5-11m,
n). This has been confirmed by MTS and LDH assays. For HUVEC,
the proliferation potential did not differ to a statistically significant
extent between 24 and 72 h, but on the contrary proliferation increases
within the incubation time (Fig. 5-12a2, b2). The same trend was
observed for hBM-MSCs. However, significant differences were found
between DPP-control, cryopreserved and control cells after 24h
(p<0.01), though this was no longer seen after 72 h. Moreover, the
value of cytotoxicity assessed using LDH tests in both cell lines
remained below zero during the incubation period (Fig. 5-12a2, b2). As
expected, the positive control (80%DMSQO) induced 100% of
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cytotoxicity in both cell lines (Fig. 5-12a2, b2). This finding suggests
that the preservation methods did not induce cytotoxicity in vitro.
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Figure 3-34: Investigation of Residual of CPAs in preserved scaffolds using HUVEC and
hBM-MSC. HUVEC (d, d, f, g, j, 1)) and hBM-MSC (a, c, e, g, i. k) cultured in the medium
conditioned by differently preserved tissue after 72 hours. Positive control (DMSQO) and
negative controls (cells, DPP). Scale bars represent 50 um.
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Figure 3-35: Quantitative analysis of cytotoxicity assay with MTS (a1, b1) and LDH (a2, b2)
using HUVEC and hBM-MSC after 24 and 72 h. Data are presented as mean + SD; asterisks
indicate a significant difference between the treated groups compared to the positive control
*P<0.05.

3.3.5.2 Live-dead staining using hBM-MSCs

The viability and attachment of the cell-seeded hBM-MSCs on
preserved DPP patches has been investigated using Live-Dead
staining under MPM after 72 h. The test allows simultaneous
monitoring of viable and dead cells together with detection of the SHG
signal of collagen and the autofluorescence of elastin. Viable cells emit
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strong green fluorescence while dead cells emit red light. Figure 5-13
showed the results obtained after 72 h of cell culture. hBM-MSCs were
able to grow on and adhere to the collagenous scaffolds, showing the
typical spindle-shape fibroblast-like phenotype. A count of viable cells
revealed that 100% of cells were alive on FD, cryopreserved and
control DPP and 93% on vitrified scaffolds (Fig. 5-13a-d).
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Figure 3-36: The visualization of live-dead stained hBM-MSCs seeded on differently
preserved pericardial scaffolds in combination with MPM. Live cells (green), dead cells (red)
and SHG collagen (grey). Scale bars represent 50 um.
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4 Discussion and future
outlook

Decellularization of human biological scaffolds in the
cardiovascular field has been introduced to meet the high clinical
demand for substitutes for cardiac surgery patients. In spite of the
important progress made in this field, widespread use of biological
scaffolds such as heart valves remains restricted due to a lack of
donor tissues and their limited storage stability in buffer solutions,
which represent a major barrier to their routine clinical application
[122,129]. Currently, conventional cryopreservation is the gold
standard method, which has been used for many years for long-term
storage in tissue banks. Following recent advances in decellularized
human valves and due to the urgent need for frozen storage/shipment,
it is not clear whether this method is able to fulfil the necessary
requirement of preserving the original properties of the scaffolds
without compromising the positive outcome of decellularization.

Therefore, in this project three different preservation methods were
systematically compared for DBP and DPP scaffolds prepared under
the premise of the effectiveness of TRICOL technology to achieve
acellular scaffolds. The outcomes include histological structure and
ultrastructure, matrix components and quality, protein stability,
biomechanics, and cytocompatibility.

The pericardium is a tissue which is abundantly available, can be
easily acquired, and above all, fulfills the clinical requirements of
cardiac surgeons. In order to address the shortage of donor tissues,
decellularization of xenogeneic pericardial scaffolds has been
introduced to overcome the drawbacks of the bioprosthetic heart
valves and patches currently in wuse, which must undergo
glutaraldehyde fixation to avoid immune rejection due to the presence
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of xenoantigens [84,148]. Decellularization aims to eliminate all
endogenous cell elements and epitopes whilst ideally preserving the
native ECM structure, components, biomechanical properties and
biocompatibility for cell colonization and repopulation in vivo.

Before applying different preservation methods, bovine and
porcine pericardia were decellularized with the TRICOL protocaol,
which is known to be successful for decellularization of pulmonary and
aortic heart valves for allograft implantation[17,128] Recently, TRICOL
decellularized heart valves have been approved for testing in patients
within the framework of clinical trials. Combining an efficient
decellularization method, such as TRICOL, with an adequate
preservation technology could provide off-the-shelf, functional, durable
and self-regenerating scaffolds for use in cardiovascular surgery.

As was shown by the results in the first chapter, TRICOL was
found to be equally successful for the decellularization of both porcine
and bovine pericardia. Indeed, after TRICOL, cell nuclei and
constituents were removed without ultrastructural evidence of damage
to the ECM and its components. Histological evaluation and
microscopic imaging (SEM and MPM) demonstrated the maintenance
of the elastin, sGAGs and collagenous structure and organization in
both bovine and porcine tissues.

This finding was confirmed by evaluation of the protein stability
using DSC and FTIR and by the biochemical assessments for HYP
and sGAGs. Pericardial tissues consist of 90% of collagen, therefore
the denaturation profile of the fibrous tissues is largely dominated by
this component. The results demonstrated that the overall protein
secondary structure and protein denaturation temperature were not
affected by decellularization. TRICOL did not induce any changes in
the overall protein secondary structure in either tissue. DSC studies
were in agreement with FTIR studies depicting only minor differences
in porcine pericardium, whilst collagen denaturation temperatures
remained unaltered for bovine. The decrease in Tonset in DPP could be
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associated with the loss of native cells, slightly affecting/shielding its
denaturation profile.

Although a tendency toward increased HYP content was observed
in both tissues upon decellularization, no significant differences were
appreciated. This is likely due to the loss of cells and soluble proteins,
which in turn results in a reduction in weight, resulting in a net increase
in the collagen content of the decellularized tissues.

This is in agreement with the theory of collagen conservation
proposed by Courtman et al. [144]. In contrast to HYP, sGAG content
appeared to be reduced after decellularization with a statistically
significant difference only for bovine pericardium.

The sGAG reduction was also observed in terms of discoloration of
alcian blue staining as an indication of the structural changes
introduced in the pericardium by TRICOL, as already reported by our
group [239]. The loss of GAGs is, in fact, a common consequence of
decellularization of xenogeneic pericardium and heart valves, as
observed before by several research groups [135,136,240-242].

sGAG depletion is most probably due to their weak binding to the
ECM in comparison to collagen or elastin. Thus, the decellularization
process induces them to be washed away more easily than the other
ECM components. Other groups also experienced a loss of GAGs
during decellularization of bovine pericardium by means of Triton X-10
and alkaline treatments [144,164]. Mendoza. et al. showed that the
removal of GAGs varied as a function of the protocol applied for cell
extraction, and subsequently suggested the wuse of non-ionic
detergents for decellularization processes. In addition, they argued
that their loss is favorable for the diffusion of decellularization reagents
into the tissues, as it increases the interstitial space, porosity and
surface area. Generally, pericardial tissues possess relatively fewer
GAGs but higher amounts of sulfated ones. However, their loss may
cause alterations to the biomechanical behavior and structural
organization of collagen and impact the tissues remolding cell
repopulation, migration and differentiation [239]. They also play many
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other important roles within the ECM. GAGs have been identified as
interacting with both the protein and cell components of tissues
including the assembly of collagen and maintenance of its crimping
[243]. In particular, negatively-charged GAG molecules were linked
with the prevention of calcification by chelating calcium ions, therefore
decellularized scaffolds lacking sufficient GAG content might calcify
more rapidly, resulting in scaffold dysfunction in vivo. However,
replenishment of the GAGs could potentially occur by cell-tissue
repopulation with the patient's own cells in vivo or through the
application of surface coating with different types of GAGs upon
decellularization. On the other hand, some works claimed that
removing GAGs in xenogeneic scaffolds might be favorable for
reducing the risk of immune reaction upon implantation. In the first
steps of decellularization, some GAG fragments might be entrapped in
the ECM if it is not washed thoroughly enough. Thus, residual GAGs
could act as triggers for acute immune rejection [244-246]. Further
investigation is necessary to identify and characterize remaining GAG
fragments and their drawbacks for scaffold properties both in vitro and
Vivo.

In addition to the characterizations described above,
biomechanical tests revealed some significant differences between
native bovine and porcine tissues and their decellularized
counterparts. In particular decellularized scaffolds showed a tendency
toward increased extensibility, which was demonstrated through lower
collagen and elastic phase slopes and higher failure strain. This was
particularly evident and significant in the case of DPP.

This was in line with the histological, MPM imaging, biochemical
and protein stability assessment that confirmed the preservation of the
original native ECM structure and especially the quality of collagen as
the primary load-bearing component. The increase in the scaffolds’
compliance upon decellularization was also reported in studies using
other detergents such as SDS for cell extraction for human
pericardium [166] and heart valves [162,231,247].
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Additionally, TRICOL results in a statistically significant gain in
thickness in DPP scaffolds but not in bovine ones. Similar findings
were reported by Korossis et al[231,248]. for decellularized porcine
aortic valves (reduction in GAG content, increase in extensibility and
thickness) suggesting that cell removal leads to higher collagen
crimping, which in turns results in increased scaffold compliance.

The quantification of the waviness parameter in porcine tissues
and bovine tissues confirmed the above-mentioned observation by
Korossis et al. [231] . The analysis demonstrated a tendency toward a
rise in collagen crimping in porcine scaffolds and a fall in bovine
scaffolds following decellularization, which eventually correlated with
the significant loss of sGAGs observed in bovine pericardium after
decellularization (unpublished internal data). It is known that the GAGs
play an important role in the maintenance of collagen crimping [243].

Currently, there is no consensus in the literature about the impact
of decellularization on scaffold biomechanics. The studies mentioned
above affirm that decellularization increases the scaffolds’ compliance,
whereas others protocols reported decreasing it [135,249]. In contrast,
the literature concurs that GA-fixation causes a decrease in
extensibility. GA-treated bovine and porcine were found to be stiffer
than their decellularized counterparts [250-252], which was also
confirmed by our work.

In conclusion, decellularization protocols produce different degrees
of ECM alterations in diverse types of tissue. In the current work,
bovine and porcine tissues were successfully decellularized, with
TRICOL exerting a more conservative effect on ECM components and
biomechanical properties in comparison to previously-described
protocols for the decellularization of pericardium.

Additionally, TRICOL technology has been identified as being
efficient in the removal of a-gal xenoantigen [253], making
decellularized xenografts potentially biocompatible for human
implantation. However, alpha-gal is not the only occurring xenoantigen
in tissues of animal origin. Non-gal epitopes such as N-
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glycolylneuraminic acid are reported to pose an additional problem for
xenotransplantation, causing organ damage [254,255]. No clinical
information is yet available regarding their impact on the longevity of
bioprostheses.

At present, the development of suitable long-term preservation
strategies is urgently needed for clinical application of decellularized
grafts. The storage of decellularized scaffolds in tissue banks could
enable off-the-shelf availability of cardiovascular substitutes,
simplifying their distribution in cardiac surgery units.

The main part of this project deals with the suitability of
cryopreservation approaches and freeze-drying techniques for the
appropriate storage and maintenance of ECM structure, biomechanics
and ECM components of decellularized scaffolds, which are currently
the subject of much debate. Moreover, the residuals of CPAs such as
DMSO, formamide, and propylene glycol, may induce cytotoxic effects
for engrafting cells. Therefore, it is pivotal to evaluate the impact of
preservation technologies on the in vitro properties of decellularized
scaffolds in detail.

With regards to allografts, human pericardium and heart valves
have been routinely stored by tissue banks using slow-freezing-rate
cryopreservation, which is nowadays considered to be the gold
standard [174]. Vitrification studies have been performed on native
porcine heart valves [207], TE constructs [198,256], cartilage [200]
and blood vessels [257] indicating superior preservation of ECM and
excellent tissue performance in vivo in respect to standard
cryopreservation. Additionally in vivo and in vitro studies with porcine
aortic conduits indicated that ice-free cryopreservation results in
superior ECM preservation, reduced inflammatory processes, and
superior hemodynamics [204,205] when compared to conventional
cryopreservation [258].

Because of its great advantages for storage and shipment, freeze-
drying (in combination with harsh sterilization treatments) was tested
as a preservation method for homograft heart valves in the early
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1960s and 1970s [75,77,213]. Due to drawbacks such as tissue
deterioration and valve failure, this preservation method was
abandoned. In fact, drastic structural and mechanical alterations were
observed when it was applied to the preservation of native bovine
pericardium [214-216] or decellularized arteries [217]. However,
freeze-drying in these studies seems to have been carried out without
using any type of lyoprotective agent.

The freeze-drying protocol applied in the present study was a
modified version of the protocol described by Wang et al., which was
developed for decellularized porcine pulmonary valve scaffolds
[218,259]. We utilized a modified version of this previously reported
protocol. A high concentration of lyoprotectant (80% (w/v) sucrose)
was necessary in order to diminish pore formation in freeze-dried
scaffolds and confirmed the lack of pores in the FD, DBP and DPP
scaffolds and the preservation of the overall scaffold architecture.

In general, vitrification and freeze-drying have only rarely been
used for decellularized scaffolds, whereas the application of
cryopreservation for decellularized valvular and pericardial scaffolds in
vitro [122,260] and in vivo [19,146] shows uncertain results.

In this work, qualitative ECM evaluation by histology and SEM
revealed unaffected scaffold structure following preservation and
reconstitution for both tissue types. Histological analyses showed
preservation of collagen type-l network for both preserved bovine and
porcine groups and maintenance of GAGs for porcine. Moreover,
investigation of the basal lamina did not show any modifications to the
original distribution of the proteins (Collagen IV, laminin and heperan
sulfate) within the preserved DPP with respect to the control.

Additionally, quantitative scaffold analysis (biochemistry, DSC and
FTIR) confirmed the maintenance of ECM integrity and its major
components (collagen, sGAGs, elastin) after applying different
preservation procedures for bovine and porcine scaffolds with no
apparent signs of collagen denaturation, decrease in sGAGs content
or alterations in protein secondary structures. This is of great
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significance, since the preservation of these ECM components might
guarantee the regeneration of the scaffold after implantation. These
results confirm previously published studies on heart valves and
pericardium [146,204,218,234,239]. These findings are also supported
by the results obtained with MPM imaging. The analysis did not reveal
disruption or fragmentation of collagen and elastic fibers networks in
either the cryopreserved, vitrified or FD patches of bovine or porcine
scaffolds. Additionally, the SHG signal intensity did not indicate any
changes in the quality of collagen in either species. Previous studies
based on the same imaging technology reported adequate
maintenance of the whole ECM structure of SynerGraft heart valves
(human aortic and pulmonary) following cryopreservation. Quantitative
analysis of the collagen and elastin signal intensity did not reveal a
significant decrease following cryopreservation [261]. Conversely,
Schenke-Layland et al. [189,206] reported serious alterations and
significant deterioration in the collagen and elastic fibers in
conventionally cryopreserved porcine conduits. These conflicting
results for cryopreserved scaffolds have been attributed to residual
DMSO, which was used as a CPA. DMSO is a common CPA; in
particular, it has been identified as an optical clearing agent, thus
disturbing the inter-fiber interaction of collagen, and consequently
reducing the SHG signal [188,262]. Indeed, Zimmerly et al. observed a
40% reduction in the SHG of dermal collagen in cryopreserved skin
[263].

Preserved DPP and DBP patches will be implanted in a high-
pressure area inside the heart. Preservation methods may affect their
ability to withstand a high load. Therefore, evaluating their
biomechanical properties in order to show whether they meet this
requirement is of major importance. The uniaxial tensile testing that
was performed for DBP demonstrated significant differences between
the decellularized non-preserved control and cryopreserved samples.
In particular, the cryopreserved group demonstrated significantly
increased collagen and elastic-phase moduli indicating reduced
extensibility. The FD scaffolds showed a slightly higher collagen-phase
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modulus compared to the control. However, the collagen-phase
modulus of the FD group was found to be significantly different from
the cryopreserved one. Overall, the biomechanical characteristics of
vitrified scaffolds resembled those of the control. In the case of
preserved DPP patches, none of the parameters describing the
biomechanical properties showed any significant differences
compared to the non-preserved control. However, a tendency toward a
higher slope in the elastic-phase modulus of the cryopreserved
scaffolds was observed, indicating a decrease in extensibility. The
most likely explanation for the change in the mechanical properties of
the cryopreserved DBP scaffolds is that interstitial ice formation
caused by cryopreservation alters the ECM histoarchitecture, as
previously described for cryopreserved allografts [197]. The damage
caused by ice formation might have affected the crimping and/or have
increased collagen fiber mobility, which has been associated with
increased stiffness (decrease in compliance) in tissues [249]. There is
no agreement in the literature regarding the effect of cryopreservation
on decellularized scaffold biomechanics. Some groups have
demonstrated significant adverse effects on the mechanical properties
and a decrease in the compliance of decellularized and cryopreserved
aortic and pulmonary heart valves [260,264], whereas others reported
no adverse changes in the biomechanical behavior of decellularized
and cryopreserved human pericardium [146]. It seems that the degree
of impact of cryopreservation on scaffold biomechanics may depend
on the tissue’s species. Bovine and porcine scaffolds vary in their
mechanical behavior and thickness. Bovine pericardial tissues have
approximately double the thickness of porcine ones. These features
probably enable bovine pericardium to possess significantly higher
mechanical strength when compared to porcine ones [265]. These
results suggest that the tissue’s origin, as well as its structure, may
affect the mechanical behavior of the treated pericardial scaffolds.

The biomechanical investigation of the preservation of fresh bovine
pericardium applying vitrification (VS55) and cryopreservation
revealed similar results regarding the impact of cryopreservation on
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the collagen-phase modulus, indicating a decrease in compliance (Fig.
6-1b). This outcome confirms and supports the idea formulated above.
The impact of cryopreservation on scaffold biomechanics was more
evident in bovine than porcine pericardia.
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Figure 4-1: Mean of biomechanical parameters for the fresh preserved bovine pericardial
patches compared to the native. (a) Elastic-phase modulus, (a) Collagen-phase modulus, (c)
Failure strain and (d) Ultimate tensile strength. Data are presented as mean + SD; asterisks
indicate a significant difference between the treated groups compared to the control. **P<0.01.

Cytocompatibility assays were performed to verify whether the
possibility of toxic CPAs remaining in preserved DBP and DPP
scaffolds could compromise cell repopulation and scaffold
regeneration in vivo. Contact cytotoxicity assay demonstrated that

hBM-MSC and HUVEC were able to attach, line the surface and
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proliferate equally well onto the control, FD, vitrified and cryopreserved
scaffold patches for both species. These results were confirmed by the
MTS assay showing cell proliferation after 72 h.

These outcomes indicated that the differently preserved scaffolds
possess excellent cytocompatibility in vitro, suggesting the proper
removal of cytotoxic CPAs during the reconstitution of the preserved
scaffolds and likely retention of their original potential for cell
repopulation by host cells in vivo for both types of tissues scaffolds.
Indeed, decellularized heart valves cryopreserved or FD with similar
modalities demonstrated cell colonization and migration when
implanted into large animal models [19,221].

Altogether, this work showed the application of different
preservation methods on porcine and bovine scaffolds revealing
retained ECM integrity; maintenance of the major elements of the
matrix such as collagen, elastin and sGAGs; and excellent
cytocompatibility in vitro.

Some limitations of this research could prevent these conclusions
from being completely definitive and further attention will be paid to
these in future studies. It is worth pointing out that conventional
cryopreservation leads to detrimental changes in the biomechanical
behavior of DBP. No evidence was found that this alteration in
biomechanical properties might also interest DPP. These observations
might be particularly important for the clinical use of these
biomaterials. Indications in cardiovascular surgery might depend on
the specific structural and biomechanical properties of these scaffolds.
For example, this should be taken into consideration in the selection
and fabrication of pericardial vascular and valvular patches. In order to
fully evaluate the effect of different preservation approaches on DBP
and DPP scaffolds biomechanics, a biaxial loading test, mimicking an
in vivo situation, would be appropriate to conclude whether the
detected alterations induced by cryopreservation are able to influence
or compromise their in vivo functional performance.
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Although cytocompatibility tests are very informative, they might
have a limited ability to determine whether potentially toxic CPA
residues have an impact on the remodeling of the scaffolds by host
cells in vivo. CPA residue analysis can be performed using HPLC/MS
for further evaluation of cytotoxicity on treated tissues for greater
accuracy in the detection level [122].

Certainly, in vivo studies in large animal models are required not
only to study the biocompatibility of the preserved scaffolds but also to
predict their functionality and durability and to verify whether the
observed decrease in scaffold extensibility following cryopreservation
of DBP might negatively impact scaffold performance, colonization,
remodeling and regeneration. ISO regulations do not specify the
optimal animal species of the testing model. The Viethamese pig might
represent an ideal model for testing heart valve substitutes because of
its strong similarity with human beings regarding blood coagulation
and the growth rate of pediatric patients, as previously demonstrated
by our group for the investigation of the outcome of cryopreservation
on decellularized porcine heart valves [19]. On the other hand, an
ovine model is preferred for studying the pattern of the calcification
process in accelerated manner.

A clear asset of the preservation technologies evaluated in this
work is their possible clinical translation for the long-term preservation
of acellular human scaffolds. Currently, due to the clinical setting and
in order to avoid any eventual compromising effect of storage,
decellularized grafts are often implanted directly after completing the
decellularization procedure. In the future, xenogeneic pericardial
scaffolds are expected to be clinically applied after overcoming the
immunological barrier. It is shown here that freeze-drying and
vitrification can be used as alternative methods to conventional
cryopreservation, showing excellent preservation of the ECM structure
and components of both tissue scaffolds, whilst vitrification exerts a
more preservative effect on the biomechanical characteristics of DBP.
Additionally, both methodologies offer a great advantage over
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standard cryopreservation in terms of simplification of storage and
transport, eliminating the need for liquid nitrogen. Vitrification permits
storage at -80°C above the glass transition temperature, whereas
freeze-drying allows room temperature storage reducing infrastructural
costs for storage and shipment. Cryopreservation and vitrification are
considered relatively complicated procedures and require the use of
potentially toxic CPAs. Freeze-drying can be done using sugars as
lyoprotectants, which do not necessarily need to be completely
removed before implantation. Because of these advantages, freeze-
drying is the preferred method for storing acellular scaffolds for direct
use in clinical settings.
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