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ABSTRACT

The lack of adequate ster@dison procedures represents one of the main hindrance for
clinical adoption of cardiovascular substitutes composedarsfogeneialecellularised
material. Effective methods are required to be tailored and optimized for the utilization
on tissues derived fra animal sources and should not impair the functional properties
of the original scaffolds. The purpose of this study iss$tablishtwo protocols for
sterilisation of pericardial decellularised scaffol@srilisation Protocol 1, based on
antibiotic/antimycotic (AA) + peracetic acid (PAA) treatments; and Sterilisation Protocol

2, based orgrirradiation.

Assessment of the sterility effectiveness of the proposed methods required the design
of a novel proper rigorous protocol. Tkeerilisation assessment methodologgnsists

in the verification of sterility and subsequent quantification/gfiaation of the
bioburden. A preliminary controlled contaminatig@C)with Grant and Grambacteria

was performed on all scaffolds to assess the effectiveness of the developed sterilisation
protocols Sterility test wasperformed according to the EuropeaPharmacopoeia
guidelines byroculation of a small amount of sample or its rinsing solution in bacteria
media. Turbid medium is indicative of contaminated samples while clear medium
indicates that thesample issterile. Identification of contaminants waassessed by
MALDITOF [atrix-Assisted Laser Desorption/lonization ThofeFlight) mass
spectrometry while microorganism quantification was performed by Most Probable
Number(MPN)method. This method was applied to evaluate both sterilisation methods
in study, howeverit can also betailored to other sterilisation methodologies or

scaffolds.

The scaffold subjected to sterilisation are pericardia form porcine and bovine origin,
decellularised according tan established protocotalled TRICOL. Tl&erilisation
Protocol 1 consists in the incubation of tissues with a cocktail of AA comprising
vancomycin, gentamicin, cefoxitin and amphotericin B during 24 h at 37 °C followed by
treatment with PAA at 0.05% and 0.1% (v/v) for 3h at 27Ti#& second protocol
developed (Sterilisation Protocol 2) consists in #yglication of five dosages @f

irradiation: 1.5, 5, 10, 15 and 25 kGy.



Sterility assessment was carried out through thierilisation assessmenprotocol
developed. The effects of the sterilisation on the pericardial scaffolds were evaluated by
histology, biochemical and biomecharlid¢asts, scanning electron microscopy (SEM)
analysis and cell seeding experiments with human bone marrow mesenchymal stem

cells (hBMMSC) for evaluation of cytotoxicity and cell proliferation.

The outcomes of the Sterilisation Protocol 1 showed that AA+Pdatment provides
sterile tissuesin both concentrations tested. Histologica] biomechanical and
biochemical evaluation demonstrated that AA+PAA at both concentrations does not
lead to substantial modifications of the decellularised pericardial scaffmderms of
collagen fibres architecture, ECM protein content and appearance. However, the higher
concentration of PAA has been shown to induce damages on porcine pericardial
scaffolds ECM, as collagen network fragmentation. In addition, biomechanical
evaluation demonstrates the preservation of mechanical properties of bovine scaffolds,
whereas for porcine differences were observed after PAA treatments. Cell seeding
experiments disclosed the negytotoxic effect of treatments in both pericardial
scaffolds as a sustained cell proliferation was observed in all tissues during time.
Furthermore, histological assessment of cell seeded sterilised scaffolds showed the

presence of a uniform monolayer of cells on scaffold surface after 14 days.

The SterilisatiorProtocol 2, based og-irradiation treatment, was proven effective in

the complete elimination of all the contaminants from both porcine and bovine
pericardial scaffolds, even in the lower dosage applied. In addition, the biological
indicator for this treatment (spore form dacilus Pumilys employed to simulate the
worst-case scenario, was removed after all the dosages employed in the test.
Furthermore, after histological, biochemical and SEM analyses a general well preserved

ECM was observed.

In summary, in this PhD projea sterili@tion assessnm# protocol has been designed
This protocol has beettesignedor the verification of the effectiveness of two different
sterilisation methods for decellarised animal biomaterials. In addition, the two
sterilisation protoca (Sterili@tion Protocol 1, comprising AA+ 0.05%PAA and

Sterilisation Protocd?, dosage 15kGy) were both adequate in the effective sterilisation



of pericardial decellularised tissues without affecting ECM structurefamctionality.

In addition,the sterilisation methodologies developed were optimised for the tissues in
study but can be putatively applied on any decellularised animal scaffold. Furthermore,
they can be easily exploited in research laboratories and in tissueshsinke they do

not require expensive and complex equipment to be implemented.
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1.1 Heart

The heart has been correctly assumsihice ancient Chinese, Egyptian, Greek and

Roman scholars as a pump for filling the vessels with blood. Leonardo da Vinei (1452

1519) contributes with his drawings and notes to the understanding of several systems

of the human body(Figure1.1). His drawings and notes of the heart anatomy and

function are one of the first references to the complexity of this orlasonardo, Keele
et al. 1983.

L

et e D
i s et
T3 vl

e T

Laabath B S e

S Py ‘.u,,—..jiﬁ"ég%_,-z_;__;..-;é

Figurel.l Heart dawings and notes by Leonardo da Vinci. Adapted fle@onardo, Keele et
al. 1983.



1.1.1 Anatomy

The heart is a fouchambered muscular pump, located in the thoracic cavity in the
mediastinum behind the sternum and between the luriiggurel.2). It is enclosed and
protected by pericardium. Pericardial fluid is present between pericardium and heart in
the pericardial cavity and the major function is to lubricate the membranes to reduce

the friction during heart comaction.

The inferior portion of the heart is called apex, while the superior portion is known as
base. The apex has a conical shape and is located immediately above the diaphragm.
The base is the point of attachment of great vessels that transport thedidiilmand from

the heart. In an anterior observation, the heart is inclined to the left, about 2/3 located

in the left median plane. An adult heart is about 9 cm wide at the base, 13 cm from the
base to the apex and 6 cm from anterior to posterior (apprately the size of a closed

fist), weighting about 300 ¢paladin 2010
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Figurel.2 Anatomic location of the huam heart. Adapted fronSaladin 201D
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two ventricles that push blood towds organs through the arteries. The atria are

located in the base of the heart, while the ventricles are located at the apex. From an

anterior vision, between each atrium and ventricle, the extension of the atria named

auricles can be observe@Figure 1.3). The sulcus around the heart defines the

boundaries of the four chambers, constituted by adipose tissue and coronary blood



vessels. The coronary blood vessels have the important function of ensure blood
circulation through the mgcardium. In order to maintain the unidirectional flow of the
blood, the heart is provided with valves between the atria/ventricle and ventricle to

pulmonary and aortic arteries.

-~ Ligamentum Aorta

ric arch-
Aartic arc! arteriosum

_~— Ascending
aor

Superior vena cava ta

Left pulmonary——.
.

artery Superior

__——— Left puimenary il
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Right pulmonary

Pulmonary trunk Left pulmonary ———o" artery

= Lekt pulmenary
Lefipdmonary T vens

Right auricle Pight atrium
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~— Inferior vena
Coronary sulcus cava

Right ventricle
- . ———— Dosterior
Left ventricle —& ; 2 interventricular

Inferior vena cava sulcus
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(a) Anterior view (b) Posterior view

Figurel.3 External anatom of heart: (a) anterior view; (b) posterior view. Adapted from
(Saladin 201D

Since the heart is a muscle that supports strong effort during a lifetaheest, a healthy
adult heart pumps approximately 5 L/min that can increase to 20 L/min during vigorous
exercise; it is required to have a resilient structure. The heart wall is structured in three
different layers of tissue: epicardium, myocardium and enddicen (Figurel.4). The
epicardium is a serous membrane in the outer layer of the heart. It consists of a thin
layer of aerolar tissue (loose connective tissue with small spaces for interstitial fluid)
enclosed with a simple squaras endothelium layer. It encloses also the coronary blood
vessels around the heart. Endocardium is the inner layer that is in direct contact with
blood. It consists on connective tissue covered by a simple squamous epithelium, similar
to epicardium but wihout adipose tissue. The endocardium permit the smooth flow of
the blood on its surface, covering also the valve surfaces and continuous with the
endothelium of blood vessels. Myocardium is the ticker middle layer of the heart,
responsible for the contrdion of the heart chambers. It is composed of cardiac muscle
cells. The thickness of the myocardium is proportional on the workload of cardiac
chambers, thus having high variability on the different chami{®aadin2010, Tate
2012.



__ Simple squamous
/ epithelium

/  — Loose connective
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I (visceral
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cameas

Figurel.4 Structure of heart wall. Adapted froffate 2012.

Cardac muscle cells, also referred as cardiomyocytes, are branching cells with centrally
located nuclei typically with 50 to 100 um long and 10 to 20 um wWidgure 1.5).
Cardiomyocytes contain myosin and actin filaments organizefdrta the contractile
unites called sarcomeres. These structures are responsible for muscle contraction and
their organization resulted in the striated appearance, more evident in the skeletal
muscle. In cardiomyocytes, the plasma membrane (called saroodgniorms deep
invaginations called transverse tubules (T tubules), which run transversely through the
muscle fibre and associate with the sarcoplasmic reticulum. Through T tubules electrical
AYLIzf aSad FNBX GNIyaYA(ddSR T NeryThdiTKisbules hNDO 2 LI |
cardiomyocytes are larger than the ones present in the skeletal muscle. To activate
muscle contraction during excitation of the cell, T tubules stimulate release of calcium
ions from the sarcoplasmic reticulum. Calcium released tfwrsarcoplasmic reticulum

is required for fibres contraction as it triggers the sliding of myosin filaments on actin
ones, causing the shortening of the sarcomere length. Supplement of calcium in
cardiomyocytes is supplied from the extracellular fluid.tddhondria present in
cardiomyocytes produces energy in form of adenosine triphosphate (ATP) by aerobic
respiration, necessary to cardiac muscle contraction. They are present in higher number

in comparison with skeletal muscle cells. Since cardiomyocyes limited ability for

5



ATP production through anaerobic glycolysis, constant supply of oxygen and nutrients
from blood is essential for their correct function. Intercalated disks are tick connections
that bond cardiomyocytes laterally and etwotend. Thee disks increase cell contact
due to some characteristics that are not present in the skeletal muscle as interdigitating
folds, mechanical junctions and electrical junctions. The gap junctions allow the passage
of action potentials from one cell to the aghthrough electrical synapses and thus cells
contract as a single unit. This functional characteristic is essential for the highly
coordinated contractions of the heaffaladin 2010Tate 2012

~_ Branching
muscle fibers

Nucleus of cardiac
muscle cell

Sarcoplasmic
reticulum

Striations

Mitochondrion

Sarcolemma
(plasma membrane)

Connective tissue

a)

Figurel.5 (a) Detailed sructure of cardiac muscle celhd (b) light micrograph of cardiac
muscle tissue. Adapted fro(hate 2012.

1.1.2 Function

The heart operates as a pump that permit the blood flow through the body. It displays
three major functions: 1) the contraction of the heart generates blood pressure required
for the blood flow; 2) the changes in coattion rate and force regulate the blood supply
to the organism according to the metabolic requirements and 3) the double pump
function of the heart provides supply of blood to both pulmonary and systemic
circulation. To accomplish these functions, a cerpystem of blood vessels to reach

all parts of the organism is present.

The heart and blood vessels (arteries, veins and capillaries) form the cardiovascular
system, which ensures the circulating blood is able to transport oxygen and nutrients to

tisstes and cells and collect their waste products to be eliminated. This system consists
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in two separate circuits: pulmonary and systemic. Pulmonary circuit carries the blood
from and to the lungs for gas exchange: @dd CQ), while systemic circuit supplies
blood to all organs and tissues of the body. The right side of the heart is responsible to
provide blood to the pulmonary circuit lungs receive the venous blood (not
oxygenated) from pulmonary artery and return oxygenated blood (hamed arterial
blood) tothe heart through pulmonary vein. The left side of the heart is responsible for
the systemic circuig arterial blood is distributed through aorta to organs and tissues,
returning to the heart through inferior and superior vena cavig(rel.6) (Saladin 2010

Tate 2012

Tissue
capillaries Circulatonto  __
tissues of head,
neck, and upper
limbs

Lung

Pulmonary | Lung
circulation — capillaries
(through

the lungs)

0, Systemic
| circulation
(through

the body)

~ e Left side

Right side of heart =4 of heart

Circulation to
tissues of -
thorax, abdomen,
and lower limbs

Tissue
capillaries

Figurel.6 Human cardiovascular system. Adapted fr@rate 2012.

1.1.3 Conduction System ar@hardiac Cycle

The cardiac conduction system comprises the coordinated contraction of the atria and
ventricles by an internal pacemaker that transmits action potentialotigh the
myocardium Figurel.7). The sinoatrial (SA) node (pacemaker) is located in the right
atrium near vena cava. Action potentials originated from SA node are spread in both
right and left atria, causing their contraction. &de signa reach the atrioventricular
(ATV) node in the lower portion of the right atrium. ATV node give rise to the ATV bundle
or bundle of His. This bundle reach the interventricular septum by a small opening in the

fibrous skeleton that electrically parates action potentials from the atria and the

7



ventricles, to allow their separate contraction. The ATV bundle divides into the left and
right bundle branches descending through the interventricular septum till the apex of
the heart. There, they subdivedn smaller bundles named Purkinje fibres that distribute
the action potentials to cardiomyocytes of the ventricular wg¢sladin 2010Tate
2012,

Sinoatrial

(SA) node Left atrium

-

. Action potentials originate in the
sinoatrial (SA) node (the pacemaker)
and travel across the wall of the atrium
(arrows) from the SA node to the
atrioventricular (AV) node. (AV) node

N

. Action potentials pass through the AV
node and along the atrioventricular (AV)
bundle, which extends from the AV
node, through the fibrous skeleton, into
the interventricular septum.

w

. The AV bundle divides into right and left
bundle branches, and action potentials
descend to the apex of each ventricle

along the bundle branches. = Left ventricle

Atrioventricular

AV) bundle
4. Action potentials are carried by the @Av)
Purkinje fibers from the bundle
branches to the ventricular walls and Left and right
eft and rig|
papillary muscles: bundle branches
Purkinje

fibers

Figurel.7 Conduction system of the heart. Adapted frfhate 2012.

The cardiac cycle refers to the repetitive pressure changes caused by systdiastot®

of the four heart chambers: right and left atria and ventriffégure1.8). A complete

cycle has a total duration of 0.8 second in a resting person. Systole refers to the
contraction while diastole refers to expansiori atria or ventricle. In ventricular
diastole, the ventricles are expanded and pressure is lower than the one in the atria,
causing the opening of the ATV valves and blood flow to the ventricles. As the ventricle
pressure rises, the atrial pressure dropdaatrial systole finish to fill the ventricle. While

the atria repolarize, relax and remain in diastole, the ventricles begin to contract. The
pressure in the ventricles rises and close the ATV valve, while the sen{iil)zalves

are still closed. Venitles continue to contract and when ventricular pressure exceed

arterial pressure,SLvalves open and blood flows to pulmonary trunk and aorta.

8



Ventricles then start to relax and ventricular pressures decrease below the ones in
pulmonary trunk and aorta.LSalves close due to the flow back of the blood toward the

ventricle. Through ventricular systole and beginning of diastole, the atria relax and start
to fill with blood from the veins. Atrial pressure increases and the cycle starts again

(Saladin 2010Tate 2012

120

8
T

Pressure (mm Hg)
T

volume (mL)

Ventricular

H
e M\r A w‘ % - WM-
S, s, s,

Phase of 1a 1b 1c 2 3 4 1a 1b 1c 2
cardiac cycle i t | | ' I I

Figurel.8 Events of the cardiac cycle. Adapted fri@aladin 201p



1.2 Pericardium

Pericardium is a double layer sac that involves the heart. It consists in two layers: fibrous
pericardium and serous pericardiufhigurel.9). Fibrous pegardium is the outer layer,
composed of fibrous connective tissue. Serous pericardium is constituted of parietal
pericardium lining the fibrous pericardium and the visceral pericardium that covers the
heart surface. Pericardial cavity is located betweengial and visceral pericardia and

is filled with pericardial fluid produced by serous pericardium. The pericardial fluid

reduces the friction caused by the contraction of the hg&aladin 2010Tate 2012.

Visceral pericardium

{Fibrous pericardium
Pericardium Parietal pericardium
Serous pericardium

(or epicardium)

Pericardial cavity
filled with pericardial
fluid

Anterior view

Figurel.9 Components of the pericardium. Adapted frfhate 2012.

The serosa layer of theericardium is composed of a surface layer of mesothelial cells
and narrow submesothelial space, while the fibrosa contaioisnective tissue with
compact collagen bundles, small vessels amdtal fibresIn general, pericardium is a
soft tissue rich ircollagen (mostly collagen type 1), glycoproteigycosaminoglycans
(GAGsand its constitutive cell§-igurel.10 (a) and (d). Under polarized light can also
be observed the layers and the wavy appearance of the collagen {figegel.10 (b)).

The mechanical features of the pericardium are related with the distribution and
orientation of the collagen fibres as well as interaction between them and other
components of the pericardiuras proteoglycangFigurel.10 (c)) (Ishihara, Ferrans et

al. 1980 (Rémi, Khelil et al. 20).1
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Serosa

Fibrosa

Eplperlcardium

Figurel.10 (a) Sructure ofhumanpericardium: serosa, fibrosa and epipericardium; (b)
pericadium under polarized light; (c) transmission electron micrograph of pericardium with
several collagen fibres oriente@dapted from(Ishihara, Ferrans et al. 198@d)
Haematoxylireosin staining of ovine pericardium. Adapted fr@émi, Khelil edl. 2017).

Since the fibres of soft biological tissues have preferred directions and orientation, the
mechanical behaviour of #setissues is anisotropi&oft tissues can be deformadhen
compared with hard tissueand their tensile strength depends the strain rateThe
viscoelastic behaviour of the soft tissues is related with ttisgue matrix composition
and the shear interaction of collagen fibres with the proteoglyc@nsing amechanical
tensile test, three phases can be observed for isfiues as pericardiunfrigurel.11).
In a first phase, it starts the fibre recruitmewhile fibres are with different degrees of
orientation. In the second phase, fibres startgoadually elongateind bear the load
while liningin the direction of the load. In #nthird phase, the fibres become straight
and elongated. They align in the direction of the load appli¢alzapfel 200D
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Figurel.11 Schematic diagram of a typical strestgain curve for soft tissues with the
associated collagen fibre morphology. Adapted figtalzapfel 200D

1.3 Heart Valves

Heart \alves play a major role in preventing the blood from flowing in the reverse
direction. As for the heart anatomy and function, Leonardo da Vinci studied and made

one of the first references to the general anatomy and function of the heart valves

Figurel.12 Heart valve drawings by Leonardo da Vinci. Adapted {onwells 2013

(Figurel.12).
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The heart presents four valvesT\Walves between the atria and ventricles ald/alves
between the ventricles and pulmonary and aoréiceries. The main function of the
heart valves is to ensure that the blood is effectively pumped in avese flowg from

the atria to ventricles to the great arterig¢bigurel.13). They open and close once per
second countings 40 million times in a year and more than 3 billion times over an
average lifetimg(Schoen 201R Another important feature of the heart valves is that
the open and closure is due to differences in pressutkey remain closed until the
pressure behind is high enough to cause the blood to flow forwsvdite and Fine

2007).

r ﬁ _1 Anterior
7 i
&% :_bISuAs‘;id) valve

Right AV
(tricuspid) valve

Fibrous
skeleton

i Openings to
coronary arteries

Aortic
valve

Pulmonary
valve

Posterior  (b)

Figurel.13(a) Internal anatomy of the heart in a frontal plane section from an anterior view;
(b) Superior view for th&TVand SLvalves. Adapted fror(Baladin 201

1.3.1 Atrioventricular Valves

The ATV valves regulate the flow from the atria into the ventricles, preventing blood
flowing back into the atria. The right ATV valve is called tricuspid valve and presents
three leaflets. TIs valve controls the blood flow from the right atria to right ventricle.
The left ATV valve is called bicuspid or mitral, due to the similarity to a headdress of a
church bishop, present only two leaflets. This is the only heart valve with two leaflets,
controlling the blood flow from the left atria to left ventricle. Both ATV valves are
connected to papillary muscles in each ventricle by thin, stikegy and strong
connective tissue strings called chordae tendineae. These chordae tendineae prevent
the ATV valves by flipping into the atria due to the contraction of papillary muscles

during the ventricle contractio(Figurel.13) (Saladin 2010Tate 2012.
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Another component of the ATV valves is the valve annulus formed in the base of the
leaflets. It consists of dense collagenous tissue surrounded by muscle that forms an
elliptical ring on the base of both valves. Due to high pressurdsimitral valve, the
circumference of the annulus is variable. Normal valeeste mitral annulus are from
3-3.5 cmduring ventricular diastole, when the blood is flowing through the mitral valve.
During ventricular systole, the mitral valve closes dwe¢he blood pressure and the

circumference of the annulus is reduc@faite and Fine 2007

1.3.2 Semilunar Valves

TheSL valves control the blood flow during the ventricle contraction/relaxation into the
great arteries. The pulmonary valve (PV) is located on the pulmonary trunk and aorti
valve (AV) is situated on aorta, controlling the blood flow from the right and left
ventricle, respectivelffFigurel.13). EachSLvalve is constituted by three leaflets, similar

to shirt pockets when closed.

On the contrary oATV valves, SL valves do not present tendinous cords connecting the
leaflets to the muscular tissue. The SL valves are opening and closing due to differences
of blood pressure caused by contraction and relaxation of the ventricles. The AV opens
when the ldt ventricle is contracting, causing an increase of blood pressure on the
ventricle that push the leaflets against aorta wall. When the ventricle starts to relax, the
blood tends to flow back to the ventricle but instead enters in the pockets of the AV. At
this point, the three leaflets of AV meet in the midline of the aorta, preventing the flow
back of blood to the left ventricle. On the right part of the heart, PV is working in a similar

way (Saladin 2010Tate 2012.

SL valves leaflets are embedded within connective tissue, attached to a fibrous ring in
the ventricular septumThey consist on three layers: fibrosa, ventricularis and spongiosa
(Figure 1.14). Fibrosa is referred as the fibrous layer adjacent to aorta, while the
ventricularis is thdayer adjacent to the ventricleThe ventricularis is thinner and very
smooth comparing to fibrosa. Since it is smoother, ventricularis alleveasy od
flow through the valve. Spongiosdagated at the central part of the leafleind usually
not present vascularizatiofWaite and Fine 2007
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Figurel.14 General structure of heart valveATVand SL Adapted from(Simionescu 2006

In order to reduce regurgiteon of blood into the ventricle and aid in the complete
closure of the valve, each leaflet presents a corpus aranti (or nodulus of Arantus) that is
a large collagenous mass located in the coaptation region that allows the complete
closure of the valve ithe centre. The commissures are the support point of the suspend
leaflets to the aortic wall through a fibrous structure. The sinotubular junction is located
at the top of the sinus, indicating the transition from the aortic rdéiR)to the
ascending aoe and functioning as support for the commissufeigurel.15). The three
bulges formed between the attachment of the leaflets and the sinotubular junction are
named sinus of Valsalva. The sinus wall is thinner in comparisortheithortic wall,
presenting a small dilatation that forms a skirt pocket shape. In the AV, two of the
sinuses give rise to two coronary arteries, in this case usually referred as; leghaind
non-coronary sinus. The mean diameter for tBevalves wa reported as 23.2+3.3 mm

for AV while for the PV was 24.3+3.0 nfiisfeld and Sievers 200Waite and Fine
2007).
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Figurel.15 (a) Schematic draw @&Rstructures (b) Sketch of aAVleaflet. Adapted from
(Misfeld and Sievers 20pand (Waite and Fine 2097

1.3.3 Function and Structure

Opening and closure of heart valve leaflets are due to the pressure gradient generated
during contration/relaxation of atria and ventricles. The ATV valves are open when
ventricles are relaxed, allowing the blood flow from the atria to the ventricles. When the
ventricles are filled and start to contract, the internal pressure increases and the blood
pressure force the ATValveto close by pushing the leaflets together and sealing the
passage from the ventricle to atria. The ATV valves do not collapse into the atria due to
contraction of papillary muscles that pull the chordae tendineae, keeping thev&lvds

in the correct position. During the ventricle contraction, the pressure increases as well
on the SL valves. When the pressure is higher in the ventricle compared to the pressure
in the great arteries, the SL valves open, allowing the blood to flawobthe heart.
When the ventricle starts toelax,the pressure drop below that in the arteries. The
arterial blood ejected briefly flow back to the heart, filling the poekiet leaflets of the

SL valves. The three leaflets meet in the middle, prewngniie regurgitation of blood
back to the hear{Saladin 2010Tate 2012

In order to withstand repetitive mechanical stress and strain over the years to nrainta
the unidirectional blood flow, heart valves present a dynamic functional structure. Their
macro and microstructure is able to support the strength and organize according to the

variations in the size and shape of valve leaflets during the cardiac(&gtleen 2008
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Each ATV and SL valve consists of two or three fibrous leaflets or cusps that are thin
sheets of tissue as extensions of the cardiac endocardium. They can be organized in
different tissue extracellular matrix (ECM) sections: fibrosa, gjp@a, ventricularis and

auricularis. According to the valves (ATV or SL) they are incorporated, they present

different organizationFigurel.14) (Simionescu 2006

Fibrosa is a hydrophobic, collagenous and ldaglaring layer thatstrengthens the
leaflet, located in thecentral area of both ATV and SL leaflets. Resilience and recoil of
the leaflets during systole and diastole are provided by elastic fibres, mainly present in
the inflow layers of the heart (auricularis for ATV vales and ventricularis for SL valves). A
loose layer of connective tissue (spongiosa) is located between fibrosa and
auricularis/ventricularis. It consists of predominantly of hydrophilic and slabslorbing

GAG, providing a gelike matrix that acts as a spafler and lubricant allowing
minimal friction during continuous bending, rearranging, straightening and rotating of

structural fibres(Figurel.16) (Simionescu 2006
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Figurel.16 (a) Schematic diagram of aortic leaflet in cross section: details of comofoent
fibrosa, spongiosa and ventricularis layers; (b) Photomicrographerhatoxylinand eosin
stain (100x magnification) of aortic leaflet (arrows indicating VIC cells. Adapted$airoen
2012.
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To allow the continuous adaptation to hemodynamic forces, leaflets contain a
multivariate type of cellamydfibroblasts that are matriproducing cells, active valvular
interstitial cells (VICs), valvular endothelial cells and resident macropkfaigesel.16).

The most abundant cell type in the heart valves are VICs. They are respoosiie f
synthesis of valvulamatrix and regulate remodelling of collagen and other matrix
components by matrix degrading enzyme#Cgepair functional damage tmatrixECM

and collagen components of the valve, presenting characteristics of fibroblastsiin
heart valve. Valvular cells in general have high metabolic activity related to matrix
homeostasis by synthesize and degrade collagen and proteoglycans, having also
reactivity with vasoactive compounds as epinephrine and angiotensin. Due to their
specific, complex structure and components, heart valves enclose a balanced
homeostatic activity essential to achieve their mechanical and biological functions
(Smionescu 2006Sacks, Schoen et al. 2009

The dynamics of the cardiac cycle during systole and diastole request for rapid and
reversible deformations on the ECM structures of the leaflets refertmm/a. Collagen

is the major stresdearing component, able to withstand high tensile forces when taut
but cannot be compressed. On the other hand, elastin is able to stretch and contract.
During systole and diastole, both collagen and elastin play a m@@by stretching and
shortening their fibres. During systole, collagen is crimped and unaligned, while elastin
is in relaxed state; in contrast, during diastole, collagesents uncrimped and aligned

and elastin in the stretched forifirigurel.17). Additionally, GA&present in spongiosa
layer assist the rearrangement of collagen and elastin during the cardiac cycle by its high

compliance and bond to adjacent layers.

The relative orientation of the collagen fibres determinesng properties within the
tissue: the greatest compliance is achieved in the orth@jadirection of collagen fibres

and greatest tensile stress in parallel to the collagen fibres orientation. Moreover,
mechanical properties of the leaflets are differemt the radial and circumferential
direction, they are referred as anisotropic. They have greater compliance and stretching

in radial direction then in the circumferential of®choen 2008
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Figurel.17 (a) Outflow aspect fror\Rview of AV during systole (top) and diastole (bottom);
(b) Schematic representation abrtic leaflet (AL)n cross section during systole and diastole.
Adapted from(Schoen 2012

1.3.4 Pathophysiology of heart valves

Cardiac heart valve pathologies affect mainly aortic and mitral valve,rbe that are
subjected to higher pressure and dynamic features during cardiac cycle. Valve
dysfunction can be expressed by incompetence/regurgitation (imperfect closure) or
stenosis (incomplete opening) of the valve. Still, these complications can bedatat
congenital, as in the case of bicuspid valve, or acquired causes, as fibrosis, calcification
and rheumatic feve(Bateman, Hill et al. 20)3Below are repded the pathophysiology

caused by regurgitation, stenosis, bicuspid and myxomatous valve degeneration.

1.3.4.1 Regurgitation

Regurgitation is caused by leaking of heart valves due to the incomplete closure of
leaflets, causing heart to overwork to sustain prop&ryod flow parameters. This results

in ventricular hypertrophy, dilatation and associated changes inAfi¥and SLvalve
functions. Dilatation of theARdue to the improper closing of th&aflets of AV is
responsible for approximately half of clinicalses of aortic regurgitation, while about
one third of the cases are due to congenital bicuspid valve and acquired post
inflammatory responses, with the remaining due to other congenital or endocardial

diseaseg¢Bateman, Hill et al. 2033
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1.3.4.2 Stenosis

Stenosis is referred to the narrowing of the valve that causes an incomplete opening of
the leaflets. Valve stenosis is usually due to calcific diepthat result instiffer leaflets

with decreased effective valve orifice area. Tleiads toventricular hypertrophy to
compensate the incomplete open of the valve. Some symptoms can be shortness of
breath and generalized weakness due to the reduced blood flow to bodyusgg. In

the late progression, valve stenosis can cause syncope, angina, sudden cardiac death
and chronic heart failure. In general, the most common clinical causes of aortic stenosis
are: bicuspid valve with calcium deposits, calcific stenosis and ragcuwalve disease
(Figurel.18) (Bateman, Hill et al. 2033
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Figurel.18 Aortic stemsisaetiology morphology of a normal aortic valve, rheumatic aortic
stenosis, calcific aortic stenosiad bicuspid aortic valve. Adapted frgBateman, Hill etk
2013.

Valve calcification is characterized as a degenerative and dystrophic mechanism with
passive accumulation of hydroxyapatite mineral in dead or damaged (&slsoen
2012. Calcific deposits usually develop in the attachments of the cusps, place of higher

mechanical stress, indicating that mechanicakéees can potentiate valve calcification.

Rheumatic stenosis is a consequence of acute rheumatic fever, a multisystem
inflammatory disease triggered by an autoimmune reaction to a group A streptococcal
bacteria. It causes fibrotic thickening of the led$l Rheumatic fever is more common

in developing countries and in crowded and economically depressed urban areas in the

Western world(Schoen 201p
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1.3.4.3 Bicuspid Valve

Bicuspid AV is the most common congenital cardiovascular malformation in humans,
with a prevalence oE 1%. Bicuspid AV does not result in major copsmces in early
life; however, in adult life it can lead to complications such as aortic stenosis or
regurgitation, infective endocarditis and aortic dilation. Still, > 67% childrerE&td6

adults suffer from aortic stenosis related to bicuspid(&¢hoen 2008Schoen 201

1.3.4.4 Myxomatous Valve Degeneration

Myxomatous valve degeneration affects mainly theralivalve, leading to mitral valve
prolapse (MVP). It is characterized by the displacement of mitral valve leaflet(s) into the
left atrium during systole. Significant cardiovascular complications are increased by MVP
as heart failure, mitral regurgitatiorbacterid endocarditis, thromboembolisnand

atrial fibrillation. Therefore MVP is the most common cause for surgical repair or

replacement of the mitral valvéSdoen 2008 Schoen 201R

The myxomatous degeneration leads to changes in the histology of the normal leaflet.
Leaflets present a fibrosa layer with attenuation and/or disorganization of collagen
fibres and thickening of spongiosa layer with deposition of myxomatous material rich in
proteoglycans (e.g. GAYG These alterations decrease the stiffness and increase the
extensibility of both leaflets and chordae causing mechanical weakening of the valve.
Visually, leaflets can present as thick, redundant and with an increased surface area

(GrandeAllen, Griffin et al. 2003choen 201

1.4 Heart Valve Patheses

Valvular heart disease is a major health problem worldwide, responsible for high levels
of morbidity and deaths. In developing countries, heart valve disease mainly results from
persistent burden ofheumatic fever, affecting more paediatric and young patients.

Instead, elderly are predominantly affected in industrialized nations by degenerative

heart valves pathologie®Veber and Hoerstrup 2031
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As referred, pathophysiology of heart valves is broad and it varies according to the valve
that is affected. Still, due to intensive hemodynamic conditions present in systemic
circulation, leftsided valves are particularly susceptible to dysfunction. Heart valve
disease has a fast progress and may become fatal. The development cannot be
preventedby pharmacological treatments since the majority of heart valve disease is

irreversible(Simionescu 2006

Surgical or interventional repair/replacement is the treatment of election for
dysfunctional valves. From a clinical point of view and depending on the nature and
progression of the patholog along with patient related factors as age and
comorbidities, heart valve repair is preferable to replacement. However, even with the
variety of techniques to repair the valves, 70% of diseased valves cannot be repaired.
Heart valve replacement is in faacreasing over the years and approximately 290,000
heart valve replacements are performed annually worldwide. This number is expected
to triple over the upcoming five decades, having a high social and economic ifiuhct
Smits et al. 2009Veber and Hoerstrup 20)1

Replacement solutions for diseased heart valves include the use of mechanical
prostheses (compeasl of nonbiological material) and bioprostheses (manufactured

with biological tissue) implanted via cardiac open heart classic surgery.

1.4.1 Mechanical Prostheses

Mechanical prostheses or mechanical valves offer excellent durability; however, the
high risk & thromboembolism events demands use of anticoagulation therapy. Rigid
supporting materials and mobile elements are the components of mechanical heart
gt @Sad ¢KS RAFFSNBy( Rodng ftyigidisds ar fldps vitlo I 3 S R
restricted mozement allow proper opening and closing of the valves during cyclic blood
flow (Figurel.19(a) and(b)). The materials used are inert and biocompatible as pyrolytic
carbon, polyester (Dacroftovered polymers and metals. Stilhnse of these surfaces
are not totally antithrombogenic and present norphysiological patterns due to
imperfect blood flow through some of the devic#sat can induce the formation of
blood clots. Patients have therefore high risk of haemorrhage complitatishen
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implanted with a mechanical valve due to continuous anticoagulation therapy

(Simionescu 2006Mol, Smits et al. 200Kheradvar, Groves et al024).

(a) (b) (c)

(d) () (f)

Figurel.19 Artificial heart valves: mechanical (a) and (b); bioprosthetic (c), (d), (e) and (f); (a)
StarrEdwards Ball Valve®; (b) St Jude Medical® Regent Valve; (c) Cafubwdiats
PERIMOUNMagna® Pericardial Bioprosthesis; (d) St Jude Medical® Biocor Aortic; (e) St Jude
Medical® Toronto SPV and (f) Edwards Prima Plus® Stentless Bioprosthesis. Adapted from
(Simionescu 2006

1.4.2 Bioprostheses

Cardiac heart valve homografts are cryopreserved donor valves that have been applied
in the clnical sector in the last 20 yeafde By, Parker et al. 201presenting low
thrombogenicity and low risk of infection, good mechanical properties and lack of
chemical crosslinking that prolongs their lifetirfddol, Bouten et al. 2004 However,

they present disadantages concerning limited availability and a relative low durability
of approximately 15 years. The durability is related with susceptibility of degeneration
by calcification or mechanical damage, leading to valve replacementee/entions
(Vesely 200p Taking this in consideration and associated with the lack of homografts

availability due to worldwide shortage of donors, the widespread implementation of
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homografts as a ediac valve replacement concept is limitéd/eber and Hoerstrup
2011).

Bioprosthetic heart valves (BH&n be either from human donors (homografts) or from
animal origin (xenografts). They present lower durability when compared with
mechanical ones due to their increased risk of calcificadiuh structural degeneration,
mainly when implanted in younger patients. For this reason, enily BHV are
considered only temporary solution: patients implanted with prosthesis of biological
derivation require reoperation within X@5 years. Indeed, clical guidelines for
implantation of bioprostheses recommend the useBHIVin patients >65 years old.
However, the development and research of new design and preservation methods for
these prostheses could tuBHWo substitute valvefor middle age patiets (Mol, Smits

et al. 2009Kheradvar, Groves et al. 2014

Bioprostheses can be porcine aortic roots or pardial valves composed of porcine or
bovine pericardial sheets. In pericardial valves, pericardium can be mounted on
adequate supportsstents-to mimic valve architecture or either manufactured without

stent (stentlessjFigurel.19(c), (d), (e) and(f)) (Simionescu 206).

One clinical key pathologic process relatedBblVfailure is valve calcification. An
important step in the pathophysiology of calcification is the presence of devitalized cells
and cellular debris in the components of the valve, as the residuatalieed cells
resident in theBHV valve after GA treatment. The reaction of calcktaontaining
extracellular fluid with cell membranassociated phosphorus represents the
mechanism originating calcium phosphate mineral deposits. An accelerated pro§ress o
calcification is documented in patients of young aghijle valve factors ateafletsGA
fixation and increased mechanical stredso play a roleRegulation of inductive and
inhibitory factors have been suggested recently to be the putative targetantf
calcification strategies for the development of new generatBH\, as: binding of
calcification inhibitors to GA fixed tissue, modification of GA fixation, removal or
modification of components that can lead to calcification and the use of crosadink

agents other than GfSchoen and Levy 2005
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Durability of BHV s increasing due to improvements in stent design and fixative
methods. Four major manufacturers @HV and some examples of their valve
replacement solutions are represented kigure 1.20. The largest product line of
bioprosthetic aortic valves(AV) belongs to Edwards Lifesciences. Excellent
hemodynamis and durability are outcomes of their bovine pericardial Carpentier
Edwards PERIMOUMortic valve. Clinical follow up aftealve implantation report

that in patients over 60 years of age, 85% were free from valve failure. From Medtronic,
stented porcineEBHVHancock Il and Mosaic line are implantable in the aortic and mitral
positions. Low rates of structural deterioration anow amount of valve related
complications were reported for Hancock Il, while good durability and hemodynamic
were reported for Mosaic, a porcine valve tissue with a flexible stent. Trifecta from St.
Jude Medical is composed of pericardial leaflets attabbutside of the fatigue resistant
titanium stent and a suprannular sewing ring. It provides large orifice areas and
excellent hemodynamic. Sorin Group present seveas¢goriesof AV Mitroflow and
Soprano Armonia for the stented line and Freedom 2wid Pericarbon Freedom for
the stentless line. In a comparison study of Freedom valve with the Carpé&uveards
PERIMOUNT valve, the Freedom valve implantation provide |cA%ergradient
immediately postoperatively, at 6 and 12 montl{gheradvar, Groves et al. 2014

Edwards Lifesciences Medtronic St Jude Sorin Group
PERIMOUNT Hancock |l Trifecta Mitroflow
Magna Ease

Figurel.20 Bioprosthetic vlves for the major manufacturers: Edwards Lifesciences, Medtronic,
St. Jude Medical and Sorin Group. Adapted fitoheradvar, Groves et al. 2014
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A novel technology that has progressed in the past years consists in the transcatheter
aortic valve replacement (TAVR). The innovation of the procedure involves the
implantation of a stenttaged bioprsthetic AV through a catheteibased delivery
system without requiring open heart surgery. The most promising TAVR valves are
depicted inFigurel.21. The insertion can occur through the apex of the left ventricle,
the femoral artey, the subclavian artery or directly through the aorta. Lasgale
studies for TAVR implantation include patients with high surgical risk or the ones that
cannot undergo surgery. Latest work is also focused on intermediate risk patients.
Promising initiresults were obtained for therapy treatment of severe aortic stenosis
(Kheradvar, Groves et.&014.

The current employed BHV, both of human and animal origin, are in summary all
presenting shortcomings. As a consequence, tissue engine@rigpproaches have

been taken into account.
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Figurel.21 TAVR valves developky several manufactureré\dapted from(Kheradvar, Groves
et al. 2014
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1.5 Scaffolds for Tissue Engineering
¢CKS GSNY WiAaadzsS SyaAySSNAyYy3IQ gt a FANAID
interdisciplinary field that applies knowledge of both engineering and biology to develop
functional substitutes for damaged tissygsoviding solutions for tissue creation and
repair (Langer and Vacanti 1993 Eapproach is based on the growing of living cefis (
vitro or in vivg in a supporting threglimensional (3D) structure namestaffold. The
scaffold must be biocompatible, enable the proliferation, differentiation and eventually

grow into a functional tissue constru@igurel.22) (Jana, Tefft et ak014.

J Regenerated
valve

b4 Fibrous
% scaffold

Decellularized
scaffold

Figurel.22 Schematic diagram of TE approach for heart valves: tissue culture with several
scaffold options to create a regenerated valve viable for implantation. Adapted(fama,
Tefft et al. 2014

In general, can be considered two approachesitroandin vivoTE.In vitroTE involves
the isolation and expansion of cells from the patient, followed by seeding onto the
scaffold and mreactor conditioning untilin vitro tissue formation and further

implantation in the same patient. On the other hand,vivoTE bypasses the isolation
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and seeding of the cells, relying on the regenerative potential of the organism to

perform the tissueculture phasean situ(Mol, Smits et al. 2009

The scaffold should possess some important features, as external gegreatfgce
properties, interface adherence, pore density and size, biocompatibility, degradation,
mechanical properties adequate to the purpose and, eventually, be sterile. Tuning and
optimization of these parameters plays a major role in the successsaktigability and
functionality postimplantation(Weber and Hoerstrup 201 Jana, Tefft et al. 20)4For

heart valve TE, scaffolds should meet some additional attributes related to resistance to
calcification and to thrombosis, due to direct contact with bl¢gBduten, Dankers et al.
2011). Also, the hemodynamic pressure and constant flow during cardiac cycle must be
considered for the evaluation of material and design selection of scaffold for tissue

engineered heart valves (TEHV) retain the proper mechanical function.

As previously decribed, native heart valves present a complex geometrical and
histological structure, challenging to be mimicked during TEHV development. In
addition, the ideal prosthetic valve should retain the follow four characteristics: (a)
gARSt & | QI AKISEGTFR>IYHHD WN&EIdzZ NI KSY2ZReyl YAO
calcification, thromboembolism, endocarditis and degeneration and (d) capacity to grow
and selfrepair. Multiple scaffold design dabeen developed to obtain a reliable
structure of scaffolds t@support cell attachment, proliferation and development. The
main scaffolds developed so far are based on artificial scaffolds produced from synthetic
and natural materials and natural scaffolds based on decellularised tissues from both
human and animal ogin(Jordan, Williams et al. 201Rippel, Ghanbari et al. 201Pana,

Tefft et al. 2014

1.5.1 Synthetic Scaffolds

Artificial scaffolds fabrication aims to mimic the structure and function of a heart valve.

The common approaches are focused on the use of porous scaffolds, fibrous scaffolds

and hydrogels. The adutages of their use include low immunogenicity and

thrombogenicity, tailored biodegradability, durability and mechanical properties. As the

complex structure and function of a native heart valve is difficult to achieve, variation in
28



the mechanical properés of fabricated scaffolds are pointed as disadvantages of

artificial scaffold§Dhandayuthapani, Yoshida et al. 2011

3D porous scaffolds allow a continuous flow of nutrients and metabolic wasteadits
interconnected homogeneous pore network and large pore size. This structure
promotes growth and vascularization of the scaffold by using also several combinations
of synthetic and natural polymers. The most common ones are polyhydroxyalkanoates
(PHA), polyglycolic acid (PGA), polylactic acid (PLA), collagen and chitosan. However,
pores of irregular size and low interconnectivity are referred as major drawbacks

(Mendelson and Schoen 2006

Fibre aspect of the scaffold and similarities to the ECM structure give characteristics to
fibrous scaffolds that promote cell adhesion, migration, proliferation and
differentiation. Besides, scaffolds can be conditionada bioreactor with cells to
improve tissue construdfFigurel.23). However, a general fibrous and dense structure

is still lacking of porosity and mechanical characteristics to be comparable to native

heart valveqHoerstrup, Sodian et al. 2000ana, Tefft et al. 20)4

Scaffolds based on hydrogels allow the encapsulation ofweh# the network with a

high cellular efficiency in TE applications. Hydrogel is a hydrophilic polymeric network
with highwater content, which allow permeability of oxygen, nutrients and water
soluble nutrients. The injection of hydrogels through minliijmanvasive methods,
improve cardiac repair by tissue bulking and delivering of bioactive molecules and cells.
Weak mechanical properties and absence of a definite structure limit the application of

hydrogels as a scaffold for TE of heart val@su and Radisic 2013

29



Figurel.23 TE heart viwe of nonwoven PGA mesh coated with gblyydroxybutyrate after 14
days of conditioning in bioreactor. Adapted fr@roerstrup, Sodian et al. 2000

1.5.2 NaturalScaffolds

Natural scaffolds comprise decellularised tissues of human or animal origin and collagen
and fibrin based matrices. Even if midtep static seeding methods have been used in
cardiovascular TE, cellular encapsulation in collagen and fibrimmgsisbe achieved

using single step seedirfiglendelson and Schoen 2006

1.5.2.1 Decellulaged Scaffolds

Decellularisation procedure consists on the removal of cellbimwithe tissue while
minimizing damages in the original ECM structure to promote subsequent
recellularizationin situ Besides the nativbke geometry, architecture as well as
hemodynamic and biomechanical properties are still preserved when compardxto t
native counterparts. Complete cell removal is essential to minimize immunological
response, disease transmission, calcification and thromboembolism. Depending on the
decellularisation method applied, the efficiency of cell removal and matrix integuty c

be variable(Mendelson and Schoen 2008ashari, Faucon et al. 2Q1Weber and

Hoerstrup 2011

Scaffolds to be decellularised can be collected from ether human donors (homografts)
or animal tissues (xenografts). The tissues from human origin are less antigenic when
compared with xenogeneic counterpartshowever, homografts present limited
availability. Althoughthe development of decellularion procedures specifically

tailored for xenogeneictissues represents an enormous challenge in terms of
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biocompatibility and lack of immunogenicity, tissues frparcine, bovine and sheep

origin are the main source of acellular heart valjdssely 2005Jana, Tefft et ak014).

The development of tissue engineered valves relying on decellularised scaffolds is
addressed to take advantage of the original structure and relies on the maintenance of

ECM integrity, avoiding the design of a complex structure for a heart aalirethe case
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consisting on a unique, tisstapecific 3D architecture. The ECM composition and

structure comprises a complex combination of structural and functipmateins, as

collagen, GAGs, elastin, fibronectin, laminin, growth factors and cytokBre&owski

and Woodhouse 201 Tana, Tefft et al. 20)4Decellularisation techniques are aimed to

eliminate the cell population from the tissue while preserving the ECM characteristic

that sustain the functionality, the growth and the homeostasis of the tissues.

1.5.2.2 Decellulaisation Techniques

Several decellularisation methodologies have been investigated. Single agents or a
combination of agents can be employed, presenting advantages and disadvantages in
their application. Methodologies comprising combinations of physidaémical and
enzymatic treatments are more robust and effective in decellularisation protocols

(Srokowski and Woodhouse 20Keane, Swinehart et al. 20115

Physical methods as lyophilisation, sonication, fregmaving, direct pressure and
agitation can provide a direct and rapid decellularisation. In these methods, cell lysis and
removal from the tissue igbtained by disruption of cell plasma membrane. Still, in order
to increase the efficiency of the decellularisation, chemical treatments are often

necessarySrokowski and Woodhouse 2011

Chemical methods are based on the use of chemical reagents to remove cellular
elements. The seléion of the reagents to use is based on the tissue to be decellularised,
by focusing on the conservation of the ECM structure and components while all cell
components are eliminated. Also, a combination of chemical treatments can be studied
to optimize thedecellularisation procedure for the tissue in investigatirokowski and
Woodhouse 2011 Passive diffusion with chemicals followed by several washing steps
to remove cell debris and chemical compounds are the usual procedures. Additionally,
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factors as composition, thickness and atebture of the tissue must be taken into
consideration to select the volume of reagents to use, optimal speed and length of
agitation(Keane, Swinehart et al. 2015 or thick tissues, perfusion and convective flow
are currently used and reported as an effective decellularisgirmeedure, as example

the cases of human placentéFlynn, Semple et al. 20p6whole rat heart (Ott,

Matthiesen et al. 2008 rat lungs, liver and kidngKeane, Swinehart et al. 2015

Solent extraction is one of the chemical methods that act mainly in the extraction of
membranebound lipids, as well as removal residual nuclei acids from the tissue. Some
examples are ethanol, methanol and butar&leane, Swinehart et al. 20L5Tri(n-
butyl)phosphate (TnBP) is anrganic solvent able to disrupt proterotein
interactions, however has also been applied in some decellularisation protocols
providing similar results in cell removal ability as sodium dodecylhatd (SDS)
(Cartmell and Dunn 2008Voods and Gratzer 2005

Acid and basic solutions treatments promote the removal of nucleic acids due to
disruption of cellulamembranes as well as solubilisation of cytoplasmic components of
the cells. Alkaline sodium, potassium or calcium salts are used in basic treatments, while
acetic acid, PAA, hydrochloric aditiClyand sulphuric acid are some examples for acidic
treatments (Srokowski and Woodhouse 201PAA based treatments are also referred

as having a disinfectant potential due to its ability to penetrate into microorganisms and
oxidize microbial enzymdBrus, Gobel et al. 20Q3Still, the use of these treatments is

reported to be deleterious for ECM structures, mainly colla@@wong, Wei et al. 2009

The utilizaton of detergents in decellularisation protocols represents the most common
treatment. Detergents are water soluble molecules, able to solubilize the lipid
membrane of cells by incorporation. Lididid and lipidprotein interactions are
disrupted dependig on the detergents usedlonionic, ionic, cationic and zwitterionic
are the detergents referred for decellularisation techniqegham, Fisher et al. 2008
Srokowski ant@lVoodhouse 201)L Specific characteristics of each detergent such as size,
charge and denaturation potential will influence membrane disruption, tissue

penetration and interaction with proteins, ultimately having different effects on ECM
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structure and bimolecules. The selection of a single or a combination of detergent

treatment determines the effectiveness of the decellularisation methodology.

Nonionic detergents are considered gentle detergents since are able to disrupt lipid
lipid and proteinlipid but not protein-protein interactions. Some examples are Triten X
100 (octylphenol ethoxylate), Tween 20 and Tween 80. On the other hand, ionic
detergents are stronger, able to completely disrupt cell membranes and denatured
proteins. SDS, sodium deoxycheland Triton X200 are ionic detergents commonly
used in decellularisation protocols. Zwitterionic detergents present properties of both
ionic and noAonic detergents, more prone to denature proteins when compared to
non-ionic ones. They allow the protech of proteins due to net zero electrical charge
of hydrophilic groups. Examples includg33cholamidopropyl)dimethylammoniel-
propanesulfonate (CHAPS), sulfobetairie (SBLO) and-16 (SBL6) (Ingham, Fisher et

al. 2008 Srokowski and Woodhouse 2Q0Keane, Swinehart et al. 2015

An osmotic shock withise of hypotonic and hypertonic solutions can also be included
in the decellularisation protocol. Hypotonic solutions will cause cells to swell and burst
for high water intake and consequent detergent treatment will also enter in the cellular
membrane. Theontrary occur in a hypertonic medium: water move outward and cells
dehydrate and shrink which aid in cellular death and detachment from ECM. Despite
effective cell lysis, residual nucleic acidsh ggmain in the matrixand additional
processing such asneyme digestion are thus requireihgham, Fisher et al. 2008
Srokowski and Woodhouse 2011

Enzymatic treatments are included in decellularisation treatments to aidehwwal of

cellular nuclei residues and proteins. This treatment involves the use of proteases such
as trypsin and dispase or nucleases as DNase and RNase. Trypsin detaches cells from
tissue surface by disrupting cell adherent proteins on the carboxyldfidiee amino

acids arginine or lysine. It can damage the collagen matrix if employed with long
exposure times, however is effective as a decellularisation adjueyer, Chiu et al.

2006). Nucleases are endonucleases capable of hydrolyse deoxyribonucleotide (DNase)

and ribonucleotide chains (RNase). They help in the removal of residual DNA when
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detergent and chemical treatments are not sufficient to remove nuctisdris(Keane,

Swinehart ¢ al. 2015.

Also, chelating agents such as ethylenediaminetetraacetic acid (EDTA) as well as
protease inhibitors (PI) can be incorporated in the decellularisation procedure. EDTA can
inactivate intracellular proteases capable of degrade ECM comport@ntbinding
divalent metal cations such as®and Mg* at celladhesion sites of the ECM. On the
other hand, the presence of released proteases from cell disruption during the chemical
treatments can damage the ECM ultrastructure. For this, the use dasuBh as
phenylmethylsulfonylfluoride (PMSF), aprotinin and leupeptin can limit the activity of
the proteasegMisfeld and Sievers 2007

A combination of agents in contrast with a single treatment has been demonstrated to
present advantages. In general, the following serial steps are part bfp@al
decellularisation protocol: (1) physical treatment or ionic solutions to lyse cell
membrane, (2) enzymatic treatment to separate cellular components from ECM, (3)
detergent treatment to solubilize cytoplasmic and nuclear cell components and, to
finalize (4) rising to remove cell remnants from E@&bkowski and Woodhouse 2011

Still, decellularisation approaches must be optimized for each tissue. Analyses of the
effects on the composition, architecture and function of decellularised ECM will allow

the correct selection of concération and duration of each treatment.

1.5.2.3 Decellularised Heart Valve Scaffolds

The decellularised heart valve scaffolds have been studied as a possible alternative to
the heart valve scaffold replacement. Studies have focused on the evaluation and

performance of the scaffolds vitroandin vivg with and without cell seeding.

Cell seeding anuh vitro culturing of cell seeded scaffolds of decellularised heart valve
allow endothelialisation of the scaffolds as demonstratedSohenke.ayland et al.,
where enzymaticallydecellularised porcinePV were successfully reseeded in a
hydrodynamic bioreactor with ovine cells and a complete preservation of the ECM

integrity was observedSchenke.ayland 2008
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Further studies foreseen the TE of heart valves repopulated with patient autologous
cdls as human endothelial cells and human mesenchymal progenitor cells were
effectively seeded on decellularised porciwé(Bader, Schilling et al. 198&nd(Knight,
Booth et al. 200p

Research in cellonditioning with autologous myofibroblasts and endothelial cells
followed by implantation in sheep in pulmonary position demonstrated vivo

reconstitution of viable heart valve tiss8teinhoff, Stock et al. 2000

However, Dohmen et al. evaluate the neediwofvitro cell seeding on decellularised
scaffolds. After implantation of cell seeded and decellularised scaffolds in sheep model,
the study conclude thian vitrocell conditioning of the scaffolds might not be necessary
(Dohmen, da Costa et al. 200&hdeed, norpreconditioned decellularised porcingV
implanted in a large animal model demonstrate long durability and grow potential after
longterm implantation, as demonstrated by lop et @bp, Bonetti et al. 201 Besdes,
repopulation by endothelial and interstitial cells was observed in decellularised heart
valve implanted in aortic position in juvenile sheep when compared to-treated
valves(Baraki, Tudorache et al. 2009

Further studies by Hopkins et al. test the effect of decellularisation after
cryopreservation in heart valve performance in juvenile sheep. They demonstrate that
decellularisation reduces calcificationcdaipromotes durability and functionality of heart

valve scaffold$Hopkins, Jones et al. 2009

The potential ofin vitro colonization ofhBM-MSC on both porcire and human
decellularised valves was demonstratediby et al.(lop, Renier et al. 2009 n vivq the
capacity of matribguided regeneration by cell repopulatiorf @alvular matrix after
implantation of decellularised pulmonary heart valve allografts in elderly sheep was
studied by Theodoridis et glTheodoridis, Tudache et al. 2016

1.5.2.4 Decellularised Pericardial Scaffolds

Xenogeneic pericardia present good biological and mechanical properties. Currently

they are employed for construction of BHV as well as cardiac patches, vascular stents
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and staple line reinforcem# in cardiovascular and lung surgdMavrilas, Sinouris et

al. 2005. The development of new pericardiuvbased BHV for transcatheter
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preference for these tissues rely on their availability and rigorous quality control of
producing farms (Gauvin, Mamov et al. 2013 A further advantage of pericardial

scaffolds is the amenability, since there are no anatomic restrictions as the ones
associated with homograft valves geometry. Despite the properties of the pericardium

currently applied for the constation of the BHV, failure is caused by calcification and
mechanical induced fatigue damage, having a limited durability of an avera@® 10

years(Mirnajafi, Rayner et al. 200h

Indeed, bioprostheses for heart valve replacement are composed mainly by GA fixed
porcine and bovine pericardium sheets. Fixation with GA improves biomechanical
performance of the tissue and reduce biodegradability, while masking imgemio
epitopes that can cause severe immune rejection. However, GA treatment has been
associated with acceleration of calcification processes and cytotoxic effects are related
with residues of GA in the tissue that prevent cell attachment, migration and
proliferation. The crostinking of the tissue also reduces the ability of regeneration
vivo. This drawbacks lead to a loteym failure of GAixed pericardial scaffoldgémi,

Khelil et al. 2011

Porcine pericardium has the major advantage of lower thickness, while for bovine tissue
is pointed the good mechanical properties. Bovine pericardium matrix is composed by
90% of cdhgen type |, GAS; proteoglycans, cells and interstitial fluid. An amorphous
matrix with collagen fibres and elastin can be observed histologically, while mechanically
is characterized by a ndimear and anisotropic behaviour. Porcine pericardium is
composed mainly of collagenous proteins, proteoglycans and structural glycoproteins
(Aguiari, Fiorese et al. 20L& he clinical application of pericardial scaffolds is mainly in
the cardiovascular field as vascular grafts amedrh valves(Schmidt and Baier 2000
(Matsagas, Bali et al. 20p@/esely 2005 Peicardial patches have also been used for
abdominal(D'Ambra, Berti et al. 20)2nd vaginal wall reparatiofLazarou, Powers et

al. 2005 and tracheoplastfDodgeKhatami, Tsang et al. 2000n Tablel.1 are listed

some of the applications gsericardium.
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In summary, bovine and porcine pericardial tissues possess the characteristics to
manufacture BHV as well as other tissues for applications in the cardiovascular and
clinical field. However, the risk of zoonosistdl present. In bovine tissues, questions
were raised related with the possible risk of patients develop@rgutzfeldtJalob
disease after implantation of these tissuggusiner 1998 Harvesting of material from
FENXYa €t20FG6SR Ay GLINAR2Y T NFBSiéns wilR avgidi NA S &
contaminations from this disease. Furthermore, an open issue is remaining: the
durability of devices made from bovine and porcine scaffolds. The durability is
dependent on the processing of the tissues as fixation, anticalcification tredtme
sterilisation and preservation, that are usually trade secrets of compa@esivin,
Marinov et al. 201B Decellularised pericardium demonstrate to maintain mechanical
properties, as well as major components of its ECM such as collagen and proteoglycans
as GAGessential for cell attachment and proliferatiofCigliano, Gandaglia et al. 2012

(Rémi, Khelil et al. 201Aguiari, Fiorese et al. 2016
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Tablel.1 Applications of pericardial tissues for medical devices. Adapted(Rémi, Kheligt

al. 2012
Pericardium Surgical fields Product Company
source
Soft tissue repair -Peripatch® Implantable Neovasc,
Hernia repair surgical tissue Maverick Biosciences PTY Limited,
Abdominal & thoracic -TutoMesh® Tutogen medical GmbH, RTI Biologics,
wall defects Medé&Care,
Biovascular Inc,
Novomedics
Strip reinforcement -Veritas Peristrips® Dry Synovis Life Technology
Orbital repair -Tutopatch® Tutogen medical GmbH, RTI Biologics,
-Ocugard® Medé&Care,
Biovascular Inc,
Novomedics
Dural repair -Lyolem ®r All BP National tissue Bank Malaysia
Perivascular Patch -Peripatch® biologic Neovac
vascular patch
Cardiac reconstruction -Peripatch® Implantable Neovasc, Maverick Biosciences PTY
Bovine or and repair Surgical Tissue Limited
porcine  Heart valve -PercevalS® aortic valve Sorin group
replacement -Mitroflow® pericardial
aortic valve “
-Freedom solo® Edwards Life Sciences
-Carpentier-Edwards
PERIMOUNT® Magna
EaseAortic Heart Valve
-Carpentier-Edwards
PERIMOUNT® Magna
Mitral Ease Heart Valve
-Carpentier-Edwards
PERIMOUNT® Theon
Aortic Heart Valve
-Carpentier-Edwards
PERIMOUNT® Theon
Mitral Replacement
System
Equine Tendon repair -OrthADAPT® Synovis Life Technologies Inc
H Valvuloplasty -Xeno or (tissue bank) or Lausberg et al, 2006
Heart valve autologous grafts Mirsadaee et al, 2006
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1.6 Heart Valvdissue Banking

Currently, the heart valves stored in tissue banks are cryopreserved homografts from
human donors with an age range from ndawrns till around 65 years olth an overview

of European Homograft Bar{EHB)activity during 20 years, 8.911 donor valves were
evaluated and only 5.258 valves (1.996 aortic, 3.189 pulmonary and 73 mitral) were
cryopreserved and storedrrom these, 4.516 valves (1.391 aortic, 2.620 pulmonary and

48 mitral) were implantedJashari, Goffin et al. 2010

According to EHB regulations, tissue donors range from Hesating multiorgan
donors (MOD), recipients of heart transplantation (RHT) anmh-heart-beating
deceased persons (NBHD) (cadavers). The donor medical status is reviewed and several
diseases and/or contaminations are exclusion criteria for the donors of the
cardiovascular tissues. Screening is focused on transmissible diseasessstid¥ a
(human immunodeficiency virus), AIDS (acquired immune deficiency syndrome),
hepatitis B/C, syphilis, enteroviruses, Q fever, malaria, active infection, cancer and West
Nile virus among others. Tissue morphology is verified for any malformatiorateiat
atheroma and/or calcification sites. Cardiascular or transplant surgeons are
responsible for tissue procurement, performed in sterile conditions for the first two
tissue donors (MOD and RHT) and clean conditions for the cadaver donors (NBHD).
Tisue is transported in sterile triple bag to the tissue bank filled with transporting
solution (tissue culture medium (TGM9), Ringer or saline 0.9% solution) in a box
maintained between +2 °C and +8 °C with wet ice. In the tissue bank, two consecutive
and independent sets of dissection, morphological evaluation and measurements of
valve diameter and length of arterial conduit are performed in sterile conditions. The
selected tissues are then incubated in antibiotics cocktail (depending on the tissue bank,
the treatment can have a duration between -T2 h in different formulations of
antibiotics cocktail) and then processed for cryopreservation. Following the
decontamination with antibiotic cocktails, the valves are cryopreserved with liquid
nitrogen to-100 °C. The tissues are then stored in liquid nitrogen vapours bdlst°C

for a maximum of 5 yeardashari, Goffin et al. 201Beng, Albrecht et al. 20).30nce

cryopreserved,virologiG bacteriologic and histological assessment of the samples
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collected from both the patient and the homograft are performed. Donor blood is
screened for hepatitis B and C, HIVLMThuman Tell lymphotropic virus), syphilis,
malaria, viral myocarditis, enteroviruses and active tuberculosis. The regular
microbiological (aerobic and anaerobic bacteria, as well as yeasts and fungi)
examination is performed in three solutions empldy& the procedure: transport,
decontamination and preservation solutions. Finally, histological examination of
selected sections of myocardium, aortic and pulmonary trunk and posterior mitral
leaflet are performed to quality evaluation and to exclude ahgease or evaluate
possible infections of the homograft. The tissue approved for implantation is
transported to the implantation centre at low temperatures (dry ice-&b °C or dry
shipper at-150 °C)Jashari, Van Hoeck et al. 2004shari, Goffin et al. 201@an Kats,

van Tricht et al. 201,@le By, Parker et al. 2012

In heart valve banks, 15% of tissues are rejected due to contamination or are not
appropriate for clinical us€Tablel.2) (de By, Parker et al. 201Rleng, Albrecht et al.
2013. Other reasons for discarding homografts are their unsuitable morphology and
positive serolog from the donor. In addition, during processing of the biological
material, tissues can be contaminated by external facf@ebaku, Jashari et al. 2004
Eastlund 2006 Indeed, a high rate of contamination in pasiortem retrieval of valves

was observed (54%) when compared to multi organ donors (1&#l), Smith et al.
1995. In a recent report by Germain et al. where bioburden analysis performed in
cardiac valves determined thabtaphylococgiPropionibacterium Streptococciand
Escherichia colvere the most commom contamination bacteria whil€andidaspecies

was the predominant fundiGermain, Strong et al. 2016
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Tablel.2 Heart valve discards in cardiovascular banks. Adapted (denBy, Parker et al.

2012,
Heart valve discards in 2010, average % of all cardiovascular banks
Not selected because of: % of received hearts
Medical history 32.7
Serology 4.2
Microbiology Bacteria 10.7
Multi resistant bacteria 0.4
Fungi 32
Not specified 0.1
Suspected 0.35
Total microbiology 5.9
Morphology 35.8
Technical 7.3
Other or unknown reasons 7.8

The decontamination methodologies applied in the 17 European cardiovascular tissue
banks are variable in terms of decontamination cocktail formulation: 25 antibacterial
and antifungal compounds have been repor{ee By, Parker et al. 20LZurthermore,
substantial differences were observed for incubation time, a range-62 & and
temperature, from 4 °C to 37 °C. However, a study by Germain et al. demonstrate that
bioburden reduction was more effective if incubation with antibiotics cocktail was
performed at 37 °Q@Germain, Thibault et al. 2010

Among the antibiotic and antimycotic formulations and spectra of activity, the most
common ones contained: vancomycirh-lactams, polymyxin, gentamicin and
Amphotericin B. Vancomycin acts specifically against Gasitive bacteriab-lactams

(e.g. Cefoxitin) have a broad spectrum (Gfaositive and;negative as well as anaerobic
bacteria), polymyxin for Gramegative, getamicin with broad activity of both Gram
positive and ¢negative and, finally, antifungal for contaminants @sandidaand
Aspergillusspp. (Pitt, Tidey et al. 2004 The use of amphotericin B in the disinfection
cocktail was discontinued in some tissue banks after reports of damages in cells and
tissue viability were presente(Brockbank and Deson 1993 (Villalba, Alonso et al.
1995 (Heng, Albrecht et al. 20).3

Other tissues besides heart valve homografts processed by tissue banks were referred:

arteries, veins and pericardium. The requetaderial grafts is increasiragnd also veins
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requested for shunts in access surgery and pericardium applied in cardiothoracic

operations as patching material for bridge of larger g@esBy, Parker et al. 2012

Tissue disinfection and sterilisation are mandatory to improve the safety of both
homografts and xenografts to avoid the risk of infectious diseases transmission

compromising their applicatio(Eastlund 2006Heng, Albrecht et al. 20).3

Different disinfection and sterilisation techniques have been used in the field of tissue
banking, but the bulk information igsurrently concerning only effectiveness and
consequences associated with storage of native human tissues. A small number of
reports have focused on decellularised human and animal tissues and few studies have
been reported on decellularised animal hearalwes and pericardium. Clinical
application of new tissuengineered scaffolds, especially of xenogeneic origin, requires
optimized and rigorous method&ilbert,Sellaro et al. 2006chmidt, Stock et al. 2007
Delmo Walter, de By et al. 2012

1.7 Disinfection &SterilisatiorMethodologies

1.7.1 Disinfectim

Disinfection procedures generally applied for medical devices in contact with mucous
membranes or skin aim to reduce the bioburden present in materials, bubaffective

in completely eliminate all microbial forms, as bacterial spqf@s, Sun et al. 2011
Rutala and Weber 20)3Methods commonly applied in clinical practice include
different cocktails of fgh-spectrum AA to inactivate the majority of contaminants
present in the tissues. For heart valves stored in tissue banks, vancomycin, gentamicin,
cefoxitin and amphotericin B are the most commonly used for the decontamination of
homografts(Tablel.3) (Heng, Albrecht et al. 20).3
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Tablel.3 Types and concentration rangeAfused in tissue banksdapted from(Heng,

Albrecht et al. 2013

Antibiotics & . Concentration
) ) Action

Antimyootics (ng/mL)

Vancomycin Grant Bacteria 50-500

Gentamicin Gram Bacteria 18-4000

Cefoxitin Grant, Gramand Anaerobe Bacterii 240

Amphotericin B Fungi 2.550

Antibiotics act on microorganisms by inducing cell death (bacteriddays) or by
inhibiting cell proliferation (bacteriostatic drugs). Both types operate by inhibiting DNA
and RNA synthesis, damaging cell wall integrity or affecting protein synthesis by

microorganismgKohanski, Dwyer et al. 2010

Despite the effetiveness and their null effect on the original tissue struct(@dbert,
Sellaro et al. 2006and function, a critical point in the utilization of antibiotic and
antimycotic cockdils is represented by the remaining of potentially toxic chemical

residues inside the treated scaffolflseeming, Lovering et al. 2005

1.7.2 Steriligtion

Differently form disinfection, terminal sterilisation provides complete elimination of any
microorganisms, including highly resistant bacterial endosp(as, Sun et al. 2031t
represents a mandatory procedure for medical devices since any microbial
contamination could potentially result in disease transmisgiutala and Weber 20).3

The effectiveness of a sterilisation process is measured by the sterility assurance level
(SAL), which is the probability of a single unit of being-stenile. For medical devices,
SAL should be particularly low (60a chance of one in a million to be not sterile). For
biological tissues, since some sterilisation procedures can be harsh and affect their
functionality, an higher SAL (%Dis considered as an adequate sterility le§@iu, Sun

et al. 201). In fact, most of sterilisation procedures can potentially cause a significant
change in the physical and mechanical properties as well as in the structures of th

materials, compromising their performance and saf@t\atuska and McFetridge 2015
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Sterilisation procedures should also be tailored in order to fulfil the requirements of
standards and guidance documents reported for specific sterilisation procedures in
European Pharmacopeia, European Agency, FoodDand Administration (FDA) and

ISO (International Organization for Standardization) Standards.

The sterility test of the materials treated with sterilisation techniquepermit the
evaluation of the effectiveness of the treatment in that material. Furthere, it is also
important the qualification and quantification of the contaminants in ttest material
since the sterilisation procedure can be tailored specificallgccording to the
microorganisms present in the scaffdldioburden) Sterility assessmertan be tested
following European Pharmacopoeia guidelines: 2.6 Biological Te2t6.1 Sterility
(Commission 2005 In this test, the sample or the rising solution of the sample are
inoculated in two different mediaThioglycolatemedium or soyebean casein digest
medium) that promote microorganism growth. If no grow of microorganisms is
observed #er 14 days of incubationthe sample in test is sterile, otherwise if the
medium reveals turbid, the sample is contaminateéor quantification of
microorganismsthe MPN method can be applied. This method enable the estimation
of the bioburden concentiigon present inthe materialusing a sample of the rising
solution. It is a rapid method, since it does not require counting of colony forming units
(CFU)n agar plates. The test is performed by making replicates of the liquid broth in
serial tenfold dilutions. After incubation and record of contaminated/non
contaminated samples, the bioburden concentration is estima{&aitton 2010.
Regarding identification of microorganisms, a simple and reproduablaique can be
applied: MALDTOF mass spectrometry. This technique is accurate, rapid and permit
the identification of bacteria, fungi and mycobacteria in the microbiology field.
Commercial databases and interpretive algorithms enable the identificatican wide

spectrum of clinically significant microorganis(iiirray 20132.

Terminal sterilisation methods consist mainly of physical and chemical treatments.
Physical methods can include the use of ionizing radiation, sughrieiation and E
beam, which act by emission of highergy photons and electrons that act on the DNA

of microorganisms. Chemical methods comprise the use of sterilant solutions, such as

PAA, or gases, as ethylene oxide, supercritical &d gasplasmatreatment. The
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procedure comprising these treatments require optimisation in terms of sterilant agent
concentration, temperature and pressure, in order to achieve the complete elimination

of microorganismgQiu, Sun et al. 2031

1.7.2.1 Peracetic Acid

PAA is a strong oxidizing agent, possessing bactericidal, fungicidelidal and
sporicidal properties. PAA allows the elimination of several micerusgns, such as
vegetative bacterial cells, endospores, yeasts and mould spores, through the oxidation
of their cell membrane or capsid. The rapid penetration of PAA into the microorganisms
together with its oxidizing potential, are linked to the PAA é$iation efficiencyQiu,

Sun et al. 2011 Treatment with PAA has been reported to be compatible with biological
tissues, such as skin graftsomas, Huang et al. 2004endongrafts(Zhou, Zhang et al.
2014) andsmall intestine submucos&I$ (Freytes, Badylak et al. 200Z oxic residues

are less problematic compared to other treatments, since PAA degrades rapidly into
acetic aa, oxygen and watgQiu, Sun et al. 201 Delgado, Pandit et al. 20L£ffective
sterilisation was achievedn PAAtreated decellularised tendon grafts, with no
observable cytotoxic respongkluang, Ingham et al. 20L3Moreover, PAA treatment

has been combined with ethanol for s§lRossner, Smith et al. 201 bone(Pruss, Gobel

et al. 2003 and bladder(Rosario, Reilly et al. 20P8terilisation. Further studies have
focused on the effectiveness and the possible detrimental effects in EQbtiste and

biocompatibility of soft tissues after treatment with PAA.

A report by Farrington et al. evaluate six treatments on ovine valves: heat, PAA (0.35%
and 0.21%), chlorine oxide, a surfactant cleaning agent and a solvent/detergent. PAA
0.21% treamnent for 20 minutes provide satisfactory microbial actioend no effects on
extensibility and minor effects on the elasticity of the valves were obsgifvadington,

Wreghitt et al. 2002

Another study by Lomas et al. treated cryopreserved skin allografts with PAA to achieve
high disinfection and tissuesere then preserved in high concentration of glycerol or
propylene glycol. PAA treatment did not render the grafts cytotoxic and- pro

inflammatory(Lomas, Huang et.a2004.
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stress were reported by Lomas et al. after treatment with 0.1% PAA in ter{ionsas,

Jennings et al. 2004Further studies by Huang et al. in decellularised and PAA 0.1%

treated tendon scaffolds demonstrated no contacytotoxicity and no significant

denatured collagen increase, while collagen waveform was slightsefem (Huang,

Ingham et al. 2013

Structure of polymeric scaffolds (poly{Dlactieco-glycolicacid) was observed after

several sterilisation treatments (ethanol, PAA, UV irradiation and antibiotic solution) by

Shearer et al.. Results revealed deformationghe scaffold surface after SEM analysis,

whereas little change was observed in breaking stress and insignificant reduction in
,2dzy3Qa Y2Rdz dza 2F t ! ! (Shearel, Hli§ atal2@péd A 0a ( NB I

1.7.2.2 ¢ Irradiation

ocirradiation is the most reliable sterilisation method to date due to its high efficiency
and the lack of chemical residues and radioactivity that can cause cytotoxicity. In wet
specimens, such as biological tissueggirradiation from °Cobalt source splits
polypeptide chains that cause release of free radicals via radiolysis of the water
molecules.In addition, this method can be performed with the material in its final
packaging repesenting an advantage for medical materials and devitesnbert,
Mendelson et al. 2001 Nevertheless, it triggers crodéisking reactions in the collagen
molecules of the tissugdNguyen, Morgan et al. 200 Delgado, Pandit et al. 20},4
leading to structural damageand alterations in the biomechanical properties of
different tissues, such as tendon allograftSonrad, Rappe et al. 2018nd bovine
pericardium (Hafeez, Zuki etla2005. Several studies have been focused on the

detrimental effects ofirradiation treatment in biological scaffolds.

Decellularised heart valves treated with dosages of 1, 3 and 10 kGy, were reported to
present contaminants in the ones treated wilbw-dosage (1kGy) and decreased

strength was observed with increase of radiatigtelder, Hennessy et al. 20116
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grirradiation treatment in acellular human tissumatrix cause ECM structural damages
as collagen condensation and fragmentation of collagen fibres, while tensile strength
and elasticity were also reduced with the increasing of the dosage. However, it did not
affect in vitro proliferation of fibroblastcells (Gouk, Lim et al. 200§Sun and Leung
2008. Allograft tendon treated with 50 kGy was reported to maintain mechanical
properties similar to the ones treated with8 kGy(Grieb, Forng et al. 2006while
strength and stability were reported to increase in 50 kGy treated tendSeto, Gatt

et al. 2013

Degradation in collagen bone allografts was observed and decreased mechanical
properties were reported for cortical bone ab® 25 kGy treatment and above 60 kGy
for cancellous one. Also, osteoclast activity was reduced when cultured in irradiated
bone slices and bacterial products remain after irradiation cause inflammatory bone

resorption after macrophage activatiqhlguyen, Morgan et al. 200.7

Terminal sterilisation witlggirradiation is recommended to be performed at a minimum
dose of 25 kGy. f 1 K2dz3K GKA&a R2al3S NBLINBaSyita GKS
tissues as bone, cartilage, tendons pericardium, skin and acellular dermis, high dosages
of girradiation can evke several chemical and physical changes that affect the
biological quality of tissue allografts, as previously referred. For this reason and to match
quality assurance standards and validation procedures, the standard dosage should be
reduced, while mairdining a SAL of fO(Nguyen, Morgan et al. 2007Dziedzie
Goclawska, Kaminski et al. 200Reports on bone allografts treated with a lower dose
revealed the achievement of the required SAL, whiigaintaining mechanical integrity

and biocompatibility(Balsly, Cotter et al. 2008Iguyen, Morgan et al. 201Nguyen,
Cassady et al. 2013

1.7.2.3 Ethylene Oxide

Ethylene oxide (EtO) is a leemperature sterilant gas that affects the normal cellular

metabolism and replication of microorganisms by causing thdifitation of proteins,

DNA and RNA by alkylatiosome disadvantages have been reported, including

denaturation of the structural ECM proteins such as collagen and residual toxicity
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(Lambert, Mendelson et al. 201Qiu, Sun et al. 20)1Removal of EtO and its toxic
derivatives, such as ethylene chlorohydrin and ethylene glycol, has been reported to be
mandatoryto ensure safety of medical devices. Furthermore, during EtO treatment it is
important to ensure the appropriate diffusion into the tissues and the proper aeration
of the specimen at the end of the procedure in order to guarantee the complete removal
of E© residuegMendes, Brandao et al. 200Matuska and McFetridge 2015

1.7.2.4 Supercritical CO

During supercrital CQ (SCCQ) sterilisation, C®reaches the supercritical state as a

NEadzZ G 2F I O2YoAylidiAzy 2F ALISOAFAO (SYLISNI
(Figure1.24). This type of sterilisation has the advantages dfemtment with both

gaseous and liquid physical state, such as the viscosity of a liquid and the transport
efficiency of a gas. It can be performed at relative low pressure and temperature, which

renders it suitable for the sterilisation of biological tiss. However, SCQ treatment

requires well defined conditions of temperature (31.1 °C) and pressure (74 atm) and its
effectiveness against some bacterial endospores and virus alone is not sufficient for
terminal sterilisation(Qiu, Sun et al. 2031 SCCQ treatment does not result in

permanence of toxic residues in the treated materials, since they can be easily removed

by depressurization andut-gassingWhite, Burns et al. 2006

The effectiveness of this method can be further enhanced by the utilization of liquid
sterilants, such as peracetic acid, hydrogen peroxide and eth&io| Sun et al. 201
Reports in the literature have presented encouraging results with bone allografts
treated to terminal sterilisation with SCQ alone and S€CQ with liquid sterilants;
results demonstrated tht intrinsic mechanical properties of the allografts were

maintained(Russell, Rives et al. 2015
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Figurel.24 Phase diagram of GQAdapted from(Qiu, Sun et al. 20)1

1.7.2.5 Plasma Treatment

damages on the DNA strands of microorganisms,

Plasma is an ionized gas generated by the application of electric current or
electromagnetic radiations oa specimen to produce excited atoms and molecules

(radicals). Ultraviolet (UV) irradiation, generated from excited molecules, causes

followed by intphsio desorption

and etching of pathogens due siomic and molecular radicaBnd excited molecules

within the plasma fieldFigurel.25) (Qiu, Sun et al. 2031
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Figurel.25 Schematic representation of the elimination of the microorganisms during the
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Although the effective elimination of the microorganisms with plasma treatment
requires further investigations, the products of the treatment are fioric elements,
such as C£and water. Besidest can be perfomed at low pressure and temperatures.
Human and animal skin tissues for wound and burn treatment have been sterilised in
hospital facilities with nofthermal (low temperature) plasma discharges with minimal
tissue damagéDe Geyter and Morent 2018bary, Zimmermann et al. 2003 hus, this
procedure could potentially be a viable alternative to the classicalilisation
techniques(Moisan, Barbeau et al. 200Tendero, Tixier et al. 200®iu, Sun et al.
2011). However, the technique has been reported to be efficient only with thin
materials, whereas it involves a complex process for moist matébalgado, Pandit et
al. 2019 and presens difficulties for perform the process in packaged itgfMsisan,
Barbeau et al. 2001

1.8 Summary

Theutilization and consequences of the abenentioned disinfection and sterilisation
methods have been extensively described in the literature for the treatment of some
native cardiovascular tissues. Up to date, few studies could be on the contrary tracked
regarding their effects on decellularised scaffolds. However, the application of such
methods onxenogeneicdecellularised scaffold to employed in the construction of
cardiovascular substitutes can be well assumed to have the same drawbacks observed
on natve tissues, including partial/ineffective sterilisation, toxic chemical residues and
damages in the ECM proteins. These drawbacks can potentially lead to cytotoxicity of
the implanted graft, the onset of calcification, tissue degeneration and graft reptur
leading to poor durability and hemodynamic performance and eventually failure of the

graft (Heng, Albrecht et al. 20).3

The development of ofthe-shelf, safe and functional cardiovascular substitutes
composed of decellularised human or @al tissue is largely dependent on the

development of optimised sterilisation procedures.
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1.9 Aims and Objectives

This PhD project aims to investigate novel and/or optimise conventional disinfection and
sterilisation methods for decellularised scaffolds.eThim is to identify optimal
technologies that will ensure the safe clinical translation of decellularised pericardium
(porcine, bovine). The developed technologies can also be used with human tissues and
scaffolds. The work focused on disinfection methosith AA possessing a high
spectrum of action able to inactivate the most types of contaminants, as well as terminal
sterilisation treatments, includin@AAand g-irradiation treatment. The establishment

of the most favourable methods will take in consideration the effectiveness of
disinfection and sterilisation together with the minimum effect on the biomechanical,
biochemical and biological properties of thesties and the practicality in tissue banks.
The results outline the optimal procedures for treating the different tissues, as well as

specific differences between species.

The major goal of thisPhD project is the development/optimisation of appropriate
disinfection/sterilisation methods for porcine and bovine decellularised scaffolds. The

work conducted in the project focused on the following objectives:

1 Decellularisation of different tissues, including porcine and bovine pericardium
(in-houseTRICOlprotocol (Spina, Ortolani et al. 200)3

1 Assessment of decellularised scaffolds in terms of ECM integrity (histological,
biochemical, biomechanical and surface analysand biocompatibility
(cytotoxicity evaluation);

1 Development/optimisation of disinfection and sterilisation methods tailored for
decellularised tissue scaffolds;

1 Evaluation of the sterility level of each sterilisation method;

1 Qualification and quantifettion of contaminants;

1 Assessment of the effects of the sterilisation treatments on the scaffolds in terms
of ECM integrity (histological, biochemical, biomechanical and surface analysis)

and biocompatibility (cytotoxicity and cytocompatibility evaluation)
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2.1 Animal Tissues

Porcine pericardia were obtained from local slaughterhouse (Macello F.lli Guerriero,
Villafranca Padovana, Padua), frorl® months old animals (Durgags) with weight

ranging 165175 kg. Bovine pericardia were obtained from 8 months old animals
(Piebald calves) in a local slaughterhouse (Bugin S.r.L, S. Maria di Sala, Venice) within 2h
after animal slaughterf( m T J). Ti§stes were immersed in phospiauffered saline

(PBS) until arrival in laboratory. Follow dissection and isolation of tissue and further
rinsing in PBS for blood washout was performed on both tisskegure 2.1). Fat
adherences were removedith help of scissors and tweezesad the tissue kept wet

during all the processing time.

Figure2.1 (a) Dissection and isolation of porcine pericardia from porciaet;h@) isolated
porcine tissue{c) rative bovine pericardiavith reference of interest area by suture points.

2.2 Decellulagation Protocol

Porcine and bovine pericardiaere decellularised witta decellulariation procedure
RSOSEt2LISR Ay tNRTFTS&aa2N) DSNR al QGroug, CadeR A 2 O a4 O
TRICOL and based on TRITON x100 and ch(datiern, Ortolani et al. 2003solated
pericardiawere kept in bottles of 200 mL or 400 mL accordimghe amount of tissue
G2 0SS RSOSt t 340D ND. BréR, péricardialpatches Yiave been treated
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with alternated hype or hypertonic solutions, TRITONIRO (0.1¢ 1%) and 10 mM

sodium cholate. All the extractions were carried out in a degdssolution containing

10 mM sodium ascorbate and 5 mMBDTAInder N atmosphere and continuous stirring.

Residual nucleic acids have been digested using 330 2Uédnthe nonspecific
SyR2ydzOt S48 . Syl 2yl aSu |4 o1 oterilizédébgxy OS T2 NJ
filtration across Filtropur filters of 0.20 um pore size (Sarstedt, Numbrecht, Germany).

The decellularised bovine (BPD) and porcine (PPD) pericardial patchesesgomed

differently according to the experiment to be performed:

1 Isolation with 12 mmdiameter circular biopsy punches (disinfection and
sterilisation tests, histological analyses and SEM);
f 6 cntrectangles (biochemical and biomechanical assays);

1 Isolationwith 5 mmdiameter circular biopsy punches (cytotoxicity tests).

2.3 Sterlisation Assessment Methodology

To the aim of assessing the sterility effectiveness of the protocols in development as
well as identifying and quantifying the residual bioburden, a sterility assessment
protocol was developed. This protocol comprises thefiation of the sterility and the
identification and quantification of the residual bioburden, achieved through the

methodologies herein described.

2.3.1 Sterility Tesand Quali/Quantification of Contaminants

Sterility was evaluated according to guidelinéshe European Pharmacopoeia 2.6.1 for
biological specimengCommission 2005 Samples were inmlated in two different
bacteria media:Thioglycolate(Thio) medium and Tryptone soya broth (TSB). Thio
medium is intended for the detection of anaerobic bacterdiile TSB is suitable for
culture of both aerobic bacteria and fungCommission 2005 Both media were
prepared and sterilised by autoclaving at 121 °C for 20 min. Media were storedCat 4 °

for maximum 1 month. Samples were immersed in Thio and TSB and incubated at 30
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35°C and 225 °C, respectively. After 14 days of incubation, turbid medium was

indicative of contaminated samples, while sterile samples resulted in clear medium.

On contamimted (turbid) samples, identification of contaminants was carried out by
aseptic inoculation of positive Thio and TSB media on chocolate agar plates. Chocolate
agar is an enriched medium, recommended for growth of fastidious microorganisms
that require speific supplemented media. After inoculation with inoculatioop of the
contaminated sample, the chocolate agar was incubated betwee#@at 37 °C until

bacteria growth was observed.

Chocolate agar plates were incubated at 37 °C betweed84. After bacteria grow,
plates were brought to Department of Microbiology and Virology of the University of
Padua where pathogen identifitan was performed by MALEIOFRNass spectrometry.
MALDITOF is a technology capable of identify specific biomoleculescoflescterium,

comparing the spectra of the tested sample to a dedicated database.

2.3.1.1 Most Probable Number Method

Estimation of residual bioburden concentration was performed on a sampling the last
washing step solution, through thPNmethod (Sutton 201(. This method is based

on serial teAfold dilutions of the contaminated sample to be tested, as showFigpire

2.2. As the number of dilutions increases, the number of microorgrasiis so low that

the possibility of inoculation wit A O NP 2 NHekrgakes. Yiie degree of dilution at
which absence of contaminants begins indicates that the contaminants are diluted so
much that the medium ultimately fails to be inoculated with amycroorganism.
Effective estimation of bioburden is obtained checking the positivity (turbidity) on

triplicate samples for each dilutiofdutton 2010).
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USFDABacterial Analytical Manual (BAN).S. FDA BAM Appendixdovides a MPN

table (Table2.1) that could be employed for the estimation of the MPN when employing

three dilutions in sequence (#0102, 10%). To increase the accuracy of the estimation,

we performed a wider set of tefolds dilution (10*- 10®) and the MPN calculations

were perfamed using a dedicated Excel spreadsheet, as described in Jarvi§)atvéd,

Wilrich et al. 201D

Table2.1 MPN table for a threeeplicate design test of a sampieK S NB

GLR2AaAGADS

indicate the nmber of positive samples for each dilution in triplicates that can be 0, 1, 2 or 3.

Adapted from(Sutton 201Q.

Positive Tubes Positive Tubes

01 | 0.01]0.001 . MPN | 95% Confidence Range 0.1 | 0.01 | 0.001 | MPN | 95% Confidence Range
0 0 |0 <30 o095 T2 2 o 121 4542
o 0 1 3 01596 2 l2 11 28 lsresa
o 1 0 3 015N 2 |2 |2 |35 (8794

0 1 1 81 1218 " 2 |3 |0 |29 |s7e4a

o |2 Jo 62 |12-8 2 |3 |1 3 8794

0 (3 0 |94 3638 3 0 |0 23 4594

1 (o (0 36 01718 ERRT R 38 | 8.7-110

1 0 |1 72 (1318 B 3 0 |2 64 | 17180

1 o 2 11 3638 3 |1 |0 |43 |9-180

1 [+ o 74 1320 3 1 1 75 | 17-200

11 11 | 36-38 3 1 2 120 |37-420

1 12 o 11 3842 3 1 |3 160 |40-420

1 2 |1 15 45-42 i 3 2 (0 193 |18-420 )

1 |3 0 16 | 45-42 3 2 1 150 | 37-420

2 0 0 92 |14 3 2 |2 210 |40-430

2 0 1 14 3642 3 2 |3 290 |90-1000

2 (o 2 20 | 4542 3 3 |0 240 |421000

2 11 0 15 3742 '3 3 1 460 |90-2000 o
20 20 | 4542 3 3 2 | 1100  180-4100

2 1 2 a7 lsrea 3 8 13 | >1100 ] 420-4000
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Decellularised scaffolds in study were inoculated directly in Thio and TSB medium, while
the rinsing solution (usually PBS) in which the tissues were stored analysed for
bioburden quantification by inoculation in Thio medium. A sample of the rising solution
was inoculated in Thio medium and serial tenfold dilutions were perforrragli(e2.2).
Positivity was recorded by turbidity of the media after incubation betweerl2h at

37 °C. The serial tiold dilutions performed in the 96 well plate, dilution factor, volume
inoculated and number of replicates used were intuodd in the Excel spreadsheet.
With this input data was obtained the MPN value and the relative 95% confidence

interval (ClI) Figure2.3).

Calculations for the MPN value follow the general formtla

B 04 ,whereexp(x) mean® ' YR < RSy2i(iSa G§KS SadAYl (iSR
value), Qthe number of dilutions;Q number of positive (or growth) tubes in th®

dilution, & the amount of the original sample put in each tube in tMilution ando

the number of tubes in th&lilution. This equation can be then solved by iteratfonS.

Food and Drug Administration, BAM Appendix 2
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Figure2.3 GeneraExcel file for the MPN calculation.

2.3.2 Controlled Contamination

In order to prove the effectiveness of the sterilisation protocols developed, a controlled

contamination (CC) method with known pathogens was established.

The bacterial strains used for th€C of the scaffolds were obtained from the

Department of Microbiology and Virology of the University of Padua or from ATCC.

Strains ofEnterococcus faecal§rantz ! ¢ / / t Esctwichia coleam, ATCC®

0 p H MYy x StaphylgcBecus aureySrant, ATCC& pHmMon 0 GSNBE O2ftft SOG.
plates after overnight (ON) grow and brought to the laboratory. StrairBagillus
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rehydrate the pellet while mixing. Followirggepticallytransfer of this aliquot to sterile
TSB and further mix of the suspension was performed. Expansion of bacteria was
performed ON at 37 °C.

Quantification of bacteria was performed by spectrophotometer analysis of turbidity.
McFarland Standards can be usedafiproximate the concentration of cells or bacteria

in a suspension as can be observedaile2.2 (Acharya 201p

Table2.2 McFarland Standards table. Adapted fré¢acharya 201p

McFarland Standard No Approx. cell density (1x8CFU/mL)

0.5 1.5
1 3.0
2 6.0
3 9.0
4 12.0

Bacterial strains were inotated in Thio medium and incubated ON at 37 °C to support
the growth of the bacteria. After 24, bacteria hd been quantified by measuring the
absorbance at 600 nm on spectrophotometer; a sample of each suspension was
collected and absorbance was readimdividual cuvette, with Thio medium as blank.
Final absorbance values were collected and an approximation @ fwnL of bacteria
present in the solution were calculated following the McFarland Standards. The bacterial
strains above mentioned were prewed at-20 °C as 1:1 solution (bacterial strain
suspension after ON growth and glycerol tryptose broth). Reactivation of the strains was
achieved byON growth in Thio medium at 37 °C of small amount of stock solution

collected with an inoculation loop.

For one set of samples, bacterial strainStdphylococcus aureusnterococcus faecalis
and Escherichia colwere selected. These strains are commonly isolated from
cardiovascular homografts and are referred as high virulence and opportunistic
pathogens(Villalba, Solis et al. 20LZontamination was performed by incubation
0KS &aOl FT2FRL fab dadhiacteria type during 2 h at 37 °C. Three washes

with sterile PBS in agitation for 30 min each were performed to removeadb@rent

59

R



contaminants. To verify the effective contamination, a sample of the last waph\sas

collected and inoculated in Thio and TSB medium.

For thesamples treated with Sterildion Protocol 2 a further specific bacteria strain,
BacP was added to th€C In this case, the concentration BacPg I a >E€RWw/mI In
addition, the endospre form ofBacP(BacRHS) was obtained performing a heat shock
(HS) by treatment of inoculate at 48 °C for 30 (Mierkli, Heller et al1994) (Movahedi

and Waites 200D Following, washes were performed as referred previously.

After CC porcine and bovine decellularised pericardia were processed for histology as
described in setion 2.5.1 and Gram staining was performed to observe adherence and

distribution of the microorganisms to the surface of the tissues.

2.4 Disinfection &terilisatiorMethods
2.4.1 Sterilisation Protocol 1

2.4.1.1 Antibiotics & AntimycoticGAA)Treatment

An AAcocktailcomprising three types of antibiotics and one antimycotic was prepared
in PBS(Table 2.3). The cocktail wagmployed immediately for tissue treatment.
Vancomycin, Gentamicin and Cefoxitin are antibiotics currently applied iretlsanks

with a high spectrum activity; Vancomycin acts against Guasitive bacteria,
Gentamicin on both Grarositive and¢negative and Cefoxitin has a broad spectrum
activity and acts on Graipositive and¢negative as well as anaerobic. For fungi,
Amphotericin B is the most common antifungal uséeitt, Tidey et al. 2004 The
concentrations of AAs applied were the lower applied in tissue banks for cardiowascula
tissues(Table2.3) (Heng, Albrecht et al. 20).3n order to increase the efficacy of the
AA treatment, the treatment was performed at 37 °C, as previously repg@edmain,
Thibault et al. 2010 Briefly, 1 cm of tissue was treated with 1 mBA cocktail at 37 °C

for 24 h in agitation (400 rpm) on a plate shaker. Then, two washes with sterile PBS (first
30 min, second wash ON) were performed to wash out antibiotic and antimycotic
residues. The treated tissues were thissted for sterility and quantification using the
MPN method.
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Table2.3 AA cocktail concentration.

Type Concentration
Vancomycin 50 mg/L
Gentamicin 80mg/L

Cefoxitin 240mg/L
Amphotericin B 250mg/L

2.4.1.2 Peracéic Acid Treatment

PAA solutions of 0.1% (v/v) and 0.05% (v/v) were prepard@BSand adjusted to pH

7.3 with sodium hydroxide (NaOH). The solutions were sterilised by filtration and used
within 1 h after preparation. Treatment with PAA at both concetibas was performed

on samples previously treated with AA (2 mL/cm2) at 27 °C fionZonstant agitation

(300 rpm)(Wilshaw, Kearney et al. 20P8 hree wahes vith sterile PBS (two for 30 min

and third wash ON) were performed to wash out any PAA residues. Following sterility
assessment, quantification of the microorganisms was carried out as described above.

All sample groups were tested in triplicates.

2.4.2 SerilisationProtocol2

The secondsterilisation protocol was developed testing-irradiation in different
dosages.girradiation procedure was performed in collaboration with the company
Gammatom based in Como, Italy. Tdreradiation dosage acquired byaterials in test

is proportional to the exposition time. As consequence, as higher is the exposition time,

higher will be the dosage obtained by the materials.

PPD and BPDamiples to begirradiated were sectioned as referred previously and
delivered tothe company in 50 or 15 mL tubes w10 cn? of tissue per tube in sterile

t.{ AY R2dzofS LXIFIadGAO ol3ad wp | D& Aa GKS
for sterilisation of medical devices. This dosage often results in damages of the ECM and

for this reason lowerrirradiation dosages were tested: 15, 10, 5 and 1.5 kGy. 25 kGy
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was employed as negative control. Except for the treatment that was performed at RT,

all samples were kept or shipped at refrigerated conditions.

2.5 Tissue Assessment

Shce sterilisation procedures are known to cause structural damages and interfere with
biocompatibility of tissuesbesides the verification of sterility and quali/quantification

of contaminants, AA+ PAAtreated and girradiated PPD and BPD samples were
subsequently assessad terms of ECM structure and organization, surface topology and
in vitro cytocompatibility and cytotoxicity. Histological and SEM analyses provided an
overview of the general ECM histoarchitecture of the tissues, while the biochemical
guantification of the major components of the tissue as collagen ands@\@al the
possible susceptibility of these components to the treatments thateffurthermore
investigated through mechanical assessment of the scaffolds under uniaxial tensile
tests. Finally, cytotoxic and cytocompatibility were investigated through in vitro cell
seeding experiments to the aim of unravel the biological features of the scaffolds after

the selectedsterilisation procedures.

2.5.1 Histological Stainingnd Immunofluoresceare

Decellularised scaffolds 12 mdameter circular biopsy punches were isolated as
referred previously. Mild aldehyde fixation of tissues was performed with 4 %
paraformaldehyde (PFA) for 20 min ratom temperature R7) in the dark. To avoid
crystals fomation during the freezing procedure, samples were kept in 20% sucrose ON
at 4 °C and subsequently embedded in a solution 1:1 of FiEsk® Optimum Cultting
Temperature (OCT) compound and 20% sucrose and-fsozgn with isopentane in

nitrogen vapours. Fen samples were stored &80 °C until further processing.

Frozen samples were sectioned in cryostatat5 >Y (KA O y S28 & uhtiy R 1 S LJi
staining. Haematoxylin& Eosin(HE) Mallory Trichrome(MT) and Alcian BlugAB)
staining were performeavhile mmunofluorescence wasarried out as reported by lop

et a. (lop, Renier et al. 20Q09Images of the stained sections were acquired with light
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microscope Nikon Eclipse 50i equipped with -El&ments D 3.2 Software (Nikon
Caporation Shinagawa, Tokyo, Japan), while immunofluorescence sections were
acquired in fluorescence microscopguippedwith LASAF lite Leica software (Leica
Microsystems CMS TCS SP8, Mannheim, Germany).

2.5.1.1 Haematoxylir& Eosin

In this staining,general ECMs stained in pink by eosin, while nuclei are stained in
blue/purple byhaematoxylin Sections were stained following the following protocol, as
I Y2RAFTAOIGAZ2Y 2F GKS YIydzFlI OGdzZNBENR& Ay aid N

- 30 sec irhaematoxylinand wash in tap water;

- 1 min of inclation in basic buffer and wash in tap water;
- 3040 secs in eosin;

- 10 dips in ethanol 95% for two times;

- 10 dips in absolute ethanol for two times;

- Clear in xylene and mount with mounting medium.

2.5.1.2 Mallory Trichrome

With MT stainingnuclei can be visualized red, collagen fibrils in deep blue and elastic
fibrils can be unstained or stained in pale pink or yellow. The staining was performed as

follows:

- 10 min in carbolfuchsin solution (reagent A) and wash in distilled water;

- 2 min in acid differentiating Wter (reagent B) and quick wash in distilled water;

- 5 min in phosphomolibdic acid solution (reagent C) and, without washing, 1 min
in polychrome solution according to Mallory (reagent D) and wash in distilled
water;

- Dehydration in ascending alcohols (7@%% and 100%), leaving 1 min in the last
one;

- Clear in xylene and mount with mounting medium.
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2.5.1.3 Alcian Blue

Acid mucopolysaccharide&AG} can be observed iABstaining. In this case, sections

were processed as follows:

- 30 min in alcian blue pH 2,5 soluti (reagent A) followed by drain of the slide
and 10 min in sodium tetraborate hydroalcoholic solution (reagent B);
- Washing the slide and dehydrate in ascending alcohols (70%, 95% and 100%);

- Clear in xylene and mount with mounting medium.

2.5.1.4 Immundluorescene

Indirect doubleimmunofluorescence staining was performed to visualize specific
components of the ECM of the treated pericardial scaffolds. A combination of specific
primary antibodiesthat form an immune complex to mark desired molecules of the
tissuewith fluorochromes (secondary antibodies) that couple to the immunocomplexes
permit the visualisation of the target structunender fluorescence microscope. The
antibodies, dilution and supplier used for immunohistochemistry are describ&dbie

2.4.

Table2.4 Primary and secondary antibodies.

Primary Antibodies

Antibody Dilution Supplier

Collagen (Mouse) 1:100 SigmaAldrich (C2456)
Collagen I\{Rabbit) 1:100 Abcam (ab6586)
Laminin (Rabbit) 1:500 Dako (Z0097)
Elastin(Rabbit) 1:50 Abcam(ab21610Q
Heparan sulphatéRat) 1:100 Millipore (MAB1948P)
Secondary Antibodies

Fluorescein (FITCAnt-Mouse) | 1:100 Millipore (12506)
RhodamingAnti-Rabbit) 1:100 Millipore (AP132R)
Rhodamine (AntiRat) 1:100 Millipore (AP136R)

Theslides were washed in PBS for totally remove OCT followed by incubation during 10
min with bovine serum albumin (BSA). Since it is a demieunofluorescence, the
primary antibodies were incubated for 1ah37 °C in a humidified atmosphesxad slides

were washed thee timeswith PBS for 5 min eaclollowed,the secondary antibodies
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incubation was performed protected from light during 30 min at 37 °Caanatherthree
washes with PBS for 5 min eawtere .S NF 2 N¥ SR® CA yibnfidiné2s 5! t L
phenylindole) staining was carried out during 10 min at 37 °Cveashes wh were

followed for the mounting of the slides with agueous mounting medium.

2.5.2 Biochemical Assays

Quantitative biochemical analysis of hgayproline (HYP) and GA®as performed on
decellularised and treated samples. Samples for biochemical analyses were dissected in
rectangles with 6 chand washed with distilled water twice for 1 h. Treated and
decellularised samples were frozen first-20 °C ON and thef80 °C over day (OD)
followed by lyophilisation at60 °C during two days under vacuum (Modulyo® Freeze

Dryers, Edwards).

2.5.2.1 Hydroxyproline Assay

HYP is a major component of the collagen protein, accounting for approximately 14% of
collagen in mammals. The quantification of this protein can be therefore indicative of
the collagen content of samples. Since some sterilisation methods can reduce the
amount or denature thecollagen present in the scaffolds/ impair the integrity of
collagen nolecules the HYP content can be indicative of the extension of the damages
caused. HYP content of the samples was determined as described by Edwards et al.
(Edwards and @rien 1980. Samples of 3 mg were weight and kept in glass test tubes.
Assay buffer was prepared with 50 g/L citric acid monohydrate, 120 g/L sodium acetate
trinydrate, 34 g/L sodium hydroxide, 0.8% (v/v) glacial acetic acid and 20% {v/v) 1
propanol, & pH 66.5. Standard curve was obtained with dilutions of Zy&mL trans4-
hydroxyL-proline: 0, 2, 4, 6, 8, 10, 15, 20, 25, 30, 40, 50 and 100Iu@ther solutions
GSNBE LINBLI NBR &4dzOK Fa 9KNIXIAOK NBIF3IASyd FyR
prepared with 200 g/L 4dimethylamino) benzaldehyde, 60% (v/vjpopanol and 26%

(v/v) perchloric acid and oxidizing solution was prepared with 14.1 mg/mL of

chloramineT.
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The protocol was carried out by hydrolysis of tissue samples with 6N HCl at 121°C ON.
The hydrolysate was neutralized at 96°C for 90 min and assay buffer was added in dried
samples (1:15 dilution). Standard solutions and neutralized samples (triplicated for
each) were placed in a 96 well plate and the oxidizing solution was added antatbe p
was mildly shaken for 5 min. After incubate with Ehrlich reagent for 45 min at 60°C, the
optical density at 570 nm was read at a microplate reader spectrophotometer. Finally,
HYP content in tested samples was calculated by interpolation with theatadib curve

and plotted as pug/mg of dry tissue.

2.5.2.2 Glycosaminoglycan Assay

The GAGs content on the samples was carried out as referred by BarbosiBatmisa,
Garcia et al. 2003 Samples of -3 mg were wight dry and digested usingapain
digestion buffer, containing mM L-cysteine,5 mM EDTAand 7U/ml of papainin PBS
Assay buffer primary standard and dye solution were preparddssay bufferwas
preparedwith sodium dihydrogen phosphate (0.M), disodium hydrogen phosphate
(0.1 M) at pH 6.8. Primary standard was obtained w@tli% (w/v)of chondroitin
sulphatein assay buffeand standardsolutions were preparedd, 2, 4, 6, 8, 10, 15, 20,
25, 30, 40, 6 and 100ug/ml. The dye solution contain 6 mg/L 1,9-dimethylene
methylene blue zinc2 g/L sodium formate 0.5% (v/v)ethanol (99.5%) and 0.2% (v/v)
formic acid with pHrange 0f3.0-3.1.

The samples were digested with papain digestion buffer at 6fbrQ4 h. Standard
solutions and digested samples (triplicated for each) were placed in a 96 well plate and
the dye solution was adde@ptical density at 525 nm was read at a microplate reader
spectrophotometer and GAggontent in tested samples was calated by interpolation

with the calibration curve and plotted as pg/mg of dry tissue.
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2.5.3 Biomechanical Testing

Biomechanical properties of the scaffolds were investigated by uniaxial tensile test.
Samples were isolated form left anterior area of both pexéa tissue. After each
treatment, samples were kept in PBS. The day before mechanical test, samples were
sectioned using an thouse cutter in order to obtain strips of 2 cm x 3 mm. For obtain
the sectional area, the thickness of each sample a@ainedwith a thickness gauge

and the values recorded.

2.5.3.1 Test Procedure

Mechanical test was performed on Bose Electroforce System equipped with one loading
cell of 220 N and two linear actuators of 200 N eg@ure2.4). Samples weremiaxially
deformed at a speed of= 0.5 mm/s until tissue rupturand the test was performed at

RT.All samples were kept wet with PBS to prevent dehydration during the procedure.

Figure2.4 (a) Bose equipent; (b) sample (arrow) mounted on grips.

2.5.3.2 Data Analysis
The data obtained for each sample werange indistance andsubsequent stress
generated.From this, elongation strain (%) and stress (MPa) were plotted. Elongation

strain €, in %)was obtained by the formula i, whereYathe change in length and

a the initial length, while stress, (in MPa) was obtained hy -, where"Oforce and
Ocrossa SOGA2Y T | NBIF® | 2dzy3Qa dvag tRelgiopeddfithe 9> Ay
stressstrain curve in the collagen phase. Cross sectional area was calculated using the

measured thickness and thgidth of sample (3 mm). Ultimate tensile strength (UTS)

was obtained byY"Y'Y —, where'O is the maximum load of sample rupture.
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Failure strain was obtained for the correspondent strain at UTS. Plot of stiress
graphs was done for each sampledaUTS, failure strain and 2 dzy’ 3 Q& w¥r@ R dzf dz&

calculated.

2.5.4 Scanning Electron Microscopy

For surfae analysis of the tissues, SEM was carried out. An equipment JEGUAEM
was employed for the assessment. Decellularised and treated samples were fixed and
maintained in Karnovsky solution [8% (w/v) paraformaldehyde, 10% (v/v)
glutaraldehyde (50%) and®% (v/v) cacodylate buffer (0.2 M). pH range-7.2] at 4 °C

in the dark. Before performing SEM analysis, Karnovsky solution was removed and the
samples washed in physiologic solution (0.9 % NaCl) and dehydrated with 10 min for
serial gradients of ethan@b0%, 60%, 70%, 80% and 90%). Samples were then placed in
100% ethanol and dried in critical point dryer under vacuum to substitute ethanol for
CQin a liquid state to reduce damages in the materials. After gold palladium coating to
create a conductivealer of metal on the scaffolds, samples were observed at SEM
microscope. Image acquisition was performed using low vacuum mode 20 kV of the

equipment and images were obtained wiagnifications from 100Q 20000.

2.5.5 Cell Seeding Experiments

For cell seedig experimentshBM-MSC (PromoCell) were employed. Complete cell

Odzt G dzNBE YSRAdzY g1 & LINBLI NBR gAGK £ LKF aAiy
supplemented with 1% Penicillin Streptomy¢@#5) 1% L Glutamine and 10% dbetal

bovine serum (FBS) and cultured at 37 °C in a 5%h@@idified atmosphere. Cell

seeding was performed (passage 10) at a density of 15.000 cellsitnthe test

biomaterials in a 96 well plate, with the plastic bottom of the well (polystyrene) as

control. Medium was changed every 2 days.
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2.5.5.1 Cytotoxicity Test LDH

Lactate dehydrogenase (LDH) is an enzyme present in cells leaked when plasma
membrane is damaged. Htatalysesthe conversion of lactate to pyruvic acid, as it
converts NADto NADH. Its presence in cell culture supernatant is indicative of cell
damag and, subsequently, can be related to the cytotoxic effect of the biomaterial. LDH
activity is measured by NADH production from NAD and quantified using a colorimetric
Faale o[ OS5I I OGAGAGE Faale {AGZ {A3IYlF ! fRNA
Cell medium was collected at 24 72h, 7 days and 14 days and stored-&® °C until
further analysis. The follow solutions were prepared and used: LDH assay buffer, LDH
substrate mix,1.25 nM NADH standard, LDH positive control, master reaction m
preparedwith LDH assayuffer and IDHsubstratemix and the NADHa&ndardsfor the
calibration curve(@, 2.5, 5, 7.5 and 12.5 (nmole/w@ll)

Supernatant of samples and complete medium were thaw at RT and 10 pL were placed
in the well plate. LDH Assay Bufterd Master Reaction Mix were added incaawell
(samples and standardg)nd the plate gently agited in a plate shaker at 37 °C
protected from light. After 2 min of incubation, the initial measuremeit () was

read at absorbance 450 nm ( ). At this point, the plate was incubated at 37 °C and
measurements were performed each 5 min until the value of the most active sample is
higher compared to the value of the highest standard (I#hole/well). Background
absorbance from complete medium wasbtracted to each measuremeand the last
reading 6 ) was used Difference was calculated B 0

0 . The follow equation wawused to obtain the LDH activity:0"® @ 6 "Q0 Q0

, whereo is NADH amount (nmole) calculated by interpolation
with the calibration curve®Y e & A@I@BEHEDD ¢ drécase the medium sample was
diluted (in this case is 1)Y 'Q ¢ & GY Q@ &0 0 (in minutes) andw the

volume of sample used (in this caseIDdnL). LDH activity is reported as mW/m

2.5.5.2 Prolifeiation Test MTS

Proliferation test was carried out using CellTiter 96®AQ0nNne Solution Cell
Proliferation Assay that contains MTS (tetrazolium compound [3dimethylthiazot2-
yl)-5-(3-carboxymethoxypheny2-(4-sulfopheny2Htetrazolium, inner sH]). This
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colorimetric test enables the quantification of proliferating cells by reduction of MTS
tetrazolium compound operated by cellular oxidoreductase enzymes of
viable/proliferating cells to generate formazan product, a purple soluble reagent
releasa in the culture media. The number of living cells in culture is directly

proportional to the quantity of formazan product measured by absorbance.

For this experiment, 6 samples of each conditigre tested for all timepoints. tA&4h,

72h, 7 days and 14ags cell culture medium of each cell seeded sample was replaced
with a mixture of 20 pL CellTiter 96® with 100 pL of complete fresh medium. The plate
was incubated in the dark for B at 37 °C in a humidified 5% £&dmosphere. After,
scaffold samples wergemoved from the plate and optical absorbance of the
supernatant was read at 490 nm in a plate reader spectrophotometer. Two readings
were performed and the mean value subtracted by the absorbance of the medium was

plotted.

After 7 days and 14 days oflture with hBMMSC, 3 samples of each condition were
collected for histological analyses to investigate cell adhesion. Sample preparation and

HE histological staining was performed as previously referred.

2.5.6 Statistical Analysis

Data processing was carriedt using Excel spreadsheets and OriginPro 2016 programs
while GraphPad was used for statistical analysis.-Wayp ANOVA and ongay ANOVA
tests were performed with Bonferroni as pesist. Data are plotted by mean + 95%

confidence intervals (ClI).
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3.1 Sterlisation Assessment Methodology

A method to confirm the effectiveness of sterilisation methods for biological tissues was
established. It comprehends &Ctailored for each method to be gied, the
confirmation of sterility/contamination (by turbidity check), the quantification
performed by MPN method and qualification (by MAIIF) of the residual bioburden,

as can be observed in schematizatiorrigure3.1, Figure3.2 and Figure3.3.
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Sterility Assessment Protocol

Controlled Contamination
Enterococcus faecalis
Escherichia coli
Staphylococcus aureus |
(=10°CFU/mL}
Effective contamination
confirmed by histology
- (Gram staining}
Sterilisation |
Inoculation with
Bacteria Medium
T | - w ‘-
g!. y- . | ﬂl. l
0 I Verification of Turbidity
2k after 14 days
__‘ - s
Turbid medium Clear medium
/\‘ *
Qualification Quantification Quantification
(s souns sy s Vs g s s
:'2. MO SERE]
E: |
] g? !
Plating on chocolate foda .
agar plates MPN MPN
g l _
g STERILE “‘5/
SAMPLE -
P o = =
MALDI-TOF mass 100 =
spectrometry & &

Figure3.1 Schematization of th8terilisation Assessment Methodology.
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Example A
Effectiveness of the Controlled Contamination on BPD

Controlied Contamination
Enterococcus faecalis
Escherichia coli
Staphylococcus aureus | ik .
{=10°CFU/mL} Contamination confirmed
by histology
{Gram staining)
Tissue samplingk
Inoculation with
Bacteria Medium
Verification of Turbidity
after 14 days
e i f
——mmm
Turbid medium
Qualification Quantification
(¢ o g s, s
=i “AA
I ee
E:
Plating on chocolate b, gl -
agar plates MPN
1040
1040
1.0:407
o 1.0440%
TE 1,040
e 3=
MALDI-TOF mass 10,400
spectrometry o
i Tissue Pathogens :
| _ . Fnierococcus faecalis
e |t
| ularised( } : Staphylococcus aureus

Figure3.2 Example (A) Application of theSterility Assessment Methodolotyya pericardial
bovinedecellularised scaffold exposedG@&
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Example B
Effective Controlled Contamination on BPD + Sterilisation Protocol 1

Controlled Contamination

Enterococcus faecalis
Escherichia coli p—
Staphyiococcus aureus

{=10°CFU/mL)

Effective contamination
J confirmed by histology

{Gram staining)

Sterilisation Protocol 1: AA + 0.05% PAA

Tissue sampling

Inoculation with
Bacteria Medium

'

Verification of Turbidity

Clear medium

|

MPN Quantification

(.’/1-&1 Sumple? Sumple3 fanmit
- 1z 3la 5 87 8 sa|w n w2

XX

X

AL

z o

STERILE
SAMPLE ||

Figure3.3 Example (B) Application of the Sterilisation Assessmiglgthodology toa sample of
bovine pericardium treated with the sterilisation protocol 1 (AA+0.05% PAAYAter
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3.1.1 Controlled Contamination

Preliminary analyses were performed to verify the effectiveness of the protoc&@@or
employed,whichwas proven soacessful for PPD and BPD since both the scaffolds were
found to be contaminated after inoculation with bacteriurbidity of the medium after

CC reveal the effective contamination, as can be observddgure3.4. MALDITOF
analsis after CC confirm that the contaminants inoculated were the only strains of
bacteria present in the tissue34ble3.1). MPN method on the contaminated samples
reveal the higHevel of contamination inoculated in both scaffsldsram staining of PPD
and BPD after contamination with all bacteri&tgphylococcus aureus, Enterococcus
faecalis Escherichia coiind BacB or with BacPfor samples treated witlgrirradiation

was performed. Bacteria seem to present a preferential adivesn fibrosa: as can be
observed in Figure3.5) both porcine and bovine pericardia presented positive Gram
staining only in the fibrosa surface, while the pathogens were not observed to attach on

the serosa.

Figure3.4 PPD and BPD inoculated with bacteria (a) before and (b)@@er
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Table3.1 MALDITOF analysis aft€€¢Con PPD and BPD.

Tissue Pathogens

Decellularised AfterCC After CC with Bacillus pumilus

— Staphylococcus aureus, Bacillus pumilus
PP Enterococcus  faecdlis,

Escherichia coli

— Staphyiococcus aureus, Bacillus pumilus

BP Enterococcus  faecalis,
Escherichia coli
Serosa Fibrosa
Bovine Pericardium
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Figure3.5 Gram staining of BPD and PF2ale bar 10 and 100 pm.

1



3.2 Assessment of Decellularised Tissue
3.2.1 Tissue Assessment

PP and BP after decellularisation presented gross structure similar to the native, having
a whitish aspect in comparison to tinative, as can be observedkigure3.6. Following
decellularisation, the produced scaffolds were sectioned and divided according to the

experiment to perform.

{2) .
,A\-
' g
. pEEENWRY

Figure3.6 Decelllarised pericardia: (a) porcine and (b) bovine.

The effective decellularisation of both bovine and porcine pericardia was assessed by HE
and MT staining Kigure 3.7). Complete removal of nuclei and collagen structure

preservationcan be observed on decellularised scaffolds.

Figure3.7 HE and MT staining of native and decellularised porcine and bovine pericardium.
Scale bar 100 pm.
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