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Obstacles are those frightful things you see when you take your eyes off your goal.
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SOMMARIO

La struttura di un vaso sanguigno € relativamentmpdice essendo
principalmente composto da uno strato di celluleseolari lisce (SMCs) incorporato in
una matrice di collagene. Il lume interno é rivestila cellule endoteliali (ECs) che
costituiscono l'interfaccia tra il flusso sanguignda parete del vaso. Lo strato esterno e
ricoperto da fibroblasti (FBs) e da tessuto comet(Seunarine et al., 2008Sebbene
impianti autologhi di arteria e di vena rappresemtia migliore opzione clinica per |l
bypasso la sostituzione di vasi sanguigni stenotici aseadi processi patologici o traumi,
diversi limiti influenzano questa pratica, in pediare malattie vascolari preesistenti e la
limitata lunghezza o la scarsa qualita dei sost{feektok et al., 2008; Nottelet et al.,
2009. Protesi vascolari in politetrafluoroetilene espa (ePTFE) oDacron sono
attualmente utilizzate con successo per supenargti sopra riportati e per ibypassdi
condotti vascolari di medio e grande calibro, siggera 6 mm. L’ingegneria tissutale dei
sostituti vascolari (TEVGS) € un approccio altermatper la costruzione di vasi di
piccolo diametro (<6 mm) con la possibilita di coflare fenomeni di trombosi,
iperplasia cellulare ed eccessiva produzione diriogatInoltre,in vivo devono essere
assicurati il mantenimento della pervieta gift e di adeguate proprietd meccaniche e la
formazione di un endotelio funzionaleZhang et al., 2009 Questo argomento
rappresenta una questione cruciale da affrontarespperare gli inconvenienti dei
sostituti di piccolo diametro e per poter usufrudie questi anche nel settore della
chirurgia pediatrica. Tale approccio si basa stiliazo di uno scaffold polimerico poroso
a cui le cellule endoteliali (ECs) possano adedosi da formare un monostrato
antitrombogenico con proprieta vasoattiVéiliamson et al., 2006 Obbiettivo finale € la
realizzazione di un costrutto trapiantabile in grall adattarsi alle modifiche dell'ospite.
Lo scaffold ideale dovrebbe essere dotato di bumoeompatibilita e biodegradabilita.
Esso dovrebbe inoltre disporre di adeguate praprigibmeccaniche e di ampia
disponibilita di svariate dimensioni per una vagama di applicazioni clinichdi{lman
et al., 2009. Con la tecnica dell’elettrospinning si ottengoswpporti polimerici per
sostituti vascolari con particolari caratteristichdegradazione controllata durante il
rimodellamentoin vivo, riproduzione di un ambiente adatto alla cresceébulare e in
grado di mimare le proprieta fisiche e struttudaila matrice extracellulare (ECM) nativa

(Baiguera et al., 2009 Le matrici polimeriche biodegradabili prodottencla tecnica

IX



dell’electrospinning, sono tra i materiali piu prettenti, grazie alla loro somiglianza alla
matrice extracellulare (ECMHg et al., 200%

Il poli(e-caprolattone) (PCL) € un poliestere alifatico, &mpente studiato come
biomateriale; i suoi vantaggi sono la facilitd dibbricazione, la duttilitd e I'elevata
resistenza meccanica. Puo essere prodotto comioldcaibulare con le dimensioni
richieste e con porosita e viscoelasticita ottim@ankajakshan et Agrawal, 2010
Tuttavia, la sua generalmente scarsa affinita lkeety dovuta all’ idrofobicita, la
mancanza di molecole segnale e la sua lenta degoaéan vivo (Nottelet et al., 2009
sono aspetti che precludono la sua consideraziome enateriale ideale per I'ingegneria
tissutale Xiang et al. 201)L Di conseguenza, la realizzazione dihland di PCL con
polimeri naturali potrebbe essere un approccio pttente nel campo dell'ingegneria
tissutale vascolard*@inkajakshan et Agrawal, 20[L0noltre miscele di polimeri sintetici
e naturali hanno gia mostrato buona citocompaidbdon cellule staminali mesenchimali
(Tang et Wu, 2005 Il poli (3-idrossibutirrato-co-3-idrossivaleratqPHBV) e un
materiale naturale prodotto da numerosi batterislia degradaziona vivo comporta il
rilascio di idrossiacidi, meno acidi e meno infiaatori rispetto ad altri polimeri
bioriassorbibili illiams et Martin, 200R Le sue varie proprieta quali l'origine
biologica, la biodegradabilita, la biocompatibilila non tossicitaKe et al., 201P ne
fanno un buon candidato per la realizzazionglehdcon PCL.

Partendo da tali presupposti, in questo progettmo s&tati valutati i seguenti
materiali: soft poli(e-caprolattone) (PCL), di origine sintetica e giggvato dallaFood
and Drug Administrationhard poli(3-idrossibutirrato-co-3-idrossivalerato) (PHB\Wi
origine microbica, e il loroblend PCL/PHBV (50% PCL/50% PHBV). Le matrici
polimeriche e gli scaffold tubulari elettrofilatioso stati progettati, prodotti e
caratterizzati presso I'Universita di Roma "Tor §&n", Dipartimento di Scienze e
Tecnologie Chimiche, dalla Prof. Alessandra Biaeaall'lng. Costantino Del Gaudio.
Nella prima fase del lavoro, é stata testata lacoinpatibilita su matrici e su scaffold
ricavati da strutture tubulari di piccolo calibrdigmetro interno<6mm) tramite saggi
vitro utilizzando cellule endoteliali di ratti Spraguealley da due diversi distretti:
microcircolo cerebrale (RCEC) ed aorta (RAEC). Setati effettuati saggi di adesione,
di vitalita e di proliferazione che hanno dimostrathe le matrici a base di PCL
permettono la sopravvivenza e la migliore cresdidle RCEC. Nel caso di scaffold
ricavati da strutture tubulari di PCL e PCL/PHB¥,RCEC hanno ricoperto la superficie
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dei polimeri organizzandosi in un monostrato come ~asi sanguigni nativi.
Diversamente dalle RCEC, le RAEC sono cresciutéaotsmente e hanno colonizzato
anche le matrici e gli scaffold ricavati da stregttubulari di PHBV.

Nella seconda fase del lavoro e stata valutatéotzompatibilita delle matrici polimeriche
di PCL, PHBV e PCL/PHBV mediant&mpianto in vivo nel tessuto sottocutaneo dorsale
di ratti Sprague-Dawley per 7, 14 e 28 giorni. Tuttatti sono sopravvissuti e tutti i
polimeri espiantati sono apparsi conservati ned laspetto e forma. La colorazione con
ematossilina ed eosina ha dimostrato il completesorbimento della capsula fibrosa a 28
giorni, sui polimeri di PHBV e di PCL/PHBYV. L'infitato cellulare inflammatorio e
diminuito nel tempo mentre € aumentato il numerocellule migranti che hanno
colonizzato la zona di confine tra tessuto e matedn parte I'interno di quest’ultima. |
risultati ottenutiin vitro edin vivo sembrano indicare BlendPCL/PHBV come possibile
materiale alternativo al PCL nel campo dell'ingegmdissutale vascolare sia per le
caratteristiche intermedie tra PCL, di origine siita, e PHBV, di origine naturale
rispettivamente, sia per la degradazione e il riglachento piu rapidin vivo rispetto al
PCL.
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SUMMARY

The structure of a blood vessel is relatively $emfis main structural component
is a layer of smooth muscle cells (SMCs) embeddeadollagen matrix. The interior
lumen of the vessel is lined with endothelial c€BsCs), who form the interface
between the flowing blood and the vessel wall. dater layer of the tube is covered
with fibroblasts (FBs) and connective tissuBelnarine et al.,2008 Although
autologous arterial and venous grafts represenbdse clinical option to bypass or
replace blood vessels that became stenosed bysdiggacesses or trauma, several
limitations affect this practice, being related pre-existing vascular disease, prior
surgery, limited length or poor qualityPéktok et al., 2008; Nottelet et al., 2009
Conventional vascular prostheses made of expanolgtepafluoroethylene (ePTFE)
or polyethyleneterephtalate (Dacron) are currenthed to overcome the above
reported limitations, being shelf-ready and avadabnly for large blood vessel
replacement. Tissue engineering (TE) is an alteraatpproach for the preparation of
small-diameter vascular grafts (<6 mm) due to tbeemtial to control thrombosis,
cellular hyperplasia and matrix production. Thistrol also requires the maintenance
of graft patencyin vivo, appropriate mechanical properties and the foonatf a
functional endotheliumZhang et al., 2009 This topic represents a crucial issue to be
addressed in order to overcome the drawbacks ofl-diameter grafts and offer
potentially growing devices for pediatric surgeffEVGs needs a compliant polymer
scaffold to which endothelial cells (ECs) can adhdorm an anti-thrombogenic
monolayer and exhibit vasoactive properti®gilfamson et al., 2006 For a new
tissue to be generated or regenerated it requirpsraus scaffold which acts as
substratum for cell attachment in order to obtasoastruct able to adapt to the host
modifications to improve the clinical outcome aftgraft implantation. An ideal
scaffold should have good biocompatibility and leigchdation characteristics. It
should also have appropriate biomechanical pragsergood saturability to ensure
secure implantation, and availability in a variefysize for a wide range of grafting
applications Tillman et al., 200R The electrospinning technology is efficient and
cost-effective to produce polymeric mats and vascuyrafts with definite
characteristics to control their degradation durmreghodeling and to reproduce a
suitable cell environment able to mimic the physiaad structural properties of

native extracellular matrix (ECM)B@iguera et al., 2009 Bioresorbable polymeric
Xl



scaffolds produced by electrospinning are amongrtbst promising materials due to
their similarity to the native extra cellular mat(ECM) (He et al., 200%

The polyg-caprolactone) (PCL) is a synthetic aliphatic petge, intensively
investigated biomaterial; its advantages are eh&bdcation, pliability, and tunable
mechanical strength. It can be produced to condwiitis the required dimensions,
optimum porosity and viscoelasticitiPdnkajakshan et Agrawal, 20Ll(However, its
generally poor cell affinity due to hydrophobicitgck of cell-binding signals and its
slow degradation rat@ vivo (Nottelet et al., 200%have become the major obstacle to
be an ideal tissue engineering materidlafg et al., 201l Consequently PCL
blended with natural polymers could be a promisapproach in vascular tissue
engineering RPankajakshan et Agrawal, 20LOMoreover, blend of synthetic and
natural polymers have shown good cytocompatibiNith mesenchymal stem cells
(Tang et Wu, 2005 The poly(3-hydroxybutyrate-co-3-hydroxyvalera(EHBYV) is a
natural material produced by numerous bacterianligvo degradation involves the
release of hydroxy acids, less acid and less imflatory than other bioresorbable
polymers Williams et Martin, 200R Its various properties such as natural origin,
biodegradability, biocompatibility, non-toxicityKé at al., 201p make it a good
candidate for blending with PCL.

Starting from these assumptions, in this progaétPCL, already approved by the
Food and Drug Administratiorhard PHBV and their intimate blend PCL/PHBV
(50% PCL/50% PHBV) were considered. The electrospianesorbable polymeric
mats and tubular scaffolds were designed, produmed characterized at the
University of Rome “Tor Vergata”, Department of &uwte and Chemical
Technology, by Prof. Alessandra Bianco and Engt&aso Del Gaudio.

In the first step of the work, cytocompatibilityudies were addressed. Sprague-
Dawley rat endothelial cells from two different cpantments, cerebral endothelial
cells (RCECs) and aortic endothelial cells (RAE@s)ye seeded on polymeric mats
and samples cut out from tubular scaffolds of smaiber (inner diameter <6 mm) in
in vitro static culture to assay adhesion, viability andlifaration. The biological
results have shown that the mats based on PCLedloke survival and better growth
of RCECs. In case of samples cut out from the wbskructures of PCL and
PCL/PHBV, the RCECs have covered the surface offadda by organizing
themselves into a monolayer as in the native bleessel. On the contrary, the
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RAECs have grown steadily and have also colonizats mnd samples cut out from
the tubular scaffolds of PHBV.

In the second step the PCL, PHBV and PCL/PHBV matdmpatibility has been
evaluated by implanting them vivo in the Sprague-Dawley rat dorsal subcutaneous
tissue for 7, 14 and 28 days. All rats survived alhexplanted mats were integrated
into the host tissue, were partially vascularized areserved their appearance and
shape. The PHBV mat explants folded during the tlapse but their form was
conserved. Explanted polymeric mat sections, stiaimgh hematoxylin and eosin,
showed a complete PHBV and PCL/PHBY fibrous capeeserption at 28 days. The
inflammatory cell infiltrate decreased over timeemdas migratory cells increased.
They colonized the border area and the polymericinmer part. The results obtained
in vitro and in vivo experiments suggest the blend PCL/PHBV as a pessib
alternative material to the PCL in the field of salar tissue engineering, thanks to its
intermediate characteristics between synthetic (P&id natural (PHBV) material

and thanks to a more rapitlvivodegradation and remodeling compared to PCL.
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ABBREVIATIONS

A Absorbance

BSA Bovine Serum Albumin

DAPI DiAmidino-2-Phenyl-Indole

DMTA  Dynamic Mechanical Test Analysis
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ECM ExtraCellular Matrix

EPCs Circulating Endothelial Progenitor Cells

FB Fibroblast

FDA Food and Drug Administration

GAG GlycosAminoGlycans

MIT Massachusetts Institute of Technology

MPa MegaPascal

MTS 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethgphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium, inner salt

MV2 Endothelial Cell Growth Medium

PBS Phosphate Buffer Solution
PBS Phosphate Buffer Solution
PCL Polyg-CaproLactone)

PGA Poly(Glycolic Acid)

PHA PolyHydroxyAlcanoates

PHBV Poly(3-HydroxyButyrateso-3-hydroxyValerate)
PLA Poly(Lactic Acid)

PLGA Poly(Lactic-Glycolic Acid)

PTFE PolyTetraFluoroEthylene

RAEC Rat Aortic Endothelial Cell

RCEC Rat Cerebral Endothelial Cell

SC Stem Cell

SEM Scanning Electronic Microscopy
SMC Smooth Muscle Cell

SRS Suture Retention Strength

TE Tissue Engineering

TEVG Tissue Engineering Vascular Graft
TS Tensile Strength

VWF von Willebrand Factor
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1 INTRODUCTION

Cardiovascular diseases, such as myocardial irdarcperipheral circulatory
disorders, coronary occlusion and atherosclerosestle leading cause of death in
Western countriesRainer et al., 2010 The treatment of these diseases involves tissue
transplantation and organ replacement surgery lnmef natural or synthetic materials
and drug therapy.

The simple structure of a blood vessel includesammuscle cells (SMCs) embedded in
a collagen matrix, endothelial cells (ECs) linihg tvessel inner surface, fibroblasts (FBs)
and connective tissue in the vessel outer sgifarine et al., 2008Although arterial
and venous autologous substitutes represent theclr@sal choice to bypass or replace
blood vessels clogged due to diseases or traurhes, use is limited in the clinical
practice due to concomitant diseases, the lacknafiunologically compatible cells, the
non-availability of biomaterials owning appropriatechanical, chemical and biological
properties, and finally the difficulty to easilygenerate and integrate vascular tissue into
the host circulatory systerPé¢ktok et al., 2008; Nottelet et al., 2009

Until now the biomaterials used in the clinicaldidnave been various and dependent to a

specific application, as shown in FigureGh{upé&c et al., 2009

Vascular regions

venous au-‘.ograz'l

vein interposition,

prosthesis (ePTFE,
Dacron), allograft,
biosynthetic

Dacron, biografts

Vascular Large-caliber ~ Medium-caliber ~ Small-caliber  Venous Hemodialysis arterio-
substitute arteries arteries arteries reconstructions  venous access
choice (= 8 mm) (6-8 mm) (£ 6 mm)
Aora, arch vessels,  Carotid, subclavian, Coronary, below- Superior and inferior  Upper > lower extremity
iliac and common common femoral, the-knee, ubialand  wena cava, ilico-
femoral arteries wisceral and aboves peroneal arteries femoral veins, portal
the=knee arieres vein, visceral veins
I" choice Prosthesis (Dacron,  Prosthesis or autograft  Arterial orvenous  Saphenous spirzl Native material
ePTFE}) (equal) autngraft vein graft, deep
WVenous zumg:af{
gy ) h 1 : ; : :
caoice Allograft. deep Prosthesis or autograft  Composite graft, Allografis, ePTFE, ePTFE, PU, xenografts,

biografts, TEBV (clinical
trial)

ePTFE (expanded polytetraflucroethylene), PU (polyurethane), TEBV (totally-engineered blood vessels).

Fig. 1: Vascular substitutes in clinical usehlupac et al., 2009
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In particular, the use of biomaterials, such asr®ac™ (PET) or Teflon ™ (PTFE)
demonstrated to be a successful strategy to prepacelar substitutes greater than 6 mm
in diameter. In contrast, vascular smaller diametafts demonstrated to fail within 5
years Leon et Greisler, 2003 due tointimal hyperplasiaplaque formation, stenosis,
sclerosis and occlusion of vessel. The use of blassels prepared with these materials
is therefore limited to cases where there are fimks and low resistance conditions. In
particular, the failure of these biomaterials fowwer use is due to their low elasticity
and pliability to the blood flow (compliance), tieeir thrombogenicity surface and finally
to their inability to accommodate the growth of neells Pankajakshan et Agrawal,
2010.

In the last decade, the request of a suitable sureatheter vascular graft has led the world
scientific community to explore different strategyidluti, 2010.

In this context, tissue engineering of blood vesseVealed to be functional to overcome
the above mentioned limits of small vascular grdftsombosis, intimal hyperplasia)
providing engineered vessels transplantablgvo and prepared with autologous vascular
cells seeded on natural or synthetic scaffoldsuécsssful tissue engineered blood vessel
substitute is prepared usiagporous and biodegradable polymeric scaffold limnathe
cell adhesion/growth and the deposition of neoaeditular matrix (ECM). The construct
must adapt to the host changes through the renmagl@itocess in order to improve long-

term results of transplantation.

1.1. Tissue Engineering

Tissue engineering (TE) is an interdisciplinaryldighat applies the principles of
engineering and biology to the development of lgamlal substitutes to restore, maintain
or improve the function of damaged tissues andrdaanger et Vacanti, 1993In TE
expertise in cell biology, engineering, materiadeesce and surgery coexist in order to
construct new functional tissues, by combining scednd materials. Therefore, it's
important to understand the cell-substrate inteyast the transport of biomolecules into
the matrix, cell differentiation and to study teologies to control the chemical and
physical-mechanical processes to regulate blood fito matrix. The aim of TE is the
realization of a "living tissue" that better remets the unique characteristics of each
patient. In fact, the cells can be isolated from healthy patient, expanded and/or

modified by means of gene therapyvitro andin vivo, and then transplanted into a
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damaged site. However, the success of the engohéisseiein vivo, despite the progress
made in isolation andn vitro culture of large numbers of cells and the design o
biomaterials, depends on the survival of cells sdddr as long as possible. The scaffold,
consisting of biological matrices, synthetic bioerals (polymers, ceramics, metals or
composites), or derived from biological sourcesr (Bxample: chitosan, collagen,
alginate, glycosaminoglycansigrtesini, 200% must have appropriate biomechanical

properties and microstructure to preserve the ritiegf the tissue in long term.

Basic Concept of Tissue Engineering

Biodegradable Scaffold

Signals
Cytokine
Chemokine
Growth factors
Shear stress

Fig. 2: Basic concepts of TE\@ito et al., 201}

Until now, the main techniques for vitro tissue reconstruction are three:
1. cell injection, after appropriai@ vitro expansion, directly in the organ as
in the liver and in the pancreasduld et al. 1977; Gupta et al., 1987
2. encapsulation (closed system) of cells in a semmpable membrane to
protect them from the host immune response. Tips tf approach has
been successful in treating diseases such as Banfgndisease in animal
models Aebischer et al., 1998
3. open system in which the cells are expandeditro and seeded onto
biodegradable polymer matrix and then implantedvo.
The matrices are used as a support and guidedaetrganization of cells and the spread
of nutrients. The blood supply comes from the hostue and can be stimulated by
binding angiogenic factors to the matrix. The matsrcan be natural or synthetic and
must possess two important characteristics: toid@mpatible and to provide nutritional

support to cells. In TE the cells used can be agtals, allogenetic or xenogenetic and
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characterized by different differentiative potelgtiaCurrently, the approach followed in
the field of TE involves the combination of diffetecell types and biodegradable natural
or synthetic matrices, and the use of dedicatecehators $hieh, 200p

In vitro and in vivo studies led to the production of vascular and icaescular
components, bone, cartilage, nerves, skin, gasestinal and urinogenital tissues. Over
the past twenty years at Harvard Medical Schoaloiteboration with the Massachusetts
Institute of Technology (MIT) over 30 different &p of complex biological and
functional tissue have been developed in animal elso@hieh, 200k Autologous
chondrocyte transplantation to repair the kne®ayhew et al., 1998are used daily.
Nowadays skin, cartilage, bones, blood vesselsjeas; and urinary structures are in
clinical trials in humans\acanti, 2010; Lysaght, 20p8wvhile the Food and Drug
Administration (FDA) approved at least 5 engineergsbues: dermal substitutes,
epidermal and cartilag&hieh, 200p Moreover, some results about the first experisien
on thein vitro growth of "organoids" and organs such as kidnkyes;, and heart begin to
be available $hieh, 200h

1.1.1. The tissue engineering triad
The triad of TE is based on the following factasong them independent, but
essential to produce a highly organized tis&edl( 2000:
- cells
- scaffolds
- signal molecules.
The success of the technique depends on the dalreuthe ability of the scaffold to
provide mechanical support, to promote cell groatid ensure the direct and indirect
control of intercellular contactsMplnar 201Q. The use of 3D scaffolds with high
porosity and able to mimic the native ECM ensuhesrecognition which is necessary to
promote cell colonization in order to obtain a bgptal functional tissueHarrington et
al., 2008.
Cells
Cells play a crucial role in the repair and regatien processes of tissues due to
their biological and functional characteristics lutkng: proliferation, differentiation,
intercellular interactions, production of biomolées) formation of the ECM. The cellular
sources may be autologous (cells are taken fronsdinee individual and transplanted,

eliminating rejection problems), syngenetic (takéom an individual genetically
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identical), allogenetic (taken from a different iwidual of the same species) or
xenogenetic (taken from a different individual dfetent species).
The ideal cells for TE should be:
v’ readily available;
v’ easily doubling without phenotypic or functionaleahtion;
v not able to transmit pathogens interspecies;
v’ able to differentiate into different cell types;
v lead to a minimal immunological response.
The strategies adopted so far are very differené dolonization of the biomaterial can
be performedn vitro using differentiated adult cells to perform a atar function (as
in the case of skin substitutes containing kerattes and/or FBs) andh vivo
transplanting the scaffold in the organism or im&ed way: first incubating in cell
culture the 3D biomaterial and early transplaniinm the body. TE uses cells derived
from primary cultures, that is derived from an angan, or cell lines from cell banks.
Recently it has been proposed to use as the ualvessirce of cells, stem cells (SCs)
which have excellent characteristics in terms Gedentiation.
Scaffolds
The other key component of TE is the scaffold tkatot only material support but
also a mean to deliver cells precise signals tiwatet specific cellular processes.
The main characteristics of these scaffolds are:
v" high porosity and 3D structure with a network dengonnected pores to allow
cell growth, nutrient transport and eliminatiorvzdste substances;
high biocompatibility to avoid any form of rejeatip
controlled biodegradability, to allow cell growithvitro and/orin vivg;

surface chemically suitable for cell adhesion, ifgcdtion and differentiation;

D N N NN

mechanical properties similar to those of the #issthat will be replaced by the
scaffold;
v’ easy reproducibility, in different shapes and sizes
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The materials studied for TE applications as stddfocan be grouped into four
categories:

1. natural or organic materials (collagen, fibrin gkialuronic
acid, chitosan, gelatine);

2. natural inorganic materials (coral hydroxyapatite);

3. synthetic organic materials (aliphatic polyestddagron|,
polyethylene glycol, polylactide, polyamide Nylor],
polytetrafluoroethyleneTleflon and Gore-Te®]);

4. synthetic inorganic materials (hydroxyapatite, mgscalcium
phosphate, ceramic glass).

Generally natural materials are preferred becatsy tlosely reproduce the native
cellular environment. However the benefits in terwofs control of the mechanical
properties, offered by synthetic materials, make ¢hoice very hard and linked to the
type of application.
A fast evolution has been observed for the scaffolterials: between 1960 and 1970
materials biologically "inert" were used, which didt give rise to any type of response
by the biological tissues, no inflammation, no et and no cell growth (first-
generation biomaterials). The second generationiahaterials (for example ceramics,
hydroxyapatite) stimulated a "bioactive" respongeblmlogical tissues. Today the third
generation of biomaterials should have the abibtintegrate the two features in order to
stimulate a specific cellular responggefich et al., 2002 With this latest generation,
biomaterials become able to promote complex bicklggvents such as cell adhesion and
migration or the controlled release of growth fastcAn appropriate characterization is
useful to identify the main properties of the mater The scaffold is therefore a
determining factor, as it promotes the organizabbmhe cells until the complete three-
dimensional tissue formation, and then it is grdlguaplaced by regenerated tissue, very
similar to the original, with a degradation ratengarable to the rate of cellular synthesis.

Signal molecules

A third component, useful but not essential in TEobtain optimal implants,
consists of signalling molecules such as adhesiogiogenic and growth factors, that are
placed in the support. These are able to diffeaéintactivate genes, whose products are
responsible for the growth and differentiation wmfstie. In fact, because the replaced
engineered tissue must display the same functiataofaged tissue, vascularization and

innervationin vivo must be also promoted. Cells about 50 um from kloed are
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metabolically inactive or necrotic due to limitedffasion of oxygen and nutrients.
Consequently, it is necessary to encourage thetroivblood vessels through the new
tissue, incorporating angiogenic factors and pramgothe regeneration of peripheral
nerves with guide channels and nerve growth fa¢gasbarisi et al., 201

Once assembled these three componamtdtro, the processes that occur during the

formation and maturation of tissue are:

cell proliferation and differentiation;

production and organization of the ECM;

degradation of the scaffold;

remodellingin vivo and tissue growth.
Three fundamental moments characterize TE technique

- explant of natural tissue;

- tissue engineering application;

- realization of the biological engineered substitute
In these three passages, the innovative and eslsstgp is represented by its own
engineering that determines the fundamental chamgése tissue of origin to obtain a
final product that is implantable in humans andaide to facilitate or determine in
different ways tissue repair. To date in reconsivecsurgery, synthetic polymers are not
able to provide the quality and functionality oétbriginal tissue, since they may rupture
and induce an immune response. Moreover, conteanatural materials, most of them
are not colonized by host cells and then transfdrmt a living tissue. TE is one of the
most promising sectors able to solve these probkmisto ensure greater availability of
tissues, that leads to the realization of bioldgpraducts with such characteristics to be
used in clinical practice like skin tissue healibgne reconstruction and, more generally,

in thein vitro expansion of cells.
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1.1.2 Vascular tissue engineering

The aim of vascular tissue engineering is to dgveltssue-engineered,
biocompatible, small-diameter vessels suitable ithstandin vivo systolic pressures as
well as to be immunologically compatible with thatipnt, in order to minimize graft
rejection.
Autologous veins or arteries are sometimes notidered ideal for a patient undergoing
a coronary artery bypass grafting procedure dusotoplications such as artery disease,
trauma, and/or previous surgefy@ait et Birla, 201).
The idea of creating an vitro blood vessel was first proposed in 1986 by Weiglzsrd
Bell, who used tubular structures in collagen géley built the first Tissue Engineering
Vascular Graft (TEVG) with ECs, SMCs and FBs froavine aorta. Over time, different
methods have led to the creation of blood vessgls adequate biological features using
hydrogels, synthetic polymer scaffolds biodegraealiiological cell-free matrices or
assembly of cell mono-layersvifronov, 2008. To proceed to transplant surgery is
necessary that the engineered replacement is rhtiogenic, but vasoactive and with
biomechanical characteristics similar to those atfve vesselsNerem, 200L Cytograft
Tissue Engineering Inc. in the U.S. has producescwar substitutes based on the
assembly of cell monolayers in a bioreactor. Th&itpe results are still strongly limited
by issues related to the use of the bioreactor asclong timing, high costs, laborious
process and not automated. In 1999, Niklason ethave pioneered the use of a
biodegradable synthetic scaffold of poly(glycolicidh (PGA) seeded with ECs and
SMCs from porcine aorta. More recently, applying #ame technique remarkable results
were obtained with engineered vascular substitatése pulmonary circulation of calves
(Shin'oka et al., 2001 This success has allowed the transfer of clinical in
transplanting engineered pulmonary artery in adckilth a complex congenital heart
disease and pulmonary atrestahipn'oka et Breuer, 2008 As mentioned before TE
requires viable cells, in this case ECs and SM@s. most importanin vivo function of
ECs is the thrombus resistance. Indeed, the preseina continuous monolayer on the
scaffold inhibits the formation of thrombi and peens the development of hyperplasia of
the intima inhibiting the synthesis of bioactive substanasponsible for the migration
and proliferation of SMCs and ECM production. Hoeeuhe literature shows that the
functionality of the ECs is less than 10% comparethat of the native vessel cells and
this can be explained by their limited capacity fegeneration: their growth stops at 1-2

cm anastomoses in vascular substitutes transplantddimans Naito et al.,, 2011
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Several mechanisms have been proposed to explairriiothelialization of vascular
substitutes:
- the presence of seeded ECs;
- migration of the ECs through anastomoses from #twa vessel,;
- the deposition of circulating endothelial progenitells on the luminal
surface of the substitute;
- the growth of ECs derived from the capillaries thass through the pores
of the substitute (transmural endothelialization).
As in the past ECs were suggested to be not alpethuce a stablatima without SMCs
and FBs, different cell types have been used bysikii et al. in 1998 to promote the
formation of the endothelial monolayer with varmbksults depending on the choice.
SMCs seeded onto biodegradable scaffolds and ingulain the aorta of rats showed a

rapid development of an uniform neo tunmadia(Naito et al., 201}

1.2. Native blood vessels

1.2.1. Vasculogenesis and angiogenesis

The blood vessels penetrate every organ and tisssepply cells with nutrients
and oxygen, providing for the circulation of fluidad various signalling molecules. The
formation of new vessels occurs by two differenbgasses: vasculogenesis and
angiogenesis.

Vasculogenesis is thex novoformation of blood vessels. This process occurs in
embryogenesis, in the growth and in the regeneratiotissue during wound healing,
while in adult age, the vascularization is gengrglliescent, and blood cell renewal takes
years Persson et Buschmann, 201The development of the blood vascular system, is
one of the first events in embryogenesis. Duringlye@mbryonic development,
mesodermal cells differentiate into hemangioblaptsgenitors of both hematopoietic
and ECs giving rise to blood vessels. During défgration, hemangioblasts produce
angioblasts and their aggregation results in thedtion of blood islands. The fusion of
blood islands results in the appearance of theggirhlood vascular plexus consisting of
fine capillaries formed by ECs. At this stage dapiés acquire an arterial or venous
character. The stage of vasculogenesis is comptetgether with the formation of the
primary vascular plexus and all further transforiora of the vascular net proceed during

angiogenesisKaramysheva, 2008
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Angiogenesis is the outgrowth of new vessels froegxisting capillaries. It is an
essential process during embryogenesis, woundngeahd the ovarian cycle but it also
plays a major role in several pathologic processed as tumor vascularisation, diabetic
retinopathy, psoriasis and rheumatoid arthriBsuis et al., 2006 In adults, formation
and growth of new vessels are under strict confrbkse processes are activated only
under strictly defined conditions like wound hegliistrict regulation of this system and
balanced functioning is very important for the angan because both excessive formation
of blood vessels and their insufficient developmdetd to serious diseases
(Karamysheva, 2008 The process of capillary growth has been studigdscientists
since 1939 when Clark and Clark (1953) observegtbeess in real time using intravital
microscopy of the microvascular network within raldar chamber. In the early 1970s
Gimbrone and colleagues (1973) first achieved thmbéishment of long-term EC
cultures. Subsequently the developmennhofitro models of capillary network formation
contributed to the understanding the angiogenicgs® Folkman et Haudenschild,
1980.

The most common stimuli for the angiogenesis aee Itk of oxygen (hypoxia), a
reduced blood supply (ischemia), mechanical factord inflammatory processes. In
response to these specific signals ECs, which plkgy role in angiogenic phenomenon,
degrade the basement membrane with appropriaten&sz{protease) and migrate toward
the source of stimuli, where they proliferate, getture, release growth factors, and form
new capillaries recalling SMCs and also periend@heells (Kurz, 2000.

Almost all cells of vertebrates are probably lodatet more than 50 um from a capillary.
Similarly, after injury, an explosion of capillagrowth is stimulated all around the
damaged tissupvacs et Di Pietro, 1994Local irritant agents and infections cause the
proliferation of new capillaries, but the processgress and disappear when the
inflammation disappeargdmes et Anderson, 1993

The formation of new blood vessels is also an irtgrdrprocess of cancer progression: it
promotes the transition from hyperplasia to neaalade transition from a state of cell
growth to a state of uncontrolled proliferation,acdcteristic of cancer cell$@ntini,
2010. The development of cancer is closely bound éosilpply of oxygen and nutrients;
a cancer with not sprayed blood vessels, has delimgize growth as it depends on

adjacent cells for survival.
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1.2.2. Blood vessel anatomy

Blood vessels are the channels or conduits thraugbh blood is distributed to
body tissues. Based on their structure and funchtod vessels are classified as either
arteries, capillaries, or veins. Arteries carry didoaway from the heart and branch
repeatedly into smaller and smaller arteries umttb microscopic arterioles. The
arterioles play a key role in regulating blood flowo the tissue capillaries. Capillaries,
the smallest and most numerous of the blood veskela the connection between the
vessels that carry blood away from the heart (@gpand the vessels that return blood to
the heart (veins). The primary function of capittaris the exchange of materials between
the blood and tissue cells. Veins carry blood talnthe heart. After blood passes through
the capillaries, it enters the smallest veins,echllenules. From the venules, it flows into
progressively larger and larger veins until it teexthe heart.
Arteries are muscular-membranous canals, linedéwith ECs, originate from the heart
ventricles and lead towards the peripheral areath@fbody, branching into channels
more and more slender, up to lead to capillaff@sualino et Nesci, 1980
The artery wall consists of three tunics, which amdled from outside to inside:
adventitig mediaandintima. The adventitiaconsists of connective tissue composed by
fibrillary collagen and elastic fibers, timeediais made of elastitaminaebetween which
there are collagen fibers and SMCs circularly dednand thentima consists of a layer
of ECs that delimits the vascular cavity. The ehdbtim, by means of a thin basal
membrane, rests on a layer consisting of connetisgae mainly composed by fibrillary
collagen, between it and theediathere is the internal elastlamina (Pasqualino et
Nesci, 1981
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Fig. 3: The blood vessels anatoniyérieb et al., 200Y.

Arteries have thick walls and are capable of regjstigh blood pressures. The capillaries
have the thinnest walls and are highly permeableater and small solute®g&squalino

et Nesci, 1980 They derived from the most fine branches of reotes and they are
arranged into a network. Their main function isattow the exchange of molecules and
gas between blood and tissues. The capillary watibmposed of endothelium set on a
thin basalamina

The veins are large vessels with thin waPagqualino et Nesci, 1980Most of them
have valves that allow blood to reach the heartnotito flow to the periphery. The vein
structure is very similar to that of the arterie®r if the distinction between the three
tunics is not always clear, the vein walls arerlbmand less elastic than artery and when
the vein is empty they are usually collapsed. Thectural distinction among the veins of
small, medium and large diameter, is difficult, butll cases, thtunica medias poorly
developed. All the layers that make up a nativeothleessel contribute to its natural
function Pasqualino et Nesci, 1980The continuous and smooth monolayer over the
inner surface of vessels is formed by ECs thatoarenactive state and aligned in the
direction of the flow to increase cell retention.the middle layer, SMCs, are arranged in

a circular direction and are in non-proliferativiats. The outer layer, thadventitig
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consists of collagen and FBs producing conneciss&ié. The combination of collagen
and elastin in vessels produces an anisotropicousselastic structure that allows to
vessel greater elasticity at low pressure and higtigness at high pressurédaguneid et
al., 2006; Isenberg et al., 20DP6

The endothelial tissue is a special type of epdhéksue, derived from mesenchyme and
morphologically similar to simple epithelial tissueis the cellular layer lining the inner
surface of blood and lymph vessels. It lies on lasement membrane, including two
layers namedbasal laminain contact with the endothelium, aneticular laminain the
outer side. The basal lamina layer can further ibeled into lamina lucida the clear
layer closer to the epithelium, amaimina densathe dense part in contact with to the
connective tissuedalo et Semplicini, 1998The basement membrane contains laminin, a
structural glycoprotein that allows ECs to anchw type IV collagen of the membrane,
fibronectin, type IV collagen and heparan sulféi®t {play an essential role in the overall
organization of the endothelial basement membranethe capillary level, there are

pericytes with contractile activity in support tesselsKlirschi et D'Amore, 1996

1.2.3. Morpho-functional aspects of vascular endo#ium

The vascular endothelium is a veritable "endocbreeding ground”, producing a
range of factors involved in the general vascutanéostasis. It has been recognized the
crucial role of this structure in the regulationvafscular tone of the underlying SMCs,
through a balance between vasoconstrictor and lasmg substances. Moreover, the
endothelium has demonstrated to affect thrombolgtid fibrinolytic processes by the
release of coagulants or anticoagulants and alsa@ribwth and vascular remodelling by
the production of factors with proliferative andtigoroliferative activities. Finally, it
contributes to the regulation of vascular permégbly substances involved in the
inflammatory procesgJalo et Semplicini, 1998
ECs are mechanically stimulated by the blood fl@&n{brone et al., 1997by friction
stress ghear stregsandtensive stressTheshear stresss produced by the friction of the
laminar flow on the endothelium and affects onlyskE@hiletensive stress produced by
hydrostatic pressure inside the vessel and ite@sterthe entire vessel wall (endothelium,
FBs, SMCs). Theshear stressactivates ECs and promotes the release of vasadila
mediators, whilgensive stresstimulates SMCs directly, inducing their contranti and
produces the EC stretching. The net effect on Jas¢ane results from the interaction

between muscle contraction induced by pressure embthelium-dependent flow-
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induced dilation Calo et Semplicini, 1998 The endothelium role in modulating the
response to the flow changes was evidenced by Kib#&3), that observed for the first
time that the flow-induced dilation ia vitro andin vivo dependent on the endothelium

integrity.

1.2.4. The endothelial cell (EC)

The EC is a mononuclear, polygonal, flat cell, ab@x10um in its largest and
smallest diameters, respectively. It is connectild surrounding cells by juxtaposition of
their membranes and/or through particular areagbeplasma membrane. Under normal
conditions the arterial ECs appear elongated, gedralong the axis of blood flow.
Venous ECs, however, may have polygonal shape @meba thicker Calo et Semplicini,
1998.

By electron microscopy observation EC presentsranal surface, an abluminal side and
some specialized structures located on remainimig.pBhe luminal surface includes the
areas located on surface facing the lumen, anovisred with a layer of mucous material,
made of sulfate glycosaminoglycans, heparan suléatd glycoproteins. In the opposite
side, the abluminal area takes the contact withb&iw@ement membrane, showing the
course of "stress fibers" of cytoskeleton. On tiie parts of EC membrane numerous
intercellular junctions link adjacent cells int@@antinuous layer, including tight junctions
and gap junctions. The tight junctions are areasooflusion, responsible of the
endothelial barrier function, while the gap junosoare areas of least resistance, that
allow the ECs to communicate to each other. At kel of tight junctions the
communication is prevented by the occlusion of ititercellular space by the plasma
membranes of adjacent cells making them imperviougshe transport of molecules.
These junctions are dynamic structures that cdoroeed in different conditions, both
vivo andin vitro. Their structural complexity is related to thearmeability that changes
from one tissue to anotheéWplburg et al., 1994 In the gap junctions, however, plasma
membranes are closely juxtaposed till to block ititercellular space and permit the
molecular exchange between cells only by intert@llahannels. At microscopic level,
gap junctions are composed of six associated stdbtmiform a cylindrical structure,
which has a central channel. They probably padieipn the development of metabolic
cooperation and perhaps even to control the vaseuntiothelial growth@ejana, 1994

The cytoplasm of the EC contains a nucleus of alape, the Golgi apparatus,

ribosomes, mitochondria and therefore it has al ferilities necessary to synthesis of
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proteins and molecules, including glycosaminoglgcaand substances involved in
coagulation and fibrinolysis. The cytoskeletonxgremely important to maintain the cell
shape. It consists of bundles of actin microfilatseforming a peripheral system that
assemble under the plasma membrane. The filaméntseocytoskeleton connect the
basement membrane with the tight junction locatethe sides of the cell. Weibel-Palade
bodies are characteristic of the ECs. At the ebectnicroscope they have the form of
rods, covered by a membrane, containing arrandadds in parallel to the major axis of
the cell. Weibel-Palade bodies contain the antigeund to factor VIl (von Willebrand
protein) Craig et al., 1998

nucleus of endathelial cell

basal

lamina

lwmen of
capillary

transcytolic vesicles

Fig. 4: Electron micrograph of a small capillary in crosston. The wall is formed by a single
endothelial cell surrounded by a basal lamBaelénder, 1974

Among thein vivo physiological functions of endothelium, the maosiportant is the

promotion of thromboresistanc¥gne et al., 1990 A confluent monolayer of ECs on
synthetic graft improves thromboresistance and gt the development of
pseudointimal hyperplasia by inhibition of bioaetisubstances responsible for SMC

migration, proliferation and production of ECM4ito et al., 2011
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1.2.5. The smooth muscle tissue and the smooth muscle &MC)

The smooth muscle tissue, also known as involuntaryjormed by elongated

elements: the SMCs, whose length varies from Z0tpm. The fiber cells, characterized
by oval or rod-shaped central nucleus and longthimdends, are in close contact with
each other, so the thin ends go between the thads pf neighbouring cells, filling the
intervals among the fiber cells. Gap junctions lestw adjacent fiber cells allow the
contractile impulse propagatioM¢tta, 1990. The sarcoplasm contains myofibrils, short
mitochondria, the Golgi apparatus, glycogen grasulgid droplets and a poorly
developed endoplasmic reticulum.
In blood vessels SMCs are gathered in small burwlitbén the connective tissue, and are
associated to form sheets of different thickness.ti@ wall of the arteries SMCs are
oriented circularly and innervated by the sympatheérvous system: their contraction
causes the constriction of the vessel lunt@maf-Park et al., 2009

1.2.6. The extracellular matrix (ECM)

The tissue generation is ensured by a dynamicactien between the specific
tissue cells and their microenvironment that appéarbe largely made up of the ECM
and other cell types (FBs, macrophages, mast eglts plasma cells) that the cell
population interacts with. Until not so long agavias suggested that the ECM was inert,
only a scaffold for the physical stabilization ofihg tissues. Afterwards, it was shown
that ECM is not only a mechanical support, buias lalso an active role in regulating cell
behaviour, influencing cell survival, developmentigration, proliferation, shape and
function Alberts et al. 199b
It's main functions could be summarized as follogviisted:

1. determines the biomechanical properties ofigsei¢ like strength and shape;

2. acts as a biological active support within cedla adhere and migrate;

3. regulates the cellular phenotype;

4. allows binding of many proteins such as growdhtdrs and enzymes with

protease activity and their inhibitors.

Biodegradable synthetic or organic scaffolds aredum Tissue Engineering (TE) as
transient scaffolds that are replaced in time byES&creted by the colonizing cells. To
be considered ideal TE substitutes, biomateriatailshhave biomechanical properties

similar to native ECM as the cell growth and diffetiation require a structured and
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organized environment where cells can adhere Nait§¢ et al., 201l The tissue
mechanical properties depend on the formation@agsztinking bonds between molecules
of collagen and elastic fibers, giving then passesstance.

The ECM is composed of two essential molecules: dheosaminoglycans
(GAG) and fibrillary proteins. There are also snathounts of structural glycol-proteins
with important roles in cellular adherence. Theagahstructure appears like a network of
scattered cells, which produce an abundant anchmeggh network of fibrillary proteins
arranged within a hydrated gel of GAG3rg¢oke et al., 2003 Other tissue cells are
anchored by means of cell-matrix junctions. The GA#e unbranched polysaccharide
chains composed of repeating disaccharide uni#®&f00 residues. They can be divided
into four groups, depending on the structure: hyadic acid, chondroitin and dermatan
sulfate, heparan sulfate and heparin, keratin t®ulféhey form the hydrated matrix of
supporting tissues, whose properties are determmedhe charge and the spatial
arrangement of GAGs. There is great variabilitghair distribution in different tissues,
which probably reflects the local needs for speqiore size and for the charge in the
ECM (Bowers et al., 2009 The sulphite group (SO makes highly negatively charged
these molecules and contributes to their abilityet@in Na and water, because they do
not fold into compact structures, but maintain en@nently open spiral structure, which
gives them an intrinsic turgor. With the exceptadrhyaluronic acid, glycosaminoglycans
bind covalently to proteins to form proteoglycambeir spatial organization and charge
facilitate the selective diffusion of moleculesppably allowing the opening of pores of
various sizes in the gel matrix. Many proteins tloatn the backbone of proteoglycans
have been isolated and characterized. The foueipothat form the fibrils in the ECM
are collagen, elastin, fibrillin, fibronectin. Therole is to provide different elastic

properties to support and anchor the cellular efes® tissues.
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Fig. 5: The structure of the extracellular matritglson et Cox, 2000

The ECM affects various cellular properties, foraewle the binding capacity of
receptors, the growth regulation, the bonds of gnst the inhibition of proteolytic
enzymes. The effects of ECM on cell viability andtabolism are different and include:
adhesion, angiogenesis, apoptosis, differentiatiembryogenesis, gene regulation,
immune response, cell migration, mitosis, polaiitguction and signal transfeBgwers
et al., 2009. It is difficult to reproducean vitro a natural ECM since each matrix is
composed by several independent components. Ircaklire systems, usually only few
products play a dominant and important role: faaraple, collagen, laminin, fibronectin,
and most recently, the pronectin, produced by gemesigineering. The surfaces of the
plates or flasks for tissue culture can be treatitd a single substance or a combination
of these molecules. The attack to ECM facilitatels growth and development of three-
dimensional structures.

1.3. Scaffolds for vascular tissue engineering
1.3.1. Natural scaffolds for vascular tissue engiegng

The most used natural materials for the developnoérd replacement vessel
include collagen, elastin, fibrin, hyaluronic a@dd materials based on polysaccharides.
In particular, the collagen is an interesting matedor its ability to "communicate” with
cells. The use of collagen has led to a suppott v burst strength, prone to failure

when implanted as a simple tubular structure witingle componentfankajakshan et
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Agrawal, 2010. Despite the physical and chemical propertiestliddse non-ideal
materials, their interactions with cells are faahle. Implants based on polysaccharides
have led to geteo intimain animal models without evidence of hyperplasidoomation
of aneurysms. Excellent results were obtained ledisg ECs on fibrin of silk: cells
adhere and elongate in the fiber direction shoveimgpn-activated and adequate growth
pattern Andrews et Hunt, 2009
A special case is the natural decellularized st@ffsimilar in composition to natural
scaffolds, they are obtained from vessels or diissues/organs such as the ureter, skin,
pericardium or small intestine, both animal and homThis approach has some
advantages listed below:

v' elastin components are maintained;

v’ the structure can be prepared in advance;

v have low immunogenicity.
The decellularized scaffolds may encourage celgrpin particular of ECs, promoting
the desired phenotype, morphology and conflueocehe other hand their ability to hold
the cells after exposure to shear stress is too dmd they suffer of the same
thrombogenicity observed for the synthetic matsrialhe research isow moving
towards pre-seeding plant cell and the cross-lopkof the matrix to increase its

mechanical properties and to retain the céllsdfews et Hunt, 2009

1.3.2. Effects of scaffold structure

Studies on the various and functionalized copolymwéth molecules of adhesion,
anti-thrombotic or antibiotics have shown that €elfe sensitive to a large number of
factors. A material used for a vascular prostheas, unique component or as a
combination of layers, can theoretically be optiedizn terms of physical properties and
cellular interactions. The selected biomaterialtfee bulk structure must be the best for
what concerns the compliance and strength whilestiiéace must be optimized by
coating to influence interactions with cells (mgilCs). Literature data show that cells
are also sensitive to the material topography fftesence of fibers or pores, size of fibers
or pores, the space between these elements, raghsieface area, fiber orientation,
scale micro or nano)J@ et al., 201 In particular it is known that FBs, grown on
substrates characterized by wide range of pores smeaters, show cooperative
mechanisms of cell growth and spreading and usebyeeells such as bridges to

overcome pores up to 50 um in diameter; this pdsgilis foreclosed to ECs, which
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prefer surface with pores smaller and with morengef structure (pores between 18 and
60 um), SMCs are sensitive to surfaces with chawvéh a width of 40-160 um where
pass from a random alignment to that along the rélazxis changing their morphology
from FB-like to a slender typ&hese topographical features can be produced irda w
range of biomaterials through techniques such astrekpinning, photolithography,

etching, by moulding or particulate leachidn@rews et Hunt, 2009

1.3.3. Effects of culture conditiongn vitro and in vivo

In addition to the ability to alter the materidg surface and its topography, other
variables can be considered to produce a repladerassel. Among these variables note:
cell types, different types of cultures, the segdimethods. When a vascular prosthesis is
implanted it is immediately subjected to forces atr@sses arising from the blood flow.
Such stresses allow cells to aligned in the lonigial direction but also stresses result in
EC loss and thrombi formation that lead to theufalof the implant itself. In addition, the
pulsatile pressure can cause a bad adaptation &etilve prosthesis and the native vessel
resulting in changes in SMCs and intimal hyperlakintil now in most of the studies
ECs were seeded in static conditions but recerntéy researcthas focused on the
development of seeding technique under dynamic itond. Combinations of static
seeding and culture in perfusion, pre-coating of B@h shear stress gradually increased,
and ECs seeded on composite materials coated withgizal molecules provide better
retention levels of the endothelial monolayer. €eléed to repopulate vascular prothesis
are ECs, FBs and SMCs even if many types of S@eirey evaluated in, either alone or
in combination, including SCs derived from fat tiss muscle tissue, heart tissue and
endothelial cell progenitorg\gdrews et Hunt, 2009

1.4. Polymers

A polymer is a macromolecule composed of a largaber of small structural units
called monomers, which can make two or more lifflkee bi-functional monomers give
rise to linear polymers, monomers with more funcsiavill form branched polymers or
cross-linked polymers. When the macromolecule abtssf a single repeated unit is
called homo-polymers, while if there are two repdatinits is called copolymers. The

copolymers can be divided into statistical, alténtg block and "stapled” copolymers.

20



Introduction

There is great diversity of structures and applicet of polymeric compounds so they
can be classified in different ways:

- by source: natural or synthetic polymers;

- by structure: homo-polymers or copolymers;

- by temperature behaviour: thermoplastic or theritiogepolymers;

- by polymerization mechanisms: addition or condeasgiolymers.
Another useful classification of polymers is basedthe load/elongation diagram. A
polymer that reaches the tensile strength with@fordnation is called cross-linked, a
polymer with a moderate strain and breaking loaw dligh is a fiber, a polymer with
high deformation even for small loads is an elagtigra polymer that has an intermediate
behaviour between fiber and an elastomer is aiplpstymer. The inability to assign an
exact molecular weight to a polymer is an aspeat thost distinguishes a synthetic
macromolecule from a simple organic molecule. Thss because during the
polymerization reaction polymer chains of differdahgths formed (with a variable
number of monomers). With a polymerization a nundfenacromolecules with different
molecular weights are produced. At low temperatui@spolymer is always solid,
increasing the temperature the attractive forcesvden the macromolecules and the
system are broken, if it does not degrade, it besoanmore or less viscous liquid. In the
field of polymer systems a strong product divecsifion can be achieved by changing the
characteristics of base polymers by the additioadsfitives, reinforcing fillers or other
polymers also of a different nature. Among theke,technology of mixing two or more
polymers has gained great success about applicdtemause it allows to obtain "new"
materials having the characteristics of each potyrhase, without incurring the
substantial costs of implementation of new monomemnsl of new polymerization
techniques.
Polymeric materials, both for their intrinsic profes both for the similarity with natural
polymers, have a wide range of applications as hterrals. They can be produced in the
form of fibers, tissues, films, rods and viscoupuids. For applications in the field of
medicine is important to emphasize the possibibfy forming bonds between the
synthetic polymers and the constituents of natisalies.
Typically, nylons and polyamides are considered ugho biocompatible materials.
However, we must consider that they lose much aif gtrength when they are implanted
in vivo, probably because of their hygroscopicity. In &ddi nylons suffer of the attack

of proteolytic enzymes.
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1.4.1. The bioresorbable polymers

Both synthetic and natural polymers can be usecraate scaffolds for TE. To
select the appropriate polymer for TEVG, the calluhteraction with the polymer must
first be understood. To date, however, a suitaldiynper has not yet developed for

vascular tissue engineering.
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Fig. 6. Classification of biodegradable polymeka(nbiz et al., 2007
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Among the biodegradable scaffold poly(glycolic a€iiGA) and poly(lactic acid)
(PLA), synthetic polymers, are the most widely ugededicine. Their degradation rate
varies depending on the initial molecular weighte tsurface exposed area, the
crystallization andatio of monomers. The copolymer is degraded faster tharsingle
polymers.

Poly-<-caprolactone (PCL) is another very versatile bitamal widely characterized and
used in TE and in many other areas of medicine mot&chnology. Such a broad and
diverse set of applications is justified by the el and physical properties of the
polymer, by the qualities of biocompatibility, irsglensable to the success of generic
application in the biomedical field. It is a semystalline aliphatic polyester synthetic
polymer, non-toxic, biodegradable and hydrophohiés usually subject to bio-erosion
surface Dong et al., 2009

In vivo it is degraded very slowly both by microorganiseither by not-enzymatic
hydrolysis of the ester, followed by fragmentateomd the release of oligomers, the only
metabolite released is the aeidvydroxycaproic. The PCL has been extensively stlidi
demonstrating that the degradation products aréoxat and they are eliminated through
normal excretory routes/ért, 2009. So the PCL was selected as a suitable material t
make tubular structures. Looking to expand the eanfy potential biomaterials the
hydroxyalcanoates (PHA) have been considered tdeyTiorm a broad class of
polymers, isolated for the first time in 1925 by cnobiologist Lemoigne in the
Megaterium BacillugDong et al., 2009 whose potential is currently being investigated
in the cardiovascular field. The PHA, including w&hydroxybutirate-co-3-
hydroxyvalerate (PHBV), are synthesized by varionisroorganisms in the form of
granules which can be extracted by processesronglie any cellular component. About
biocompatibility, in vivo studies have shown that the degradation of mosthese
polymers involves the release of hydroxyl-acidg #ve less acid and inflammatory then
other bioresorbable polymers, such as PGA. Theddgradation rate is long, however,
this characteristic is not necessarily a limitatibrwe consider cases in which the
regeneration of tissue should not be compromisedabyapid loss of implanted
mechanical supportWilliams et Martin, 200R The PCL belongs to the class of
thermoplastic polymers, and is characterized bigh tworkability that enables the rapid
modelling in useful form. It also shows a high propity to form compatible blends with
a wide variety of polymers. In fact, blends of PGind PHBV showed good

cytocompatibility using mesenchymal stem cellar{g et Wu, 2005
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1.5. The electrospinning technique

The electrospinning technique can produce nanonanc fibers starting from a
wide range of polymers. Between 1934 and 1944 Falsriiled several patents in which
he described an experimental set-up for the pramlucof polymeric filaments by
applying an electrostatic fieldH(Uang et al. 2003; Greiner et Wendorff, 2007
Technically, the polymer is dissolved in selectedvents and the resulting polymer
solution, collected in a syringe, is vented throaghetal capillary connected to a high
voltage generator, and also deposited on a meatgéttaln detail, the polymer solution
remains initially adherent at the end of the capyll in hemispherical shape due to
surface tension. Increasing the tension, mutuallsggn between the charge carriers in
the solution results in a force directly oppositethie surface tension with elongation of
the hemispherical surface in a cone (Taylor cod)ove a critical voltage, the
electrostatic forces exceed the surface tensionarscelectrically charged polymeric
stream is emitted from the apex of the Taylor cdie jet of polymeric solution, into the
air to the target, undergoes to instability becanfsglectrostatic repulsive forces that lead
to shrink with simultaneous evaporation of the ealv({fFrenot et Chronakis, 2003,
Theron et al., 2004 The process variables that affect the final lteste numerous and
can be summarized in the polymer selected parasmstesh as molecular weight and
structure, properties of the polymeric solutionséasity, conductivity and surface
tension, depending on the solvent used) and propasmmeters such as flow value
imposed on the polymeric solution through the dapyj] the voltage applied to it and the
distance from the target deposition, the envirortadgmarameters can be considered too,
such as temperature, humidity and air velocityl@cteospinning roomoshi et Reneker,
1995; Frenot et Chronakis, 20R3The high finesse electrospun fibers can produce
materials with a high surface/volume ratio and hprosity. The possible fields of
application are numerous: in technical textilegniedical (scaffolds for tissue growth
and vascular grafts, transport systems and drugedg), in industry (reinforced for
composite materials, porous materials for laminaepports for catalysts) or electronics.
The typical result, applying this technique, cotssisf a matrix of polymeric fibers
arranged into a completely random way, but it isoapossible modulate the final
morphology by introducing appropriate modificatianghe experimental set-up. In fact,
using a fixed collection target, a random arrangenoé fibers is produced, but having,

for example, a rotary collection target a polymemniented fibers can be deposited,
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whose degree of orientation can be changed depgdirthe speed of rotation imposed
to the target. The latter option is particularlyrattive for producing cylindrical tubular

structures such as scaffolds proposed in this relsgaoject.

i Solution =
Syringe
-___‘_ — Palymer jal
[— ’ -
power supply -
<
Electrospin-
ning jet
Rotating disk collactor
Collector

Fig. 7: Electrospinning technique on fixed collection &tr@A) and on rotating collection target
(B), adapted from Dong et al., 2009.

1.5.1. Electrospun scaffolds for tissue engineering

TE has considered and is still considering thetedepinning as a method capable
of providing good support employable for the regatien of new biological tissue.
Many experiences are constantly proposed to thentaih of the world scientific
community, and demonstrate the potential that teet®spinning can offer to achieve

the objectives of this scientific approach (Fig 9).

25



Introduction

Publications

A -
iy
.__-__-_._IJ I e —
G T T T T 1
3

20401 2002 2003 2004 2005 2006 o7 2008 200

L
[ o)
()
=
[
[
L)
[
[

Year

Fig. 8: Number of annual publications about the use oftedepinning in the field of
tissue engineering. This graph was produced usiagésults obtained from a literature
search in the PubMed database by typing the faligwkey "electrospinning tissue
engineering" littp://www.ncbi.nim.nih.gov/sites/entjgpel Gaudio, 201}

Several studies have investigated the potentiathef electrospinning technique for
cardiovascular applications, considering both thecimanical and the biological
characteristics of the construct in terms of filmegnthetic environment offered to the
cells. Considering the particular required appiaat the supports must have specific
mechanical properties and consequently the sefecfionaterial with higher probability
of success must be carefully evaluated. For thipgae, scaffolds of poly(glycolic acid)
(PGA) coated with poly-hydroxyalcanoates (PHA) qadly(s-caprolactone) (PCL) were
compared under conditions of dynamic load simutpinphysiological environment; a
drastic reduction of mechanical properties in aafsEGA/PHA scaffolds was observed
(Kloud et al., 2008 The cellular response to structures of electrogpoly(lactic acid)
(PLA) or poly(lactic-glycolic acid) (PLGA) was ass®ed by means of cardiomyocytes,
that showed obvious contractile properti@or(g et al., 2006 About TEVG, many
studies have been conduciedvitro by analyzing the properties of electrospun vascula
grafts (nogouchi et al., 2006, Lee et al., 2007, Zhanglgt2009. The real potential of
this therapeutic approach has been testedivo by evaluating the characteristics of
degradation and promotion of autologous tissuerothgsis in PCL, implanted in rats,
showing successful results at 6 months from impkiont about the structure and

endothelializationRektok et al., 2008 Similar results were reported about PCL/collagen
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blend vascular grafts, used as aorta-iliac bypassalbits Tillman et al., 200 Still
using mixtures of polymeric vascular grafts, codlagelastin and poly(lacto-glycolic)
copolymers were made by blending. These structahesved mechanical properties
similar to those of native vessels andarivo tests showed the absence of local or systemic
toxic effects Gtitzel et al., 2006 Soffer et al. 2008 have proposed a different approach
to realize electrospun tubular structures in fipstabilizing the process with the addition
of polyethylene oxide to the polymer solution, themoved. They showed interesting

mechanical properties and citocompatibility forguadtal vascular applications.
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2 MATERIALS AND METHODS

2.1. Electrospun mats and tubular scaffolds

The bioresorbable mats and tubular scaffolds usetis study will be designed,
produced and characterized at the University of difor Vergata”, Department of
Science and Chemical Technology, by Prof. Alessalianco and Eng. Costantino Del
Gaudio.
2.1.1. Fabrication of electrospun mats and tubulascaffolds

PCL (Mn=70000-90000) and PHBV (Mw=690000, 12% w BHyére supplied
by Sigma-Aldrich Chloroform (CHCY, analytical grade) was supplied Barlo Erba
Reagenti All materials and reagents were used as receR€d, PHBV and PCL/PHBV
(1:1) granules were dissolved in CHClhe concentration was 14% wi/v for the former
and 20% w/v for the latter ones. Polymeric solutiowere electrospun at room
temperature through a blunt tip metallic needlggRat constant feed rate of 0.5 ml/h by
means of a digital controlled infusion puntoX Scientific, USA A high voltage power
supply Spellman, USAinsured an applied voltage of 12 kV (PCL) or A6 (lPHBV and
PCL/PHBYV). Electrospun mats and tubular scaffoidsdr diameter (ID)=5 mm) were
collected, respectively, onto an a fixed groundetmanum target and onto a rotating
aluminum mandrel (about 25 g) located at 10 cm ftbenneedle tip. All samples were

vacuum dried for 48 h and stored in a desiccator.

2.1.2. Microstructural characterization of electropun mats and tubular scaffolds

The microstructure was examined by means of scgnali@ctronic microscopy
(SEM) (Leo-Supra 35) The average fiber diameter was determined fronM SE
micrographs by measuring about 50 fibers randonelecsed (Imaged, NIH). Two-
dimensional size estimation of voids comprised agnopolymeric fibers, computed as the
diameter of circles having equivalent area, waduatad processing SEM micrographs
by means of a custom made image analysis softvemrepreviously describedél
Gaudio et al., 2009 In the case of electrospun tubular scaffoldserfiorientation was
evaluated by means of a custom made softwislialéb, The Mathworks, Natick, MA,
USA), similarly to the method reported by Geraet999. SEM image was firstly
binarized and then rotated around its center ip ete2°. For each direction the fraction
of bright pixels was computed and the resultingi@dséad deviation calculated. Results

were reported into a unitary polar plot, specific the analyzed electrospun texture. As
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measurement index, the eccentricity of the fittalppse of the polar plot, having the
maximum radius as the major semiaxis and the 9@&r p@lue as the minor semiaxis,

was computed as follows:
_ACTA
At A,
whereAM is the major axis andm the minor axis. According to this formulatid=1

indicates a straight line (unidirectional fibergaiment) and=0 indicates a perfect circle

(randomly arranged fibersBiela et al., 2009

2.1.3. Mechanical characterization of electrospun ats

Uniaxial tensile tests were carried out on dog-bgmecimens (ASTM D1708) cut
out from 2D mats. Mechanical tests were performetlza mm/min to rupture by means
of an universal testing machine (UTM) equipped vaithOO N load cellloyd LRX. At
least four specimens were considered for eachrefgmin mats. The tensile modulus,
evaluated within 0-5% strain, the ultimate tensileength (UTS) and the elongation at
break were calculated from the stress-strain cunMechanical parameters were

calculated considering the nominal cross-sectianzd of the tensile specimen.

2.1.4. Mechanical characterization of electrospurubular scaffolds

Tests were performed following the standard ISO/DIMG8 “Cardiovascular
implants — Tubular vascular prostheses”. Circunmfeaé tensile properties were
evaluated stretching electrospun rings cut out ftbm collected tubular scaffolds, the
average width being 10.8£1.8 mm. Rings were telsyecheans of an UTM equipped with
a 100 N load celllloyd LRX. Two stainless steel rods (1 mm diameter) weaeequ
through the lumen of the ring and fixed to custordm steel grips. Specimens were
tested to rupture at 50 mm/min. Tensile modulusmale tensile stress, referred to the
nominal cross section area expressed -agdth-thickness, elongation at break and
circumferential strength (Tmax), as specified bg ttbove mentioned standard, were
calculated. The suture retention strength (SRS) dedermined using the same testing
standard considering both the “straight across” ‘atique” procedures. In the former,
the tubular scaffold was cut normal to the longsaai suture5-0, Assuprpwas inserted
2 mm from the cut end and fixed to a steel rod twn drosshead of 8the UTM. In the

latter, the tests were similarly repeated cuttimg ¢lectrospun scaffold at 45° to the long
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axis and placing a suture alternatively at the l§asel), at +90° from the base and at the

top of the cut. At least five specimen were congddor each test.

2.2. Cell cultures
2.2.1. Isolation of Rat Cerebral Endothelial Cell{RCECS)

Microvascular RCECs were isolated following Abbattd co-workers method
(1992 modified by Baiguera and collaborato20Q4. Sprague-Dawley ratLharles-
River, Como, Italy were used and the experiment protocol was apgriwyethe local
Ethics Committee of the University of Padua for ial Testing (CEASA). The brains
were removed and washed in saline solution (PBS)tacang 10% of antibiotic-
antimycotic solution (penicillin G 100UI/ml, strephycin 10@ug/ml and amphotericin B
0.25ug/ml) (Sigma-Aldrich Corp., St. Louis, MO External connective share was
removed and resting brain was minced. The suspengs washed in saline solution to
reduce fat components and then it was incubatélili®o collagenase B-dispadeoche
Applied Science, Penzberg, GermaiyeEPES (10mM) $igma Aldrich Corp., St. Louis,
MO) and DNasi (20Ul/ml) $igma Aldrich Corp., St. Louis, MJ@aline solution at 37°C
for 1 hour in Dubnoff shaking water batlKL, Burgwedel, Germanpyto separate
microvessels from extracellular matrix and otherlluter components. After
centrifugation the pellet was re-suspended into 258vine Serum Albumin (BSA)
(Sigma-Aldrich Corp., St. Louis, M@ensity-dependent centrifugation solution in orde
to separate capillary fragment (heavier) to myetieyrons, astrocytes and other cellular
fragments (lighter). Capillary fragments were regended in Endothelial Cell Growth
Medium MV, (PromoCell, Heildelberg, Germahwpnd they were seeded into Petri dishes
previously coated with human fibronectinu@cn?) (Sigma-Aldrich Corp., St. Louis,
MO). The medium was changed with new M{PromoCel) every two days until
confluence. After reaching the latter, RCECs wenenunoseparated by magnetic beads
and characterized for morphology, phenotype (exasof von Willebrand factor), and

formation of capillary-like structures, as previlyuseported Conconi et al., 2004
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2.2.2. lIsolation of Rat Aortic Endothelial Cells (RAECS)

RAECs were isolated following the method of Alberand colleagues2009
with some modifications. The experimental protosehs approved by the Ethics
Committee of the University of Padua for Animal Tieg (CEASA). In this study RAECs
from aorta of adult Sprague Dawley r&h@rles River, Como, Italywere used. After
harvesting, the aortas were immediately placedime solution (PBS) containing 1% of
antibiotic-antimycotic solution and HEPES (10mMigma-Aldrich Corp., St. Louis,
MO) and repeatedly rinsed. All impurities, such amoll cells, adherent connective tissue
and fat were carefully removed. After washing, tiemlated vessels were cut
longitudinally and placed with the inner lumen iontact with the bottom of a culture
plate with saline solution (PBS) containing 0.1%agenase BRoche Applied Scienge
1% of antibiotic-antimycotic solution and HEPES i) at 37°C. After 30 minutes the
digested tissue was discarded and the cell susgpensbtained by flushing the vessels
and the plate, was centrifuged at 250 g for 5 neiswiThe pellet was then re-suspended in
MV, (Promocel) with the addition of 20% Fetal Bovine Serum (FB®romocCell,
Heidelberg, Germar)y and 1% UltroSer iphergen Biosystems, Cergy-Saint-
Christophe, France Cells were seeded on plates previously coatéld fronectin (1
ug/ent) (Sigma-Aldrich Corp., St. Louis, MQat 37°C and placed in a humidified
incubator (5% CO2, 95% of air). The culture medwas changed with new M\every
two days until confluence. After reaching the IgtiRAECs were immunoseparated by
magnetic beads and characterized for morphologengiype (expression of von
Willebrand factor), and formation of capillary-liketructures, as previously reported
(Conconi et al., 2004

2.2.3. Purification and characterization of cell cliures

Purification

In order to separate endothelial cells from contemi cells, immunoseparation
was performed using a modification of the methosicdbed by Jackson and co-workers
(1990 and Dynabeads M450 Tosylactivated magnetic bé@deid, Hampshire, UK
coated with mouse anti-rat CD31 antibod®bD Serotec Ltd, Oxford, UKwere used.
Beads were prepared following the protocol utiliZed Ulex europaenus agglutinin |
(UEA)-coated beads. To obtain subcultures cellucalimedium was removed and 0.02%
EDTA and 0.25% Trypsin (1:1 v/ivi{gma Aldrich Corp., St. Louis, M@®aline solution
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was added to PBS washing cells. Detached cells wesispended in a determined
volume of cell medium. 0.1ml of cells were addedOt8ml of Trypan Blue Sigma
Aldrich Corp., St. Louis, MPand counted in a Burker chamber. Remaining cedise
then seeded at desired concentration. In all tiperaxents Il and Il passage cells were

used.

Characterization

The phenotype of RCECs was confirmed by means gkession of vWF.
Immunocytochemistry was performed using antibodii-@nvf. Cells were seeded on
fibronectin (1pug/cm2)-coated slides (Sigma-AldriCorp., St. Louis, MO) and grown
until confluence. After three washing with PBS sefllere fixed and with HCI and ethanol
(1 part of 1% HCI and 99 parts of 70% ethanol).eAftvashing with PBS cells were
treated 20 minutes with 0.5% BSA (Sigma-Aldrich goiSt. Louis, MO) saline solution
to block non-specific binding sites and incubatgth primary antibody (1:300) in 0.5%
BSA (Sigma-Aldrich Corp.) saline solution for 1 moat room temperature. After three
washings with PBS cells were incubated with perasél conjugated anti-rabbit 1gG
antibody (diluted 1:150 in PBS) (Dako Corp., Catpiia, CA) for 30 minutes at 37°C.
The substrate, composed by 0.02% H202 with 3-ar@iethylcarbazole (AEC)
dissolved in 20% dimethylformamide (DMF), a chrorangus soluble compound
transformed into an insoluble reddish compound byoyxidase enzyme, was added
(Vector Laboratories Ltd, Peterborough, UK). Slidesre then washed with distilled
water to remove the overplus of AEC. Negative auntwas performed omitting the
primary antibody. Slides were mounted with Eulitluka, Buchs, Switzerland). Images
were captured using a camera connected to optiabbodlux S microscope (Leitz,
Wetzlar, Germany).

The phenotype of RAECs was confirmed by means pfession of vVWF. Cells
were seeded on fibronectinu@/cnt)-coated slidesSigma-Aldrich Corp., St. Louis, MO
and grown until confluence. After reaching the dattthe cells were fixed with 4%
formalin in saline solution (PBS) for 15 minutesdahen rinsed twice with wash buffer
solution, 0.05% Tween-20S{gma Aldrich Corp., St. Louis, NGn PBS. Then a
permeabilization solution, 0.1% Triton X-100 in PBf&as added for 3 minutes. After 30
minutes in blocking solution, 1% Bovine Serum AlbonBSA) (Sigma Aldrich Corp.,
St. Louis, MQ in PBS, cells were incubated with rabbit poly@bmanti-human von

Willebrand factor Dako Corp., Carpinteria, CA(1:300) in blocking solution for 1 hour
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at room temperature and then rinsed three timdswaish buffer solution. Thereafter, the
cells were incubated for 45 minutes at room tempegaand protected from light with
secondary antibody fluorescein anti-rabbit Ig@¢tor Laboratories, Burlingame, UFA
(1:200) (495 nm excitation wavelength, 517 nm emrssvavelength) in PBS. After
incubation, cells were rinsed three times and nedinwith 4’-6-diamidino-2-
phenylindole (DAPI) YECTASHIELD Mounting Medium with DAPI, Vector
Laboratories, CA,USA as a fluorescence nucleic acid stain (350 nmitagian
wavelength, 460 nm emission wavelength), on a glidkobserved using a confocal laser
scanning microscopé_¢ica SP5, HCX PL APO 63x/0.50 oil objec)julie images were
acquired using the LAS AF software. Negative cdntsas performed omitting the

primary antibody.

Angiogenic capability onin vitro Matrigel

To assess the functional characteristic of RCEQ@k RAECS, the capability to
form capillary-like structures, cells were seedaduatrigel, soluble basement membrane
extract of the Engelbreth-Holm-Swarm tumor thatsgal room temperature to form a
genuine reconstituted basement membrane. The Mbuged to perform experiments
was Growth factor Reduced Matrigel™ MatriBencton-Dickinson Labware, Bedford,
MA). Matrigel was defrost overnight at 4°C and th@pl&m? of growth surface were
added on ice-cold plates. Plates were incubate@@aninutes at 37°C to allow Matrigel
to became gel. Cells were seeded (2.5 % ddis/cnf) on Matrigel in 50Ql of MV
(Promocell, Heildelberg, Germapyadded by 10% Fetal Bovine Serum (FBS)
(Promocell, Heildelberg, Germahyl% antibiotic-antimycotic§igma-Aldrich Corp., St.
Louis, MQ solution and incubated for 24 hours at 37°C, 5@2CAt the end of
incubation cells were washed with PBS and fixedhvif®% formaldehyde in PBS for 24
hours. Cells were observed by Laborlux S microscysétz, Wetzlar, Germajyand

images were captured using a camera connected to it

2.2.4. Cell culture medium

The PromoCell Endothelial Cell Growth Medium MVRrémocCell, Heidelberg,
Germany was used for culturing endothelial cells, RCEGd RAECs. The medium kit
contains the base medium and all supplements esydor producing the complete
medium. Before the first use the base medium wamplemented with PromoCell

Supplement Pack and the complete growth mediunmnveae up of:
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Fetal Calf Serum 5%

Epidermal Growth Factor 5.0ng/ml

Hydrocortison 0.2g/ml

Vascular Endothelial Growth Factor 0.5ng/ml
basic Fibroblast Factor 10ng/ml

R3 Insulin like Growth Factor (R3 IGF-1) 20ng/ml
Ascorbic Acid lig/ml

2.3. Cell cultures orelectrospun mats and tubular scaffolds

PCL, PHBV and PCL/PHBYV disks (12 mm diameter) cut 'om electrospun
mats or tubular scaffolds were previously sterdizgy immersion in 70% v/v ethanol
solution overnight and dried at room temperatura sterile hood. Thereafter, in order to
facilitate cell attachment, mats were treated wih tail collagen solution (1pg/én
(Sigma-Aldrich, St Louis, MQdissolved in 0.05% acetic acid overnight and \edsh
twice with PBS prior to cell seeding. RCECs or RAE@ere seeded at a density 5%10
cells/well on polymeric disks in a 24-well micretitplate, and cultured under standard
conditions with the medium replaced every 2-3 d®GECs and RAECs grown on tissue
culture plate support, seeded at the same densitgleatrospun scaffolds, became
confluent after 5 days. For this reason all theeexpents were performed on electrospun
constructs only.

To assess the cytocompatibility of the mats, théowdong experiments were
performed on RCECs and RAECs. On the polymeric ntasadhesion assays were
performed by means of DAPI nuclei staining and #ain Cytoskeleton and Focal
Adhesion Staining Kit; the viability assays werstéel by means of MTS assay and the
Promokine Apoptotic/Necrotic/Healthy Cells Deteatiokit; RCEC and RAEC
proliferation was assayed by means of the Click-ITE®U Imaging Kit.To compare the
possible differences of the RCEC and RAEC behavicaused by the different
electrospun fiber orientation and to coherentlyodpce the seeding protocol used for the
mats, circular samples of the same diameter (iZzmm) were cut out from the tubular
scaffolds. RCEC and RAEC scanning electronic mmwpg (SEM) was performed. Cell
distribution and adhesion were assayed by mearBAdfl nuclei staining and Actin

Cytoskeleton and Focal Adhesion staining Kit; thability assays were performed by
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means of MTS assay and the Promokine ApoptoticiNetHealthy Cells Detection Kit.
The images obtained with the confocal laser scanniitroscopy come out from the Z-

stack projection of the same field of approximaglym thickness (ImageJ, NIH).

2.4. Invitro citocompatibility assays
2.4.1. RCEC, RAEC distribution and RCEC focal adhe®n assay

In order to investigate RCEC distribution after 4,9, 12 and 14 days from
seeding and RAEC distribution after 7 and 14 dagsfseeding, polymeric constructs
were washed once with PBS and fixed with 4% formlajdle. Then, samples were
incubated with DAPI (350 nm excitation wavelengt60 nm emission wavelength) for
30 minutes at room temperature in darkness. Théinatthe cells were observed by
means of a confocal laser scanning microscagycé SP5, HCX PL Apo 63x/0.50 oil
objectivg and imagines captured using LAS AF software. Evaluation of RCEC
adhesion after 7 and 14 days from seeding was mpeefd by means of Actin
Cytoskeleton and Focal Adhesion Staining K@hémicon International, Temecula,
California). Briefly, constructs were fixed with 4% parafoildehyde in PBS for 15
minutes at room temperature and washed twice wabhwbuffer (0.05% Tween-20 in
PBS). Then, cells were treated with 0.1% Triton 0Glin PBS for 5 minutes at room
temperature and washed twice with wash buffer. rA3@ minutes in blocking solution
(1% BSA in PBS), constructs were incubated 1 hdauroam temperature in blocking
solution containing anti-Vinculin (1:500), providedth the kit, and subsequently washed
three times with wash buffer. Constructs were timmubated in a solution of TRITC-
conjugated Phalloidin (1:200) (provided with thd) ki540nm excitation wavelength,
580nm emission wavelength) and DyLight™ 488-Labdetibody to mouse IgGKPL,
Gaithersburg, USA(1:200) (488nm excitation wavelength, 525nm ermaissvavelength)
for 60 minutes at room temperature protected fraghtl After incubation, constructs
were washed three times and mounted with VECTASBIBUounting Medium for
fluorescence with DAPI \(ector Laboratories, Burlingame, GA350nm excitation
wavelength, 460nm emission wavelength) and obsebyedheans of a confocal laser
scanning microscopyin the experiments with the mats BioRadiance Cahf8ystem
10X or 40X objective and the Lasersharp2000 softwahile the Leica SP5, HCX PL
Apo 63x/0.50 oil objective and the LAS AF softwardhe vascular graft experimeits
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2.4.2. Viability assay

RCEC and RAEC viability was monitored after 7 adddhys by the colorimetric
MTS assay 3-(4,5-dimethylthiazol-2-yl)-5-(3-carbaxgthoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium, inner saltGellTiter 96 Aqueous Assay, Promgglletabolically active
cells react with a tetrazolium salt in the MTS ratgto produce a soluble formazan dye
that can be observed at 490nm. The cellular cottstmwere rinsed with PBS in order to
wash out unattached cells, transferred into a nell w order to take in account only
cells attached to the mat, and finally incubateth\®0% MTS reagent in culture medium
for 90 minutes. Thereafter, aliquots were pipetted 96 well plates and the samples
were read at 490nm in a microplate autoreader E[RB®-tek Instrumends To
discriminate apoptotic, necrotic and healthy célisgmokine Apoptotic/Necrotic/Healthy
Cells Detection kit RromoCell GmbH, Heidelberg, Germgnyas used. Cellular
constructs were rinsed twice with Binding Buffeoyded with the kit and 5ul FITC-
Annexin V (492nm excitation wavelength, 514nm eioissvavelength), 5 pl Ethidium
Homodimer Ill (528nm excitation wavelength, 617nmission wavelength) and 5ul of
Hoechst 33342 (350nm excitation wavelength, 461nmms&on wavelength) onto 100ul
Binding Buffer was added to every construct. Atérminutes of incubation the samples
were washed twice with Binding Buffer, mounted wattverslip and observed by means
of a confocal laser scanning microscopgi¢a SP5, HCX PL Apo 63x/0.50 oil objec}ive
and imagines were captured using LAS AF softwarealthy cells are stained blue,
apoptotic cells are stained both green and blugptie cells are stained both red and blue
and triple colours blue, red and green are deald pebcessing from apoptotic cell

population.

2.4.3. Proliferation assay

To assay RCEC proliferation after 4, 7, 9, 12 adddays from the seeding and
RAEC proliferation after 7 and 14 days from seedi@jck-iT™ EdU Imaging Kit
(Invitrogen, Molecular Probes Incwas used. Briefly, 24 hours before the end of the
incubation period 10uM of EdU solution was addeth®cells. At the end of incubation
cellular constructs were fixed in 4% formaldehyde”BS for 15 minutes, washed twice
with 3% BSA in PBS and treated with 0.5% Triton BOlin PBS for 20 minutes at room
temperature. Constructs were then washed twice 3#hBSA in PBS and Click-IT™
reaction cocktail (containing Alexa Fluor® 488 azidl95nm excitation wavelength and

519nm emission wavelength) was added for 30 mingwetected from light, following
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manufacture instructions. At the end of incubationstructs were washed once with 3%
BSA in PBS and once with PBS. Then, 5ug/ml of Hee@8342 (350nm excitation
wavelength, 460nm emission wavelength) provided whie kit was added to cells and
incubated for 30 minutes at room temperature, ptetefrom light. After two washing
with PBS, constructs were mounted with coversliggsasved by a confocal laser scanning
microscopy eica SP5, HCX PL Apo 63x/0.50 oil objectiaad imagines were captured
using LAS AF software.

2.5. Invivo experiments
The experimental protocol was approved by the Bth@@ommittee of the
University of Padua for Animal Testing (CEASA).
In thein vivo experiments adult Sprague-Dawley rathdrles-River, Como, Ita)ywere
used and polymeric mats (diameter of 1 cm and ti@s& about 0,5 mm) were implanted
in their dorsal subcutaneous tissue.
In particular, Sprague-Dawley rats were divide® idtgroups:
- Group 1 included the rats in which a PCL mat waplamted on the left side of
the spine and a PHBV mat on the right side;
- Group 2 included rats in which a PCL mat was imi@dron the left side of the
spine and a PCL/PHBV mat on the right side.
PCL, PHBV and PCL/PHBV mats were previously steedl by immersion in 70% v/v
ethanol solution overnight and dried at room terapege in a sterile hood, and exposed to
UV light (30 minutes/side). The disks were storadsterile PBS until use, after some

washing in PBS to remove ethanol.

2.5.1. Implant of polymeric mats and animal sacrifte

A Fluovac pump Klarvard Apparatus Ltd, Kent, Englandor Isofluorane, was
connected to the animal during the surgical procedlihe IsofluoraneHorane ®, Abbott
SpA at a concentration of 3% with oxygen flow at tediminute was distributed in a
transparent Plexiglas box, suitable for the inductf anesthesia. Then Isofluorane 1.5%
with oxygen flow at 1 liter/minute was administetedmaintain the anesthesia state.
Once checked the state of animal anesthesia, thensls shaved and disinfected with
Betadine Keda Pharma S.p.a., Milapoln each rat, control PCL polymer and the

polymer to test, PHBV or PCL/PHBV were implantedr Ehis reason, two incisions
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were made (1,3 cm) at the sides of the spine. Atitlsision level, two pockets were
created to insert the polymer (PCL in the left peicknd the polymer to be evaluated in
the right pocket). Then the skin was closed witsasbable sutures type 2-&thicon
Vicryl, Johnson& Johnson Medical S.p.@New Jersey the suture was again disinfected
with Betadine fleda Pharma S.p.a., Milaho

The animals in the post-surgical operation periagtenkept one par cage in standard
laboratory conditions. After surgery, antibiotieatment with Terramycin ® (60 mg/kg
intramuscular) was given. Post-surgical analgesas wrovided by treatment with
Contramal ® (5 mg/kg intramuscular) repeated exi@ours for the first 24 hours.

The animals of each group were sacrificed by ewbianat 1, 2 and 4 weeks after
implantation. All animals were euthanized by meahsnesthetic drug overdose. The
mats were taken for morphological and histologstatlies.

2.6. Explanted polymer analysis
2.6.1. Histological analysis

At each endpoint the rats were sacrificed and mage recovered, frozen by
nitrogen vapour and stored at -80° t€ prevent decomposition. Mats were then
cryosectioned at 5um thickness usinglitbeea CM 1850 UV Cryostalhe samples were
fixed in 4% PBS-buffered paraformaldehyde for 1Gwmes, washed once with PBS and
twice with distilled water for 5 minutes. The secis were treated with hematoxylin for 3
minutes Mayer's Emallume solution, Bio-Optica, Milanpurple nuclear staining
solution, previously filtered with a filter papefhe excess dye was removed with a
double and quick rinse in distilled water, and shdes were immersed in tap water for 6
minutes. The samples were then treated for 2 nmsnwii 0.5% eosin G aqueous solution
(Merck, Germany a cytoplasmatic dye that contrasts hematoxylimen the sections
were quickly rinsed in distilled water. The slidedrjed at room temperature, were
mounted with Bio Mount, synthetic based mountingdiaefor histology and cytology
(Bio-Optica, Milar), covered with a coverslip and observed underita microscope

(Leica DM 2000, Germanyimages were captured using a camera connected to
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2.7. Statistical analysis

Data are expressed as mean * standard deviati@tisti8al analysis was
performed by means of non parametric tebtatlab, The Mathworks, Natick, MA, UBA
Differences were checked in two steps: data wenepeoed by using the Kruskal-Wallis
nonparametric test; if significant differences wdoaind, groups were compared by
means of the Mann-Whitney U test. Significant lewak set at p<0.05.
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3 RESULTS

3.1. Electrospun mats and tubular scaffolds

The bioresorbable mats and tubular scaffolds useithis study were designed,
produced and characterized at the University of difor Vergata”, Department of
Science and Chemical Technology, by Prof. Alessailanco and Eng. Costantino Del
Gaudio.
3.1.1. Microstructure of electrospun mats and tubudr scaffolds

SEM observation showed that all collected non-woreats were comprised of
polymeric fibers free of beads (Fig. 9), the averd@meter was 3.2+0.6 um, 3.2£0.4 um
and 2.9+0.5 um for PCL, PHBV and PCL/PHBV matspeesively (p>0.05). The two
dimensional average void size was 8+3 um, 7+3 pth&8 um for PCL, PHBV and
PCL/PHBV mats, respectively (p>0.05).
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Fig. 9: SEM micrographs of PCL (A), PHBV (B) and PCL/PHB®) mats.

PCL and PCL/PHBYV tubular scaffolds were comprisédefect-free electrospun fibers,
in the case of PCL/PHBV a higher packing densitg haen observed (Fig. 10A).
Conversely, the PHBV tubular sample showed sevemarostructural defects. PCL
tubular scaffold was characterized by a bimodarfithistribution, the average diameters
being 3.5£0.8 um and 0.7+£0.2 pum, while a value &itQ.5 um was computed for
PCL/PHBYV (p<0.05). The average fiber diameter oBRHubes was 2.1+0.5 um, along
the fiber several beads of 9.5+2.0 um were detecBath PCL and PCL/PHBV
electrospun grafts showed an overall and comparatigned fiber pattern, the
eccentricity of the fitting ellipse resulting frotine orientation analysis was 0.29+0.12 and
0.33%0.06, respectively (p>0.05). PBHV did not r@va preferential fiber alignment,
being the eccentricity equal to 0.12+0.03 and s$icgmtly different from the two previous
cases. Finally, graft thickness was 0.6+0.2 mmt@X4 and 0.4+0.1 for PCL, PHBV and
PCL/PHBYV, respectively (p>0.05). Regarding the &tspun grafts collected at low



Results

speed rotation, a random fiber arrangement wasnads$dor the three cases, the PBHV
showing the most non-homogeneous fiber depositimtd bead formation (Fig. 10B).
The average fiber diameter was 3.7+0.3 pum and 35pén for PCL and PCL/PHBV
graft, respectively. PHBV graft was characterizgchh average fiber diameter of 1.6+0.3
pum and an average bead size of 7.4+£1.7 um. Thenteioiky of the fitting ellipse, as
resulted from the orientation analysis, was 0.08200.02+0.01 and 0.05+0.02 for PCL,
PHBV and PCL/PHBYV grafts, respectively (p>0.05). éxected, the statistical analysis

revealed a significant difference between low/rsgleed rotation tubular scaffolds made
of the same material.
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Fig. 10: A - SEM micrographs of PCL (Al), PHBV (A2) and PCHBV (A3) tubular grafts
collected at high rotational speeB. - SEM micrographs of PCL (B1), PHBV (B2) and
PCL/PHBV (B3) tubular grafts collected at low radatal speed. Insert in each picture reported
the computed fiber alignment pattern.

3.1.2. Mechanical characterization of electrospun ats

Mechanical properties of electrospun mats as mduitom the uniaxial tensile
tests are summarized in Fig. 11. As expected, Rtwed the lowest tensile modulus
and TS and the largest deformation at break. Theiged results showed an increasing
for the tensile modulus and the tensile strengtéctly related to the PHBV content. The
opposite trend was observed for the elongatiomestkd
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Sample E (MPa) TS (MPa) emax (%)
PCL 6.4+ 0.2 0.8+ 0.1 350+ 50
PHBV 77+ 15° 1.8+ 0.2° 30+ 20°
PCL/PHBV 22+ 7% 1.4+ 0.3° 270+ 80°

° p<0.05 with respect to PCL
# p<0.05 with respect to PHBV

Fig. 41: Mechanical properties of electrospun mats: temsideulus (E), tensile strength (TS) and
elongation at brealkihax).

3.1.3. Mechanical characterization of electrospurubular scaffolds

Circumferential mechanical characteristics compuiedn the tested rings are
summarized in Fig. 12, both for high speed and dpeed fabrication. The SRS “straight
across” values were 2.7£0.3 N, 1.30.3 N and 1320.(p<0.05), while the “oblique”
values were 3.1+0.6 N, 0.7+0.2 N and 2.6x0.8 N R&L, PHBV and PCL/PHBV,

respectively (p<0.05 with respect to PHBV).

Sample E (MPa) TS (MPa) emax (%)

PCL 4.2+ 0.4 2.1+ 0.5 950+ 250

High speed PHBV 7.4+15° 1.4+ 0.5 73+ 10°
PCL/PHBV 7.0+ 0.4° 1.7£ 0.5 290+ 90°*

PCL 2.2+0.18 1.6+0.1 723+ 47

Low speed PHBV 31+1.0 0.7+ 0.3° 30+ 4° ¢
PCL/PHBV 45+ 2.0 1.5+ 0.5 183+ 337

° p<0.05 with respect to PCL within each set otutabscaffolds collected at a selected speed
# p<0.05 with respect to PHBV within each set d&fular scaffolds collected at a selected speed
8§ p<0.05 comparing tubular scaffolds made of theesanaterial for the two fabrication

conditions

Fig. 12: Circumferential mechanical properties of electrospubular scaffolds collected at high
and low rotational speed: tensile modulus (E), itenstrength (TS) and elongation at break

(semax).
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3.2. Characterization of cell cultures

3.2.1. Characterization of rat cerebral endotheliakells (RCECs)

To verify that the immunoseparated rat cerebraloérelial cells (RCECs) were
indeed endothelial cells and free from contamirgation endothelial cells, expression of
endothelial-specific marker von Willebrandt factqvWf) was investigated by
immunocytochemistry. RCECs exhibited positive cldasmatic staining with anti-vWf
(Fig. 13A). No background staining was observedttmg the primary antibody. Indeed
RCECs are able to form capillary-like structureshatrigel, maintaining the functional

capability inin vitro cultures (Fig. 13B).

Fig. 13: Immunocytochemistry of RCECs showing the expressioendothelial-specific marker
con Willebrandt factor (vVWf). RCECs were highlighsing 3-amino-9-etil-carbazol (AEC).
Magnification 50X (A). No primary antibody was usegdnegative controls. RCECs seeded in
Matrigel after 24 hours (B). RCECs maintain thdighio form capillary-like structures vitro.

3.2.2. Characterization of rat aortic endothelial ells (RAECS)

To verify that the immunoseparated rat aortic ehelal cells (RAECS) were
indeed endothelial cells and free from contamimgation ECs, expression of endothelial-
specific marker von Willebrandt factor (vWf) was@stigated by immunocytochemistry.
RAECs exhibited positive cytoplasmatic staininghwanti-vWf (Fig. 14A, 14C, 14E,
14G). No background staining was observed omitting primary antibodylndeed
RAECs are able to form capillary-like structuresMatrigel, maintaining the functional
capability inin vitro cultures (Fig. 14B, 14D, 14F, 14H).
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Fig. 14: Confocal laser scanning microscopy of RAECs at\l, VI and VIII passage
(respectively A, C, E ,G), showing the expressidnendothelial-specific marker von
Willebrandt factor (vWf). RAECs at II, IV, VI and N passage (respectively B, D, F, H)
seeded in Matrigel after 24 hours. RAECs maintaia ability to form capillary-like
structuresn vitro.
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3.3. Invitro experiments on electrospun mats
3.3.1. RCEC, RAEC distribution and RCEC focal adhe®n assay

RCEC response on the electrospun mats was obsdryecheans of DAPI
(labelling nuclei) and the adhesion kit composed dxtin (labelling cytoskeleton
filaments and their orientation) and vinculin (I4iog focal contacts) staining. RCECs
spread on the surface of PCL, PHBV and PCL/PHBVsmat, 7, 9, 12 and 14 days from
seeding, the most representative time points aesin Fig. 15. In particular, cells grew
uniformly onto the surface of PCL mats, while astéur distribution was observed on
PHBV. A different cell behavior was highlighted fibre PCL/PHBV mats, being initially
characterized by the presence of cell clusterd dai 9 (data not shown) followed by an

uniform surface starting from day 12.
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Fig. 15: Confocal laser scanning microscopy of RCEC nucteined with DAPI
performed on PCL (A, D, G, L), PHBV (B, E, H, M)&®CL/PHBV (C, F, I, N) mats at
4 days (A, B, C), 7 days (D, E, F), 12 days (Gl)nd 14 days (L, M, N) after seeding.
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Adhesion assay performed with immunocytochemicgbki7 and 14 days from seeding
(Fig. 16) demonstrated that RCECs expressed bdih aed vinculin onto PCL mats.

Differently, on PHBV and PCL/PHBYV substrates, RCE&Zpressed vinculin as well as
on PCL mats but the expression of actin protein wa®r, demonstrating less adhesion

to the substrate but a very good focal adhesiomagroells.
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Fig. 16: Confocal laser scanning microscopy of focal adhesiod actin cytoskeleton in RCEC
seeded on PCL (A, D), PHBV (B, E) and PCL/PHBV EEmats at 7 days (A, B, C) and 14 days
(D, E, F) after seeding. F-actin was detected usiRgr C-conjugated Phalloidin, focal contacts
were revealed using anti-Vinculin monoclonal antipand DyLightTM 488-labeled antibody.

RAEC response on the electrospun mats was obsdryadeans of DAPI (labelling
nuclei). At 7 days from seeding RAECs spread omlts, cells grew uniformly and
were more numerous and well distributed onto thesudace within 14 days (Fig. 17).
When testing the RAEC adhesion on polymeric méis,Actin Cytoskeleton and Focal
Adhesion Staining Kit Chemicon International, Temecula, Califorhizwas no longer
commercially available and no similar kit by oth@wmpany was available, thus the

adhesion assay was not performed.
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Fig. 17: Confocal laser scanning microscopy of RAEC nuclained with DAPI performed on
PCL (A, D), PHBV (B, E) and PCL/PHBV (C, F) mats7atays (A, B, C) and 14 days (D, E, F)
after seeding.

3.3.2. RCEC and RAEC viability assay

The RCEC viability on PCL, PHBV and PCL/PHBV matasvevaluated by
means of the MTS assay at 7 and 14 days from sp€Eig. 18). The data demonstrated
that RCECs grew and were metabolically active wtdtured on PCL and PHBV mats
at both time-points. Conversely, RCEC MTS reductonPCL/PHBV mats significantly
(p<0.05) decreased after 14 days with respecidiays.
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Fig. 18: RCECMTS assay on PCL, PHBV and PCL/PHBV mats at 7 ahddlys after seeding.

* p<0.05 to 7 days.

Apoptotic, necrotic and healthy cells were staineg means of three different
fluorophores, as reported in Fig. 19. At 7 and agsdfrom seeding, most of the RCECs
were healthy (blue stained) while only few necratidls (red stained) were detected on
PCL and PHBV mats, suggesting that the main cedtidevay is the necrotic one. On
PCL/PHBV mats death cells were more abundant atai/4 than at 7 days. These results

showed a comparable trend with the MTS assay.
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Fig. 19: Confocal laser scanning microscopy of viabilityaasef RCECs seeded on PCL (A, D),
PHBV (B, E) and PCL/PHBV (C, F) mats at 7 days RAC) and 14 days (D, E, F). Healthy cells
are stained blue, necrotic cells are stained badhand blue and triple colors blue, red and green
are dead cells processing from apoptotic cell padpri.

The RAEC viability on PCL, PHBV and PCL/PHBV mataswevaluated by means of the
MTS assay at 7 and 14 days from seeding (Fig. %.data demonstrated that RAECs
grew and were metabolically active on PCL, PHBV &W@L/PHBV mats at 7 days
similarly. RAEC MTS reduction on PHBV and PCL/PHBYats increased in highly
significant (p<0.01) way after 14 days with respgect days.
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Fig. 20: RAEC MTS assay on PCL, PHBV and PCL/PHBV mats and 14 days after seeding.

** n<0.01 to 7 days.

Apoptotic, necrotic and healthy cells were staineg means of three different
fluorophores, as reported in Fig. 21. At 7 daysrfreeeding, few RAECs were necrotic
(red stained) on PCL, PHBV and PCL/PHBV mats. Atdbys most of RAECs on PCL
and PCL/PHBV were healthy (blue stained) while of@w necrotic cells (red stained)
were detected. These results showed a comparahtwith the MTS assay.
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Fig. 51: Confocal laser scanning microscopy of viabilityassef RAECs seeded on PCL (A, D),
PHBYV (B, E) and PCL/PHBV (C, F) mats at 7 days BAC) and 14 days (D, E, F). Healthy cells
are stained blue, necrotic cells are stained bedhand blue and triple colors blue, red and green
are dead cells processing from apoptotic cell padpri.

3.3.3. RCEC and RAEC proliferation assay

In order to assess the potential influence of sdspuun mats on RCEC and RAEC
proliferation, an immunocytochemical kit based be tiscrimination between the total
(DAPI staining, blue) and the proliferative celiggined with the Alexa Fluor 488 azide
staining, green) was used. RCECs proliferated bnhal investigated mats as resulted
from the observational time-points, 7, 12 and 1ysdeom seeding, the most significant
ones are reported in Fig. 22. In particular, PCig.(BR2A, 22D and 22G) supported cell
proliferation, while PHBV (Fig. 22B, 22E) and PCHBV (Fig. 22C and 22F) mats
were characterized by a similar response up toldaywhen a lower proliferation was
detected with respect to PCL (Fig. 22H and 22l).r&bwer, at 12 days the proliferative

RCECs increased on all the investigated mats inpeoison to 7 and 14 days.
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Fig. 22: Confocal laser scanning microscopy of proliferatimsay of RCECs on PCL (A,
D, G), PHBV (B, E, H), PCL/PHBV (C, F, I) mats addys (A, B, C), 12 days (D, E, F)
and 14 days (G, H, I). Nuclei are stained bluelif@grative nuclei are stained both green
and blue.
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At 7 days from seeding RAECs proliferated on allestigated mats similarly (Fig. 23).

At 14 days the proliferative RAECs increased ortladl investigated mats in comparison

to 7 days.

Fig. 23: Confocal laser scanning microscopy of proliferatassay of RAECs on PCL (A, D),
PHBV (B, E), PCL/PHBYV (C, F) mats at 7 days (A, ®) and 14 days (D, E, F). Nuclei are
stained blue, proliferative nuclei are stained lp#en and blue.

3.4. Invitro experiments on circular samples cut out from theubular

scaffolds
3.4.1. RCEC, RAEC distribution and RCEC focal adhe®n assay

RCEC response on circular samples cut out from tthmilar scaffolds was
observed by means of DAPI (labelling nuclei) and #uhesion kit composed by actin
(labelling cytoskeleton filaments and their origiaia) and vinculin (labelling focal
contacts) staining. RCECs spread on the surfaB&Cafand PCL/PHBYV mats at 7 and 10
days from seeding while at 12 and 14 days fromiegetthey decreased (Fig. 24). Cells
grew uniformly onto the surface of both mats. OnBRH 0 cells were observed at any
time point (data not shown). No other experimentthh VRCECs were performed on
PHBV.
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Fig. 24: Confocal laser scanning microscopy of RCEC nucteined with DAPI
performed on PCL (A, C, E, G) and PCL/PHBV (B, D,H) circular samples cut out
from the tubular scaffolds at 7 days (A, B), 10€1é&g, D), 12 days (E, F) and 14 days (G,

H) after seeding.
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The adhesion assay on circular samples cut out fhrentubular scaffolds was performed
using the same immunocytochemical kit used forelleetrospun mats. A confocal laser
scanning microscopy having the UV laser allowsdhservation of the cell nuclei stained
with DAPI. RCECs on PCL expressed both actin amtwlin at 7 days from seeding,

also showing a preferential orientation with theceiospun fibers, suggesting a direct
influence of the substrate morphology on cell sgireg (Fig. 25A). This response

appeared more evident on PCL/PHBV (Fig 25B). Aftdrdays the number of cells on

PCL (Fig. 25C) and PCL/PHBYV (Fig. 25D) decreasedamparison to 7 days.
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Fig. 25: Confocal laser scanning microscopy of focal adhesind actin cytoskeleton in RCEC
seeded on PCL (A, C) and PCL/PHBYV (B, D) circulamples cut out from the tubular scaffolds
at 7 days (A, B) and 14 days (C, D) of culturingadtin was detected using TRITC-conjugated
Phalloidin, focal contacts were revealed using -¥irtculin monoclonal antibody and
DyLightTM 488-labeled antibody and nuclei are stainvith DAPI.
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RAEC response on circular samples cut out fromttlhelar scaffolds was observed by
means of DAPI (labelling nuclei). At 7 days fromedeng lots of RAECs were detected
on PCL and PCL/PHBYV, only few cells on PHBV. At dldys RAECs increased on all
samples and grew uniformly on PCL and PCL/PHBV aa{Fig. 26).

When testing the RAEC adhesion on circular samgigésut from the tubular scaffolds,
the Actin Cytoskeleton and Focal Adhesion Stainkig (Chemicon International,
Temecula, Californipwas no longer commercially available and no simiit by other
company was available, thus the adhesion assapetgserformed.

0 um 25 ) ) pum 25 0 pm 25
— — —

Fig. 26: Confocal laser scanning microscopy of RAEC nudainged with DAPI performed on
PCL (A, D), PHBV (B, E) and PCL/PHBV (C, F) circulaamples cut out from the tubular
scaffolds at 7 days (A, B, C) and 14 days (D, Eafigr seeding.

3.4.2. RCEC and RAEC viability assay

The RCEC viability on PCL and PCL/PHBV circular ga&s cut out from the
tubular scaffolds was evaluated by means of the M$&ays at 7 and 14 days from
seeding (Fig. 27)Since at 14 days a significant decrease of theredtbx activity was
observed, the MTS assay was also performed atriettiate times, particularly at 10 and
12 days from seeding. RCEC MTS reduction on PCLpansignificantly (p<0.05)
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increased after 10 days with respect to 7 daysth@mrontrary, RCEC MTS reduction on
PCL sample decreased in highly significant (p<0&1d in significant (p<0.05) way after
12 and 14 days respectively in comparison to 7 dagsin significant (p<0.05) way both
after 12 and 14 days in comparison to 10 days. bMae RCEC MTS reduction on
PCL/PHBV sample decreased in highly significantqy@d) way after 12 and 14 days
with respect to 7 and 10 days.
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Fig. 27: RCEC MTS assay on PCL and PCL/PHBV circular sampldgsout from the tubular
scaffolds at 7, 10, 12 and 14 days after seediqg0:05 and ** p<0.01 to 7 days; » p<0.05 and
M p<0.01 to 10 days.

Apoptotic, necrotic and healthy cells were stainbg means of the same
immunocytochemical kit used for the electrospunsnfitg. 28). At 7 days from seeding,
most of RCECs were healthy (blue stained) whileydaiv necrotic cells (red stained)
were detected on PCL and PCL/PHBV mats, sugge#tiaigthe main cell death way is
the necrotic one. At 10 days from seeding most ©ERs were red stained on PCL and
green stained on PCL/PHBYV suggesting a differeatidevay, the necrotic one for PCL
and the apoptotic one for PCL/PHBYV. Starting frotndhys after seeding on PCL/PHBV
constructs, cells were less abundant comparecetottier time points and cell death was

more marked. These results showed a comparabkb irigéh the MTS assay.
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Fig. 28: Confocal laser scanning microscopy of viabilityagssf RCECs seeded on PCL (A, C,
E, G) and PCL/PHBYV (B, D, F, H) circular samples out from the tubular scaffolds at 7 days
(A, B), 10 days (C, D), 12 days (E, F) and 14 d@ysH). Healthy cells are stained blue, necrotic
cells are stained both red and blue and triplersdiue, red and green are dead cells processing

from apoptotic cell population.
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All samples cut out from tubular scaffolds suppdriRRAEC viability. At 7 days from
seeding the RAEC MTS reduction is higher on PCLcomparison to PHBV and
PCL/PHBV. The RAEC metabolic activity on all sangplgas highly significant (p<0.01)
at 14 days in respect to 7 days (Fig. 29).
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Fig. 29: RAEC MTS assay on PCL, PHBV and PCL/PHBV mats and 14 days after seeding.

** n<0.01 to 7 days.

Apoptotic, necrotic and healthy cells were stainbg means of the same
immunocytochemical kit used for the electrospunar{gig. 30).At 7 days from seeding
most of RAECs were healthy (blue stained) whileydiew necrotic cells (red stained)
were detected, suggesting that the main cell deathis the necrotic one. At 14 days
RAECs were healthy on all samples. These resutisvasth a comparable trend with the

MTS assay.
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Fig. 30: Confocal laser scanning microscopy of viabilityassef RAECs seeded on PCL (A, D),
PHBYV (B, E) and PCL/PHBYV (C,FH) circular samples out from the tubular scaffolds at 7 days
(A, B,C) and 14 days (D, E, F). Healthy cells aared blue, necrotic cells are stained both red
and blue and triple colors blue, red and greendma&d cells processing from apoptotic cell
population.

3.4.3. RCEC and RAEC proliferation assay

The potential influence of samples cut out fromutab scaffolds on RCEC and
RAEC proliferation, was evaluated by means of #@e immunocytochemical kit used
for the electrospun mats. RCECs proliferated on R@d PCL/PHBV samples. In
particular, at 10 days from seeding the prolife@atiRCECs highly increased on
PCL/PHBYV in comparison to 7 days. At 12 days ndsoskre observed (Fig. 31).

61



Results

() um 25

0 pm 25
—

0 hIII'I. 25

Fig. 31: Confocal laser scanning microscopy of proliferatimsay of RCECs on PCL (A,
C, E) and PCL/PHBV (B, D, F) circular samples cut rom the tubular scaffolds at 7
days (A, B), 10 days (C,D,) and 12 days (E, F).IBiuare stained blue, proliferative
nuclei are stained both green and blue.
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At 7 days from seeding RAECs proliferated on alleistigated samples similarly. At 14
days RAECs increased on PHBV and PCL/PHBV samplgsoat from the tubular

scaffolds, numerous proliferative cells were detddh respect to PCL samples (Fig. 32).

Fig. 32: Confocal laser scanning microscopy of proliferatamsay of RAECs on PCL (A, D),
PHBV (B, E) and PCL/PHBYV (C, F) circular samples out from the tubular scaffolds at 7 days
(A, B, C) and 14 days (D, E, F). Nuclei are staifdge, proliferative nuclei are stained both
green and blue.

3.5. Invivo experiments

The PCL, PHBV and PCL/PHBV mats were implantechim dorsal subcutaneous
tissue of Sprague-Dawley rats to evaluate theicdgpatibility. All animals survived,
did not contract infections, have not experiencejgation and were sacrificed at the
following time-points after surgery: 7 days, 14 slay 28 days.

3.5.1. Explanted polymeric mat macroscopic analysis
At the explant time-points, all mats kept the araisize(Fig. 33), were integrated
into the host tissue and were partially vasculakizéhe PHBV mat explants folded

during the time lapse but their form was conserved.
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Fig. 33: PCL (A, D, G), PHBV (B, E, H) and PCL/PHBYV (C, B,rhats at 7 days (A, B,
C), 14 days (D, E, F) and 28 days (G, H, I) frora subcutaneous implantation. On the
left of each box the mats before the implant antherright the mats explanted.

3.5.2. Explanted polymeric mats histochemical anays

The explanted polymeric mats, cryosectioned at Bipiokness, were stained with
hematoxylin and eosin and observed at 100x maguidic (Fig. 34), 200x magnification
(Fig. 35) and 400x magnification (Fig. 36). At ydaafter surgery, the PCL mats showed
high inflammatory response and infiltration (prolyalgranulocytes and macrophages,
localized at the edges but absent in the centralopghe mat) and numerous vessels were
observed. At 14 days after surgery, the inflammaitadfiltrate was still high and localized
at the fibrous capsule borderland, which was deecan thickness, and vessels were
observed into the mats. On borderline some cetiainéo migrate inward. At 28 days, the
inflammatory infiltrate was still high and the fdars capsule was not completely
reabsorbed. The polymers were fully invaded byscell
At 7 days after implantation, the PHBV mats wergeted by a fibrous capsule thinner

than PCL mats and the inflammatory response wagrl@mesmpared to the PCL mats.

64



Results

After 14 days the cellular infiltration was highar respect to 7 days. In different
borderline cells migrated into the inner part of tinats. In fact at 28 days some areas
were completely colonized by cells.

At all time-points, the PCL/PHBV mats were lesslanfed and less infiltrated in
comparison to PCL mats. At 28 days, the fibroussabgpwas still present, although at 7
and 14 days was thinner than on the PCL. The eelluifiltration decreased and
disappeared at 28 days. On the borderland few tiyraells, probably myoblasts, were
observed.

Fig. 34: Cross sections (m) of polymeric mats: PCL (A, D, G), PHBV (B, E, Hnd
PCL/PHBV (C, F, I) mats at 7 days (A, B, C), 14 sldip, E, F) and 28 days (G, H, I) from the
subcutaneous implantation (100x magnification).
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Fig. 35: Cross sections (m) of polymeric mats: PCL (A, D, G), PHBV (B, E, Hnd
PCL/PHBV (C, F, I) mats at 7 days (A, B, C), 14 gldp, E, F) and 28 days (G, H, I) from the
subcutaneous implantation (200x magnification).
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Fig. 36: Cross sections (m) of polymeric mats: PCL (A, D, G), PHBV (B, E, Hnd
PCL/PHBV (C, F, I) mats at 7 days (A, B, C), 14 gldp, E, F) and 28 days (G, H, I) from the
subcutaneous implantation (400x magnification).
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4 DISCUSSION

Atherosclerosis and cardiovascular diseases aremib& common causes of
morbidity and mortality in patients all over the neb(Unal et al., 2003 most of which
need surgical intervention. The limited availalgilbf healthy autologous vessels for
bypassing grafting procedures has led to the fatoie of prosthetic vascular conduits.
Synthetic polymeric materials, while providing tappropriate mechanical strength, lack
the compliance and biocompatibility that biorestbaand naturally occurring protein
polymers offer Ravi et al., 200P The development of suitable vessel grafts islevant
issue to be addressed, especially referring to Istiaheter ones sinc®acron and
Teflonprostheses showed rates of thrombosis greatedtbfgnafter 6 months when used
to bypass arteriesHperstrup et al., 2001 Cardiovascular tissue engineering has the
prospect of biological, living and autologous blogdssel to meet the need for a
functional conduitsZhang et al., 2007 In this respect, the selection of an appropriate
biomaterial formed in a functional fashion, ablestgport cell adhesion, proliferation and
migration and to promote ECM formation, is of pacamt importance. Several
approaches have been adopted to modify vasculdir greaces, such as EC seeding,
relevant proteins (e.g., collagen, albumin and ham)i coating, or addition of anti-
coagulants and growth factafi{ang et al., 2007 Although tissue engineering vascular
graft (TEVGs) based on biodegradable scaffolds hgiedded promising results,
limitations remain. Challenges of cell sourcing acenpounded by long culture periods
that range between 2 and 6 months, and the piatiNer capacity of cells isolated from
elderly patients is limitedRavi et al., 2009; L’'Heureux et al., 2006
The polyg-caprolactone) (PCL) is a synthetic aliphatic petge, intensively investigated
biomaterial; its advantages are ease of fabricagmability, and tunable mechanical
strength. It can be produced to conduits with #euired dimensions, optimum porosity
and viscoelasticity Rankajakshan et Agrawal, 20l(However, its generally poor cell
affinity due to hydrophobicity, lack of cell-bindinsignals and its slow degradation rate
in vivo (Nottelet et al., 2009have become the major obstacle to be an ideslidis
engineering materialX(ang et al., 2011l Consequently PCL blended with natural
polymers could be a promising approach in vasdigaue engineering?@nkajakshan et
Agrawal, 2010. Moreover, blend of synthetic with natural polyméave shown good
cytocompatibility with mesenchymal stem cell$afig et Wu, 2005 The poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) is atural material produced by
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numerous bacteria. Its vivo degradation involves the release of hydroxy adets acid
and less inflammatory than other bioresorbable mpelg Williams et Martin, 2002 Its
various properties such as natural origin, biodggjodity, biocompatibility, non-toxicity
(Ke at al., 201pmake it a good candidate for blending with PCL.

Starting from these assumptions, in this work, ghtential advantage of intimate
blending soft PCL, already approved by the Food Bnadg Administration, with hard
PHBV has been evaluated. The bioresorbable polynmeaits and tubular scaffolds were
designed, produced and characterized at the Uitivecd Rome “Tor Vergata”,
Department of Science and Chemical Technology, foy. Rlessandra Bianco and Eng.
Costantino Del Gaudio. In particular, non-woven snaind small-diameter tubular
scaffolds of PCL, PHBV and the blend 50% PCL/50%BRH(PCL/PHBV) were
fabricated by means of electrospinning techniguee &im of the present study was to
evaluate the characteristics of the materials drttlear construct to obtain EC growth in
a short time, firstly studying the most suitable tenal among PCL, PHBV and
PCL/PHBV by means oi vitro cytocompatibility andn vivo biocompatibility assays,
then the influence of fiber organization on celbhwth and colonization. By means of the
material and its construct it has been possibldigoriminate the actual influence of the
polymeric substrates, giving insights on the rofetre mechanical characteristics of
morphologically similar 2D mats and the micro-pattéopology of tubular scaffolds.
These two topics are strictly correlated sincelavent number of previous studies dealt
with electrospun vascular grafts characterized ibhyee randomly arrangednoguchi et
al., 2006; Stitzel et al., 2006; Soffer et al., 80N ottelet et al., 200%r circumferentially
aligned fibers Xu et al., 2004; McClure et al., 2009Moreover, electrospun sheets can
be considered as a potential alternative for tredyetion of arterial grafts through a
rolling procedure NicClure et al., 200Q Therefore, a specific luminal texture that can
effectively support EC growth, also depending oe thechanical properties of the
selected biomaterial, needed to be further invatgdy In fact lack of lining ECs on graft
lumen is a significant factor contributing to grgibor patency Nlitchell et Niklason,
2003. In this study, ECs from diverse compartmentd, aarebral endothelial cells
(RCECs) and rat aortic endothelial cells (RAECs)emased, irin vitro well-established
model. The response is linked to the concept the wtnique ultra-structural
characteristics of microvascular and macrovascl@s are intrinsic to the cells

themselves and are not determined by differentiile conditionsCraig et al., 1998
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Moreover the aortic endothelial cells grow rapidhyd are larger, more polygonal, and do
not grow as tightly apposed as the microvasculdotelial cells Craig et al., 1998

The biological results, obtained by tire vitro studies, showed that PCL mats
supported RCEC viability, proliferation and adhesauring the observation period (14
days). Necrosis and apoptosis were observed onnrag, without the affection of redox
activity in the MTS assay. The result is in agreemwith previous studies, since
apoptotic signals have been reported to be imglecat a variety of cellular functions,
including cell proliferation, survival, differentian and inflammatory responskymi et
al., 2005. RCECs grown on PCL mats expressed adhesionipsptctin and vinculin,
and formed a three-dimensional network accordingh® architecture of the fibrous
structure. Cells cultured on PCL were able to hoenogsly grow on the mat. Cell
adhesion to the substrate and the formation of-oell contacts are two required
processes for scaffold colonization, cell survivand proliferation, since the
characteristics of the substrate itself regulatenserphology, rates of movement and cell
activation Curtis et Wilkinson, 1997 Similar observations were previously reported
investigating the fibroblast response to the ngmmgoaphy of poly(L-lactic acid)
scaffolds. Improvements in cell response were fotandorrelate with focal contact and
actin microfilament developmen{iner et Siedlecki, 2097
PCL mats supported RAEC viability, proliferationdaadhesion during the observation
period (14 days). Some necrotic cells were obseatdabth time-points, differently the
RAEC apoptosis was never observed. At 14 days th& kéduction is not significantly
higher in respect to 7 days but RAECs were ableotnogenously grow on the mat and
to colonize the surface. Regarding PHBV, RCECs gmen-homogeneously forming
clusters. More precisely, at the beginning.up to day 12) RCECs colonized the overall
surface, later and until day 14 a scattered celvgr was observed. The adhesion assay
demonstrated the weak expression of actin protaintlae marked expression of vinculin.
Very recently, Ke et al.2010 seeded sheep bone mesenchymal stem cells on salt-
leached scaffolds and reported that cellular adhesicreased until 6 hours and by day 3
no cells were observed on the polymeric substhatan be assumed that, due to the poor
cell-material interaction, the establishment oipemcal cellular contacts enabled them to
survive. Observing SEM micrographs large intercated® voids were present within
fibers and the fiber surface is probably less rowgh respect to PCL and PCL/PHBV. In
fact it is well known that the porosity, pore size®d interconnection between the pores

affect nutrient diffusion to cells and guide cefiganization and tissue ingrowth. This

71



Discussion

parameters are some of the most important in tisegdeof a scaffold to provide a
substitute initially for wound contraction forcesdalater for the remodelling of the tissue
(Ke et al., 201} Differently to PCL, where RCECs were charactiby both apoptosis
and necrosis, cells on PHBV mats were mainly adfédty necrosis. The RAECs seeded
on PHBV showed a significantly higher MTS reducti@ainl4 days in comparison to 7
days. These data were confirmed by the viabiligagsin fact at 14 days more healthy
cells were observed. Also the RAEC proliferativeiaty is higher at 14 days. On
PCL/PHBV, RCECs were characterized by an intermedweehaviour between that of
PCL and PHBV. Up to day 12, RCECs grew on scatter@gl expressed lower adhesion
proteins, proliferated and dead similarly to PHBAfterwards the cellular response was
similar to that observed for PCL. The lower cellukedhesion observed during the
incubation period probably affected cell surviiRCEC redox activity decreased at 7 day
incubation and cells dead by necrosis. Probablynduhe last 7 day of incubation, the
RCECs seeded on PCL/PHBV mats reach the confluandethen at 14 days dead by
necrosis, confirming their growth in a short time this material. RAECs seeded on
PCL/PHBV showed the highest metabolic activity e tMTS assay at 14 days. The
viability assay confirmed the MTS result, in fabetsurface is completely colonized by
cells, most of them healthy. The RAEC behaviowinmgilar on PCL and PCL/PHBV. The
results obtained from RCEC and RAEC cytocompatibdissays demonstrated that both
PCL and PCL/PHBV seem to have appropriate chaiattesr for vascular tissue
regeneration. These electrospun mats were chaescidny comparable microstructural
features both in terms of average fiber diameter\aid size. Reasonably, the observed
different behaviour of RCECs and RAECs could beatsesl to the mechanical
characteristics of the three investigated electrogpats, being well known that stiffness
plays a specific role in cell-scaffold interacti@rown et al. 2005 reported that vascular
smooth muscle cell proliferation rate was invergelated to the stiffness scaffolds made
of polydimethylsiloxane, cell number increasing fa@ on the softest substrate. A
similar behaviour was verified for ECs plated orlagen or fibrin gels of differing
flexibility, showing a decrease in network-like wsttures on stiffer gelsGeorges et
Janmey, 2006 Differently, human dermal fibroblasts showedimereasing proliferation
rate directly with the matrix stiffnes$iédjipanayi et al., 2000 On this basis, the cell
model here considered seems to have positivelyaictied with PCL and PCL/PHBV

fibrous substrates characterized by a stiffnessevaélow 30 MPa.
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To evaluate the influence of fiber alignment onl cesponse, circular samples of
the same diameter of the previously used mats aéreut from tubular scaffolds and the
same experimental conditions were applied. RCE@slesk on PCL and PCL/PHBV
circular samples cut out from the tubular scaffotdisarly colonized the surface and
express both actin and vinculin at day 7 followitige fiber layout. Morphological
investigation of electrospun tubular scaffolds sbdwhat PCL and PCL/PHBV samples
were characterized by a comparable fiber alignnmante marked in the case of the blend
and when collected at high rotational speed. Vigbdssays confirmed that cells are
viable at 7 days, being mainly healthy and only fegre necrotic. At day 14 less RCEC
nuclei were visualized, they less adhered thanagt d and most of them were dead.
Experiments were then performed at 10 and 12 dgysgtto understand when and the
reason for cell death. The viability assays denrated that RCECs grew until 10 days
from seeding and then they dead by necrosis on &@Lby apoptosis on PCL/PHBV.
Therefore, it can be assumed that, differently fianvivo, in thisin vitro system cells
might die due to contact inhibitionJghnson et Fass, 1983This is a well known
limitation of in vitro experiments whilan vivo different physiological mechanisms are
activated to prevent the death cell by contacthiioin. PCL tubular scaffold showed the
lowest tensile modulus, the highest tensile stteagid deformation at break, confirming
the extreme deformability of this polyester ablestgport a constant increasing stress
level up to break. This feature can be related h® fiber architecture. Generally,
electrospun scaffolds firstly experience a re-agesment of the fibers in the loading
direction, leading then to the final response thgpends on the specific materidle(
Gaudio et al., 201)1 In this case, the grafts were minimally subjddi@ morphological
modifications during the tensile tests, since thers were preferentially oriented in the
loading direction, and therefore the highest stitengeasured for the PCL tubular
scaffolds can be ascribed to the fiber dimensidM Snicrographs revealed a bimodal
diameter distribution and it is reasonable to assutimat sub-micrometric fibers
contributed to this effect, being well stated tkti@hner fibers improve the mechanical
characteristics of fibrous materiahrfiornsakchai et al., 1993; Li et al., 200PCL
vascular grafts were characterized by comparalisiléestrength with respect to tissue
engineered blood vessels and native o@iQ et al., 200R The SRS characterization
showed similar values to those measured for ddaglted human saphenous vein and
human mammary arterys¢haner et al., 2004; L'Heureux et al., 2p@&din vitro cell

conditioned polymeric vascular graftdderstrup et al., 2001 These results proved that
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the investigated scaffolds are mechanically coestsivith previous Pel Gaudio et al.,
2009; Del Gaudio et al., 20} Iproposed biological or synthetic substitutes,gasting
for the fibrous structure a potential role in vdacuapplications. No RCECs were
observed on PHBV circular samples cut out fromtthmular scaffolds at 7 and 14 days
confirming that PHBV scaffolds are not suitable REEC growth. Probably that is due
to their intrinsic characteristics and to the namogenous fiber deposition with several
microdefects of the material structure, suggedtiag the processing conditions should be
optimized in order to improve its microstructunalechanical and subsequent biological
features. The poor cell adhesion observed on thgperiments may result in an easy
detachment of cells during the protocol washing&®Dnuclei staining and adhesion Kkit).
No other experiments with RCECs were performed BBY. Differently, the RAEC
response seeded on PCL, PHBV and PCL/PHBV samplesowt from the tubular
scaffolds is similar, in fact at 14 days from segdihe MTS reduction is significantly
higher in respect to 7 days. The viability assapficmed that RAECs grew on all
samples and were able to colonize the sample suvfebin 14 days. At this time-point
only few necrotic cells were observed on samplets aat from the PHBV tubular
scaffolds. Probably the similar RAEC response tifedint materials is due to some
intrinsic RAEC characteristics. They are larger dondhot grow as tightly apposed as the
microvascular endothelial cell€(aig et al., 1998 Thus the microstructure and the fiber
alignment of the scaffolds do not affect in a hggnificant way the RAEC behaviour.
The proliferation assay showed that RAECs mainththeir duplication capability within
14 days, more expressed on samples cut out frofA@héPHBYV tubular scaffolds. These
results are particularly relevant as PCL and PCBW®Iamples supported RCEC growth
on the inner surface in a short time (within 7 dagsd the RAEC growth in 14 days.
Moreover in the case of PCL and PCL/PHBV electrospubular scaffolds, RCECs
colonized the luminal surface arranging toward aoh@yer as for the inner structure of a
blood vessel. In fact ECs align parallel to thesdiilon of unidirectional flow, through the
reorganization of cytoskeletal filaments and foadhesion complexed8(tcher at al.,
2009. A stable EC monolayer is essential to line timaihal surface of grafts to provide
physiological vasoactive , anti-thrombotic propestiStephan et al., 2006transport of
nutrients and transduction of mechanical and biotb@ signals Davies et al., 1997 It
has to be highlighted that our results are padityllencouraging since it is well known
that the long-term failure of the small-diametesaaar grafts is mainly associated to the

incomplete lining of ECs leading to myointimal hypkasia Ma et al., 2005 and
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thrombus formation. Intimal hyperplasia leads tosset reclosure and compliance
mismatch between prothesis and adjacent arMuggy et al., 2002

In order to investigate the biocompatibility of PAEnd PCL/PHBV, compared
to PCL, the polymeric mats were implanted in thasdb subcutaneous tissue of
anesthetized Sprague-Dawley rats, following an exptal protocol approved by the
local Ethics Committee of the University of Padoa Animal Testing (CEASA). At 7
days after implantation, the PHBV mats were covdrgd fibrous capsule thinner than
PCL mats and the inflammatory response was lowenpemed to PCL. Some cells
migrated into the inner part of the mats, at tts teBne-point (28 days) some areas were
completely colonized by cells. The PHBV mat exptaitided during the time lapse but
their form was conserved, this is probably duetsarncreased hydrophobicity, stiffness
and reduced thickness. Thevivo degradation of poly-hydroxyalcanoates, including t
PHBYV, involves the release of hydroxy acids, lesdia and less inflammatory products
in respect to bioresorbable synthetic polyméélliams et Martin, 200 In addition,
tubular structures were testadvivo in lambs as a substitute for abdominal aorta givin
an insignificant inflammatory respons8hum-Tim et al., 1999At all time-points, the
PCL/PHBV mats were less inflamed and less infifttain comparison to PCL mats. In
fact at 28 days after surgery the PCL construdtssebwed high inflammatory infiltrate,
the fibrous capsule was not completely reabsorineldnamerous vessels were observed.
Transmural cellular infiltration and formation odacapillaries in graft body are the major
graft healing characteristicdP€ktok et al., 2008 The preserved scaffold structure
suggests that this material possesses a very stgwadation rateén vivo and the
degradation products are not toxic and eliminaltedugh normal excretory routegdt,
2009. PCL small diameter vascular grafts for the repiaent of abdominal aorta of the
rat have shown good reliability at 24 weeks comgbareo implants of
polytetrafluoroethylene (PTFE) normally used whdreré are no vessels derived
autologous Rektok et al., 2008 Further experiments of immunohistochemistry nhest
performed on explanted polymeric mats in ordentaleate the cell infiltrated phenotype
and to understand the inflammatory response.

In conclusion, the results, obtained in thevitro cytocompatibility assays and in
the in vivo experiments, suggest that the blend PCL/PHBV gmssible alternative
material to the PCL in the field of vascular tisergineering because it combines the
good mechanical and physical characteristics of s$yathetic material with the

degradation properties and biocompatibility of maktunaterial respectively. The blending
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option can be valuably considered for tailoringcsfie features of selected biomaterials

for the improvement of the overall scaffold perfamae.
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