POLITECNICO DI MILANO

Research Doctorate Course in Bioengineering

XXV Cycle

Final dissertation

A bioengineering approach aimed at understanding
the role of hemodynamic forces acting
on human saphenous vein after

coronary artery by-pass grafting

Marco PIOLA

Advisors
prof. Monica Soncini
prof. Gianfranco B. Fiore

Coordinator of the Research Doctorate Course
prof. Maria Gabriella Signorini

Tutor
prof. Alberto Redaelli

4 November 2013






Table of contents

Table of contents

T A OF CONLENES. ...ttt et e e et et e e et e e e e e e e e e e e e e e e e e e e e e e e e aeaaeaaees 3

(WL (0o [8Te: (o] o HFUEE SRR 6
Rationale of the doctoral ProjecCt...........uuuuuuuiiiiiiiiiiii s 8
OULIINE OF The TNESIS ... e e 11

Tools and procedures for ex vivo vein arterialization, preconditioning and tissue

L= TR = = 1 o T PSR 13
1] 0o [Tt i o] o PP TP 14
1.1 Vessel PerfuSion SYSIEIMS ........uuuuutimmmmmmme e e e eeeeee ettt e e e e e e e e e e e e e e eeeas 15
1.2 Bioreactor-based approaches for vascular tesgmeering ..........cccoeeeeeeeveeeeeeinnnne 19
1.2.1 Vascular tissue engineering using cell segtiohniques.............cccccceeeeeeeennn. 20
1.2.1.1 Cell seeding into bio-artificial polyme@$olds ...............ccoeeeevvviiieininnns 20
1.3.1.2 Cell seeding into synthetic polymer scafol................cccceeeiiiininniinnnn. 21
1.2.1.3 Re-engineering of natural VESSEIS. .ccuuueeeiiiiiiiiiiiiiiieeeeiiaes 22
1.2.2 Biomechanical mimicking in vascular tissugiegering ..............cccceeeeeeeeeeennn. 25
1.3 CONCIUSIONS ...ttt e e e e e e e e e e e e e e naans 29
Design of anovel ex vivo Vessal CUltUr@ SYSteM ..o 31
1] 10 o [Tt i o] o PO 32
2.1 Design Of the EVCS ... ...t 33
2.1.1 DesSign SPECITICALIONS ......uuuueiiiiiee it e e e e e e e eeennneeeeeeees 33
2.1.2 Architecture of the ex-vivo vessel cultursteyn ...........ccccoevvvvviviiiiciinneennn. 3.3
2.1.3 SV CUITUIE CRAMDET ... ..uiiiiiiiiiiit sttt 34
2.1.4 The hydrauliC CIFCUIL .........uueeieeeeee e 35
2.1.4.1 Dimensioning of the fluidiC CIFCUIt ..o ooeeeeeeeii s 36
2.1.5 Monitoring and control SYStEM .........cceuuviiiiiiiiiiie e 41
2.2 0verview Of the EVCS ......ooiiiiiiiii ettt 42
2.3 Functional experiments for testing the perfarageof the EVCS..............ovvveeennnnn. 43



Table of contents

2.3.1 Pressure-volume measurements of SV segments..........cccoeevvvvvviniinnnnnnn. 43
2.3.2 Functional assessment of the EVCS ... 45
2.4 Results of the functional experiments for testhe EVCS performance................ 45

2.4.1 Pressure-volume measurements of SV segments..........ccccevvvvvvvvciiinnnnnn. 45
2.4.2 Functional assessment of the EVCS ... 46
2.5 CONCIUSIONS....cceiiiitiiiiteee ettt e e e e e e e e e e e e e aeeeeeeeaeeeeeeeseeennnnn 48
An arterialization study of human SVsSinthe EVCS........cccocooviinniieeeveeee 51
1o To [8Tox 1 o] o PSRRI 52
3.1 Design of the conditioning eXPeriMeENt ... ee e eeeeieieeeeeer e 52
3.1.1 SV SampIles PreParation...............ccccceeeurermmmnniiaaseeeeeeeaeseeereeeenrennnnnnnnnanne 52
3.1.2 Mechanical conditioning of human SV withie tBVCS ..............ccevvviinnn. 53
3.2 Methods for morphological and IF assessmenthef mechanically conditioned
RUMAN SV SEOMENTS......uiiiiiiiii e as 55
3.2.1 Tissue viability evaluation ............ccccceeeeeeeeeeeeeieeeeeeer e 55
3.2.2 Histological, immunofluorescence and immustdtogical analysis.............. 55
3.2.3 Morphometric and proliferation measurements............ccccceeeeeeeveeiiiineeeeeenn, 56
3.2.4 Epigenetic profiling for histones modificat®analysis .........ccccceeeeeeeeeeernenne. 58
3.2.5 PrOtEIN @SSAYS ....eevvvvruirnuiiisisieeeeeeesieaaeeeaeeeeeeeeeeeeaetasa s e e e e anaaaaaaaaeaaeaeaees 58
3.2.6 Statistical analySIS .........ooueiiiiiiiiiiiii e 59
3.3 Results of the human SVs pressure stimulation..............cccooeeiiiiiiiiiiiiiiiiieeed 60

3.3.1 MTT and Ki67 staining reveal metabolic analiferative activity, and a
reduction of the cell density after 7 days of arétin the EVCS................cceeeeees 60
3.3.2 Morphological and immunofluorescence analydesy structural remodeling
of the mechanically-conditioned human SV segments............cccevvvviiiviiiiinnnnnn. 62
3.3.3 CABG-like pressure stimulation induced motpbal remodelling and
epigenetic mutations of SV vasa vasorum structanelscells..............ccceeeeeeeeeenn. 66

3.3.4 Protein analyses confirm the remodelling etchanically-conditioned human

SV SEOMENTS ...ttt ettt e e e e ettt e e e e et eeta e e e e e aeneeera e aaaeees 67
3.6 Comments to the arterialization study resultS..........cccceeevviieeiiieiiiieieeeeeeeeee, 69
Current upgrading of the EVCSfor a better biomimicking.......ccccovevevievviieiieseennns 72



Table of contents

1o To [8Tox 1 o] o SRR 73
4.1 Evolution towards a double-compartment ex wigssel culture system................ 74
4.1.1 Design SPECIfiCAtION .......cceeiiieieeeece e s 74

4.1.2 Architecture of the double-compartment exewessel culture system.......... 74

4.1.3 Double-compartment SV culture chamber . ...ccooovvvviiiiiiiiiiiiiiiiieeeeeee. 15

4.1.4 The NYArauliC CIFCUIT .......eeeie et e 78
4.1.4.1 Dimensioning of the de-oxygenation CirCUit............ccccceeeeeiiieeeeeeennennn. 78
4.1.4.2 De-oxygenator silicone tubing dimensioning............ccceeeevveveevevnvnnnnnns 88
4.1.4.3 The de-oxygenator system layout and matwrifag ............cccceeeeeeeeeeee. 88

4.1.5 Testing of the de-oxygenator performancCes..........cooovvvevveeeviiiiiniinnnnnnnnd 89

4.1.6 De-oxygenator performances reSuUltS. ... 91

4.2 Overview Of the DC-EVECS .........ccoouuiim et e e e eeeeasaeees 93

4.2.1 Functional experiments for testing the pen@mces of the DC-EVCS........... 94

4.3 Integration of a novel left coronary arterygmtuplicator ..............cccceevvviinnnnns Q5.
4.3.1 Design SPEeCIfiCAtION .......cceeiiieieeeece e s 95
4.3.2 Architecture of the coronary artery pulselmapor .............ccccceeeeiiiiieeeeeennnn.n. 96

4.3.2.1 Dimensioning, design and manufacturing led toronary impedance

101 01531 (] 1 PSP SP 97
4.3.2.2 Dimensioning and manufacturing of the serunpedance subsystem. 102

4.3.2.3 Dimensioning and manufacturing of the darfifier ........................... 109
4.4 Overview of the coronary pulse duplicator iméégd with the EVCS .................. 112
4.4.1 Functional experiments for testing the pentamce of the pulse duplicator.. 114
N 0o (o 111 o] 1 P 117
CONCIUSIVE T EMAIKS.. .o bbb 120
BiBIIOGr PN ... e 124



| ntroduction

Adapted from (Rueda et al 2008)



Introduction

Saphenous vein (SV) graft disease represents asalmed problem in coronary
artery bypass grafting (CABG). After CABG, a praggiwe remodeling of the SV wall
occurs, possibly leading to the lumen occlusioris finocess is termed intima hyperplasia
(IH). The investigation of cellular and moleculapacts of IH progression is a primary
endpoint toward the generation of occlusion-freese¢s that may be used as ‘life-long’
grafts. While animal transplantation amd vitro models have clarified some of the
remodeling factors, the human SV pathology is famf being completely understood.

In this scenario, the aim of the present doctorajget was to explore new tools and
procedures to investigaex vivothe effects of altered mechanical load experiennpethe
human SV after CABG surgery. The issue of the vivo mimicry of the pathologic
arterialization mechanism, involved in SV graft efise, was addressed by a
multidisciplinary approach. Advanced bioengineeffimgtechnology modelling and
prototyping tools, complying with biological methodnd tissue engineering/regenerative
medicine requirements, were applied. Furthermohne, application of principles and
methods of life-science engineering were used fowigding a reliable model system,
facilitating the understanding of pathogenesisaih\graft IH. Particular focus was given
to the control over the environmental conditions fightly reproducing the essential
stimuli involved in the pathological SV remodellingThe integration of these
methodologies led to devising a novel laboratongrded culture platform, that was used
for conducting extensive arterialization conditimpicampaigns with human SVs, under
strictly controlled hemodynamic conditions.

This doctoral project is part of a wider researclplving a biological laboratory
partner, aimed at discovering molecular effectergoived in vein graft disease to be
targeted by pharmacologic/gene expression intedestrategies, in view of a next
generation treatments and protocols to be testpceitlinical and clinical models.

This interdisciplinary project was prominently erpgental, supported by computer
aided design and numerical modelling. The desigrand prototyping of theex vivo
platforms were performed at the Laboratory of Expental Micro and Biofluid-dynamics
(uBS Lal) of the Dipartimento di Elettronica, Informazioree Bioingegneria of the
Politecnico di Milano. The preliminary biologicadhdation with human samples and the
arterialization conditioning were performed at amd strict collaboration with the
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Laboratory of Cardiovascular Tissue Engineeringhef Centro Cardiologico Monzino in

Milan.

Rationale of the doctoral project

CABG using autologous vessels is a standard surgoacedure to recover
myocardial perfusion in patients with coronary grteisease (de Waardt al., 2006;
Parang and Arora 2009; Walligt al., 2007). The two most represented coronary-
compatible autologous vessels to be used in CARGls inner mammary artery (IMA)
and the saphenous vein (SV). Soon after introdnotib CABG, it became evident that
transplanted vessels undergo a series of strughwodifications, leading, within few years,
to a significant reduction of vessel patency. Imumber of cases, this requires re-
hospitalization with stent implantation in the d¢safand, ultimately, re-intervention.
Compared with artery-made bypasses, SV grafts dbaser long-term patency; in fact,
approximately 15-30% of vein grafts fail during tiest year and more than 50% patients
require re-intervention within 10 years after imyktion (Goldmaret al.,2004; Tsui and
Dashwood 2002), with high economic burden and aqunseces for the quality of the life
of the patient. However, in most clinical cases, tise of a SV graft is unavoidable, since
most patients need multiple bypass grafting promsiun fact, the SV, due to its length
and its superficial anatomical position, represeatpreferred natural bypass conduit
(Dashwood and Loesch 2009; Mugb al., 2010; Severyret al., 2004; Surowiecet al.,
2000).

After CABG surgery, progressive structural modifioas of the SV wall, due to IH,
lead to the occlusion of the graft lumen (the stbedavein graft disease, VGD). The
beginning of the pathology occurs at much earbiages after grafting (one week), with the
activation of biomechanical- and inflammatory-driveascades which prime vessel
remodeling (Mitraet al.,2006; Mutoet al.,2010). As a first factor, the surgical procedures
used during SV grafts preparation cause major issid the integrity of the vessel
endothelium and adventitia. These insults promofammatory responses related to a
direct exposure of the intima layer to pulsatileda flow and to a significant decrease in
Nitric Oxide (NO) synthesis, with consequence fathanced vasospasm and lower
atheroprotection. The evolution of surgical teclueis) to harvest SV segments to be used

for CABG surgery, has led to the devise of “no-tgutechniques, which preserve the
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structure of the endothelium and the adventitidnvgibwer progression of intima IH and
enhanced vessel patency (Ahmetcal., 2004; Dashwooet al.,2005; Ruedaet al.,2008;
Souzaet al., 2006). However, while the use of these surgicedtsgies lead to the
maximization of vessel integrity prior to vein imapkation into arterial position, an un-
avoidable mechanical stimulation due to changeprassure load and flow, appears to
have prime role in VGD (Berce#t al.,2009; Hwanget al.,2011; John 2009; Tran-Son-
Tay et al.,2008). In fact, immediately after grafting, SV sents are exposed to a variety
of hemodynamic stimuli (vascular wall strain anekss and lumen shear stress activation)
activating several cellular pathways and respomsede venous vessel wall. The new
hemodynamic conditions experienced by the veinr df@nsposition into the coronary
circulation are similar to those experienced byooary arteries. In particular, in the
coronary artery circulation, the blood flow is cheterized by a high pulsatile pressure,
oscillating between 80 and 120 mmHg, and a puéséitlhv (with mean flow rate of 250
ml/min), which results in an elevated shear st(éss7 Pa) (Boutemt al.,2011; Dummler

et al., 2011). Such forces have antagonistic effects emadie progression: elevated shear
stresses may have an atheroprotective role duenwdynamic-related increase of NO
release by endothelial cells (EC) while a non-pblggjic mechanical loading of the vein
wall may have a pro-pathologic effect due to meatamuptures in the endothelial layer
and abnormal wall strain/stress of smooth musdle (8MCs) sheets (John 2009).

The major cause of SV graft failure is an over-pechtion of SMCs into the vessel
intima layer leading to IH after few months (Lemseinal., 2000; Motwani and Topol
1998; Mutoet al.,2010). SMCs proliferation begins quite shortlyeaf€ABG surgery, and
precedes the later development of graft atherassikethat concurs to further reduce vessel
patency at later times (Parang and Arora 2009; iwell al.,2007).In vitro andin vivo
(animal models) investigations have establishedl uhaontrolled SMCs proliferation/IH
phenomena is induced by inflammatory response, deiandothelialization and modified
wall stress/strain (Wallitet al., 2007). In these conditions, SMCs respond with &xe
(Morrow et al., 2005), modified proliferation, as well as enharmstliced migratory
activity (Qi et al.,2010). In addition, after vein implantation intdeaial position, SMCs
loose their typical contractile phenotype and starproliferate and to invade the intima
layer, thus reducing the vascular lumen. Furtheemwarious animal models have been

devised to address the pathologic evolution ofatterialized veins. These studies have



Introduction

highlighted the relevance of different cell typesl aignal transduction pathways involved
in the initiation of the phenomena leading to IHo@tund et al., 2010; Torsneyet al.,
2005). The parallel evolution of preclinical modetémicking human vein arterialization
in mice and rabbits such as vena cava or jugulersviato carotid interposition (Hu and
Xu 2002; Jianget al.,2004), have allowed investigating the role ofiimgic and extrinsic
cellular compartments and altered hemodynamicatima thickening associated to vein
arterialization. However, the establishment of HHhuman arterialized veins is still far
from being completely understood.

The use of bioengineering approaches is an optiostudy VGD. Several organ
culture system were designed to recapitulate afieation in cultured human veins for
studying the physiopathology of VGD consequent ¥ éxposure to coronary artery-
mimicking flow and pressure. As recently discussadious devices, tailored to perform
ex-vivoculture of human SVs for a period of time spanrimagn 4 to 14 days and under
dynamic conditions, have been developed (Peailal., 2012). The platforms that have
been devised to this aim appeared insufficientineel to maintain a tight control of
vessels biological conditions for global molecujanofiling (Piola et al., 2012). In
particular, the design philosophy of the statehef-tart devices did not allow the
simultaneous replication of all the main biophysmanditions actingn vivo during human
vein arterialization. These lacks preclude the iobtant of reliable information on the
activation of bio-mechanically stimulated molecysathways or the possible interaction of
vein-resident cells with circulating cells.

Novel ex vivo models are necessary in order ip:tightly replicate the altered
hemodynamic conditions, especially the raise inl w&hin and shear stresy, obtainex
vivo arterialized SV segments for investigating the ma@o-biological basis of the early
events leading to IH at global molecular level, @&ndin perspective, attempt therapeutic
strategies by pharmacological conditioning of tigpammically cultured vein segments.

The strategy adopted in the present doctoral gropensists of devising and
biologically testing a novetx vivomodel of human vein arterialization, applying lkiod
tissue-engineering methods. The resultxgvivoplatform tried to overcome some of the
limitations of the state-of-the-art models, focgswonto the control of the hemodynamic
and biochemical microenvironments. In our view,sths crucial to obtain a global

comprehension of VGD progression, and in perspedbvperform comparative studies of
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drug administration or gene expression modulatgené therapy, siRNA and antagomir
approache}p to devise preconditioning protocols and/or regative medicine strategies

that reduce the clinical impact of VGD pathology.

Outline of the thesis
The dissertation is structured into 4 main chapthis describes the various steps of
the process that lead to manufacture of a novel E¥& thein vitro mimicking of the

hemodynamic forces acting on human saphenous tem@ABG surgery.

In Chapter 1, the current strategies, appliedstadying the physiopathology of
VGD consequent to SV exposure to coronary artemgpd@mnt flow and pressure, are
presented. The chapter is based on a publishedearthere the state of the art of e
vivo arterialization models, and also the products &edrélated patents, is revised. The
published article is: M. Piola, M. Soncini, F. PdgnG. Polvani, G.B. Fiore, M. Pesce.
Tools and Procedures for Ex Vivo Vein Arterialipati Preconditioning and Tissue
Engineering: A Step Forward to Translation to Cormlfae Consequences of Vascular
Graft Remodelingn Recent Patents On Cardiovascular Drug Discoa&i2, 7 (3): 186-
195.

In Chapter 2, the design of a nowst vivovein culture system (EVCS), aimed at
replicatingex-vivoarterialization conditions experienced by SV aft&BG for studying
the biological mechanisms activated by SV expostarearterial-like conditions, is
presented. This version of the EVCS is conceivedrassure-driven vessel straining
system for studying the early remodeling eventsseduby pure pulsatile arterial-like
pressure. These activities were mainly carriedabtthe Laboratory of Experimental Micro
and Biofluid Dynamics of the Dipartimento di Elettica, Informazione e Bioingegneria
of the Politecnico di Milano; preliminary functionasting of the designed device was also
carried out at the Laboratory of Cardiovascularsiiess Engineering of the Centro
Cardiologico Monzino. The chapter is partially bdhsen a manuscript: “M. Piola, F.
Prandi, N. Bono, M. Soncini, E. Penza, M. AgrifegliG. Polvani, M. Pesce, and G. B.
Fiore. A compact and automated ex-vivo vessel cultureesy$br the pulsatile pressure
conditioning of human saphenous veidsurnal of Tissue Engineering and Regenerative
Medicine, Epub ahead of prihtdoi:10.1002/term.1798".

11
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In Chapter 3, the effects induced by different dgitaconditions on the human SV
early events associated to vascular remodelingr@®ented. These activities were carried
out at the Laboratory of Cardiovascular Tissue Begiing of the Centro Cardiologico
Monzino. The chapter is partially based on a tezdmanuscript: “M. Piola, F. Prandi, N.
Bono, M. Soncini, E. Penza, M. Agrifoglio, G. PatwaM. Pesce, and G. B. Fior&
compact and automated ex-vivo vessel culture sydmmthe pulsatile pressure
conditioning of human saphenous veidsurnal of Tissue Engineering and Regenerative
Medicine, Epub ahead of prifidoi:10.1002/term.1798".

In Chapter 4, the evolution of the bioreactor agunfation from a simple pressure-
driven vessel straining system to exvivoSV preconditioning system in the presence (or
not) of controlled chemical conditiong.e., hypoxig, arterial-like pressure, and flow
patterns, is proposed. The bioreactor was upgrattedbetter replicate the full
biomechanical stimuli involved in CABG arterializat, i.e. pulsatile wall stretch and wall

shear stresses applied synchronously and withatreat phasing.

Finally in the Conclusive remarks chapter, a disen of the overall results
obtained during the development of the doctorajgatas presented.

12
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This chapter is based on: M. Piola, M. Soncini,PFandi, G. Polvani, G.B. Fiore, M. Pesdmols and
Procedures for Ex Vivo Vein Arterialization, Prediioning and Tissue Engineering: A Step Forward to

Translation to Combat the Consequences of Vasdbtaft RemodelingRecent Patents On Cardiovascular
Drug Discovery, 2012, 7 (3): 186-195.
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I ntroduction

Coronary artery bypass grafting (CABG) has beerothiced in vascular surgery more
than 50 years ago to combat the consequences ofamtyal ischemia (Owens 2010;
Parang and Arora 2009; Walliget al., 2007). Although the use of modern tissue
engineering (TE) techniques has demonstrated #sbiity of ex vivovessels fabrication
(L'Heureuxet al.,2006), the use of autologous vessels from thepatithemselves is, still
today, the unique option accessible to surgeong fWo most represented coronary-
compatible autologous vessels to be used in CARGls inner mammary artery (IMA)
and the saphenous vein (SV). Soon after introdncifocCABG, it became evident that the
transplanted vessels are liable to undergo a sefisgructural modifications, leading to
significant patency reduction, with the need fortigrat re-hospitalization, stent
implantation or, ultimately, re-intervention (Pagaand Arora 2009; Wallitet al., 2007).
The clinical impact of graft disease is differedgpending on the origin of the vessels
employed. It is estimated mammary artery graftsntaa an 85% patency after a 10-years
while patency of SV grafts drops to 50%-60%, abmparable time.

Basic investigations have clarified the potentiahtcibution of vascular-resident or
recruited cells (e.g., smooth muscle cells and rogt@s), or of intracellular signaling
activation pathways in the establishment of vegftglisease (VGD). On the other hand, a
“system” level understanding of the disease praoesas a whole is still unavailable. In
fact, it is unclear which is the role of biomectanon the response of vessel-resident cells,
and whether changes in the global gene expressidr{epi)genetic circuitries occur as a
result of modified flow conditions.

In this context, the use of bioengineering appreadio reproduce arterialization in
cultured human veins is likely to provide valuatdels for studying the physiopathology
of VGD consequent to SV exposure to coronary gitempliant flow and pressure. This
may also help to dissect the contribution of défercellular populations in the progression
of intima hyperplasia in the graft, and assess elesssponses to novetx Vivo
pharmacological treatments. Finally, the conceptidnvessel perfusion systems may
concur to establish tissue engineering (TE) prdtotm obtain artificial vessels (Niklason
et al., 1999; Seliktaret al., 2003) which may be prospectively used as a nowd a

standardized resource for CABG.
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The first section of the present chapter providesweerview of the vessel perfusion
systems designed and patented to study the veradidation process, while the second
part discusses some of the bioreactor-based state@nd the relative patented

technologies) that have been devised to produbednbineered vessels.

1.1 Vessal perfusion systems

SV segments used for CABG undergo mechanical dasrege flow/pressure loads,
which are believed to activate pathways causingnenthyperplasia (IH). A crucial
component contributing to VGD is the change in ghvessure load and cyclic strain
consequent to arterialization. In fact, in normahditions SVs are subjected to quasi-
steady flow patterns and are exposed to very loeaslstresses (0.1-0.6 Pa) [7] and
pressure loads (5-10 mmHg) [7]. By contrast, a&BG, SV segments are subjected to
fast pulsatile flow, which is supposed to causgptida remodeling in the SV wall, leading
to progressive bypass occlusion. The new hemodynatinuli are similar to those
experienced by coronary arteries; namely, a maam fate up to 250 ml/min, a high wall
shear stress in the range of 0.75-2.25 Pa [8]skgy/diastolic pressure of approximately
120/80 mmHg with a circumferential strain of 10-188p

Several attempts have been made at mimicking thesditions and characterize
molecular pathways implicated in SVs arterializati®o achieve this goaéx-vivovessel
perfusion culture systems (EVPCS) have been degd|ophere the survival of animal- or
human-derived vessel segments is ensured by imonensio culture media, and vessel
mechanical stimulation is performed by an appraer&terial-like circulation inside the
vessel lumen. This approach has been inspired dypitbneer investigation of Lindberg
and Carrel (Carrel and Lindbergh 1935), proposfagthe first time, the use @x vivo
perfusion systems for studying the function ofasetl organs outside the body.

In this context, despite only one EVPCS has bedanpad (Clerin et al., 2010)
(Table 1.1), several studies have been conducted) wsrious devices able to expose

intact vessels to steady flow perfusion.
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Patent Number Publication Date Author Title Brief description Novel aspects
US20100331964A1 30/12/2010 Clerin etal. | Ex-vivoremodeling | Ex vivomethod and| A modeled excised
. of excised blood System where small vessel,
(Clerin et al.,2010) . Lo
vessel for vascular excised small having increased
grafts diameter blood diameter, length,
vessels can be and wall thickness|
harvested and produced by
cultured to provide physically
viable vascular remodeling a smal
grafts blood vessel

Table 1.1. A relevant patent involving the use of a bioeeghng approach to study vein adaptation to
arterial- like conditions: a brief description aride novel aspects of the patent content are provide

In the attempt at studying the biology of vein adkzation, flow perfusion systems
were initially designed to assess basic survival perform pharmacological treatment of
SV segmentg&x vivo These systems allowed culturing SV segments ifterent periods
of time; however, they had the limitation of notluding a pressure control, which is
crucial to mimic the pulsatile arterial-like flowgecognized as one of the primary cause of
vessel patency reduction. Therefore, these systgere only able to elicit biological
responses associated to vessel perfusion with amindtows, and, paradoxically,
demonstrated the role of laminar shear stress omhhbition (Porteret al.,1996; Reyet
al., 2004). In a first example, 0.5 cm-length longinalisliced segments of human SV
were pinned to the inside of a silicone tube anduged for 14 days with venous (a flow
rate of 70 ml/min resulting in a low shear stres8.t4 Pa, and a pressure of 15 mmHg) and
arterial (a flow rate of 500 ml/min resulting in high shear stress of 0.9 Pa, and a pressure
of 85 mmHg) flow patterns (Portet al., 1996). The result of this study was that high-
pressure constant flow inhibits IH, likely as a sequence of high shear stress. In another
study by Surowiec and colleagues (Surowatcal., 2000) a vascular perfusion culture
system enabling culture of intact vessels for aopleup to 96 hours was developed. This
bioreactor was designed with a tightly-controlleerfpsion rate in order to expose SV
segments to 100 ml/min flow with a 40 mmHg intraioal pressure and assess the effect
of pharmacologic stimulation on vascular contragtilUsing a similar system, Rey and
colleagues (Rewt al.,2004) extended the observation time to 14 dayscandluded that
ex vivoconditioning with a constant flow (resulting inrnlcshear stresses in the range of
0.2-0.6 Pa) inhibits the formation of neointimajotgh a generalized cytostatic effect on

all the cells of the vein.
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A significant advancement toward the developmerEWPCSs as tools to mimic SV
arterialization has been the inclusion of contrsllable to elevate the SV intraluminal
pressure. A first example of this novel approachs waported by Miyakawa and
colleagues, who developed a flow perfusion systaitored to culture human SV under
venous (flow rate of 5 ml/min) or arterial condit®(flow rate of 50 ml/min and constant
pressure of 80 mmHg) up to 4 days (Miyakastaal.,2008). In this bioreactor, the effect
of pressure on the IH was evident: enhanced apisptosl vascular remodeling were
observed, closely resembling early events of veierialization observed in animal
models. In another report, Gusic and co-workerss{€&et al.,2005a; Gusiet al.,2005b)
were able to discriminate between the effects ieduby flow shear stress and those
elicited by mechanical wall stress, using differprgssure and flow-patterns. Finaléx-
vivo stimulation of porcine SVs was performed by adapa previously developed system
patented by Clerin et al. ((Cleriet al.,2010; Clerinet al.,2002; Clerinet al.,2003), Tab.
1), to comply with vessel stimulation with diffeteifow rates (5-85 ml/min), shear stress
(0.26-5.6 Pa) and pressure (25-90 mmHg) amountsrelstingly, in these reports SVs
were perfused with culture medium added with Dexiraorder to mimic blood viscosity
(C4 cP). The main result of these studies showed itftatases in laminar shear stress
neutralized intimal thickening, while ramped perfurspressures induced IH in a dose-
dependent manner.

The latest development in EVPCS design to mimiereization conditions has
been the inclusion of perfusion systems, allowimg stimulation of vessel segments with
sine-like pressure patterns at defined frequentiea.first example, Saucy and colleagues
(Saucyet al., 2010) investigated the impact of high flow puleaperfusion (resulting in
high shear stresses in the range of 0.9-1.5 Pa)n&at by applying a flow rate of 120+15
ml/min, a pulse rate of 60 pulse/min, and a sysfidilastolic pressure of 80+10/40+10
mmHg on human SV segments for 14 days. By thisathlihors were able to establish an
important correlation between the expression lewél urokinase and tissue-type
plasminogen activators and the applied mechanitaks thus linking expression of
extracellular matrix remodeling enzymes and a bidmaical stimulus. In a second
example, Voisard and colleagues developed a plelsatstem able to stimulate up to 5 SV
segments in parallel and generate arterial-likeditamms (a mean flow perfusion of 5000
ml/min, a pulsatile flow with a rate of 80 bpm aadystolic/diastolic pressure of 130/80
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mmHg) (Voisardet al., 2010). Using this system, the Authors observedatien of
cellular proliferation in the vein wall as early&s4 days after the beginning of mechanical
conditioning. The most advanced perfusion systewsdd so far was, finally, the platform
devised by Dummler and colleagues (Dumndeal.,2011). These Authors developed an
EVPCS to perform pulsatilex-vivo stimulation of SVs under venous (a flow rate of 5
ml/min and a pressure of 10 mmHg) or arterial gavflate of 50 ml/min and a pressure of
100 mmHg) conditions. The biological results ob¢ginusing this device showed a
relatively rapid occurrence of morphological changethe vein structure, especially in the
media and in the intima layers. These morphologibahges were also associated with an
increase in the expression of matrix metallopraeagMMP-2).

Despite a variety of systems able to expose vegmsets to arterial-like flow
patterns have been devised and reported in thatlire, the lack of a systematic approach
at investigating the global molecular changes astst to vessel arterialization still
precludes a complete understanding of the arteai@din process as pro-pathological
condition in CABG. In this framework, it might belevant to design new bioreactor-based
platforms with vessel stimulation circuits contamiminimized volumes, to allow the
outer and the inner vein layers to be exposed méraltled amounts of small molecules and
drugs while in motion. In this way, for exampleg tiffect of novel therapeutic agents such
as small molecules, gene-transferring vectors, Isimigrfering RNAs (siRNAs) or even
antagomirs (McDonalet al., 2012; Wiedemanrt al., 2012) might be studied for their
beneficial effects on IH inhibition directly in hum samples, to be compared to those
achieved in normally used animal-based methodsr(iHs02012). Another advantage of
perfusion systems miniaturization might be the @ptio add in the inner and/or the outer
stimulation circuits living cells (e.g. endothel@ogenitor cells and monocytes), which are
known to dynamically interact with the inner veinallvat early stages of vein
arterialization, and assess their contributionhte H prevention/progression. This may
also open the way to novel tissue engineering amhes using circulating EPCs to
perform grafts “pre-endothelialization” (Griest al., 2003), or to test novel treatments
aimed at minimizing homing of cells directly inveld in graft inflammatory reaction and

neointima accumulation.
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1.2 Bioreactor-based approaches for vascular tissue engineering

One of the major goals in tissue engineering isdi@vation of artificial tissues and
organs to be used as replacements of conventiangtianted prostheses. Paradigmatic is,
for example, the development of decellularizatioat@cols of entire organs such as the
heart, the lung, the windpipe, and the liver (Baaledt Macchiarini 2010; Jungeblugh al.,
2012; Ottet al.,2010; Ottet al.,2008; Uyguret al.,2010), followed by cellular reseeding.
Given the elevated demand of CABG implantationsldwaide, the engineering of vascular
substitutes of IMA and SV with higher compatibilignd lower patency reduction is
therefore actively pursued.

In order to replace natural coronary arteriesfiaidl vessels for CABG require to be
designed with vessel-like structure, physiology amechanical resistance. To obtain this,
an optimal combination of vascular cells (hamelgathelial cells, interstitial cells and
smooth muscle cells), biomaterials and mechaniaugation must be found (Barroet
al., 2003; Dermenoudis and Missirlis 2010; Martinal.,2004). Thus, as in the case of the
ex vivo organ culture systems used for mimicking vein raligations (see before),
bioreactors used to generate tissue-engineeredd blessels (TEBV) consist of
components necessary to actuate a mechanical tohthe growing vessels. These abe:
housing tools, hosting the vessel substitiijesterile culture chambers and fluidic circuits
for media recirculation, angi) active systems able to stimulate the vessel gutestin
order to generate artificial vessels to be clijcaked, these systems must comply with
the good manufacturing practice (GMP) requiremenikerefore, they have to be
customized to perform scaffold cell seeding, groatid release of artificial vessels with
simple and traceable procedures (Arrigehial.,2008; Bane®t al.,2009; Dunkelmaret
al., 1998; Elizondcet al.,1999; Seifaliaret al.,2002; Villalonaet al.,2010). In addition to
GMP compliance, TEBV properties must finally comphlith the ANSI/AAMI/ISO
7198:1998/2001 standards for tubular vascular pessts. These regulations establish that
mechanical properties, volume compliance, sututent®n strength, viscoelasticity and
burst pressure must be comparable to those ofenaésgsels such as saphenous vein and
internal mammary artery (IMA); e.g. a mean valueswature retention strength around 138
grams (IMA) and mean burst pressures of 1600 mnitmi@g et al.,2009; L'Heurewet
al., 1998) and 3000 mmHg (Konigt al., 2009) (SV and IMA, respectively). The bio-
artificial prostheses should elicit neither inflagory nor immunogenic responses and
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should not undergo uncontrolled remodeling afteplantation (Campbell and Campbell
2007; Nerem 2000; Sarkat al.,2007; Thomas 2003).

1.2.1 Vascular tissue engineering using cell seeding techniques

1.2.1.1 Cell seeding into bio-artificial polymer scaffolds

The first attempt at generatingative-like blood vessels using a simple bioreactor-
assisted TE approach and a combination of endathedils (ECs), smooth muscle cells
(SMCs), and fibroblasts (FBs) was reported in tlomger investigation of Weinberg and
Bell in 1986 (Weinberg and Bell 1986). In this studbased on a previously patented
system by Bell (Bell 1985) (Table 1.2), a method fooducing living blood vessels by
exploiting a cell-seeded collagen gel was descriloedhe first time. In this report, the
fabrication of a multilayered blood vessel equinaleas obtained by sequential seeding
different cells types into bio-artificial scaffold& SMC layer was first generated culturing
SMCs into a collagen gel around a cylindrical mahdFBs were then added by adding a
FB-containing cell suspension around the outer SN&ger up to 7 days. Finally, ECs
were let home to the inner layer, by perfusionsdsdi seeding through the artificial vessel
lumen. The final structure consisted of a vessa-tructure with ECs lining the lumen,
surrounded by SMCs and FBs layers. When assessaudeithanical compliance, these
bio-artificial vessels were unable to withstand gblogical arterial pressures. In fact they
had a burst pressure of 10 mmHg. To ameliorate nfeehanical resistance of the
engineered vessel, a Dacfomesh was then used providing a final burst pressprto 70
mmHg.

A similar method was used by McAllister and L’'Heuxe These Authors attempted
to produce vascular grafts using a sheet-basegseklassembly technique (Auget al.,
1997; L'Heureuxet al., 2006; L'Heurewet al., 1993; L'Heurewet al.,1998). The same
authors patented an automatic method involving ube of a rotating mandrel for the
fabrication of multilayered TEBVs (McAllister andHeureux 2002) (Table 1.2). The
resulting artificial vessels showed a structur@m@sling that of native arteries and a burst
pressure of 2000 mmHg; however, they were not camphs native vessels. A similar
method was finally patented by Tranquillo (Trankpuét al.,2007) (Table 1.2) for creating

TEBVs including an intimal layer surrounded by a G&/media layer constructed around a
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tubular support. Table 1.2 resumes the patentshimgp the use of bioreactor-based

approaches for vascular TE using sheets-baseditee

Patent Number Publication Date Author Title Brief description Novel aspects
US4546500 15/10/1985 Bell Fabrication of Apparatus for First method of
(Bell 1985) living blood producing a vessel| producingin vitro
vessels and equivalent a living
glandular tissues prosthesis multilayered
tubular structure
US5618718 08/04/1997 Auger et al. Production of a | In vitro production Fully biological
(Augeret al.,1997) contractile of three- and autologous
smooth muscle dimensional human TEBV
construct starting using SMCs
from smooth
muscle cells
US20020188349A1 12/12/2002 McAllister et al. Tissue Bioreactor with an | Improvement and
(McAllister and engineered blood enclosed chamber, o automation of
I'Heureux 2002) vessels and sheet growth TEBYV fabrication
apparatus for module, a rotating process using
their manufacture;  mandrel for the autologous FBs
manufacture of and ECs
TEBV whit burst
strength
withstanding
physiological blood
pressure
US20070128171 07/06/2007 Tranquillo Engineered blood  Methods for the Formation of
(Tranquilloet al., vessel fabrication of tubular vascular
2007) engineered blood constructs by
vessels using means of fibrin gel
matrices comprising circumferentially
ECs and SMCs. | positioned around
a porous mandrel

Table 1.2. List of relevant patents involving the use of bémter-based approaches for vascular tissue

engineering using sheets-based techniques: a teigtription and the novel aspects of the patenterdrare

provided.

1.3.1.2 Cell seeding into synthetic polymer scaffolds

Several biomaterials have been used for suppoamagguiding cells during vascular
tissue formation. Among the synthetic polymers egopin vascular engineering (Boutenh
al.,, 2011; Gong and Niklason 2006; Naiti al., 2011), the most widely used are

biodegradable polymers, such as polycaprolacton€L)P polylactic acid (PLA),

polyglycolic acid (PGA), and their copolymer polgte-co-glicolic acid (PLGA)

(Hoerstrup 2006; Hoerstrugt al.,2001; Wanget al.,2010). In this context, crucial are the
reports of Shin'oka (Shin'oket al.,2001; Shin'okaet al.,2005), Niklason (Niklasoet al.,
1999), and Hoerstrup (Hoerstrup 2006; Hoerstetipal., 2001). While the approach of

Niklason and Hoerstrup made use of biomimetic @ofu systems for scaffold
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conditioning (see section 2.2), Shin’'oka and cgess derived TEBVs by seeding vein
derived cells onto a biodegradable polymer grafhposed of PCL and PLA, reinforced
with PGA (1:1, w/w) with internal diameter of 10 mhangth of 20 mm, and thickness of 1
mm. After 10 days of culture, TEBVs were used toorestruct the occluded pulmonary
artery (Shin'okaet al., 2001). 42 pediatric patients were treated witls {iocedure; no
complications occurred after a 32-months followaunal all TEBVs were patent (Shin'oka
et al.,2005).

1.2.1.3 Re-engineering of natural vessels

An alternative strategy to the use of bio-artifia synthetic scaffolds to produce
artificial blood vessels is to “re-engineer’” humam-animal-derived vessels. This strategy
offers the advantage of maintaining the normaldhtenensional tissue architecture and
the native extracellular matrix (ECM) compositidtor this reason re-engineered vessels
may have a superior mechanical performance compeitadartificially fabricated vessels
(Badylaket al.,2009; Fomovskt al.,2010; Quintet al.,2011). A potential disadvantage,
at least in the case of animal-derived vesselghés possible permanence of “xeno-
antigens” (e.g.a-GAL (Galili 2005)), which may preclude a full gtabiological
compatibility, even after recellularization.

Different strategies to perform re-engineering kkdgenic or xenogenic grafts have
been set up. In a first one, named “transdiffeegintin”, collected donor native tissues are
seeded (without prior decellularization) with reeim-specific autologous cells (such as
SMCs, ECs, FBs and macrophages) followed by coatiaiexchange of the medium. In
this way they are converted into an immunologictdlgrable tissue for the recipient. This
method was established and patented by Orton i@ {Q&on 1993) and more recently,
was used by Bader to transform donor-derived vensl xenogenic arteries into
autologous vesselm vitro ((Bader 2012), Tab. 3). The second strategy ctsis a
recellularization process into a cell-free tissu#tamed by means of decellularization
(Brendel and Duhamel 1989). Decellularization iki@eed by chemical (e.g., acids and
bases, hypotonic and hypertonic solutions, ionid aon-ionic detergents, and alcohols),
enzymatic (e.g., nuclease, trypsin, and collaggnasel physical (e.g. temperature,

pressure and mechanical forces) methods, whictbeaaso combined in order to disrupt
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cells and remove cellular and nuclear material fGrat al., 2011; Gilbertet al., 2006;
Soma and Kotturathu 2009). Different techniquesused for enhancing the efficiency of
the decellularizing agents: perfusion (Montoya a&mhcFetridge 2009; Otet al., 2008),
immersion and agitation (Pellegatt al., 2012) are the most utilized tools. After
decellularization, cell removal assessment is peréal using different methods, such as
staining with fluorescent dyes (DAPI/ Hoechst), asthndard histological staining
(Hematoxylin/Eosin, Masson’s Tricrome, and Movad®sntachrome). Finally, in order to
form a non-thrombogenic ECs barrier within the gharnen, different strategies have been
suggested. An example is the direct implantatiothenpatientiQ situ approach) in order
to to recruit circulating endothelial progenitonsedtly from the surrounding tissue, or to
seed the decellularized vessel with autologous ERsvitro approach), prior to the
implantation (Bischoftt al.,2004; Wolfinbarger 2003).

Decellularized natural tissues, such as human (&akaneet al.,2004; Soma and
Kotturathu 2009; Squillace 2010; Teeblatral.,2009), human and animal arteries (Amiel
et al.,2006; Bischoffet al.,2004; Daharet al.,2012; Kaushaét al.,2001), umbilical cord
vessels (McFetridge 2005), and small intestinahsutosa (Badylalet al.,2002; Lantzet
al., 1993) have been used as matrices, allowing reptpalwith donor-derived cells by
means ofin situ or in vitro approach. In table 1.3 a list of patents relevarthe use of
these approaches is shown.
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Patent Number Publication Date Author Title Brief description Novel aspects
uUs4801299 31/01/1989 Brendel et al | Body implants of Earliest patent First method for
(Brendel and extracellular describing forming a body
Duhamel 1989) | matrix and means| decellularization | implant starting from
and methods of | process for TEBV a tissue which has
making and using application been treated with
such implants denaturing detergen
to obtain acellular
matrix
US5192312 09/03/1993 Orton Treated tissue for| Method for treating | Colonization procesq
(Orton 1993) implantation and | bioprosthetic graft to make non-
methods of prior to transplant immunogenic an
treatment and use allogenic or
xenogenic matrices
US20030219417A1 27/11/2003 Wolfinbarger Bioreactor Process for Bioreactor approach
(Wolfinbarger mediated repopulating an for generating and
2003) recellularization | acellular tissue graft conditioning a
of natural and using tissue recellularized and re
tissue engineered engineering endothelialized
vascular grafts methodologies vascular graft using
perfusion
US20040044403A1 04/03/2004 Bischoff et al| Tissue-engineered Method for making | Use of endothelial
(Bischoffet al., vascular small diameter progenitors cells as
2004) structures vessels to replace source of EC for
clogged or damage vascular tissue
coronary blood engineering
vessels
US20050203636A1 15/09/2005 McFetridge Decellularized A method and Use of decellularized
(McFetridge 2005) grafts from process for umbilical cord vesse
umbilical cord preparing vascular| as acellular matrix
vessels and tissue graft starting| for vascular tissue
process for form decellularized graft
preparing and umbilical cord
using same vessel.
W02009044407A1 09/04/2009 Soma et al. Small diameter Decellularization Process for
(Soma and vascular graft techniques, diminishing the
Kotturathu 2009) from processed | including chemical, antigenicity and
cadaver enzymatic and calcification of
saphenous vein | mechanical means decellularized
for removing cadaver saphenous
cellular componentg veins
in order to obtain a
material composed
essentially of ECM
components.
USs7658706B2 09/02/2010 Squillace Vascular graft Method for Optimization of
(Squillace 2010) sterilization and sterilization and sterilization and
decellularization | decellularization of decellularization
allografts or procedures to reduc
xenografts to creatg immune reaction of
grafts suitable for vascular grafts
implantation in
humans.
US20120009677A1 12/01/2012 Bader Method for Method for Trans-differentiation
(Bader 2012) producing a bio- transformingn of allogenic vein and|
artificial vitro a biological | xenogenic artery intd
transplant donor tissue autologous arteries

Table 3.1. List of patents involving the use of approacleséscular tissue engineering using decellularize-

and-recellularize techniques of biological tisswe:brief description and the novel aspects of theepa
content are provided.
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1.2.2 Biomechanical mimicking in vascular tissue engineering

Mechanical stimulation is an integral component ¢ie cardiovascular
developmental process. For example, it has beemthgpized that the beginning of
pulsatile flow in the primary vascular system istragger of vascular and cardiac
development, likely due to biomechanical effectddferentiation of cardiac and vascular
progenitors. Although the global effect of the mawical stretching in mature vessels has
not been sufficiently addressed with bioreactorsésd stimulation (see before), several
studies have highlighted the role of mechanicahskation in eliciting various responses in
individual vascular cell types. For this reasonchanical conditioning oéx vivogrowing
vessels is likely a crucial conditioning strategyobtain fully functional TEBVSs.

In vivo, vascular tissues are subjected ijoshear stress, acting on ECs and
influencing their orientation in the direction dbwv, ii) luminal pressureijii) stretch,
mainly in the circumferential direction, and) longitudinal tension. Clearly, all these
stimuli may have important effects on the structiréhe artificially assembled vessels and
may determine also their mechanical propertieg #fie end of the preparation procedure
(Niklason et al., 1999). In addition, mechanical stimuli have bed&oven to promote
cellular responses such as the deposition of EQMpoments, and to cause changes in the
(epi)genetic programming and the phenotype of Masoells (Shi and Tarbell 2011).

To address this issue, several groups of researtiase developed dynamic culture
systems suitable for applying, with a controllednmer, single (Dunkerret al., 1999;
Hoerstrupet al., 2001; Tschoekeet al., 2008; Williams and Wick 2004) or combined
biomechanical stimuli (Bilodeaet al.,2005; Dancu 2011; Faet al.,2009; McCullochet
al., 2004; Niklasoret al.,2003; Vilender and Nickel 2008) to bio-synthet&ssels, such
as shear stress, pressure, and axial, bendingesidrtal loads.

In early studies, flow perfusion was used to pramtite endothelialisation of
polytetrafluoroethylene grafts (Dunkeet al.,1999) and to produce impermeable vascular
substitutes using polyester grafts as describe®dyvage (Sauvage and Kaplan 1990).
More recently, the implication of applying a 0.5-¢teear stress (resulting from applying a
steady state flow of 50 ml/min) on the propertidsan engineered vascular graft was
elucidated using the ElectroFofceBiodynamic™ Test Instrument (Bose Corp.,
Electroforce System Group, MI, USA) (Boccafosddti al., 2012) Further Tschoeke

(Tschoekeet al., 2008) developed a flow perfusion bioreactor foplgimg a 250 ml/min
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fluid flow to a fibrin-based vascular graft (intatndiameter of 5 mm) reinforced with a
polyvinylidenefluoride mesh (with a pore size of21mm), and seeded with ovine
myofibroblasts. After a stimulation period of 14ydathe graft tissue had a suture retention
strength of 642 grams (similar to that of nativeotid arteries, which reaches 753 grams
(Choet al.,2005)) and a burst pressure of 236 mmHg.

A biomimetic pulsatile flow is necessary to progesimulate the physiologic arterial
hemodynamics in TEBV bioreactors. Pulsatile physittaces allow vascular graft
performance to be enhanced by increasing ECM diémosand reinforcing mechanical
resistance of PGA synthetic grafts. For exampldlason et al. (Niklasort al., 1999),
after 8 weeks of pulsatile stimulation (5% of raddistension at a rate of 165
pulse/minute), obtained an engineered vessel withrat pressure of about 2000 mmHg,
and a suture retention strenght of 90 grams, wderstrup and colleagues (Hoerstreip
al., 2001; Sodiaret al.,2002) used a novel vitro pulse duplicator system for generating a
biomimetic microenvironment supporting tissue fotima Using this apparatus, these
Authors found that the mechanical properties of PS@Aded grafts increased with respect
to static controls at 28 days of pulsatile cultudmalogously, Iwasaki (lwasaket al.,
2008) developed a hemodynamic-equivalent pulshitieeactor consisting of a ventricular
model, two synthetic polymer-made valves, a complsdlicone tube, a peripheral resistive
unit, a gas exchange unit, and a housing for mogrithe vessel. This complex system
enabled the formation of elastic vessel grafts witchanical properties comparable to
those of native arteries after a 2-week stimulatioder a constant pulse rate of 70 bpm
and a gradual increase in mean flow and pressureo (g0 ml/min and 100 mmHg,
respectively. Finally, Thompson and colleagues (fipsonet al., 2002) developed a
bioreactor using a mechanical ventilator to indpaksatile flow, while Narita (Naritaet
al., 2004) adapted an intra-aortic-balloon pump systendevelop a bioreactor able to
produce a wide range of pulsatile stimuli on a tab®LA scaffold (flow rate spanning
from O to 3000 ml/min, systolic and diastolic ptags ranging from 10 to 200 mmHg and
from 0 to 100 mmHg, respectively).

Bioreactors can also provide very complex mechamicaditioning including axial
bending and torsional stimuli. For example, SetiK@eliktaret al., 2000) applied cyclic
strain at a frequency of 1 Hz up to 8 days to éageh-based blood vessel construct. The

results showed significant enhancement of the nrechlaproperties and cell organization
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with respect to the static incubated constructs depended on an active remodeling
process. In another report (Bilodeaual., 2005), a perfusion bioreactor equipped with a
pump for applying continuous or pulsatile flow (beate range 50-200 bpm) and a
pneumatic cylinder to stretch and twist the vessed devised. This approach was similar
to that followed in a patented method to produdeuman hybrid bypass graft using a
bioreactor allowing a tight control of hemodynaniccces such as pressure, flow and
stretch (Dancu 2011), and that described in angihtant (Niklasoret al.,2003) claiming

a method to perform pulsatile stretching of tubutanstructs in order to align SMCs

circumferentially (Table 1.4). An overview of thelevant patents regarding bioreactor-
based approaches providing biomechanical stimuli vescular TE constructs is

summarized in table 1.4.
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Patent Number Publication Date Author Title Brief description Novel aspects
US4911713 27/03/1990 Sauvage et al| Method of making A m_ethpd for Method for making
(Sauvage and vascular fabricating an vascular textile
Kaplan 1990) prosthesis by impermeable prosthesis
perfusion vascular prosthesis| impermeable,
perfusing the lumen  compining perfusion
of the textile and chemical
conduit treatments
US005792603A 08/11/1998 Dunkelman et &. Apparatus and Bioreactor that Dynamic
(Dunkelmanet method for provide a dynamic environment for
al., 1998) sterilizing, environment for culturing vascular
seeding, culturing,| seeding, culturing | grafts of any length
storing, shipping | and testing vasculal and diameter
and testing tissue grafts applying shear and
synthetic or radial stresses
native, vascular
grafts
US005916800A 29/06/1999 Elizondo et al.| Cardiovascular Methods and New mounting
(Elizondoet al., bioreactor apparatus for system for biological
1999) apparatus and processing and materials such as
method shipping heart valves and
cardiovascular vascular grafts
products, within
sterile and aseptic
environment
US6537567B1 25/03/2003 Niklason et al. | Tissue-engineered Methods for the Use of distensible
(Niklasonet al., tubular construct production of bodies to impart
2003) having organized tissue pulsatile stretching
circumferentially engineered force to the lumens
oriented smooth constructs of constructs during
muscle cells growth
US7348175B2 25/03/2008 Vilender et al. Bioreactor with A microprocessor Possibility of
(Vilender and plurality of controlled and growing and
Nickel 2008) chambers for instrumented conditioning
conditioning bioreactor for vascular tissues
intravascular conditioning tissue |  within a controlled
tissue engineered| engineering medical and strictly
medical products product. This reproducible
system allows the environment
control of fluid flow
and tissue
displacement and
allows the
measurements of
the material
properties.
US20090123993A1 14/05/2009 Banes et al. Bioreactor for Blood vessel Vessel attachment/
(Baneset al.,2009) | development of bioreactor engagement cuff
blood vessels developed for connectors and
harvest, maintain, clamps
transport and
produce vascular
vessels
US2009181448A1 16/07/2009 Fan et al. Perfusion type Multi-module Generation of
(Fanet al.,2009) vascular tissue bioreactor for physiological
bioreactor with vascular construct pulsatile flow
rotary and able to generate | perfusion and multi-
stretching physiological mechanical
functions pulsatile flow stimulation;
mimicking vascular
compliance, inertia,
and resistance
US20110014597A1 20/01/2011 Frerich Perfusable Bioreactor with Possibility of study
(Frerich 2011) Bioreactor for the elastic walls the interactions
Production and/or|  designed for the between the vessel
Cultivation of a production of and the stromal
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Human or Animal human vessel tissue
Blood Vessel
and/or a Human
or Animal Tissue

US7968329B2 21/06/2011 Dancu Method of Method for Possibility of
(Dancu 2011) conditioning a producing a human controlling,
hybrid synthetic | hybrid coronary by-| simultaneously and
tubular structure pass graft independently,
toyield a conditioning a hemodynamic forces
functional human| synthetic tubular in order to
hybrid coronary matrix recapitulaten vivo
bypass graft vascular

hemodynamic
environments

Table 1.4. List of patents involving the use of bioreactaséd approaches for vascular tissue engineering
using biomechanical stimulation: a brief descriptiand the novel aspects of the patent content are
provided.

1.3 Conclusions

The use of bioreactor-assisted culture of vascgtafts and substitutes has been
confined, thus far, to simple preconditioning sgaes to assess basic cellular responses to
arterial-like mechanical forces, or to attempt eeésngineering. In our view, the use of
these systems in the context of a wider molecutanprehension of vessel response to
biomechanical stimulation will lead to dissectidmuechanisms governing graft failure in
patients.

A first area of interest appears the applicatiofiomhics” molecular investigation to
assess the biomechanics-associated changes iadbelar global gene expression pattern.
This is of interest in the recent view that veimfgidisease involves a possible cross-talk
between various cellular components of the vessgiesed to mechanical load (ldual.,
2004; Torsneyet al., 2005), or their interaction with cells recruited the graft by the
circulation (Zhanget al., 2004). In this scenario, segments of human vessgissed to
differential mechanical loads in refined bioreagitatforms may be studied for changes in
their transcriptome signature to assess the diffede activation of pro- vs. anti-
remodeling gene expression “modules” (Segjadl.,2003). In addition, the customization
of the platforms to allow injection of defined anmbsi of circulating cells such as
monocytes or endothelial progenitor cells (EPCspynhelp dissect the molecular
mechanisms underlying homing of cells participatifitp et al., 2002), or potentially
inhibiting restenosis (Browat al.,2010; Zhuet al.,2010).
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Another area of interest pertains to the role alently identified vessel-resident
progenitors (Erguret al., 2011; Majeskyet al., 2011; Torsney and Xu 2011) in VGD
progression. These cells have been also found mahuSV and have thereby named
saphenous vein progenitors (SVPs) (Campagrailcal., 2010); they are adventitial
pericyte-like cells that may be activated, directdy indirectly, to differentiate into
proliferating SMCs as a result of vein arterialiaat This hypothesis, in line with
investigations highlighting the role of adventittells in the progression of transplant
arteriosclerosis in animal models (ldtial.,2004; Torsneet al.,2005), may be optimally
addressed using pulsatile perfusion systems wlegnments of human SV are exposed to
arterial flow conditions, followed by immunofluomnce studies to assess SVPs
mitogenic activation and differentiation. This &tapproach may be finally helpful also to
uncover possible changes in the epigenetic sigestassociated to mechanical stress in
various cell types resident in the vein, and tlwusrtderstand the involvement of chromatin
and histone code (Berger 2007; Kouzarides 2007)froations following arterialization.

In summary, while significant advancements havenbewmde in the design and
construction of bioreactor platforms to replicateenal-like conditioning, the conception
of integrated approaches to understand the biodbglge vessels “as a whole” in response
to alteration of mechanical conditions is onlytatearly stages. In our view this is crucial
to obtain a global comprehension of vein graft asseprogression, to perform comparative
studies of drug administration or gene expressiadutation (gene therapy, siRNA and
antagomir approaches), to devise preconditioningtopols and/or tissue engineering

strategies that reduce the clinical impact of gaghology.
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This chapter is partially based:ofM. Piola, F. Prandi, N. Bono, M. Soncini, E. Penk& Agrifoglio, G.
Polvani, M. Pesce, and G. B. Fiofecompact and automated ex-vivo vessel culturemsy&ir the pulsatile

pressure conditioning of human saphenous velaarnal of Tissue Engineering and Regenerativdidites,
[Epub ahead of prifhtdoi:10.1002/term.1798".
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I ntroduction

Saphenous vein (SV) graft disease represents asalwed problem in coronary
artery bypass grafting (CABG). After CABG, a praggiwe remodeling of the SV wall
occurs, possibly leading to the lumen occlusiopracess termed intima hyperplasia (IH).
The investigation of cellular and molecular aspe¢tdd progression is a primary endpoint
toward the generation of occlusion-free vessel$ thay be used as ‘life-long’ grafts.
While animal transplantation models have clarifene of the remodeling factors, the
human SV pathology is far from being understoodsT$ also due to the lack of devices
able to reproduce the altered mechanical load enieced by the SV after CABG.

In this chapter we propose the design of a compadt automate@x-vivovessel
culture system (EVCS) able to artificially produttee effects of the arterial pressure-
related cyclic wall distention, one of the majooriechanical causes of IH in venous
CABGs together with the pulsatile wall shear str@&sswar et al., 2012; Berceliet al.,
1990; John 2009; Mutet al., 2010; Owens 2010; Stiglest al., 2012). This aim is
achieved by the development and functional assedsofea low-volume, reliable and
user-friendly device, capable to replicate autoocadliy the pulsatile pressure patterns of
the physiological coronary environment. In perspecthe present EVCS could be used as
tool to carry out molecular and cellular studieorder to better understand the impact of
modified hemodynamic conditions amvivo SV remodeling.

The approach applied for the design and manufacifitbe device entailed a first
phase of literature research, and interaction whth final user of the device; on these
bases, the general and functional requirementhefbioreactor were identified, and a
preliminary design of the system proposed. Subsstyedifferent culture chamber
prototypes were designed, manufactured, and testeddefine a final optimized
configuration of the system. The design of the dyiceculture system made use of the 3D
CAD software Pro/Engineering Wildfire 4.0 (Paraneffechnology Corporation, PTC,
Needham, MA), while the prototypes were manufactursing a parallel lathe (OPTI D
240x500 G-Vario, Optimum, DE), a numerical contrdchine (Roland MDX-40, Roland
Corporation, Tokyo, JP), and a laser cutting (Massax VSL2.30, SK Laser, Germany),
plus additional manual finishing. These activitigere carried out at the Laboratory of
Experimental Micro and Biofluid-DynamicgBS Lab) of the Dipartimento di Elettronica,

Informazione e Bioingegneria of the Politecnicaviliano.
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2.1 Design of the EVCS

2.1.1 Design specifications

The design of the EVCS took into account the gdrspecifications of a bioreactor
for tissue engineering application (Martat al., 2004), with particular emphasis on the
ease of assembly under laminar flow hood, and #Hfetys of use in a cell culture
laboratory. Specifically, the following basic remments were addressed)
biocompatibility of materialsii) transparency, to ensure visual inspection forbaivble
and/or medium color changesi) compatibility with sterilization processes, e.gia
autoclaving and/or ethylene-oxide (Et@)) minimization of priming volume, in order to
limit the cost of soluble culture medium compounds)d v) easiness of vessel

accommodation and handling during the EVCS assembly

2.1.2 Architecture of the ex-vivo vessel culture system

The EVCS is designed to apply a CABG-like presstiraulation (CABG-PS)i.e. a
pulsed pressure oscillating between a diastoliagmum and a systolic maximune.g, 80-
120 mmHg), or a steady flow perfusiare., a physiological venous perfusion condition
(VP, e.g.,5 mmHg) within a controlled and strictly reprodalei mechanical environment.
A schematic representation of the system’s layswhiown in Figure 2.1. During culture,
SV grafts are hosted in a culture chamber accomtaddaside an incubator. The culture
chamber is connected to a hydraulic circuit andatotrs (pump and solenoid pinch-valve)
to apply pressure stimulation to the human vessel® allow the medium recirculate
within the vessel. The hydraulic actuators are rgaday a programmable monitoring and

control (M/C) system, which operates via a prestased feedback loop.
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Figure 2.1. Design of the EVCS. (A) Layout of the EVCS: thioksl represent the hydraulic circuit; thin
lines represent the monitoring and control (M/Cyrsls. In particular, the M/C system manages the
hydraulic actuators (a pump and a solenoid pinchwp via a pressure-based signal registered by the
pressure sensor.

2.1.3 SV culture chamber

The culture chamber (Figure 2.2) includes a comiakreservoir and a purpose-
developed vessel housing which is integrated with teservoir cap. All the culture
chamber parts built in house were designed wittCHID Pro/Engineer Wildfire 4.0 (PTC,
Needham, MA), and manufactured by laser cuttingrg¢slaser VSL2.30, SK Laser,
Germany), and/or computer numerical control macigriModela MDX-40, Japan) from
polymethylmethacrylate blocks (PMMA, Plasting S,.r$egrate, Italy). All the utilized
materials are suitable for EtO sterilization. Thessel housing allows hosting SV samples
up to 5.5 cm in length. The hosted vessel segnmerannulated at both ends using
polypropylene (PP) barbed fittings (Cole Parmer, WSA), and secured using an
extensible vessel loop (Esafarma S.r.l., Italy)aaselastic tourniquet. A standard 50-ml
falcon tube (International PBI S.p.A, ltaly) acts a medium reservoir. The reservoir and
the housing are coupled trough a silicone O-ring.

Five ports through the cap ensure the chamber’sexdion to the outside. Two ports
ensure injection/removal of the culture mediumrtoff the vessel (Figure 2.2, port a and

b). Two other ports provide connection for reciatign of the reservoir mediume. the
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medium external to the hosted SV (Figure 2.2, pahd d). One additional port provides
communication with the incubator environment thtoumy HEPA filter, to guarantee a
sterile gas exchange while keeping the pressuideirtbe culture chamber atmospheric

(Figure 2.2, port e).
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Figure 2.2. 3D CAD model of the
SV culture chamber. The chamber
consists of the SV housing inserted
into a 50-ml falcon tube which acts
as a reservoir; a and b are the ports
for the vessel connection sites; ¢
and d are the ports for connecting
the culture chamber to the
hydraulic circuit; e is the port for
HEPA filter. (B) Prototype of the
EVCS chamber realized in PMMA.

2.1.4 The hydraulic circuit

The hydraulic circuit consists of silicone tubirglgtinum Cured, Cole Parmer, IL,
USA) and PP-based pump tubing (PharMed BRJarlo Erba Reagenti, Milano, Italy). PP
luer connectors (Cole Parmer, Cole Parmer, IL, U8 used to guarantee leak-free
connections, and facilitate circuit assembly urderinar flow hood. A 5-ml syringe, filled
with 1.6 ml of culture medium and 3.4 ml of air,ta@s a compliance chamber for

damping pump disturbances.
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2.1.4.1 Dimensioning of the fluidic circuit

Gaseous exchange between the culture and the tocidrmvironments occurs via the
free surface of the medium in the SV culture chaimbia the oxygen-permeable silicone
tubing and via the vessel segment (Figure 2.3hémpresent paragraph, the dimensioning
of the fluidic circuit, allowing for a proper oxygation of the culture medium, is carried
out basing on a mathematical model of oxygen teanaflapted from literature (Orr and
Burg 2008).The tubing length was dimensioned ireotd minimize the head loss along
the hydraulic circuit during the vessel stimulatipariod. Further, the silicone tubing
length was dimensioned according to an analyticadleh (Orr and Burg 2008) based on
the balance between oxygen depletion (vessel catihlbolism) or replenishment (silicone
tubing and free surface of the reservoir) in order guarantee appropriate vessel
oxygenation. Specifically, the mathematical modél oxygen transfer used for the
determination of the tubing length took into acdotire sole silicone tubing and the SV
vessel (Figure 2.3), whereas the reservoir wasideres to be not oxygenating. This

assumption is in favor of safety.
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Figure 2.3. Schematic representation of the oxygen transfehénsilicone tubing and in the SV vessel; the
reservoir is considered to be not oxygenating. Webard to the vessel, pQy vessei@Nd PQ out vessel
represent the oxygen partial pressures at the iafet at the outlet of the vessel, and,\(Qs.is the global
oxygen consumption due to cell metabolism (redvayrdVith regard to the tubing, J is the local oxyge
transfer per unit length crossing the tubing wall diffusion (green arrow), t is the tubing thickeeR, and

R are the outer and inner radius respectively; vthe fluid velocity through the tubing; pQ si and
PO, out sii represent the oxygen partial pressures at thetiahd at the outlet of a silicone tubing of length
L, pO, xand pQ ... are the oxygen partial pressures at the inlet ahthe outlet of a generic infinitesimal
tubing element of lengtifx; pO, exris the oxygen partial pressure within the inculpato

The global oxygen transfer across the length ofsiieone tubing VO: siiicone tubing)

was expressed by the following equation:

VO3 silicone tubing = ®Q (P02 outsit — POz v sit) (1)

wherea represented the solubility coefficient of oxygarthe culture medium (considered
equal to the one in water, 9.8 @fmol/ml kPa), Q the flow rate of mediupiz v si and
pPO: out siithe oxygen partial pressures at the inlet antha@iutlet of the silicone tubing.

Local oxygen transfer across the area of the siéctubing wall J4x) was driven by the
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differential in oxygen partial pressure betweéme constant incubator partial pressure
PO, ext (141 mmHg, considering an incubator atmosphere ogegb by air with a 5% GO
percentage) and the oxygen partial pressure angmiumpO, (x) at a distance from the

inlet of the silicone tubing, according to the dolling equation:
JAX = UWAX (pO; gxt — p02(x)) (2

whereJ was the volumetric transport rate of oxygen pet length transferred towards the
medium within the tubing across the aklax (W was the log mean of the inner and outer
tubing circumference)) the overall mass transfer coefficient of the siie tubing, and
Ax the length of an infinitesimal tubing element (g 2.3). The log mean of the inner

and outer tubing circumferenc@/ was defined as follows:

- e (3)

whereR, andR; were the outer and inner tubing radii, respecti{Eigure 2.3); the overall

mass transfer coefficient was computed as:

w \ t W (4)

K0/pp)Wo  PSTPKSsil ki AW

U=

whereW andW, were the inner and outer tubing circumferentésthe tubing thickness,

ki andk, the inner and outer local mass transfer coeffisi¢@rr and Burg 2008Ks; the
permeability coefficient of oxygen through silicot®@2 10® cn®(STP) cm/s crhcmHg)
(Robb 1968)R the gas constant (82.06 tatm/mol K), T the incubator temperature (310
K), andpsrpthe gas density at standard temperature and peegsd6 1 mol/cnt). The
overall mass transfer coefficiemd accounted for the various resistances that oxygen
encountered while diffusing from the incubator eamment into the tubing: a resistance
due to the diffusion through a stagnant gas filgice at the exterior of the tubing,
represented by the outer local mass transfer coeftik,; a resistance due to the diffusion

through the tubing wall, represented by the perntigalboefficient Kgj; and a resistance
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due to the diffusion of oxygen through the mediuself, represented by the inner local
mass transfer coefficiekt (Orr and Burg 2008).
Taking into account the following relationship beem the global oxygen transfer

(VOz silicone tubing) @nd the local transfer:

L
V03 siicone tubing = J-]Ax ()
0

the equation (1) was solved for the partial pressdithe outlet of the tubing): our si and
combined by the equations (2) and (5), solved Her global oxygen transfer across the

length of the silicone tubingd/Qz: siiicone tubing). The resulting relation was:

_uwiL 6
POz oursi =P02gxr — (PO2gxr — POz nsi) e @ (6)

This equation express the partial pressure atrideoéthe silicone tubingpQ: oursi) as a
function of the oxygen level in the medium enterthg tubing $0: v sii), of the constant
incubator partial pressure of oxygerdf exr), and of the silicone tubing length

The other component needed to model the oxygespoat requirements within the
bioreactor circuit was the cellular oxygen consuomptwithin the SV vesselVO: vesse
(Figure 2.3):

V02 vessel — CZQ (pOZ IN vessel ~— pOZ ouTt vessel) (7)

wherepO: v vesset aNApO02 out vessel FEPresented the oxygen partial pressures at theand

at the outlet of the vessel segment (Figure 2.8gflB, the oxygen consumption of native
vascular tissue was set equal to 3.57%ilO,/min, assuming an oxygen demand of
3x57 10° mlO,/(min kg) and considering the mass of a SV grafie@bout 1 g (Hoenicka

et al.,2010).

In addition, the following entrance and exit redathips relating the oxygen partial
pressure of the medium entering and exiting eachpoment (vessel and silicone tubing)

were written:
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POz oursit = POz N vessel (8)

POz nsit = POz out vessel 9)

This mathematical description of the oxygen trangiighin the fluidic circuit of the
bioreactor system was used to determine the minintwiomg lengthL required to
guarantee oxygen replenishment in the culture nmedadfter depletion caused by cell
metabolism within the vessel. Hence, combining g (7), (8), and (9), the silicone

tubing lengthL was calculated according with:

aQ n POz gxr — P02 out sit

10
POz gxr —PO20ursu + <mé—”Q"’ssel> (10)

Figure 2.4 shows the trend of L as a functionQofor a silicone tube with an inner
diameter equal to 0.8 mm and wall thickness ofrr8. In the graphl. is parameterized

for different values of the desirg®, our sit

'g 7000—

é 6000

-) .
«w 5000 poz_our_s/'/-
)

§ 4000~ — 140 mmHg
2 3000- 139 mmHg
< — 138 mmHg
S 2000~ — 137 mmHg
-§ 1000 — 136 mmHg
> 0 | — 125 mmHg

T T

5 10 15 20
Recirculation Flow Rate (Q) [ml/min]

Figure 2.4. Length of the silicone tubing as a function offlbev rate, Q. The tubing length is parameterized
for different values of the desired oxygen pantisdssure at the outlet of the silicone tubing {g©r sp). In
the graph, y-axis intersects the x-axis at 1 ml/min
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On the basis of the data emerging from the dimensipof the silicone tubing
appeared evident that as the flow rate increagetuthing length increases too. The length
of the tubing represents a crucial point. Practreglsons impose to limit the pressure
losses and to minimize the overall priming voludmeaddition, apO. out sii range of 137-
139 mmHg is considered to be acceptable in ordendmtain the viability of the vessel
segment. Thus, considering a suitable flow rateelowhan 10 ml/min (to limit head

losses), the necessary silicone tubing size resulie at least 250 cm long.

2.1.5 Monitoring and control system

The M/C system is able to automatically apply teBG-PS to the SV segments or
the SV perfusion by automated control of a petfistgump (Watson Marlow 323D with
314D pumping head, Watson Marlow Group, UK) andlersid pinch-valve (S305-09,
SIRAI® Elettromeccanica, ltaly) (Figure 3.1). The solenpinch-valve enables switching
between the vessel stimulation loop and the relticun loop (Figure 2.5 B). The
hydraulic actuators are connected to a PC equipithda 1/0O board (NIDAQCard-6036E,
National Instruments Corp.) and are managed viaustomized LabView software
(National Instruments Corp., TX, USA) adapted freflmamara and colleagues (Vismagt
al., 2009). The pressure sensor Press-S-000 (PendoTHEJH,USA) provides the
intraluminal pressure feedback signal to the sakwgigure 2.1).

The CABG-PS program consists of a cyclical alteomabf a pulsatile stimulation
period and a recirculation period. Particularlye #ingle cycle is composed of four steps
(Figure 2.5A): i) the loading step, in which the culture medium eéivétred through the
vessel until the intraluminal pressure reachesael@ressure limitKy,n); 1) the pulsatile
stimulation step, during which the vessel is imthtand deflated in order to apply a
controlled CABG-PS within the pre-defined presstaeges Pmin - Pmay and for a pre-
defined time and number of pulses per minuigps;the unloading step, in which the
intraluminal pressure within the vessel is loweesghin to zero Kp) by inverting the
medium flow direction; and finallyiy) the recirculation step, characterized by a comstan
flow rate allowing a metabolic supply to the vestela predefined recirculation period.
The user can set all the specific parameters \8astiftware interface, nameB,, and
Pmax the pulse frequency)(@nd the number of pulses (# pulse) for the pildsstimulation
period; the durationl) and the medium flow rat€g) for the recirculation period.
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Figure 2.5. Design of the EVCS. (A) Schematic diagram of thBG#&S program. The CABG-PS consists
of: 1) a loading phase up to the lower limit of eepgdefined pressure range, Il) a pulsatile stimigdatin a
pre-defined pressure range, lll) a unloading phasg] 1V) a recirculation phase. During the inflatiphase
the SV wall, thus the SMCs, experienced a ciraemfial wall stress. (B) Simplified layout of thevwi paths

within the EVCS during the CABG-PS cycle. Duringsatile stimulation the medium is forced into and o
of the sample through both ends.

2.2 Overview of the EVCS

An overview of the EVCS during the assembling phaisger laminar flow hood is
shown in Figure 2.6. The time necessary to fixwé to the housing (Figure 2.6 A, B, C
and D) was less than 15 minutes; during this petth@dSV was constantly kept hydrated
by pipetting culture medium on the SV surface. Fynahe housing was inserted within
the reservoir, and connected to the hydraulic dirfgtigure 2.6 E). Once assembled, the
EVCS was placed in the incubator and the cultueumechanical conditioning started
imposing either a VP condition or a CABG-PS.
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Figure 2.6. Prototype of the EVCS during the assembling ph&sg.The SV sample is mounted in the
housing, and (B) secured via vessel loops. (C)rAfssel fixing, (D) the HEPA filter is mounted aiits
port, and then the vessel housing is inserted withe reservoir and connected through a siliconeing-
coupling resulting in a compact culture chamber) TlBe culture chamber is then connected to theduyldr
circuit and the entire system is filled with cubumedium.

2.3 Functional experimentsfor testing the performance of the EVCS

2.3.1 Pressure-volume measurements of SV segments

Pressure-volume relationship of human SV segmewas obtained in order to
dimension the fluid volume that the pump has tacess for obtaining the desired pressure
increments within the vessel. To this aim, a custoatle system was developed to
measure the pressure-volume relationship durindilBvg. A Schematic diagram of the
custom-made system is reported in Figure 2.7. Boh &V specimemégsb, length of the
sample > 35 mm), the inner diametddi)( was measured using a caliper (for the
preparation of the human samples refer€hapter 4 paragraph 4.1.)1 Then, each SV
segment was mounted in the custom-made system rersioned by imposing a 10%
axial strain, corresponding to a length nameg, Table 2.1 reports the geometrical
characteristicsl¥ andlyge) Of the SV and the volume at zero pressM#g, (calculated as
the volume of a straight cylinder of diameter eqimaD; and length equal tbgw SV
segments were pre-conditioned by imposing five eyaf loading (0 to 120 mmHg) and
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unloading (120 to 0 mmHg), as described in therditge (Costantineet al., 2004a;
Costantinoet al., 2004b). Thereafter, the vessel lumen was expoesethdremental
pressure (0 to 120 mmHg, step 10 mmHg) and theceded inner volume increment was
measured AV, Figure 2.7) using an interposed graduated pip€te each sample, this

procedure was repeated three times. The volumermamt was normalized .

Manometer

f Air reservoir
¥ Volume )
| LLLA) LAERNURLLE LARA) LERR) CLERY LEUE) EUALILARR)) ﬂ
Vein Reference I a5

}:1—:?{4:1:----. g 1

AV

Figure 2.7. Schematic of the custom made set-up developeatidarompliance measurements. Pressure is
measured with a manometer and inner volume incrésr@l) are measured using a graduated pipette.

Sample Di [mm] | 100 [MM] Vo [m]
Sv0l 3.2 59 0.47
Sv02 3.1 35 0.26
SV03 3.8 60 0.68
Svo4 3.4 35 0.27
SV05 3.2 35 0.28
SV06 3.8 60 0.68
Mean 3.4 46.5 0.44

Table 2.1. Geometric values of the SV samples (n=6) usedtifer pressure-volume measurements. D
represent the inner diametergd, is the length of the sample hosted within theauanade device, and,V
was calculated as the volume of a straight cylinofediameter Dand length oo,
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2.3.2 Functional assessment of the EVCS

Preliminary tests were performed using a SV sanffde the preparation of the
human samples refers @hapter 4 paragraph 3.1.}, mounted within the EVCS, in order
to validate the robustness and the reliability dirae of the system. The EVCS was placed
in the incubator and the performances were evaluayechanging the pulse frequency and
the pressure stimulation range. The tested puéspiéncy was 0.5 Hz, 0.75 Hz, 1 Hz and
1.2 Hz, while the pressure range was 60 — 90 mniHgdtension), 80 — 120 mmHg
(Normal) and 100 — 140 mmHg (Hypertension).

For the following tests the EVCS components weeelsted by EtO or autoclaving,
where appropriate. The EVCS sterility maintenanee werified with two tests using a
sterile silicone vessel substitute and a SV sanmipléboth conditions, the system was
assembled under laminar flow hood and filled wizhdl Roosvelt Park Memorial Institute
medium 1640 (RPMI, Lonza Group LTD, Switzerland}Yheut antibiotics, and placed in
the incubator (37°C and 5% Gor 7 days with a partial medium replacementay 8,
reproducing standard culture conditions. As a @nt Petri dish containing the same
medium was also incubated. At every time step (@agay 3, and day 7) the culture
medium was added to the Thioglycollate broth (B@zriand, USA) for microbiological
analyses.

2.4 Results of the functional experiments for testing the EVCS performance

2.4.1 Pressure-volume measurements of SV segments

Figure 2.8A reports the pressure-volume relatignsbibtained by progressively
inflating fluid volume in human SV segments. Theulés showed an initial rapid volume
rise with the first pressure increment step fromn0L0 mmHg (a physiologic pressure
range for veins), followed by a decreasing slopeth& pressure-volume relationship,
indicating that a considerable stiffening of the 8%5ue progressively occurred when
shifting towards the arterial pressure range (g8 A).

Figure 2.8 B reports the luminal volume incremeithin the vein after imposing a
pressure in the range of 0 — 10 mmHg, 10 — 80 m@aakth80 — 120 mmHg. According to
these results, the mean inflation fluid volume 3seey to generate a pressure increment
from 80 mmHg to 120 mmHg, was 0.06+£0.025ml (Fig2:@ B). This value was used as
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rough estimate for selecting the dimensions ofréhevant hydraulic components, such as

the volume of the compliance chamber and the idrsneter of the pump tubing.
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Figure 2.8. Pressure-volume measurements of SV segments ¢a3UPe versus volume relationship for 6
human SVs. An initial rapid volume rise at physigdal venous pressure range (0 - 10 mmHg) is fadidw
by a decreasing slope at physiological arterial ggere (80 - 120 mmHg). (B) Representative histogrhm
the inflation volume necessary to generate pressanges (0 — 10 mmHg, 10 — 80 mmHg, and 80 — 120
mmHg) in the vein lumen.

2.4.2 Functional assessment of the EVCS

Figure 2.9 A reports representative screen pristaitthe M/C software of the
EVCS, showing an example of pressure tracing duhiegCABG-PS cycle. The outcomes
of the functional tests indicated a good reliapitf the M/C system. Figure 2.9 B shows
the system’s response to different pressure camditieproducing hypertension (100 — 140
mmHg), normal (80 — 120 mmHg) and hypotension (D-+nmHg) conditions; while the
system’s response to different values of frequeidcy, 0.75, 1 and 1.2 Hz) is shown in
figure 2.9 C. In both configurations, the stimuatipressure tracings are fairly regular,
repeatable and compliant to the user’s settingsallyi microbiological tests showed no
contamination in the culture medium after 7 daysuifure in either tested configurations
(silicone vessel or SV sample). Absence of any egrpiacontamination was also observed
in the subsequent CABG-PS and VP culture tests.
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Figure 2.9. (A) Printout of the resulting pressure tracing cgithe four steps of CABG-PS cycle. (B)
Pressure tracings of CABG-PS cycle of a SV segoi#ained changing the pressure within the rang€s:-6

90 mmHg (Hypotension), 80 — 120 mmHg (Normal), #0d — 140 mmHg (Hypertension) at a pre-defined
pulse frequency of 0.5 Hz. (C) Fragments of CAGB:}®%e of a SV segment obtained changing the pulse
frequency (0.5 Hz, 0.75 Hz, 1 Hz and 1.2 Hz) arplyépg a Normal pressure range to the vessel.

47



Design of a novel ex vivo vessel culture system

2.5 Conclusions

The design of a novel and versatile platform tdfgrer dynamic stimulation of SV
segments mimicking the physiological pressure pateof the coronary circulation is
described. This is indicated as one of the majsulis received by the SV segments
following their CABG implantation (Anwaet al.,2012; Berceliet al., 1990; John 2009;
Muto et al.,2010; Owens 2010). Hence, the rationale of ithugion as a controlled factor
for conditioning SV segments in our culture deviseo enableex vivocampaigns for
elucidating the role of a major biomechanical factoSV arterialization. The EVCS was
verified to reliably apply the desired pressurdgras to SV segments in a controlled and
sterile environment.

Regarding the EVCS design, the specifications okasy assembly and handling
were satisfied thanks to the technical solutiongpéetl. First, the entire system is very
compact through the adoption of an integrated nmedeservoir, which makes the device
easy to be used into a standard cell culture inoupeinimizing the need for dedicated
culture instrumentation. In addition, compactneBswaed abating the overall priming
volume to 42 ml, substantially lower than the 5@@I0reported by Voisard and colleagues
(Voisardet al.,2010) and the 300 ml stated by Clerin (Cleziral.,2002), and comparable
with the overall priming volume of 20 ml declaregd Bummler and colleagues (Dummler
et al.,2011). Finally, working in vertical conditions fhates the air de-bubbling through
the HEPA-port during the assembling and filling tbE EVCS and during the culture
experiments. This configuration avoids the air dabbaccumulation within the vessel
during the mechanical conditioning culture.

Compared to other EVCS reported in literature @il al., 2012), with particular
reference to the systems by Dummler and colleagDesymleret al.,2011) and Voisard
and colleagues (Voisarmt al.,2010), our EVCS is designed to ensure the pernfusidhe
hosted SV segments, or to impose controlled phygiol CABG-PS conditions, resulting
in a cyclic wall circumferential strain. To this npose, the EVCS is equipped with
dedicated control hardware and software, whichmfrthe user's standpoint, implies
interaction with a programmable and user-friendtgpdpical interface. In this way the
device is suitable to automatically manage the geioe of the pressure pulse or the

medium recirculation for fluid refreshing and tiesaxygenation.
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The strategy we adopted for the pressure stimumlationsists of inflating and
deflating the SV by forcing small volumes of mediumo and out of the vessel through
both ends. Thus, a recirculation phase is mandatoryrder to re-establish the correct
amount of nutrients within the luminal region otthein. In addition, pulse generation is
based on the commands of a robust programmable syigtem, which operates via a
pressure-based auto-tuning feedback loop. A maatufe of the M/C system is the
possibility to freely set different stimulation pameters such as pressure range, pulse
frequency, and number of cycles in order to mo@ugabperly the stimulation pattern. In
this manner, a versatile system is envisaged vghcapability to perform simultaneous
stimulation of SV segments in different conditiotts perform more stringent paired
biological observations on SVs segments or for raeial conditioning of tissue-
engineered blood vessels.

However the EVCS suffers from some limitations. Blgstem does not allow for the
application of a coronary-mimicking flow throughethvessel, hence the shear stress
stimulus deriving from the arterial transpositidntloe vein is not replicated. Specifically,
being the net flow approximately zero during thienstation period, the resulting shear
stress experienced by the ECs in the EVCS is nblgigvith respect to arterial shear
stress. On the one hand, this allowed us to seddgtstudy the early remodeling effects
caused by wall strain alone as a biomechanicalusitisn On the other hand this did not
represent a fully biomimetic condition, becausaaal CABG pulsatile strain is always
associated to pulsatile wall shear. The system,eliew is prone to a fully biomimetic
upgrade; this will require minimal changes to th#wre chamber design (such as, changes
in conduit diameters), whereas appropriate refimemvill be needed for the hydraulic
circuit layout and for the M/C system. In additidine system is not suitable for replicating
the artery/vein compliance mismatch, hamperingptssibility of study its contribution on
the early remodeling events associated with I1H.

Pressure-volume relationship of human SVs, obtamquerimentally, was used in
order to determine the volume of medium to be psed within the vessel to obtain the
desired intraluminal pressure oscillation within BB-PS range. In addition, the results
indicated that the pressure-volume curves are maadl and revealed a considerable
hardening of the SV tissue occurring at arteri@spures. These data fully comply with

data reported in literature (Stookadral.,2003). It is worth to notice that, as attestedun
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functionality tests as well as in the subsequertay-device use experience, pulse
generation stability was not affected at all by $hheng nonlinearity of the treated samples.
From a strict engineering viewpoint, this is anardf the system’s robustness as an
automated tool for biomechanical SV sample stinaat

For these enhanced design characteristics thidoptatis therefore a novel
laboratory-oriented tool that, will be useful torgaout in vitro culture campaigns under
strictly controlled hemodynamic conditions and didsthe contribution of different

biomechanical factors involved in the early IH pnignin vein CABGs.
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An arterialization study of human SVs in the
EVCS

1. SV sample 2. EVCS 3. Early remodeling
events

This chapter is partially based:ofM. Piola, F. Prandi, N. Bono, M. Soncini, E. Penk& Agrifoglio, G.
Polvani, M. Pesce, and G. B. Fiofecompact and automated ex-vivo vessel culturemsy&ir the pulsatile
pressure conditioning of human saphenous velaarnal of Tissue Engineering and Regenerativdiditee,
[Epub ahead of prifidoi:10.1002/term.1798".
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I ntroduction

The impact of arterial pressure (thus, wall st wall stress) on early human SV
remodelling was finally investigated within the ESCUsing this system, segments of
human SV (collected as remaining vessel after CABgery interventions at the Cardiac
Surgery Department of the Centro Cardiologico Moo}iwere exposed to CABG-
pressure stimulation or venous perfusion for aqukof 7 days.

This chapter reports the results of the prelimyjnBiromechanical conditioning
campaign on human SV segments, using the EVCS aelin theChapter 2 The
conditioning experiments were carried out at thdéddratory of Cardiovascular Tissue
Engineering of the Centro Cardiologico Monzino inlavl. Epigenetic analyses were
carried out at and in collaboration with the Unsigx Cattolica del Sacro Cuore of Rome
and the Goethe University of Frankfurt, while zymeagghy and western blot analyses were
mainly performed by biologists of the LaboratoryQdrdiovascular Tissue Engineering of

the Centro Cardiologico Monzino.

3.1 Design of the conditioning experiment

3.1.1 SV samples preparation

For the arterialization experiments, the use of &8V segments was authorized by
the local Ethical Committee with the approval ofiaformed consent. SV segments were
obtained from the Department of Cardiovascular &uwyrgof the Centro Cardiologico
Monzino. Briefly, surplus segments of SV were oh¢ai from 11 patients undergoing
CABG surgery (mean age of 66.7+7.4, Table 3.1).s8Wples were harvested with a “no
touch” technique avoiding venous spasm and diatatand ensuring endothelial, medial
and adventitial integrity (Dashwood and Tsui 202BE SV was exposed by a continuous
incision, all the visible collateral branches wégated, and finally the vein is harvested
with a pedicle of surrounding tissue, which pragethe vein from spasm therefore
obviating the need for distension. The distal ehdazh SV segment was cannulated in the
operating room, thus allowing the identificationtbé valves direction, side branches were
ligated, and SVs were immediately stored at 4°@utbecco Modified Eagle’s Medium
(DMEM) supplemented with 10% Fetal Bovine Serum $B1% L-Glutamine, and 1%
Penicillin/Streptomycin. All the SV segments weraintained at 4°C up to 48h before
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their use. In all the experiments described infti®wing paragraphs, the distal end of
each sample was mounted onto the inlet connectaheofEVCS culture chamber after

gently removing the existing cannula.

Pafigms Sex | Diabetes | Nicotin | Hypertension | Didipidemia colel:tgrp(()elre_mia c;utjitﬁgﬁs
e e X " M B
(5481\;;3) M X B X X _ CABES
(65\;?«3) M B X X - _ CABES
(7?)//252“3) M B - X - X al
(7§\$2r3) M - B X X ~ i
(6§\;g:rs) M - B X - _ al
(6?3//2;3) M X B X X - i
(63\)//2;3) M - - - X - CABCPS
(73\)//2;3) F - - - - X al
SV92 M CABG-PS
(60 years) - - X X B VP
(8?3//2;3) M B X X - - CABG-PS

Table 3.1. Data of the patients enrolled for the conditioniegperiments. Surplus SV grafts from 11 patients
undergoing coronary bypass grafting were culturedvenous (VP) or arterial hemodynamic(CABG-PS)
conditions.

3.1.2 Mechanical conditioning of human SV within the EVCS

Generally, SV samples were divided into two segséoily in one case, the length
was sufficient for cutting the vein into three segns). One portion was immediately
stored and used as control (native segment); tbhengeportion (length > 5.5 cm) was
cultured in the EVCS. SV samples were cultured ur@&BG-PS conditions (luminal
pressure: 80 - 120 mmHg; pulse frequerfyyQ.5 Hz with a stimulation interval' §) of 10
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minutes; recirculation flow rateQg): 1 ml/min, with a luminal pressure between 1-2
mmHg, and recirculation intervall§) of 2 min, or VP conditions (steady flow with
luminal pressure: 5 mmHg; flow rate: 3 ml/min). &ftthe sterilization of the EVCS, SV
segments were mounted as previously descripadh@raph 2.2and Figure 3.1A —E); then
the EVCS was filled with 42 ml of DMEM with 10% FRétBovine Serum (FBS), 1% L-
Glutamine, 1% streptomycin-penicillin. Then, the @Y was kept in the incubator at 37° C
and 5% CQ for a culture period of 7 days. The culture medwas partially changed at
day 3. At the end of the mechanical conditioningqak SV samples were disassembled,
vein ends were discharged (thus avoiding any etfgete induced by the mounting onto
rigid connectors), and the central portion of thé ®as processed for the following

analyses.

Figure 3.1. The compact and automated ex-vivo vessel cullystem able to artificially produce the effects
of the pulsatile arterial pressure-related cyclialvdistention. The EVCS during system assemblimipu
laminar flow hood: the SV segments are cannulatethath ends with barbed luer fittings, and bounded
the connectors using a vessel loop (A-D). Then,SWehousing is inserted within the 50-ml falconetub
acting as reservoir (E). Once assembled, the celtlvamber is connected to the stimulation cirdeijt (
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3.2 Methods for morphological and IF assessment of the mechanically

conditioned human SV segments

3.2.1 Tissue viability evaluation

To assess tissue viability, methylthiazol tetrazoli(MTT, Sigma Aldrich) staining
was used (Miyakawat al., 2008). Rings of cultured and native (positive coitSV
samples were used. MTT powder was dissolved in BB&jning a final concentration of
0.5 mg/ml. SV rings were incubated at 37°C for urhom PBS/MTT solution. As a
negative control, a SV ring was fixed with 4% fotdehyde overnight and then incubated
with MTT staining. Pictures were taken using aetemicroscope (STEMI 2000-C, Carl

Zeiss®, Germany).

3.2.2 Histological, immunofluorescence and immunohistological analysis

To assess vessel wall integrity after VP and CAB&-Ronditioning,
hematoxylin/eosin (H&E) and Masson’s trichrome msitag of transversally cut sections
were performed. Furthermore, immunofluorescencg gHalysis for smooth muscle cells
(SMC) markeraSMA and for endothelial cell (EC) marker vVWF and ¥Dwere carried
out in order to evaluate the impact of pulsatileesgure on the organization and
arrangement of these cellular components.

Cultured =6 VP, andn=6 CABG-PS treated samples) and contnotil) SV
samples were fixed with 4% formaldehyde overnighataffin embedded, and cut in 5-pum-
thick sections using a microtome. Sections werenath with H&E and Masson’s
trichrome staining (Bio-Optica Milano SpA, Italyaccording to manufacturer’s protocol.
Six slices of each SV sample were observed foritgtige inspection, and digital images
were acquired using a light microscope (AxioVisiBio Software, Carl Zeiss®, Germany)
at a magnification of 10x.

For IF analysis, 3 samples for each group (VP, CAB®and related controls) were
observed (6 slices for each sample). Briefly, 44hiok sections were obtained from
formalin-fixed/paraffin-embedded SV specimens. Best were dewaxed and hydrated,
and antigen retrieval was performed with 10mM HSL/1mM EDTA for 10 minutes in
microwave. Therefore, sections were blocked with B®¥ine serum albumin (room

temperature, 1 hour), and incubated (4°C, overhighth mouse anti humaaSMA
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(1:500; cat. M-0851, Dako) for labeling SMCs, gaati human-CD31 (1:200; cat. sc-1506
Santa Cruz Biotechnology, Inc.) and rabbit anti-anmyWF (1:200; cat. A-0082, Dako)

for labeling endothelial cells (ECs). Slides weneubated with Alexa Fluor 488 anti-
mouse, Alexa Fluor 546 anti-goat, and Alexa FIU&8 @nti-rabbit (1:200; Invitrogen, UK)

secondary antibodies for 1 hour at room temperataumd nuclei were counterstained with
DAPI (Vector Laboratories, CA, USA). Finally, digltimages were obtained using a
multicolor detection protocol in a LSM-710 confocaanning microscope (Carl Zeiss®,
Germany).

For Ki67 staining, 3 samples for each group (VP,BGAPS and related controls)
were observed (6 slices for each sample). 3,3-thabenzidine (DAB) substrate kit (SK-
4100, Vector Laboratories) were used. Briefly Sigesre placed in 10 mM Sodium Citrate
Buffer, 0,05% Tween 20, pH 6.0 and heated at 981CLO minutes for antigen retrieval.
Sections were blocked with 3% BSA in 0.1% Tritonl®0@, moreover for blocking the
endogenous peroxidase, sections were incubatetoifl,®,, 0.1% NaN for 10 minutes.
Slides were incubated with primary Ki-67 antibodyl@ (Abcam, Cambridge, UK,
ab15580) for 1 hour at room temperature and sulesglyuincubated with biotinylated
secondary antibody for 30 minutes at room tempegaflihen the slides were incubated
with horseradish peroxidase for 30 minutes; apptioa of diaminobenzidine
hydrochloride chromogen for 10 minutes were pergantlides were counterstained with

hematoxylin staining and were mounted on a slideguSanada balsam.

3.2.3 Morphometric and proliferation measurements

Morphometric analyses were performed on Massoichrsme stained sections in
order to measure wall thickness and luminal peeme&dne section for each sample was
used. Thickness measurements were manually pracessaligital images taken with
AxioVision Bio Software (Carl Zeiss®, Germany) abXL magnification. At least 40
measurements per sample were made. The inner perimas calculated using Image-J
software (Version 1.47f-sofware for Java, Nationatitutes of Health, USA).

The cross sectional area of the sample was estinagt®uming a circular shape and
taking into account the wall thickness and the hahperimeter. The cross sectional area

(A) was calculated as follow:
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A=w(mw+ pinner) (1)

wherew is the wall thickness anguer is the inner perimeter.

To measure the vasa vasorum length density (Petsed, 2003), H&E stained
sections of native (n=12), VP (n=6), and CABG-PS6nsamples were analyzed. Digital
images were acquired using a light microscope (Zeisd$’, Germany) at a magnification
of 40x. Using the AxioVision Bio Software (Carl 267) major and minor axes of each
vasa vasorum were measured in a range comprisegdreum and 44m (three subsets
were identified: 4-14um, 14-24 um, and 24-44um). The classification of the vasa
vasorum was performed based on the minor axis asbasrepresentative of the diameter.

The length density was calculated for each inteaeabrding to:

Ly == 2)

for i vasa vasorum counted in a given adventitial arkg, the length densityL()
corresponds to the sum of the rati®®) petween the major and the minor axes of each
vasa vasorum (Pesee al.,2003). In addition, vasa vasorum displaying noihahregion
were not considered for morphometric determinatibthe length density. The adventitial
area fy) was calculated on digital micrographs (2.5x) raftenual contour identification
using GIMP (Version 2.6.12) and Image-J softwareergion 1.47f-sofware for Java,
National Institutes of Health, USA).

The number of proliferating cells in the tunica naedvas analyzed by
Ki67/Hematoxylin immunohistological staining in nat (h=6), VP (=3), and CABG-PS
(n=3) samples. Digital images were acquired using lat ligicroscope at a magnification
of 20x. For each samples at least 5 randomly chdéiseés were acquired. A manual
counting protocol of Ki67 cells was performed by using Image-J software. The
quantitative analysis of positive cells for Ki67 ssaccomplished by only one observer and
in a blinded fashion. The number of proliferatingl€ was normalized to the total cell
number. In addition, the cell density was evaludigaormalizing the total cell number to

the area of the tissue. The area of the tissuecafasilated on digital micrographs (20x)
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using Image-J software (Version 1.47f-sofware fava] National Institutes of Health,
USA).

3.2.4 Epigenetic profiling for histones modifications analysis

The role of mechanical strain on the epigeneticd$aape modifications was
examined by immunofluorescence. This method haa bkeady validated in a previous
work (Minetti et al.,2006). The changes in histones H3 (methylatiolysihe 4) and H4
(acetylation of lysine 9 and 16) post-translatiomaldifications were mainly monitored in
CABG-PS group. This technique allowed the iderdtiien of single cell types presented in
the tissues by co-staining with cell type-spediitibodies for AcK9 (acetylation of lysine
9), AcK16 (acetylation of lysine 16) and MetK4 (imgition of lysine 4). Cell nuclei were
counterstained with TO-PRGB (Invitrogen, UK). In addition, by using confocal
microscopy analysis, it was possible to obtain rimiation on the modification level by
observing the relative increase in the mean flumese intensity (2.5D quantification) of

the cell nuclei in tissues treated with mechanstiahuli.

3.2.5 Protein assays

Zymographic analyses were performed on SVs sectmis/estigate the proteolytic
activity of matrix remodeling enzymes MMP-2 and MMPThese enzymes are involved
in the remodeling of the cardiovascular tissuesl anparticular of the blood vessels
(Berardet al.,2013; Bercelet al.,2006; Dummleet al.,2011).

Frozen tissues were homogenized in zymogram b@@mM TrisHCL, 150 mM
NaCl, 1um ZnCh, 0.01% Triton X-100, 2 mM EDTA pH 7.4). Samplesreveentrifuged
at 4°C, the supernatant containing proteins wasoved and 5Qg of extracted protein
were mixed with zymogram loading buffer (62.5 mMsiiHCI, pH 6.8, 10% glycerol, 2%
SDS, 0.01% bromophenol blue) and separated in 1IDSRAGE gels containing 1 mg/ml
type A gelatine from porcine skin (SIGMA-Aldrichatifkirchen, Germany). To renature
proteins, gels were washed two times in 2.5% Tribi00 for 15 min at room
temperature and subsequently incubated in devejdmiffer (200 mM NaCl, 50 mM Tris,
20 mM CacCl2 pH 7.4) overnight at 37°C. Gels werrngd with 0.5% Coomassie Blue
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R250 in 45% methanol/10% acetic acid/ 45% waterlformin and destained until clear
bands of lytic activity appeared.

In addition, Western Blotting analysis was perfodmierozen samples were lysed in
SDS lysis buffer (2% SDS, 50 mM Tris, 10% Glicepdl 6.8) and prepared for sodium-
dodecyl sulfate—polyacrylamide gel electrophoréSI3S—-PAGE). Lysates were sonicated
and boiled, the protein concentration was deterchimg DC Protein Assay kit (BioRad).
50 ug of extracted protein were loaded in a SDSI@8t Acrilamid, after running proteins
were transferred to a PVDF membrane and incubated primary antibody solution
directed toa-SMA actin (1:5000; M-0851 Dako), tissue metall@fginases inhibitor-1
(TIMP-1) (1:1000; cat. 8946, Cell Signaling Teclomy), and GAPDH (1:5000; cat. sc-
25778 Santa Cruz Biotechnology). Incubation watoveéd by washes in a 0.1% PBS-
Tween buffer for 1 hour; following membranes wareubated and agitated in anti-mouse
(cat. 61-6520, Invitrogen, UK) or anti-rabbit (c&6-6120, Invitrogen, UK) horseradish
peroxidase for 1 hour. Membranes were washed b ®BS-Tween and then subjected to

ECLR chemiluminescence detection (Amersham Lifeisms).

3.2.6 Statistical analysis

Statistical comparison was performed using Graph8@Prism) statistical software.
All data were initially analysed with the Kolmoger&mirnov normality test and then
compared using an paired t-test, unpaired t-tedtaaMann-Whitney rank sum test, where

appropriate. Differences were considered to befsignt at values op < 0.05.
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3.3 Results of the human SVs pressure stimulation
At the end of the mechanical conditioning perid® vessels were un-mounted and

immediately processed for different investigations.

3.3.1 MTT and Ki67 staining reveal metabolic and proliferative activity, and a reduction
of the cell density after 7 days of culturein the EVCS

The MTT analysis showed that after 7 days under(MBure 3.2 A) or CABG-PS
(Figure 3.2 B) conditions the vessel viability waaintained similarly to freshly harvested

SV rings, used as a positive control (Figure 3.2 C)

A. VP B. CABG-PS

NN N

C. Positive control |D. Negative control

. i e Figure 3.2. Images of SV rings stained with MTT
'-'.. -

after 7-days culture in the EVCS under VP (A),
and CABG-PS (B) conditions. Fresh tissue and
formaldehyde-fixed tissue were used as positive
(C) and negative (D) control, respectively. The
images in the figure are representative of the
behaviour observed for 3 VP and 3 CABG-PS
samples and related controls.

The results of cell density showed a statisticailgnificant decrease of the cell
number on SV samples subjected to CABG-PS (FigudeD3 left), while no significant
differences between native SVs and SVs subjectedPtavere observed (Figure 3.5 D,
right).

Furthermore, the results of Ki67 staining in the \8a&ll, subsequent to application of
the mechanical strain, highlighted differenceshia tesponse of Vie's CABG-stimulated
SV segments; in fact, as shown in Figure 3.3 E,pidreentage of Ki67cells in vessels
exposed to arterial-like wall strain (CABG-PS grpwas higher than in SVs exposed to
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venous perfusion (VP-group). Data showed a stedidyi significant increase of the
proliferation rate on SVs subjected to CABG-PS ¢mal with respect to native condition
(Figure 3.3 EJeft), while statistical comparison did not show diffieces between native

SVs and SVs subjected to VP (Figure 3.3iDht).
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Figure 3.3. Cell density and proliferation analysiRepresentativéki67/Hematoxilin immunohistological
staining of SV samples: native SV (A), SV after(B)P and SV after CABG-PS (C). Black arrows indécat
the Ki67 cells, while Ad, M and L represent the adventisg thedian and the lumen of the vessel,
respectively. Dotted lines indicate the border letw media and adventitia. Quantification of celhsigy
(D) and proliferation (E). Data were compared by ampaired t-test, and *** indicates p<0.0001 for
statistical comparison of Native, CABG-PS and Vinsie
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3.3.2 Morphological and immunofluorescence analyses show structural remodeling of
the mechanically-conditioned human SV segments

To assess vessel wall integrity after VP and CAB$5-¢dnditioning, Masson’s
trichrome staining of transversally cut sections \warformed. Results showed a relatively
good integrity of the vessel structure with a gpoeservation of SMCs and the adventitia
layers, and without signs of tissue degeneratiah swmelling (Figure 3.4 A, B and C).
Changes in cellular arrangement were instead oedenv the VP (Figure 3.4 Bys
CABG-PS (Figure 3.4 C) segments. In fact, in VPwaeld vessel segments (Figure 3.4 B),
the arrangement of medial SMC layers appeared airul that present in non-cultured
vessels (Figure 3.4 A); by contrast, the applicataf CABG-PS caused an almost
complete SMCs disarrangement (Figure 3.4 C).

To better evaluate the organization and arrangemienellular components of the
SV following ex vivoculture, IF analysis for SMC markeEMA was performed (Figure
3.4,right columr). Low magnification imaging of the vessels confgina difference in the
medial layer of CABG-P$8s VP vessels, again suggesting a loss in circumfiadeSMCs
sheets due to the modified pressure conditionsu(Bigd.4 C,right columr). The
observation of the vessel structure by histocheynetd IF showed that vessels cultured
under CABG-PS conditions had relatively thinner lveadd larger lumen compared to VP
or native vessels (Figure 3.4 A-C).

Morphometric analysis were performed on SV sectionerder to quantify wall
thickness and luminal perimeter alterations. Compassisted morphometry indicated,
according with literature data (Voisaed al.,2010), a significant reduction of the vessel
thickness (327.3+408n vs. 575.5+60.@m) and an increase in the lumen perimeter
(12.10+1.14mm vs. 8.77+0.49mm) in CABG non-stimulated SV segments (Figure 3.4
D and E left column. Interestingly, veins perfused with a VP did natlergo remodeling,
confirming that application of a CABG-PS for 7 dayas sufficient to induce structural
changes in the SV (Figure 3.4 D and right columr). Finally, cross-sectional area
measurements were performed on SV sections staritedMasson’s thrichrome staining
(Figure 3.4 F). Statistical comparison did not shdifferences between native SVs and

ones subjected to CABG and VP conditioning.
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Figure 3.4. SV tissue

sections stained with
Masson’s trichrome and:-

SMA/DAPI  after 7-days
culture in the EVCS. The
images are representative of
the behaviour observed for 3
VP and 3 CABG-PS samples
and related controls. In
each panel, from left to
right, low and high power
views of Masson’s trichrome
stained section and low
power views of a-SMA

stained sections are shown
in native tissue (A), VP-
cultured (B), and CABG-PS
© SV samples,
respectively. In all images, L
indicates the lumen, while
Ad the adventitia layer.
Thickness (D) and inner
perimeter (E) measurements
were performed on SV
sections stained with
Masson’s trichrome

staining. Thickness and
luminal perimeter data were
compared by a non-
parametric Mann Whitney
test; the p value above the
bar graph indicates the
significance level in these
comparisons. The graphs
without p value indication

indicate absence of
statistical significance. (E)
Cross-sectional area

measurements were finally
performed on SV sections
stained with  Masson’s
thrichrome staining. Data
collected from the samples
were comparedby a non-

parametric Mann Whitney
test; the absence of p value
above the bar graph
indicates the absence of
statistical significance
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Histological analyses did not allow to evaluate thee the SV endothelium is
affected by changing in pressure conditions in CAB® vessels. To assess this, an IF
analysis for endothelial markers vVWF and CD31 wer$opmed, followed by low and high
power confocal imaging (Figure 3.5). Panels A, B &show, respectively, low and high
power views of the EC layer stained in the sameselegresented in Figure 3.4 A, B and
C. While at low magnification the appearance oféhdothelial layer is similar in the three
conditions, the high power views showed the lossE@fs integrity and the partial
detachment of the EC layer in CABG-PS with resgecthe native and VP-stimulated
veins (compare panels 3.5 C with 3.5 A and 3.5/B)ite arrows indicated VWFCD31"
ECs lining the SV lumen. Lower immunostaining ie t6ABG-like (Figure 3.5 Cys.VP
(Figure 3.5 B)/native (Figure 3.5 A) vessels highted an evident endothelial cell rupture

as confirmed by partial detachment of the cell fitin basal lamina (*, Figure 3.5 C).
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Figure 3.5. Low and high power views of
representative IF images in native (A), VP-
cultured (B) and CABG-PS (C) SV samples
tissue sections stained with VWF and
CD31 specific antibodies. In all panels, L
indicates the vessel lumen and Ad the
adventitia layer. Arrows in the panel show
VWF/CD31" ECs lining the SV lumen.
Note the lower immunostaining in the
CABG-like (C) vs. VP (B)/native (A)
vessels and evident ECs rupture as
indicated by partial detachment of the cell
from the basal lamina (*).
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3.3.3 CABG-like pressure stimulation induced morphological remodelling and
epigenetic mutations of SV vasa vasorum structures and cells

Exposure of SV segments to arterial-like pressurelu¢ed changes and
disarrangement in the structurevaisa vasorunfFigure 3.6 C). By contrast, veins perfused
under VP condition did not undergasa vasorumemodeling (Figure 3.6 B).

The vasa vasorum length density was also evaly&igdre 3.6 D). In CABG-PS
group (Figure 3.6 Dleft column, data revealed a statistically significant inseaf the
length density of the vasa vasorum in the rangd2dm, while in the VP group (Figure
3.6 D, right columr), statistical comparison did not show differenbeswveen native SVs

and SVs subjected to VP conditions.

Native

|| Native | Native
20- W CABG 20- VP
t’:E mE
£ 154 § 151
g * g
g g T
= 2 104
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: ] : ﬂ
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4-14um 14-24um  24-44um 4-14um 14-24um  24-44um

Figure 3.6. Remodelling of the SV vasa vasoruRepresentativéi&E stain section of vasa vasorum of
native (A), VP (B) and CABG-PS (C) samples. Vasanen length densisty analysis were finally perfedm

on SV sections stained with H&E staining. Dottetbdi indicate the border between media and advantiti
Data collected from the samples were compared hgraparametric Mann Whitney test; the * (p < 0.05)
above the bar graph indicates the significance lléwehese comparisons. The graphs without * inthca
absence of statistical significance.
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Up-regulation of the AcK9, AcK16 and MetK4 levelem observed in CABG-PS
group. In fact, by comparing the 2.5D graphs of thé&ve (Figure 3.7 A) and CABG-PS
group (Figure 3.7 B), the pixels intensity was lagfread peaks) in CABG-PS group with
respect to native control. Interestingly, these ngimeena involved cells of theasa

vasorum.

A Native

H3-MetkK4 H4-AcK9

Figure 3.7.Comparison of epigenetic mutation of the histon8ard H4 between native (A) and CABG-PS
group segments (B). Ad and M indicates the adviergiaon and the media layer of the SV, respedctivEhe
white arrows indicate the vasa vasorum. Graphs 26Bwed the quantification of the pixels intengibjich
was related with the level of acetylation/methylati

3.3.4 Protein analyses confirm the remodelling of mechanically-conditioned human SV
segments

To assess whether the morphological rearrangerabsgrved in CABG-stimulated
samples, actively involved vessel-resident cells,zyanography to detect metallo-
proteinases activity (Figure 3.8 A and B) and weskdot (Figure 3.8 C, D and E) analyses
were performed. As shown in Figure 3.8 (A and B)d according to previous reports
(Meng et al., 1999), the MMP-2 and MMP-9 were activated in b&ABG-PS and VP
conditions. On the other hand, testing the TIMA~fre 3.8 C, D and E) by western blot

analysis showed a lower expression in CABGARSVP condition, thus justifying the
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lower remodelling observed in VP samples compacedeins exposed to arterial wall
strain. In addition, western blot analysis showedignificant reduction of the@SMA
content in CABG-PS samples, confirming a remodeltri the SMCs and supporting the
loss in circumferential SMCs sheets due to the fremtlipressure conditions (Figure 3.4
C).
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Figure 3.8. Results of the zimography analysis (A) Quantificaof the MMP-2 upregulation in CABG and
VP treated samples (B). C is the control. Resultthe western blot analysis (C) faSMA and TIMP-1.
Quantification ofaSMA(D) and TIMP-1 (E) expression normalized to GAPBvel. A paired t-test for was
used to evaluate statistical significance betweativd, CABG-PS and VP veins. The * (p < 0.05) ahp*

< 0.001) above the bar graph indicate the significa level in these comparisons.
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3.6 Commentsto the arterialization study results

A major interest for vascular biologists in devefap devices to perform vessel
biomechanical conditioning, consists in the podigybito investigate the specific
contribution of hemodynamic forces involved in \a@sgathologies. In particular,
platforms able to apply arterial-like pressure grai$ to vein segments may be crucial to
solve the timely issue of graft patency reductiolfiofving CABG surgery, a very frequent
side effect of arterialization in patients recegvmenous grafts (Owens 2010; Piefaal.,
2012).

Two major biomechanical components are believed ctmtribute to vein
arterialization; these are the flow-related shé@ss, which is increased in CABG due to a
raise in flow velocity, and the wall stress/straivhich is also increased due to a switch
from venous to arterial pressures (John 2009). Hbear stress and wall strain may have
antagonistic functions in vein arterialization pgss. In fact, arterial shear stress enhances
the EC release of vaso-relaxing molecules such i KDxide which is also known to
inhibit neointima formation (Beraret al.,2013; Gusiet al.,2005a). By contrast the wall
strain is involved in the remodeling of the venaual, causing the reduction of the SV
thickness, and the mechanical rupture of the emdiathayer and the underlying SMC
sheets (John 2009; Owens 2010; Saeicyi.,2010).

In a wider view of addressing the role of the d#f@ mechanical components
involved in IH, the approach followed in the preis@octoral project confirms an important
contribution of arterial-like wall strain in SV sotural changes. The model system used
here has been devised to obtain original infornmata the effects of arterial-like wall
strain on structural (present work) and moleculangping activities) changes,
predisposing SV to remodeling events observed marmCABG transplantation. Our data
indicated a clear thinning of the SV wall and a kedr enlargement of the luminal
perimeter, two parameters which have been foundifgigntly changed during arterial
positioning of vein segments in patients and animatlels ((Owens 2010) and reference
therein). Interestingly, the cross-sectional are#he tissue (thus the mass of the vessel
wall) did not change after 7 days of arterial-lpr@ssure stimulation. Taking together these
results demonstrate a reorganization of the cellaktrix elements of the vessel during the

early stage of the pathological adaptation of thie&the new hemodynamic environment.
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The thinning of the vessel wall is in part relateith a significant decrease of cell density
as reported in literature (Chext al., 2013; Miyakawaet al., 2008; Voisardet al., 2010).
Decrease of cell density was followed by a sigaificincrease in cellular proliferation
rate. These latter findings are in accordance végiorts of Miyakawa (Miyakawat al.,
2008) and Voisard (Voisarek al.,2010), showing a first signs of reactive cell geshtion
after days. In addition, we observed a contributminthe CABG-PS to determine
microscopic ruptures in the endothelial layer arstrking disarray in the SMC layers in
the medial tissue, two factors known to predispibee vessel to pathologic remodeling
(Motwani and Topol 1998). Exposure of SV segmentSABG-PS induced changes in the
histones H3/H4 acetylation/methylation levels, egsgdly in adventitial cells and cells of
thevasa vasorumThis correlates with an increaseviasa vasoruntength density (range
24-44um) and their structural disarrangement. These awmmgere accompanied by up-
regulation of MMP-2 and MMP-9 and differential aetiion of TIMP-1. Taken together,
these results showed that application of pure pldsaressure (80-120 mmHg) was
sufficient to induce a major structural rearrangete the SV wall. These results were in
agreement with previous investigations (Miyakaed al., 2008; Saucyet al., 2010;
Voisardet al.,2010).

In this work, experiments of 7 days were carrietl@u purpose. In fact the purpose
of the investigation aimed at studying the verylyeawents induced by SV arterial-like
pressure stimulation, to come up with a consisteotlel system to be used in molecular
dissection of the initial events predisposing thesels to develop neointima. Furthermore,
literature data indicate that vessel mechanicaladgoccurring as a consequence of the
arterialization is an immediate relevant causddtar restenosis.

At this stage of the project, studies are curremérformed to investigate the
establishment of cellular and molecufap-pathologic pathways involved in the SV graft
disease. In particular, ongoing analysis are aitoadentify microRNAs (miRNAs, short
non-coding RNAs that regulate gene expression tirquost-transcriptional mechanisms)
that are dysregulated (down or up regulated) duhegearly stage of the engraftment. The
regulation of mMIRNA-21, miRNA-138, miRNA-146, miRN221, miRNA-126 and
MiRNA-220c will be analyzed and quantified by gRTH analysis.
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In summary, the compact and automated EVCS appedrs a well-suited system
able to reproduce the wall strain conditions typafethe coronary circulation. The system
maintains an optimal tissue viability, without ssgof tissue degeneration and swelling,
operates under sterility and performs vessel sttt in a low-volume culture chamber.
For these design characteristics this platfornh&dfore a novel laboratory-oriented tool
that will be useful to carry oun vitro culture campaigns under controlled hemodynamic
conditions and dissect the contribution of pressamd wall strain/stress involved in the

early IH priming in vein CABGs.
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I ntroduction

In the present chapter, the development of a noveeéactor platform, characterized
by full mechanical/environmental bio-mimesis, staytfrom the basic bioreactor model
previously describedGhapter 2 is presented. The work aimed to include biomimeti
features into the existing devices in a cascadeidasfirst, the separation between inner
and outer vessel stimulation circuits was tackkbe@ @ouble-compartmemx vivovessel
culture system, DC-EVCSparagraphs 4.1 and 4)2 then the task of including full
biomechanical control of CABG-like pressure andivflwas attempted with integration of
the coronary artery pulse duplicator circuit (CPBEES, paragraphs 4.3 and 4.4)

The first upgrade (DC-EVCS) to the previous bioteagersion included a separated
environmental control for the intra-luminal and rextuminal culture media, giving the
possibility to expose the intimal and the advealtitayers to distinct vessel chemical
conditions (e.ghypoxiaof the adventitial layer, while blood-like oxygeorlition of the
lumen), thus mimicking the real status of CABG eds& vivo. This configuration will
also permit to expose the outer and/or the innsselecompartments to pharmacologic
conditioning ex vivo The regulation of the oxygen tension in the outexdium was
attained by means of a purpose-developed de-oxtigananodule, whose dimensioning
was carried out by combining mathematical modelamgl experimental design using
dissolved oxygen probing within the conditionecdtgré medium.

The CPD-EVCS was a further-improved bioreactor iee;sncluding the replication
of the so-called ‘paradox’ behavior of central ewrny circulation hemodynamics,
consisting in pressure and flow peaks occurringdanter-phase in the systolic/diastolic
intervals. The CPD-EVCS was conceived for providiag controlled and strictly
reproducible biomechanical coronary environment.

The approach for the design and manufacture ofiplgeaded devices entailed a first
phase of literature analysis, and interaction it final user; on these bases, the general
and functional requirements of the upgraded versiaie bioreactor were identified, and
a preliminary design of the system proposed. Thegdeof the dynamic culture system
made use of the 3D CAD software Pro/Engineeringdfivéd 4.0 (Parametric Technology
Corporation, PTC, Needham, MA), while the prototypeere manufactured using a
parallel lathe (OPTI D 240x500 G-Vario, Optimum, D& numerical control machine
(Roland MDX-40, Roland Corporation, Tokyo, JP), aadlaser cutting (Versalaser
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VSL2.30, SK Laser, Germany), plus additional manfidkhing. These activities were
carried out at the Laboratory of Experimental Miaod Biofluid Dynamics of the

Dipartimento di Elettronica, Informazione e Bioiggeria of the Politecnico di Milano.

4.1 Evolution towards a double-compartment ex vivo vessel culture system

4.1.1 Design specification

The design of the double-compartmext vivovessel culture system (DC-EVCS)
took into account the general specifications of iardactor for tissue engineering
application (Martinet al.,2004), with particular emphasis on the ease ofrab/ under
laminar flow hood, and the safety of use in a eellture laboratory Chapter 3. In
addition, the following requirements were addressgdseparation between the intra-
luminal vessel compartment and the outer extra{atthad region, ii) integration of a
fluidically independent second chamber reservoiy, integration of a de-oxygenator
module in order to expose the intimal and the atiti@nlayers to distinct vessel chemical
conditions, andv) minimization of priming volume, in order to limihe cost of soluble

culture medium compounds.

4.1.2 Architecture of the double-compartment ex-vivo vessel culture system

The DC-EVCS was manufactured for recapitulating th@&enchymal tissue
microenvironment and setting different intra-lunimad extra-adventitial environments
(Figure 4.1).

Intraluminal region

Inner chamber Extra-adventitial region

Outer
chamber

O /é?

Figure 4.1. Schematic rappresentation of the
double-compartment culture chamber.
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A schematic representation of the system’s lay@whown in Figure 4.2. During
the culture, SV grafts are hosted in the innerucalichamber (Figure 4.2ed chambey,
inserted in the outer culture chamber (the falaggervoir). The entire culture chamber is
then accommodated inside a cell culture incub&tso in this version of the system, the
culture chamber is connected to a hydraulic ciramtl actuators (pump and solenoid
pinch-valve) to apply pressure stimulation to thenan vessels or to allow the medium
recirculate within the vessel. The hydraulic acmtare managed by a programmable
monitoring and control (M/C) system, which operatesa pressure-based feedback loop.

37°C 5%

Temperature CO2

Dumper Stimulation loop Pressure
\ [? \ 9/
@ N Hepa Filter
Pinch valve = | /
Pc
Recirculation loop
] Quter Culture
Inner Culture 3 Chamber
. - Chamber N| i e
ump Silicone Tubing ‘ l}

Incubator

Figure 4.2. Layout of the DC-EVCS: thick-black lines represtet hydraulic circuit connected to the outer
culture chamber; thick-red lines represent the laydic circuit connected to the inner culture chambed
chamber); thin-dot lines represent the monitoringdacontrol (M/C) signals. In particular, the M/Cstgm
manages the hydraulic actuators (a pump and a sadepinch-valve) via a pressure-based signal regesd
by the pressure sensor.

4.1.3 Double-compartment SV culture chamber

The DC-culture chamber (Figure 4.3) includes twaonoeercial reservoirs and a
purpose-developed vessel housing, which is intedratith the reservoir cap. All the
culture chamber parts, built in house, are desigmigidl 3D-CAD Pro/Engineer Wildfire
4.0 (PTC, Needham, MA), and manufactured by las¢ting (Versalaser VSL2.30, SK
Laser, Germany), and/or computer numerical comrathining (Modela MDX-40, Japan)

from polymethylmethacrylate blocks (Plasting S.r$egrate, Italy). All the utilized
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materials are suitable for EtO sterilization. Taedth of the housing is reduced to host SV
segments up to 5 cm in length. The hosted vesgeleat is cannulated at both ends using
polypropylene (PP) barbed fittings (Cole Parmer, WSA), and secured using an
extensible vessel loop (Esafarma S.r.l., Italyxaglastic tourniquet.

This version of the vessel chamber is also chaiaeté by two distinct hydraulic
circuits, fed by two different reservoirs (Figur) The culture medium contained in the
inner reservoir (red chamber in Figure 4.2) cousd# the extra-adventitial milieu, while
the outer chamber reservoir feed the stimulatiocudi of the vessel. In this version, a 50-
ml falcon tube (International PBI S.p.A, ltaly) used as outer chamber, while the inner
chamber is made by a modified 20-ml syringe (Figw®. The outer reservoir and the
housing are coupled trough a silicone O-ring, while syringe reservoir and the housing
through mechanical interference.

Eight ports through the cap ensure the chambermexion to the outside. Two
ports ensure injection/removal of the culture medio/from the vessel (Figure 4.3, port a
and b). Two other ports provide connection for n@dation of the reservoir mediume.
the medium external to the hosted SV (Figure 408t @ and d). Two ports guarantee the
connection to the stimulation circuit (Figure 4@3rt f and g). Two additional port
provides communication with the incubator environimé¢hrough a HEPA filter, to
guarantee a sterile gas exchange while keepingrbgsure inside the culture chamber

atmospheric (Figure4.3, port e, and h).
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A

O-ring groove ....__.

Housing

Inner chamber
‘\
\
‘\
Outer ¥
chamber

Figure 4.3. (A) 3D CAD model of the DC-SV culture chambere Thamber consists of the SV housing
coupled with a siringe and then into a 50-ml faldobe; a and b are the ports for the vessel conoect
sites; ¢ and d are the ports for connecting theemmreservoir (siringe) to the hydraulic circuit;is the port
for HEPA filter of the inner reservoir; f and g atiee ports for connecting the outer reservoir (éady to the
hydraulic circuit; and h is the port for HEPA filtef outer reservoir. (B) Image of the DC- SV haogsiwith
connectros and ports and (C) of the DC-EVCS couwitiil the siringe and the falcon reservoir.
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4.1.4 The hydraulic circuit

Two independent fluidic circuit are connected te IDC-EVCS:i) the stimulation
circuit (paragraph 2.1.5 andii) an additional fluidic circuit connected to the-de
oxygenator module. The aim of the de-oxygenatiooudi is to lower the extra-adventitial
compartment oxygen concentration to 4.9%I@mol/ml, corresponding to an oxygen
partial pressure of 38 mmHg (5%)OThe circuit consists of a Watson-Marlow peristal
pump (323 Du, Watson Marlow Group), with 314D pungpihead (Watson Marlow
Group), a de-oxygenation component and a lgvwp@meable hydraulic circuit. Figure 4.4
shows a schematic of the de-oxygenation circuiptaiwith the DC-EVCS.

37°C 5%

Temperature CO2
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Figure 4.4. Schematic of the DC-EVCS coupled with the deoxygemaodule. The thick-black lines
represent the hydraulic circuit connected to thehe outer culture chamber; thick-red lines reprasthe
hydraulic circuit connected to the inner cultureachber and to the deoxygenator module; thin-dotsline
represent the monitoring and control (M/C) signals.

4.1.4.1 Dimensioning of the de-oxygenation circuit

In the present paragraph, a preliminary dimensmuwinthe de-oxygenation circuit is
carried out by using the mathematical model of @xygansfer described in the paragraph
2.1.4.1 (Orr and Burg 2008) (Figure 4.5). The tgdangth (), the recirculating flow rates
in the de-oxygenator modul®), and the oxygen concentratidBclas gas side of the de-

oxygenator module) were defined through the mattiealanodeling. In the design phase
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particular attention was dedicated to the size miiration, the limitation of pressure drops,

and the achievement of the desired oxygen condentria the adventitial medium.

Q Silicone Tubing
C ouT U J ? po
t ~-F-+ PO2zcas
: C IN In N2 i : :
Out i i
N, <« ]R,- K [/ <«
POz outpeoxy Ll PO peoxy
pO; (x)
(I
pO, (X+4x) |.
\ POz cas
L ‘ X + Ax X
Inner G h‘ por DEOXVgEnator
nner Chamber system

Figure 4.5. Simplified scheme of the DC-EVCS consiting of timeri chamber and the deoxygenator flow
circuit. Physical model of the multiple layers indiet to the silicone tubing membrane system used as
deoxygenator. In the figure,Cand Gyt are the oxygen concentration at the inlet and duifethe inner
culture chamber; In pland Out N, are the inlet and outlet port for the nitrogehl,) connection line, and Q

is the recirculating flow rate. With regard to thiebing, J is the local oxygen transfer per unitddn
crossing the tubing wall by diffusion (green arrowjs the tubing thickness, Ro and Ri are the roatel
inner radius respectively; v is the fluid velodityough the tubing; p&out peoxy@nd PQ i peoxyrePresent the
oxygen partial pressures at the inlet and at thdebwf a silicone tubing of length L, pCand pQ,..x are

the oxygen partial pressures at the inlet and atdhtlet of a generic infinitesimal tubing elemehtength

Ax; pOsgasis the oxygen partial pressure within the deoxggenchamber.

Let us consider first the working principle of tlie-oxygenator system in a
hypothetical single pass conditiore. with the device fed with a non-recirculated fluid
whose pQis at the equilibrium with air (160 mmHg or 21%).

According with the mathematical model (describethia paragraph 2.1.4.1 (Orr and
Burg 2008)),0, partial pressure in the fluid at the end of theogggenator silicone tubing
(PO2 ouT Deoxy) IS function of the oxygen level in the mediumesirig the de-oxygenator
silicone tubing PO; N peoxy= 160 mmHg, the O, partial pressure within the de-oxygenator

system PO, gas= 0 mmHg,gas side), and the de-oxygenator silicone tubingthel:

UWL
POz out peoxy = P02 6as — (POZ cas — POz 1y Deoxy) e @0 (11)
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whereU is the overall mass transfer coefficient of tHeesne tubing,W the log mean of
the inner and outer tubing circumferenaeis the solubility coefficient of oxygen in the
culture medium, an@ is the medium recirculating flow rat&iven a desired reduction in
the fluid pO, caused by the de-oxygenator system, the necessavyy@ienator silicone

tubing lengthL is calculated as:

aQ lnPOZ cas — PO2ouT peoxy

L= —
uw P02 6as — PO2 N peoxy

(12)

Figure 4.6 shows the trend bfas a function of different medium recirculatingvit
rate and for a tube with an inner diameter equdl.8omm, wall thickness of 0.8 mm. In
the graphs,L is parameterized for different values of desine®. our peoxy IMpPOSINg a

pO;, casequal to 0 mmHg.

A
500+
4001 pO, reduction:
300 — 70 mmHg
— 60 mmHg
200 — 50 mmHg
— 40 mmHg
100+ — 30 mmHg
— 20 mmHg
0- - . ; , — 10 mmHg
5 10 15 20
B Flow rate [ml/min]

1004

N A O ®
e @ P 2D

S

Silicone Tubing Lenght (L) [cm] Silicone Tubing Lenght (L) [cm]
o

0 5 10 15 20
Flow rate [ml/min]

Figure 4.6. (A) Length of the silicone tubing as a functiorth@f recirculating medium flow rate. The tubing
length is parameterized for different values of dlesired reduction of fluid oxygen partial pressatethe
outlet of the silicone tubing. The oxygen reduct®defined aspO, i peoxy= PO2 ouT peoxy(B) The pink area
higlights the suitable solution region (siliconéding length < 100 cm) in the lenght/flow rate graph
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Data emerging from the de-oxygenator dimensionimgned that as the flow rate
increases the tubing length increases too. ThetHeofythe tubing represents a crucial
point. Practical reasons related to encumbrancgestgd to keep the de-oxygenator
silicone tubing less than 100 cm in length. Thaspider to minimize the pressure losses
and to limit the overall priming volume, three pib$s lengths of the tubing0, 40 and 80

cm) are chosen.

Let us now switch to the multiple-pass conditiare. with the fluid being
recirculated, through the de-oxygenator systengnim from the reservoir that constitutes
the extra-luminal environment of the vessel.

With the tentative length of the tubingQ, 40, and 80 chpreviously considered, the
transient state of the system, consisting of theoxdgenator module and the extra-
adventitial chamber, may be analyzed (Figure 4i#) the model. The aim of this analysis
consists in evaluating the time necessary for ftstesn to reach the steady state. Hence,
for simplicity, any possible extrinsic cause forygen transfer towards the extra-
adventitial chamber was ignored in the calculations

TRANSIENT STATE MODEL

Ceas
Deoxygenator

o, Q Cour,Q

Figure 4.7. Simplified

compartimental model
adopted for studying of the
behavior of the

deoxygenator system

during the transient state.
V¢is the control volume,¢

e Gur are the oxygen
concentration at the outlet
and inlet of the ¥ Q

represents the flow rate of
recirculation of the fluid
inside the compartment,
Control Volume and Gas is the oxygen
(VE = 20 ml) concentration within the
de-oxygenator module.
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Taking into account the Henry Law, the oxygen coir@ion €) is given by:
c=ap (13)

wherec is the concentration of the solugeis the partial pressure of the solwada is the
oxygen solubility coefficient equal to 1.31 pM/mmHg
The mass balance across the control voluméRigure 4.7) is:

c dc

4 P Q (coyr — civ) (14)

where coytr and ¢y are the oxygen concentration at the outlet and iolethe control
volume V° set equal to 20 ml of medium, which is the primivgume of the extra-
adventitial chamber (Figure 4.7). Substituting egum(11), in term of concentrations, in

equation (14), and imposiry (t=0) equal tocy the following equation is obtained:

%(1—4%))} (15)

Cour(t) = cgas + (co — Cgas) e (

wherecgas IS the oxygen concentration in the de-oxygenagiag) (set equal to 0 mmol/ml)
andc is the initial oxygen concentration (set equal 89%10* mmol/ml, corresponding
to 160 mmHg, or 21% £).

In addition, the time constant)( and the limit time constanty) of the system are
calculated for each of the de-oxygenator silicoobing length according with the

following relations:

e —UWHIN\ "'
T= 6 <1 —exp (T)> (16)
ve —UWHIN\\ ve
i L4 _ 17
TOOQ_)o(l)lm 0 (1 exp( 0 )) TUWH (17)
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Figure 4.8 shows the trend cfyr (t) for a silicone tube with an inner diameter
equal to 0.8 mm, wall thickness of 0.8 mm, andedéht lengthsif. 20 (A), 40 (B), and
80 (C) cn). In the graphscour (t) is parameterized for different values of the radating
flow rate imposing acgas equal to 0 mmol/ml andy equal to 2.09x16 mmol/ml. The
mathematical model highlighted that the system tmestant behaves asymptotically at

increasing values fo@, with the limit time constant, depending upon silicone tubing
length (Figure 4.8 D).
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Figure 4.8. Oxygen concentration (gr) trend as a function of time. The oxygen concdiotnais
parametrized for different values of recirculatifiow rate (Q), and for different silicone tubingnigth:
20 cm (A), 40 cm (B) and 80 cm (€as is set equal to 0 mmol/ml acglequal to to 2.09 THmmol/ml. (D)
System time constantas a function of the recirculating flow rate (Q@)ot-lines represent the theoretical
limit time constant,.
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By setting a 10% difference between the design tiorestant4*) and the theoretical
limit time constant#*= 1.11,), one can choose a reasonable optimal value of rfide,
Q*, above which no significant enhancement is meteonng the time for the system to
reach the steady state. The graphs in figure 409 ghat as the length of the tubing
increases the time constant decreases (Figure X.9vkile the value of the optimal

recirculation flowQ* increases (Figure 4.9 B).
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- 1* % =12 min
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© S 5.0
E 20 g % =23 min

10+ 25 .
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Figure 4.9. (A) The graph shows the trend of time constant as etifum of the silicone tubing lenght. (B)
The graph shows the value of Q* as a function efsilicone tubing length L.

Finally, it is possible to use the modeling applodo estimate the steady state
behavior of the system (de-oxygenator and extraiibal chamber) in more realistic
conditions,i.e. accounting for the possible sources of oxygensfeantowards the extra-
adventitial environment, which tend to affect tle®xlygenating process.

The aim of this analysis consists of evaluating alkggen concentration in the de-
oxygenator chamber necessary to maintain a vengygen concentration in the extra-
adventitial region (set equal to 4.9°1Gimol/ml, and corresponding to 38 mmHg, 5%.0
This modeling took into account the phenomena tiffgcthe equilibrium statei.é. the
gaseous exchange between the inner culture chaarukrthe incubator environments
occurring via the free surface of the mediW®{amport ), the oxygen transfer through the
SV wall (VO,vesse), and the cellular oxygen consumptidfbcens), Figure 4.10)).
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STEADY STATE MODEL

Ceas Deoxygenator

€O2z0utDeoxy CO2inpeoxy

1

¢VOZ Atm Port

Control Volume
(V€ =20ml)

Figure 4.10. Simplified compartimental model adopted for stngyof the behavior of the system during the
steady state. \fs the control volume ;¢ (= cOzoutpeox) © Gut (= COanpeox) are the oxygen concentration at
the outlet and inlet of the control volume, Q regenets the flow rate of recirculation of the fluitkide the
compartment, andgasis the oxygen concentration within the de-oxygenatodule. VQampor: represents
the gaseous exchange between the inner culturelwdraamd the incubator environments occurring via th
free surface of the medium, Y@sseiS the oxygen transfer through the SV wall, and MQis the cellular
oxygen consumption.

The mass balance across the control volurtia Steady state condition is:

d
Vcd_i =Q (COUT — CIN ) + VOZAthort + VOZVessel - VOZCells (18)

whereVOuamport represents the gaseous exchange between theculhee chamber and
the incubator environments occurring via the fredase of the mediunVO; vesseiS the
oxygen transfer through the SV wall, aN@®, csis the cellular oxygen consumption
which was set equal to zero (this assumption fawor of safety) (Figure 4.10). In steady
state conditio@—i = 0, the oxygen concentration at the outlet ofdeeoxygenator chamber
(cOxout Deoxy tends asymptotically to the constant oxygen cotraéon within the de-

oxygenator chambeCgag):
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€N = Cgas = COo0ut Deoxy (19)

In these condition the equation (18) was simpliadollow:

VOZAthort + VOZVessel
Cour = Cgas + (20)

Q

The VOoamport @and theVOuyessewere calculated according with the Fick’s Law:

VO _ Alnner Chamber D (CAir — Cinner Chamber) (2 1)
2 Atm Port — h
Asy Dsy (CSV Inner region™ €SV Outer region)
VOZ Vessel — tsy (22)

whereAinner chamberdS the section of the inner culture chamlizis the diffusion coefficient
of oxygen into culture medium (2.18 1@nT/s), cair and Ciner champerare the oxygen
concentration in air and in the inner chamber, eéespely, h is the thickness of the
medium within the inner chambeXgy is the lateral surface of the SV (mean inner di@ame
of 3.5 mm, wall thickness of 0.5 mm and length ofrb); Dsy is the oxygen diffusion
coefficient through the SV wall tissue (equal tol@% cnf/s (Sasakiet al., 2012)),
Csvinner_region @Nd Csv outer region@r€ the oxygen concentration in the luminal antfaex
adventitial region of the SV, respectively, aggis the SV wall thickness.

Finally, the following relations were imposed:
Csv Inner region = Cair (23)
Csv outer region = Cinner Chamber (24)
In these conditions, combining equations (20) @rig, in terms of concentrations it
was possible to estimate the oxygen concentratiothe de-oxygenator chambeis{9

necessary to maintain a venous level of oxygen exnation in the extra-adventitial

region:
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Q tsy
Ceas = —UWHL
1 — e( Q )

—UWHL
Cour — (COUT + £ (ASV DSV + Alnner C;Llamber D)) e(T) (23)

wherecour is the desired oxygen concentration (4.9%dol/ml, corresponding to a pO
of 38 mmHg) in steady state conditions,is the oxygen concentration difference between
the inner luminal region (2.08xfOmmol/ml) and the adventitial region (4.9%10
mmol/ml) of the SV vessel.

Figure 4.11 shows the trend @fas as a function of different recirculation flow rate
and for a tube with an inner diameter equal torr8, wall thickness of 0.8 mm. In the

graph,ccasis parameterized for different valueslof

5.0x10-5

4.8x10-5 -

4.6x10-5

4.4x10-5

4.2x105 - — 20cm
— 40cm
4.0x10-5 , : — 80cm
0.0 2.5 50 7.5 10.0
Q [ml/min]

Oxygen concentration fmmol/mi}]

Figure 4.11. Trend of the oxygen concentration needed witherdhs side of the deoxygenator module
(Csa9 as a function of recirculating flow rate (Q). ™eevalues of concentrations are necessary to @uaint
a venous level of oxygen concentration in the eatheentitial region. The oxygen concentration is
parametrized for different silicone tubing length of 20 cm, 40 cm, and 80 cm.

The graph shows that, for increasing flow rate, @heoncentration needed to meet
the desired steady state has an asymptotic behavias interesting to notice that,
regardless of the tubing length chosen, the cumaee nearly reached their asymptotes for
flow rate= 5 ml/min. This value, in particular, correspondgtie “optimal” flow rateQ*

found for a tubing length of 40 cm when the transghenomena were studied (Figure 4.9
B)
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4.1.4.2 De-oxygenator silicone tubing dimensioning

Based on the analysis carried out in the previoaggraph, it appears that
combining a tubing length of 40 cm with a ratednadation flow rate of 5 ml/min finds a
good compromise between the design needs relateé tde-oxygenator system behavior
during transient and steady state.

The culture medium is recirculated inside the eilie tubing, while outside a
controlled gaseous mixture drives the extractionoxygen from the fluid. During the
transient phase, the gas side is composed by pyra Mrder to maximize thdc. This
configuration allows to reach the desired oxygenceatration in 2 hours th This is a
short time compared to the overall duration (7 Jl@fthe conditioning experiments with
biological samples. According to model predictiodsring the steady state, the oxygen
concentration within the de-oxygenator is elevated.6x10°> mmol/ml (corresponding to
35 mmHg) in order to obtain an oxygen concentragigual to venous conditions (4.9%10
mmol/ml, corresponding to 38 mmHg) within the exadventitial chamber. This is

achieved by providing a gas mixture composed pamd air (3.5:1).

4.1.4.3 The de-oxygenator system layout and manufacturing

The de-oxygenator chamber consists of a purposgraEktubing support (PMMA,
Plasting S.r.l., Segrate, Italy) hosted into a caraial 50-ml falcon tube. The falcon tube
and the silicone support are coupled trough aosiBcO-ring. The tubing support allows to
fix 40 cm of oxygen permeable silicone tubing (Platn Cured, Cole Parmer, IL, USA).
PP luer connectors (Cole Parmer, Cole Parmer, BA)Jare used to guarantee leak-free
connections, and facilitate circuit assembly urdsrinar flow hood.

Four ports through the support ensure the de-oxatgerthamber connection to the
outside. Two ports provide connection for recirtiola of the medium (Figure 4.12, port a
and b). Two other ports ensure injection/removathef deoxygenating mixture (Figure
4.12, port a and b).
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Figure 4.12. (A) 3D CAD model of the deoxygenator module. Tfstem consists of the tubing support
inserted into a 50-ml falcon tube; a and b are pwts for connecting the deoxygenator module to the
hydraulic circuit, while f and g are the ports foonnecting the deoxygenator module to the gas (Bi@nd

C) Images of the de-oxygenator module: inner moditle the silicone tubing rolled on the PMMA tubing
support (B) and view of the ports (C).

4.1.5 Testing of the de-oxygenator performances

Two experimental campaigns were carried out in e characterize the de-
oxygenator module. Deionized water was used. Irh ibe experiments, the oxygen
concentration measurements was made by using age®&ensitive Spot with Sensor
Type PSt3 (PreSens, Precision Sensing GmbH, Ge)mang experiments were carry out
within a heater in order to control the temperatiitee temperature was set at 37°C.

In a first experimental campaigrogen loop configurationFigure 4.13, the
dimensioning of the de-oxygenator was verified isipg different flow rates (0.5-1 - 2 -
5 -10 - 20 ml/min). The gaseous mixture in the gggenator chamber was pure nitrogen
(oxygen concentration equal to 0 mmol/ml), and d¢glas flow rate was set equal to 0.3

I/min. Three experiments were performed for eaolw ftate. The oxygen concentration at
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the outlet of the de-oxygenator silicone tubing wesorded. The specific mass transfer,
defined as the difference between the outlet aediritet oxygen concentration, and the
mass transfer, defined as the product of the agppfilbev rate and the specific mass transfer,
were finally estimated. These data were compardd the mathematical model previously
describedgaragraph 4.1.4.1

Temperature
N, Out

Pump Oxygen sensor

O 8

1 Silicone PVC
" tubing : tubing 3
‘ : Reservoir 1 ﬁ :
N/ </ Reservoir 2

__/
De-oxygenator module

Figure 4.13. Scheme of the open loop setup for testing witheritculation. The peristaltic pump draws the
fluid from the reservoir 1 to the de-oxygenator medcand finally to the reservoir 2. Silicone tubiage used
for connecting the reservoirl to the deoxygenatdrje PVC tubing (lower permeability to oxygen) ased
for connecting the deoxygenator to the reservoil2e oxygen flow chamber sensor is placed betwsen t
deoxygenator and the second reservoir. Pure nitnogeused within the deoxygenator for driving the
extraction of oxygen from the silicone tubing.

In a second experimental campaigioged loop configuratiorkigure 4.14, the de-
oxygenator chamber was connected to the DC-ECV#lbbg thus replicating the real
operating conditions. The behavior of the de-oxygensystem in the transient and steady
states was studied in the absence of a biologarabk mounted within the chamber. A
recirculating flow rate of 5 ml/min was applied.flerent Q saturation levels within the
gas side of the de-oxygenator module were impo8&a: 25%, 50%, 75% and 100%.
Three experiments were performed for eagls&uration levels. The oxygen concentration
at the outlet of the DC-EVCS was recorded.
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Temperature

Pump @
PvC
tubing
N, Out
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De-oxygenator
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\_/ \_/

Figure 4.14. Scheme of the closed loop setup for studyingrémsient and steady state of the system. PVC
tubing (lower permeability to oxygen) are used donnecting the deoxygenator to the inner chamblee. T
oxygen flow chamber sensor is placed between ther ichamber reservoir (red box) and the deoxygnator
module.

4.1.6 De-oxygenator performances results

The results of the first experimental campaigpgh loop configurationare reported
in figure 4.15. Theoretical and measured changesygen concentration under various
flow rate conditions are compared. Both graphsraszmi-logarithmic scale. As expected,
by increasing the recirculating flow rate, the sfieenass transfer decreases (Figure 4.15
A), while the mass transfer increases (Figure 8)5In both graphs, the comparison
shows that the experimental data undertake the ¢end of the mathematical model.
However, for flow rate lower than 2 ml/min, the oeygenator become less efficient. This
is a reasonable behavior considering the possibleinfiltration from the outside
environment.

The results of the second experimental campaapséd loop configuratignare
reported in figure 4.16As predictable, by decreasing t@e saturation within the gaseous
mixture in the de-oxygenator module, the resultidgconcentration within the extra-
adventitial chamber decreases. On the other hanidyfmosing a0, saturation of 0% (pure
N,), the O, concentration within the extra-adventitial chambtecreases down to a stable
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value close to 4.9x10-5 mmol/min (correspondin@®mmHg or 5%0,) instead of an
expected value of 0 mmol/min.

Taking together these results showed that in wgrkonditions, the performances of
the de-oxygenator module are affected @y infiltrations. Nevertheless, the obtained
results demonstrated that the designed de-oxygemantdule was a suitable tool for testing

distinct @ concentration in the intra-luminal and extra-aditexh region of the SV vessel
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Figure 4.15. Comparison between mathematical model (black lirees) experimental data (red dots)
regarding the specific (A) and global mass trangf8) behaviour of the deoxygenator module. Data are
plotted in a semi-logarithmic scale as functioritaf recirculating flow rate.
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4.2 Overview of the DC-EVCS

An overview of the DC-EVCS during the assemblingg#under laminar flow hood
is shown in Figure 4.17. The time necessary tdHevein to the housing (Figure 4.17 A
and B) was less than 15 minutes; during this petihedSV was constantly kept hydrated
by pipetting culture medium on the SV surface. Fynahe housing was inserted within
the inner chamber and then into the falcon rese(fagure4.17 C and D). The chamber is
connected to the hydraulic circuit and to the dggexator module (Figure 4.17 E). Once
assembled, the DC-EVCS is filled with culture medi¢total priming volume of 38 ml)
and placed in the incubator. Then the culture undechanical conditioning started
imposing either a VP condition or a CABG-PS.

Figure 4.17. Prototype of the DC-EVCS during the assemblingsph (A) The SV sample is mounted in the
housing, and secured via vessel loops. After vesgab (B), the vessel housing is inserted wittie
modified 20-ml syringe (C). Then the culture chamibénserted within the outer reservoir (falcorb) and
connected through a silicone o-ring coupling resgitin a compact culture chamber (D). The culture
chamber is then connected to the de-oxygenator laahd to the hydraulic circuit (E). Finally the tie
system is filled with culture medium (F).
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4.2.1 Functional experimentsfor testing the performances of the DC-EVCS

Surplus segments of human SK £ 2) were obtained from patients undergoing
CABG surgery and were used for the functional \alah of the DC-EVCS.

After the sterilization of the EVCS, SV segmentsrevenounted as previously
described (Figure 4.17 A-E), and then the outemdie of the EVCS was filled with 18
ml DMEM with 10% Fetal Bovine Serum (FBS), 1% L-@&mine, 1% streptomycin-
penicillin. 18 ml of white RPMI with 10% Fetal Bove Serum (FBS), 1% L-Glutamine,
1% streptomycin-penicillin was used for filling tleatra-adventitial chamber (Figure 5.18
F). Then, the EVCS was kept in the incubator at@#nd 5% C@Qfor a culture period of
7 days. The culture medium was partially changethgt3.

One vein was perfused under venous perfusion dondi{steady flow with luminal
pressure: 5 mmHg; flow rate: 3 ml/min), while trecend vein was subjected to CABG-
like stimulation (luminal pressure: 80 - 120 mmHulse frequencyf). 0.5 Hz with a
stimulation interval T9 of 10 minutes; recirculation flow rat€g): 1 ml/min, with a
luminal pressure between 1-2 mmHg, and recirculaiiderval {Tg) of 2 min). In both
preliminary tests the extra-adventitial medium wearculated imposing a flow rate of 5
ml/min.

During the test under VP conditions the double-cartipent system did not show
significant changes in the medium levels. Insteadndg CABG-like stimulation test, an
increase of the medium volume in the extra-adviahttbmpartment was observed after 3
days of culture. Probably, this was due to therstitégal perfusion that took place in the
vessel wall. Further experiment are ongoing, allgato a complete quantification of these

phenomena.
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4.3 I ntegration of a novel |eft coronary artery pulse duplicator

The bioreactor was finally upgraded to better mé the full biomechanical stimuli
involved in CABG arterialization,e. pulsatile wall stretch and wall shear stresse$iepp
synchronously and with the correct phasing (CPD-EY.Gntegrated with environmental
control, this feature makes the device capable pplyang complete CABG-like
pressure/flow stimulation patterns to the hostedseyments. Computer-aided design of
the novel hydrodynamic circuitry is performed bymiped parameter modeling and
numerical simulation are performed by means of $m8.0 (SSPA Maritime Consulting
AB, Sweden). Design efforts are dedicated to maingdrict engineering specifications
concerning user friendliness, compactness, lowdpgnmvolume and low cost, while

including the novel hydrodynamic features into ENECS.

4.3.1 Design specification

The general design specifications were similarhimsé drawn up for the previous
version of the culture systenparagraph 3.1.1L Additional design specifications came
from the hemodynamic environment of the coronargcutation. Briefly, the mean
coronary blood flow is 250 ml/min (4-5% of the caoutput); 70% (175 ml/min) of the
blood flows in the left coronary circulation, whild0% (75 ml/min) in the right
compartment. In addition, coronary blood flow dgriphases of iso-volumetric contraction
and ejection (20-35%) is lower than blood flow dgridiastole (65-80%). In these
conditions, the peak flow rate in diastole is 2eRifthe peak in systolic phase. Finally,
coronary pressure and flow are highly pulsatileaose of the pulsatile nature of the input
driving pressure. In addition to this, the mostlu# coronary vasculature is imbedded in
cardiac muscle tissue and is subjected to the tefigccyclic contraction of the cardiac
muscle. Thus, pressure and flow are time-dependedt pressure and flow waveform

peaks are in counter-phase (Figure 4.18).
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Figure 4.18. Aortic pressure (upper pannel) and
left coronary flow rate (bottom pannel) traces.
Pressure and coronary blood flow are in counter-
phase: in fact, coronary blood flow during
' Systolic Phase Diastolic Phase systolic phase is lower than blood flow during
diastole.
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4.3.2 Architecture of the coronary artery pulse duplicator

On the basis of the system requirements, a possilgéion for the realization of the
left coronary artery pulse duplicator was identfieThis version of the system was
designed in order to apply a fully CABG-like presgtlow stimulation patterns to the
hosted SV segmentise. a pulsatile pressure oscillating between a di@stoinimum and a
systolic maximum €.g 80-120 mmHg), in counter phase with a pulsatibevfrate. A

schematic representation of the coronary pulséia@ipr circuitry is shown in figure 4.19.

Aortic Pressure
Service
Impedance
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Filter 2
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Figure 4.19. Schematic representation of the EVCS integrated thi¢ coronary pulse duplicator (CPD).
The CPD-EVCS consists of 4 main sub-systyemsilténe the culture chamber, the service impedarace]
the time-depedent coronary impedance.
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The coronary pulse duplicator consists of a seraiog a coronary-like impedance
properly dimensioned in order to satisfy the desigecifications.

The dimensioning and the implementation of theseetiimpedances is presented in
the following three paragraphs. First the dimensigrof the coronary impedance sub-
system was presented, followed by the dimensionindpe service impedance and of the
filter.

For the dimensioning of the impedances, the lungeedmeter theory was used
(Milnor 1989). The model is based on the analogyben electricity and hemodynamics.
Assuming that voltage and current in electricatwir behave like pressure and blood flow
in vascular model, it is possible to apply the reathtical expressions for voltage-current
relationships. The simplest analogy between etggtrand hemodynamics is given by

Ohm'’s law:

V=zIoAP=2Q (25)

where pressure gradiendF) is analogous to voltage/), flow (Q) to current ), and

electrical impedance teascular impedance.

4.3.2.1 Dimensioning, design and manufacturing of the coronary impedance subsystem

Dimensioning

The coronary impedance was modeled as two panakstances and took into
account the left branch of the coronary circulatimeglecting the right side. In these
conditions, the total coronary resistance increadasng the systolic phase, thus
reproducing the interactions between the myocardamaeh the coronary tree (Figure 4.20
A). A RCRIlumped parameter model of the systemic circulatiégure 4.20 B) (Sharp and
Dharmalingam 1999) is forced by imposing a posisiree waveform with a mean systolic
flow rate value equal to 6 I/min (and O I/min dgidiastole) in order to determine the
aortic pressure (Figure 4.20 C). The resultingiagntessure was then used for forcing the
coronary impedance in order to determine the caoyoftaw rate waveform (Figure 4.20
E).
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The resulting flow rate waveform was used as tangeing for further analysis. In
addition the following relationshipp#éragraph 4.3.1were used in order to determine the

value of the diastolic and systolic resistancegdrticular:

éLeft_Cor =0.7 GCOT (26)
VSyst = 0.25 Vropq = 0.25 QLeft_Cor T (27)
Vpiast = 0.75 Vot = 0.75 éLeft_Cor T (28)

whereQpqf¢ cor is the mean flow rate flowing into the left coroparteries,QCor is the
mean flow rate flowing into the entire coronaryeaytsystem (equal to 250 ml/misyst
andVpisstare the volume of blood during the systolic andtdibc phase respectivelYyota
is the total volume of blood in the left coronamyeay during one cardiac cycle, aids

the period of the cardiac cycle.
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Figure 4.20. (A) Schematic rappresentation of the coronarg-likne-depedent impedance realized with the
parallel of two resistances. (B) RCR model of tiistesmic circulation adapted from Sharp (Sharp and
Dharmalingam 1999). The value of the characteristioritc compliance is 3 ml/mmHg, while the

characteristic aoritc and peripheral resistancesea.05 mmHg s/ml and 0.9 mmHg s/ml, rispectively.
Traces of the aortic pressure (C), and coronarystasice (D) and flow rate (E).
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The values of the diastolic and systolic resistaffidégure 4.20 D) were finally calculated
using the hydraulic analogous of the Ohm’s law &igm 25). Considering that the
systolic interval is approximately equal to 1/3tleé whole cardiac cyclds(= 0.33 T, and

ty=0.67 T), whit simple passages, it is yielded:

PCor_Syst _ PCor_Sygt — 4 mmHg s

R = — = =45 — <2 °
Syst Q Syst VSySt ml (29)
tS
Rn — PCor_Diast _ pCor_Diast — 29 mmHg S
plast QDiast VDiast ml (30)
ta

where P, sys¢ @and Peor pigse are the mean pressure during systole and diastdiiée
stst andQp;,s: are the mean flow rate during systole and diastueit is expected, the
value of the systolic resistance is 2 fold the gad@ithe diastolic one.

Figure 4.20 summarized the step procedure folloiwethe dimensioning of the coronary-

like impedances.

Design
Starting from the values of resistances previouditpensioned, the coronary

resistances were realized as tubing bundles. Thany the inner diameter and the length
of the tubing were accurately dimensioned in otder) guarantee a laminar flow within
the resistance elements) minimize the inlet and outlet minor head lossesss the
resistance elements; aig realize a pure resistive element, with negligibl@uctive and
capacitive contributes.

A flow rate of 180 ml/min (which was the peak bétdiastolic flow rate divided by
2) was used for the dimensioning of both the carpnesistances.

The laminar flow was guaranteed imposing a Reyn(td@snumber less than 2000:

vd
Re = Tp < 2000 (31)
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wherev is the velocity within the single tubd,is the inner diameter of the tubingandu

are the density and the viscosity of the culturalioma, set equal to that of water, 1000
kg/m® and 0.001 Pa s, respectively. In addition, assurttiag the fluid is viscous and
incompressible, and the flow is laminar withoutidliacceleration, the head losses across

the tubing were estimated by using the Hagen-Piliseelation:

_128ul

— (32)

wherel is the length of the tubing.
The inlet and outlet minor head losses across ¢Bistance elementPc) are given in

equation (33) as:

v

k
APc = < 0.1AP (33)

wherek is the minor head loss coefficient set equal to Dt inlet and outlet minor head
losses are required to account for less than 10&iedP.

Finally, while the capacitive effect was neglectag using rigid tubing, the inertance
contribution was limited by imposing that the cdmition of inertance to the tube

impedance be small with respect to that of the tekestance:

R
—— >10 34
2T finax L (34)

wherefnax is the highest significant frequency of the harmerconstituting the coronary
flow rate signal. It was assuméghx equal to 5 Hz. The inertantewas defined as follow
(Pennatiet al.,2004):

4l
L=2P (35)

T d?
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In addition, the following relations were used:

Re:
RTot _ Slng;)llTube (36)
LSingol Tube 37
Lroe = ———— (37)

whereRrq: and Ly are the total hydraulic resistance and inertarespactively Rsingol Tube
Lsingol Tubcre the hydraulic resistance and inertance ofglesimbe, respectively; whileis
the number of parallel tubes.

Combining the equations from (31) to (37), the bemf), the inner diameted]
and the lengthl) of the tubing were dimensioned. The systolic Stasice was realized
using 7 tubing in parallel with inner diameter a6 0nm and length of 160 mm. In
addition, considering that the systolic resistam@s 2 fold the diastolic resistance, the

latter one was realized placing two systolic resises in parallel.

Manufacturing

The resistances were manufactured by injectiordmgivacuum-casting and
curing within purposely manufactured polymethylnasttylate (PMMA, Plasting s.r.l.,
Segrate, Italy) molds. The silicone tubing (inneandeter 0.6 mm, Platinum Cured
Silicone, Cole Parmer, Vernon Hills, IL) were pasied within the mold, then the mold
was filled with a biocompatible silicone elaston{&r10, Sylgard 184 Dow Corning
Corporation, Midland, Ml), and finally the mold wpssitioned inside the oven for curing.
Three resistance elements were manufactured (Figlzgé A). After two hours the
resistances were characterized by imposing diftemgdrostatic pressure (20-140 mmHg,
step 20 mmHg), and the resulting flow rate recorddte characterization was repeated
thrice. The slope of the pressure/flow rate curgpresents the value of the designed
resistance (Figure 4.21 B).

Fluid flow switching between the systolic and tidis resistance modules was
realized by using a solenoid pinch-valve (S306®IRAI® Elettromeccanica, Italy). The
pinch valve is connected to a PC equipped witlDadldard (NIDAQCard-6036E, National
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Instruments Corp.) and is managed via a customizaoView software (National
Instruments Corp., TX, USA), imposing the cardiaegfiency and the diastolic time
(Figure 4.20 C).

Diastolic
resistance

B
120-
~
S
I
g 90-
g Systolic
Q 60 resistance
P
® |
&7

0 T T T T 1
00 05 10 15 20 25
Flow rate [ml/s]

Figure 4.21. Coronary-like resistance. (A) Prototype of the awary systolic resistance realized with 7
silicone tubes in parallel. (B) Hydarulic caracteation of the systolic resistance. The slope ofstheight
line represents the value of the hydarulic resis@mrexpresses in mmHg s/ml. (C) Coronary-like time
dependent resistance. The time dependency isedakith a pinch valve managed via PC.

4.3.2.2 Dimensioning and manufacturing of the service impedance subsystem

Dimensioning
The aim of this sub-system was to generate a coydika (or aortic-like) pressure

waveform when the whole system is forced with agiinlet flow rate (Figure 4.22).
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Figure 4.22. Schematic of the coronary pulse duplicator. In tlsiep of the dimensionig, different
configurations of R, L and C impedances are fornaittl the aortic pressure (black), and the Qin (blahd
Qservice (green) are analyzed.

The design specifications wer@: minimization of the flow rate flowing through the
service branchiji) minimization of the priming volume of the overalircuit, andiii)
minimization of the number of R, C and L paramet@rsorder to reduce the number of
elements, thus making the system as compact abf@oss

Different combinations of the R, C, and L lumpedgpaeters were taken into
account, and forced with the desired coronary preswaveform. The resulting flow rate
entering the service impedand®snicd, and the flow rate generated by the pur@p)(
were analyzed (Figure 4.22).

In table 4.2 the values of the parameters and elations used for the numerical
simulation are reported, while in figure 4.23 tlsults of the numerical simulations are
shown. Table 4.2 reports value even for those coatioins whose theoretical analysis
yielded unsatisfactory resulise. for theL andRL combinations.

The results of the simulations were analyzed imtef minimization of the number
of components, minimization of the mean flow ratéeeing the service impedance (mean
Qsenvice< 500ml/min), and evaluation of the pump flow rat@veform Qin).
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z Values Relations
mmHg s mmHg s mmHg s —
R 1O—ml 22_ml 45—ml
ml ml ml -
C 0'01mmHg “mmHg mmHg
L 1Ommr:lg s? 100mme s? 1000mmy$g s? -
R | 0.52™95 4nd 3295 and 895 and
RC ml ml ml
series mi mi mi (R+ Rpigs) C =7
c | 0148 0.133 0.111
mmHg mmH, mmHg
R 9o mmHg s 45 mmHg s 1007mHY s (R parallel Rp;as) C =T
RC ml ml ml
parallel | - 0.223-—" 0.184—"
mmHg mmHg mmHg
R mmHg s mmHg s mmHg s L
RL 1 _ml 10 —ml 100—ml and - -7
2 2 2 (R + RDiast)
series L 77 mmHg s 107mmHgs 408mmHgs
ml ml
R mmHg s mmHg s mmHg s
RL 45 T2 100 P22 10007222 L )
parallel 50 mmHg s? 61 mmHg s? 72 mmHg s? R parallelRp;qs ’
L ml ml ml
R2 0.05mmHg s; 0.5mmHg s; 1OmmHg s;
ml ml ml Rp R1 187
RCR | R1| 0.935779° 9.351mHg s 187G S Rc R2
ml ml ml
37_m 0.5_m 0121 (R1parallel(R2 + Rpje))C =T
C mmHg mmHg mmHg

Table 4.2. Values of the parameters and the relations usedh®mnumerical simulations.The time constant

is set equal to 3.33 seconds.
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Figure 4.23. Results of the numerical simulations. Different borations of the R, C, L lumped parameters

are forced with the desired coronary pressure wawef and the resulting flow rat@scnice(green)and Qi

(red)are analyzed. In blu is reported the coronarywflate.
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Graphs in figure 4.23 show the waveforms of flaterthat should be generated by
the pump (red traces) in order to obtain the ddsteronary-like pressure and flow rate
waveforms. Such solutions could be feasible, babimrast with the design requirement of
using a peristaltic pump (and a damper filter), ahrepresents the standard pumping
system used for tissue engineering applicationgs&hwaveforms are not suitable for
being generated with a peristaltic pump becausth@fsignificant variation of the flow

peaks between diastolic and systolic phase.

Hence, let us focus on the most promising seringgedances which are) 1
element impedanceC, ii) 2 elements impedance®C series and iii) 3 elements
impedancesRCR.

The selected impedances (Figure 4.24 A and B) Yeeoed by imposing a steady
flow rate (210 ml/min for th€€C andRC seriesmpedances, and 240 ml/min for tRER
impedances, Figure 4.24 C), and the pressure anddaitonary flow rate waveform were
analyzed and compared with the target coronaryspresand flow rate waveforms. The
differences between the results of the simulatioth the target waveform were evaluated
in term of Root Mean Square Error (RMSE). In adudtti the possible solutions were
evaluated in terms of ease of realization, usenftiiness, compactness, and low-priming

volume. In figure 4.24 D, E and F the results @ tlumerical simulations are reported.
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Figure 4.24(A) Schematic rappresentation of the dimensionieg sf the service impedance. A steagy Q
was used for studing the response of differenticerimpedances. The impedances (B) were forced by
imposing steady flow rate (C). Traces of the cargrpressure and flow rate resulting by imposinsteday
flow rate to 1 elemet impedance C(D), 2 elemenfedance RC (E), and 3 elements impedance RCR (F).
The simulated waveforms (pressure is in green,enidiw rate in black) were compared with the target
coronary pressure (red-dot lines, P*) and flow réidue-dot lines, Q*) waveforms.

From the comparison of the numerical simulatiore RC solution was discarded
because of the unacceptable fitting between taaget simulated tracings (flow rate
RMSE: 22.21; pressure RMSE: 9.64). Between the ir@ntaoptions (the 3 elements
impedancdRCRand the 1 element impedarnCkg theC impedance was selected even if the
RMSE comparison suggested fRERas optimal solution (flow rate RMSE: 7.37; pregsur
RMSE: 5.03). The chosen solution allowed to satiffie design requirements of

minimization of the encumbrance and of the priminlume.

107



Current upgrading of the EVCS for a better biomimicking

Design and manufacturing

The service impedanc€ (equal to 0.014 ml/mmHg) was realized by usingreperly
dimensioned Windkessel model based on compressidneapansion of air within a
chamber. For the dimensioning of the compliancephite pressure was used and air was
approximated as a perfect gas. Slow replenishmpntouworking pressureP(,) was
modeled using isothermal process:

Py Vo= PRy Vy (38)

whereP, andV, are the initial pressure and volume of air, whijeandV,, are the pressure
and volume during working condition.
In addition, compression and expansion during tloekimg cycle were considered as

adiabatic transformations:
PVk=p, 1" (39)

wherek (=1.4) is the ratio between the specific heat for air icomstant pressure and
constant volume process.

Finally, consideringC as the variation of volume in response to a vianabf pressure,

dv

C=—
dp

(40)

and combining equation (40) with the relations sbdthermal (38) and adiabatic (39)

process, the following equation was obtained:

v P, .

A e (41)
P~ P2V k

C

By imposing P equal toP, and resolving foVy, it was possible to obtain the initial

volume of air of the compliance chamber:
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Vo= —kC =— (42)

ConsideringP,, equal to 860 mmHgP, equal to 760 mmHg an€ equal to 0.014
ml/mmHg, the resulting value &f is 19.08 ml. Figure 4.25 A shows the volume/pressur
relationship of the service compliance. The relateduit component was then realized

with a 60-ml syringe, fixing the plunger at the ided volume value (Figure 4.25 B).
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Figure 4.25 (A) Volume/pressure relationship of the service giiance. (B) The 60-ml syringe used as
compliance chamber.
4.3.2.3 Dimensioning and manufacturing of the damper filter
Dimensioning

A low pass RC-hydraulic filter was dimensioned @@mping the peristaltic pump
(Watson Marlow 323D with 314D pumping head, 4 nmslléVatson Marlow Group, UK)
pulsation, and for generatinggaaststeady flow rate (Figure 4.26 A). Different floates
(qump) are taken into account spanning from 100 ml/n@n250 ml/min (step of 10
ml/min). The mean flow rate of the peristaltic pur(@pump) is obtained using the

following relation:

Qpump = nrpm AV (44)
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wheren is the number of pump rollergpm is the number of revolutions per minute and
AV is the volume of fluid entrapped between two adjacellers.
Three different pump tubes with internal diameteB@ mm, 4.8 mm and 6.5 mm, were
used for generating the desired flow rate.

The fundamental frequency of the noiggd) is then calculated using the following

relation:

nrpm
fnoise = T (45)

A low-pass RC-hydraulic filter was used to filténist noise by properly attenuating the
harmonic component® f,,ise » With the aim of obtaining a flow rate signal thaell
approximates a steady signal. To this purpose ute&fdrequency ;) of the filter was set

two decades lower than the first harmonic of thiseto

fe = 0.01 froise (46)

The cutoff frequency of the RC filter is determiri®gdthe time constant)(

11
2wt 2mRC

fe 47

whererz is the time constant of the RC filter, and R andr€ the hydraulic resistance and
compliance, respectively. Since the choice foridlees of R and C (for a givehyielded

a degree of freedom, it was possible to includeduitional requirement. Specifically, the
filter resistance was asked to be high enough swurena good decoupling of the filtering
stage from the remaining circuit (i.e. from theamary simulator), still without generating
unsafe high pressures in the filter's compliance.

The dimensioning procedure was identical to thae aescribed for the coronary
resistancesp@aragraph 4.3.2.1 The value of th&Rrer Was set higher than thesys;and

Roiastvalues In particular:
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RFilter > RDiast > RSyst (48)

Optimal results were obtained wiRier equal to 120 mmHg s/ml (whereBsiast is
22 mmHg s/ml, an®Rsysis 45 mmHg s/ml).

The hydraulic complianceCgi,r) was then dimensioned combining equations (45),
(46), (47) and (48). The value of the compliance wdunction of the flow rate and of the
inner diameter of the pump tube (Figure 4.26 BY. iRstance, considering a mean flow
rate of 210 ml/min, and an inner pump tubing dianedf 3.2 mm, the resulting

compliance value is 0.008 ml/min (Figure 4.26 C).
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Figure 4.26. (A) Schematic of the RC filter designed for dampire pump pulsations. (B) Compliance/flow
rate relationship parameterized for different putapes. Giwr and Ry, are dimensioned in order to obtain
a cutoff frequecy of the filter equal to 0.01 of tioise frequency. (C) Results of the dimensiostiegs for Q

= 210 ml/min and for different inner diameters ()@f the pump tubes.
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Design and manufacturing

The filter resistance was realized with four sifie tubes (inner diameter 0.6 mm,
Platinum Cured Silicone, Cole Parmer, Vernon Hillg, in parallel embedded within a
biocompatible silicone moldparagraph 4.3.2.1 The filter compliance was realized with
a Windkessel modepéragraph 4.3.2.2 In this case, thBe was set equal to 1180 mmHg,
Poequal to 760 mmHg and equal to 0.008 ml/mmHg. The resulting value/pfvas 20.5
ml. Figure 4.27 A shows the volume/pressure retstigp of the filter compliance. A

membrane pressure duomo was used for the filtepkante. Figure 4.27 B exhibits the
realized RC filter.
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Figure 4.27. (A) Volume/pressure relationship of
the filter compliance. (B) A membrane pressure
duomo and 4 tubes in parallel are used for
manufacturing the RC filter.

4.4 Overview of the coronary pulse duplicator integrated with the EVCS

In figure 4.28 (A and B) the prototype of the oVermronary pulse duplicator is
reported. The adopted solution allows to obtainomngact system with low priming
volume. In fact the priming volume of the overalkem is less than 90 ml. The hydraulic

circuit consists of silicone tubing with inner diatar of 3.2 mm and thickness of 0.8 mm
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(Platinum Cured, Cole Parmer, IL, USA), and PP-basemp tubing (PharMed BPET
Carlo Erba Reagenti, Milano, Italy). PP luer conoex (Cole Parmer, Cole Parmer, IL,
USA) are used to guarantee leak-free connectiars facilitate circuit assembly (Figure
4.8 B).

Filter Compliance Service Compliance A
0.018 mi/mmHg 0.014 ml/mmHg

Systolic Resistance
45 mmHg s/ml

time, frequency

VV VN
s — _(Ti\w—
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Peristaltic Pump
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Filter
compliance
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Peristaltic pump -

resistances
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Figure 4.28. Scheme (A) and photograph (B) of the coronangguuplicator system integrated with the
EVCS culture chamber.

In addition, an upgraded version of the chamber dessgned and manufactured for

a better integration with the coronary pulse dgtbe. In particular, the inner diameter of

113



Current upgrading of the EVCS for a better biomimicking

the inlet and outlet (ports a, ¢, d and e) conpastiwas increased up to 3.7 mm in order to
minimize the head losses. Figure 4.29 shows the @#ddel of the optimized culture

chamber.

. d. c
O-ring groove
.. b
Falcon a
reservoir

\

‘\

\ Housing

Figure 4.29. A) 3D CAD model of the SV culture chamber. Tradber consists of the SV housing inserted
into a 50-ml falcon tube; a and e are the ports floe vessel connection sites; ¢ and d are the forts
connecting the chamber to the hydraulic circuiistthe port for HEPA filter.

4.4.1 Functional experimentsfor testing the performance of the pulse duplicator

Preliminary experiments were performed in ordeamalyze the flow and pressure
traces. A silicone tube was used as SV substifuteansit-time ultrasound flow meter
(Transonic System Inc., NJ, USA) equipped with aprgbe was used for acquiring the
flow rate signal, while a pressure transducer P&660 (PendoTECH, NJ, USA) was
adopted for measuring the coronary pressure sigadh sensors were connected to a PC
equipped with a I/O board (NIDAQCard-6036E, Natiotresstruments Corp.), and flow
rate and pressure were acquired (60 s, sampledneguof 200 Hz) via a customized
LabView software (National Instruments Corp., TXSA). Two experiments were

conducted. In a first set of experiments, the cargrpulse duplicator was tested without
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the culture chamber and without the SV siliconessitlte Qpump = 210 ml/min, cardiac
frequency of 1 Hz, and diastolic time equal to &B3vhile in a second set of experiments,
the culture chamber was introducé@,mp = 152 ml/min, cardiac frequency 1 Hz, and
diastolic time equal to 0.63.s

The flow signal was measured on the inlet of theowary impedance or of the
culture chamber, while the pressure signal was isedjuear the service impedance. The
acquired flow rate signal was post-processed fasenbltering using a Butterworth pass
band filter with cutoff frequency of 10 Hz plus aweraging operation on 30 cycles, while
for the pressure signal a 30-cycle averaging wHgsunt.

Figure 4.30 summarizes the results of the functi@xperiments. Figure 4.30 A
shows the results of the experiments carried otliowut the culture chamber and the graft
substitute. The graphs show that the measured ridd& and pressure are comparable to
those expected obtained by numerical simulation®flg, the mean coronary blood flow
is 210 ml/min, and the flow is lower during systatihases and higher during diastole. The
peak flow rate during diastole is 2-3-fold the pehking the systolic phase. Finally, as
expected, coronary pressure and flow rate wavefan@aé counter-phase.

Once integrated the culture chamber and the S\t gudifstitute, it was necessary to
reduce the mean flow rate generated by the pdits@aimp down to 150 ml/min and to
correct the value of the service compliance (0.608nmHg). These adjustments were
necessary to counterbalance an increase of thiehydeaulic resistance (figure 4.30 B).
The new working conditions caused a reduction efritean value of the coronary flow
rate, while maintaining the correct ratio betwedme tdiastolic and systolic peaks.
Moreover, the slope of the systolic/diastolic ramgs less steep than the one without the
culture chamber. This was due to the inductive rdoumion of the inlet and outlet accesses
of the culture system. Regarding the pressurenmacio relevant differences were detected

between the measured and expected waveforms.
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Figure 4.30. Flow rate and
pressure tracing (A) Results of the
experiments without the culture
chamber and the graft substitute,
and (B) with the culture chamber
and with a silicone tube used as SV
graft subistitute integrated into the
coronary pulse duplicator.
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4.5 Conclusions
In this chapter, the development of a novel bici@aglatform, characterized by full
mechanical/environmental bio-mimesis, was presentEel biomimetic features were

included into the existing culture platform.

First of all, a new device (the DC-EVCS), allowitige separation between inner and
outer vessel stimulation circuits, was designed preliminary tested with human SV
samples. The upgraded bioreactor was manufactusedy in-housetechnologies, and
proved to be a functional, versatile, and easys®aulture system.

Through the integration with the de-oxygenator meddifferent intra-luminal and
extra-adventitial hematochemical conditions cowdddproduced. The immediate next step
consists of using the DC-EVCS, provided with theogggenator module, for investigating
the role of hypoxia in vein graft disease. A specdxperimental campaign aimed at
evaluating the combined effects induced by the meicial stimulus (only pressure) and by
different level of oxygen partial pressure will barried out on human SVs samples.
During these experiments the effects of differeamtimnmental effects will be explored,
where luminal and adventitial conditions in termfs oxygen partial pressure will be
reproduced for the arterial-like (extra-lumimed, set at 5% and intra-luminplO, at 21%)
and venous-like conditions (both set at 5%). Tessshe biological effects of trans-wall
oxygen gradients, the tissues will be processedifiplogy. After conventional sections
staining, the tissues will be analyzed by immunimaisemistry and immunofluorescence.
In particular, the expression of oxygen-regulatectdrs (e.g. HIF-1lalpha, VEGF, SDF-1)
will be investigated in the vessel wall. Specifiteation will be paid in the assessment of
the so called adventitial neo-vascularization, aen@menon reported to occur in
consequence of the sudden adventitia hypoxia, altieet loss of blood supply in the vasa
vasorum (McGeachiet al.,1981) and shown to contribute to vessel rester{sisranaet
al., 2004; Tanakaet al., 2011). Further on-going experiments are investigatell
homing, by seeding CellTracker Orange (CellTrackér®&hge CMRA, Invitrogen, UK)
labeled monocytes within the luminal region of Hessel.

The DC-EVCS will be also used to perform pharmagigla conditioning treatments of
the SV grafts before implantation into the patienthis strategy has been already

attempted in existing gene therapy trials (Roberttcal.,2012). The human SV segments
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will be conditioned in the presence of drugs irgarfg with the molecular progression of
VGD, such as specific SIRNAs, antago-Mirs, or jphacological agents impacting on the
global epigenetic makeup.

From a technical point of view, the DC-EVCS is moto improvements and
refinements, as regards the addition of sensarsotator the culture conditions,g.pH or
glucose content within the culture medium. A sig@iht improvement of the de-
oxygenation system could be the integration inNK€ system of p@and gas flow meter
sensors, for monitoring and controlling the gase sidl the de-oxygenator module via a
feedback signal to the software. In this way, itl we possible to counterbalance the
potential causes for oxygen transfer, and obtagnddbsired oxygen concentration at the

outlet of the de-oxygenator module.

As a parallel line of development, the task of urthg full biomechanical control of
CABG-like pressure and flow was attempted with ithegration of the coronary artery
pulse duplicator circuit (the CPD-EVCS). The aim reproducing a fully biomimetic
hydrodynamic mechanical stimuli involved in CABGtaaialization, i.e. pulsatile wall
stretch and wall shear stresses applied synchronauns with the correct phasing, was
achieved. The CPD-EVCS was manufactured usingpusetechnologies, and bench tests
proved the system to be water-tight in operatingddens.

A further improvement consists in the integrationtlee oxygenator in order to
maintain the correct level of oxygen ensuring $ability. A possible solution is shown in
figure 4.31.

The immediate next step consists of an extensiuglgtional validation campaign of
the device using human SV samples. Sterilizakdlitg sterility maintenance over time will
be followed by preliminary SV conditioning campaigrhe midterm next step will be a
pulsatile stimulation of SV grafts, in order to dyuthe combined effect of pressure and
shear stress on the remodeling of the SV after CAGigery. An extensive experimental
campaign will be carried out on human SV samplegeést 12 samples per group), where
the SVs will be stimulated in a fully realistic omary—like environment within the CPD-
EVCS. Additional SV samples will be stimulated ienous-like conditions (low flow rate
perfusion) for comparison and SV fresh samples @l used as control. The oxygen

partial pressure conditions will be set properlystblogical, immunohistochemical and
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confocal analyses to assess changes occurring kicuer and cellular level will be

performed. In this respect it will be interesting tompare the results of the
morphological/structural analysis of the vesselsditioned in the bioreactor platforms and
assess quantitatively the results of cell proliierg extracellular matrix remodeling

enzymes (MMPs), molecular targets such as mRNAs@RINAS recently engaged in the
vein pro-pathologic programming and specific reagement of the vessel epigenetic
makeup (McDonalet al.,2013).

The final goal is to produce a complete biomimetaditioning platform integrating
the developed systems in order to accurately remedanex vivo model of CABG

condition for studying the pathogenesis of the \gaft disease.
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Figure 4.31. Schematic of the EVCS coupled with the coronatyepduplicato and the oxygenator module.
The thick-black lines represent the hydraulic citcthe thick-red lines represent the hydraulic cciit
connected the chamaber to the oxygenator modhle;dot lines represent the monitoring and control
(M/C) signals.
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Conclusive remarks

In the present research project, the use of a Qinearing approach to induce
arterialization in cultured human vessels providedhluable tool for studying the cellular
and molecular pathways activated by exposure ofhilmman saphenous vein (SV) to
arterial-like conditions. The adopted strategywaéd to investigatex vivothe effects of
altered mechanical load experienced by the humana@& coronary artery by-pass
grafting (CABG). In particular, CABG-like pressucenditioning was performed as first

step of this investigation.

The design of a noveadx vivovein culture system capable to replicate the edter
biomechanical stimuli pattern experienced by S\erafftABG surgery was addressed,
using computer-aided engineering and bioenginearogelling tools. The design work
was organised in three consecutive steps: it stdrten the development of a first step-
version integrating all the requirements relatedatworatory use (ease of use, GMP and
GLP-compatibility, and low priming volume) with atn-only mechanical stimulus (the
EVCS, Chapter 3, followed by the integration of biochemical stiin(the DC-EVCS,
Chapter 3, to end up with a fully coronary-mimicking flonukture platform (the CPD-
EVCS integrated with a coronary pulse duplicat@tem,Chapter 3.

The EVCS was able to replicate the pulsatile prespattern experienced by SV
after grafting (e., luminal pressure: 80-120 mmHg). A number of datid architectural
solutions allowed several simplifications to be lemented in the fluidic layout, control
system and related equipment. The obtained EVCS user-friendly and cost-effective
device with respect to most of the state-of-thesafutions, which are based on the
adaptation of cumbersome mechanical work-bench latons. Functional tests were
performed using human SV samples, in order to atdidhe robustness and the reliability
over time of the control system, and to verify 8terility maintenance. The outcomes of
these tests indicated that a good reliability ef ¢bntrol system was achieved, and that the
maintenance of a sterile environment provided leyENWCS made it suitable for long term

stimulation experiments.
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Thence, novel biomimetic features were introducetb ithe existing device. A
double-compartment culture chamber equipped withdexygenating circuit was
dimensioned and manufactured for testing diffetantinal and extra-adventitial oxygen
concentrations. The upgraded bioreactor was matwiéat usingin-housetechnologies,
and proved to be a functional, versatile, and ¢asise culture system. Particular attention
was paid to design a compact de-oxygenator loopctianal tests were performed for
characterizing the de-oxygenator loop. The obtairesults demonstrated that the de-
oxygenator module is a usable alternative to urdyieind expensiv®,-controlled cell

culture incubators.

The application of a fully coronary-mimicking flothrough the vessel, hence the
pulsatile shear stress stimulus deriving from theral transposition, was finally
replicated by designing a simple coronary-arteris@wuplicator, conceived for tissue
engineering applications. In addition, compactnaéswved abating the overall priming
volume to 90 ml, substantially lower than the 5@0I0reported by Voisard and colleagues
(Voisardet al.,2010). Preliminary functional tests revealed adjfitting of simulated and
measured tracings (pressure and flow rate), anddpability of the designed coronary
pulse duplicator of mimicking the complexity of theronary hemodynamic environment
with a discrete fidelity in comparison with thetstaf-the arte pulse duplicator (lwasai
al., 2008; Naritaet al., 2004; Puncharet al.,2007). An extensive functional validation
campaign of the device using human SV samples amdpgsing sterilizability and
sterility maintenance over time represents the idiate next step of this project line. The
final goal will be a pulsatile stimulation of SVaits, in order to study the combined effect

of pressure and shear stress on the remodelinge @V after CAGB surgery.

An arterialization campaign was also extensivelndiwted using the strain-only
version of the EVCS. Human surplus SV segments sebgected to venous perfusion (3
ml/min steady flow), or CABG-like pressure (80-120nHg) conditioning for a period of
7 days, and native SV segments served as contftér A-day CABG-like pressure
stimulation, the main findings weré@. distension and reorganization of the vessel wall
componentsii) partial endothelial denudatioii,) smooth muscle cells rearrangemewy;

disarrangement of theasa vasorunw) decrease of SVs wall thickness, enlargement of the
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SVs luminal perimeter, resulting in preservatioriref mass of the vessel wall) decrease
of the cell densityyii) increased proliferation rateii) increased up-regulation of MMP-2
and basal level of TIMP-1 expression argdmechano-epigenetic mechanism involved in
pro-pathologic commitment of SV-resident cells, paely in cells located in the
adventitia with SMCs progenitor characteristics.

From a technical point of view, these results sagggkethat the EVCS is a suitable
system for elucidating the mechanisms involved he SV graft disease, within a
controlled and reproducible biomechanical environineln fact, by providing a
comprehensive level of monitoring and control othexr biomechanical environmental, the
ex vivo model provided the technological means to perfaontrolled arterialization
studies aimed to understand which specific biolalgichemical or physical parameters
were involved in the SV remodeling.

Concerning the mechano-biology, our findings derrated that the CABG-like
pressure had an important role in the early evasgsciated with the remodeling of the SV
wall. In this work, experiments of 7 days were matrout on purpose. In fact the purpose
of the investigation aimed at studying the verylyeawvents induced by SV arterial-like
pressure stimulation, to come up with a consistentlel system to be used in molecular
dissection of the initial events predisposing thesels to develop neointima. Furthermore,
literature data indicate that vessel mechanicaladgroccurring as a consequence of the
arterialization is an immediate relevant causddtar restenosis.

At this stage of the project, studies are curremérformed to investigate the
establishment of cellular and molecufap-pathologic pathways involved in the SV graft
disease.

The evolution of theex vivomodel of vein arterialization from a simple pregsu
driven vessel straining system to a platform, whallows for vessel pharmacologic
treatment under dynamic conditioning with/withoyiphcation of arterial-like flow, will
finally make possible to test targeting strategegminst the selected effectors. The
discovery of molecular targets (such asiRNAs and epigenetic traits) regulated by
biomechanical/biochemical stimuli in the SV willgoluce an unique opportunity for
devising novel translational protocols to reduce ¢bnsequences of intima hyperplasia. In

this scenario, the customization of the conditigrphatform to proceed with a tight control
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of arterialization process will be instrumentalaichieve dynamic conditioning of the vein
segments in the presence of drugs, which may eresvith the molecular progression of
the pathology. Possible strategies will include; &xample, the use o&ntagoMIR
biotechnologies to interfere with up-regulation todnscripts andmiRNAsengaged in

adverse vein remodelling.

In conclusion, the present doctoral project laie thasis for a potential clinical
translation of graft preconditioning and pharmagalatreatments aimed at reducing the
clinical impact of vein graft disease in patientddergoing CABG implantation. In this
scenario, the developesk vivovessel culture system will be the advanced, sfetly
controlled and reliable bioengineering tool thatl yweermit autologous graft treatments

preceding CABG surgery.
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