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SOMMARIO
ITRODUZIONE

Attualmente, le malattie cardiovascolari
rappresentano la prima causa di morte al mondo
[1]. Nella maggior parte dei casi, esse
prevedono la formazione di placche, che
ostruiscono il lume del vaso e bloccano
I’afflusso di sangue al tessuto circostante. Gli
approcci chirurgici piu utilizzati per trattare tali
patologie prevedono la rimozione
(angioplastica) o il bypass dell’ostruzione. Nel
secondo caso, generalmente viene estratto un
vaso periferico dal paziente, che viene poi
utilizzato come graft, anastomizzato a monte e
a valle dell’ostruzione [2]. Nel corso degli anni
sono state sviluppate alcune strategie
alternative per evitare 1’utilizzo di vasi
autologhi impiegati come graft. Esse prevedono
I’utilizzo di vasi sintetici o di vasi sanguigni
ingegnerizzati (tissue engineered blood vessels,
TEBVs). | TEBVs sono composti da cellule e
dai loro prodotti e possono prevedere 1’utilizzo
di una struttura di supporto detta scaffold.
Grazie alla varieta di tecniche per la produzione
dei TEBVs, € possibile realizzare costrutti
multistrato che mimino la struttura di un vaso
sanguigno umano. Tuttavia, 1’impiego dei
TEBVs come graft & ancora molto limitato e
solamente pochi costrutti ingegnerizzati hanno
raggiunto la fase di sperimentazione sull’'uomo.
Le principali limitazioni consistono nelle scarse
proprieta meccaniche raggiunte dai TEBVS, la
comparsa di inflammazione e trombosi, e il
fallimento del graft stesso [3]. Tuttavia, i
TEBVs vengono attualmente utilizzati come

modelli fisiopatologici, fondamentali per

studiare i meccanismi molecolari e cellulari che
avvengono in presenza di una particolare
patologia e per testare nuovi farmaci. Grazie
alla loro biomimesi, i TEBVS risultano essere
ottimi  modelli.  Pertanto, I’importanza
dell’avere modelli fisiopatologici piu affidabili,
come i TEBVs, non solo si riflette in una
maggiore comprensione delle patologie stesse,
ma anche in una ottimizzazione del processo di

approvazione dei nuovi farmaci.

Dato che i TEBVs sono costrutti
tridimensionali, essi richiedono specifici
sistemi di coltura, detti bioreattori, per essere
coltivati. | bioreattori sono generalmente
definiti come dispositivi in cui i processi
biologici e biochimici avvengono in maniera
controllata e monitorata. | bioreattori sono
fondamentali sia per mantenere la vitalita del
campione biologico, sia per sottoporlo alla
corretta stimolazione meccanica [4]. Infatti, le
proprieta meccaniche di un tessuto biologico
migliorano quando esso viene esposto al
corretto stimolo meccanico. Nel caso di
costrutti vascolari, diversi lavori in letteratura
hanno dimostrato come una pressione luminale
pulsatile possa migliorare le proprieta

meccaniche dei TEBVS.

In letteratura, esistono vari esempi di TEBVS
con i rispettivi bioreattori. Uno di questi é
rappresentato dai Tissue Tube, sviluppati nel
2018 da Strobel et al. (sviluppati nel Rolle Lab,
WPI) [5]. | Tissue Tube, rappresentati in Figura
1, sono TEBVs caratterizzati dall’assenza di
uno scffold e, data la loro modularita e il ridotto
tempo di realizzazione rappresentano degli

efficienti modelli fisiopatologici per malattie



cardiovascolari. | Tissue Tube sono formati da
aggregati cellulari a forma di anello, i quali
vengono impilati su di un tubo in silicone. Dopo
un periodo di coltura statica, gli anelli fondono
dando origine ad un costrutto tubolare. Al fine
di montare tali costrutti in un bioreattore, due
fasce in poli-caprolactone (PCL), ottenute
tramite elettrospinning, vengono aggiunte alle
estremita del Tissue Tube durante la fase di

impilaggio degli anelli.

Figura 1: Un Tissue Tube montato nella camera di coltura
di un bioreattore. Si possono osservare le fasce in PCL
(cerchiate in giallo) poste alle estremita del tessuto.

Nell’esperimento realizzato da Strobel e
colleghi [5], i Tissue Tube sono stati esposti
solamente a portata luminale senza alcuno
stimolo pressorio. La camera di coltura
utilizzata in tale esperimento era stata realizzata
in collaborazione con il Laboratorio di Micro e
Biofluidodinamica Sperimentale (uBSLab,
POLIMI), adattandola da un altro bioreattore, il
Coronary Pulse Duplicator (CPD), sviluppato
da Piola et al. nel 2017 [6]. Un passo in avanti
rispetto a quanto fatto in questo precedente
esperimento é esporre i Tissue Tubes ad una

pressione pulsatile.

Pertanto, lo scopo di questo progetto consiste
nella realizzazione di un bioreattore pulsatile
semplice da utilizzare ed impiegarlo per la

coltura dinamica dei Tissue Tubes.

Considerando che non vi erano studi precedenti
in cui i Tissue Tubes venivano esposti a
pressione luminale, la possibilita di poter
regolare  1’ampiezza della  stimolazione
meccanica rappresentava un’ulteriore specifica
fondamentale, in quanto la stimolazione
generata dal bioreattore doveva essere adeguata
alle proprieta meccaniche iniziali dei Tissue
Tubes. Inoltre, il bioreattore doveva mantenere
la tenuta idraulica e permettere di acquisire il
segnale di pressione in tempo reale. Considerata
la natura preliminare di questo lavoro,
dovevano essere evitati componenti troppo
costosi. Infine, le dimensioni del bioreattore
dovevano essere contenute per poter facilmente

entrare in un incubatore.

Tra 1 vari esempi di bioreattori pulsatili in
letteratura, il CPD rappresentava il punto di
partenza piu ragionevole per lo sviluppo del
bioreattore presente in questo lavoro. Il CPD
faceva uso di un’elettrovalvola che commutava
tra due diverse resistenze idrauliche, generando
una pressione pulsatile di tipo coronarico. Il
resto del sistema, schematizzato in Figura 2,
consisteva in una pompa peristaltica collegata
ad un filtro idraulico che ne smorzava le
oscillazioni, una camera di coltura ed
un’impedenza di servizio, necessaria per
ottenere una stimolazione coronarica. Pertanto,
guesto sistema poteva essere adattato scopo di
guesto lavoro sostituendo le resistenze
idrauliche (sistolica e diastolica) con due

resistenze regolabili.
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Figura 2: Circuito idraulico del CPD. Un filtro idraulico
smorza le oscillazioni della pompa peristaltica, dopo di che
il circuito si divide in due rami. Uno ramo e connesso
all’impedenza di servizio, la quale modulava la forma
d’onda della pressione e della portata, e ’altro ramo &
collegato alla camera di coltura e al sistema di resistenze
idrauliche ed elettrovalvola.

MATERIALI E METODI

Il circuito idraulico del bioreattore messo a
punto in questo lavoro di tesi consiste in una
pompa peristaltica, un filtro idraulico, un
sensore di pressione e due rami. Uno con
un'impedenza di servizio e I'altro con la camera
di coltura e il sistema resistenze-elettrovalvola,

analogamente al CPD.

Per progettare I'impedenza di servizio é stato
costruito un equivalente elettrico del circuito
idraulico e sono state eseguite simulazioni
tempo varianti su CircuitJ 6.0 (Electron, GitHub
Inc, USA). | risultati della simulazione hanno
mostrato che una singola resistenza poteva
essere utilizzata come impedenza di servizio e
che era necessario un secondo filtro idraulico
per  eliminare il rumore  prodotto

dall’elettrovalvola.

Il circuito risultante, Figura 3, consisteva in una
pompa peristaltica, un filtro idraulico, la

resistenza di servizio, un sensore di pressione

(Pendotech PRESS-S000), un secondo filtro e
I’elettrovalvola, che commutava dalla

resistenza sistolica alla resistenza diastolica.

>

Figura 3: Circuito idraulico con ogni elemento. La pompa
peristaltica (P) e stata smorzata dal filtro RC (RC). Da
questo punto il percorso si €& diviso in due rami: la
resistenza di servizio (R) e quella collegata al campione
(S). Il sensore di pressione (PS) & stato posizionato vicino
alla camera di coltura (in rosso). La conformita C era
incaricata  di  eliminare il  rumore  prodotto
dall’elettrovalvola (PV), collegata alla resistenza sistolica
(SR) e alla resistenza diastolica (DR).

Al fine di modificare la pressione massima e la
pressione minima a cui veniva sottoposto il
campione, sono state sviluppate due resistenze
idrauliche regolabili. Le resistenze
consistevano in una piastra che, spinta da una
vite, occludeva il tubo di silicone del circuito
idraulico, contenuto in un supporto. Piu il tubo
veniva occluso, maggiore era la resistenza. Il
supporto, la piastra e il coperchio della
resistenza sono stati realizzati in acido
polilattico (PLA) e realizzati con stampa 3D,
mentre il resto dei componenti era in acciaio

inossidabile. Le resistenze sono state



caratterizzate a diversi valori di portata e livelli

di occlusione.

Successivamente, e stata realizzata una
centralina elettronica (ECU) la quale doveva
interfacciarsi con i sensori e gli attuatori
presenti nel circuito. Nello specifico doveva
controllare  I’elettrovalvola, alimentare il
sensore di pressione e acquisirne il segnale ed
infine controllare la pompa. Per fare cio, I'ECU
era dotata del microcontrollore Arduino Due. L’
ECU e stata progettata secondo un approccio
modulare per facilitare le operazioni di
riparazione e l'implementazione di nuove
funzioni. La centralina ¢ stata, quindi, suddivisa
in cinque subunita indipendenti: alimentazione,
Arduino, acquisizione del segnale, controllo
dell’elettrovalvola e controllo della pompa.
Dall'ECU l'operatore puo visualizzare il segnale
di pressione connettendo un computer, attivare
o disattivare il meccanismo dell’elettrovalvola,
accendere e spegnere la pompa e controllare la
velocita e la direzione della rotazione della testa

della pompa.

Infine, & stato sviluppato uno chassis per
posizionare tutti i componenti del circuito
idraulico in modo compatto. Grazie al suo
design ad incastro lo chassis era facilmente
trasportabile e di dimensioni ridotte. Nella
Figura 4 € presente un'immagine dell'intero
bioreattore realizzato nel presente progetto di

tesi.

Figura 4: 1l bioreattore completo montato sullo chassis. Il
filtro idraulico (RC, giallo) & collegato al sensore di
pressione (PS, blu). La camera di coltura (CC, rosso) ¢ al
centro dello chassis, perfettamente visibile. Il filtro C (C,
giallo) é collegato all’elettrovalvola (PV, arancione). Nella
parte anteriore ci sono le tre resistenze (R, DR, SR, grigio).

Il bioreattore ¢ stato collaudato utilizzando un
tubo di silicone come fantoccio per verificarne
la tenuta idraulica e valutarne la versatilita. Per
fare cio, il bioreattore e stato impostato per
riprodurre le forme d’onda di pressioni e le

portate (medie), presenti nella Tabella 1.

Condition  Diastolic Systolic Flow rate
number pressure pressure  [ml/min]
[mmHg] [mmHg]

1 20 40 10

2 30 50 10

3 40 60 10

4 30 50 20

5 50 80 20

6 80 120 20

7 50 80 30

8 80 120 30

Tabella 1: Condizioni target di pressione (massima e
minima) e portata (media) per le prove con il tubo di

silicone.



Infine, un’ulteriore prova di collaudo ¢ stata
eseguita con tre segmenti di arterie coronariche
porcine come modello di vaso. Il bioreattore
doveva raggiungere tre condizioni di pressione

e portata (Tabella 2) con ciascun campione e

mantenere ciascuna condizione per 20 minuti.

Condition  Diastolic Systolic Flow rate

number pressure pressure  [ml/min]
[mmHg] [mmHg]

1 30 50 30

2 50 80 45

3 80 120 60

Tabella 2 Condizioni target di pressione e portata applicata
durante le prove con i segmenti delle arterie coronarie

porcine.

Una volta completato il bioreattore ed eseguite
le prove di collaudo preliminari, i Tissue Tube
sono stati fabbricati e testati, prima di essere
coltivati nel bioreattore. | Tissue Tube utilizzati
in questo studio sono stati ottenuti da cellule
muscolari lisce da aorta di ratto (RASMCs). Le
RASMCs sono state scongelate ed espanse per
tre giorni. Nel frattempo, sono stati preparati gli
stampi in agarosio per fabbricare gli aggregati
cellulari ad anello. Ciascuno stampo conteneva
cinque pozzetti con un perno al centro,
fondamentale per ottenere aggregati cellulari a
forma di anello. Le cellule sono state seminate
nei pozzetti degli stampi e coltivate per tre
giorni. Successivamente, gli anelli cellulari
formatisi sono stati prelevati e impilati insieme
su un tubo di silicone per farli fondere ed
ottenere un costrutto tubolare. Ad ogni
estremita del tessuto é stata aggiunta una fascia

in PCL per facilitare il processo di montaggio

sul  bioreattore.  L'intero  processo  di

fabbricazione é riassunto in Figura 5.
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Figura 5: Processo di produzione di Tissue Tube. Le
RASMCs sono state espanse e quindi seminate nei pozzetti
degli stampi di agarosio (d0). Ciascuno stampo di agarosio
aveva cinque pozzetti con un perno nel mezzo. Gli anelli
sono stati coltivati per tre giorni (d3) e, quindi, impilati su
un tubo di silicone per ottenere una struttura tubolare
(d10).

I primi test eseguiti sui Tissue Tube sono stati
test di pressurizzazione, al fine di studiare il
comportamento dei Tissue Tube una volta
esposti a pressione luminale. Una pompa-
siringa era collegata ad un sensore di pressione
a sua volta connesso alla camera di coltura,
dove era montato il Tissue Tube. I costrutti sono
stati pressurizzati pinzando il tubo del circuito

idraulico subito dopo il costrutto.

Da questi test & emerso che i Tissue Tube sono
estremamente fragili, con una burst pressure di
solamente 11 mmHg. Considerando le proprieta
meccaniche limitate di questi costrutti, durante
gli esperimenti di coltura dinamica nel
bioreattore, i Tissue Tube sono stati lasciati sul
tubo di silicone sui cui erano stati impilati,
collegato  direttamente  al  bioreattore.
Applicando una pressione pulsatile al tubo di
silicone, il tessuto circostante veniva deformato

ciclicamente in direzione radiale.



Prima di eseguire gli esperimenti di coltura
dinamica, sono state eseguite delle prove per
determinare la relazione tra pressione e
deformazione circonferenziale applicata al
Tissue Tube. Per queste prove, il tubo di
silicone é stato montato nella camera di coltura
e pressurizzato a diversi valori di pressione (da
0 a 450 mmHg). Il set up utilizzato per questi
esperimenti  consisteva in  una pompa
peristaltica collegata ad un filtro idraulico, un
sensore di pressione, la camera di coltura con il
tubo di silicone montato, una resistenza
idraulica e un reservoir. Una fotocamera
Adnostar 500X USB é stata utilizzata per
acquisire immagini del tubo a diversi valori di
pressione al fine di misurare il diametro del tubo
in silicone a diverse pressioni e quindi misurare

la deformazione radiale

L'esperimento di coltura dinamica nel coltivare
i Tissue Tube per sette giorni di coltura
(successivi ai sette giorni in coltura statica)
sottoponendoli una deformazione ciclica
(dall'l% al 5%). Le compliance presenti nei
filtri sono state rimosse dal bioreattore assieme
all'impedenza di servizio poiché non erano
necessarie per questo specifico esperimento.
Dei Tissue Tubes coltivati per sette giorni in un
bioreattore senza deformazione ciclico sono
state usati come gruppo di controllo. L'effetto
della stimolazione dinamica é stato studiato
misurando lo spessore di ogni costrutto alla fine
della coltura, con immagini istologiche, e
misurando la densitd cellullare tramite

immagini ottenute in fluorescenza (DAPI). Al

fine di realizzare analisi istologiche, i campioni
sono stati tagliati in due parti per eseguire
sezioni circonferenziali e longitudinali. Le
sezioni sono state quindi colorate con
ematossilina ed eosina (H&E), picrosirius
red/fast green (PR) e DAPI. Mentre le prime
due colorazioni danno piu informazioni sulla
morfologia del tessuto e sul contenuto di
collagene, il DAPI colora solo i nuclei,
fornendo informazioni sulla loro forma, numero
e condizione. Le immagini H&E e PR sono state
acquisite con ingrandimento 10X e 40X, le
immagini PR sono state ottenute anche con luce
polarizzata con ingrandimento 10X e le
immagini DAPI sono state acquisite con

ingrandimento 20X.
RISULTATI E DISCUSSIONI

| risultati relativi al bioreattore hanno
confermato che tutte le specifiche sono state
raggiunte. La caratterizzazione della resistenza
era essenziale per determinare la relazione tra
I'occlusione del tubo di silicone e la pressione
generata a monte. Inoltre, questo esperimento
ha confermato I’elevata controllabilita del

dispositivo resistivo realizzato.

Il circuito idraulico & stato progettato
correttamente in quanto é stato possibile sia
ottenere una pressione pulsatile sia regolare la
pressione diastolica e sistolica. La centralina
elettronica si interfacciava correttamente con
tutti i sensori e gli attuatori. La pressione
misurata era paragonabile a quella misurata con

un manometro, il funzionamento
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dell’elettrovalvola era corretto ed era possibile
controllare la pompa Watson Marlow.

Le prove eseguite con il tubo di silicone come
fantoccio hanno dimostrato I'elevata versatilita
di questo sistema, come é possibile osservare
nella Figura 6, in cui sono riportate tre diverse
curve di pressione (30-50 mmHg in blu, 50-80
mmHg in nero e 80-120 mmHg in grigio).

Tests with silicone tube

140

100

Pressure [mmHg]
[0}
o

Figura 6: Curve di pressione ottenute con il bioreattore. E
possibile riprodurre sia una pressione fisiologica (curva
grigia: pressione sistolica 120 mmHg, pressione diastolica
80mmHg) che pressioni ipo-fisiologiche (curva nera:
pressione sistolica 80 mmHg, pressione diastolica 50
mmHg; pressione sistolica curva rossa 50 mmHg,

diastolica pressione 30 mmHg).

Infine, gli esperimenti eseguiti con segmenti di
arterie coronarie porcine hanno confermato che
il bioreattore riesce a generare una pressione
pulsatile e regolabile anche con campioni che
presentavano fori (osti) nella parete. Difatti, €
stato possibile raggiungere ogni condizione di
pressione e portata (ad eccezione di uno dei
campioni per il quale non é stato possibile
raggiungere due condizioni) con tutti i campioni
e mantenere tali valori per 20 minuti con una

diminuzione massima del 12%.

Dopo questa prima fase di collaudo del
bioreattore, sono stati eseguiti gli esperimenti di
pressurizzazione sui Tissue Tube. | risultati
ottenuti dalle prove di pressurizzazione hanno
confermato le limitate proprieta meccaniche dei
Tissue Tube e sono stati cruciali per definire un
protocollo sperimentale ad hoc per gli
esperimenti di coltura dinamica. Dei 15
campioni testati, solo 3 poterono essere
pressurizzati, mostrando una burst pressure di
soli 10.7 + 0.57 (Figura 7). Questo risultato ha
sottolineato che i Tissue Tube hanno proprieta
meccaniche limitate e possono danneggiarsi
facilmente durante il maneggiamento del
campione per il montaggio nella camera di

coltura.

Pressurization Test

01 2 3 45 6 7 8 91011

Pressure [mmHg]
-
[6,] o

Time [s]

Figura 7: Curva di pressione ottenuta durante un test di
pressurizzazione di un Tissue Tube. Il costrutto era fallito
a soli 11 mmHg, mostrando limitate proprieta meccaniche.

Considerate le limitate proprieta meccaniche
dei Tissue Tube, € stato deciso di condurre gli
esperimenti di coltura dinamica lasciando i
Tissue Tube sul tubo di silicone su cui erano
stati formati. Tale tubo veniva poi collegato al
bioreattore. | test per misurare la deformazione
del tubo di silicone hanno dimostrato che il
bioreattore riesce a produrre una deformazione

circonferenziale fino al 5%, corrispondente a

Vil



una pressione di 400 mmHg all’interno del tubo
in silicone. Pertanto, durante I'esperimento di
coltura dinamica i Tissue Tube sono stati
sottoposti a una deformazione circonferenziale
ciclica tra 1'1% e il 5%, similmente ad altri
esperimenti di ricerca presenti in letteratura [7].
Sono stati eseguiti sei esperimenti di coltura in
condizioni dinamiche pulsatili. I primi due sono
falliti durante la prova a causa del
danneggiamento del tubo pinzato
dall’elettrovalvola, che ha presentato perdite
evidenti dopo due giorni di coltura. Pertanto,
sono stati utilizzati tubi piu resistenti in PVC
per i rami del circuito  collegati
all’elettrovalvola. | successivi tre esperimenti
hanno avuto esito positivo, confermando che il
bioreattore e le procedure sviluppate sono adatti
alla coltura di cellule e tessuti in condizioni sia
statiche che dinamiche. L'ultimo esperimento
non é andato a buon fine a causa di una
contaminazione avvenuta prima dell'inizio della
coltura nel bioreattore. Successivamente sono
stati esaminati i risultati ottenuti dalle analisi
eseguite alla fine del periodo in cultura

dinamica.

Le misurazioni dello spessore della parete dei
Tissue Tube hanno mostrato un limitato
aumento dello spessore della parete del
campione coltivato in condizioni dinamiche
(3.57 £ 0.71 mm), rispetto a quello del gruppo
di controllo (3.50 £ 0.22 millimetri).

Le analisi istologiche hanno mostrato che i
Tissue Tube non sono un tessuto omogeneo. Si

possono osservare tre strati con diversa

organizzazione: una regione luminale,
caratterizzata da cellule disposte circolarmente,
una regione centrale caratterizzata da una bassa
densita cellulare e una regione esterna con una
maggiore densita cellulare, (Figura 8 A). Le
cellule disposte in maniera circolare (Figura 8
A, cerchio nero) possono essere ricondotte alla
presenza degli aggregati cellulari a forma di
anelli che avevano formato il Tissue Tube.
Questo risultato sperimentale mette in evidenza
che, gli anelli non si sono fusi tra loro formando
un tessuto omogene0 ma sono  stati
progressivamente ricoperti e inglobati dalle
cellule muscolari. Nelle immagini delle sezioni
circonferenziali del Tissue Tube del gruppo
stimolato in condizioni pulsatili (Figura 8, B),
le cellule appaiono allungate e allineate in
direzione circonferenziale, analogamente a
guanto si pud osservare nella tunica media dei
vasi sanguigni umani. Nel gruppo di controllo
coltivato in  condizioni  statiche tale
allineamento circonferenziale & presente ma
risulta meno marcato (Figura 8, C). Le
immagini delle sezioni colorate con PR
analizzate con luce polarizzata hanno mostrato
un leggero aumento del collagene nei campioni
coltivati in condizioni dinamiche come
mostrato in Figura 9, situato principalmente
nella regione luminale, corrispondente al centro
degli anelli. Tuttavia, poiché I’analisi eseguita
con luce polarizzata da solamente informazioni
gualitative, & necessario eseguire ulteriori
analisi quantitative per verificare questo

risultato.

Vil



Figura 8: Immagini istologiche dei Tissue Tube. Immagine
a 10X di una sezione longitudinale colorata con H&E (A).
La sezione longitudinale mostra una regione luminale
caratterizzata da cellule disposte in cerchio, una regione
centrale con una densita cellulare inferiore e uno strato
esterno con densita cellulare piu elevata. Immagini ad
ingrandimento 40X di sezioni circonferenziali colorate
con PR di un campione pulsatile (B) e di un controllo (C).
Il lume é sulla destra di ogni immagine. La barra di scala
& di 0.2 mm per immagini 10X e 0,05 mm per 40X.

Figura 9: Immagini ad ingrandimento 10X di sezioni

colorate con PR acquisite con luce polarizzata. Tale
colorazione fa si che le fibre di collagene appaiano dorate.
E possibile osservare una maggiore presenza di fibre
nell'immagine del campione pulsatile (A) rispetto
all'immagine del campione del gruppo di controllo (B). Il
lume é sulla destra di ogni immagine. La barra di scala e
di 0,2 mm per ogni immagine.

I risultati delle immagini DAPI hanno
confermato le osservazioni fatte in precedenza:
e possibile riconoscere le tre diverse regioni e vi

€ una maggiore presenza di detriti nucleari nella

regione luminale e centrale, la quale potrebbe
essere un segno di morte cellulare. A causa
dello spessore del tessuto e del fatto che il
mezzo di coltura era presente e ricircolato solo
all'esterno del Tissue Tube, i nutrienti non
potevano diffondersi attraverso tutto lo
spessore, causando la morte delle cellule nella
regione luminale e centrale. Infine, i risultati
relativi alla misurazione della densita cellulare
ha mostrato che i campioni coltivati in
condizioni dinamiche possiedono una densita
leggermente inferiore (5.16 + 1.21 - 10°
nuclei/mm?) rispetto a quella del gruppo di
controllo (6.29 + 0.88 - 10°

suggerendo che le cellule dei campioni pulsatile

nuclei/mm?),

potrebbero avere prodotto pit matrice invece di

proliferare.

Figura 10: Immagini ad ingrandimento 20X delle sezioni
colorate con DAPI di un campione pulsatile (A) e di un
controllo (B). Il lume é sulla destra di ogni immagine. La
barra di scala & di 0,1 mm per ogni immagine.

CONCLUSIONI E SVILUPPI FUTURI

In questo lavoro di tesi, & stato sviluppato un
bioreattore pulsatile regolabile che poi ¢ stato
utilizzato per la coltura di Tissue Tube. E stata
realizzata una centralina elettronica che si
interfacciava con sensori e attuatori presenti nel
bioreattore. Sono state sviluppate resistenze
idrauliche regolabili per modificare la pressione

diastolica e sistolica. Infine, & stato costruito
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uno chassis per massimizzare la compattezza
del dispositivo. | Tissue Tube sono stati quindi
sottoposti a prove di pressurizzazione
evidenziando le loro limitate proprieta
meccaniche e sono quindi stati stimolati in
condizioni dinamiche mantenendo il tubo di
silicone al loro interno durante la coltura

pulsatile.

Gli effetti di questa stimolazione hanno
mostrato un piccolo aumento dello spessore
della parete del vaso, un maggiore allineamento
circonferenziale delle cellule e una maggior
deposizione di collagene, nonché, una
diminuzione della densita cellulare. Tuttavia, va
considerato che quanto fatto rappresenta uno
studio preliminare in cui per la prima volta
venivano applicati, in esperimenti diversi,
pressione luminale ed uno stimolo ciclico ai
Tissue Tube. Pertanto, i risultati ottenuti
rappresentano un promettente punto di partenza

per studi futuri.

Per quel che riguarda il bioreattore, sviluppi
futuri potrebbero mirare a un upscaling del
bioreattore al fine di coltivare piu campioni in
parallelo. Inoltre, I’ECU potrebbe essere
modificata per connettersi con smartphone e
tablet tramite Bluetooth. Per guanto riguarda i
Tissue Tube, sara fondamentale eseguire piu
esperimenti e analisi quantitative per validare i
risultati ottenuti. Inoltre, I'uso di SMC primarie
pud dare risultati pio evidenti. Infine,
I'ottimizzazione del protocollo di coltura sara un

passaggio cruciale per eseguire esprimenti di

coltura in condizioni dinamiche dei Tissue Tube

applicando sia portata che pressione luminale.
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ABSTRACT

INTRODUCTION

Cardiovascular diseases represent the most
common cause of death in the world [1]. In most
of the cases, they consist in the formation of
plaques that obstructs the blood flow. In this
case, the two main approaches involve
removing (angioplasty) or bypassing the
plaque. In order to perform a bypass, usually a
peripheral blood vessel of the patient is
extracted and anastomosed on the obstructed
vessel, before and after the plaque [2]. Due to
the high morbidity of this technique,
alternatives have been investigated, such as
synthetic blood vessels and tissue engineered
blood vessels (TEBVs). TEBVs involve the use
of cells and their products that can be
potentially supported by a scaffolding structure.
Thanks to the wvariety of manufacturing
techniques, TEBVs can be fabricated with a
structure similar to the one of native vessels.
Today, the use of TEBVSs as graft is still very
limited and only few engineered constructs
reached the phase of experimentation on
humans due to several limitations such as lower
mechanical properties, inflammation,
thrombosis and graft failure [3]. TEBVs are also
being used as in vitro disease models to study
cardiovascular diseases and to test new drugs.
Thanks to their biomimicry, TEBVs represent a
very reliable model. Having in vitro models that
can better replicate pathological condition
could be crucial to obtain more information on

the biochemical process that takes place in a

pathology and to optimize the approval process
of new therapeutic products.

Since TEBVs are three-dimensional construct,
bioreactors are required to culture them.
Bioreactors are generally defined as devices in
which biological and biochemical process occur
in controlled and monitored conditions.
Therefore, bioreactors are fundamental both to
maintain the viability of the biological sample
and to generate a mechanical stimulation.
Giving the proper mechanical stimulation to a
biological tissue can enhance its mechanical
properties. In the case of vascular construct,
many works in literature stressed the

importance of pulsatile pressure during culture

[4].

In literature there are many examples of TEBVs
with their related bioreactor. One of them are
the Tissue Tubes developed by Strobel et al.
(developed in Rolle Lab, WPI) [5]. Tissue
Tubes, pictured in Figure 1, are scaffold-free
TEBVs that, thanks to their modularity and low
production time can be used as efficient models
for cardiovascular diseases. Tissue Tube are
made up of ring-shaped cellular aggregates
stacked together on a silicone tube. After a
period of static culture, rings fuse together, and
a tubular structure is obtained. In order to
cannulate the tubes on a bioreactor, two
electrospun polycaprolactone (PCL) cuffs are
added at both the extremities during the

stacking procedure.
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Figure 1: A Tissue Tube. Tissue Tube mounted on the

culture chamber of the bioreactor. It is possible to
recognize the PCL cuffs (yellow circles) at both the

extremities of the tissue.

The culture chamber used in this study [5] was
developed in collaboration with Laboratorio di
Micro e Biofluidodinamica Sperimentale
(uBSLab, POLIMI) adapted from a bioreactor
for used to culture venous grafts under coronary
hemodynamic conditions, the coronary pulse
duplicator, CPD, developed by Piola et al. in
2017 [6]. In this experiment Tissue Tubes were
exposed only to flow rate and no pressure. In
order to enhance the mechanical properties and
the biomimicry of Tissue Tubes, a pulsatile
bioreactor was needed. The aim of this project
is to develop a simple to use bioreactor capable
of generating a tunable pulsatile pressure and

use it to condition Tissue Tubes.

Considering that there were no previous
pressurization studies on Tissue Tubes, the
possibility to tune the stimulation produced by
the bioreactor represented a fundamental
requirement. In addition, the bioreactor had to
acquire the signal of pressure in real time and
maintain the hydraulic seal during the use.
Furthermore, considering the very preliminary
nature of this study on Tissue Tubes, the cost

had to be limited. Finally, the dimensions of the

bioreactor needed to be adequate to easily fit

inside an incubator.

Among the many examples of pulsatile
bioreactor present in literature the CPD
represented the more reasonable starting point
to develop a pulsatile bioreactor. The CPD used
a pinch valve to switch between two different
resistive elements: the systolic and diastolic
resistance. The rest of this system, schematized
in Figure 2, consisted of a peristaltic pump with
a hydraulic filter, the culture chamber and a
service impedance to obtain a coronary-like
stimulation. Hence, this system could be easily
adapted to the purpose of this study, using two
tunable hydraulic resistances instead of the

systolic and diastolic resistance.

Service
Impedance

— — 11
H);draullc f—t [:]

Pump Filter Culture  Coronary-like
Chamber  Impedance

Aortic
Pressure

Figure 2: Hydraulic circuit of the CPD. A hydraulic filter
dampened the oscillations of the peristaltic pump. Then the
circuit divided in two branches. In one there was the
service impedance which modeled the pressure and flow
rate curves, and on the other the culture chamber with the
coronary-like impedance, which was composed by two

resistances (systolic and diastolic) and a pinch valve.
MATERIALS AND METHODS

Similarly to the CPD, the hydraulic circuit of
the bioreactor presented in this study consists of
a peristaltic pump, a hydraulic filter, a pressure
sensor and two branches. One with a service
impedance and the other with the culture
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chamber and the resistance switch system,
similarly to the CPD. In order to design the
service impedance an electric equivalent of the
circuit was built, and time-variant simulation
were performed on Circuit] 6.0 (Electron,
GitHub Inc, USA). Results of the simulation
showed that a simple resistance could be used
as service impedance and a second hydraulic
filter was needed to eliminate the noise
produced by the pinch valve. The resulting
circuit, Figure 3, consisted in a peristaltic pump
dampened by the hydraulic filter, the service
resistance, a pressure sensor (Pendotech
PRESS-S000), a second filter and the pinch
valve, switching from systolic resistance to

diastolic resistance.

D

Figure 3: Hydraulic circuit with each element. The
peristaltic pump (P) was dampened by the RC filter (RC).
From this point the path divided in two branches: the
service resistance (R) and the one connected to the sample
(S). The pressure sensor (PS) was placed close to the
culture chamber (in red). The compliance C was in charge
of eliminating the noise produced by the pinch valve (PV)
switching from systolic resistance (SR) to diastolic

resistance (DR).

In order to modulate the maximum and the
minimum pressures generated by the bioreactor,
two tunable resistive elements were developed.
The resistances consisted of a plate that, pushed
by a screw, occluded the silicone tube contained
in a holder. The more the tube was occluded the
higher was the resistance. The holder, the plate
and the lid of the resistance were 3D printed
while the rest of the components were made in
stainless steel. The resistances were, then,
characterized at different values of flow rate and

level of occlusion.

An electronic control unit (ECU) was
developed to control the pinch valve and the
pump, supply the pressure sensor and acquire its
signal. In order to do so, the ECU was equipped
with an Arduino microcontroller. The ECU was
built with a modular design to facilitate repair
operations and the implementation of new
features. Hence, the ECU was divided in five
independent subunits that were physically
separated: supply, Arduino, signal acquisition,
pinch valve control and pump control. From the
ECU the operator could visualize the pressure
signal with a computer, turn on and off the
pinch valve mechanism, turn on and off the
pump, and control the velocity and the direction

of the rotation of the pump head.

A chassis was developed to place all the
components of the hydraulic circuit in a
compact way. Thanks to its interlocking design
it was compact and easily transportable. A
picture of the complete bioreactor developed in

this thesis work is present in Figure 4.

Xl



Figure 4: The complete bioreactor mounted on the chassis.
The hydraulic filter (RC, yellow) is connected to the
pressure sensor (PS, blue). The culture chamber (CC, red)
is in the center of the chassis perfectly visible. The C filter
(C, yellow) is connected to the pinch valve (PV, orange).
In the front there are the three resistances (R, DR, SR,
gray).

The bioreactor was tested using a silicone tube
as a vessel model to verify the hydraulic seal
and assess its versatility. In order to do so, the
bioreactor was set to reproduce target pressures
(maximum and minimum) and flow rates

(average), present in Table 1.

Condition  Diastolic Systolic Flow rate
number pressure pressure  [ml/min]
[mmHg] [mmHg]

1 20 40 10

2 30 50 10

3 40 60 10

4 30 50 20

5 50 80 20

6 80 120 20

7 50 80 30

8 80 120 30

Table 1: Pressure and flow rate target conditions for the
tests with the silicone tube.

Finally, the bioreactor was tested with porcine
coronary segments, which presented a limited
wall integrity. The bioreactor had to reach three
specific values of pressure and flow rate

(present in Table 2) for each sample and

maintain those values for 20 minutes each.

Condition  Diastolic Systolic  Flow rate

number pressure pressure  [ml/min]
[mmHg] [mmHg]

1 30 50 30

2 50 80 45

3 80 120 60

Table 2: Pressure and flow rate target conditions applied
during the tests with the segments of porcine coronary
arteries.

Once the bioreactor was completed and
preliminary tests were performed, Tissue Tubes
were manufactured and tested, before being
cultured in the bioreactor. The tissue tubes used
in this study were obtained from rat aortic
smooth muscle cells (RASMCs). RASMCs
were thawed and expanded for three days. Inthe
meantime, agarose molds were prepared. Each
mold contained five wells with a post in the
center, which was fundamental to obtain ring-

shaped cellular aggregates. Cells were seeded in
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each mold and cultured for three days. After
that, the formed cell rings were harvested and
stacked together on a silicone tube to let them
fuse and obtain a tubular construct. At each end
of the tube a PCL cuff was placed in order to
facilitate the mounting process on the
bioreactor. The entire manufacturing process is

summarized in Figure 5.

3 10

0 1

Time [days]

Figure 5: Manufacturing process of Tissue Tubes.
RASMCs were expanded and then seeded (dO) in the wells
of the agarose molds. Each agarose mold had five wells
with a post in the middle. Rings were cultured for three
days (d3) and, then, stacked on a silicone tube in order to
obtain a tubular structure (d10).

The first tests performed on Tissue Tubes were
pressurization tests, to study the behavior of
Tissue Tubes when exposed to luminal
pressure. A syringe pump was connected to a
pressure sensor, connected to the culture
chamber, where the Tissue Tube was mounted.
The constructs were pressurized by clamping

the tube of the hydraulic circuit right after it.

From those tests emerged that Tissue Tubes are
extremely fragile, showing a burst pressure of
11 mmHg. Considering the limited mechanical
properties of these constructs, during
experiments of dynamic culture in the
bioreactor, Tissue Tubes were left on the
silicone tube, used during the stacking

procedure. By connecting the silicone tube to

the bioreactor and applying pulsatile pressure,
the tissue around it was cyclically stretched.

Before performing dynamic culture experiment,
tests were performed to determine the
relationship  between pressure and the
circumferential stretch applied on the Tissue
Tube. For this test, the stacking silicone tube
was mounted in the culture chamber and
pressurized at different values of pressure (from
0 to 450). The setup of this test consisted in a
peristaltic pump connected to a hydraulic filter,
a pressure sensor, the culture chamber with the
silicone tube mounted in, a hydraulic resistance
and a reservoir. A camera was used to take
pictures of the tube at different values of
pressure in order to measure the circumferential

stretch.

During dynamic culture experiments, Tissue
Tubes were cultured for seven days conditioned
with a cyclic stretch (from 1% to 5%). The
compliances were removed from the filters of
bioreactor as well as the service impedance
since they were not necessary for this specific
experiment. Tissue Tubes cultured for seven
days in a bioreactor without the cyclic stretch
were used as control group. The effect of this
stimulation was studied by measuring the
thickness of each tube at the end of the culture
and with histological images. Samples were cut
in two parts in order to perform circumferential
and longitudinal sections. Sections were, then,
stained with Hematoxylin and eosin (H&E),
Picrosirius red and fast green (PR) and DAPI.

While the first two stains gave information on
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the morphology of the tissue and the collagen
content, DAPI stained only nuclei, giving
information on their shape, number and
condition. H&E and PR images were taken at
10X and 40X magnification, PR images were
also obtained under polarized light at 10X
magnification and DAPI images were taken at
20X magnification.

RESULTS AND DISCUSSION

The results related to the prototyping of the
bioreactor confirmed that all the specifications
were achieved. The resistance characterization
was essential to determine the relation between
the silicone tube occlusion and the pressure
generated upstream. In addition, this test
verified the controllability of the resistive

device developed.

The hydraulic circuit resulted correctly
implemented. Hence it was possible both to
obtain pulsatile pressure and to regulate the
diastolic and systolic pressure, assessing the
versatility of the system. The electronic control
unit interfaced correctly with all the sensors and
the actuators. The pressure measured was
comparable to the one measured with a
manometer, the pinch valve switch was
correctly timed, and it was possible to control

the Watson Marlow pump.

Test performed with the silicone as vessel
model tube demonstrated the high versatility of
this system, as it is possible to observe in Figure
6.

Tests with silicone tube

140

100

Pressure [mmHg]
0]
o

Figure 6: Pressure curves obtained with the bioreactor,
assessing its versatility. It is possible to reproduce a both a
physiological (grey curve: systolic pressure 120 mmHg,
diastolic pressure 80mmHg) and a hypo-physiological
pressure (black curve: systolic pressure 80 mmHg,
diastolic pressure 50 mmHg; red curve systolic pressure
50 mmHg, diastolic pressure 30 mmHg).

Finally, the test performed with segment of
porcine coronary arteries confirmed that the
bioreactor could work with samples with a
compromised structural integrity. It was
possible to reach each condition of pressure and
flow rate with three different samples and
maintain those values with a maximum

decrease of 12% after 20 minutes.

After this first phase of preliminary tests on the
bioreactor, pressurization experiments were
performed on Tissue Tubes. The results
obtained from the pressurization tests revealed
the low mechanical properties of Tissue Tubes
and were crucial to define an ad hoc
experimental protocol for the dynamic culture
experiments. Among 15 samples tested only 3
could be pressurized, showing a burst pressure
of only 10.7 £ 0.57 (Figure 7). This result
pointed out that Tissue Tubes have limited
mechanical properties and can be easily broken
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during the mounting process on the culture

chamber.
Pressurization Test
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Figure 7: Pressure curve obtained during a pressurization
test of a Tissue Tube. The construct failed at only 11

mmHg, pointing out its limited mechanical properties.

Hence, considering the limited mechanical
properties of Tissue Tubes, dynamic culture
experiments were performed by leaving the
Tissue Tube on the stacking silicone tube,
which was connected to the bioreactor. Tests to
measure the stretch of the stacking silicone tube
showed that the bioreactor could produce a
circumferential deformation up to 5%,
corresponding to a pressure of 400 mmHg in the

stacking silicone tube.

Therefore, during dynamic culture experiment
Tissue Tubes were subjected to a cyclic
circumferential stretch between 1% to 5%,
similarly to other works in literature [7]. Six
experiments of dynamic culture were
performed. The first two failed due to holes
present in the hydraulic circuit, created after
two days of culture by the pinch valve.
Therefore, PVC tubes were used for the
branches of circuit connected to the pinch valve.

The next three experiments were successful,

confirming that the bioreactor and the
procedures developed are suitable for tissue and
cell culture. The last experiment failed, due to
contamination (occurred before the beginning
of the culture in the bioreactor).

The measurements of the wall thickness of the
Tissue Tube showed a limited increase in the
thickness of the sample cultured under dynamic
conditions (3.57 = 0.71 mm), compared to the
one of the control group (3.50 £ 0.22mm).

Histological analyses showed that Tissue Tubes
are not a homogeneous tissue. Three layers can
be observed: a luminal region, characterized by
cells disposed in circle, a central region with a
low cell density and an external region with a
higher cell density, Figure 8, A. The
circumferentially oriented cells can be related to
the cell rings that formed the tube. Therefore,
rings did not actually fuse together in a
homogenous tissue but were progressively
surrounded by cells. In the images of the
circumferential sections of the Tissue Tube
from the pulsatile group (Figure 8, B), cells and
nuclei are elongated and aligned in
circumferential direction, similarly to what can
be observed in the tunica media of human blood
vessels. In the control group this
circumferential alignment is less marked
(Figure 8, C). In addition, PR images analyzed
under polarized light (Figure 9) showed a slight
increase in collagen in the samples cultured in
dynamic condition, mainly located in the
luminal region, corresponding to the center of

the rings.
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However, since the one performed analyzing
PR stained sections under polarized light is a
gualitative  analysis, further quantitative
analyses should be performed to verify this

result.

Figure 8: Histological images of Tissue Tubes. Image
taken at 10X magnification of a H&E stained longitudinal
section (A). The longitudinal section shows a luminal
region characterized by cells disposed in circle, a central
region with a lower cellular density and an external layer
with higher cell density. Images taken at 40X
magnification of PR stained circumferential sections of a
pulsatile (B) and control (C) sample. The lumen is on the
right of each picture. The scale bar is 0,2mm for 10X
images and 0,05mm for 40X.

Figure 9: Image taken at 10X magnification of PR stained

sections under polarized light. The collagen fibers appear
shining gold. It is possible to observe a higher presence of
fibers in the image of the pulsatile sample (A) compared
to the image of the sample of the control group (B). The
lumen is on the right of each picture. The scale bar is 0,2

mm for each image.

Finally, results from DAPI images (Figure 10)
confirmed the observations made previously: it
is possible to recognize the three different
regions and there is a higher presence of nuclear
debris in the luminal and central region, which
may be a sign of cell death. Due to the thickness
of the tissue and to the fact that medium was
present only outside the Tissue Tube, nutrients
could not diffuse through all the thickness,
causing the death of cells in the luminal and
central region. In addition, measurement of cell
density showed that samples cultured under
dynamic condition possess a lower density
(5.16 + 1.21 - 10° nuclei/mm?) than the one of
the control group (6.29 + 0.88 - 10°
nuclei/mm?), suggesting that cells of pulsatile
sample may have produced more matrix instead

of proliferating.
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Figure 10: Images of DAPI stained sections of the

pulsatile (A) and control (B) sample at 20X magnification.
The lumen is on the right of each picture. The scale bar is

0,1 mm for each image.

CONCLUSIONS AND
DEVELOPMENTS

FUTURE

In this thesis work, a tunable pulsatile
bioreactor was developed and used to culture
Tissue Tubes. The bioreactor was equipped
with an electronic control unit that interfaced
with sensors and actuators. Tunable hydraulic
resistances were developed in order to modify
the diastolic and systolic pressure. Finally, a
chassis was built in order to maximize the
compactness of the device. Tissue tubes
pressurization tests showed their limited
mechanical properties. Therefore, during
dynamic culture experiments samples were
conditioned leaving the stacking silicone tube in
the lumen of these constructs. The effects of this
stimulation showed a small increase in wall
thickness, in cell alignment and collagen
deposition as well as a decrease on cellular
density. However, what was done in this thesis
work represents a preliminary study in which
Tissue Tubes were pressurized and conditioned
with a cyclic stimulation for the first time.
Therefore, the results obtained can be a

promising starting point for future studies.

Future developments may involve upscaling the
bioreactor in order to culture multiple samples
at a time. In addition, the electronic control unit
could be modified in order to connect with
smartphones and tablet via Bluetooth. For what
concerns Tissue Tubes, it will be fundamental
to perform more experiments as well as
quantitative analyses to validate the results
obtained. Furthermore, using primary human
SMCs may give more evident results. Finally
optimizing the culture protocol will be a crucial
step in order to perform dynamic culture of
Tissue Tubes involving both luminal flow and

pressure.
BIBLIOGRAPHY

[1] W. H. O. "Cardiovascular diseases
(CVDs)." https://lwww.who.int/news-
room/fact-sheets/detail/cardiovascular-

diseases-(cvds) (accessed.

[2] J. E. Hall, Guyton and Hall Textbook
of Medical Physiology. Elsevier, 2015.

[3] Song H.G., Rumma R.T., Ozaki C.K.,
Edelman E.R., and Chen C.S., "Vascular
Tissue Engineering: Progress, Challenges, and
Clinical Promise," Cell stem cell, vol. 22, no.
3, 03/01/2018 2018, doi:
10.1016/j.stem.2018.02.009.

[4] Martin |, Wendt D, and Heberer M,
"The Role of Bioreactors in Tissue
Engineering," Trends in biotechnology, vol.
22, no. 2, Feb 2004 2004, doi:
10.1016/j.tibtech.2003.12.001.

XIX



[5] Strobel H.A., Hookway T.A., Piola
M., Fiore G.B., Soncini M., Alsberg E., Rolle
M.W., "Assembly of Tissue-Engineered Blood
Vessels With Spatially Controlled
Heterogeneities," Tissue engineering. Part A,
vol. 24, no. 19-20, Oct 2018 2018, doi:
10.1089/ten. TEA.2017.0492.

[6] Piola M., Ruiter M., Vismara
R.,Mastrullo V., Agrifoglio M., Zanobini M.,
Pesce M., Soncini M., Fiore GB, "Full
Mimicking of Coronary Hemodynamics for
Ex-Vivo Stimulation of Human Saphenous
Veins," Annals of biomedical engineering, vol.
45, no. 4, 2017 Apr 2017, doi:
10.1007/s10439-016-1747-7.

[7] Xu Z.C.; Zhang W.J.; Li H.; Cui L.; Cen
L.; Zhou G.D.; Liu W.; Cao Y., "Engineering
of an Elastic Large Muscular Vessel Wall With
Pulsatile Stimulation in Bioreactor,"”
Biomaterials, 2008.

XX



INDEX

(] (o= (U USRS PUUUPPPPPPPPPP 3
R 10N i o To [N ot i o 1 WU OO PP PP P PPPPPPPPPOt 5
1.1 CardioVasCUIAr SYSTEM ....uuuuiiiiiiiiieiii s 5
1.2 Circulation iN bloOd VESSEIS.........ueiiiiiiiiiiieeeeee et e e e 6
1.3 BlOOT VESSEIS ....veeeeiieeeeiettt ettt ettt e e s ettt e e e e e s et e e e e e e s s abraeeeeeeeeeaanes 8
14 CardiovasCUlar dISEASES ......evvuueiiiiiiiee e ettt e ettt e e e ettt e e e e s s br et e e e e e e s aabbeeees 10
1.5 Tissue engineered blood VESSEIS .......ccoovviiiiiiiiii 11
1.6 Role of bioreactors in tissue enNgiNeering .......covvviiiiiii 13

2 StAte Of the AT e s s 16
2.1 Examples of tissue engineered blood vessels.........ccccccoiiiii 17
2.2 Bioreactors for tissue engineered blood vessels...........ccccciiii 24
2.3 Literature analysis ... 37

3 Materials and METhOAS ......ccooiiiiiiiee e e e 39
Materials and MethOodS OVEIVIEW .......ccovvuiiiiiiiiiiieeeee e st 39
3.1 Bioreactor design specifications........cccceeiiiii 39
3.2 Manufacturing process of the tunable pulsatile bioreactor..........................l 42
3.2.1 Hydraulic CIrCUIt ... 42
3.2.2 Tunable hydraulic resistances ........ccccceeeeeeiiieee 47
3.2.3 Electronic control unit of the tunable pulsatile bioreactor.........................l 50
3.24 BiOr@aCtOr ChaSSiS ..veeeieiiiie ittt ettt e e s e s e e 59

3.3 BIOr@aCtOr tESTS coiiviiiiiiiiiiiii 62
3.3.1 Resistance characterization..........c.eeeiiiiiiieiiiiiie e 62
3.3.2 Test With SiliCON@ tUDE ...co.eeiiiiieee e 63
3.3.3 Test with segments of porcine coronary arteries.........ccccceeeiiiiiiii, 64

3.4 Tissue Tubes ManUfacturing ........oooooeeeiiii i 66
34.1 CUIEUIE MEAIUM ettt e e s e s s e e e sares 67
3.4.2 Thawing and expansion of cells...........ooooeiiiiii 68
3.4.3 Agarose molds production ..o 68
3.4.4 SEEAING MOIAS ..uveeiiiiiiiiii e nan 69
3.4.5 PCL cuffs production .........ccoooiiiiiiii 70
3.4.6 Stacking cellular rings to form TissUE TUDES .........uuuuuuuiiiiiiccce e 71

3.5 TiSSUE tUDES TESTS ..ueeeieiiiiieee ettt ettt e e sttt e e s st e e e s ee e e s e e e e 73



00 N O Ou»

3.5.1 Preliminary TESES v, 73

3.5.2 Culture of Tissue Tubes under dynamic conditions.........ccceeeieeeiiiiiiiiiiiiiiiceece e 76
3.5.3 Analyses on cultured Tissue TUDES .....coeeveiiiiiiii 83
RESUIES @Nd diSCUSSION ....eeiiiiiiiiiiiiiiieie ettt e et e e e e e ettt e e e e e s sabbr e et e e e e e e s s sasneeeees 87
4.1 Bioreactor prototyping and preliminary tests........ccccceiiiiiiii, 88
4.1.1 Resistance characterization.........ooccuuuiiiiiiiiie i e 89
4.1.2 Verification of the electric equivalent of the hydraulic circuit..........................l 90
4.1.3 Verification of the electronic control unit test..........cccuviieiiiiiiiniiiii e 91
4.1.4 Tests with silicone tube as vessel model..........ccoocveiiiiiiiiiii e 91
4.1.5 Tests with segments of porcine coronary arteries as vessel model ............................ 95
4.2 Preliminary test and culture of Tissue Tubes under dynamic conditions............................. 97
42.1 Tissue Tubes: pressurization tests .......ccceeeeeeiii i 97
4.2.2 Silicone stretch MeasuremMENTSs .......cc.veiiiiiiiiii e 100
4.2.3 Dynamic culture eXperiments ..., 102
4.2.4 Thickness MEASUIEMENTS ......cciiiiiiiieiiiiiee ettt e s e s e e 105
4.2.5 HiStOlOgY . ci i 106
4.2.6 Cell density measurements from DAPI iMages. ........uuuuuuuuuiiiiiiiiiiiieececee e 113
Conclusion and future deVeloOPMENTS ........ueviiiiiiiiiiiiiiieieeeeereeeeeee e e reeareeerrerreereerrrrrrarrraee 116
ACKNOWIEAGMENTS....euuiiiiiiiiitiitii e naan 120
BibliOgrapny ..o 121
0 0= 3 VoL 125



PROLOGUE

Nowadays cardiovascular diseases represent the main cause of death in the world. Therefore,
scientific research is putting more and more attention in the developing of tissue engineered
blood vessels (TEBVS) since they represent a powerful tool both to treat (as grafts) and study
(as disease models) cardiovascular diseases. Tissue engineered blood vessels are made up by
cells and their products and in many cases also by a scaffolding structure. Hence, specific
culture devices, called bioreactors, are required to culture TEBVs in a controlled and monitored

environment.

This thesis work is part of a collaboration between Laboratorio di Micro e Biofluidodinamica
Sperimentale (uBSLab), Dipartimento di Elettronica, Informazione e Bioingegneria (DEIB),
Politecnico di Milano and Rolle Lab, Department of Biomedical Engineering, Worcester
Polytechnic Institute. This collaboration started in 2016 when the bioreactor developed by Piola
et al. [1] (from uBSLab) was adapted to culture the Tissue Tubes described in the work of
Strobel et al. [2] (from Rolle lab). Tissue Tubes are scaffold-free TEBVs composed only by
cells and their extracellular matrix and they have been developed mainly to be used as
cardiovascular disease models. These cellular constructs were mounted on the bioreactor and
cultured with a luminal flow of 35 ml/min and no pressure. The goal of that experiment was,
primarily, to demonstrate that Tissue Tubes could be dynamically cultured in a bioreactor. In
order to have a more accurate vascular model it is essential to reduce the gap between the
mechanical and structural properties of a native human vessel and the ones of a Tissue Tube.
To enhance Tissue Tubes mechanical performances an interesting option it is to culture these
constructs under dynamic physical conditions, mimicking the mechanical stimulations which a

human blood vessel is subjected to, such as pulsatile pressure.

Therefore, the aim of this thesis work is to develop an easy to use bioreactor capable of
generating a tunable pulsatile pressure and exploit it to culture Tissue Tubes. Considering that
no experiment involving luminal pressure on Tissue Tubes was performed before this thesis, it
was fundamental that the stimulation of the bioreactor could be adjusted in order to fit the initial

very low mechanical properties of the sample.



Hence, during this work, the complete development process of a bioreactor should be followed
(from design to testing). The bioreactor must give the possibility to regulate the minimum and
the maximum pressure. It should be equipped with an electronic control unit that interfaces with
the sensors and the actuators. A supporting structure should be built in order to give
compactness to the system. At that point, tests should be performed to verify that all the

specifications were met.

Once the bioreactor is completed and tested, Tissue Tubes should be cultured and tested in order
to understand if it is possible to pressurize them, and to measure their burst pressure in order to

define a proper culture protocol.

Consequently, the bioreactor should be used to culture and condition Tissue Tubes with a cyclic
mechanical stimulation. Finally, analyses should be performed in order to study the effects of

the stimulation generated.



1 INTRODUCTION

This chapter begins with a brief description of the cardiovascular system and the hemodynamics
present in vein and arteries. Then, the structure of blood vessels will be described, focusing on
the cell types and the proteins present in each layer. Afterwards, cardiovascular diseases will
be introduced in order to complete the clinical background of this thesis.

Tissue engineered blood vessels (TEBVs) will be presented as a promising strategy both to treat
and study cardiovascular diseases. While their application as grafts for bypass surgery is still
very limited, TEBVs are currently used as in vitro disease models. The role of disease models
is to study the biological mechanisms related to a specific pathology, as well as to test new
therapeutic products and diagnostic systems. Due to their complexity, TEBVs need specific
devices to be cultured: the bioreactors. Therefore, bioreactors will be presented as culture
systems to culture and mechanically stimulate TEBVs in a controlled and monitored

environment.

1.1 CARDIOVASCULAR SYSTEM

The cardiovascular system is a group of organs involved in the transport of nutrients, oxygen,
carbon dioxide and blood cells, and in the removal of metabolism waste products through the
blood flow. The heart, composed by two ventriculi and two atria, acts as a pump, making the
blood circulate through a complex network of vessels. Blood vessels can be divided in two main
categories: arteries, in which the blood flows from heart to periphery, and veins, in which blood
is directed from periphery to heart. As shown in Figure 1.1, blood circulation can be divided in
pulmonary circulation and systemic circulation. In the former, deoxygenated blood is brought
to lungs where it is supplied with oxygen, while, in the latter, the blood is pumped across the
body in order to provide oxygen and nutrients to the tissues. The flow generated by the hearth
is unidirectional thanks to a system of valves located between each atrium and the
corresponding ventriculus and at the exit of each ventriculus. In addition, the pumping action
is not continuous but pulsatile, since the ventriculi cyclically contract (systole) and relax
(diastole) [3].
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Figure 1.1: The cardiovascular system. Blood, oxygen and nutrients are transported across the entire organism
thanks to the pumping action of the heart through a system of blood vessels. In the pulmonary circulation,
deoxygenated blood is supplied with oxygen. In the systemic circulation oxygenated blood is conveyed to the

rest of the tissues.

1.2 CIRCULATION IN BLOOD VESSELS

According to type and position in the body, blood vessels are subjected to different
hemodynamic conditions. In arteries, pressure is pulsatile, oscillating between a systolic
(maximum) and diastolic (minimum) pressure. In physiological conditions, systolic and
diastolic pressure in arteries do not differ much, respectively, from 120 and 80 mmHg, even in
arteries with different diameters, as shown in Figure 1.2. Pressure in veins is not pulsatile and
goes from around 15 mmHg in venules (vessels conveying venous blood after capillaries) to

almost 0 mmHg in the vena cava [4].
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Figure 1.2:Blood pressure in arteries and veins. Excluding arterioles, blood pressure is pulsatile and tends to
oscillate between 120 mmHg (systolic pressure) and 80 mmHg (diastolic pressure). In veins pressure is no more

pulsatile and goes from 15 mmHg to OmmHg in the vena cava. Image taken from [4].

On the opposite, flow rate greatly varies in arteries since it depends on the dimension of the
vessel. As shown in Figure 1.3 the mean flow rate in abdominal aorta is around 40 ml/s, while,
in the iliac artery is around 5 ml/s. In addition, in the coronary arteries, flow rate is pulsatile
and is in counterphase respect to pressure. In the other vessel, the pulses in flow rate waveform

is dampened, thanks to the distention of the aorta.
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Figure 1.3: Flow rate in the abdominal aorta (right) and iliac artery (left). The first has a mean value of 40
ml/min while the second has a mean value of 10 ml/min, demonstrating how flow rate change in different

arteries. Image taken from [5].



1.3 BLOOD VESSELS

Avrteries and veins share the same tissue organization, which consists of three layers: tunica

intima, tunica medium and tunica adventitia.

The endothelium is the most internal layer and it is part of tunica intima. The endothelium is a
monolayer of endothelial cells, that creates a barrier between the blood flow and the rest of the
vessel tissue. Hence, endothelial cells are the only cell type of blood vessels constantly
subjected both to shear stress, due to blood flow, and cyclic strain, due to transmural pressure.
In larger arteries there is a further layer belonging to the tunica intima which is the internal
elastic lamina. In the internal elastic lamina, there are almost no cells and it is mainly composed

by elastic fibers (elastin) [6].

The tunica media is made up by a layer of smooth muscle cells (SMCs) and, in larger arteries,
a second layer of elastic fibers (external elastic lamina). SMCs are elongated mononucleated
cells capable of producing collagen, elastic fibers and contractile proteins, such as actin and
myosin. SMCs in this layer are aligned in the circumferential direction and can contract, or
relax, depending on the pressure or the volume of blood present. In some cases, like in the
saphenous vein, the SMCs present in the external region of the vessel are aligned in longitudinal
direction. The extracellular matrix produced by SMCs has a different composition in arteries
and veins: in arteries there is a predominance of elastic proteins while in veins there is major
quantity of collagenous proteins. The thickness of this layer is bigger in arteries compared to
veins, since arteries must resist to higher pressures. In addition, the contractile cells of this layer

can support the pumping action of the heart.

The tunica adventitia is the external layer and it is mainly made of collagen and elastic fibers.
In this layer there are also adventitial cells (including different cell types like fibroblasts and
cells of the immune system), nervous terminations and vasa vasorum, smaller vessel in charge
of bringing nutrients to the cells present in the outer layers. In veins there are also few muscular
fibers present in this layer. In addition, veins, are equipped with valves, preventing back flows
of blood. Furthermore, this kind of blood vessels has a high vascular compliance, making them

a fundamental blood reservoir [3].



In order to study and observe the different layers of a blood vessel, histological stains are used.
According to the satin, a specific molecule or cellular component is colored differently. Hence,
layers with different cell types or composition of the extracellular matrix will result colored in
a different way. Some examples of histological stains for blood vessels are: Hematoxylin &
Eosin (H&E), Masson trichrome (MT) and Picrosirius Red (PR). H&E is one of the most used
stains in histology. It colors the nuclei in purple, and the counterstain is pink. The Masson
Trichrome stain colors cell nuclei in black, collagen in blue or green and muscle fibers in red.
PR, instead, stains all types of collagen in red and non-collagenous proteins (in this case mostly
intracellular proteins) in blue. An example of H&E staining of a blood vessel wall is reported

in Figure 1.4.
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Figure 1.4: Hematoxylin and Eosin stain of an artery with the three layers (tunica intima, tunica media and tunica
adventitia) easily recognizable. The internal elastic lamina, close to the tunica intima, appears as a rippled band.
The external elastic lamina is located between the SMCs layer and the tunica adventitia. This stain is one of the

most common, coloring the cell nuclei in purple and the extracellular matrix in pink. Image taken from [7].



1.4 CARDIOVASCULAR DISEASES

Scientific research has always put a great effort in order treat cardiovascular diseases, since
they represent the major causes of death in the world [8]. Cardiovascular diseases (CVDs)
include all the pathologies related to heart and blood vessels. According to the region afflicted,
CVDs can be divided in coronary heart diseases, cerebrovascular diseases, peripheral arterial
diseases, rheumatic heart diseases, congenital heart disease and deep vein thrombosis. The most
common cause of coronary heart diseases and cerebrovascular diseases is the formation of a
cholesterol deposit that reduces the blood supply respectively to heart and brain [8]. When it is
possible, a surgical intervention is performed to remove (angioplasty) or bypass the occlusion.
In the first case, a catheter is inserted in the vascular system form a peripheral vessel and guided
to the point of occlusion. The catheter is equipped with a balloon and a stent, which is a metallic
extendable grid. When the catheter is in the correct position, the balloon is inflated, expanding
the stent, Figure 1.5. The balloon dilatates the lumen and partially breaks the plaque, while the

stent prevents the lumen from occluding again.

Figure 1.5: The action of a stent on an obstructed blood vessel. At first the catheter is brought to the occlusion (A),

then the balloon is inflated, extending the stent around it (B).

The bypass technigue involves the use of a graft, a peripheral blood vessel anastomosed before
and after the occlusion to restore the blood flow. Generally, a segment a peripheral blood vessel
of the patient is used as graft. Bypass can be both arterial and venous: usually, the mammalian
artery and the saphenous vein are used to perform bypass. Otherwise, synthetic polymer-based
blood vessel can also be used as grafts. Although these two techniques are largely and

successfully used, in both cases the vessel wall results damaged, in one case by the anastomoses
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and in the other by the stent [9]. The response of the tissue to the damage consists in a
subendothelial proliferation of SMCs, called intima hyperplasia. SMCs migrate in the tunica
intima and start proliferating, Figure 1.6. The vessel wall thickens, and the lumen progressively
reduces. This process can lead to thrombosis and occlusion of the vessel. In addition, is also
exposing a venous segment to arterial hemodynamics can cause intima hyperplasia and, in some

cases, the failure of the graft [10].
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Figure 1.6: Representation of the lumen occlusion due to intima hyperplasia. The SMCs of the tunica media

migrate in the tunica intima and start proliferating, progressively occluding the lumen. Adapted from [11].

1.5 TISSUE ENGINEERED BLOOD VESSELS

Synthetic polymer-based blood vessels were introduced in the 50s as an alternative to
autologous grafts in order to avoid the morbidity of this technique. Anyway, synthetic blood
vessels also showed several limitations such as susceptibility to infections and low patency rate
when used to replace small diameter vessels (< 6mm). To overcome these criticalities, the
research started to focus on tissue-engineered blood vessels (TEBVS). TEBVs involve the use
of cells and their products that can be possibly supported by a scaffolding structure. TEBVS
permit to achieve a structure closer to native vessels compared to completely synthetic grafts.
Therefore, many TEBVs were designed to recreate the multilayered composition of veins and
arteries. However, the use of TEBVs as graft is, nowadays, still very limited and only few
projects reached the phase of experimentation on humans [12]. The main limitations of this

strategy generally consist in lower mechanical properties, compared to synthetic or native
11



vessels, and in the post-implant response of the host, which could result in inflammation,
thrombosis and graft failure A scheme of a general process to obtain TEBVS is reported in
Figure 1.7.

Cell source Bioreactor culture

Cell seeded n Implantable
_» and mechanical TEBY

scaffold . .
’ stimulation
Scaffold

Figure 1.7: schematization of the process to obtain TEBVs. Cell seeded scaffolds are conditioned in bioreactor in

order to mature and increase the mechanical characteristics of the vascular constructs.

While their use as vascular graft is still limited, TEBVs are currently used as in vitro disease
models. Disease models consist in cells or tissue cultured with physical and chemical
stimulations similar to the ones present in a certain pathological condition. The role of disease
models is fundamental in order to study the biological mechanism related to a pathology and to
test new therapies or diagnostic systems. Thanks to their biomimicry, TEBVs can represent an

accurate model of vascular diseases [13].

The importance of more reliable in vitro models is crucial for the entire process of approval of
new therapeutic products since the in vitro experimentation represent the first step. Hence,
before being administered to patients, any new therapeutic product must undergo a long
approval process. After being tested first on cells, microorganism and tissues (in vitro), new
therapeutic products are tested on living animals (in vivo) [14]. Only if the data collected during
these stages are positive, the therapeutic product can be tested on human (clinical trial).
Therefore, having more accurate in vitro models is fundamental to optimize the approval
process both in terms of time and in terms of welfare of people and animal tested. As a matter
of fact, in the recent years, many regulatory authorities started to adopt a set of principles known
as “Three Rs” (standing for Replacement, Reduction and Refinement), aiming to regulate the

procedures for in vivo studies and to improve quality of life for animals in science [15].
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In vitro tissue models can vary from simple two-dimensional cell cultures to more complex
three-dimensional constructs. Specifically, different kinds of TEBVs are currently being
developed and tested as models of cardiovascular diseases. For example, a TEBV with SMCs,
derived from induced-pluripotency stem cells, embedded in a collagen gel was used to study
Hutchinson-Gilford Progeria Syndrome, a rare aging vessels disorder [16]. In addition, other
studies defined TEBVs as a promising strategy to study drug-induced vascular injuries [17].
Furthermore, scaffold-free TEBVs, obtained from aggregates of SMCs, are currently being

developed to model intima hyperplasia [2].

1.6 ROLE OF BIOREACTORS IN TISSUE ENGINEERING

Considering the complexity of TEBVS, specific devices, called bioreactors, are needed in order
to create the proper culture environment for TEBVs. Bioreactors are generally defined as
devices in which biological and biochemical processes occur under controlled and monitored
conditions. In other words, bioreactors permit to modulate the stimuli given to the biological
sample in a reproducible way. Therefore, chemical and physical environmental factors such as
temperature, pH, pressure and mass transport can be monitored and controlled by bioreactors,
according to their design specifications, as schematized in Figure 1.8. These parameters are
fundamental both in maintaining the viability of biological samples and in generating a
mechanical stimulation, which mimics physiological or pathological conditions. Mechanical
stimulation is particularly important with more complex in vitro models such as tridimensional
tissue engineered constructs, rather than bidimensional cell cultures. In addition, exposing a
biological tissue to the proper mechanical stimulation enhances its mechanical and structural

properties. Therefore, bioreactors proved to be essential tools for tissue engineering [18].

Automation plays a crucial role in order to reduce human errors caused by the operator and to
simplify and quicken data acquisition processes. Several bioreactors are equipped with
automatic medium exchange systems or sensors measuring physical (pressure, flow rate,

deformation) or chemical parameters (concentration of oxygen, carbon dioxide, pH).

Bioreactors for TEBVs are generally made up of a culture chamber, where the sample is hosted,
designed to have intraluminal and external circulation of medium provided by a pumping

13



system and a hydraulic circuit of silicone tubes. Several bioreactors are equipped with
mechanical actuators in order to provide pulsatile pressure to the TEBV hosted in the culture
chamber. In this case, most of the culture systems are designed to replicate physiological
pressure conditions with oscillations between 80 and 120 mmHg. This kind of stimulation is
suitable for explanted native samples, like saphenous vein grafts or arteries, or TEBVs owning
a mechanical support, like scaffold seeded with cells. Stimulations with a lower amplitude are
required in case of scaffold free or non-mature TEBVS since physiologic pressure values could
bring to mechanical failure. Scaffold free TEBV usually consists in rolled cell sheets or cellular
aggregates. In both cases the extracellular matrix produced by the cells is not comparable to the
one of native vessel. The quantity and the organization of structural proteins, such as collagen,
may be absent or insufficient quantity to withstand a physiological stimulation. Therefore, a
hypo-physiological and progressive stimulation can represent a valid strategy in order to guide

the maturation of the tissue and build a more resistant matrix.
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Figure 1.8: Schematization of bioreactors role in the manufacture of an engineered tissue. Bioreactors create an
environment where physical and chemical parameter are controlled and can be monitored. The chemical and
mechanical stimulations given to the sample are fundamental to stimulate cells and guide the maturation of the
tissue. Image from [19].
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In conclusion, TEBVs represent a promising future alternative to autologous graft and they are
currently used as models to study pathological or physiological mechanisms, as well as to test
new drugs. Bioreactors are fundamental devices to culture, stimulate and mature TEBVs in a
controlled environment. In particular, it is fundamental to recreate a pulsatile stimulation in
order to mimic the hemodynamic condition of human blood vessel. Therefore, in the next
chapter, some of the most relevant examples of TEBVs and pulsatile bioreactors will be

presented.
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2 STATE OF THE ART

Continuing the collaboration between uBS Lab and Rolle Lab, started in 2016, the aim of this
thesis is to develop a simple bioreactor capable of generating a tunable pulsatile pressure and
use it to culture Tissue Tubes.

Some of the most important works present in literature regarding TEBVs cultured with a
pulsatile pressure will be examined in this chapter. The purpose of this analysis is to identify a
possible culture protocol to apply to Tissue Tubes and to understand which are the most
appropriate analyses to be performed at the end of the dynamic culture. The manufacturing
techniques and the culture protocol related to each scaffold will be, then, summarized in a table

at the end of the paragraph.

Afterwards, some of the most relevant examples of pulsatile bioreactors for TEBVs will be
analyzed in this chapter focusing on their versatility, cost and compactness. Since Tissue Tubes
are non-mature and scaffold-free cellular construct, their mechanical strength is significantly
lower than that of human arteries or veins. Furthermore, there are no previous studies involving
culture of Tissue Tubes under pressure stimulation. So, versatility (meaning the ability of the
system to work at different pressures and flow rates) is a fundamental characteristic of the
bioreactor designed in this study, since the mechanical stimulation generate must be adjusted,
considering the initial mechanical properties of the Tissue Tubes. Nonetheless, since this work
represent a preliminary study, the bioreactor should avoid the implementation of too expansive
components. The limited cost is also fundamental in case of a future scale-up of the bioreactor.
Lastly, the bioreactor should have a limited hindrance in order to be easily used in external cell
culture lab and be transported. A table at the end of the paragraph will sum up the main

advantage and the main limitation for each strategy.
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2.1 EXAMPLES OF TISSUE ENGINEERED BLOOD VESSELS

TEBVs are vascular constructs made up of cells and their matrix and, in most cases, a
scaffolding structure. The scaffold generally consists of polymers of synthetic or natural origin
or decellularized matrices. TEBVSs are usually cultured in bioreactors in order to promote the
maturation of the tissue and the integration between cells and the scaffold. This strategy is called
in vitro maturation. Other strategies (in situ) consist in a direct implantation of the scaffold,
which will be colonized by the cells of the patient. The main advantages of this solution are that
the scaffold can be manufactured before and no maturation time is required, since the body
itself is used as a bioreactor. Considering the nature of this thesis work, only TEBVS matured
in vitro will be considered. In this paragraph several examples of TEBVs will be presented,
focusing on the manufacturing process, the culture protocol and the analyses performed after
the culture.

In 1998 Nicolas L’Heureux et al. [20] developed one of the first completely biological TEBVSs.
This cellular construct was made up by three different cell types: human umbilical cord
endothelial cells, smooth muscle cells and fibroblasts. The first layer consisted of an acellular
membrane obtained by dehydrating a fibroblast sheet. Afterwards, a cell sheet of SMCs was
rolled around it. Following a week of maturation, a further sheet of fibroblasts was placed
around the construct to provide an adventitial layer. After 8 weeks of maturation the construct
was finally cannulated in a bioreactor for endothelization. The overall production time consisted
of 3 months and the resulting TEBV is shown in Figure 2.1. The results obtained after
mechanical tests pointed out the high mechanical strength of this construct: burst pressure of
around 2300 mmHg, even higher than human saphenous veins (around 1700 mmHg). Despite
these encouraging results, a production time of 3 months represents a significant limitation of

this strategy.
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Figure 2.1: Completely biological scaffolds developed by L'Heureux et al. This TEBV does not have a synthetic
polymeric scaffold but it is composed by cell sheets rolled one around the other. The composition of each layer
was designed to mimic the structure of an artery. The inner layer is composed by endothelial cells on a dehydrated
fibroblast sheet. This layer is surrounded by a second sheet of SMC, and a final external layer of fibroblasts. Image
from [20] .

A complex TEBV was developed by Iwasaki and colleagues in 2008 [21]. It consisted of a
multi-layer construct made up of coaxial conical scaffold seeded with different cell types
obtained from calf aortas. A PGA sheet was seeded with SMCs, wrapped around a silicone tube
and incubated for three days. After that, a second sheet of PCL was overwrapped on the PGA
tube and incubated for other 21 days. At this point, a further layer of PGA seeded with fibroblast
was overwrapped on the incubated cylindrical tissue and cultured for two days. Afterwards, the
silicone tube was, finally, removed and the tubular construct was mounted in a specific chamber
in order to seed the lumen with endothelial cells. The chamber was put on a shaker for two days
to provide a homogenous seeding. The entire process is schematized in Figure 2.2. The
cellularized scaffold was, then, mounted inside a pulsatile bioreactor and cultured dynamically
for 14 days. The entire culture phase was divided into 5 periods, increasing progressively
pulsatile pressure and flow rate: form a starting condition of mean flow rate of 0.2 I/min and
pulsatile pressure of 15/40 mmHg to a final stimulation of mean flow rate of 0.6 I/min and
pulsatile pressure of 80/120 mmHg. Histological analyses showed the presence of a thick
muscle layer, traces of PCL and a layer of endothelial cells in the luminal region. In addition,
Scanning Electron Microscopy (SEM) images showed endothelial cells well spread all over the

lumen and organized along the flow direction. Results from mechanical tests showed no
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significant difference in terms of ultimate tensile strength of dynamically cultured TEVBs when

compared to a native artery (respectively 827 and 882 kPa).

PGA + SMCs

Silicone tube

Pelyglyeolic acd

Polyeaprolactone

Figure 2.2: Schematization of the manufacturing procedure of the TEBVs developed by Iwasaki et al. The
peculiarity of this TEBV is the multilayer organization: an internal layer of endothelial cells is surrounded by a
cylindrical PGA scaffold seeded with SMCs. Around it, there is a further cylindrical scaffold made of PCL and
an external layer of PGA seeded with fibroblasts. The PGA and PCL sheets are present on the left. Image taken
from [21].

In 2012 Park et al. [22] presented a TEBV obtained by seeding a mixture of type I collagen and
rabbit SMC on an electrospun cylindrical PLCL scaffold. The cellularized scaffold was cultured
for two weeks in static conditions before being mounted on a bioreactor. In some samples a
suspension of endothelial cells was poured in the lumen in order to form an internal endothelial
layer. These TEBVs were, then, cultured in a pulsatile bioreactor, for additional five weeks,
with a mean pressure of 25 mmHg and a mean flow rate of 130 ml/min resulting in a radial
distention of 5%. Results showed that seeding SMC in suspension with collagen and culturing

the sample dynamically increased the content of elastin in the sample.

In 2013, Mun and her colleagues [23] developed a TEBV that consisted of an electrospun
poly(L-lactide-co-e-caprolactone) (PLCL) sheet seeded with rabbit SMCs. Once the PLCL
sheet was seeded with cells, it was rolled around a 4 mm diameter mandrel and a fibrin gel was
used to bind the two extremities of the cylinder together, as shown in Figure 2.3. The scaffold
was cultured in static condition for two weeks and then, was mounted in a pulsatile bioreactor
and cultured for additional two weeks. During the dynamic culture, flow rate and pressure were

gradually increased from 30 ml/min and 16 mmHg (static pressure for the first week) to 120
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ml/min and 80/120 mmHg during the second week. Immunofluorescence analyses showed
presence of smooth muscle actin and mechanical test pointed out a statistically significant
increase of burst pressure of dynamically cultured vessels (1300 mmHg) compared to the
statically cultured control group (800 mmHg).

1 0timues rolled s

Figure 2.3: Scheme of the manufacturing process of the TEBV produced by Mun et al. SMCs were seeded on
PLCL sheets (left) that were rolled ten times in order to obtain a cylindrical construct (right). The constructs

obtained had an internal diameter of 4mm and a length of 6¢cm. Image adapted from [23].

A TEBYV consisting in a cylindrical scaffolds seeded with SMCs was developed by Huang and
her colleagues in 2015 [24]. A degradable sheet of polyglycolic acid (PGA) mesh was folded
and sutured in order to obtain a tubular structure. Two Dacron cuffs were, then, sutured at the
edges of the scaffold and, afterwards, a silicone tube was cannulated in the lumen of the
scaffold. The silicone tube was connected to the bioreactor and cyclically pressurized in order
to apply a circumferential stretch to the sample around it. A Bovine SMCs suspension was
dripped onto the PGA scaffold until it was completely absorbed, Figure 2.4. Scaffolds were
cultured statically for two weeks before applying pulsatile luminal pressure for additional
eleven weeks at a pressure range of 300 to -30 mmHg. The maximum pressure of 300 mmHg
produced a circumferential distension of 1.5-2% of the luminal silicone tube. Results showed a
higher expression of elastin and a higher suture retention of dynamic cultured samples when
compared to the static controls. In addition, dynamically cultured samples showed a higher

retraction once removed from the bioreactor, suggesting the presence of contractile proteins.
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This outcome pointed out that pulsatile stimulation is crucial in maintaining SMCs in a
contractile phenotype.

Figure 2.4: PGA scaffolds seeded with SMCs developed by Huang et al. A silicone tube, present in the lumen of
the constructs, was pressurized to stretch the TEBVs, with a circumferential distension of 1.5-2%. On the left a

static control is present (A) while a dynamic sample is present on the right (B). Adapted from [24].

In 2018 Hanna Strobel and her colleagues developed a method to fabricate self-assembled
cellular vascular constructs [2], continuing what was presented in two previous works [25],
[26]. Human smooth muscle cells were seeded into custom made agarose wells which had a
cylindrical pillar in the center, in order to obtain self-assembled SMCs rings. After 3 days of
static culture, rings were harvested and stacked together on a silicone tube in order to make
them fuse and obtain a tubular structure. The modularity of this construct permitted to obtain
tubes with localized heterogeneities. Gelatin microspheres could be also incorporated in one or
more rings in order to create regions with different properties or different concentration of a

specific molecule, as reported in Figure 2.5.
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Figure 2.5: A Tissue Tube developed by Strobel et al. This TEBV has no scaffold and it is entirely made up of
cells and their own extracellular matrix. Tissue Tues are composed by ring cellular aggregates fused together. Two
PCL cuffs are placed at each end in order to facilitate the mounting procedure on the bioreactor. In addition, gelatin
microspheres (MS) were incorporated in the central region of the construct. Image from [2].

In order to facilitate the mounting procedure on the bioreactor, an electrospun polycaprolactone
cuff was placed on each extremity of the constructs. Therefore, cells of the contiguous rings
migrated on the cuffs, integrating with the rest of the tissue.

The experiment performed by Strobel et al. in 2018 was in collaboration with Laboratorio di
Micro e Biofluidodinamica Sperimentale (uBSLab), Politecnico di Milano. The bioreactor used
to perfuse Tissue Tubes was adapted from a previous device, used to culture venous grafts under
coronary hemodynamic conditions [1]. The culture chamber consisted in a custom-made vessel

housing contained in a 15ml conical tube.

The constructs were, then, subjected to a luminal flow rate of 35 ml/min and approximately no
internal pressure for an additional 7 days. Compared to other TEBVS, Tissue Tubes are made
up only by cells and their endogenous extracellular matrix, without any kind of scaffold. This
means that cells are directly stimulated, when mechanically conditioned, since there is no
scaffold dampening the mechanical stimulation. Furthermore, the culture time needed to obtain
these constructs is very limited respect to similar TEBVS. In addition, results demonstrated that
Tissue Tubes could be cannulated and dynamically cultured in a bioreactor. However, the

exposure of the lumen to shear stress reduced the number of nuclei in that region.

The following table (Table 2.1) summarizes the different TEBVs and the culture protocols

adopted in the previously presented works.
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First
Author

and year

Cells
(EVE)

Static
culture
Time

Dynamic
Culture
Time

Pressure

Flow Rate

Hauang PGA Bovine lweek |11 -30/300 mmHg
2015 scaffold SMC weeks
Iwasaki Multilayer Bovine: 1 month | 2weeks | DAY P [mmHg] DAY  Q(mean) [I/min]
2008 PGA and SMC(EXT), 1-2 15-40 1-2 0.2
PCL scaffold | fibroblast 3-5 20-60 3-5 0.3
(MID), 6-8 40-80 6-8 0.4
endothelial 9-11  60-100 9-11 05
cells (INT) 12-14 80-120 12-14 0.6
Mun 2013 Electrospun | SMC from 2 weeks | 2weeks | DAY P [mmHg] DAY Q(mean)[ml/min]
PLCL rabbit aorta 1 16 1 30
covered with 7 25 7 80
collagen 8 50-60 8 80
9- 80-120 9- 120
Park 2012 Cellsin SMC from 2 weeks | 5weeks | 25 [mmHg] 130 ml/min
collagen rabbit aorta 5% radial def.
solution in
PLCL
scaffold
L’Heureux Cell sheets Human: 3
1998 SMC(EXT), | months
fibroblast
(MID),
endothelial
cells (INT)
Strobel Self- Human 10 days | 1 week No pressure 35 mi/min
2018 assembled SMC
cells rings
fused
together

Table 2.1: Summary of the TEBVs presented. The table contains few information about the TEBVS, such as the

kind of sample (related to the manufacturing technique) and the cell type. The table also contains the protocol

adopted for the dynamic culture of each TEBVs. For multilayered construct, the third column indicates the cell

type and the related layer in brackets. The last two columns describe the culture protocol adopted in the articles

presented previously. In case of protocols that changes during the culture period the last two columns also indicate

the values of pressure and flow rate (right) for each day of culture (left).
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2.2 BIOREACTORS FOR TISSUE ENGINEERED BLOOD VESSELS

As described in the previous chapter, bioreactors represent a fundamental tool to culture
TEBVs. In order to recreate hemodynamic conditions similar to the one present in the human
body, several bioreactors for TEBVs generate a pulsatile pressure. Considering the aim of this
project, some representative examples of pulsatile bioreactors for TEBVs are analyzed in this
paragraph, focusing on their versatility, implementation and cost.

In 2002 Thompson et al. [27] developed a bioreactor for conditioning a polymeric vascular
scaffold seeded with SMCs. This device made use of a mechanic ventilator to generate the
pulsatile stimulation. The hydraulic circuit, reported in Figure 2.6, was divided in two parts:
one primed with liquid and the other with air, with the biological sample located in the liquid-
primed part. Since these two parts were connected, by pressurizing and depressurizing the air
it was possible to modify the pressure also in the liquid-primed part, generating pulsatile
pressure. A system of one-way valves permitted to regulate systolic and diastolic pressure and
to avoid backflows. The bioreactor was provided with a pressure sensor and an oxygenator to

facilitate additional gas exchange.

Ventilator

it

pressure check valve &,
-

Filter Air reservoir (optional)

l One-way valve

Media Exchange

Monitor

One-way valve

Figure 2.6: Scheme of the hydraulic circuit of the bioreactor developed by Thompson et al. showing the working
mechanism of the ventilator and on-way valves system. By cyclically pressurizing the air in the upper part of the
circuit, pulsatile pressure was generated. The system of on-way valves avoided liquid backflows. Image taken

from [27].
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Thompson and colleagues showed that this device succeeded in producing a physiological-like
stimulation. Even if this set up granted a good versatility the main drawbacks consisted in the
high hindrance and the difficulties in the maintenance of sterility in long-term cultures.

A pulsatile perfusion bioreactor was designed by Hahn and her colleagues in 2007 [28] to
culture mouse smooth muscle progenitor cells incorporated in a PEG-based hydrogel cylinder.
The scaffold contained a ligand (RGDS) to enhance cell adhesion and a collagenase degradable
sequence (LGPA) in order to reduce the degradation time of the scaffold. The hydraulic circuit
consisted of two peristaltic pumps, a compliant chamber, two hydraulic resistances made with
a valve, the culture chamber and a medium reservoir, as shown in Figure 2.7. The pressure was
measured with a transducer connected to a PC. By tuning the occlusion created with the valve,
the mean pressure was manually adjusted. The samples were at first cultured under non-
pulsatile conditions for three days and then at 70/110 mmHg for four days and seven weeks.
Results showed a statistically different expression of collagen and the presence of SMCs
markers (calponin and a-actinin) compared to samples statically cultured. In addition, the
elastic modulus of statically cultured samples decreased in time, probably due to the
degradation of the hydrogel. On the opposite, the elastic modulus of dynamically cultured
samples, after an initial decrease, returned close to the initial value (70 kPa) at the beginning of
the culture, due to the progressive maturation of the tissue. The main advantage of this system

is its versatility since the mean pressure could be tuned.

Figure 2.7: Hydraulic circuit (left) and bioreactor (right), developed by Hahn et al. consisting of: two pulsatile
pumps (1 and 4), a culture chamber (2), a medium reservoir (3), a compliant chamber (5) and two valves to adjust
the pressure values (6). This bioreactor was designed to culture SMCs progenitors incorporated in a cylindrical
hydrogel scaffold. Adapted from [28].
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A different strategy was proposed in 2008 by Iwasaki et al. [21]. Their bioreactor involved a

biomimetic pumping system made of two artificial valves (mitral and aortic) and a spiral vortex

pump. The mean pressure could be regulated by the flow rate generated by the pump. Pressure

and flow rate sensor, gas and medium exchange accesses and a resistive element were also part

of the system, as shown in in Figure 28., left). Experiments were conducted on a multi-layer

polymeric scaffold seeded with different cell types (fibroblasts, smooth muscle cells and

endothelial cells), in order to mimic the structure of a human artery. The device could produce

pressure stimulation paths of different amplitude, from 15/40 mmHg to 80/120mmHg, with

flow rate from 0.2 I/min to 0.6 I/min, as reported in Figure 2.8 (right). Therefore, this system

showed a good versatility and could generate hypo-physiological and physiological pressure

waveforms. The engineered vessels cultured with this device showed elastic modulus and

ultimate strength comparable to native rabbit arteries. However, the main drawback consisted

in the complex implementation, due to the actuation system.
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Figure 2.8: Scheme of the hydraulic circuit (left) and the pressure and flow rate curves (right) obtained by Iwasaki

et al. The bioreactor was equipped with sensors and a pumping unit that mimicked the action of the heart. This

setup permitted to culture vascular constructs at different pressures and flow rates. Image taken from [21].

26



Xu and his collaborators [29] developed a very simple and efficient strategy in order to obtain
a pulsatile stimulation. A magnetic valve periodically opened and closed one of the tubes of the
hydraulic circuit, generating a pulsed flow. The hydraulic circuit was composed by a peristaltic
pump, a magnetic valve, a reservoir and the culture chamber. Even in this case, experiments
were conducted using a PGA scaffold seeded with SMC, Figure 2.9. The pulsatile pressure
generated by the bioreactor was set to produce a cyclic stretch of the scaffold up to 5%. Results
obtained with this bioreactor showed that a prolonged (up to 8 weeks) pulsatile culture increased
the mechanical properties of the cellularized scaffold in terms of burst pressure (90 kPa for
pulsatile and 20 kPa for control) and tensile strength (14N for pulsatile and 4N for control) with
respect to static cultures. On the other hand, this device had a limited working region in terms
of pressure and flow rate.

Figure 2.9: The TEBV developed by Xu et al. The bioreactor used to stimulate this construct made use of a cyclical
occlusion of the tubing of the circuit to generate pulsatile pressure. Their results demonstrated that a cyclic stretch

increased the mechanical properties of the vascular construct. Image from[29] .

In 2010 Voisard and his colleagues developed a bioreactor to perfuse vein grafts, extracted from
patients undergoing coronary bypass [30]. The vessels could be cultured both in venous and
arterial hemodynamic conditions. A pulse generator and a pump connected in series generated
the pulsatile stimulation and elastic compliant tubes were employed in order to mimic a
Windkessel function. This device could perfuse up to four segments in parallel at 130/80 mmHg
and a pulsation rate of 80 bpm. The generation of the pressure pulse was entirely managed by
the pulse generator. In addition, the high priming volume (51) represented a relevant drawback

both in terms of transport and cost. The aim of this work was to study the effect of arterial
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hemodynamics on venous grafts. Results pointed out that exposing vein segment to pulsatile

pressure increases the thickness of tunica media, reducing the lumen.

A similar work was performed in 2010 by Saucy et al. [31], who studied the effects of a pulsatile
perfusion on ex-vivo saphenous veins segments. The bioreactor used in this work, pictured in
Figure 2.10, was composed by a PC controlled gearing pump, a unidirectional pump, the culture
chamber, and flow rate and pressure sensors. The software controlling the pump generated a
physiological-like pressure curve and plotted the signal coming from the sensors. The authors
demonstrated that, after a week of pulsatile culture, ex vivo veins segments developed intima
hyperplasia. This system granted a considerable control on the stimulation. However, since the
pulse is generated only by the pump, the pressure could be increased only by raising the flow
rate. Hence, pressure and flow rate are coupled, limiting the versatility of the system.

Figure 2.10: The pulsatile bioreactor designed by Saucy et al consisting of: a gearing pump (1), pressure sensor

(2), flow rate sensor (3), an unidirectional head pump (4) and the culture chamber (5). Adapted from [31].

A similar study was carried on by Dummler et al. in 2011 [32]. They studied the effects of
culturing a venous graft under arterial conditions in a bioreactor. The pulsatile stimulation was
obtained combining the action of a syringe pump and a roller (peristaltic) pump. The former
generated a continuous pressure baseline and the latter created pressure peaks. Both the pumps
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were controlled by a PID control algorithm. Two pressure sensors were also added in this setup,
placed before and after the culture chamber. A scheme of the bioreactor is reported in Figure
2.11.Their results pointed out that vein segments exposed to a pulsatile pressure (90/105
mmHg) had a higher activity of matrix metalloproteinase-2 (MMP-2), a protein associated to
matrix degeneration and to vein graft failure. This strategy to accomplish pulsatile stimulation,
even if very easy to implement, lacks versatility since it does not permit to regulate pressure
and flow rate.

roller pump
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syringe pump
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Figure 2.11: Scheme of the hydraulic circuit developed by Dummler et al. This bioreactor made use of a syringe
pump and a roller pump in series, which generated, respectively, a continuous pressure and pulses of pressure.
This system is also equipped with sensors to monitor the pressure in the sample. Image taken from [32].

In 2015 Huang and her colleagues [24] studied the effect of different mechanical stimulations
on PGA sheet seeded with bovine SMCs rolled around a silicone tube. A peristaltic pump
perfused the silicone tube, generating a non-physiological stimulation: -30/300 mmHg. Since
the cells were seeded over a rigid scaffold, 300 mmHg pressure was needed to obtain a
circumferential stretch that could be sensed by the cells (1.5-2%). A group of samples was also
exposed to a cyclic axial stretch performed by a motor outside the culture chamber (in
combination with the circumferential stretch). TEBVs were cultured for a total time of 13
weeks. This work pointed out that the combination of axial and circumferential stimulations
resulted in TEBVs with higher suture retention (55¢g static and 182g pulsatile) and higher
production of elastin. Anyway, this strategy showed a limited versatility since it relayed only

on the pulsatile nature of the pump.
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Figure 2.12: Bioreactor used in the work of Huang et al. The pulses of pressure were only generated by the pump
and measured by a pressure transducer. A linear motor provided an additional stimulation stretching the samples

on the longitudinal axis. Image from [24].

Dimantouros et al. [33] developed a bioreactor for conditioning tissue engineered vascular
grafts during culture and accomplishing compliance measurements. Their device consisted of
a centrifuge pump that, thanks to a hydraulic resistance (tube clamp), generated a pressure
baseline, and a voice coil actuator (a linear motor) that created pressure pulses at variable
frequencies. Pressure, flow rate, oxygen, carbon dioxide and pH were monitored by sensors. In
addition, the system was equipped with an optical micrometer to measure the compliance of the
vessel. A PC controlled the actuator, giving the possibility to generate custom pressure pulses,
so, the input signal of the actuator could be modeled in order to produce a physiological pressure
curve. A picture of the bioreactor is present in Figure 2.13. The device was tested with porcine
carotid arteries, cultured up to 4 weeks. Results showed that samples cultivated with a pulsatile
pressure had a higher content of elastin and collagen, compared to native vessels. The
physiological pressure waveform and the possibility to customize the pressure pulse represented
two important characteristics of this bioreactor. On the other hand, very specific hardware and

software were required to implement this strategy.
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Figure 2.13: Picture of the bioreactor developed by Dimantouros et al. consisting of: medium reservoir (1), pump
(2), tube clamp (3), optical micrometer (4), culture chamber (5) and voice coil actuator (6). This last element was
responsible of generating the pressure pulses. A computer controlled the actuator in order to reproduce a

physiological-like pressure wave. Adapted from [33].

The bioreactor developed by Chen et al. [34] in 2017, Figure 2.14, permitted to culture PGA
scaffold seeded with human SMCs. Thanks to a ventricular assist device (VAD) the bioreactor
mimicked the biomechanical environment of native vessels. The VAD consisted of a Lou-Ye
pump that controlled systolic and diastolic pressure and the frequency of the stimulation via
PC. The samples were subjected to a circumferential strain of 4.25%, frequency of 60 bpm and
systolic pressure equal to 120 mmHg. In addition, the thickness of the scaffolds was measured
by an intravascular optical coherence tomography system. Results showed that the wall
thickness of dynamically cultured samples was significantly higher respect to the control group
as well as the collagen content. In particular, type 2 collagen levels were comparable to the one
of native blood vessels. This set up, even if it was made up by few important components,
showed a good level of versatility since the pressure could be regulated by the pumping device.
On the other hand, the authors did not show the working range of the Lou-Ye pump. Indeed,

the main criticalities of this setup were the cost and the difficulty in obtaining this pump.
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Figure 2.14: Scheme of the bioreactor developed by Chen et al. The system completely relayed on the Lou-Ye
pump to generate the pulsatile pressure stimulation. The Lou-Ye pump was controlled by a computer in order to
replicate a physiological-like stimulation. An optical coherence tomography system was present in the lumen of

the TEBV in order to acquire images of the vessel wall and measure wall thickness. Image taken from [34].

In 2018 Prim et al. [35] developed a system to culture porcine saphenous veins under pulsatile
conditions. Flow rate was generated using a custom-designed, gear driven, multiheaded roller
pump, capable of mimicking different hemodynamic conditions (saphenous vein, brachial
artery and left coronary artery). The entire hydraulic circuit was designed in order to obtain a
pressure wave extremely similar to a physiological one. The circuit consisted of a gear pump
generating a continuous flow rate, a system of three peristaltic pumps connected together by a
gearing system, pressure and flow rate sensors, the culture chamber, an hydraulic resistance
implemented by a pinch valve, an inertance modeled by a coil of tubing and a syringe filled
with air (compliance chamber) as shown in Figure 2.15. The peristaltic pumps were modified
in order to generate pressure pulses at three different frequencies. These frequencies
corresponded to the first three fundamental frequencies of the physiological pressure wave. The
expression profiles of seven different genes were studied comparing the three different
stimulation conditions: arterial (mean pressure 90 mmHg, mean flow rate 1,68 ml/s), venous
(mean pressure 15 mmHg, mean flow rate 0,17 ml/s) and coronary (mean pressure 101 mmHg,
mean flow rate 0,94 ml/s). Results pointed out statistically different expression of SERPINE1
and FN1, two vascular remodeling genes. This bioreactor proved to be extremely reliable to

replicate three different physiological hemodynamic conditions. Indeed, maximum and
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minimum pressure were adjusted by changing the hydraulic impedances of the system.
However, the use of four pumps made this strategy too expansive compared to the others and
difficult to implement.
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Figure 2.15: Scheme of the hydraulic circuit developed by Prim et al. The system had a gear pump and three roller
pumps connected together. The bioreactor was equipped with a flow meter and a pressure transducer to monitor
the fluid dynamics of the system. In addition, a set of resistance, inertance and compliance was present to obtain

pressure and flow rate waves close to the physiological ones. Image taken from [35].

In 2017 Marco Piola and his colleagues [1] designed a device capable of mimicking the
hemodynamics of a human coronary, the coronary pulse duplicator (CPD), continuing what
was presented in two previous works [36, 37]. Pulsatile pressure was achieved by switching
cyclically between two different hydraulic resistances, thanks to a pinch valve. The resistances
consisted of silicone tubes of proper length and diameter in order to reach 80 mmHg as diastolic
pressure and 120 mmHg as systolic. A hydraulic filter dampened the oscillation produced by
the peristaltic pump. In addition, a further compliant element (service impedance) was used to
obtain a coronary-like waveform of pressure and flow rate. The system also included pressure
and flow rate sensors and a culture chamber, which consisted of a 50 ml Falcon tube reservoir
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with a custom-made polymethylmethacrylate (PMMA) cap and a stainless-steel framework
hosting the vascular sample. The medium was pumped in the lumen of the vessel and after that,
flowed in the branches connected to the resistances. Finally, the medium coming from the
resistance flowed in the reservoir before being aspirated by the pump. The culture chamber,
pictured in Figure 2.16, had five accesses: one used to attach a HEPA filter to perform gas
exchange (A), one directly going into the graft (B), one coming out of the graft (C), one coming
from the resistances (D) and going in the reservoir (the 50 ml conical tube) and one coming
from the reservoir and connected to the pump (E).

a becde

CPD-EVCS
culture chamber

SV sample

"

Figure 2.16: scheme of the culture chamber of the CPD, developed by Piola et al. The chamber had five outlets:

gas exchange (A), graft in (B), graft out (C), reservoir in (D) and reservoir out (E). Adapted from [1].

The vessel housing was designed to regulate the distance from one connector to the other in
order to simplify the mounting procedure of the specimen and to culture grafts of different
length. The signals coming from the pressure and flow rate sensor were plotted on a PC thanks
to a 1/0 board and a custom-made Lab View software. In 2017, in his thesis project, Bugala
developed a compact electronic control unit, based on an Arduino Due microcontroller, in order
to have a single device interfacing with all the electronic components of the bioreactor and
culture up to three samples at the same time [38]. Human saphenous veins, discarded in bypass
surgery interventions, were dynamically cultured in this bioreactor for seven days in arterial
conditions. Results showed that the vein segments cultured with a coronary-like stimulation
presented a significant decrease in wall thickness respect to the beginning of the culture as well

as in the number of apoptotic cells. The physiological pressure curves and the reduced
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implementation cost were two important qualities of this set up, shown in Figure 2.17. This
system possessed a limited versatility, since was designed specifically to stimulate vessels only
in physiological coronary hemodynamic condition. However, by modifying the systolic and
diastolic resistances it could be possible to regulate, respectively, the maximum and the

minimum pressure.

Figure 2.17: Picture of the CPD showing the pressure sensor (A), the pinch valve (B), the culture chamber (C) and
the two resistances (D). The pinch valve opened one at a time the path connected to the diastolic or the systolic

resistance. Adapted from [1].
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The following table (Table 2.2), sums up the strategies previously analyzed, focusing on the

criticalities and the advantages of each of the above reported culture systems.

Author and
year

Pulsatile
stimulation

Major Benefit

Major Criticality

Thompson Ventilator Good versatility Difficult implementation,
2002 maintenance of sterility
Hann 2007 System of roller Good versatility, physiological Only mean pressure could
pumps and pressure waveform be tuned
resistance
Iwasaki 2008 | Biomimetic Good versatility, physiological Difficult implementation
pulsation pressure waveform
Xu 2008 Periodic occlusion Simple implementation Low versatility
Saucy 2010 | PC controlled pump | Physiological pressure Limited versatility
waveform
Voisard Pulse generator Physiological pressure Low versatility, high
2010 waveform priming volume
Dummler Roller Pump Simple implementation Low versatility
2011
Huang 2015 | Roller Pump Simple implementation Low versatility

Dimantuoros
2013

Voice-coil actuator
(linear motor)

Good versatility, physiological
pressure waveform

Difficult implementation

Chen 2017 VAD Good versatility Difficult implementation

Primm 2018 | System of roller Physiological pressure High cost and difficult
Pumps waveform, good versatility implementation

Piola 2016 Resistance Physiological pressure Low versatility
Switching waveform

Table 2.2: Summary of all the pulsatile bioreactor specifically developed for TEVBs dynamic culture, pointing

out the main benefits and the main limitations of each described culture system.
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2.3 LITERATURE ANALYSIS

The analysis performed on different TEBVs showed that there are no standard culture protocols.
Due to the high variety of manufacturing techniques, TEBVs have different composition and,
so, different mechanical properties. Therefore, the mechanical stimulation is designed
according the mechanical properties of each biological construct. Hence, bioreactors are
designed to generate a specific mechanical stimulation and only few devices possess the
versatility needed to culture Tissue Tubes. In addition, many bioreactors make use of expansive
components or tools difficult to implement that are not suitable for the purpose of this
preliminary study on Tissue Tubes.

Therefore, the main aim of this thesis is to design and build a simple pulsatile bioreactor capable
of generating a tunable mechanical stimulation and use it to condition non mature construct

such as Tissue Tubes.

Starting from the design of the bioreactor, it must generate pulsatile pressure and grant the
possibility to regulate both the minimum and the maximum pressure without involving too
expansive components. In addition, it should be equipped with an electronic control unit that

can interface with the actuators and sensors present.

Once the bioreactor is completed and its specifications are verified with preliminary tests, the
attention will be focused on Tissue Tubes. Before defining a dynamic culture protocol, it is
essential to investigate their mechanical properties, verifying if it is possible to apply luminal
pressure to Tissue Tubes and measure their burst pressure. Finally, the bioreactor should be
used to culture Tissue Tubes under dynamic condition. Analyses should be, then, performed to
study the effects of the mechanical stimulation generated by the bioreactor on Tissue Tubes.
Due to the very preliminary nature of this work, performing immunological analyses to
investigate the presence of contractile proteins (which was done in several works) is considered
not necessary. On the contrary, basic histological analysis, such as Hematoxylin and Eosin and
Picrosirius Red were performed to study the morphology of the tissue, as well as DAPI stain to

determine the number and shape of the nuclei.

A scheme of the entire project plan will follow.
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3 MATERIALS AND METHODS

MATERIALS AND METHODS OVERVIEW

This chapter is divided in two main section. The first one covers the specifications, the design,
and the manufacture process of the tunable pulsatile bioreactor, as well as the tests performed
to verify that the specifications were achieved (respectively in paragraphs 3.1, 3.2 and 3.3). The
second section includes the manufacturing process to obtain Tissue Tubes, in paragraph 3.4,
and the related tests, in paragraph 3.5.

The first part took place in Laboratorio di Micro e Biofluidodinamica Sperimentale (uBSLab),
Dipartimento di Elettronica, Informazione e Bioingegneria (DEIB), Politecnico di Milano. This
lab is specialized in the construction of culture systems and in experimental hemodynamics and

granted the instrumentation and technical support needed to design and build the bioreactor.

The second part was developed in Rolle Lab, Department of Biomedical Engineering,
Worcester Polytechnic Institute, a lab focused on cell and tissue culture where the Tissue Tubes
were first developed. Here it was possible to learn the procedures to manufacture and culture

Tissue Tube as well as to perform histological analyses.

3.1 BIOREACTOR DESIGN SPECIFICATIONS

Like any other device, the first step in the design of a bioreactor is defining its specifications.
First, the bioreactor must be able to generate a pulsatile pressure. As it was pointed out both in
chapters 1 and 2, pulsatile pressure is fundamental for the culture of TEBVs. However, since
the bioreactor should be used to condition Tissue Tubes, the possibility to tune the amplitude
of the stimulation represents another fundamental requirement. The mechanical stimulation
generated by the bioreactor must be adjusted to fit the initial mechanical properties of Tissue
Tubes. Since these constructs aim to model a human blood vessel is also fundamental that the
bioreactor is not only capable of generating a hypo-physiological pressure but also a
physiological one, with the correct waveform and a systolic pressure of 120 mmHg and a
diastolic pressure of 80mmHg. Considering that Tissue Tubes are biological samples, the

maintenance of the hydraulic seal is a crucial specification since it is essential to maintain a
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sterile environment inside the bioreactor. The bioreactor must also be compact to be transported
and easily used in a cell culture lab, inside an incubator. In addition, considering the limited
time available to manufacture the bioreactor, it should also be easy to implement. Finally, the
bioreactor should avoid the use of too expansive components, considering that this is a
preliminary study and that new techniques are constantly being developed to optimize Tissue
Tubes.

In conclusion, the bioreactor specifications are:

e Generating pulsatile pressure

e Changing the systolic and diastolic pressure (versatility)

e Generating a physiological and hypo-physiological pressure waveform
e Acquiring pressure and flow rate signal in real time

e Maintenance of hydraulic seal and sterility

e Compactness and simple implementation

e Limited cost

From the literature analysis present in paragraph 2.2, it is possible to identify five main
strategies used to achieve pulsatile pressure: single pump, multiple pumps, biomimetic pumping
system, ventilator, and resistances switch. The bioreactors involving a pump and a second
actuator, like a pulse generator are included in the multiple pump group. Each strategy was
analyzed in Table 3.1 considering its compliance with each specification. The aim of this
analysis was to find which strategy was more suitable to be the starting point of the design
process of the tunable pulsatile bioreactor. A score was given for each specification considered,
from a minimum of three downwards arrows to a maximum of three upwards arrows. The
pulsatile pressure specification was obviously not considered as well as the acquisition of the

pressure signal, present in each strategy.
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Table 3.1: Summary of the main strategies used to achieve pulsatile pressure in literature. The compliance of

each strategy with the specifications declared was defined by a score.

The resistance switch strategy, implemented in the bioreactor (CPD) developed by Piola et al.,
represents the best starting point. The main limitation of this bioreactor is its low versatility
since it was designed to generate only a coronary-like stimulation. Anyway, since the bioreactor
is equipped with two different resistive elements, it is possible to modify almost independently
systolic or diastolic pressure by replacing one or both the resistances. By using two tunable
resistive elements, the bioreactor would be able to operate at different pressures and flow rates
similarly to what performed in the work presented by Hann [28]. In addition, it is possible to
maintain the same configuration of the CPD electronic control unit since the system would
make use of the same sensors and actuators. Moreover, in the experiments performed by Strobel
et al. [2], a similar culture chamber was used. Hence, the operators are already familiar with it
and the protocols developed to mount the sample can be adapted. In addition, the pumping

system used, a Watson Marlow 323D pump, was the same in both the experiments.
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3.2 MANUFACTURING PROCESS OF THE TUNABLE PULSATILE BIOREACTOR

Once defined the specifications, the first step in the manufacture of the bioreactor was the
design of its hydraulic circuit, described in paragraph 3.2.1. The hydraulic circuit was designed
in order to obtain a physiological and hypo-physiological pulsatile pressure waveform. In order
to modulate the diastolic and systolic pressure, tunable hydraulic resistances were designed and
built, as shown in paragraph 3.2.2. Then, considering the presence of sensors and actuators, an
electronic control unit was developed, as described in paragraph 3.3.3. The electronic control
unit had to control the pinch valve and the pump, supply the pinch valve and the pressure sensor,
and acquire the signal from the pressure sensor. Finally, a supporting structure (chassis) was
built to keep each component of the circuit in the correct position while minimizing the
hindrance of the system.

3.2.1  Hydraulic circuit

This paragraph will describe the design of the hydraulic circuit of the bioreactor and its
implementation. As mentioned before, the CPD represents the starting point for the design of
the bioreactor presented in this study. The hydraulic circuit of the CPD, Figure 3.1, was built
to replicate the hemodynamics of human coronaries. Right after the peristaltic pump a hydraulic
filter was used to dampen the oscillation generated by the pump. The circuit continues dividing
in two main branches: one with a service impedance and the other with the culture chamber and
the system of pinch valve and resistances. The role of the service impedance was to mimic the
systemic impedance and obtain the correct pressure and flow rate waveform. To dimension and
design the service impedance, a lumped parameter model was used. This model is based on the
analogy between electricity and hemodynamics. In particular, voltage is the corresponding of
pressure and current is the corresponding of flow rate. Therefore, it is possible to apply the laws

that describe voltage and current to pressure and flow rate.
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This feature was used to build an electric equivalent of the hydraulic circuit of the CPD and run
numerical simulation on software in order to find the best way to model and dimension the

service impedance [39].

Aortic ImSer:Cne
Pressure p==
Hydraulic
Pump Filter Culture  Coronary-like

Chamber Impedance

Figure 3.1: Hydraulic circuit of the CPD. The hydraulic filter dampened the oscillations of the peristaltic pump.
The circuit divided in two branches: one connected to the culture chamber where the sample is hosted and the
systolic and diastolic resistances (coronary-like impedance) and the other connected to a service impedance. This

last element was fundamental to reproduce the correct waveforms of pressure and flow rate.

A similar approach was used to design the hydraulic circuit of the tunable pulsatile bioreactor
for this thesis project. The main differences from the CPD hydraulic circuit was that having
pressure and flow rate in counterphase was not necessary and that pressure needed to be
regulated. Therefore, also the hydraulic circuit of the tunable pulsatile bioreactor, consisted in
a peristaltic pump, a hydraulic filter to dump pump oscillations and two branches. One branch
consisted in a service impedance and the other in the culture chamber and the resistance switch
system. This branch differs from the corresponding one of the CPD since it involves two tunable
hydraulic resistances, that will be described in the paragraph 3.1.2. Even in this case, an electric
equivalent of the hydraulic circuit was built, and simulations were performed to model the
service impedance, minimizing the complexity while maintaining a pulsatile pressure
waveform. In order to run time-variant simulations, Circuit] 6.0 (Electron, GitHub Inc, USA)
was used. The resulting electric equivalent circuit is represented in Figure 3.2. The CircuitJ 6.0
software had several limitations: current generators were not available, and each branch of the
circuit had to include a resistive element. Therefore, the pump was modeled as a sinusoidal
voltage generator with a resistor in parallel (dark blue) and the hydraulic filter was modeled

with a resistor and a capacitor (yellow). The sample was simply modeled with a wire (red). A
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second circuit was built to model the pinch valve (orange) switching between the two
resistances (black). This secondary circuit was made up by a sinusoidal voltage generator
(frequency 1 Hz) and a voltage dependent relay. The activation voltage of the relay was selected
in order to have, for every cycle (total time of 1s), the relay in one position for 30% of the total
time (0.3s) and in the other for the 70% (0.7 s), similarly to what happened with the CPD pinch
valve. The systolic and the diastolic resistors were then connected at the two terminals of the
relay. Preliminary simulations proved that modeling the service resistance simply with a resistor
(green) permitted to obtain a pulsatile waveform of the voltage. In addition, during preliminary
simulation, a high noise in the pressure signal was noticed during the opening and the closing
of the pinch valve. Thus, a second smaller capacitor (light blue) was placed before the relay to

eliminate this noise.

1 40mF
00uF
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Figure 3.2: Electric equivalent of the pulsatile bioreactor hydraulic circuit. The peristaltic pump was modeled with
a sinusoidal current generator and a resistor in parallel, present in the dark blue rectangle. The hydraulic filter was
modeled with a resistor and a capacitor (yellow). The sample was modeled simply with a wire (red). The pinch
valve was modeled with a relay (orange) controlled by a secondary circuit in the corner left. The relay was
connected to the two resistances (black). The service resistance was implemented with a simple resistor (green).
A second capacitor was placed before the relay to filter the noise on the voltage waveform produced during the

switching.
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In order to be versatile, the system needed to include tunable elements. In particular, tunable
resistances were necessary to regulate the maximum and the minimum pressure. So, it was
essential to study the effect of the presence of tunable elements on the voltage waveform present
on the wire (representing the sample). Simulations were performed changing the value of the
components of the circuit, in particular, the two resistances (systolic and diastolic, black box)
and the capacitor of the hydraulic filter (yellow box). The capacitor of the filter needed to be
dimensioned according to the oscillation of the generator and so, of the pump. The oscillations
generated by the pump depend on the RPM and so on the flow rate produced. Since the flow
rate changed during the experiments, the capacitor represented a further element that needed to

be tunable.

The effect of the variation of the two resistances resulted to be evident. When the value of the
systolic resistance was raised, the maximum voltage increased. Accordingly, when the value of
the systolic resistance was lowered the maximum voltage decreased. The same behavior was

observed with the variation of the diastolic resistance, related to the minimum voltage.

On turn, the effect of the variation of the capacitor of the filter resulted more complex to be
regulated. Indeed, the capacitor not only dampened the oscillations produced by the generator
(pump) but also affected the response in time of the system. Due to the continuous switch
between the two resistances, the system switched continuously between two different voltage
states and the transition between one state to the other was affected by the time-dependent
elements of the circuit, such as the capacitor. So, during the transition from one state to the
other, the higher is the capacity, the higher is the time needed to reach a different voltage state.
Hence, the higher is the capacity, the smoother will appear the voltage curve. In addition, if the
capacity is too high, the system will not have enough time to reach the regime condition before
the next transition (resistance switch). This means that the maximum voltage would be lower
than the one imposed if the system was connected constantly to the systolic resistance. Vice
versa, the minimum voltage would be higher than the one imposed if the system was connected

constantly to the diastolic resistance.

Once studied the electric circuit, the correspondent hydraulic circuit was implemented. The
capacitors were implemented with syringes primed with air, the filter resistance with a roller
clamp and the systolic, diastolic, and service resistances with custom-made tunable resistive

elements which will be described in detail in the next paragraph (3.1.2).
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A scheme of the hydraulic circuit is shown in Figure 3.3. Starting from the peristaltic pump (P,
blue), the hydraulic circuit is composed by the hydraulic filter (RC, yellow) and a pressure
sensor (PS, dark blue, Pendotech PRESS-S000) that acquires the related signal. The position of
the sensor is as closer as possible to the culture chamber (red Falcon tube) limiting the gap
between the pressure read by the sensor and the one occurring in the luminal side of the sample
hosted within the culture chamber. After the culture chamber there is a second compliance (C,
yellow), a system of pinch valves (PV, orange) and resistances (SR: systolic resistance, and
DR: diastolic resistance in grey). The service resistance (R) is present in parallel to the rest of
the circuit. The tubes used to connect each element of the hydraulic circuit were Tygon SPT-

3350 with an internal diameter of 1.6 mm and an external diameter of 3.2 mm.

Figure 3.3: Hydraulic circuit with each element. The peristaltic pump (P) was dampened by the RC filter (RC).
From this point the path divided in two branches: the service resistance (R) branch and the branch connected to
the sample (S). The pressure sensor (PS) was placed close to the culture chamber (in red). The compliance C was
in charge of eliminating the noise produced by the pinch valve (PV) switching from systolic resistance (SR) to
diastolic resistance (DR). In the hydraulic circuit scheme the resistance are colored in grey and the impedances in

yellow.

46



3.2.2 Tunable hydraulic resistances

In order to make this system versatile, the diastolic and the systolic resistances needed to be
substituted by tunable hydraulic resistances. This paragraph describes the design and the
manufacturing process of the tunable hydraulic resistances. Two examples of tunable hydraulic
resistances already present (one commercially, the other in literature) will be analyzed, focusing
on their features and limitations, which led to the design of the hydraulic resistances needed for

the tunable pulsatile bioreactor.

The Tissue Tubes used in our work are not a native vessel and do not have a scaffolding
structure. So, it was necessary to have the possibility to decrease the amplitude of the
stimulation generated by the bioreactor in terms of pressure (both maximum and minimum) and
flow rate. While the latter could be adjusted regulating the pump RPM, the former depended
on the systolic and diastolic resistances. In addition, during the design phase of the tunable
pulsatile bioreactor, the burst pressure of Tissue Tubes was still unknown. Therefore, the
hydraulic resistances of the new bioreactor prototype needed to be tunable and controllable in
order to fit the initial mechanical properties of the sample, which are likely very low.

Roller clamps, Figure 3.4, are commercially available tools commonly used in hospitals to
regulate release rate of IV bags. A small plastic wheel occludes the silicone tube inside the
holder, increasing the resistance to flow. According to the position of the wheel, the occlusion
of the tube can be regulated. Therefore, they can be used also as tunable hydraulic resistances.
Their main limitation consists in the lack of control during the rotation of the plastic wheel. In
particular, at high levels of occlusion, moving the wheel in a controlled way results extremely
difficult and even a small variation in the position of the wheel can cause a remarkable variation

in the pressure generated upstream.
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Figure 3.4: Roller clamp. According to the position of the wheel, the occlusion of the tube could be controlled.

Hence, another hydraulic resistance present in literature [40] and used to model coronary-like
hemodynamics, was selected as starting point for the design of the tunable pulsatile bioreactor
resistances. It consisted of a Polyoxymethylene (POM) tube holder, two
Polymethylmethacrylate (PMMA) plates, two stainless-steel screws and a POM lid. This device
hosted two different silicone tubes that could be occluded independently. When rotated, the
screw pushed the plate, occluding the silicone tube hosted in the holder, thus increasing the
resistance. The resistance resulted more controllable than roller clamps, even if the silicone tube
sometimes slipped out of the holder and the plate tilted during the occlusion and could

potentially cut the tube.

This solution to obtain a tunable hydraulic resistance was used as a starting point to design the
tunable resistance used in this work. The resistance consisted of the same three elements
(holder, top lid, and plate). In this case, the components were made of Polylactic acid (PLA)
and they were 3D printed. 3D models of each component were drawn in Autodesk Inventor
2020. The new holder hosted only one silicone tube and was designed to prevent the plate from
tilting. The holder was 55 mm long for 43 mm wide with a thickness of 20 mm. The silicone
tube holder was 5.8 mm wide in order to comfortably fit the tube even during its occlusion. In
the upper face there were two holes that housed two stainless-steel guides for two M3 screws
(needed to assemble the top lid and the holder together) and in the bottom face there were two
slides that fitted into the bioreactor chassis, that will be described later (paragraph 3.1.4). The
top lid also included a stainless-steel guide for a M5 endless screw. Similarly to the device used
to model coronary-like hemodynamics, the M5 screw pushed the plate which progressively
occluded the tube. The plate had a T-shape in order to avoid tilting and had a circular insertion

on the top face to fit the M5 screw. In addition, PLA knobs were 3D printed and press fitted on
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the head of each M5 screw, to facilitate the manual screw rotation. A rendering of the 3D printed

components is present in Figure 3.5, while a picture of one resistance is present in Figure 3.6.

Figure 3.5: 3D renderings of the 3D printed components of the hydraulic resistance: the tube housing (A), the lid
(B), the plate (C).

By 3D printing the resistance components, the manufacturing process was significantly shorter
(3 hours for 3 sets of components, respect to 6 hours for one set of components) and easier
compared to the use of a milling machine, needed for PMMA and POM machining. Technical

drawings of the components are reported in the Appendix A.

Figure 3.6: Hydraulic resistance with the three components and the stainless steel screws (M3 assembling screws

and M5 endless screw).
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3.2.3  Electronic control unit of the tunable pulsatile bioreactor

The hydraulic circuit included elements that need access to a power supply line such as the
pump, the pressure sensor and the pinch valve. In addition, the signal from the pressure sensor
needed to be amplified and stored, while the pinch valve activation needed to be timed.
Therefore, an electronic control unit (ECU) was built to manage the actuators and the sensor of

the bioreactor.

The CPD was equipped with an ECU which interfaced with flow rate and pressure sensors, a
pinch valve and a centrifuge pump (implemented to maximize the compactness of the system).
This device was developed by Bugala [38] in 2017, and was based on an Arduino
microcontroller. One of the main limitations of the control system developed by Bugala was
the organization of the connections between the different electronic components, making the
system extremely difficult to repair or modify. To overcome this limitation, a modular design

was developed, dividing the system in five subunits:

e Arduino

e Alimentation

e Signal acquisition
e Pinch valve control

e Pump control

Each subunit was physically separated from the others and the cables connecting them were not
soldered but screwed in a clamp terminal. Therefore, the signal acquisition, the pinch valve
control, and the pump control subunits could be individually removed from the ECU
independently from the others. This feature is fundamental to facilitate the repair or the upgrade
of the ECU. Considering that the tunable pulsatile bioreactor uses the same sensor and actuators
present in the CPD, the same circuit schematics of the CPD control unit were used to build the
electronic circuitry present in the ECU for this bioreactor, except for the one controlling the

Watson Marlow pump.

A scheme of the entire electronic control unit is shown in Figure 3.7 where it is possible to
recognize the five subunits: the alimentation (gray), the Arduino (turquoise), the signal

acquisition (yellow), the pinch valve control (blue) and the pump control (green).
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supply subunit in gray, the signal acquisition subunit in yellow, the pinch valve subunit in blue, and the pump
control subunit in green. In order to have a clearer scheme, the connections between each subunit were not shown.

3.2.3.1 Manufacture of the electronic control unit

Similarly to the device developed by Bugala, the ECU implemented for the tunable pulsatile
bioreactor had an Arduino Due as microcontroller, which was the only component present in

the Arduino subunit.

The alimentation subunit was composed by a Tracopower TXL 035-0524, Figure 3.8, and two
step-down DC-DC converters (LM2596 S). The Tracopower was connected to the supply line
and provided both 24 VV and 5 V in DC. The 24 V were required to supply the pinch valve. All
the other components required a lower supply voltage. Therefore, one step-down converter was
connected directly to the 24V output pin of the Tracopower and was set to generate an output
voltage of 10V (needed for the pump control and the pinch valve control subunits). The second
step-down converter was connected to the output of the first one and set to have an output

voltage of 8V (needed for the signal acquisition subunit).
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Figure 3.8:Power supply tracopower TXL 035-0524.

The signal acquisition subunit, Figure 3.9, had to supply the pressure sensor, amplify the
pressure signal and send the pressure and flow rate signals to the microcontroller. This subunit
had ten ports: four for the pressure sensor, two for a possible flow rate sensor (already
amplified), two for the connections with Arduino Due and other two for the power supply, 8V
and ground. The pressure sensor needed to be powered and the pressure signal needed to be
amplified. In order to do so, the integrated circuit AD627AN was implemented in this subunit.
The integrated circuit had eight pins: one connected to the source (8V), two to the ground, two
to the signal pins of the sensor, one as an output (amplified signal) and the last two connected
to the gain resistance Rg. By changing the value of this resistor, it was possible to set the gain
of the amplifier. In order to acquire a pressure up to 500 mmHg the resistor was set to 425€
using a potentiometer. This value was calculated considering the sensitivity of the sensor (2.2

mV/psi) and considering the following equation, provided in the AD627AN data sheet:

R _ 200k0
¢ GAIN -5
The gain (GAIN) of the amplifier was calculated setting the output voltage of the amplifier at

8V when receiving the input voltage correspondent to 500 mmHg (Vinsoommeg):
8V = GAIN - VinSOOmmHg

Since the Arduino Due could receive signals going from 0 to 3.3 V, the signal coming from the
amplifier was then adjusted with a voltage divider, made up of two resistors of 3.3 k Q and 4.7
Q. Finally, the signal was processed in a second integrated circuit LM324N, equipped with a
set of four operational amplifiers. The signal was connected both to the positive pin of one

amplifier while the output and the negative pins were connected in a voltage follower
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configuration in order to protect the Arduino from voltage spikes. The signal coming from the
flow meter was, instead, connected directly to the LM324N with the same configuration of the

pressure signal.

In addition, a further element was present on this subunit to prevent the microcontroller from
reset every time a user entered the “Serial Plotter”, to visualize the pressure or flow rate
waveforms. It consisted of two 220 Q resistors in parallel connected on one end to the Arduino

reset pin and to the other end to Arduino 3.3V pin.
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Figure 3.9: Electric circuit of the signal acquisition subunit (left) and the implemented subunit (right). The
AD256N supplied the pressure sensor and amplified the related signal. A voltage divider was implemented to set
the maximum voltage of the signal to 3.3V, compatible with Arduino. A second integrated circuit (LM342)
connected the pressure and flow rate signals to the Arduino while protecting Arduino from voltage spikes. Finally,
two 220 Q resistors in parallel were connected to the RESET pin of Arduino to avoid the reset of the

microcontroller when Arduino Plotter is used.

The pinch valve subunit permitted the Arduino microcontroller to control the pinch valve. By
pressing a button on the front panel, the operator sent a signal to the Arduino, which was
programmed to interface with this subunit in order to open and close the supply line to the pinch
valve. The pinch valve is a tube clamp S306-02 (Sirai®Elettromeccanica, Bussero, Italia),
which had two holders for two tubing: one clamped and one opened at a time, as shown in
Figure 3.10. When powered with 24V the valve switched configuration clamping the tube that

was open and vice versa.
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Figure 3.10: The S306-02 pinch valve. When voltage was not applied the pump was is configuration A, while,
applying 24V, the mobile part changes position occluding the other tube (B).

Hence, this subunit, Figure 3.11, had twelve ports: two ports each for the pinch valve, a led and
a button, three for supply (24V, 10V and ground) and three ports connected to Arduino. The
path connecting the source voltage of 24 V to the pinch valve was opened and closed by a relay
(PEO14F12). This element changed configuration when the voltage between the coil pins
reached 10 V. One pin of the coil was connected to 10 V, the other pin to the collector of an
NPN transistor (BC548C) while the emitter was connected to the ground. Finally, Arduino Due
was connected to the base of the transistor through a polarization resistor of 1 kQ. Hence, the
transistor, which was in a common emitter configuration, acted as a second switch, piloted by
Arduino. When the microcontroller sent a 3.3 V signal the transistor changed its state to
saturation, closing the circuit and bringing the voltage on the relays coil up to 10 V. At that
point, the relay changed configuration, closing the circuit between the pinch valve supply (24V)
and the valve itself. The button was connected on one side to 3.3 V provided by Arduino and
on the other to a resistor connected to a further Arduino input pin. Once the button is pressed,
the voltage on the Arduino input pin was 3.3V and acted as a signal to start the cyclic opening
and closing of the pinch valve circuit branch. A LED, was directly connected to the
microcontroller, turning on and off together with the pinch valve to notify the operator about

the status of the valve.
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Figure 3.11: The electric circuit of the pinch valve subunit (left) and the implemented subunit (right). The supply
voltage (24V) was connected to the pinch valve through a relay. The relay was controlled by the Arduino, using a
BJT as a switch. A LED was connected to the microcontroller in order to turn on together with the pinch valve. A

button, connected to the microcontroller, gave the signal to start or stop the switching action.

The pump control subunit, Figure 3.12, was designed to control the on/off status of the pump,
the velocity, and the direction of the rotation. On the back of the pump it was possible to connect
a 25-pin cable in order to control from remote with voltage signals. This subunit was built
following the instruction reported on the Watson Marlow 323D pump data sheet. Thanks to a
twenty-five pins connector it was possible to pilot the pump directly from the electronic control
unit. The pump could receive signals from 0 to 10V and, according to the voltage present on
each specific pin it was possible to control the start/stop status, the direction, and the rotation
velocity of the pump. Two mechanical levers were used to control the start/stop and the
direction, while a 10 kQ potentiometer, regulated the velocity. A digital voltmeter with a
monitor (DEOK mini voltmeter), located in the front panel of the electronic control unit was
connected in parallel to the potentiometer in order to give an indication of velocity of the pump

to the operator.
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Figure 3.12: Electric circuit of the pump control subunit (left) and the implemented subunit (right). The 25-pins
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connector was connected, according to the datasheet of the pump, to the two levers and the potentiometer in order
to control, respectively, the start/stop, the direction of the rotation and the velocity. A monitor was connected to

the potentiometer to indicate from 0 to 10 the velocity.

All the subunits, were, then, assembled in a supporting structure in order to prevent them from
moving. The front and the back panel were also obtained by laser cutting a polyacrylate sheet:
by setting a low power intensity and a high velocity, the laser dissolved only a superficial blue
layer of the polyacrylate panel, revealing the white bulk material, which permitted to engrave
words directly on the front panel. Slots were, then, cut in order to place all the connectors, the
levers, the knob and the monitor. As shown in Figure 3.13, it is possible to recognize the
division in different subunits: the signal acquisition unit with a BCN port for the flow rate signal
and a RJ45 port for the pressure signal; the pinch valve unit with the button, the led and a four
poles DIN connector to connect the pinch valve and, lastly, the pump control unit with two
levers, the monitor, the potentiometer and the twenty five pins connector. On the back panel
there was the connector for the line supply and the USB port connecting the microcontroller to
a PC.
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Figure 3.13: Front panel of the ECU. Each connector or button had the related name on top to guide the operator.
In the left there are the connectors related to pressure and flow rate sensors. Then there is the button to start the
switching mechanism of the pinch valve alongside with the LED and the 4 pins DIN connector. Finally, the pump

controls with the two levers and the potentiometer with the related monitor.

All the components were, finally, enclosed in a Hammond 1598 instrumentation box, Figure
3.14.

Figure 3.14: Hammond instrumentation case 1598.

3.2.3.2 Arduino Due code

The Arduino Due microcontroller had to be programmed in order to correctly interface with
analogic and digital devices such as the pressure and the flow rate sensors. The maximum
voltage that the microcontroller can receive is 3.3V. When a pin reads a tension of 3.3V the

status of the pin is ‘HIGH’, otherwise it is ‘LOW’. The Arduino code was adapted from [38],
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considering that in this case there was just one pressure sensor, one flow rate sensor, one pinch
valve and one pump. The same value for the initialization of serial communication was used

(9600) and the code structure was maintained.

The pinch valve activation was controlled by the Arduino Due, which counted the numbers of
time that the button was pushed, corresponding to the number of times that the status of the
button pin was turned to ‘HIGH’. The microcontroller started counting every time the electronic
control unit was turned on. Arduino Due turned the switching mechanism on if the number was

odd or turned it off if the number was even.

Pressure and flow rate signals were completely managed by Arduino. The two signals were
converted from V to mmHg and ml/min considering the maximum value red by the sensor (500
mmHg for the pressure sensor and 2000 ml/min for the flow meter) and the maximum voltage
red by the microcontroller (3.3V).

The pressure and flow rate graphs were accessible through the serial plotter of the Arduino IDE

software.

The entire Arduino code is present in the Appendix B.
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3.2.4 Bioreactor chassis

Most of the components of the hydraulic circuit, such as the syringes and the culture chamber,
needed a supporting structure to remain in the correct position. In addition, a supporting
structure was fundamental to easily transport all the components from the hood to the incubator
(and vice versa) at once. Therefore, a PMMA chassis was developed to house each component,
arrange the disposition of each component properly, and avoid silicone tubes entanglements. In
addition, the chassis had to be robust, easy to transport and compact enough to fit inside an
incubator. In order to do so, an interlocking design was used, based on four main PMMA panels
and small PMMA pieces which secured the structure together. The spatial arrangement of each
component is present in Figure 3.15.
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Figure 3.15: Scheme of the spatial disposition of the elements of the hydraulic circuit of the bioreactor in the
chassis. The systolic (SR), diastolic (DR) and service (R) resistances were placed on the bottom horizontal panel
(1). The hydraulic filter (RC), the culture chamber (CC) and the C filter were placed in the suspended horizontal

panel (2), interlocked with the main vertical panel (3). The pinch valve was screwed in the second vertical panel

(4).

A 3D model of each panel and small part of the chassis was created in Autodesk Inventor 2020.
The surface of the model was, then, converted to a bidimensional file and processed with Adobe
Ilustrator in order to program the laser cutter. Two 4.5mm thick, 25x25cm? PMMA panels
were cut in order to obtain all the pieces of the chassis. Considering the high thickness of the

panels, the cutting process required multiple repetitions to cut through the entire thickness.

The height of the chassis (20 cm) was designed to easily fit inside the incubator. The peculiarity

of the chassis are the holes and ledges present in the panels, fundamental for the interlocking
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mechanism. The ledges had a specific shape in order to fit in the PMMA securing parts. The

interlocking mechanism is shown in Figure 3.16.

Figure 3.16: Interlock design. The horizontal panel (light gray) was designed with ledges that could be fitted in
the holes of the vertical panel (dark gray), as shown in pictures A and B. To secure the structure securing parts (in
blue) were placed on the ledges of the horizontal panel.

The chassis, alongside housing the syringes, was also equipped with a 3D printed PLA stopper,
avoiding the syringe piston to raise once the system was pressurized. The stopper position could
be tuned in order to have the desired volume of air inside the syringe. The chassis included a
second stopper for the C filter and a holder for the culture chamber. The bottom panel (#1) had
holes to insert the tunable resistances and the pinch valve could be secured in the panel #4 using
two M3 screws. Two L-shaped stainless-steel elements granted additional stability to the entire

chassis.

The chassis could be assembled and disassembled easily, since there were no glued parts and,
once disassembled, could be easily transported. A picture of the complete assembled chassis
with the three resistances is shown in Figure 3.17, while in Figure 3.18 is pictured the complete
assembled bioreactor with all its components correctly placed in the chassis. Technical

drawings of the chassis components are reported in the Appendix C.
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Figure 3.17: Completely assembled chassis with the three tunable resistances. The resistances are correctly placed
on the bottom horizontal panel (1). The suspended horizontal panel (2) is interlocked with the main vertical panel
(3) alongside with the second vertical panel (4), the tunable stopper for the syringe (5), the culture chamber holder
(6) and the second stopper (7) for the C filter.

Figure 3.18: The complete bioreactor mounted on the chassis. The hydraulic filter (RC, yellow) is connected to
the pressure sensor (PS, blue). The culture chamber (CC, red) is in the center of the chassis perfectly visible. The
C filter (C, yellow) is connected to the pinch valve (PV, orange). In the front there are the three resistances (R,
DR, SR, gray).
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3.3 BIOREACTOR TESTS

In this paragraph the purpose, the set up, and the protocol of the tests related to the bioreactor
will be presented. The first test described is the resistance characterization which was
fundamental to define the relationship between flow rate and pressure generated upstream the
resistance at different degrees of occlusion. Then, the bioreactor controlled by the implemented
control unit was tested with a silicone tube, mounted in the culture chamber, to verify its
versatility. Lastly, preliminary tests with segments of porcine coronary arteries will be

described.

3.3.1 Resistance characterization

The tunable hydraulic resistance was characterized measuring the pressure at different flow
rates and levels of occlusion. This test was fundamental to describe the relationship between
the rotation of the knob (and so, the level of occlusion) and the pressure generated upstream.
The hydraulic circuit for this experiment consisted in a roller pump (P), an air chamber acting
as a filter (RC), a pressure sensor (PS), the tunable resistance (R) and a reservoir (RV), Figure
3.19. Since the distance between the resistance and the reservoir maintained at atmospheric
pressure was very limited the pressure at the end of the device was considered the same as the

reservoir. The circuit was primed with water and the test was performed at room temperature.

PS

RV

Figure 3.19: Hydraulic circuit of the resistance (R) characterization tests. The oscillations of the peristaltic pump
(P) were dampened by an RC filter (RC) and pressure was acquired by a Pendotech sensor (PS). After passing the

resistance (R), the distilled water, circulating in the system, flowed into the reservoir (RV).

At the beginning of each test, the resistance was set at the maximum degree of occlusion and

pressure was measured at different flow rates, starting from 5 ml/min to 50 ml/min increasing
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the flow rate of 5 ml/min each time. Pressure signal was acquired with a LabView software
reading the mean pressure value. After the first round of measurements from 5 to 50 ml/min,
the knob of the resistance was rotated anticlockwise of approximately 22.5°, reducing the level
of occlusion. Rotation angle was determined placing a small PMMA disc divided in sixteen
sectors (with a laser cutter) on the knob and considering a reference point on the lid of the
resistance. Hence, the device was tested starting from maximum occlusion (no rotations, n0) to
almost no occlusion, when no relevant difference in pressure was measured from the values

obtained before.

3.3.2 Test with silicone tube

Once the bioreactor and the electronic control unit were both completed, bench tests were
performed to assess the functionality, the hydraulic seal, and the versatility of the system. To
do so, this test was divided in two parts. In the first part, the system was set to reproduce a
physiological-like pressure, while verifying the hydraulic seal of the bioreactor. The versatility
of the system was verified during the second part of the test, in which the bioreactor was set to
reproduce different target conditions of pressure and flow rates, present in Table 3.2. In both
the parts, a silicone tube 20 mm long (outer diameter 2mm and internal diameter 1.7 mm) was
used as vessel model. Experiments were performed at room temperature and the circuit (shown

in paragraph 3.2.1 and present in Figure 3.20) was primed with distilled water.

Condition Diastolic pressure Systolic pressure Flow rate
number [mmHg] [mmHg] [28]

1 20 40 10

2 30 50 10

3 40 60 10

4 30 50 20

5 50 80 20

6 80 120 20

7 50 80 30

8 80 120 30

Table 3.2: Pressure and flow rate target conditions for the tests with the silicone tube.
After setting the RPM of the pump, and, consequently, the flow rate, the pressure was adjusted
according to the test condition acting first on the diastolic resistance and then on the systolic
resistance. For conditions 1 to 6 the syringe of the RC filter was primed with 2 ml of air, while

for conditions 7, 8, and during the first part of the test it was primed with 3 ml of air.
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Figure 3.20: Set up used during the test with the silicone tube: Watson Marlow pump (1), RC filter (2), pressure
and flow rate sensors (3), systolic and diastolic resistances (4) (5), pinch valve (6), culture chamber (7) and service
resistance (8).

3.3.3 Test with segments of porcine coronary arteries

After silicone tube experiments, the bioreactor was tested with biological samples that could
better resemble the characteristics of a Tissue Tube. The aim of these experiments was to
determine the performance of the bioreactor with a biological sample that had a limited wall
integrity. Five segments of coronary arteries (both left and right) were extracted from frozen
porcine hearts. The segments were 20-30 mm long and presented holes and smaller branches.
These aspects introduced a further element of complexity for the maintenance of pressure. In
addition, the extraction process was not performed by a specialist, so, the tissue had damages
due to the operator inexperience. The hydraulic circuit is the same as the one of the tests with

silicone tube (paragraph 3.3.2).

Before starting the experiment, each sample was tested to verify its condition. Each sample was
mounted in the bioreactor, Figure 3.21, setting flow rate at 45 ml/min and raising pressure up
to 80 mmHg (during this phase the switching mechanism was off). The sample was discarded

if the pressure decrease was higher than the 10% (8 mmHg) within 5 minutes. Tests were
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performed priming the circuit with PBS 1X. Indeed, a significant decrease in pressure after only

five minutes indicated the presence of too many holes or damages to perform the test.

Figure 3.21: Porcine coronary mounted on the bioreactor before tests. It is possible to recognize in light blue the
sutures used to close the capillaries. The coronary was secured on the connectors of the bioreactor with vessel

loops.

In case of a positive outcome of this preliminary test, the coronary segments were conditioned
under three different hydraulic conditions, described in Table 3.3, for twenty minutes each. The
hydraulic circuit and the set up for this experiment are the same as the one in the previous
paragraph (3.3.2). Pressure was measured both at the beginning and at the end of each culture
condition, in order to verify the capability of the culture system to reach the desired pressure
and maintain it.

Condition Diastolic pressure Systolic pressure | Flow rate
number [mmHg] [mmHg] [28]

3 80 120 60

Table 3.3:Pressure and flow rate target conditions for the tests with the porcine coronary segments.
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3.4 TISSUE TUBES MANUFACTURING

Once the bioreactor was completed and preliminary tests were performed, Tissue Tubes were
manufactured in order to be tested. In this paragraph, the detailed procedure to obtain Tissue
Tubes will be presented: from cell thawing to the final product. All the procedures in this
paragraph were developed in Rolle Lab and are presented in published works [2], [25], [26].
Except for the fabrication of the cuffs, the procedures took place in a biological hood. A 3D

representation of Tissue Tubes is present in Figure 3.22.

Tissue Tubes are scaffold-free TEBVs that, thanks to their modularity and low production time
can be used as models for cardiovascular diseases. They are composed by ring shaped cellular
aggregates stacked together. After a period of static culture, rings fuse and form a tubular
structure. The Tissue Tubes used during these experiments involve rat aortic smooth muscle
cells (RASMCs) since they are a cheaper and easier to use cell type, compared to primary
human SMCs. After thawing, cells were expanded in a Petri dish for three days. During the cell
expansion, agarose molds (Figure 3.24) were produced. Each mold contained five wells with a
post (diameter 2mm) in the middle. At the end of the expansion period, cells were harvested
and pipetted into each well, in order to obtain cell rings. Rings were cultured for three days and
then, stacked together to form Tissue Tubes. To cannulate the Tissue Tube in a bioreactor, two

polycaprolactone (PCL) cuffs were added at both the extremities during the stacking procedure.

Figure 3.22: 3D representation of Tissue Tubes: in order to obtain a tubular structure, the tissue rings and
polycaprolactone cuffs are stacked together on the stacking silicone tube.
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The following scheme (Figure 3.23) sums up the whole timeline to obtain Tissue Tubes:

thaw change media/ change seed change make change switch perform
cells  make molds media molds media tubes media media tests
>
0 1 2 3 4 6 9 10 14 t [days]

Figure 3.23: Tissue Tubes manufacturing timeline. One million of RASMCs were thawed and expanded for three
days. In the meantime, agarose molds were prepared. Each mold had five wells in which it was possible to seed
the cells and a post in the center, fundamental to obtain ring-shaped cellular aggregates. After three days of culture
cells were seeded on the wells of the molds. After additional three days of culture rings were harvested from the
wells and stacked together on a silicone tube to obtain a Tissue Tubes. Tissue Tubes were cultured for seven days
in order to have a complete fusion of the rings. The entire process required only two weeks in order to have Tissue

Tubes ready to be tested.

3.4.1 Culture medium

When cultured, smooth muscle cells have two distinct behaviors depending on the medium in
which they are cultured. In presence of high concentrations (around 10%) of fetal bovine serum
(FBS) cells will increase their proliferative activity and reduce the matrix production. Vice
versa, at lower concentrations (around 1%) cells will start producing more extracellular matrix
and decreasing proliferation. Hence, to culture cells and tissue tubes two different culture media

were used:
*  Growth medium

Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% FBS, 1% penicillin
streptomycin (PS) solution, 1% non-essential amino acids (NEAA), 1% sodium pyruvate

and 1% L-glutamine.
« Differentiation medium

Half DMEM, half HAM’s F12 medium supplemented with 1% FBS, 1% penicillin
streptomycin (PS) solution, 1% of Insulin-Transferrin-Selenium (ITS) 1X, 1% L-glutamine,
and 1 ml of a 5% w/v ascorbic acid (AA) solution (half DMEM, half HAM’s F12) for every

100 ml of medium, added fresh every medium change.
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3.4.2 Thawing and expansion of cells

A cryovial containing one million RASMCs was taken from the cryo-tank (where were stored
in liquid nitrogen) and thawed in a warm water bath. The cell suspension was then pipetted in
a petri dish containing 17 ml of growth medium. The dish containing the cells was, then,
incubated for four days at 37 °C and 5% CO2, changing medium every 24 hours. This period of
culture was fundamental to expand the cells and obtain a sufficient number for the next steps.

3.4.3 Agarose molds production

A solution of 2% w/v agarose in DMEM was sterilized by autoclave. The solution was pipetted
into custom made silicon molds, paying attention to not letting it solidify during pipetting. In
case of solidification, the agarose was microwaved to melt it again. After five minutes from
pipetting, the agarose mold was completely solid and was gently detached from the silicone
mold with a spatula and placed in a 6-wells plate with 4 ml of growth medium. Each agarose
mold has five wells with a post in the center, as shown in Figure 3.24. The central post had a
diameter of 2 mm and it was essential to obtain ring-shaped cellular aggregates with an internal
diameter of 2 mm.

Figure 3.24: Agarose mold in a six-wells plate. Each mold contained five wells (W) with a post (P) in the center.

The post was fundamental to obtain ring shaped cellular aggregates.
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3.44 Seeding molds

After four days of culture, the medium contained in the cell plate was removed with a Pasteur
pipette connected to a vacuum line. Then, 8 ml of Phosphate Buffered Saline (PBS) were poured
in the plate and, soon after, aspirated to remove any remaining trace of culture medium. Cells
were then incubated with 3 ml of trypsin for five minutes. Trypsin is an enzyme that cleaves
integrins, membrane proteins that allow cells to adhere to a surface. By cutting this protein,
cells detached from the bottom of the dish and returned in suspension. Afterwards, 3 ml of
culture medium were pipetted in the plate and the suspension of cells, medium, and trypsin was
aspirated and pipetted multiple times until the color appeared homogeneous. The obtained
suspension was transferred in a 50 ml conical tube and a sample of 40 pl was taken from this
solution for cell counting. The sample of 40 ul of cell suspension was mixed with 40 ul of
trypan blue to distinguish dead from living cells. From this solution, 20 pl were taken and
pipetted into the counting chamber (10pl for each side). The solution containing cells was
centrifuged for five minutes at 1000 RPM to isolate cells. The supernatant was aspirated, and
cells were resuspended with growth medium in order to obtain a concentration of 10000 cells/
pl. Then, 50 pl of cell suspension were pipetted into each well of the agarose molds. Finally,
2.5 ml of growth medium were pipetted around the molds making sure that the medium did not
go inside the wells. Since cells were still in suspension, if the medium in the wells overflew,
cells could escape the well, colonizing the rest of the mold or the bottom of the plate and not
form ring-shaped aggregates. Molds were incubated for 3 days changing medium every day.
Starting from the first medium change, instead of 2.5 ml, 4.5 ml of growth medium were
pipetted around each mold, until it was completely submerged. A picture of rings after one day

of culture is present in Figure 3.25.

69



Figure 3.25: RASMCs rings in culture. The bright circles on the well are the tissue rings. The picture was taken

after one day of culture after seeding.

3.45 PCL cuffs production

In order to facilitate the mounting process of tissue tubes on the bioreactor, two electrospun
cuffs of PCL were added at each end of the Tissue Tube during the next step. Introducing a cuff
at each extremity added extra length to the construct and permitted to avoid directly touching
the tissue during the Tissue Tube mounting procedure and for its anchoring to the bioreactor

connectors.

Electrospinning is a manufacturing technique to produce polymeric filaments, characterized by
a micrometric diameter. Usually, a solution of the polymer of interest and its solvent, is
contained in a syringe which has a metallic needle. High voltage is applied between the needle
(anode) and a collector (anode), which is generally flat or cylindrical. At this point, the solution
is poured dropwise from the syringe. The droplets of solution, at the exit of the needle, form a
conic structure (Taylor cone) due to electrostatic forces and surface tension. A jet of solution
departs from the tip of the cone, towards the anode. During its path to the collector, the solvent
progressively evaporates, while electrostatic repulsion stretches the forming polymeric fibers.

As a result, polymeric filaments of micrometric diameter progressively settle on the collector.

PCL beads were dissolved in 2,2,2 tri-fluoroethanol (TFE, T63002; Sigma) to form a 12% w/v
solution and left on a magnetic stirrer overnight. Afterwards, the solution was poured ina 5 ml

syringe with a metallic needle, used as cathode for electrospinning process.
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The anode was a rotating mandrel with a 2 mm diameter, placed 15 cm far from the syringe.
The solution was dispensed with a flow rate of 5 ml/h thanks to a syringe pump, while the
voltage was set between 10 and 15 kV in order to obtain a well-formed solution cone coming
out of the needle pointing to the mandrel. The obtained PCL tube was taken out of the mandrel,
flattened and cut with a surgical scalpel to obtain 2mm long cuffs. Flattening the PCL tube was
essential to perform a clean cut and obtain straight edges. If the edges of the cuffs are irregular,
there may be holes between the cuff and the next tissue ring once Tissue Tubes are assembled.
On the other hand, flattening the electrospun PCL made the cuffs slightly smaller in diameter,
complicating the mounting procedure of the Tissue Tubes in the bioreactor. Cuffs were

sterilized with ethylene oxide and de-gassed for a minimum of 24h before use.

3.4.6 Stacking cellular rings to form Tissue Tubes

After three days of static culture the rings were gently taken out of the well with surgical forceps
and stacked in a silicone tube (Figure 3.26). Tubes generally consisted of 8 rings. Once the rings
were stacked on the silicone tube, a cuff was taken with the forceps and staked on the silicone
tube and gently pushed to be in contact with the last ring. This operation was repeated to have
a cuff at each end of the Tissue Tube. The tubes were, then, placed in a custom holder in a Petri
Dish containing 45ml of growth medium. The holder kept the silicone tubes in place and could
host up to two silicone tubes. So, since three Tissue Tubes were produced in each batch, two
tubes were stacked on the same silicone tube, while the third one was stacked on a second
silicone tube. The dish with the tubes was incubated (at 37 °C and 5% CQO2) for 8 days, changing
medium after three days and switching to differentiation medium at day four. At the end of the

entire process three Tissue Tubes were obtained.
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Figure 3.26: Schematic representation of the stacking procedure of a single cellular ring. The ring was situated
around the post inside the well (A), then, with a pair of forceps the ring was gently pushed out of the bottom (B)
until it was completely out of the post (C). Afterwards, the ring was recovered by sliding the tip of the forceps in
the center of the ring and taking it out of the well (D). Carefully, the forceps were slightly opened in order to grab
one end of the stacking silicone tube to let the ring slide around it (E). The ring was then delicately pushed through
the silicone tube with a second pair of forceps. To make the process easier to visualize, culture medium (in A, B

and C) and part of the wall of the well (in B and C) were not represented in the scheme.

Figure 3.27: Tissue Tubes after five days of culture, under the light of an optical microscope. Each holder housed

up to three tissue tubes.
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3.5 TISSUE TUBES TESTS

The following paragraph is divided in three main sections. The first part covers the preliminary
tests performed before the dynamic culture of Tissue Tubes: the pressurization tests,
fundamental to investigate the mechanical properties of Tissue Tubes, and the silicone tube
stretch measurements. The second part describes the culture of Tissue Tubes under dynamic
condition and the related protocol. The dynamic culture of Tissue Tube consisted in a cyclic
circumferential stretch from 1 to 5%, generated by the tunable pulsatile bioreactor. The third
part covers all the analyses performed to study the effect of this stimulation: wall thickness

measurements, histology, and cell density measurements.

3.5.1 Preliminary Tests

The first test that will be described is the pressurization tests, fundamental to understand if it
was possible to apply luminal pressure to Tissue Tube and measure their burst pressure. This
test was also crucial in defining the protocol followed during the culture of Tissue Tubes

under dynamic conditions.

The description of the silicone stretch measurements will follow. Due to their low mechanical
properties, during the culture in the bioreactor Tissue Tubes were left on the stacking silicone
tube. Hence, Tissue Tubes were not directly exposed to luminal pressure but were stretched by
cyclically pressurizing the stacking silicone tube. So, it was fundamental to investigate the
relationship between the pressure applied to the stacking silicone tube and its circumferential

stretch.

3.5.1.1 Pressurization tests on Tissue Tubes

In order to study the mechanical properties of tissue tubes, pressurization tests were performed.
The aim of these tests was to determine if the Tissue Tubes could be pressurized and to measure
their burst pressure. After 8 days of static culture from the stacking procedure, the constructs
were mounted on the culture chamber of the bioreactor, securing the cuffs on the bioreactor

connectors with a surgical thread. Pressure signal was acquired with a Pendotech sensor
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(Pendotech PRESS-S000) placed right before the culture chamber and connected to the
electronic control unit. A 5ml syringe, placed on a syringe pump, was connected to the pressure
sensor. The sensor was connected to the culture chamber, were the Tissue Tube was hosted.
The construct was pressurized by clamping the silicone tube right after it. A scheme of the

hydraulic circuit for this test is present in Figure 3.28.

X

Figure 3.28: Hydraulic circuit used for the pressurization tests. The syringe pump (SP) ensured a constant flow
rate and pressure applied to the Tissue Tube was acquired by a Pendotech sensor (PS). In order to pressurize the

sample (S), the silicone tube right after the Tissue Tube was clamped.

This experiment was performed on the bench, at room temperature. After the circuit was primed
with distilled water and the Falcon tube of the culture chamber was filled, the sample was
mounted on the housing of the culture chamber, as shown in Figure 3.29. The pump was turned
on setting flow rate to 5 ml/h (0.33 ml/min). As soon as pressure reached 20 mmHg the pump
was stopped for ten minutes monitoring the pressure decrease over time. This procedure was
meant to be repeated also for 40, 60, 80, 100 and 120 mmHg (expecting the Tissue Tube to

break before 120 mmHg). The experiment was repeated with fifteen different samples.

Figure 3.29:Tissue Tube mounted on the bioreactor before pressurization tests. Cuffs were sutured on the

connectors to ensure hydraulic seal.
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A second experiment was performed with the same protocol but using only one Tissue Tube

cultured for 10 days after the stacking procedure instead of 7.

3.5.1.2 Stretch measurements on the stacking silicone tubes

As it will be described in detail in paragraph 4.2.1, Tissue Tubes proved to be extremely fragile
constructs with a burst pressure of only 11 mmHg. Therefore, in order to perform dynamic
culture experiments, Tissue Tubes were left on the stacking silicone tube. The stacking silicone
tube was connected directly to the bioreactor with the aim to cyclically stimulate the Tissue
Tubes construct through the inner silicon tube as a sleeve. By applying a pulsatile pressure to
the stacking silicone tube, the Tissue Tubes were cyclically stretched. In order to perform
dynamic culture in this configuration, it was necessary to measure how much the stacking

silicone tube is radially stretched when pressurized.

In this case, the stacking silicone tube was used as the sample. The hydraulic circuit, for this
experiment , represented in Figure 3.30, was composed by the Watson Marlow peristaltic pump
(P, blue) , an hydraulic filter (RC, yellow), the pressure sensor (Pendotech PRESS-S000, PS,
dark blue) connected to the electronic control unit, the housing of the culture chamber (without
the Falcon tube) with the stacking silicone tube (ST, turquoise) mounted, an Adnostar 500X
USB camera (C, orange) to take picture of the tube, a tunable hydraulic resistance (R, gray) and
a reservoir (RV, green). The external reservoir was necessary since the Falcon tube was
removed from the culture chamber in order to have direct optical access to the stacking silicone
tube. The circuit was primed with distilled water and performed at room temperature. Pictures
of the silicone tube were taken at 0, 100, 200, 300, 400 and 450 mmHg with an Adnostar 500X
USB camera. Images were analyzed with ImageJ measuring the diameter at different pressure
values and calculating the percentage variation from the OmmHg condition for each value of

pressure.
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Figure 3.30: Hydraulic circuit used for the stretch measurements on the stacking silicone tubes. The oscillations
of the roller pump (P) were dampened by a hydraulic filter (RC), which was connected to the Pendotech pressure
sensor (PS). The stacking silicone tube (ST) was mounted on the vessel housing of the culture chamber. The Falcon
tube of the culture chamber was removed in order to have optical access for the Adnostar 500X camera (C). Then

a tunable resistance (R) was used to regulate the pressure. Lastly a reservoir was present in the setup.

3.5.2  Culture of Tissue Tubes under dynamic conditions

This paragraph describes the procedures developed to assemble the bioreactor and mount the
sample in sterile conditions, and the experiments involving the culture of Tissue Tubes in
dynamic conditions. The maintenance of sterility was fundamental for all the procedure and the
experiment present in this paragraph. Therefore, the protocols present in paragraph 3.5.2.1 were
performed in a biological hood, while during the culture of Tissue Tubes in dynamic conditions,

the sterility was granted by the hydraulic seal of the bioreactor.

3.5.2.1 Tissue Tube mounting and bioreactor assembling protocols

In order to perform dynamic culture experiments, protocols were developed to assemble the
bioreactor and to mount the sample in sterile conditions. For what concerns the assembling of
the bioreactor, the whole fluidic circuit was divided in three main parts, as shown in Figure
3.31:

e The sample holder of the bioreactor culture chamber (1)
e the set of tubes going outside and inside the incubator (pump tubes,2)

e the tubes related to the resistances (resistances tubes,3)
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Figure 3.31: The three parts in which the hydraulic circuit was divided: The culture chamber (1), the set of tubes
going outside and inside the incubator (pump tubes, 2) and the tubes related to the resistances (resistances tubes,
3). The pump tubes included the tubes that had to be inserted in the peristaltic pump head (PT) and the pressure
sensor (PS). The resistances tubes had two branches, connected to the two tunable resistances. Both the pump
tubes and the resistances tubes had a three-way stopcock (orange) used to connect the syringes to the circuit
(needed to implement the hydraulic filters).

Each part was sterilized in EtO separately and degassed for 24 hours. In the biological hood, an
empty 15ml Falcon tube was secured around the culture chamber and an HEPA filter was
connected to the white-labeled outlet of the culture chamber. Then, the two extremities of the
pump tube were connected to the proper outlets of the culture chamber (the end with the
pressure sensor to the yellow labeled outlet and the other to the green labeled outlet). Three-
way stopcocks were used to connect the syringes to the hydraulic circuit. As mentioned in
paragraph 3.2.1, the syringes were used as air chambers to implement the hydraulic filters. So,
a 5ml syringe was secured on the stopcock of the pump tubes in order to implement the RC
filter. Finally, the resistance tubes were connected to the other two outlets of the culture
chamber (blue and black) and a sterile 1ml syringe was connected to the other three-way
stopcock. The tubes were placed on the correct position in the chassis, where the pinch valve

and the resistances were already present.

The mounting procedure took place after the bioreactor was completely assembled. During the
mounting procedure, the stacking silicone tube (which had the Tissue Tube around) was
removed from the holder with sterilized forceps. Then, cuts were performed with a sterile

surgical scalpel on the stacking silicone tube at five millimeters from each side of the Tissue
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Tube. The vessel housing (Figure 3.32, A) was removed from the 15 ml Falcon tube leaving
the rest of the hydraulic circuit connected to it. The housing was then placed in a second
modified sterile Falcon tube which had an opening, needed to introduce, and mount the sample.
Differentiation medium was poured into the Falcon tube until it reached the level of the
connectors. Then, 12 ml of differentiation medium were pipetted in the 15ml Falcon tube. The
silicone tube with around the Tissue Tube was, then, placed in the modified Falcon tube. One
end of the silicone tube was gently pushed with the forceps until it fitted on the upper housing
connector (the one close to the PMMA cap), as shown in Figure 3.32, B. Then, the second
moving connector was pulled towards the stacking silicone tube until the tip of the connector
was inside the lumen of the stacking silicone tube (Figure 3.32, C). At that point, while keeping
the moving connector in place, the second end of the stacking silicone tube was fitted on the
moving connector, similarly to the first one. Then, the housing was removed from the modified

Falcon tube and secured, again, in the 15 ml Falcon tube.

Once the Tissue Tube was mounted, the circuit could be primed. In order to perform a bubble
free priming of the circuit, the roller pump was used. The pump , set at 30 RPM aspirated the
medium from the 15ml Falcon tube and slowly pumped it in each branch of the circuit. When
the level of medium in the Falcon tube arrived to 7 ml, the pump was stopped and the Falcon
tube was refilled with a pipette. This process was repeated untill each branch of the circuit and

the Falcon tube were primed.

The procedures are reported in detail in the Appendix D.
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PMMA CAP

TISSUE TUBE

Figure 3.32: 3D schematization of the mounting procedure. The housing of the culture chamber (A) had two
connectors, an upper connector, close to the PMMA cap and a moving connector. First, one end of the stacking
silicone tube (with the Tissue Tube around it) was gently pushed with surgical forceps to fit on the upper connector
(B). Then, the moving connector was pushed to fit inside the other end of the stacking silicone tube (C). In order
to facilitate the visualization, the modified Falcon tube and the rest of the circuit (connected to the outlets of the

housing) were not represented.

79



3.5.2.2 Dynamic culture experiments

To perform dynamic culture experiments, Tissue Tubes were not directly pressurized but were
left on the stacking silicone tube, as shown in Figure 3.33. This configuration granted continuity
in the hydraulic circuit and so, the possibility to reach higher pressures.

Figure 3.33: Tissue Tubes on the stacking silicone tube, before a dynamic culture experiment.

The pressure inside the stacking silicone tube caused a circumferential stretch of the silicone
tube itself, mechanically stimulating the Tissue Tube around it. Considering the working region
of the bioreactor and other similar approaches present in literature [24], [29], the stimulation
imposed to the tissue oscillated between 1% and 5% of circumferential strain, which required,
respectively, a pressure of 100 mmHg and 450 mmHg inside the silicone tube. To reach such
elevated pressures, it was necessary to eliminate both the two compliances present in the circuit:
as explained in the previous chapter, the compliances (especially the one present in the RC
filter) not only dampened pump oscillations but also reduced the maximum pressure achievable

by the culture system.

In addition, since it was necessary to convey all the flow rate into the switching resistance

branches, the service resistance and its related branch of the circuit were eliminated for this
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preliminary experiment with Tissue Tubes. The simplified hydraulic circuit for the culture of

Tissue Tubes under dynamic conditions is reported in Figure 3.34.

Figure 3.34: Hydraulic circuit used for the preliminary cyclic culture tests. The oscillations of the peristaltic pump
(P) were dampened by a hydraulic resistance (R) and pressure was acquired by a Pendotech sensor (PS). After
passing the sample (S), the circuit divided in two branches connected to the diastolic (DR) and the systolic

resistance (SR). The pinch valve (PV) cyclically opened and closed one of the two branches.

After the stacking process, tubes were cultured for eight days in static condition, changing
medium at day 3 and switching to differentiation medium at day 4. The period of static culture
was essential to allow the tissue rings to fuse. After that, each cellular construct and its related
silicone tube were mounted in the bioreactor following the detailed protocol reported in the
appendix D. The Tissue Tube mounted bioreactor was, then, incubated at 37°C and 5% CO2
(Figure 3.35), and the pump set to 8 ml/min (50 RPM). The pump RPM were increased of 20
every 30 minutes checking that there was no leakage in the system. Once reached 110 RPM (35
ml/min) pressure was adjusted acting on the resistances in order to have approximately a
systolic pressure of 450 (5% circumferential strain) mmHg and a diastolic pressure of 100
mmHg (1% circumferential strain). The circuit was primed with differentiation medium and the
medium present in the Falcon tube was changed after three days of culture. Tissue Tubes were

cultured in dynamic conditions for seven days.
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The control group for this experiment consisted in a Tissue Tube cultured in parallel in a second
bioreactor without applying the pulsatile stretch. The bioreactor had the same culture chamber
and length of the tubes, with medium circulating at the same flow rate to ensure a similar
nutrients transportation in the outside of the Tissue Tube. The experiment was repeated Six
times: in each experiment two tubes, produced in the same batch, were cultured together, one
for the pulsatile group and one for the static group.

Figure 3.35: A Tissue Tube cultured under dynamic conditions inside the tunable pulsatile bioreactor.
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3.5.3 Analyses on cultured Tissue Tubes

To study the effect of the cyclic stimulation given to Tissue Tubes during the culture in the
bioreactor, qualitative and quantitative analyses were performed. The thickness of the cultured
Tissue Tubes was the first analysis done. Then, Tissue Tubes were processed in order to
perform histology. For each sample, three different stains were used (hematoxylin and eosin,
picrosirius red and fast green and DAPI) to study the morphology of the tissue. Afterwards,

DAPI images were processed on ImageJ to measure cell density.

3.5.3.1 Tissue Tube thickness measurements

After the dynamic culture, both control and pulsatile tubes were fixed in formalin for an hour
and then, stored in 70% ethanol overnight. Afterwards, the fixed Tissue Tubes were placed in
an open Petri Dish and pictures of the entire Tissue Tube were taken with an Adnostar 500X
USB camera to measure thickness. The pictures were analyzed on ImageJ to measure the

average thickness of each sample.

Before measuring the thickness, it was essential to know the relationship between pixels
(measured by the software) and millimeters. To do so, the diameter of the silicone tube was
measured with ImagelJ. Since the diameter of the silicone tube has a length of 2mm it was

possible to calculate the conversion factor for each image.

Due to their manufacturing process, Tissue Tubes are not perfectly cylindrical. So, the thickness
of the constructs exhibited a relevant variation along the longitudinal axis. Therefore, the
average thickness was calculated. To do so, images were processed with a specific filter (find
edges) and a central region of interest of the tube was selected. The figure 3.36 shows the region
of interest, corresponding to the area enclosed by the yellow line. The upper and lower side
were drawn following the outline of the tube while the right and left side were two vertical
parallel lines. By measuring the area of the region of interest and dividing it by the distance
between the right and the left side, the average thickness in pixels was obtained. Knowing the
conversion factor, it was possible to convert the value of the thickness from pixels to mm.
However, this value comprehends the thickness of both walls and the lumen. The thickness was

calculated for the pulsatile and control sample of all the experiments.
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Figure 3.36: Photographic image of a tube processed on imageJ. The yellow lines identify the region of interest,
used to measure the average thickness. The upper and the lower side of the region of interest were drawn following
the outline of the sample. The area of the region of interest was, then, divided by the distance between the left and

the right side to obtain the average thickness.

3.5.3.2 Histological analyses

After acquiring the pictures for thickness measurements, samples were cut with a surgical
scalpel perpendicularly with respect to the longitudinal axis and close to one of the two cuffs,
as represented in Figure 3.37. The smaller part of the sample was used to perform

circumferential sections, while the other to perform longitudinal sections.

Figure 3.37: 3D representation of the cutting procedure before histology. In this way it was possible to have two
portions of tissue for each sample: one sectioned perpendicular to the longitudinal axis, the other perpendicular to
the radial axis.
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Afterwards, samples were processed in a tissue processor, embedded in paraffine, and cut with
a microtome, as shown in Figure 3.38, to obtain 6um thick circumferential and longitudinal

slices.

\

Figure 3.38: 3D representation of the sectioning process. The blue surface represents the portion of tissue obtained
with each cut. Hence, the blade of the microtome was moved in parallel to the blue surface. On the left, the short
sample used for preparing slices of the Tissue Tube in the circumferential direction resulting in circular tissue
slices. On the right, the long sample used for preparing slices of the Tissue Tube in the longitudinal direction

resulting in slices with two stripes of tissue.

After a process of dehydration of the slices, for each sample the following stains were

performed:

. Hematoxylin and eosin (H&E)

. Picrosirius red and fast green (PR)
. DAPI

Both longitudinal and circumferential sections were stained with PR and H&E, while only

circumferential section were stained with DAPI.

H&E is one of the most used stains in histology. It colors the nuclei in violet and the rest of the
tissue in pink. PR, instead, stains all types of collagen in red and non-collagenous proteins (in
this case mostly intracellular proteins) in blue. Slides stained with PR can be observed also
under polarized light, in which collagen appears shining gold and can be better distinguished
from the rest of the tissue. DAPI is a fluorescent dye that strongly binds DNA (in particular in
regions with high content of adenine and thymine). It has its emission peak at a blue wavelength,

so, resulting images have black background and blue spots for the nuclei. While H&E and PR
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are important to investigate the morphology of the whole tissue, DAPI gives more accurate
information about the shape and the distribution of the cell nuclei. Images were taken at 10x
and 40x magnification for H&E ad PR, at 10x magnification for PR in polarized light and for
DAPI at 20x magnification. DAPI images could be processed in order to have quantitative

information on the number of nuclei present in each image.

3.5.3.3 Cell density measurements

Images of DAPI stained circumferential sections were processed in ImageJ in order to count
the number of cell nuclei and evaluate the average cell density. As it will be described in
paragraph 4.10, the first two sets of Tissue Tubes were damaged during the processing
procedure before histology. The images related to those samples, in some cases, did not show
the entire wall sections, but only fragments of tissue. Therefore, images with smaller portions
of tissue would have had a smaller number of cell nuclei. In order to compare data from the
images of all the sets of samples, the cellular density was measured, normalizing the number of

cell nuclei by the area of the tissue present in the image.

In addition, some nuclei were overlapping and, to count them properly, images were binarized
and a specific function (watershed) was applied, which automatically divided the overlapping
particles. Particles were analyzed imposing a minimum threshold to exclude the small nuclear
debris from the counting. The number of particles was, then, divided by the area of each picture

in order to obtain the average cellular density.
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4 RESULTS AND DISCUSSION

This chapter describes the results related to the bioreactor development process and the test
(described in chapter 3) finalized to verify the specifications of the bioreactor, to culture Tissue
Tubes under dynamic conditions within the bioreactor and to study the effect of the mechanical
stimulation given to these constructs during their dynamic culture. Like the previous one, this
chapter is divided in two main sections. The paragraph 4.1 covers the manufacturing process of
the tunable pulsatile bioreactor in all its components (hydraulic circuit, hydraulic resistances,
and ECU) as well as the bench tests performed to verify that the specifications declared in the
paragraph 3.1 were achieved. These tests demonstrated that the bioreactor could generate a
pulsatile pressure and it was possible to tune both the minimum and the maximum pressure as

shown in the pressure curves present in paragraphs 4.1.4 and 4.1.5.

The paragraph 4.2 presents the results from the tests, described in paragraph 3.4, related to
Tissue Tubes and their culture. The pressurization tests showed the limited mechanical
properties of these constructs and that dynamic culture experiments involving direct luminal
pressure would be too challenging at the moment. Therefore, an alternative strategy was
developed, in which Tissue Tubes were left on the silicone tube used during the stacking
procedure. The silicone tube was connected to the bioreactor and it was cyclically stretched by
applying luminal pulsatile pressure. Hence, the Tissue Tube around it resulted stimulated by a
cyclic stretch. The effect of this stimulation was studied with thickness measurements,
histological analyses, and cell density measurements. While the results related to the thickness
and the cellular density are quantitative, histology gave more qualitative information about the
structure and the morphology of the tissue. Therefore, histological images will be analyzed and
described in order to understand why Tissue Tubes have limited mechanical properties and
which one were the effects of the mechanical stimulation given during their culture in dynamic

conditions.

87



4.1 BIOREACTOR PROTOTYPING AND PRELIMINARY TESTS

This paragraph reports the results related to the prototyping of the bioreactor and to the
preliminary tests, presented in the paragraph 3.3, in which the system was tested at first with a
silicone tube and then with segments of porcine coronary arteries, both used as vessel models.
The resistance characterization was essential to determine the relationship between the silicone
tube occlusion and the pressure generated upstream in the hydraulic circuit. In addition, this
test was fundamental to use the developed resistances for the fine tuning of the stimulation
within the bioreactor. The three main subunits of the electronic control unit (pressure signal
acquisition, pinch valve control and pump control) were tested separately and assembled to
verify that all the functions were correctly performed. The tests with the silicone tube, used as
a model of vascular segment, showed that the bioreactor was capable to generate a pulsatile
pressure and obtain a physiological-like pressure waveform oscillating between 80 and 120
mmHg. In addition, this test verified one of the most important specification of the bioreactor:
the versatility. Hence, it was possible to reproduce different pressure and flow rate conditions:
from a pulsatile pressure of 20/40 mmHg with a mean flow rate of 10 ml/min, to a pulsatile
pressure of 80/120 mmHg and a mean flow rate of 30 ml/min. The possibility to generate a
hypo-physiological stimulation was fundamental to fit the initial mechanical properties of a
non-mature vascular construct, such as Tissue Tubes. Finally, the experiments with the
segments of porcine coronary arteries confirmed that the bioreactor could generate a tunable
pulsatile pressure even with biological samples presenting defects and damages in the vessel

wall.
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4,11 Resistance characterization

Tunable resistive elements were developed to regulate the minimum and the maximum pressure
generated by the bioreactor. The tunable resistance consisted in a plate occluding the silicone
tube of the hydraulic circuit. By rotating a knob, the position of the plate, and so the occlusion
of the silicone tube, could be adjusted. The more the tube was occluded, the higher was the
resistance. The hydraulic resistance was characterized at different flow rates (Q) and different
levels of occlusion (n) as described in the paragraph 3.3.1. Starting from a condition of
maximum occlusion (n=1), the pressure was measured for different values of flow rate, from 5
to 50 ml/min. Then, the knob was rotated of 22,5°, decreasing the level of occlusion (n=2), and
pressure was measured again at different flow rates. This procedure was repeated decreasing
each time the level of occlusion until no relevant difference in pressure was measured from the

values obtained before (n=8).

The average value of pressure, for each value of flow rate and “n”, was calculated together with

the related standard deviation. The resulting curves are represented in Figure 4.1.
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Figure 4.1: Resistance characterization test results. Each pressure curve was obtained at a different level of
occlusion "n". The test also reports the standard deviation for each pressure value. Standard deviation is not present
for each value since in some case the pressure was too high, saturating the sensor.
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For the curves referring to n=1, n=2 and n=3 it was not possible to have three values for each
flow rate condition, since the signal from the pressure sensor saturated at 300 mmHg. At high
level of occlusion (low values of n), the device became more difficult to control, hence, even a
minimal change in the knob rotation (and so in the level of occlusion) could produce a
significant difference in the pressure measured at the same flow rate. Hence the curves related
to n=1, n=2 and n=3 show a higher standard deviation compared to the standard deviation of
the other curves.

The curves show almost a linear behavior, especially at high values of n (R? >0.9). This means
that the resistance value does not changes maintaining the same level of occlusion, in line with

the relationship between pressure and flow rate for hydraulic resistances:
P=R-Q
Where P is the pressure, R is the resistance value and Q is the flow rate.

Considering a specific flow rate value, the difference of pressure from a curve and the next one
is not constant. This indicates that the variation of the resistance value is not proportional to the
variation of the degree of occlusion. Therefore, this resistance is more controllable at high

values of n, corresponding to a lower occlusion of the tube.

In addition, the tunable hydraulic resistances developed in this study, once connected to the
bioreactor, permitted to have a more controllable and fine tuning of the pressure compared to
the one obtained with roller clamp or with the tunable resistance used to mimic coronary

hemodynamics (presented in paragraph 3.2.2).

4.1.2 Verification of the electric equivalent of the hydraulic circuit

The hydraulic circuit was designed with the aid of simulations performed on the electric
equivalent circuit, as described in the paragraph 3.2.1. The voltage waveform on the wire,
which modeled the sample, is reported in Figure 4.2. This result shows that the circuit was
designed and modeled correctly. The voltage curve is periodic and pulsatile with the peak closer

to the beginning of the period, similarly to a physiologic pressure wave.
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Figure 4.2: VVoltage output on the wire that modeled the sample in the electric equivalent of the circuit. The graph

shows a pulsatile cyclic voltage wave. The thicker gray columns represent a time interval of one second.

4.1.3 Verification of the electronic control unit test

The ECU was tested verifying the functionality of each subunit. The pressure reported by the
Pendotech PRESS-S000 sensor resulted to be analogous to the one measured by a manometer.
The pinch valve subunit was capable of correctly controlling the opening and closing of the
S306-02 valve as well as the control of the led. The pump subunit, once connected to the Watson
Marlow 323D properly managed the on/off status of the pump, the direction, and the velocity

of the rotation.

4,1.4 Tests with silicone tube as vessel model

The tests with silicone tube as vessel model were meant to verify the correct functioning and
the versatility of the system before introducing biological vessels. At first, the bioreactor was
set to reproduce a physiological-like pressure curve (pulsatile pressure of 80/120 mmHg),
verifying if the hydraulic circuit was correctly designed and implemented. The pressure curve
obtained is reported in Figure 4.3. During the test, there were no leakages, assessing the
hydraulic seal of the system. This feature is fundamental to maintain a sterile environment

inside the bioreactor, necessary for cell and tissue culture.
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Figure 4.3: Physiological-like stimulation generated by the bioreactor. The pressure oscillates between 80 and 120

mmHg with the peak shifted towards the beginning of the period, similarly to a physiological pressure wave.

The pressure curve in Figure 4.3 proves that the bioreactor developed could generate a pulsatile
pressure with a waveform similar to a physiological one. The peak of the curve is shifted
towards the beginning of the period, and so the systole is shorter than the diastole. In addition,
the curve is very similar to the one obtained with the electrical equivalent model previously
described, demonstrating that the hydraulic circuit was correctly implemented. The curve shows
a minimal trace of the oscillations produced by the pump. This indicates that the action of the
hydraulic filter is effective, and that the volume of air contained in the syringe (3ml) was
correctly dimensioned. Anyway, the similarity with a physiological pressure curve is limited
by the presence of the oscillations produced by the pump (even if present to a small extend) and

by the pointy shape of the peak.

To verify the versatility, the bioreactor was set to reproduce eight pressure and flow rate
conditions, present in Table 4.1. For this test, a period of one second was set for each cycle with
a diastole of 0.7s and a systole of 0.3s. The pulsatile pressures generated by the bioreactor

during this test are reported in Figure 4.4.

The pressure curves obtained shows that it was possible to set the bioreactor tunable resistances
in order to replicate successfully all the conditions. This demonstrates that the system can work
at different values of minimum and maximum pressure and flow rate and, consequently, that
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the bioreactor is extremely versatile. The tunable hydraulic resistances worked as expected,
granting a good degree of control in the variation of the minimum and maximum pressure.
Considering that no leakage of liquid was observed in each condition, it is reasonable to assume
that the pressure tuning could be done without affecting the sterile environment inside the
bioreactor. Therefore, is not necessary to stop the experiment and move the bioreactor from the
incubator to the biological hood to change the operating pressure of the system. In addition, the
versatility of this system is crucial for the culture of TEBVs that, at the beginning of the
dynamic stimulation within bioreactor are still very weak and would face mechanical failure, if
exposed directly to physiologic pressures, such as would occur with Tissue Tubes. The
possibility to increase the pressure in a progressive and controlled way could be a fundamental
tool to guide the maturation of Tissue Tubes in future experiments.

Condition number  Diastolic pressure [nmHg]  Systolic pressure [mmHg] | Flow rate [ml/min]

1 20 40 10
2 30 50 10
3 40 60 10
4 30 50 20
5 50 80 20
6 80 120 20
7 50 80 30
8 80 120 30

Table 4.1 : Pressure and flow rate target conditions for the experiment carried out with the silicone tube as vessel

phantom.

93



Condition 1 Condition 2

60
50 —
5 40 T 50
E 30 € 40
£ £ 30
= 20 o
£ 10 20
35
2 o @ 10
@ a 0
o 0 1 2 3 0 1 2 3
Time [s] Time [s]
Condition 3 Condition 4
80 60
T I
c 60 € 40
£ 40 E30
o 20
35 5
2 20 2 10
¢ ¢,
[a [a
0 0 1 2 3
0 1 2 3 —
ime (S
Time [s]
Condition 5 Condition 6
_90 _ 140
¥ 80 2 150
g 70 g 100
= 60 = 80
5 50 5 60
3 40 3 40
Q Q
a 0 1 2 3 a 0 1 2 3
Time [s] Time [s]
Condition 7 Condition 8
_ 90 __ 140
= 80 2 120
g 70 E 100 ‘/\/\./V\
= 60 = 80
5 50 5 60
2 40 g 40
Q Q
- 0 1 2 3 - 0 1 2 3
Time [s] Time [s]

Figure 4.4: Pressure waveforms related to the experiment with silicone tube used as vessel phantom. Each target
condition was achieved, demonstrating the versatility of the here developed culture system.
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4.1.5 Tests with segments of porcine coronary arteries as vessel model

The tests with segments of porcine coronary arteries were meant to investigate the performance
of the bioreactor with a biological sample that had a limited wall integrity. Therefore, five
segments of porcine coronary artery were extracted from frozen porcine hearts. Before
conditioning the segments in the bioreactor, a preliminary test was performed to evaluate if a
sample wall had excessive damages to be tested.

Among the five samples harvested, two did not passed the preliminary test and were discarded.
A third sample showed a decrease of 10 mmHg (corresponding to a decrease of 12%) but was
included in the test anyway. The three vessel segments were conditioned within the culture
chamber of the bioreactor, in order to reach the three conditions, present in Table 4.2. These
conditions were selected in order to represent the wide working region of the bioreactor. The
segments were cultured for 20 minutes in each of the three dynamic conditions.

Dynamic Diastolic Systolic pressure Flow rate
stimulation pressure [mmHg] [ml/min]
condition [mmHg]

3 80 120 60

Table 4.2: Pressure and flow rate target conditions for the test with porcine coronary segments.

Table 4.3 summarizes the outcome of this experiment, reporting the pressures and flow rate
measured at the beginning (to) and after 20 min of dynamic stimulation (t2omin) for each sample
and for each condition. The sample 3 refers to the coronary segment that showed a decrease of
12% in pressure in the preliminary test. With this sample it was not possible to reach 120

mmHg.
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Condition Diastolic Systolic Flow rate  Diastolic Systolic Flow rate

pressure pressure  to pressure pressure | tzomin
to to [ml/min] t20min t20min [ml/min]
[mmHg] [mmHg] [mmHg] [mmHg]

S1 C3 80 120 60 80 110 69

S2 C1 30 50 30 30 45 30

S2 c2 50 80 45 45 80 46

S2 C3 80 120 61 70 107 61

S3 C1 30 50 21 30 45 21

S3 Cc2 50 80 45 50 70 45

S3 C3 70 100 62 65 100 60

Table 4.3: Values of pressure and flow rate at the beginning and after 20 minutes of the test for each sample and

each test condition.

Except for the cases of sample S3 in conditions C3 and C1, it was possible to reach each target
condition with all the samples. The pressure and flow rate after 20 minutes registered small
variations compared to the initial value, with a maximum variation corresponding to 12 %
(diastolic pressure, S2, C3).

The presence of small collateral capillaries, holes and damages, due to the extraction procedure,
represented an unfavorable testing condition. Nonetheless, the results show that the bioreactor
was able to reach and maintain the target fluid dynamic conditions within an acceptable range,
even with biological native samples that presented a non-integer vessel wall. Dynamic
conditions applied during the experiments with native vascular tissues represented a step
forward to the final goal of the bioreactor, which is the dynamic culture under sterile condition

of a TEBV that may have a partial wall integrity, such as Tissue Tubes.

The results obtained in this phase of the work and described in these paragraphs (4.2 - 4.5)
demonstrate that the bioreactor could generate a tunable pulsatile pressure. The ECU built for
the bioreactor could correctly control the pinch valve and acquire the pressure and flow rate
signals. In addition, as shown in the paragraph 4.4 it was possible to tune both minimum and

maximum pressure in order to reproduce target pressures waveforms.
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4.2 PRELIMINARY TEST AND CULTURE OF TISSUE TUBES UNDER DYNAMIC CONDITIONS

This second paragraph describes the results related to the preliminary test performed before the
culture in dynamic condition of Tissue Tube and the results related to the dynamic culture
experiments and to the analyses performed to study the effect of the stimulation given to Tissue
Tubes. The results obtained from the pressurization tests revealed the low mechanical properties
of Tissue Tubes and were crucial to define an ad hoc experimental protocol for the dynamic
culture experiments. The measurements of the stretch of the stacking silicone tube were
necessary to understand the relationship between pressure and circumferential stretch applied
to the Tissue Tubes during the dynamic culture within the bioreactor. Then, Tissue Tubes were
cultured in dynamic conditions for seven days, stimulated with a cyclic stretch from 1% to 5%.
Out of six attempts, three experiment were successfully completed. The effects of the pulsatile
stimulation induced during the dynamic culture of Tissue Tubes were analyzed by measuring
the thickness and the cellular density of the cultured samples and with histological images. The
protocol used to process the sample before histology was developed specifically for this
experiment and so, some technical aspects still needed to be optimized. Therefore, during the
processing of the samples before histology, the samples belonging to the first two successful
experiments were in part damaged. Hence, in the section related to histology (4.2.5), only
images of samples from experiment three will be shown. However, the histological images of
samples from experiment one and two, even if damaged, partially showed the same feature as

the sample from the third experiment.

4.2.1 Tissue Tubes: pressurization tests

This paragraph presents the results from pressurization tests of Tissue Tubes. These tests were
fundamental to investigate the mechanical properties of these TEBVs and define a proper

culture protocol.

After seven days of static culture after the stacking procedure, Tissue Tubes were mounted on
the culture chamber and pressurized to investigate their burst pressure, using the setup and
procedure described in the materials and methods section (paragraph 3.5.1). Out of 15 samples
tested, it was possible to pressurize only 3 of them. All the others failed the test due the presence
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of holes in the tissue. In four cases, the hole was located between the cuff and the cellular tissue,
probably due to the irregular surface of the cuff itself. In the other eight cases, the holes in the
tissue were mainly caused by handling of the sample during the mounting procedure since
Tissue Tubes are very fragile, especially when stretched longitudinally. The samples that were
successfully pressurized showed a burst pressure of 10.7 £ 0.57 mmHg. The curve reported in
Figure 4.5 for one of the three Tissue Tubes tested shows that, right after reaching 11 mmHg,

the pressure drops down, indicating the mechanical failure of the sample.

Pressurization Test
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Figure 4.5 : Pressurization test of a Tissue Tube after seven days of static culture, showing mechanical failure at
11 mmHg

In all the 3 samples the rupture occurred at the interface between one ring and the other and not

at the Tissue Tube / cuff interface, as shown in Figure 4.6.

Figure 4.6: Tissue Tube after a pressurization test. The blue circle shows the point of breaking, at the interface

between two rings.

98



The limited number of samples suitable for pressurization test is due to both the structure of
Tissue Tubes and the limited experience of the operator. The modular structure of tissue tube
itself contributed to make these constructs extremely fragile. Indeed, while the rings are
resistant and can withstand a certain stretch, the interfaces between one ring and the other
represent the weak point of this construct. In addition, these constructs could be easily damaged
even during the mounting procedure. The diameter of the cuffs was too small to easily slide
onto the bioreactor connector. Therefore, forceps were used to gently fit the PCL cuffs around
the connectors. Even if performed with absolute carefulness, this procedure often brought to
the rupture of the sample. In addition, the surgical knot used to secure the cuffs on the
connectors represented a critical step since even the minimal twist of the Tissue Tube caused
damages to the sample.

In each experiment attempted, it was not possible to complete the protocol of the test, which
involved luminal pressure at 20, 40, 60, 80, 100 and 120 mmHg, since Tubes broke at only 11
mmHg: a remarkably low value, compared to the burst pressure of human saphenous veins
(2000 mmHg) as an example. This result pointed out that Tissue Tubes are not mature tissues
and still lack sufficient structural proteins (such as collagen) to withstand a physiological

stimulation.

Even considering the versatility of the pulsatile bioreactor and the possibility to generate a low
amplitude stimulation, experiments involving luminal pulsatile pressure would have been too
challenging with so fragile Tissue Tube. Therefore, an alternative and more conservative
approach was chosen to carry out the dynamic culture of Tissue Tubes. To minimize the risk of
damaging the construct during the mounting procedure, Tissue Tubes were left on the stacking
silicone tube which was properly cut to fit the connectors of the bioreactor. The silicone tube
was cyclically pressurized by the bioreactor, giving a cyclic circumferential stretch, from 1%
to 5%, to the Tissue Tube. This approach was also adopted in few other works in literature [24],
[29].
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A second pressurization experiment was performed with a single Tissue Tube, increasing the

static culture time to 10 days. The results of the test are reported in Figure 4.7.
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Figure 4.7: Pressurization test of a Tissue Tube after ten days of culture. Pressure does not rapidly drop to zero,
differently from the sample cultured for seven days. This test suggests that increasing the culture time can improve

the mechanical resistance of Tissue Tube.

Differently from the pressure curve of Figure 4.5, after reaching the maximum, pressure does
not drop to O but slightly decreases over time. These results suggested that even if the sample
broke, the hole maintained a limited dimension over time, permitting to maintain a luminal
pressure. Therefore, increasing the culture time may enhance the mechanical properties of
Tissue Tubes. However, further experiments should be done to validate these data and to find
the appropriate culture time in order to have more resistant constructs before starting culture

under dynamic conditions.

4.2.2 Silicone stretch measurements

Considering the results reported in the previous paragraph (4.2.1), applying luminal pressure to
Tissue Tubes during dynamic culture experiments would have been too challenging. Therefore,
the constructs were left on the stacking silicone tube during the dynamic culture experiments.
Before performing these experiments, it was necessary to evaluate the relationship between
pressure and stretch of the silicone tube. Knowing this relationship, it was possible to define
the stimulation given to Tissue Tubes during the dynamic culture experiments. The results

related to stacking silicone tube stretch measurements were obtained by acquiring images of
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the stacking sylicone tube at different values of pressure and measuring the diameter with
ImageJ.

Images were taken with an Adnostar 500X USB camera, as described previously (pargraph
3.4.2). Pictures of the tube at 0 mmHg and pressurized at 450 mmHg are showed in Figure 4.8.

Figure 4.8: Images of stacking silicone tube at 0 mmHg (A) and at 450 mmHg (B). The silicone tube is in the
center of each image, while the two metallic tubes on each side are part of the vessel housing of the culture
chamber.

Table 4.4 reports the measurements of the external diameter in the four points of the tube for
each pressure value imposed, together with the average diameter, standard deviation, and the
circumferential deformation in percentage. The measurements were performed on the same

stacking silicone tube, one time for each point.
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Pressure  Measure = Measure  Measure  Measure  Avg Std. Dev. Circ.
[mmHg] 1 [pixels] 2 [pixels] 3 [pixels] 4 [pixels] [pixels] [pixels] Deformation

[%]
0 217 220 223 226 2215 |3,35 0
100 220 221 223 231 223,75 | 4,32 1,0
200 221 221 227 237 226,5 | 6,53 2,3
300 223 224 230 238 228,75 | 5,97 3,3
400 224 229 236 242 232,75 | 6,83 51
450 224 232 239 242 234,25 | 6,94 5,7

Table 4.4: Measurements of the diameter of one the silicone tube pressurized at 0,100,200,300,400 and 450 mmHg.

Each "measurement” column represents of the four different points in which the diameter was measured.

Results show that the bioreactor could impose a circumferential deformation up to 5,7% on the
stacking silicone tube. Other works from literature ([24], [21] and [29]) proved that a cyclic
circumferential stretch of 5% increases the mechanical properties of dynamically conditioned
TEBVSs. Therefore, the possibility to generate this simulation represented a further strength of
this bioreactor. Anyway, the pressure needed to reach the 5% stretching is close to the limit of
the working region of the bioreactor and, as it will be described in the next paragraph, could
potentially compromise the correct functioning of the device.

4.2.3 Dynamic culture experiments

Once the relationship between pressure and circumferential stretch of the stacking silicone tube
was identified, the dynamic culture protocol was defined. The Tissue Tubes were cultured for
seven days with a cyclic stretch between 1% and 5%, corresponding to a pressure, respectively,

between 100 and 400 mmHg inside the silicone tube.

Six experiments of dynamic culture were attempted in total: three were completed and three
failed during culture. The first two experiments failed after two days of culture. In both cases
the presence of a hole in the tubes of the hydraulic circuit caused leakage, emptying the
hydraulic circuit and dehydrating the sample. While in the first case it was hard to identify the
cause, in the second experiment it was evident that the pinch valve was responsible of the
rupture of the tube, as shown in Figure 4.9. To overcome this criticality, PVC tubes were used
in the branches of circuit that were exposed to the mechanical action of the pinch valve. In

particular, the PVC tubes were Watson Marlow PVC tubes (inner diameter 1.85 mm, wall 0.8
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mm). The next three experiments were all completed, showing that the new tubing was
appropriate and that the cause of the failure of the previous experiment was limited to the
silicone tubes rupture. In [1], Tygon 3350 silicone tubes were used also in the pinch valve,
without breaking. Therefore, the cause of the rupture of the silicone tubes in these experiments

can be related to the high pressures reached during these experiments.

Figure 4.9: Effect of the pinch valve on the Tygon 3350 silicone tubes. The high-pressure values present in the
fluidic circuit and the cyclic occlusion produced by the pinch valve caused the silicone tube to break after two days

of culture.

The last experiment failed due to the presence of contamination, which was detected before the
beginning of the dynamic culture. Even if the contamination was noticed, the dynamic
experiment was started anyway since the only sign of contamination was the turbidity of the
culture medium, while the color of medium the was still pink. Usually, in presence of
contamination, the medium color turns to yellow due to the high concentration of waste
products produced by bacteria. Anyway, at the end of the culture, the damages due to the
contaminations were evident with the Tissue Tubes falling apart once removed from the
housing of the culture chamber, and the samples (both pulsatile stimulation and static control)

were discarded.

The outcomes of the experiments are summarized in Table 4.5.
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Exp n Outcome (cause) ‘

1 failed (hydraulic circuit tubes break)

2 failed (hydraulic circuit tubes break)

3 completed

4 completed

5 completed

6 failed (contamination during static culture)

Table 4.5: Outcome of each dynamic culture experiment. The first two experiments failed because of the tubes

rupture due to the pinch valve. The next three were successful, while the last one failed because of contamination.

The three successful experiments demonstrated that the bioreactor, after changing the pinch
valve tubes, is suitable for tissue culture experiments under dynamic conditions. All the
components of the bioreactor were completely functional during the experiments even in an
environment with an elevated humidity, such as the incubator. It was possible to measure the
pressure at any time and the pinch valve worked correctly during all the experiments. The
silicone tube, even if subjected to high pressures, never came off the connectors, pointing out
the efficacy of the mounting procedure. The three successful experiments also showed that the
procedures developed to assemble the bioreactor and mount the sample within did not represent

a threat for the maintenance of the sterility.

The effect of the pulsatile stimulation was examined with measurements of the thickness of the
cultured samples, histology, and cell density measurements (described in paragraphs 3.4.5,

3.4.6 and 3.4.7). The related results are presented in the following paragraphs.
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4.2.4 Thickness measurements

After dynamic culture, pictures of each sample were taken in order to measure the average
thickness of the six cultured Tissue Tubes (three for each group) by means of imageJ. Figure
10 shows the average thickness of samples cultured with a pulsatile stimulation and of the
related control group.

4,5
3,5
2,5
1,5

0,5

AVerage thickness [mm]
N

W Pulsatile Control

Figure 4.10: Average thickness of Tissue Tubes after one weak of culture under cyclic stretch stimulation for the
pulsatile group (black) and without cyclic stretch for the control group (gray). The graph shows that samples from
the pulsatile group showed a slightly thicker wall. The thickness of all the six samples (three for each group) was

measured by analyzing and processing one picture for each sample.

The results obtained show a slight increase in the average wall thickness of the Tissue Tubes of
the pulsatile group (3.57 £ 0.71 mm), compared to the one of the controls (3.50 £ 0.22mm).
The higher standard deviation in the pulsatile group is due to the pulsatile Tissue Tube of
experiment 3, shown in Figure 4.11, which exhibited a markedly higher thickness compared to

the other Tissue Tubes.
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Figure 4.11: Tissue tubes of experiment 3 after dynamic culture: the pulsatile tube (A) shows a higher thickness

compared to the control tube (B).

The increase in thickness could be due to an increase in cell proliferation or in the production
of extracellular matrix. A higher quantity of collagen and other structural protein, present in the
extracellular matrix, could imply an increase in the mechanical properties of the tissue. In any
case, more experiments should be performed to verify if what was observed in the pulsatile
sample of experiment three is representative. Furthermore, even if the histological analyses
performed in this work gave more information on the structure and the composition of the wall,
other quantitative analyses should be done to properly describe the effect of a cyclic stretch on

Tissue Tubes.

4.2.5 Histology

In this paragraph the results related to histological analyses will be presented. As described in
the paragraph 3.4.6, the sections were stained with hematoxylin and eosin (H&E) and
Picrosirius Red and Fast green (PR). The PR stained sections were analyzed both with bright
light and polarized light. In order to obtain sections for histology, samples were processed in a
tissue processor. During this phase, the samples of the first two successful experiments resulted
damaged showing, in some cases, a lumen almost completely collapsed, as shown in Figure
4.12. This was caused by the sponges contained in the cassette, used to keep the samples in
place during processing. For the samples of the third experiment the sponges were removed,
and the Tissue Tubes were kept on the silicone tube. Therefore, the qualitative analyses based
on histological images reported in this paragraph are related only to Tissue Tubes from

experiment 3.
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Figure 4.12: Picture of a PR stained longitudinal slide from experiment 2, where the lumen is almost not

recognizable.

To better comprehend the images presented later in this paragraph, two example images, present
in Figure 4.13 (one circular section and one axial section) will be described and analyzed. The
images are both related to PR stained sections, in which collagen is stained in red and
counterstain is blue. Therefore, the blue dots present in the tissue can be used to identify cells.
In both the images it is possible to identify a white stripe surrounded by biological tissue. The
white stripes are the PCL cuffs, identified by the yellow arrows in Figure 4.13. Also in the
images present later in the paragraph where the cuff is present, it is possible to notice that the
PCL cuffs were surrounded by cells and were well integrated with the Tissue Tube. This result
has a high relevance since the interface between the cuff and the tissue could have been a weak
point of the construct in case there was not a well-established integration between tissue and
cuffs. Longitudinal sections (Figure 4.13, A) gave more information about the composition of
the entire Tissue Tube structure. These images show that Tissue Tubes do not possess a
homogeneous wall and it can be divided mainly in three regions. In the region close to the
lumen (indicated with L) it is still possible to identify circumferentially organized structures
(indicated by a yellow circle). Those structures are what remains of the original tissue rings.
The central region of the wall is characterized by a lower cell density. This can be observed in
both the longitudinal and the circumferential sections, and especially in the circumferential
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section (Figure 4.13, B) right above the cuff. Finally, the external layer is characterized by a
higher cell density (blue). This marked difference in cell density is due to the diffusion of
nutrients through the tissue, since the nutrients were supplied only by the medium circulating
outside of the construct.

Figure 4.13: Images of PR stained sections: longitudinal section (A), circumferential section (B). The PCL cuffs
are indicated by yellow arrows and the lumen is identified with L. Even after two weeks of culture in total, tissue

rings are still recognizable (yellow circle).

The considerations made for the previous couple of images are common for all the other images
present in this paragraph, as can be observed in the following panels containing the histological
images of pulsatile and control samples from experiment 3. Images of circumferential and
longitudinal sections were taken at a magnification of 10X and 40 X for H&E and PR, and at a

magnification of 10X for PR under polarized light.

Images of HE stains are present in the following panel, Figure 4.14.
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Figure 4.14: Images of HE stained sections of the samples of the third experiment. For pulsatile and control
samples are presented two longitudinal and two circumferential sections, one at 10X and the other at 40X
magnification. The scale bar is 0.2mm for 10X images and 0.05mm for 40X. The lumen is indicated by the letter

L, while rings (one for each image) are surrounded by a circle.
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From HE images it is possible to distinguish the cell nuclei (purple) from the rest of the tissue
(pink). The images confirmed what was observed in Figure 4.13: in the luminal region rings are
still recognizable (black circle), in the central region there is a low cellular density and in the
outer region there is higher cellular density. From images of circumferential section at 40X
magnification it is possible to notice a difference in the alignment of cells comparing pulsatile-
stimulated and control samples. In the image of the dynamically stimulated Tissue Tube, cells
and nuclei are elongated and aligned in circumferential direction, similarly to what can be
observed in the tunica media of human blood vessels. In the control sample this circumferential
alignment is less marked, but it is still present and may be due to the manufacturing technique.
Since cells originally aggregated around a central post to form rings, they exhibit anyway an
initial circumferential alignment. These considerations can be also done for the samples
belonging to experiment 1 and 2 but, since the tissue was partially damaged during the
processing, these features are more difficult to be observed.

Longitudinal sections do not present any relevant difference when comparing dynamically
stimulated and static sample. The fact that rings are still observable even after two weeks from
the stacking procedure, is an important information and can be used to describe the fusion
process of the rings after the stacking procedure. It appears that once rings are stacked, there
was no rearrangement of the disposition of the cells, but rings are progressively incorporated
by a layer of cells growing around them. In addition, in 40X longitudinal sections it is possible
to notice that cell density is higher in the interface between two adjacent rings. Therefore, in
these regions, the tissue is prevalently made by cells and has a lower amount of extracellular
matrix, compared to the center of the rings. Hence, these regions may lack of structural proteins.
This hypothesis is in line with the results from the pressurization test, where tubes broke mainly

at the interface between adjacent rings.

In the longitudinal sections of the pulsatile sample it is possible to observe artifacts on the edges
due to the cutting procedure with the microtome. The edge of the tissue presents folds and
overlapping parts. In addition, more severe artifacts (a big white spot in the middle) are present
in the circumferential section of the control sample at 10X magnification, occurred during the

last steps of the staining process.

The more evident circumferential cell alignment in the pulsatile-stimulated sample, compared

to the control sample, can be furtherly observed in the PR images present in Figure 4.15.
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Figure 4.15: Images of PR stained sections of the samples of the third experiment. For pulsatile and control samples
are presented two longitudinal and two circumferential sections, one at 10X and the other at 40X magnification.
The scale bar is 0,2mm for 10X images and 0,05mm for 40X. The lumen is indicated by the letter L, while rings
(one for each image) are surrounded by a circle.

111



PR images confirm the observations made from H&E histology. In this case, the difference in
cell alignment from control and pulsatile-stimulated circumferential sections is more evident.
It is possible to notice the alignment of cells (stained in blue) also at 10X magnification. In the
images referring to the pulsatile sample, cells appear elongated and aligned while, in the control
sample, cells are almost round-shaped. Even in this case longitudinal sections of the pulsatile
sample present artifacts. The peculiarity of this stain is that collagen is stained in red. The
highest concentration of collagen can be observed in the luminal region, in the center of the
rings, as shown in the circumferential section at 10X magnification and in the longitudinal
sections at 40X magnifications. In addition, between one ring and the other, the presence of
collagen is lower and, as reported previously, there are mainly cells. These observations confirm
that rings are not actually fused in a homogeneous organized tissue but are only covered by

cells.

Images of PR stained sections observed under polarized light, shown in Figure 4.16, support
the evidences already presented. Polarized light makes the collagen fibers appear shining gold
while the rest of the tissue appears darker. This feature permits to distinguish the collagen
organized in fibers which is fundamental for the mechanical resistance of tissue engineered
constructs. Images of circumferential sections show fibers of collagen circumferentially
organized especially in the pulsatile-stimulated sample. Images of longitudinal sections showed
a higher concentration of collagen in the luminal region, localized mainly in the center of the
rings, in line with the previous observations. In addition, it appears that there are more collagen
fibers in the pulsatile-stimulated sample, compared to the control sample. This suggests that the
pulsatile stimulation given to the Tissue Tubes could have improved their mechanical
characteristics. Anyway, further quantitative analyses, both mechanical and biochemical, are

required to have evidence of the outcomes obtained from these preliminary results.
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Figure 4.16: Images of PR stained sections of the samples related to the third experiment captured under polarized
light. For each sample (pulsatile and control) one longitudinal and one circumferential section at 10X
magnification is shown. The lumen is on the right of each picture. The scale bar is 0,2 mm for each image. The

lumen is indicated by the letter L, while rings (one for each image) are surrounded by a circle.

4.2.6 Cell density measurements from DAPI images

Images of DAPI stained sections, present in Figure 4.17, were processed and analyzed with
ImagelJ in order to count the number of nuclei and estimate the average cellular density for each
sample. DAPI staining is a fundamental analysis since it gives information about the shape and
the condition of the nuclei in the tissue. The images showed below belong to samples related to
experiment three. Since the pulsatile sample exhibited a thicker wall, two pictures were taken
and merged in order to cover the entire region from the lumen to the external layer of the vessel

wall. The damages occurred during the processing of the samples affected also DAPI images
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of experiment 1 and 2. While it is possible to clearly identify the entire wall on images of
experiment 3, images of experiments 1 and 2, in most of the cases, show only portions of the
vessel wall. Therefore, also in this paragraph only the images related to the samples of
experiment 3 will be showed. However, for cell density quantification, pulsatile and static

samples from the three succeeded experiments were used.

Figure 4.17 gave a further confirmation on what was observed with H&E and PR histology.
The three layers are recognizable also in this case. In addition, it is possible to distinguish
healthy nuclei, characterized by a well-defined shape from nuclear debris. The presence of
nuclear debris is higher in the central and the luminal region, which could be a sing of cell
death. The death of cells in those regions may be caused by the absence nutrients, which could
not diffuse through the entire thickness of the sample.

However, considering the healthy nuclei present in the luminal region, the pulsatile-stimulated
samples showed more elongated nuclei with respect to the control group, in line with what

observed in the H&E images.
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Figure 4.17: Images of sections stained with DAPI of the experiment #3. For the pulsatile-stimulated and the
control sample one circumferential section at 20X magpnification is presented. The lumen is on the right of each

picture. The scale bar is 0,1 mm for each image.

The images of each sample (n=3 for the pulsatile stimulated group and n=3 for the control
group) were processed and analyzed to count the number of nuclei in each region of interest.

The results are shown in Figure 4.18.
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Figure 4.18: Results of the cell density estimation. The value related to the pulsatile-stimulated group is dark gray,

while the control group is light gray.

Cell density measurements showed that samples from the pulsatile-stimulated group have a
lower cell density (5.16 + 1.21- 10° nuclei/mm?) if compared to the control group (6.29 + 0.88
- 10° nuclei/mm?). This result may suggest that the pulsatile stimulation affected the SMCs
present in the tissue, decreasing their proliferation and promoting the production of extracellular
matrix. This hypothesis is supported by the evidences obtained from histological analyses in
which it was possible to observe a slightly higher quantity of collagen in the pulsatile-stimulated

sample, compared to the control sample.

The results related to Tissue Tubes obtained in this thesis work are the product of a preliminary
study involving the pressurization and the application of a cyclic stretch on Tissue Tubes. The
limited number of samples used to carry on these analyses, points out the necessity to perform

further experiments to characterize the effect of the cyclic stretch on Tissue Tube.

Tissue Tubes proved to be extremely showing a limited burst pressure (11 mmHg) and the
analyses performed after the period of dynamic culture showed limited differences between
control and pulsatile-stimulated sample. The circumferential cellular alignment, the thickness
and the deposition of collagen seemed to be slightly higher in the pulsatile-stimulated sample

compared to the control sample.

Future developments may be focused on the optimization of the manufacturing process of
Tissue Tubes, especially for what concerns the static culture time and the cell type used. Indeed,
the use of line rat cells can be one of the causes of the limited differences observed. In addition,
further quantitative analyses should be performed, measuring the quantity of structural proteins

(such as collagen and elastin) and the burst pressure after the culture under dynamic conditions.
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5 CONCLUSION AND FUTURE DEVELOPMENTS

This thesis work is part of a bigger project aiming to study cardiovascular diseases developing
vascular tissue models conditioned in culture system capable of reproducing a physiological-
like hemodynamic environment. This project is carried on as a collaboration between
Politecnico di Milano and Worcester Polytechnic Institute, in particular, between Laboratorio
di Micro e Biofluidodinamica Sperimentale (uBSLab), Dipartimento di Elettronica,
Informazione e Bioingegneria (DEIB), POLIMI, and Rolle Lab, Department of Biomedical
Engineering, WPI.

The first part of this thesis project, done in uBSLab was focused on designing, developing a
simple bioreactor capable of generating a tunable pulsatile pressure. In addition, an electronic
control unit was developed to interface with the actuators and the sensor of the system. Finally,
a chassis was built to both efficiently organize the spatial disposition of the components of the
hydraulic circuit and maintain a compact design. The second part, performed in Rolle Lab, was
focused on the culture of a particular TEBV, Tissue Tubes. Pressurization tests were performed
on these constructs, fundamental to understand their mechanical properties and define a proper
dynamic culture protocol. Tissue Tubes were then cultured in the bioreactor previously
developed and the effect of the stimulation imposed was studied with histological analysis and

measurements of tube diameter and cell density.

Using the hydraulic circuit of the CPD as a starting point, the circuit of the bioreactor was
designed in order to produce a pulsatile pressure while maintaining a limited complexity.
Software simulations, run with the electric equivalent of the circuit, alongside the first
preliminary experiments showed that the hydraulic circuit was correctly designed and
implemented since it was possible to obtain a pulsatile pressure waveform. The strategy adopted
to obtain a pulsatile pressure was the same as the CPD, a continuous switching between two

different resistive elements.

Considering that the mechanical properties of Tissue Tube were still unknown, versatility
represented a fundamental specification. Therefore, the bioreactor was equipped with custom
made tunable hydraulic resistances. The resistances were designed, built and tested showing a

higher controllability compared to other available alternatives, such as the roller clamp. The
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hydraulic circuit was, then, composed by a peristaltic pump, a hydraulic filter, a pressure sensor,
a pinch valve, three tunable hydraulic resistances, a second hydraulic filter and the culture
chamber, same as in [2]. An electronic control unit was developed to control the pinch valve,
the pump and acquire the pressure and flow rate signal. The electronic control unit was
constructed with a modular design in order to make easier any operation of repair or
implementation of new features. A supporting structure in PMMA (chassis) was developed to
correctly place each component of the hydraulic circuit in a compact way. In addition, thanks
to the interlocking design, it was possible to easily assemble and disassemble the chassis in
order to transport it. Finally, tests performed with silicone tube and porcine coronary segments
confirmed that all the specifications were accomplished: the bioreactor could produce a
physiological-like pulsatile tunable pressure, acquire the pressure signal in real time and
maintain the hydraulic seal. In addition, the system had a compact design and the use of simple

custom-made element minimized its cost.

Even if the bioreactor achieved all the specifications, it had few limitations. The system was
designed to culture only one sample at a time. Considering that multiple Tissue Tubes can be
manufactured in one batch, the possibility to culture more tubes in parallel would drastically
reduce the time required to obtain enough data to have statistical meaning. So, future
developments could be focused on developing a bioreactor to culture three samples at the same

time, while maintaining the versatility of the system.

A second limitation of the system is related to the necessity to connect a computer to observe
the pressure waveform which, can be inconvenient for the operator in several occasions. By
adding the proper electronic components in the ECU and connecting them to the Arduino it
would be possible to connect the microcontroller to a smartphone via Bluetooth. In addition, by
modifying the Arduino software it would be possible to automate the process of data storage

on an Excel file, operation which is now performed manually.

Considering that the medium contained in the bioreactor was changed manually, implementing
a system to automate the medium change would minimize the operations performed during a
dynamic culture experiment, reducing the risk of contamination and improving the
reproducibility of the experiments. This feature would be fundamental in case of experiments
involving several weeks of culture within the bioreactor. Automation could play a fundamental

role also in the tuning of the hydraulic resistances. Stepper motor could be added to the culture
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system in order to have a fine and automated tuning of the resistances. Furthermore, the Arduino
could be connected to the motors and regulate the resistances based on the pressure signal,
hence, implementing a closed feedback loop control. In this way, it would not be necessary to
open the incubator to adjust the resistances and perform experiment with a progressive increase
of the stimulation in a completely automated way.

For what concerns Tissue Tubes, during this thesis work it was possible to learn the
manufacturing process of these constructs and perform experiments of culture under dynamic
conditions within the tunable pulsatile bioreactor. Before using the bioreactor for culturing
Tissue Tubes, it was necessary to define a proper culture protocol. In order to do so,
pressurization tests were performed on Tissue Tubes. The results of these tests showed that
Tissue Tubes are very fragile since they have a burst pressure of around 11 mmHg. Therefore,
during dynamic culture experiments, Tissue Tubes were left on the stacking silicone tube which
was connected to the bioreactor and cyclically pressurized. By pressurizing the silicone tube,
the Tissue Tube around it was cyclically stretched. The stretch of the silicone tube was
measured at different pressure and the bioreactor was able to produce a circumferential stretch
of the tube up to 5%. Hence, Tissue Tubes were cultured for seven days with a cyclic stretch
from 1 to 5%. To describe the effect of this stimulation, histological analyses and measurements
of tube diameter and cellular density were performed. Results showed that the cyclic stimulation
given to these constructs slightly increased the wall thickness and the production of collagen.
In addition, smooth muscle cells of the samples from the pulsatile group presented a more

elongated shape and a more visible circumferential alignment.

Even if the analyses performed are mostly qualitative, this study revealed several information,
related to the structure of Tissue Tubes. First, it was demonstrated that tissue tubes could be
pressurized but they possess a limited burst pressure. Then, histological analyses pointed out
that these constructs do not possess a homogenous wall structure, since it is still possible to
recognize the cell rings even after two weeks of total culture time. However, the analyses
performed in this thesis work represent a preliminary study in which Tissue Tubes were
pressurized and conditioned with a cyclic stimulation for the first time. Therefore, the results

obtained can be a promising starting point for future studies.

The main limitations related to the experiments performed with Tissue Tubes are the limited

number of dynamic culture experiments and the lack of quantitative analyses and mechanical
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tests, after the dynamic culture. For example, polymerize chain reaction (PCR) analysis could
be performed at the end of the dynamic culture experiment to quantify the expression of
collagen and other structural proteins, such as elastin. In addition, also burst pressure tests could
be performed after the dynamic culture to verify the increase in the mechanical properties of
the sample.

Considering the many parameters that can be changed in the manufacturing process of Tissue
Tubes, it would be crucial to optimize those parameters in order to produce more resistant
constructs. In particular, two crucial factors of the manufacturing process of Tissue Tubes are
the cell source and the static culture time. Dynamic culture experiments could be repeated with
a different cell type, like primary human SMC, that may be more responsive to the mechanical
stimulation produced within the bioreactor. In addition, as suggested by the pressurization test
performed with the sample cultured for ten days, culture time is another extremely important
factor. Therefore, the effect of different culture times on the mechanical properties of these
constructs should be investigated. Once established the optimal manufacturing conditions,
future experiments should be carried on with the aim to culture Tissue Tube in presence of

luminal pulsatile pressure and flow rate.

Lastly, in order to get closer to human blood vessels, Tissue Tubes could be endothelialized.
Endothelial cells could be seeded in the lumen of these constructs, similarly to other works in
literature [20], [21]. In case of future perfusion and pressurization experiments, an endothelial
layer would prevent exposing SMC to shear stress. In addition, having an endothelial layer
would enhance the structural integrity of Tissue Tubes and might also improve their burst

pressure.
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8 APPENDICES

APPENDIX A

Hydraulic resistance technical drawings, measures in mm.
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APPENDIX B
Arduino Due code

include <FIR.h>

/[ LED AND BUTTON PINS

const int buttonPin = 11; // the number of the pushbutton pin

const int ledPin =51;  // the number of the LED pin

// BUTTON

int buttonState; /I the current reading from the input pin

int lastButtonState = LOW,; // the previous reading from the input pin

unsigned long lastDebounceTime = 0; // the last time the output pin was toggled
unsigned long debounceDelay = 50; // the debounce time; increase if the output flickers

int contatorel = 0;

unsigned long istante_ultimo_cambiamento_led uno = 0;

boolean led_uno_off on = true;

/ICALIBRATION

Il PS

float m1 = 0.005978;
float q1 = 0.0;

/| FLOWMETER
float n = 0.00165;
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void setup() {
/[ EV (LED) 1, pulsante 1
pinMode(buttonPin, INPUT);
pinMode(ledPin, OUTPUT);

/[ stato iniziale LED 1
digitalWrite(ledPin, led_uno_off_on);

pinMode(AO, INPUT);
pinMode(Al, INPUT);

[l initialize Serial communication at 9600 bits per second:
Serial.begin(9600);
}
void loop() {
int reading = digitalRead(buttonPin);
int reading_2 = digitalRead(buttonPin_2);
int reading_3 = digitalRead(buttonPin_3);

if (reading != lastButtonState) {

lastDebounceTime = millis();

}

if ((millis() - lastDebounceTime) > debounceDelay) { //se non ho premuto il pulsante
if (reading !'= buttonState) {
buttonState = reading;
if (buttonState == HIGH) {
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contatorel++;

¥
¥
k

lastButtonState = reading;

lastButtonState_2 = reading_2;

lastButtonState_3 = reading_3;

if(contatorel % 2 1= 0)
func_led _uno();

else

digitalWrite(ledPin, LOW);
/[ PLOT

int sensorValueO = analogRead(A0);

int sensorValuel = analogRead(A1l);

/Il CONVERSION:
int pressurel = ((sensorValuel * (3.3/1024) - gq1) / ml);
int flux = ((sensorValue0 * (3.3 /1024)) / n);

Serial.printin(pressurel);
Serial.print(" ");
//Serial.printIn(flux);
//Serial.print(" ");
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delay(2);

void func_led_uno()
{
if (millis() - istante_ultimo_cambiamento_led_uno >= 300) {
led_uno_off _on = false;
digitalWrite(ledPin, led_uno_off_on);
if (millis() - istante_ultimo_cambiamento_led_uno >= 1000) {
led_uno_off_on =true;
istante_ultimo_cambiamento_led_uno = millis();

digitalWrite(ledPin, led_uno_off_on);
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APPENDIX C

Chassis technical drawings, measures in mm.
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APPENDIX D
Bioreactor assembling procedure
Material:

e 5mlsyringe

e 1 mlsyringe

e HEPA filter

e 15 ml Falcon tube

e Sterilized culture chamber
e Sterilized resistance tubes
e Sterilized pump tubes

e Falcon tube holder

In a biological hood:

e Remove the culture chamber from the envelope and place the Falcon tube around it.

e Place the Falcon tube with the chamber on a Falcon tube holder.

e Remove the HEPA filter from the envelope and connect it to the white-labeled tube of
the bioreactor.

e Remove the pump tubes from the envelope, exposing only the end consisting in a
silicone tube with a male luer lock.

e Connect the terminal to the green labeled tube of the culture chamber.

e Remove the cap from the pressure sensor and connect it to the yellow-labeled tube of
the culture chamber.

e Remove the 5ml syringe from the envelope

e Remove the cap from the three-way stopcock and connect the syringe

e Remove the resistance pump tubes from the envelope, exposing only one extremity.

e Connect it to the corresponding tubing of the culture chamber according to the luer lock
end (one is male and the other female).

e Repeat the step for the other end.

e Remove the 1ml syringe from the envelope

e Remove the cap from the three-way stopcock and connect the syringe
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Sample mounting and hydraulic circuit priming procedures
Material:

e Two forceps (90°)

e Opened mounting Falcon tube
e Epoxy holder

e Tissue Tubes

e Differentiation medium

e Motorized pipette

e Serological pipettes

e Scissors

e Screwdriver

e Bioreactor (already assembled)
e Chassis

In a biological hood:

e Spray the bioreactor with ethanol and introduce it in the hood

e Place the petri dish with the tubes in the hood

e Remove the lid and place it face up

e Remove scissors and forceps from the envelope and place them on the border of the
dish

e With the forceps, remove the stacking silicone tube with the Tissue Tubes around from
the holder.

e With the forceps pick the tube and use the scissor to cut it close the Tissue Tube in order
to have extra 4-5 mm of silicone tube on each side of the Tissue Tube.

e Gently drop the Tissue Tube inside the medium contained on the dish

e Repeat it for each Tissue Tube needed.

e Place the dish with the Tubes aside

e Remove the epoxy holder from the envelope

e Remove the opened mounting Falcon tube from the envelope and place it on the holder
(horizontally)

e Remove the culture chamber from the bioreactor and place it inside the mounting Falcon
tube

e Fill the mounting Falcon tube with medium until the level arrives right above the
connectors

e Fill the bioreactor Falcon tube with 12 ml of medium

e With a pair of forceps take one Tissue Tube and place one end of the silicone tube on
the upper connector of the chamber. The tube should remain in place.

e With one hand hold the upper PMMA part of the culture chamber, while with the other
use the forceps to slide the silicone tube on the connector by holding the silicone tube
in a part close to the connector and pushing towards it.

e Use the forceps to slide the Tissue Tube the closer to the upper part as possible.
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Take the second pair of forceps.

Use one forceps to block the lower connector and keeping it in place, while with the
other try to place the other end of the silicone tube on the connector.

Slide the silicone tube on the connector holding the silicone tube in a part close to the
connector and pushing towards it.

Use the forceps to slide the Tissue Tube on the middle of the silicone tube.

Remove the culture chamber with the silicone tube from the mounting Falcon tube while
rotating it gently to facilitate the sliding.

Place the culture chamber in the bioreactor Falcon tube filled with medium.

Place the pump tubes in the pump head and set it to 30 RPM.

Start the pump, making sure that medium is aspirated from the green-labeled outlet of
the culture chamber.

When the medium level arrives below 7 ml stop the pump

Aspirate 5ml of medium with a serological pipette

With the other hand lift the vessel housing to pour medium in the Falcon tube with the
pipette.

Place the housing in place and activate the pump.

Repeat the process until each branch is primed and the Falcon tube is completely filled.
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