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Sommario

Il danneggiamento severo o la perdita delle funzibbrun organo o di un tessuto comporta
ogni anno costi socio-economici elevatissimi e @orh buona parte dei casi, alla morte del
paziente. Gli approcci che si utilizzano odiernategper ripristinare le funzionalita di organi o
tessuti consistono nella sostituzione degli stessi tessuti prelevati da donatori (allogenici) o di
origine animale (xenogenici), o ricavati dal pamestesso (autologhi). L'utilizzo di sostitutivi di
origine allogenica o xenogenica é fortemente litnitdalla mancanza di donatori e dalla difficile
integrazione dell'impianto nel corpo del pazienf®altra parte, la sostituzione dei tessuti
danneggiati con impianti autologhi, sebbene eMtschio di rigetto da parte del paziente, comaort
la morbilita del sito donatore e I'insorgenza dlatbcronici, che ne permettono I'utilizzo solo per
la cura di piccoli difetti. L'ingegneria dei tessst propone di superare le limitazioni comportate
dalle tecniche comunemente utilizzate, realizzasoltituti bioingegnerizzati che riproducano le
funzioni del tessuto di origine, ne sostituiscarofunzioni e che si integrino con l'organismo
ospite. Secondo tale approccio, i sostituti biogrgizzati sono realizzati seminando cellule
autologhe isolate su supporti porosi tridimensipridtti scaffold, e guidando la proliferaziond e i
differenziamento cellulare in bioreattori, che agucono I'ambiente pericellulare fisiologico per lo
sviluppo del tessuto. La maggiore problematica tikgla alla realizzazione di sostituti
bioingegnerizzati di rilevanza clinica e il diffieiapporto di quantitativi fisiologici di ossigermo
nutrienti verso, e la rimozione degli scarti melabala, la regione piu interna dei costrutti cédhi
In particolare, &€ generalmente riconosciuto cleilsumo severo di ossigeno da parte delle cellule
rappresenta la principale limitazione per la sopirenza cellulare durante lo sviluppo del tessuto.
Colture statiche nelle quali ossigeno e nutriemicsforniti alle cellule attraverso un meccanismo d
trasporto puramente diffusivo si sono dimostratattedper garantire la sopravvivenza delle cellule
unicamente in costrutti di dimensioni ridotte. Pemperare le limitazioni connesse al trasporto
diffusivo, & stato proposto l'utilizzo di bioreattadinamici in cui un meccanismo di trasporto

convettivo &€ sovrapposto alla diffusione pura gmrsentire il trasporto dei soluti anche nelle zone
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piu interne dei costrutti. Tuttavia, nonostanteualcmiglioramenti rispetto alle colture statiche, i
bioreattori dinamici proposti ad oggi, come glirsper flask, i rotating wall vessels e i bioreatimri
letto impaccato a perfusione assiale diretta, tasal subottimali per la realizzazione di costrutti
bioingegnerizzati di interesse clinico. Recentemgsgt stato proposto di perfondere radialmente
costrutti anulari tridimensionali attraverso I'ig#o di bioreattori a letto impaccato a perfusione
radiale (rPBB) per superare le limitazioni dei bm@itori dinamici sopracitati, oltre che delle cadtu
statiche, soprattutto per bioingegnerizzazione tdskuto osseo ed epatico. Infatti, poiché la
perfusione del terreno di coltura avviene radialteeverso le cellule, rispetto ai bioreattori a
perfusione assiale, le distanze caratteristicheilpeasporto dei soluti risultano inferiori, meatr
risultano disponibili superfici di passaggio maggiache permettono di sviluppare i tessuti
utilizzando basse velocita superficiali, e consatemente differenze di pressione inferiori, e a
bassi gradienti di concentrazione dei soluti iredione della perfusione. Tuttavia, a dispetto dei
vantaggi offerti dal loro utilizzo, la progettazerdi bioreattori a perfusione radiale risulta piu
complessa rispetto a quella di bioreattori a p&vhes assiale. Infatti, i rPBB necessitano di due
camere (una cavita interna e uno spazio anularfepen) adibite rispettivamente alla distribuzione
e alla raccolta del terreno di coltura che fluisa#graverso lo spessore del costrutto, la
fluidodinamica dei quali puo influenzare signifivaimente la distribuzione dei flussi radiali
assialmente al costrutto. Inoltre, la geometriacostrutto stesso e la direzione nella quale lietey

di coltura viene perfuso (dalla cavita interna wveta zona periferica o viceversa) possono
comportare differenze importanti per il traspori doluti verso, e dalle, cellule. L'entita delle
portate di perfusione deve infine essere ottimazatmodo da garantire I'apporto controllato e
sufficiente di ossigeno e nutrienti senza compertsforzi di taglio elevati per le cellule, onde

evitare il loro danneggiamento o trasporto fuotiasstrutto.

Modelli matematici di trasporto in rPBB possonatare a ottimizzarne la progettazione per

una data applicazione in modo da garantire 'agpadeguato di ossigeno e nutrienti verso, e la
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rimozione degli scarti metabolici da, costruttidinnensionali di interesse clinico. Tuttavia, una
analisi sistematica dell'influenza di tutti i paretm adimensionali geometrici e operativi sul
comportamento del bioreattore, allo scopo di ottrarne la progettazione in modo da garantire un
trasporto dei soluti controllato, non é riportato letteratura. Cio limita lo sfruttamento delle

peculiarita dei rPBB nello sviluppo di sostituthibingegnerizzati per trapianto.

Nella presente tesi, viene proposta una corniggatimento basata su modelli matematici
per ottimizzare la progettazione di rPBB in modogdaantire le condizioni ambientali favorevoli
alle cellule per la realizzazione di sostituti peapianto tridimensionali bioingegnerizzati di
rilevanza clinica. In particolare, I'attenzione @célizzata sul trasporto di ossigeno, poiché il suo
ruolo limitante rispetto a quello degli altri sal generalmente riconosciuto. Allo scopo di

raggiungere l'obiettivo proposto, il lavoro € stataddiviso in tre fasi successive, di seguito

riassunte:

1. E’ stata dapprima sviluppata una cornice drinfento basata su un modello monodimensionale
di trasporto a stato stazionario di ossigeno, iilcomsumo e stato descritto attraverso una cinetiica
Michaelis-Menten, con l‘obiettivo di ottimizzare ¢geometria del costrutto e la direzione e I'entita
della velocita di perfusione radiale del terrenocditura attraverso il comparto cellulare per la
realizzazione di costrutti bioingegnerizzati devihnza clinica, ipotizzando uniforme distribuzione
dei flussi radiali assialmente al costrutto. L'asiatlimensionale é stata utilizzata per definire i
gruppi adimensionali che determinano il comportamettiel bioreattore in condizioni tipiche
dell'ingegneria dei tessuti. In particolare, seamtale modello, il comportamento del bioreattore é
stato mostrato dipendere dai seguenti gruppi adsiapali: il parametro relativo alla distribuzione
del flussoy; la permeabilitd di Darcy del costrutto adimensien kL/R; il rapporto tra il raggio
interno e lo spessore del costruttoddAl numero di Peclet radiale massimo,.Rgax il modulo di
Thiele, ¢c; il parametro di saturazion@, L’efficienza del rilascio di ossigeno verso ldlage é

stato espresso in termini della frazione di voludiecostrutto non ipossico. Le predizioni del
12



modello suggeriscono che la perfusione dalla camtgrna del costrutto verso la zona periferica di
costrutti anulari tridimensionali caratterizzatiulaalto Rdc a portate piu elevate (ovvero a2 gax
maggiori) favorisce I'apporto adeguato di ossigeatie cellule rispetto alla coltura di cellule in

condizioni statiche o in bioreattori a perfusiossiale.

2. E’ stato sviluppato un criterio per ottimizzdaeprogettazione di rPBB in modo da ottenere una
distribuzione uniforme dei flussi radiali lungo thirezione assiale del costrutto, basato su un
modello bidimensionale di trasporto di quantitanaibto in tutti i compartimenti del bioreattore
(cavita cilindrica interna, costrutto, zona anulpegiferica), assumendo che il terreno di coltura
fosse alimentato dalla cavita interna verso I'amédferico, in accordo a quanto osservato nel caso
del modello di trasporto monodimensionale. In pgattire, il trasporto di quantito di moto nelle
camere vuote € stato descritto con I'equazione alriéd-Stokes, mentre I'equazione di Darcy-
Brinkman é stata utilizzata per descrivere il toagp di quantita di moto nel costrutto poroso.
Dall’'analisi dimensionale € emerso che la distribne dei flussi radiali € influenzata dai seguenti
gruppi adimensionali: il numero di Reynolds ridotRe;; il fattore di forma del costrutto, L/R; il
rapporto tra il raggio interno e lo spessore ddtrewto, Rdc e quello tra il raggio interno del
costrutto e lo spessore della zona perifericag;RV rapporto di permeabilita del costrutto rispett
alla cavita interna, k/R L'influenza dei gruppi adimensionali & e RBg & stata inglobata in un
unico gruppo adimensionale, ovvero il rapportoléraezioni trasversali di passaggio della cavita
interna e dell’anulo perifericd,, come suggerito da risultati di letteratura. ltemo di progetto,
denominato CORFU (Criterion Of Radial Flux Unifoty)j dipende da tutti i gruppi adimensionali
derivati dall’analisi dimensionale. Secondo talgecio, la ditribuzione uniforme dei flussi radiali
puo essere ottenuta scegliendo i parametri gearnetaperativi in modo da rendere la differenza di
pressione assiale totale nelle camere vuote eniddotdella differenza di pressione radiale totale

attraverso il costrutto.
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3. I modello di trasporto di quantita di moto atstintegrato con le equazioni di trasporto di raass
per valutare I'effettiva influenza della distribone dei flussi radiali sul trasporto di ossigencsoe

il comparto cellulare in modo da progettare rPBB e dato obiettivo terapeutico. || consumo di
ossigeno é stato descritto attraverso una cinetichaeliana. |l coefficiente di trasferimento di
materia che descrive il trasporto esterno di matéal seno della fase fluida nei pori del costrutto
verso la superficie cellulare é stato stimato peteto composto da anelli di Raschig equivalente,
dal punto di vista del trasporto, a uno scaffoldogo come quelli tipicamente adottati per
ingegneria dei tessuti. L’analisi dimensionale hastrato che il comportamento del bioreattore,
espresso in termini di NHy-FCV, dipende dai segugntppi adimensionali, oltre a quelli elencati
in precedenza: il numero di Peclet radiale massiP@.gmax il rapporto tra la diffusivita
dell'ossigeno nel costrutto e nella cavita inteenguello tra la diffusivita dell’ossigeno nel casto

e nella zona periferica,dIDy e Do/Dg, rispettivamente; il numero di Sherwood, Sh; figmaetro di
saturazionef3; il modulo di Thielegy; il rapporto tra il quadrato del modulo di Thielesuperficie

e il numero di Sherwoodcpf/SI"b. L’effetto dei gruppi adimensionali sul comportarte del
bioreattore e stato studiato a condizioni tipick#'idgegneria dei tessuti. Le predizioni del mddel
suggeriscono come ottimizzare la progettazionebd@eattore in modo da garantire un apporto
fisiologico controllato di ossigeno alle cellulermkfferenti applicazioni. La distribuzione dei $isi
radiali relativi al terreno di coltura sui profidi concentrazione di ossigeno € stata mostrataeesse
significativa laddove il consumo di ossigeno nonognpensato adeguatamente dal suo trasporto
verso le cellule. Elevati valori di Reinfluenzano la distribuzione spaziale di ossigémtgo la
coordinata assiale per elevati valori di CORFUjcasando elevata uniformita nella distribuzione
di ossigeno. L’entita della velocita di perfusicieve essere ottimizzata non solo per controllare la
distribuzione dei flussi radiali, ma anche per pettare il rilascio controllato di ossigeno verso |l
comparto cellulare evitando di trasportare le dellal di fuori del costrutto, a ogni stadio di
sviluppo del tessuto. In particolare, le predizidei modello suggeriscono di perfondere il costrutt

a velocita superficiali ridotte durante le primesifaella coltura, e di incrementarne I'entita man
14



mano che le cellule proliferano e differenziano pentrobilanciare 'aumento delle necessita
metaboliche delle cellule. In particolare, velocgaperficiali piu elevate permettono migliore
ossigenazione del comparto cellulare per un datoreradi @c. Infine, adottando portate che
minimizzano il valore del numero di Damkohler radianinimo, Daugmin = @c/P8admax Viene

assicurata la realizzazione di un adeguato ambpenrteellulare per lo sviluppo del tessuto.
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Abstract

Tissue loss or organ failure represents one ofith@r problems in human health care, and
is responsible of impressive social and economstscavorldwide. Current approaches to restore
tissues or organs functions consist in tissue oepheent with allogeneic or xenogeneic grafts, taken
from donors or animals, respectively, or autologgredts, taken from the patient himself. The use
of allogenic and xenogenic grafts is severely kaiby the donor shortage and by the difficult
integration of the donor tissue within the patibatly. Tissue replacement with autografts, although
avoiding the risk of immune rejection by the patjasa limited by donor-site morbidity, so that it
may be adopted only for small-scale tissue loskesecent years, tissue engineering has been
proposed as a promising alternative to tissue cept@nt with artificial grafts. According to this
approach, biological engineered substitutes faugsreplacement are realized by seeding isolated
autologous cells onto three-dimensional (3D) pomswsports, termed scaffolds, and by guiding cell
proliferation and differentiation in bioreactorshat provide the physiological pericellular
environment for tissue development. The major is$oe the realization of clinical-scale
bioengineered substitutes for tissue replacemethieiglifficult supply of physiological amounts of
dissolved oxygen and nutrients to, as well as nodiatvastes removal from, the cells located in the
innermost regions of the 3D constructs (i.e. cedleled scaffolds). In particular, it is generally
acknowledged that the severe consumption of disgobxygen by the cells represents the major
limitation for cell survival in the development bfoengineered tissues. Static cultures in which
dissolved oxygen and nutrients are supplied tacéhs by pure diffusive transport have been shown
to enable cell survival only to small-scale consttsuIn order to overcome transport limitations of
static cultures, dynamic bioreactors have beengs®gh in which a certain degree of convection is
superimposed to pure diffusion to enable solutassport towards, or away from, the innermost
region of large-scale constructs. However, althosigime improvements over static cultures have

been evidenced, dynamic bioreactors proposed ssudah as spinner flasks, rotating wall vessels
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and direct axial perfusion bioreactors, are stilb-eptimal for the realization of clinical-scale
bioengineered tissues. Recently, radial perfusiomotiow cylindrical 3D constructs in radial flow
packed-bed bioreactors (rPBBs) has been proposedet@ome the limitations of both static and
direct axial perfusion bioreactors, in particular the development of bioengineered liver and bone
tissues. In fact, since culture medium is perfuseliblly to the cells, shorter path lengths anddar
cross-sectional areas for solutes transport areirfgh than those in axial flow bioreactors, that
enable cell culture at small pressure drops ancerfig@l velocities, and smoother solutes
concentration gradients in the direction of the medperfusion. Despite these promising features,
design of rPBBs is more difficult than that of dxilow packed bed bioreactors. In fact, rPBBs
require two void chambers (i.e. the inner hollowitaand the peripheral annular space) to
distribute and collect culture medium flowing adke construct thickness, the fluid dynamics of
which may significantly influence radial flux digiution of culture medium along the construct
length. Furthermore, the annular construct geomatiy the direction of medium perfusion may
strongly affect the transport of solutes towardsfrom, the cells. The extent of the perfusion flow
rates have also to be chosen in order to ensuguatemass delivery to cells while preventing cell
damage and washout. Mathematical models of trahspaPBBs may help optimize bioreactor
design for a given application to enable dissoleaggen and nutrients delivery towards, and
metabolic wastes removal from, 3D clinical-scalastoucts. However, a systematic analysis of the
influence of all the geometrical, transport and rapenal dimensionless groups on bioreactor
behavior aimed to design rPBBs so that solutespan towards, or from, the cells is maximized
and controlled has not been reported yet. Thigtditfie exploitation of the peculiar features of the

rPBBs in the development of bioengineered subsstidr tissue replacement.

In this thesis, a model-based reference frameuwsogpkoposed to optimize rPBB design to
ensure adequate environmental conditions to calls the realization of clinical-scale 3D

bioengineered substitutes for tissue replacemanpatticular, the attention is paid on transport of
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dissolved oxygen, since its limiting role for thealization of large-scale 3D biological construsts
generally acknowledged. In order to reach the pegdoobjective, the workflow was divided in

three different steps, as follows:

1. A reference framework was first developed bageda one-dimensional stationary transport
model, combining convective and dispersive trartspbdissolved oxygen with Michaelis-Menten
cellular consumption kinetics, to optimize annutanstruct geometry and direction and extent of
the radial superficial velocity of the culture mah across the cell mass for the culture of large-
scale 3D porous constructs, assuming that radied dlistribution of the culture medium was
uniform along the construct length. Dimensionallgsia was used to find the dimensionless groups
determining bioreactor behavior, under typical abods for tissue engineering. In particular,
according to this model, bioreactor behavior wasashto depend on the perfusion flow direction
parameter,y; the dimensionless construct Darcy permeability/RR; the inner hollow cavity
radius-to-construct thickness ratio,dR/ the maximal radial Peclet number, 2eax the Thiele
modulus, @c; the saturation parametes, The effectiveness of oxygen supply to the celssw
expressed in terms of the non-hypoxic fractionalstauct volume. Model predictions suggest that
outward perfusion (i.e. form the construct innerfate towards the outer peripheral surface) of 3D
annular porous constructs having small curvatuee, (high inner hollow cavity radius-to-annular
thickness ratio) at high perfusion flow rates, fiigh maximal radial Peclet numbers) may enhance

dissolved oxygen supply to the cells as comparegiiculture in static and axial flow bioreactors.

2. A design criterion to optimize rPBB design imer to achieve uniform radial flux distribution of
the culture medium along the construct length watained, based on a two-dimensional stationary
transport model of momentum in all the rPBB commparits (i.e. inner hollow cavity, porous
construct, peripheral annulus), assuming that nmedsuperfused outwards according to the results
obtained with the 1D model. In particular, momentwamsport in the void spaces of the rPBB was

described according to the Navier-Stokes equatidrereas Darcy-Brinkman equation was used to
18



describe momentum transport in the porous constohensional analysis showed that the
uniformity of radial flux distribution of the culta medium along the construct length depends on: a
reduced Reynolds number, Rehe construct aspect ratio, L/R; the inner holloavity radius-to-
construct thickness ratio, &/ the inner hollow cavity radius-to-peripheral alusuthickness ratio,
R/3e; the construct-to-hollow cavity permeability ratidR%. The influence of R and Rbe was
lumped in one dimensionless group (i.e. the hollawity-to-peripheral annulus cross-sectional
area ratiog), as suggested by literature results. The desiggrion, termed CORFU (Criterion Of
Radial Flux Uniformity), was shown to depend on #ie dimensionless groups found by
dimensional analysis. In particular, according te tCORFU criterion, uniform radial flux
distribution of the culture medium along the comstrlength may be achieved by adjusting the
values of the dimensionless groups determining rBBavior in order to ensure that the ratio
between the total axial pressure drop in the vpiacss is maintained within £10% of the radial

pressure drop across the construct.

3. The momentum transport model was integrated avithass transport model to assess the actual
effect of the radial flux distribution of the cuteumedium along the construct length on dissolved
oxygen transport and to design rPBBs for a givarapeutic objective. Transport of dissolved
oxygen in the construct was described in termdefdonvection-diffusion-reaction equation, and
dissolved oxygen consumption was described acopitdirihe Michaelis-Menten kinetics. Oxygen
mass transfer coefficients accounting for the eelemass transport at cell/medium interface were
estimated for a bed of Raschig rings transportyvadent to porous scaffolds adopted for tissue
engineering. Dimensional analysis showed that,dditeon to the dimensionless groups obtained
for the momentum transport model previously listeidreactor behavior, which was expressed in
terms of the Non-Hypoxic Fractional Construct Vokindepends on the following dimensionless
groups: the maximal radial Peclet number,fax the construct-to-hollow cavity diffusivity ratio,

Dc/Dy (and, analogously, the construct-to-peripheral uamn diffusivity ratio, /Dg); the
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Sherwood number, Sh; the saturation param@ethe Thiele modulusyg:; the squared surface
Thiele modulus-to-Sherwood number ratig’/Sh,. The effect of the dimensionless number on
bioreactor behavior was investigated under workiogditions typical of tissue engineering. Model
predictions suggested how to optimize bioreactaigitein order to ensure controlled oxygen
supply to cells for different tissue engineeringlagations. Medium radial flux distribution was
shown to significantly influence oxygen spatialtdisution inside the construct under conditions in
which oxygen depletion is not properly compensaigdoxygen supply to cells. The effect of
medium radial flux distribution on oxygen supplycbenes less important if oxygen consumption is
compensated by oxygen supply. Model predictions asigygest that higher Renfluences oxygen
spatial distribution from the top towards the bottof the bioreactor for non-uniform medium
radial flux distribution, giving higher uniformityf oxygen distribution along bioreactor length. The
radial perfusion rates have to be optimized noy eolcontrol radial flux distribution, but also to
enable adequate supply of dissolved oxygen toehe while preventing cell wash out, at any given
stage of tissue development. In particular, modetigtions suggest that at the beginning of the
culture medium flow rates may be kept low to avoell damage or wash out, whereas, as cells
proliferate and differentiate, the medium flow saghould be gradually increased to balance out the
increasing metabolic requirements of cells. Inipatar, higher perfusion flow rates enable more
adequate oxygen supply to cells for a given valug-oFinally, choosing perfusion rates that cause
minimal Damkéhler number, Ramin = @c/P&ad.max t0 be small were shown to ensure adequate

pericellular oxygenation (i.e. NHy-FCV around 1) fssue development.
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Chapter 1

Tissue engineering: state-of-the-art

1.1 Introduction

Millions of surgical procedures of organ transpédiain are performed every year worldwide
to restore lost functions of tissues and organa essult of injury, disease or congenital defects.
Tissue loss and organ failure cause dramatic saa@leconomical costs. For instance, only in the
US, the total national health care cost to tretiepts suffering from tissue loss or organ failuises
higher than 400 billion US dollars, whereas it séiraated that the total cost of organs substitution
worldwide is around 350 billion US dollars (Lysagind Loughlin, 2000). The success of current
therapies involving organ transplantation is sdyeimited by the lack of donors. For instance, it
has been estimated that only in the United Statasd 30 thousands patients die from liver failure
every year while waiting for surgery, with a scendhat is expected to worsen in the near future
(Langer and Vacanti, 1993).

Current treatments to replace damaged or lackisgudéis generally consist in the use of
allogeneic or xenogeneic grafts taken from cadaweeranimals (typically of bovine or porcine
origin), respectively, or autologous grafts takesnf the patient himself. Allografts and xenografts
may be advantageous for the treatment of largetsgee defects, since they are available off-the-
shelf form tissue banks, but they may entail imngemoc risk, donor-to-host disease transmission,
slow tissue formation, possible incomplete or dethygraft incorporation. Differently from
allografts and xenografts, tissue replacement waittografts avoids the risk of immune rejection,
thus avoiding the necessity of immunosuppressiug thierapy (Furth and Atala, 2007). However,
the availability of autologous tissues is limiteg donor-site morbidity and may thus be adopted
only for small tissue lacks or damages. Other disathges of autografts include increasing

operating time and blood loss (Metral, 2004).
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Tissue engineering has been proposed to providentmesting alternative to tissue
replacement with artificial grafts. In particulanany of the aforementioned drawbacks may be
overcome by adopting biological engineered tisauesttutes. To this purpose, researchers have
suggested to seed autologous cells onto a degeadahlfold or matrix providing mechanical
support for, and allowing transport of biochemicaés towards, the cell region, and to culture the
cell-seeded scaffolds in bioreactors, which prowlte physiological environment to allow cells to
re-organize in their actual tissue structure (Lamgal, 1995).

Examples of diseases potentially treatable with itbalization of bioengineered tissue
substitutes include, among the others, congeseagt tailure, with around 5 million patients only
in the United States (Murray-Thomas and Cowie, 200@betes mellitus, osteoporosis (10 million
patients only in the US), Alzheimer’'s and Parkirisatiseases (5.5 million patients), severe skin
burns (300 thousands), spinal cord injuries (258uslands), and birth defects (150 thousands)

(Furth and Atala, 2007).

1.2 Tissue Engineering

1.2.1 Background of Tissue Engineering

Tissue engineering has been defined as a muliudiisary field involving life science and
engineering principles aimed to realize biologmalstitutes of damaged tissues in order to restore,
maintain and/or improve tissue function (Langer sfadanti, 1993).

The possibility of realizing engineered biologisabstitutes according to tissue engineering
strategy is based on the following observations:

I.  most tissues are subject of constant remodelingtaluke attrition and renewal of
their constituent cells;

ii. isolated cells tend to form actual tissue struchungtro under favorable conditions;
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lii.  although isolated cells may organize in actualigsstructure vitro, only a limited
degree of organization is possible when cells exesplanted as a suspension into
the middle of mature tissue;

Iv. in most cases, the tissue cannot be implantedge kolumes, since the cells cannot
survive without adequate vascularization.

Based on such observations, the common strategyhforrealization on bioengineered tissue
substitutes consist of several phases, that deel lieelow and summarized in Figure 1.1:

1. cells are first isolated through a biopsy from plagient or a donor

2. isolated cells are expandeuvitro

3. expanded cells are seeded onto three-dimensiom) $8affolds under conditions

allowing their attachment and maintenance of fuondi

4. the resulting cell-scaffold system (that will béemeed to as construct) is then cultured

vitro to produce a bioengineered tissue substitutenipiantation. Then vitro culture
conditions, provided by bioreactors, must be optifoaa given cell type and scaffold
material in terms of culture parameters (e.g. cotradon of oxygen and nutrients,
temperature, pH), mass transfer requirements (gpgcific oxygen and nutrients
consumption rates) and sensitivity to mechaniaasst (e.g. shear stresses) (Langer et
al., 1995).

5. the bioengineered tissue substitute is finally emped in the specific site of patient’s

body.

Several studies have demonstrated the succeds omplantation of constructs in the
vivo tissue regeneration. In such studies, differemampaters have been varied: donor cell type,
time ofin vitro cultivation, target species, implantation site amethod.in vivo healing time (Freed
et al., 1993 and 1994; Vacanti et al., 1991 anB12%o0 et al., 1994; Uyama et al., 1993, Organ et

al., 1993; Atala et al., 1992).
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Although significant progress has occurred sinesug engineering strategy has been
proposed, so far only few products incorporatindsand scaffolds have been approved (Furth and
Atala, 2007). However, many researchers believeiththe long terms with tissue engineering it
will be possible to create vital organs, such askitney, the liver and the pancreas, or even an

entire heart (Nerem, 2007).

Figure 1.1Phases of realization of a bioengineered tissustisute (Adapted from van Blitterswijk et al., 2008)

1.2.2 Key factors of Tissue Engineering

The successful realization of a bioengineered ¢isaibstitute depends on the possibility of
reproducingn vitro the complex interactions occurring between ceits extracellular environment
in vivo. For this reason, it is fundamental to understdre complex biological and molecular
mechanisms occurring inside the tissue and thoseracg during tissue formation and restoring.
The reproduction of such mechanisms is limitedh®ydomplexity of the molecular composition of
cells and extracellular environment and by theradgons among cells and between cells and

extracellular environment in the biological tissuAs outlined in paragraph 1.2.1, the strategy to

24



overcome these limitations entails the combinatiohfour key elements: 1. cells; 2. scaffold; 3.

biochemical and biomechanical cues; 4. bioreactors.

1.2.2.1 Cells

The first step in the realization of bioengineetisgues is the choice of the type of cells.
This choice is based on the ability of cells to liiecate, differentiate, undergo cell-to-cell
interaction, produce biomolecules and extracellutzaitrix. Ideally, the cells chosen for the
realization of bioengineered tissues should haveesmnportant properties, including availability,
high proliferative activity, maintenance of the ldrhenotype, absence of immunogenicity. These
properties strongly depend on the sources of apjatepstem or progenitor cells. The former seem
to have unlimited capacity for self-renewal and #dity to differentiate in different mature cell
types (pluri or multi —potency), whereas the ladiee proliferative cells with limited capacity of
self-renewal and are often unipotent (i.e. they déferentiate in only one mature cell type)
(Seaberg and Van der Kooy, 2003). Three major ssuaf cells have been investigated by
researchers: 1. embryonic stem (ES) cells derikad the inner cell mass of embryonic blastocysts
(which later forms the embryo); 2. ES cells credtgdtherapeutic cloning; 3. “adult” stem cells
derived from fetal, neonatal, or adult tissue, eithutologous or allogeneic (Furth and Atala, 2007)
The ES cells have excellent ability of proliferatiand differentiation. In particular, they have tee
shown to be capable of undifferentiated prolifenain vitro for 4-5 months and differentiation in
all the three embryonic germ layers (i.e. endodemasoderm, ectoderm), so that they can induce
the subsequent differentiation in the desired pkénotype. As a result, they may be classified as
pluripotent (Amit et al., 2000; Thomson et al., 829However, although showing attractive
features, ES cells may be tumorigenic (G. R. Mad®81; Thomson et al., 1995) and give rise to
important ethical issues, since their use involtles discard of the human embryo or cloning
(Khademhosseini et al, 2007; Tuan et al., 2003). thas reasons, adult stem (AS) cells are

generally preferred and represent the only cek typed so far for therapeutic applications. The AS
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cells have high capacity of self-renewal in cultarel are normally classified as multipotent, tlat i
they can differentiate only in certain types of aratphenotypes. Even if their ability to prolifexat

is lower than ES cells, in some cases AS cellsataesult to be subject to replicative senescence.
Furthermore, AS cells do not appear to be tumor@ekS cells may be classified based on their
originating embryonic germ layer. An important clad AS cells, derived from the mesodermic
embryonic germ layer, for its great potential irsstie engineering is represented by the
mesenchymal stem cells (MSC), that were first iealafrom bone marrow (Friedenstein and
Petrakova, 1966). Even if they are present onlyary small fraction of the total population of
nucleated cells in marrow, they may be isolated arpanded with high efficiency and may
differentiate into cells phenotypes of connectigsue lineages, including bone, cartilage, muscle,
tendon, and fat. For this reasons, the MSC areestibf enormous interest for musculoskeletal and
vascular tissue engineering (Barry and Murphy, 240 and Caplan, 2003; Riha et al., 2005;
Tuan et al., 2003). Although AS cells have beersm@red to maintain a certain tissue specificity,
recent experiments suggest that under particutaurmmistances, AS cells may “transdifferentiate”,
that is they can convert into cells of distinctelages from their originating one, thus losing the
tissue-specific markers and functions of the oagitell type and acquiring markers and functions
of the transdifferentiated cell type. Such phencomeias given rise to the concept of “cell
plasticity”, indicating that AS cells may differestie in adult phenotypes different from those
typical of their originating embryonic germ lay@lgu et al., 2001; Wagers and Weissman, 2004).
Examples of cell plasticity have been suggesteaénironal stem cells (Bjornson et al, 1999), bone
marrow-derived stem cells (Ferrari et al., 1998)saular (Jackson et al., 1999) and skin —derived

stem cells (Liang et al., 2002).

1.2.2.2 Scaffold

Isolated cells culturedh vitro cannot reorganize spontaneously in tissues if greynot

provided with 3D structures guiding and stimulatihgir activity (Schugens et al., 1996). In human
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tissues, such 3D structure is provided by the egthalar matrix (ECM). The characteristics of the
ECM strongly depend on the composition of the eslatpecific tissue. In general, the functions of
the ECM may be listed as follows: 1. ECM providssue-specific structural support and physical
environment to allow cell adhesion, proliferatiamjgration and response to biochemical and
biomechanical signals; 2. ECM contributes to meaenproperties of the specific tissue, e.g.
rigidity and elasticity; 3. ECM may actively pro@dioactive cues for the residing cells to respond
to their microenvironment 4. ECM may act as resereb growth factors; 5. ECM provides a
degradable environment to allow neovascularizadod tissue formation resulting from tissue
dynamic processes such as morphogenesis and waalthdh (Chan and Leong, 2008). In the
realization of bioengineered substitutes for tisspacement, the 3D structure for cell support and
activity guidance is provided by the scaffold. liigahe scaffold should be able to mimic all the
functions providedn vivo by the ECM. However, due to the complex compasitmd the high
number of functions of the ECM, this requiremersutes to be very difficult to satisfy. As a result,
the functions of scaffolds are defined in analogthwhose of the ECM in the natural tissues. In
particular, for a given tissue type, the fundamler@quirements for scaffolds are associated to:
1. Architecture: The scaffold should provide a wight void volume to allow tissue
vascularization and expansion. High porosity arglracture with interconnected pores are
required for the scaffold to ensure cell penetraaod ECM formation, as well as adequate
transport of oxygen and nutrients to, and metabwelastes from, the cells, without
compromising its mechanical stability. The poreesit the scaffold should be optimized to
foster cell migration, while ensuring a high specsiurface for cell adhesion
2. Biocompatibility: the scaffold biomaterial hasdnsure the absence of immunogenicity in
order to prevent inflammatory response by the bttdy may cause the rejection of the

implant.
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3. Biodegradability: The scaffold must be biodegittad in order to permit cells to produce
the ECM, showing a kinetics of degradation comparad that of tissue regeneration, and
does not have to cause the formation of toxic n@i@lvastes during its biodegradation.

4. Bioactivity: Scaffolds may provide biologicalesito cells in order to help them regulate

their activity, as well as to guide their morpholand alignment, and foster the delivery of

growth factors to the cells.

5. Mechanical properties (e.g. strength, Young rhejutoughness, ductility): Scaffolds

must provide mechanical stability to the tissus. rtechanical properties should be as

comparable as possible to those of the nativedissal ensure, at the same time, adequate
mechanical resistance during culture.
Finally, scaffolds should be easy to sterilize @&sdproduction should be easy and cost effective.
(O’Brien, 2011; Chan and Leong, 2008, Muschler.e2804).

A wide range of biomaterials have been used foffddarealization depending on the
specific application. Based on their origin, theorbaterials for scaffold realization may be
classified as natural or synthetic. Natural biomale, such as collagen, fibrin, silk, agarose,
alginate and chitosan, are obtained by extractioom living organisms. They are mainly
attractive for tissue engineering applications doetheir high biocompatibility and bioactivity.
Some of the disadvantages of natural biomateriatsude the limited range of mechanical
properties and the possible impurity of the protempolysaccharides they are composed of
(Willerth et al., 2008). Natural biomaterials agplions include the regeneration of bone (Chan et
al., 2007; Hofmann et al., 2007; Kim et al., 200&inel et al., 2005; Sumanasinghe et al., 2006),
cartilage (Worster et al., 2001; Wang et al., 200bad et al., 2004; PP et al., 2005; Hofman et al.,
2006), ligaments (Altman et al., 2002; Noth et 2005), nerve (Ma et al., 2004; O’Connor et al.,
2000; Watanbe et al., 2007; Willerth et al, 200&sculature (Gerecht-Nir et al., 2003), liver

(Maguire et al., 2006), adipose tissue (Flynn gt24107) and skin (Myers et al., 2007).
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Synthetic biomaterials provide a valid alternatteenatural biomaterials in the culture of
cells. The advantages related to the use of syath&materials include reproducibility and good
mechanical properties, good workability and highsaélity. As compared to natural biomaterials,
synthetic biomaterials offer the possibility ofltaing scaffolds with a specific degradation rate.
Drawbacks concerning the use of synthetic biomaterninclude possible low biocompatibility,
reduced bioactivity and, in some cases, the ndgessisurface modifications to optimize cell
adhesion and delivery of biomechanical cues (Whlet al., 2008). Synthetic biomaterials may be
generally classified as polymeric-based and cerdnased (and composite biomaterials). Examples
of polymeric-based synthetic biomaterials includé&GR, PLLA, PGA, PCL and PEG, that have
been used for the regeneration of adipose tisshei (€ al., 2005; Neubauer et al., 2005), nerves
(Bhang et al., 2007; Mahooney and Anseth, 2005)el{&hastain et al., 2006; Benoit et al., 2005;
Kim et al., 2006), cartilage (Uematsu et al., 20Baxton et al., 2007) and liver (Underhill et al.,
2007), whereas ceramic biomaterials, such as Hyajpakte and tri-calcium phosphate (TCP), have
been used mainly for bone tissue engineering, @ue¢héir good mechanical properties and
biocompatibility with bone tissue (Arinzeh et &005; Bruder et al., 1998; Dennis and Caplan,

1993; Kotobuki et al., 2005; Marcacci et al., 208hjmaoka et al., 2004).

1.2.2.3 Growth factors

In order to promote tissue development, it is fundatal to control the environment in
which cells grow. Beyond adequate oxygen and mitsepply and metabolic waste removal, it is
necessary to deliver the appropriate concentradfogrowth factors to the cells. Growth factors
(GF) may be defined as soluble signaling polypestidapable to guide specific cellular response
(cell survival, migration, proliferation, differa@ation) during tissue development in a given
biological environment. The first step in signartsmission is the GF secretion by a producer cell.
Once secreted, the GF binds specific cell transmamebreceptors of the target cell (different from

the producer cell) and activates the signal tractsolu into the cell. The transduction mechanism
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involves a complex system of events and resulesspecific cell response (Figure 1.2). The ability
of a GF to deliver a specific instruction to a giveell population is not only modulated by the
identity of the GF itself and by its ability of €élising through the ECM of the target cells, bubals
on the type and number of target cells, the typecdéptors expressed by the target cell and the pat
of signal transduction, that may be different frome cell type to another, so that a growth factor
may fulfill a variety of functions under differenbnditions. Finally, the specific cellular respoa$e
a target cell to a given GF also depends on otkiermal factors, such as the ability of the GF to
bind the ECM of the target cell, the degradatide af the ECM, the GF amount and the position of
the cell target (Lee et al., 2001; Cross and Deit@91; Lamalice et al., 2007).

Examples of common GF and their functions encoeadter tissue regeneration are listed in

Table 1.1.

growth
factor

ECM matrix

growth
factor receptor

a-integnn

\ Tcceplor

producer 3, binding
cell - —
growth
factor /
specific biological

response

Figure 1.2Mechanism of action of a growth factor (image frbee et al., 2011)
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abbreviation

tissues treated

representative function

Ang-1 blowwd vessel, heart, mmscle blood vessel maturation and stability
Ang-2 blownd vessel destabilize, regress and disassociate endothelial cells from
surrounding tissues
FF-2 bloawd vessel, bone, skin, nerve, spine,  migration, proliferation and survival of endothelial cells,
muscle inhibition of differentiation of embryonic stem cells
BMP-2 bone, cartilage differentiation and migration of osteoblasts
BMP-T bone, cartilage, kidney differentiation and migration of osteoblasts, renal development
EGF skin, nerve regnlation of epithelial coll growth, proliferation and
differentiation
EPQ nerve, spine, wound bealing promoting the survival of red blood cells and development of
precursors to red blood cells,
HGEF bone, liver, muscle proliferation, migration and differentiation of mesenchymal stem
oells
IGF-1 muscle, bone, cartilage, bone liver, cell proliferation and inhibition of cell apoptosis
lung, kidney, nerve, skin
NGF perve, spine, brain survival and proliferation of neural cells

PDGF-AR (or -BB)

bloowd vessel, muscle, bone,
cartilage, skin

embryonic development, proliferation, migration, growth of
endothelial cells

TOGF - brain, skin proliferation of basal cells or neural cells

TGE-B bone, cartilage proliferation and differentiation of bone-forming cells, anti-
prodiferative factor for epithelial cells

VEGF blownd vessel migration, proliferation and survival of endothelial cells.

Table 1.1 Common growth factors in tissue regeneration. Aarggiopoietin; bFGF, basic fibroblast growth factor;
BMP, bone morphogenetic protein; EGF, epidermal ¢ndfactor; FGF, fibroblast growth factor; HGF, hepzyte
growth factor; IGF, insulin-like growth factor; NGRerve growth factor, PDGF, platelet-derived glovéctor;
TFG, transforming growth factor; VEGF, vascular etielial growth factor (table from Lee et al., 2p11

1.2.2.4 Bioreactors

Critical for the development of a bioengineereduesin vitro, is an adequate culture
environment promoting cells survival and activitfhe environmental conditions (i.e. temperature,
pH, oxygen and nutrients concentration, biomecladrd@nd biochemical cues) allowing the culture
of 3D bioengineered constructs are provided bydaictors. Bioreactors have been defined as
“devices in which biological and/or biochemical pesses develop under closely monitored and
tightly controlled environmental and operating citiods (e.g. pH, temperature, pressure, nutrient
supply and waste removal)” (Martin et al., 2004%ullly, a bioreactor consists of a sterile culture
chamber in which 3D cellular constructs are comtdiand supplied with culture medium through a
pump, that collects the culture medium from a nesierand discharge it in the culture chamber in
monitored fashion. The culture medium contains exygutrients and the growth factors necessary
to foster cell activities. The bioreactors are Ulguprovided of detecting systems to monitor the
environmental conditions and may be successfulgdusot only for than vitro development of
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functional tissues, but also as models to studynteehanisms of cell function under physiological

conditions (e.gin vitro drug screening) (Wendt et al., 2009).

In the design of a bioreactor for a specific tissngineering application several key factors
have to be taken into account. The detailed remérgs of a bioreactor generally depend on the
specific type of tissue to develop. However, tremeesome general principles that may be applied in
the development of a bioreactor. First of all, thaterial selection is fundamental to avoid adverse
reactions by the cells. As a result, all the bioteacomponents that are in contact with cells and
culture medium must be bioinert and biocompatiBlerthermore, all the bioreactor components
should be chosen so that they can be used in webament and at a constant temperature of 37
°C. In order to reduce economical costs, all therdaictor components have to be easily sterilized
by autoclaving (i.e. they have to be resistantigh hemperatures), except those disposable. The
bioreactor design should also permit simple assgrabt disassembly, in order to minimize the
exposition of cells to an undesired environmemaHy, bioreactors should permit easy control of

operational conditions and scale-up (Plunkett atigtién, 2011).

The primary function of a bioreactor is that of @msg cell survival and proliferation by
providing uniform transfer of oxygen and nutrietdshe cells and biochemical and biomechanical
cues to yield their differentiation towards the urat tissue during theiin vitro cultivation.
Furthermore, bioreactors are adopted to providermicell seeding at the beginning of the culture
by perfusing cells into the construct pores (Freed Guilak, 2007; Fournier, 2012). The
obtainment of adequate cell seeding uniformity Hredcontrolled supply of oxygen, nutrients and
biochemical and biomechanical cues to the celsnsajor issue in tissue engineering and depends
on the bioreactor geometry and operational contbtimn mass transport inside and outside the
construct and on the cell type under culture ¢e#l. metabolism) (Martin et al., 2004; Catapano and

Gerlach, 2007).
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1.3 Bioreactors for Tissue Engineering

1.3.1 Bioreactor design issues

1.3.1.1 Cell seeding onto 3D scaffolds

The dissemination of isolated cells onto a 3D perscaffold represents the first step for the
culture of bioengineered tissues and plays a atitiole in the progression of tissue maturation
(Martin et al., 2004). Cells should be seeded din¢oscaffolds with the highest possible efficiency
to maximize the utilization of the small numbercefls that may be isolated from a biopsy (Portner
et al., 2005; Martin et al., 2004). High initiallicdensities have been associated to enhancectissu
formation in 3D porous constructs, as in the caseartilage (Freed et al., 2007), bone (Holy et al
2000) and cardiac (Carrier et al., 1999) tissuegdrticular, a uniform initial seeding distributio
of cells in the construct have been associatedletir cell distribution in the tissue once it has
formed, in different applications (Holy et al., ZQ(Freed et al., 1998; Kim et al., 1998). On the
other hand, inhomogeneous cell distribution withie scaffold may severely alter the final
properties of the tissues (Portner et al., 2005).

However, the obtainment of uniform seeding disttidn of a high number of cells (i.e. high
cell density) is a challenging issue, particulartigen large and complex 3D scaffolds are used
(Martin et al., 2004). The degree of uniformityasil distribution depends on the balance between
the rate at which cells are transported from theliome bulk towards the external surface of the
scaffold (i.e. external transport) and from thefate of the scaffold into its pores (i.e. internal
transport), as well as on the rate at which cellsege to the scaffold surface and bind the othiés ce
in their vicinity and form cell clusters, that fher influence internal transport. For instance, the
penetration of suspended cells into the scaffoldépaepends on the cell/cluster-to-pore diameter
ratio, high values of which may hinder cell penttra (Catapano and Gerlach, 2007).

Due to its simplicity, the most common seeding teghe is the static seeding, which

consists in pipetting a concentrated cell suspensiothe scaffold and relies on gravity as the
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leading principle for cell settlement and adhesiathin the scaffold pores. However, static loading
generally cause low seeding efficiency and noneumfcell distribution within the scaffold, due to
the lack of control and to the operator-dependanine of the process (Holy et al., 2000; Kim et al.
1998; Wendt et al., 2009; Martin et al., 2004).aAsesult, dynamic techniques according to which
bioreactors are used to enhance cell seeding bynsneé convective transport rather than
gravitational effects, which may reduce external amernal resistance to cell penetration, have
been proposed to overcome the limitations resulfrogh conventional static seeding (Vunjak-
Novakovic et al., 1999; Bueno et al., 2007; Freed ®unjak-Novakovic, 1997). In particular, the
most promising approach seems to be representédebyerfusion seeding, which consists in the
direct perfusion of a cell suspension into the parethe scaffold. This method has been shown to
be particularly successful for the seeding of delis large-size scaffolds of low porosity, duehe
active driving forces involved that enhance fluighptration into the scaffold pores (Wendt et al.,

2003).

1.3.1.2 Transport of oxygen, nutrients and metabdks

In vivo, the efficient supply of oxygen and nutrients &md the removal of the waste
metabolites from, the cells is ensured by a complagcular network, which is difficult to
reproducein vitro. In fact, cells continuously consume oxygen antfients and produce waste
metabolites. This causes the solutes concentratioell surface to significantly differ from that i
the bulk medium. Steep solutes concentration gnéslienay induce cells to behave differently
depending on their spatial distribution inside Huaffold and cause cell starvation. To reach the
cells anywhere in the construct, solutes have tardoesported external to the construct across a
relatively stagnant layer of medium (i.e., from thedium bulk to the construct outer surface) and
inside the construct (i.e., from its outer surfexéhe innermost regions) across the cell massravhe
they are consumed (or produced). As a result, tlagiad profile of such solutes depend on the

overall resistance determined by each bioreactmpestment (Catapano and Gerlach, 2007).
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The external resistance to solutes transport, dwed consequent solutes concentration
gradients establishing from the medium bulk to ¢k# surface, increases with decreasing solute
diffusion coefficient in the medium, and increaso®ll-specific solute consumption rate as well as
increasing thickness of the stagnating layer of iomad External mass transport resistance mainly
depend on the hydrodynamic conditions of the biimraand may be reduced by increasing the
intensity of culture medium mixing by superimposiagcertain degree of convection over pure
diffusive transport. Internal solute transport asolutes consumption (or production) occur
simultaneously inside the construct. Under steagtyditions, the solute concentration profiles
balance out the rate of internal transport with e of solute consumption (or production). As
cells proliferate and produce ECM, the pores of ¢bastruct become smaller, and the diffusion
ability of the solutes decreases as a result afcaedised construct porosity and increased construct
tortuosity. At the same time, since the cell cotidion increases, the metabolic requirements of
the cells increase. These simultaneous phenomartebede to increase the solutes concentration
gradients across the cell mass (Catapano and Ge#@07; Martin et al., 2004; Fogler et al., 2006).
Since tissue constructs should have larger sizesitnansfer limitations represent a major issue in

tissue engineering (Portner et al., 2005).
1.3.2 Bioreactor systems used in Tissue Engineegin

In general, bioreactors may be classified basethemechanism through which solutes are
transported into (or out of) the cell compartmamtsiatic and dynamic. In particular, in static
cultures transport only occurs by diffusion, wher@a dynamic bioreactors solutes transport and
consequent tissue formation is enhanced by meddahigdraulic or pneumatic control of the cell

environment.
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1.5.2.1 Static bioreactors

Examples of bioreactors used for static culturestlae Petri dish, the multi-well plates and
the T-flask. They are generally suitable for theitro expansion of anchorage-dependent cells and
very easy to use. An important advantage relatedeaise of these systems is that cells are subject
to small shear stresses, that avoids cell waslmditdamage. However, these devices only permit
an increase of the cell number by a factor of Ithat several subcultivations are required to
obtain adequate cell expansion, that may causealedlfferentiation (Portner, 2005). Furthermore,
pure diffusive transport in static bioreactors easudissolved oxygen and nutrients supply only to a
distance about 10Q@m away from the construct outer surface, it subjesglls to oxygen and
nutrients concentrations largely varying in spae.( across the construct), and ultimately limits
the realization of clinical-scale 3D cell constsudGriffith et al., 2005; Gaspar et al., 2012;

Muschler et al., 2004).

1.5.2.2 Dynamic bioreactors

To overcome the transport limitations resultingnirgtatic cultures, bioreactors have been
proposed in which cells are cultivated in a dynaemvironment. In fact, several studies have
shown that a dynamic environment may have a pesithpact on tissue formation (Portner et al.,

2005).

Spinner flaks-In the spinner flask bioreactor, cell-seeded 3Dffslis are attached to needles
hanging from the bioreactor lid, and the dynamiciemment is provided by a magnetic stirrer bar
inducing the continuous mixing of oxygen and nutisethroughout the culture medium. During
seeding, cells are transported into the constroispby convection, whereas during culture stirring
minimizes the thickness of the stagnant layer oflima at the construct surface (i.e. reduces
external resistance to mass transport) and provalesell-mixed environment around cells

throughout the culture chamber (Martin et al., 20@pinner flasks have been shown to enhance
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cell proliferation and differentiation in bone tigs engineering as compared to static culture
(Carrier et al., 1999; Gooch et al., 2001). Howewehile enhancing external mass transport,
medium stirring generates turbulent eddies whialseashear stress that may be detrimental for
cells (Freed and Vunjak-Novakovic, 1995). Furthemnat has been shown that, despite a certain
improvement of cell proliferation and different@ti of osteogenic cells as compared to static
culture, spinner flasks are not suitable to enhamaéorm cell and ECM distribution in the

innermost construct (Sikavitsas et al., 2002). Iiinapinner flask have been shown to yield low

seeding efficiency in different applications (Carret al., 1999; Vunjac-Novakovic et al., 1998).

Rotating Wall VesselsRotating wall vessels consist of a cylindrical clb@min which cell-seeded
3D scaffolds are suspended within the culture nmadas a result of the rotation of the vessel wall
at a rate enabling the balance of drag force, ifegal force and net gravitational force, and in
which it is coaxially located a cylindrical chambeym which oxygen and nutrients are provided to
the culture medium. This device can provide a dynamlture environment for the cells with low
shear stress and high external mass transferVieii et al., 2004), that makes them suitable for
the culture of chondrocytes (Vunjak-Novakovic et 4B99) and cardiac (Carrier et al., 1999) and
osteogenic (Granet et al., 1998) cells, among thers. However, the micro-gravity environment to
which cells are subject has been shown to be paligninhibitory for osteoblast proliferation and
differentiation (Ontiveros and McCabe, 2003), wiastdikely due to the single axial rotation, cell
distribution may result to be non-uniform (Sikasgset al., 2002; Freed and Vunjak-Novakovic,
1997). Furthermore, the imperfect balance of ckrgaill, gravitational and drag forces could lead to
the collision of the construct with the bioreactaall, which causes cell damage (Goldstein et al.,
2001; Sikavitsas et al., 2002; Chen and Hu 200@glfy, medium convection around 3D porous
constructs in rotating wall vessels has not beawshto permit adequate oxygen and nutrients

supply to cells deep into the construct and adegeapression of cell differentiation markers,
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although it has been reported to improve cell #hstron and viability with respect to static

bioreactors (Granet et al., 1998; Sikavitsas e@D2; Catapano et al., 2007).

Axial flow packed-bed bioreactordn order to overcome the transport limitationsultisg from

the use of spinner flasks and rotating wall vess#ilect axial perfusion of 3D porous constructs
with medium in axial-flow packed bed bioreactor®B#8s) has been proposed in which the
enhancement of oxygen and nutrients transport is odgernal to the construct is provided by
convection (Kim et al., 2000; Bancroft et al., 20@2arnock et al., 2005). In particular, aPBBs have
been shown to be suitable for the enhancement affggation and differentiation of bone cells
(Goldstein et al., 2001), growth of human keratytes for skin tissue engineering (Navarro et al.,
2001), albumin synthesis by hepatocytes (Kim et2800) and differentiation of cardiomyocytes
(Carrier et al., 2002). Furthermore, aPBBs are tgexhhance cell seeding into 3D porous scaffolds
by transporting cells directly into the pores oé tbcaffold, which yields uniform cell distribution
(Martin et al., 2004). However, direct perfusionymzause undesired effects dependent on the
extent of the medium flow rate and the maturatitage of the constructs (Davisson et al., 2002).
For instance, at low axial superficial velocity tdssolved oxygen and nutrients concentrations
may steeply decrease towards the end of the cahétading to poor cell nourishment and causing
the formation of a necrotic end zone in construgthigh cell concentration (Piret et al., 1991;
Fassnacht and Portner, 1999), whereas cell perfiaibigh axial superficial velocity to keep cells
viable and differentiated anywhere in the constmety cause cell wash-out (Singh et al., 2007;
Martin et al., 2004)As a result, the optimization of aPBBs for the eegring of clinical-size 3D
tissues is limited by the difficult balance amohg tnass transfer of nutrients towards, and waste
products from, the cells, the retention of ECM comgnts within the construct pores, and the shear
stresses to which cells may be subject as a rebtiie extent of the medium flow rate (Martin et

al., 2004).
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1.5.3 Radial flow packed-bed bioreactors

Radial perfusion with medium of cells seeded in @findrical porous scaffolds with a
coaxial hollow cavity has first been proposed teroeme the transport limitations of pure diffusive
operation and direct axial perfusion for the cutaf hybridoma cells seeded onto porous glass
spheres (Kurosawa et al., 1991). Similar to axafysion, superimposition of convection to pure
diffusion should enhance solute transport to c&kdially perfused hollow constructs would also
feature a larger cross-sectional area for solatesport and shorter solute transport path-length th
axially perfused constructs. Hence, cell constriagsld be cultured in radial-flow packed-bed
bioreactors (rPBBs) at lower pressure drop and Hosugerficial velocity (hence lower shear
stresses) than aPBBs and still enable cell cultmser smoother and more controllable dissolved
oxygen and nutrients concentration gradients indihection of medium perfusion (Kino-Oka and
Taya, 2005). This is a very interesting featuredatrol pericellular environment and to guide cell
differentiation when realizing biological tissuebstitutes for implantation or for the vitro
toxicity screening of new drugs (Guillozo et al008). In spite of these interesting features, anly
few reports have been published on the cultureunhdn cells seeded in 3D porous scaffolds in
radial-flow packed-bed bioreactors for therapeapplications. Radial perfusion of 3D constructs
in rPBBs has been shown to promote cell prolifera@nd differentiation to a greater extent than
static culture and conventional perfusion systemdifferent applications, especially for bone and
liver tissue engineering.

Xie et al. have shown the effectiveness of thdataderfusion in the culture of sheep
mesenchymal stem cells seeded onto large-Bitacalcium phosphate porous scaffolds as
compared to static culture. In particular, the atghhave reported an about 4-fold higher glucose
concentration and uniform cell proliferation thréwthe whole scaffold under conditions of radial
flow perfusion of the constructs, whereas non unifaell proliferation has been reported under

static culture (Xie et al., 2006). Similar resuitsre been reported by Olivier et al. for the catof
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MGG63 osteoblast-like cells seeded onto large-flzeicalcium phosphate porous scaffolds in
rPBBs. In particular, the authors have reported aenuniform cell distribution throughout the
construct under dynamic conditions, independentth@ direction of medium perfusion, as
compared to static conditions (Olivier et al., 2D0¥he advantages of radial perfusion of cell
constructs over static cultures have been also shoyvArano et al. (Arano et al., 2010) and
Katayama et al. (Katayama et al., 2013) in theucalof MC3T3-E1 mouse osteoblastic cells and
human mesenchymal stem cells, respectively, seededtype 1 collagen sheets for bone tissue
engineering. In particular, the cell number hasnbesported to undergo up to a fivefold increase
(Arano et al., 2010) or a 60% increase (Katayamalet2013) with uniform cell distribution
throughout the construct under dynamic conditioascampared to static culture. Furthermore,
radial flow perfusion has been reported to be ssgfaéas compared to static systems in the culture
of goat bone marrow stromal cells seeded ontocalrscale starch—polycaprolactone scaffolds. In
particular, it has been shown that radial flow psidn enables cell proliferation up to 21 days of
cultures (Gardel et al., 2013). The usefulnesshef tadial flow type bioreactor for a three-
dimensional culture system was confirmed by thailltesreported for inward radial perfusion
culture in rPBBs of high concentrations of humaredicancer cells FLC-7 cultured onto porous
glass bead microcarriers (Kawada et al., 1998),hamdan squamous cell carcinoma A431 (Shibata
et al., 2009) and FLC-5 (lwahori et al., 2011) szbdnto hydroxyapatite beads. In the development
of a bioartificial liver, inward radial perfusioruture in rPBBs has been reported to maintain in an
active metabolic state high concentrations of Hep&8R seeded onto hydroxyapatite beads (Hongo
et al., 2005), porcine hepatocytes (Miskon et 2007) in small-scale constructs, and porcine
primary hepatocytes in clinical-scale construct®(8fani et al., 2000 and 2001). The co-culture in
rPBBs of immortalized (Saito et al., 2006) and uiynfetal hepatocytes and non-parenchymal cells
(Ishii et al., 2008) in a 3D porous scaffold peddsnwards has been reported to promote the partial
organization of cells in a liver-like architectuneth sinusoid-like lumen structures and sustained

liver-specific functions for a week. Finally, Kitagga et al. have shown the effectiveness of the
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radial perfusion in the seeding and culture of I8IF8 cells in poly(L)lactic acid porous scaffolds
as compared to cell seeding in static systems alare in spinner flasks, and have reported that an
optimal value of medium flow rate exists that baks out the oxygen and nutrients supply to the

cells and the extent of shear stress that washiesoce (Kitagawa et al., 2006).

1.4 Limitations in the realization of bioengineeredissue substitutes

Although considerable interest and effort has bpam on the possibility of realizing
engineered substitutes for the replacement of réifitetypes of tissues, so far the success of tissue
engineering has been only limited to the develognoérhin avascular tissues, such as epidermis
and nasal septum cartilage (Bryant et al., 2001itiM&t al., 1999; Obradovic et al., 1999). It is
generally acknowledged that the realization of 2yé-size tissue substitutes is limited by the
difficult supply of adequate amounts of dissolved/gen and nutrients to cells located in the
innermost regions of 3D constructs, as well asdiffeult removal of metabolic wastes (Malda et
al., 2007). Within the human body, oxygen and euatis supply towards, and metabolic wastes
removal from, the cells are provided through a cempasculature. In particular, in order to ensure
the adequate supply of oxygen and nutrients tadiein vivo, each cell is located close to a blood
vessel. Such organized vasculature is lacking plants formedn vitro. Inin vitro static cultures,
oxygen, nutrients and metabolic wastes are suppiiedr removed from, the constructs only by
diffusion. Within the graftsn vitro, diffusion distances for oxygen and nutrients syppay be of
the order of multiple millimeters or even centimstéGodia and Cairo, 2006; Malda et al., 2009;
Hassel et al., 1991), whereas diffusive transpay mnsure oxygen and nutrients supply only to
constructs having thickness around 10 (Chauduri et al.,, 2005). As a result, oxygen and
nutrients limitations and waste products accumaoiatcan occur, especially when high cell

metabolic requirements and high cell concentratamesnvolved (Muschler et al., 2004).

In particular, the severe consumption of dissolveggen has been acknowledged to

represent the major limiting factor for cell sur@ivn the development of bioengineered tissues, due
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to its low diffusion capacity, high cell-specifiomsumption rate and low solubility in acqueous
media, as compared to those of the other solutedd@/et al., 2007). As a result, maintenance of
controlled oxygen concentration profiles throughitigt constructs seems to be the most challenging

issue to overcome (Griffith and George, 2009).

1.5 Effect of oxygen concentration on mammalian dgbehavior

Oxygen is mainly required by mammalian cells foremgy production through aerobic
cellular respiration. In the development of a tessm vitro, local oxygen concentration also
regulates cell differentiation to a given phenotyps in the case of bone (Bassett and Herman,

1961; Utting et al., 2006; Malda et al., 2003; Rsbet al., 2005).

Cell behavior strongly depends on the amount ofla@va dissolved oxygen concentration
in the culture environment. Studies on different tges in static 3D cultures have shown that
dissolved oxygen concentration gradients form ftheperiphery to the core of the constructs, and
they are directly related to the alteration of sedlbility (Radisic et al., 2006; Malda et al., 200
and differentiation ability (Tuncay et al., 2006li& et al., 2004). These gradients become steeper
as cells grow, due not only to the higher cell @ntations, and thus to the increased metabolic
requirements of the tissue, but also on the cocispore obstruction caused by ECM formation that
limits oxygen convective transport (Malda et aD02). The inadequate dissolved oxygen supply
results in the formation of hypoxic (i.e. dissolvexygen concentration is lower than the
physiologic values) or anoxic (no dissolved oxygeegions in the innermost part of tissue-
engineered constructs. If the exposition of calsuch conditions is restrained in times (up to 12-
24 h), in many cases cells are able to adapt tmetabolism so that their viability is not
compromised. For instance, hypoxia can enhance p@iduction and increase angiogenesis and
cell proliferation. However, prolonged expositian ypoxic or anoxic conditions overcomes the
adaptive capacity of cells and results in cell de@flalda et al., 2007; Catapano et al., 1996;

Muschler et al., 2004).
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Cell growth may also be inhibited under hyperoxionditions. Reactive oxidative
intermediates formed under cell exposition to highan-physiologic dissolved oxygen
concentrations have been shown to damage cellsandbute to cell ageing. As a result, dissolved
oxygen concentration should range within physiaogalues throughout the constructs to ensure
cell survival (Balin et al., 1984).

The dependence of cell behavior on dissolved oxygemcentrationn vitro is related to the
degree of vascularization of the specific tisguesivo. For instance, highly vascularized tissues,
such as liver (Catapano et al., 1996), bone (Votkaal., 2008) and cardiac muscle (Carrier et al.,
2002), require higher dissolved oxygen concentnatos their survival and activity, whereas tissue
with low vascularizationn vivo, such as cartilage (Malda et al., 2003) or fibaskd (Balin et al.,

1984), may perform their function under low dissml\oxygen concentrations.

1.6 Importance of mathematical modeling in Tissue Bgineering

In order to understand the complex mechanisms lvedo in tissue development,
experimental results represent the most importanyt e validate theoretical assumptions so that all
the different parameters may be chosen to ensutenapculture conditions for given cell
requirements. However, experiments require highsgomption of time and economic costs, that
may be limiting in several cases. Furthermore, grpntal results are often not reliable, due to
non-optimal conditions under which experiments pegformed. To minimize the number of
experiments, and the related time consumption aodanic costs, mathematical models integrated
in an iterative framework with experimental resuttay be adopted to simulate the effect of the
different parameters involved in cell culture osstie development, so that the environmental
conditions required for cell survival and activihay be more easily optimized. (Sidoli et al., 2004)
The integration of mathematical modeling with expental results may also help couple different

fields of expertise towards a common aim (MacArtand Oreffo, 2005).
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1.7 Objectives of thesis and structure

The realization of engineered biological humanugssubstitutes has been indicated as a
promising alternative to synthetic grafts for tleplacement of large-size tissue or organ defects.
The successful obtainment of bioengineered tissuestsutes able to reproduce the specific
functions of a given tissu@ vivo and integrating within the body environment onoglanted is
based on the combination of four key elementsatedl human autologous adult or stem cells (1)
are seeded onto a 3D porous support, termed staff)l and cultivated in the presence of
biochemical and biomechanical cues (3) in bioraact4), that reproduce the adequate
environmental conditions guiding cells to re-organand differentiate as in natural tissues and
organs. The major limitation for the development lwbengineered substitutes for tissue
replacement is the difficult supply of adequate ants of dissolved oxygen and nutrients towards
the cells located in the innermost part of largee<8D porous constructs. Static cell cultures have
been shown to ensure cell survival only in regiohthe constructs close to their external surface,
since dissolved oxygen and nutrients are providettie cells through pure diffusion. To overcome
the diffusion limitations of static cultures, biactors have been proposed in which some degree of
convection is superimposed to pure diffusion ineortb reproduce more adequate environmental
conditions for cell survival and activity. Howeveeveral issues are involved in bioreactor design.
In particular, bioreactors proposed and used safarsuboptimal for geometry and operational
conditions to allow effective transport of dissavexygen and nutrients to, and metabolic wastes
removal from, the cell compartment.

Recently, radial flow bioreactors packed with danporous constructs have been proposed
to overcome the transport limitations of static axdal perfusion bioreactors for the development
of clinical-scale substitutes for tissue replaceménfact, radial perfusion of the porous construc
allows tissue development under perfusion ratesirers adequate delivery of dissolved oxygen

and nutrients towards, and metabolic wastes remfovad, the cells, under small shear stress and
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pressure, due to the shorter transport path-lemagith higher cross-sectional area for solutes
transport, as compared to axial construct perfuditmwever, the design of radial flow packed bed
bioreactors is more difficult than that of axiabl bioreactors. First of all, for a given construct
thickness and length, the annular construct gegmetiuences mass distribution across the cell
compartment. Second, two void chambers are reqtireldstribute and collect the culture medium
(i.e. the hollow cavity and the peripheral annuluge fluid dynamics of which influences the
uniformity of radial flux distribution of culture edium along the construct length. Furthermore,
different flow configurations can be chosen fortaté perfusion, that influence bioreactor behavior
to different extent. In fact, medium may be pertusewards (e. from the peripheral annulus
towards the hollow cavity) or outwardse( from the hollow cavity towards the peripheral alus)
across the cell mass, and with same or opposital akiections in the void spaces (z m
configuration, respectively). Third, the extenttbé perfusion rates has to be chosen in order to
avoid cell damage or washout while ensuring adegorggen and nutrients delivery to cells during
tissue development.

In the optimization of bioreactor design, thorougkperimental information should be
available to understand how the geometrical andratip@al parameters influence bioreactor
performance, and thus to optimize bioreactor deditpwever, such information may be provided
with a wide range of experiments, which are nott @l time effective. In the absence of such
experimental results, mathematical models may befulsto investigate how the different
parameters influence bioreactor performance anoptonize bioreactor geometry and operations
for a given application. However, as it will be dissed in the next chapters, a systematic analysis
of the influence of all the geometrical, transparid operational parameters on bioreactor
performance aimed to optimize the design of radlav packed-bed bioreactors for tissue
engineering is still lacking. This limits the recwiipn of the most relevant parameters, and the
understanding of their interplay, determining rPB8havior, and makes it difficult to optimize

bioreactor design for a given therapeutic objective
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The aim of this work is to develop a model-baseteremce framework to optimize
bioreactor design so that transport of dissolved/ger, nutrients and biochemical and
biomechanical cues towards, and metabolic wasteoval from, the cells is maximized and
controlled, in order to prevent cell starvation aodguide cell differentiation towards a given
phenotype in the development of clinical-scale bgieeered substitutes for tissue replacement.
Particular attention will be paid on dissolved ogggransport, since its limiting role is generally
acknowledged for the realization of large-scale @instructs. In order to reach the proposed
objective, the present work is divided in thredeti#nt steps, that will be correspondingly discdsse
in the following three chapters. In particular:

1. In the second chapter, a reference frameworkdas a one-dimensional stationary transport
model is presented aimed to optimize scaffold geépmand direction and extent of radial

superficial velocity of the culture medium acrog® tcell mass for the culture of clinical-size

bioengineered tissues in rPBBs, under the assumpiiat radial fluxes of culture medium are

uniformly distributed along the construct length.

2. In the third chapter, a criterion to optimizelied flux distribution of culture medium along the

construct length is presented based on a two-dimegisstationary momentum transport model

accounting for the fluid dynamics of the void spaaad time-changing construct properties.

3. In the fourth chapter, a two-dimensional stesidye model is presented describing mass and
momentum transport in the rPBB to determine theuacinfluence of medium radial flux
distribution on mass transport towards the cellsngutissue reconstruction and to design rPBBs
providing controlled physiological supply of oxygeon cells depending on their metabolic

requirements for a given therapeutic objective.
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Chapter 2!
Model-based optimization of scaffold geometry andmerating conditions

of radial flow packed-bed bioreactors for therapeuic applications

2.1 Introduction

In recent years, the scarcity of donor tissue pdae the mechanical or metabolic functions of
missing or failing tissue has prompted the seanclalternative treatments (Langer et al., 1995). An
interesting alternative to tissue replacement \aitificial grafts and to animal models for vitro
drug screening is to engineer biological substitutehuman tissue by seeding isolated autologous
cells in three-dimensional (3D) porous scaffoldsd adoy guiding cell re-organization and
differentiation in bioreactors in which cells atédbgect to physiological mechanical and biochemical
cues. In the repair of large bone defects, theepias of autologous cells could eliminate rejection
of allo- or xenografts and could enhance graftamstegration as compared to artificial bone grafts
(VandeVord et al., 2005). In the extracorporealsads liver failure patients, treatments based on
bioreactors using engineered liver tissue couldidethe patient with more liver-specific functions
(virtually all of them) than non-specific artifi¢ireatments and bioreactors using immortalizetl cel
lines or enzymes (Zeilinger et al., 2004).

An important step in the realization of clinicabse engineered tissue is the construct culture in
bioreactors designed and operated in such a wgyitle cell re-organization and differentiation as
in the natural tissue. Cell culture in the preseateontrolled physiological concentrations and
supply of nutrients and dissolved oxygen is a bagceactor requirement to ensure cell survival
and to make cells differentiate to a given phenetypure diffusive transport in static bioreactors

has been shown to subject cells to oxygen andemiisriconcentrations steeply varying across the

! This chapter is adapted from Donato, D; De Napo,; Catapano, G. Model-Based Optimization of fRtd
Geometry and Operating Conditions of Radial Flowked-Bed Bioreactors for Therapeutic ApplicatioRsocesses
2014 2, 34-57.
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construct and to limit the realization of clinicedale 3D cell constructs (Wendt et al., 2003;
Glicklis et al., 2000; Gaspar et al., 2012; Musctde al., 2004; Griffith and George, 2005). To
minimize the diffusive limitations to external stdutransport, bioreactors have been proposed in
which some degree of external convection is sugsgad over pure diffusion by perfusing the
medium around or along the construct. Radial medperfusion along two-dimensional (2D)
cultures of liver cells in a gel sandwich adhetenglass discs (Jaesung et al., 2008) or consttaine
between microporous membranes encased in a rigmdefi(Niu et al., 2009) permits the design of
more compact bioreactors than the typical flaskdisines. Medium convection around 3D porous
constructs in spinner flasks and rotating wall eé&soreactors has been reported to improve cell
distribution and viability with respect to staticoteactors but has not been shown to permit
adequate oxygen and nutrients supply to cells detepthe construct and adequate expression of
cell differentiation markers (Granet et al., 19%8kavitsas et al., 2002; Catapano and Gerlach,
2007). Medium supplementation with carriers revxsysibinding oxygen (e.g., cross-linked
hemoglobins or perfluorocarbons) has also beengsexpto mimic the oxygen storage function of
hemoglobin in the red blood cells and overcomeldire solubility of oxygen in aqueous media
(Radisic et al.,, 2005; Sullivan and Palmer, 2008he inclusion of porous hydrophobic
microspheres in 3D collagen gel constructs has Beewn to enhance oxygen diffusive transport,
and increase the oxygen penetration depth, into civestruct and hepatocyte functions by
promoting some degree of local natural convectibriha gel interface with the microspheres
(McClelland and Coger, 2000, 2004). Direct axiatfpgion of 3D porous constructs with medium
in axial-flow packed bed bioreactors (aPBBs) hasnbshown to enhance oxygen and nutrients
transport to cells internal to the construct asgarad to static culture (Kim et al., 2000; Banceift
al.,, 2002; Warnock et al., 2005; Frolich et al.,1@) but also to possibly cause poor cell
nourishment (Piret et al., 1991; Fassnacht andnEqrtL999) or cell wash out when medium is
perfused at axial superficial velocity low enoughatvoid cell detachment or high enough to ensure

cell survival, respectively (Singh et al., 2007).
48



Radial perfusion with medium of cells seeded oridoaBnular porous scaffolds has been shown
to be advantageous over pure diffusive operatiah direct axial perfusion to realize biological
tissue substitutes for tissue replacement or far ith vitro toxicity screening of new drugs
(Kurosawa et al., 1991; Kino-Oka and Taya, 2005jll@wzo and Guguen-Guillouzo, 2008).
However, only a few reports have been publishetherculture of human cells seeded in 3D porous
scaffolds in radial-flow packed-bed bioreactors tberapeutic applications, which suggest the
successful use of this bioreactor configuratiortipalarly for the development of bioengineered
bone (Xie et al., 2006; Olivier et al., 2007; Araabal., 2010; Katayama et al., 2013) and liver
(Hongo et al., 2005; Miskon et al., 2007; Morsiahal., 2000 and 2001; Ishii et al., 2008; Kawada
et al., 1998; Saito et al., 2006).

In the absence of thorough experimental informattbe peculiar features of rPBBs could be
exploited with the help of mathematical models admentum and solute transport across the
construct. In this chapter reference is mainly madiéne few models proposed for mammalian cell
culture in rPBBs because they account for some#&ymell features, such as the sensitivity of their
metabolism to the culture environment (e.g., pdu dissolved oxygen and nutrients
concentration, shear stress, pressure), and thdahf@icsome cell types proliferate during culture
thus changing both the geometry of the flow chammel the conditions under which the bioreactor
is operated, among others. All models propose admsbomogeneous description of transport
across the construct, and neglect transport inirther hollow cavity and the peripheral annular
space. Tharakan and Chau (Tharakan and Chau, p8&7)sed a steady-state transport model of
the limiting metabolic substrate and the produatsogss an annular bed of mammalian cells
perfused outwards with medium for the productiomaioclonal antibody. The model accounts for
dispersive and convective solute radial transpmadss the cell construct, for substrate consumption
in terms of the Monod kinetics and for the possiimesence of semipermeable membranes in the
cell mass, albeit in lumped fashion. The model wased to investigate the effect of the

dimensionless radial superficial velocity, the dmsienless construct thickness, and the cell
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metabolic activity on the substrate conversion todpcts and their distribution across the cell
construct. Cimeet al. (Cima et al., 1990) described the steady-statesport by diffusion and
convection of dissolved oxygen and nutrients acemsannular bed of cells seeded in the thin gap
between two concentric thick-walled microporousidwlfiber membranes. Dimensionless analytic
expressions for the dissolved oxygen and nutrieateentrations across the cell mass have been
reported for zero-th order cellular consumptiorekics and for uniform solute concentrations in the
inner fiber lumen and outside the outer fiber waljual to each other. The model was used to
investigate the effect of the dimensionless rasliglerficial velocity and solute consumption rate on
the dissolved oxygen and nutrients concentratiamesa the cell mass for a given hollow fiber
membranes geometry, outward medium perfusion fowd, cells with low metabolic requirements.
Bohmannret al (Bohmann et al., 1992) developed and experimgntalidated a lumped parameter
model describing radial perfusion and metabolicscomption of dissolved oxygen across a 35 mm
thick annular bed of SIRAR macroporous beads wrapped in a dialysis membranehich
hybridoma cells were cultured. The model was usadvestigate the influence of the concentration
of low-molecular weight solutes, freely permealideoas the membrane, and high molecular weight
solutes, retained in the bed, on long-term monadlantibody production. The model enabled the
bioreactor scale-up from a 0.1 L to a 5 L bed vauiortner et al., 2007).

A systematic analysis of the influence of all ttienensionless parameters accounting for
geometrical, transport and operational parameterbioreactor performance to enable culture of
clinical-scale substitutes for tissue replacemerten controlled pericellular environment has not
been reported yet. Assuming that uniform radiak filistribution of culture medium along the
construct length may be achieved for a given cansigeometry, the first step in the optimization
of rPBB design is the optimization of construct gedry and shape and of the medium flow
configuration (e. direction and extent of the radial superficialoegty of the culture medium)
enabling survival of cells, which have a concemratiependent solute consumption kinetics, with

a given radial perfusion rate to avoid cell damageash out.
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In this chapter, it is proposed a model-based eefsr framework aimed to optimize scaffold
geometry and operating conditionge( direction and superficial velocity of the perfugi
medium) of convection-enhanced rPBBs for therapeapiplications. The framework relies on a
one-dimensional pseudo-homogeneous model baseldeobdrcy and the convection-dispersion-
reaction equation to describe the pseudo steatly{stmsport of momentum and dissolved oxygen
in annular porous constructs of varying geometrigjclv are perfused with medium flowing in
different directions, under the assumption thafarm radial flux of culture medium is ensured
along the construct length, and in which humanscetinsuming oxygen according to Michaelis-
Menten kinetics are cultured at varying concendregi Dimensional analysis is used to identify the
dimensionless groups determining the bioreactofopeance expressed in terms of a more apt

parameter to therapeutic applications.

2.2 Materials and Methods

2.2.1 Model Development

2.2.1.1 Convection-enhanced transport model of rPBB

A model was developed to describe the transponnomentum and low molecular weight
solutes in convection-enhanced radial packed-badé&ctors. The attention was focused on oxygen
for its importance to cell metabolism (Rotem et 2004; Catapano et al., 1996; Allen et al., 2005;
Volkmer et al., 2008; Griffith et al., 2009). Schesnof an rPBB with opposite perfusion flows are
reported in Figure 2.1. The bioreactor consists aylindrical chamber equipped with inlet and
outlet fittings in which it is located a 3D cylindal porous scaffold of length, outer radiug:,, and
porosity e, with a coaxial hollow cavity of radiuB. Human cells are seeded and cultured at a
concentratiorCee in the pores of the construct annular wall of khessdc. Medium of viscosityt
carrying oxygen at a concentrati@y is fed to the bioreactor at a flow ra@eand continuously

flows radially across the construct from the oytteripheral annular space towards the inner hollow

51



cavity (.e., inwards), as shown in Figure 2.1a, or from th@emhollow cavity towards the outer
peripheral annular spacee(, outwards), as shown in Figure 2.1b, at a maxsupkrficial velocity

V, at the inner construct surfadee(, r = R). In the inner hollow cavity and the peripherahalar
space medium is assumed to flow axially in oppogitections and is assumed well-mixea.(
solute concentration is uniform throughout). Thenflconfigurations considered are often referred
to as CPx flow (or centripetal) (Figure 2.1a) or GFflow (or centrifugal) (Figure 2.1b) (Chang et
al., 1983). The term-flow indicates that medium flow directions in timmer hollow cavity and the
peripheral annular space are opposite. Dissolvgdeaxis carried by the medium into the construct
where it is transported to the cells by convectipe., associated to the net medium flow) and
dispersion with a dispersion coefficiebt (i.e., transport is promoted by a concentration gradient
in the presence of the flowing medium), and it istabolized by the cells. At low medium
superficial velocity across the construct, the emti@ation gradient-driven oxygen transport occurs
mainly by diffusion (Delgado, 2006). At high mediwguperficial velocity, the mixing generated by
the medium flowing across the porous scaffold bezimportant and the concentration gradient-
driven oxygen transport is mainly dispersive (Ddlga 2006). The conservation equations

governing the rPBB performance were obtained utidefollowing assumptions:

1. axial symmetry;

2. steady-state conditions;

3. incompressible fluid;

4. isothermal conditions;

5. transport in the construct is described accordng pseudo-homogeneous approach;
6. construct is described as an isotropic porous nmeavith Darcy permeabilitk;

7. uniform cell distributionCeey;

8. no cell lysis or apoptosis;
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9. solute concentration in the construct does not valgng the axial and angular
coordinates;

10. momentum transport in the construct is describedraing to the Darcy equation;

11. dissolved oxygen is transported across the condtguconvection and dispersion;

12. cells consume oxygen according to Michaelis-Merdaetics, with a maximal cell-specific

consumption rate G and a Michaelis conskgpt

Under these assumptions, upon introducing the atlg non-dimensional coordinates and

variables

. CC*: ; B:

R v,” v ulUR C C, (2.1)

the governing conservation equations in the coctstnay be re-arranged in dimensionless form to: give

continuity equation

v =r1* 2.2)

momentum conservation (Darcy equation)

. kL dP.’
Ve =—Y— 2.3
C R3 dr* ( )
mass conservation

Pe R(,-dG | 1d(.dG _V%ZE Co ’ 3
S dr ) rtdr dr 5. B+C, (2:3)

wherey = 1 in the case of outward flow, and= -1 in the case of inward flow. Equation 2.3 is
subject to the boundary condition stating that dh#et pressure equals atmospheric pressure, as

follows:
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B.C. la outwardflow(y =1) r =12 P =0 (2.4a)
B.C. 1b inward flow(y = 1) r' =1 P. =0 (2.5b)

Equation 2.4 is subject to two boundary conditiafswhich B.C.2 states the continuity of solute
flux at the entrance to the construct in terms @n&kwert’'s condition, and B.C.3 states the
continuity of fluxes across the outer constructfate when solute concentration does not change

any further once the medium leaves the constredplbows:

1 5. dC.

B.C. 2a outward flow(y =1) r=1 1=C. - —<=—=-=0 (2.5a)
P€.gmax R dr

B.C. 2b inward flow(y = -1) r :1+6F‘; 1=C. - Pqi - 6R°(1+5R°j d;‘f* =0 (2.6b)

B. B.C. 3a outward flow (y=1) r'= 1+%C %= (2.6a)

B.C. 3b inward flow (y =-1) r'=1 %: (2.7b)

When Pegmax >> 1, Equations 2.6a,b state that solute condsmtran the stream entering the

construct equals that in the feed.
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Figure 2.1. Scheme ofadial flow packe-bed bioreactorsriPBBs) with opposite perfusion flows across the dar

construct wall: ) inward flow; () outward flow.

2.2.1.2. Diffusion-limited ransport model of rPBB

For the sake of comparison, a diffus-limited model of solute transport in the rPBB wisoi
developed. In this case, the construct is assumedoetdipped and held suspended in mec
carrying oxygen at a concentratiC, in a reservoir and medium hashindered access to t
hollow cavity. Under the same assumptions as irctimrectiorenhanced transport model, but
the fact that oxygen transport occurs only by dibn with an effective diffusion coefficieDeg,
and for the same naimensionacoordinates and variables as in Equagdn the governing mass

conservation equation in the construct may l-arranged in dimensionless form to g

2.7)

*

rdr

*

1 d (r*dct*j_ , R2 C.

d’ ) 7 8.2 B+C

which is subject to two boundary conditions statthgt both the inner and the outer const
surfaces are exposed to the same dissolved oxygw®ewtration in mediurC, (i.e., well mixed

reservoir):
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B.C.1 r=1 G=1 (2.8a)

B.C.2 r*=1+5Fj Ce= (2.9b)

2.2.1.3. Convection-enhanced transport model of af®B

To compare the rPBB performance to that of an aRB#rence was made to the dimensionless
design equations of aPBBs in which medium carryirggen at a concentratidd, perfuses at an
axial superficial velocityu, a cylindrical construct of length and radiusR, as in (Fogler, 2006).
Under the same assumptions as in the convectioaneeld transport model of rPBB, and for the
same non-dimensional coordinates and variables &sjiiation 2.1 but fozr = z/L, the governing

mass conservation equation in the construct mag{aeranged in dimensionless form to give:

momentum conservation (Darcy equation)

k dR’
U. =—— 2.9
¢ R dZ (2:9)
mass conservation
,dG.” d?c. C.
Pe Uc &:_C_ 2_~c (2.10)

dZz dZ? T p+C.

Equation 2.10 is subject to the boundary conditgiating that the outlet pressure equals
atmospheric pressure, as follows:

B.C.1 7=1 P =0 (2.11)

Equation 2.11 is subject to two boundary conditiohghich B.C. 2 states the continuity of solute

flux at the entrance to the construct in terms ah&€wert’s condition, and B.C. 3 the continuity of
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fluxes across the outer construct surface whentesaancentration does not change any further

once the medium leaves the construct, as follows:

B.C.2 Z =0 1=C. —id&* (2.12a)
Pe, dz
B.C.3 Z =1 OId&:o (2.13b)
z

2.2.2. Dimensionless Groups
2.2.2.1. Convection-enhanced transport model of rFB

Analysis of dimensionless Equations 2.1-2.7 shdwasthe rPBB performance is determined by
the six dimensionless groups reported in Table Ptie physical interpretation of most of these
dimensionless groups is well established (Bird.e2807). The dimensionless grokp/R® may be
interpreted as the dimensionless Darcy permealofitite construct and provides information about
the radial pressure drop across the constructyatea flow rate. The higher its value, the lowee th
radial pressure drop across the construct. Thetremtsnner radius-to-wall thickness ratiB/dc,
accounts for the construct curvature. The higherinher radius or the thinner the thickness of the
annular wall, the more negligible the constructvature. The maximal radial Peclet number,
Peadmax COMpares the maximal rate of solute transpattenconstruct by convection to dispersion.
The higher its value, the higher the importanceaivection to solute transport as compared to
dispersion. The Thiele modulus compares the maxa®ad-th order solute consumption ra¥gax
= CcarG, to the maximal rate of dispersive solute transy Dc/5c% High Thiele moduli may be
associated with high cell concentratio@s,y, or high cell-specific metabolic consumption ratés
The saturation paramet@rprovides information on the extent to which th@siamption kinetics

differs from the zero-th order. The higher its \&lthe closer the kinetics to the first order.

57



Group Definition Description

l.y perfusion flow direction parameter

2. kLR dimensionless Darcy permeability of construct
3. R/d¢ inner radius-to-thickness ratio of the construct
4.V, 8c/Dc maximal radial Peclet number, R&hax

5. V(Vmadc/(Dc Co))  Thiele modulusgc

6. Ku/Co saturation parametes,

Table 2.1.Dimensionless groups determining the rPBB perforrmanc

2.2.2.2 Diffusion-limited transport model of rPBB

Analysis of dimensionless Equations 2.8 and 2.9vshitat under diffusion-limited operation,
the performance of the rPBB is determined only bg tonstruct curvatureR/6c, the Thiele

moduluspp = V(Vimax8c%/(Dett Co)) and the saturation paramefer Ky/Co.

2.2.2.3 Convection-enhanced transport model of aPBB

Analysis of dimensionless Equations 2.10-2.13 shbatsthe dimensionless groups determining
the performance of an axial-flow packed bed bidiaare the dimensionless Darcy permeability
of the constructl/R?, the axial Peclet number, R& u, L/Dc, the Thiele modulugc = V(Vinax L%(Dc

Co)) and the saturation paramefer Ky/Co.
2.2.3. Computational Methods

The resulting set of governing equations for a eatien-enhanced or a diffusion-limited rPBB,
and for an aPBB, was integrated numerically with ¢ommercial Finite Element Method (FEM)
code Comsol Multiphysics (Comsol Inc., BurlingtaviA, USA). An optimal non-uniform mesh

with more than 20,000 rectangular elements, finetha construct inner and outer surfaces, was
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generally used to describe the spatial domain. Mpalicted spatial profiles of superficial
velocity, pressure and dissolved oxygen concenftratvere obtained for values of the model
parameters and dimensionless groups representdtiv®se used in experiments in which rPBBs
were used, or typically reported or of interesttfugrapeutic applications, as reported in Tablgs 2.
and 2.3 unless otherwise stated. In particulargffextive diffusivity of oxygenDes, was estimated
according to (Fogler, 2006) by multiplying that water at 37 °C (Han and Bartels, 1996) by a
construct porositye = 0.7, typical of the 3D porous scaffolds usedPBBs (Xie et al., 2006;
Olivier et al., 2007). The dispersion coefficiemr foxygen in the construct was estimated by
adjusting the diffusivity according to the corrébats for liquids in (Delgado, 2006) for the valule o
the maximal radial superficial velocity,. The value ofv, was set equal to 1.98 x f0m/s
throughout, consistent with the values used inféle culture experiments reported for rPBBs with

small-scale constructs seeded with human cells€ad, 2006; Olivier et al., 2007).

Group Definition Description

1. perfusion flow direction parameter, -1 (inwards), 1 (outwards)

2. dimensionless Darcy permeability of constriedt/R® 2.24 x 10'°-2.24 x 10"

3. construct curvatur&/dc 0.1-10
4. maximal radial Peclet number, RB@ax 49

5. Thiele moduluspc or ¢p 1-20
6. saturation parametdy, 0.019

Table 2.2.Dimensionless group values used for model premistiunless otherwise stated.
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Symbol Model Parameter Value Units Reference

Co oxygen inlet concentration 0.216 mol/m® (Abdullah et al., 2006)
D oxygen diffusivity in water 2.64 x 10 m?/s (Han and Bartels, 1996)

Deft effective oxygen diffusivity in the 1.85 x 10° m?%s (Fogler, 2006)

construct
Dc oxygen dispersivity in the construct 2 x40 m?s (Delgado, 2006)
K oxygen Michaelis constant 4.05 x10mol/m® (Zahm et al., 2010)
k Darcy permeability of construct 1.4 x10 m? (Chen and Palmer, 2009)
L scaffold length 0.2 m
Vo maximal inlet superficial velocity 1.98 x 70 m/s (Olivier et al., 2007)
dc scaffold thickness 0.005 m (Olivier et al., 2007)
u medium viscosity 6.92 x 10 Pas (Abdullah et al., 2006)

Table 2.3.Model parameter values used for model predictionkess otherwise stated.

Although the spatial dissolved oxygen concentrapoofiles are essential to assess the actual
pericellular culture conditions, a more helpful eggech to the first decisional phases of desigo is t
condense bioreactor performance in one parametgr @amd to analyze the influence of the most
relevant dimensionless groups on this performarazarpeter. With respect to oxygen, the basic
requirement for cell survival is that cells shobkl supplied with physiological amounts of oxygen
and should be cultured at physiological dissolveggen concentrations anywhere in the construct.
To this purpose, an alternative performance pammets introduced that was deemed more
significant to bioreactor designers for therapewpplications. It provides information on the
volume fraction of the construct in which cells aeposed to physiological dissolved oxygen

concentrations, and was termed the non-hypoxidifnaal construct volume (NHy-FCV). In this
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work, the minimal value for physiological oxygenncentrations was set equal to 2XMmM, a

typical threshold for mammalian cells (Loiacono &tahpiro, 2010).
2.3 Results and Discussion

Radial-flow packed bed bioreactors have distinctiwatures that make them interesting for
therapeutic applications. Their structure resemiblesarchitecture of long bones (e.g., the femaftsh
(Clarke, 2008) and the medium perfusion pattesinglar to blood in the liver lobule (Tortora and
Derrickson, 2006), when the construct is perfusedards. Radial perfusion enhances solute
transport to cells with respect to pure diffusiétadially perfused hollow cylindrical constructs
feature also a larger cross-sectional area anarestpath-length for solute transport than axially
perfused constructs. In this chapter, a model eefar framework is presented to help designers of
rPBBs optimize their geometry and operation to mgeen therapeutic requirements. The
framework is based on the model described by Egusit?2.1-2.9 in which the pseudo steady-state
transport of momentum and dissolved oxygen acrossnaular cell-seeded construct is described
according to the Darcy and the dispersion-conveataction equation, respectively. The
dimensionless groups determining the actual digsbbxygen concentration profile in the construct
and the performance of the rPBB were obtained byedsional analysis of Equations 2.1-2.9 and
are shown in Table 2.1. The pseudo steady-statemgé®n is not a limitation to the use of the
model. In fact, the large difference in the timalsaypical of bioreactor dynamics (of the order of
the minute) and of the kinetics of cell growth (o& order of the day), makes it possible to use the
model for investigating bioreactor performance edsroliferate and/or secrete an own ECM by
adjusting the dimensionless groups values to thtenaizon of the cell construct. Another important
assumption in the model development is that medioms at uniform superficial radial velocity
along the bioreactor length. In fact, maldistribatiof radial velocity has been reported to have
more influence on the performance of radial-flowckEd bed reactors for industrial applications

than other parameters, such as the flow direcftomzi and Kaye, 1979). In the use of rPBBs for
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human cell culture, a non-uniform superficial rddi@locity would cause a non-uniform supply of
dissolved oxygen, nutrients and biochemical cueeetts that, during culture, might yield a non-
uniform cell distribution in the construct as afeet of poor cell proliferation or cell necrosisthe
poorly perfused regions of the construct. As tissiaures, this would cause the Darcy permeability
of the construct to decrease non-uniformly thus senng even further the radial flow
maldistribution and its effects. As Figure 2.1 skpw the model development reference was made
to rPBBs in which the directions of axial flow ihet inner hollow cavity and the outer peripheral
annular space are opposite,., an-flow type bioreactor configuration, to make it radikely that

the actual radial superficial velocity be uniformiystributed along the bioreactor length under
actual operation. In fact, if the frictional pressurop is negligible in the inner hollow cavitydan
the outer peripheral annular space, independetiteoflow direction, the axial pressure profiles in
these regions develop in such a way to maintaionatent radial pressure drop across the construct

(Chang et al., 1983).

2.3.1 Model validation

The scarcity of experimental data for human celiuca in convection-enhanced rPBBs and the
difficult procurement of detailed information oretbhonditions and geometry used made it awkward
to validate the model. For these reasons, modedmgss was assessed by comparing the
model-predicted dissolved oxygen concentration il@®facross the annular constructs to those
predicted by Cimat al (Cima et al., 1990) and the model-predicted glecoonsumption, to that
reported by Olivieret al (Olivier et al., 2007) for the culture of osteasana cells in an rPBB
perfused with medium both inwards and outwardsshasvn in Figure 2.2. In the latter case, the
rPBB was assumed to be connected in closed loop tmmpletely mixed reservoir, and its
dynamics was neglected with respect to the reseorothe account of its small volume. Glucose
consumption was estimated from the model-predicdedrease of glucose concentration in the

reservoir after 24 h. Figure 2.2a shows that tleeliptions of the model presented in this paper were
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in good agreement with those reporby Cimaet al, for the geometry and the operating conditi
used thereinj.e., zeroth order consumption kinetics, Thiele moduli typicd cells with low
metabolic requirements, and exposure of the coctstnmer and outer surfaces to equal disso
oxygen concentrationC{ma et al., 19€). Figure 2.2b shows thaté¢ model effectively predicte
also the experimental results reported by Oliet al, for the culture of osteosarcoma cells in
rPBB (Olivier et al., 2007)In this case, the c-spedfic glucose consumption rate was estime
with the diffusionimited transport model as that best fitting thepesmental data reported f
static culture in the rPBB. When medium was peduseatwards, the decreased cell concentrat
that were observed by Oliviet al. in the construct, likely as an effect of cell w-out, were taken

into account.
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Figure 2.2. Comparison of modgiredicted low molecular weight substrate conceianatto: a) the theoretical
predictions for dissolved oxygen of Cimet al (Cima et al., 1990);b) the experimental data for glucc
consumption of Olivieet al (Olivier et al., 200). Predictions obtained for the following parametglues: a) y = 1,

Ri5c = 1.49, PRymax= 0.67,kL/R*= 1.5 x 10% ¢c = 1.16 @) and 1.34 (m); (b) R/5c = 0.4, Pggmax= 1071 KLU/R® =

2.5 x 107, ¢c = 0.82-0.93p = 0.02, for perfusion inwards= 1 (), outwardsy = —1 (m), or statii operation (x).

2.3.2 Convection-enahceds. diffusion-limited rPBBs

Model predictions show the convenient charactesstif radie-flow packed bed bioreactors
compared to static operation and &-flow packed bed bioreactors in the culture of -seeded

constructs. Figure 2.shows that idial perfusion in an rPBB may vyield better oxygemp@y to
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cells anywhere in the construct and more uniformcpular dissolved oxygen concentrations than
static operation. In spite of the fact that undetis operation oxygen is supplied to cells through
both the inner and the outer construct surfacegnwihansport is diffusion-limited the dissolved
oxygen concentration steeply decreases towardsntitegmost regions of the annular construct.
Oxygen depletion gets worse when highly concerdragdls with high metabolic requirements are
cultured,i.e., as the Thiele modulus increases. Figures 2.3aiy shat under static operation for
Vimax = 1.76 x 10° mol/(mL s) cells would be cultured under anoximditions in about 65% of
the construct volume. This could be the case adaiBésts consuming oxygen@t= 5.5 x 10*’
mol/(s cell) (Komarova et al., 2000) cultured in3B porous hollow cylindrical scaffold at a
concentration ofCce = 3.2 x 10 cells/mL (Warnock et al., 2005). When the samestiot is
radially perfused with medium at Bgnax = 49, independent of the direction of the perfodiow,

the radial dissolved oxygen concentration prol@bout uniform across the construct at the same
value as in the feed as long as the cell-speciiggen consumption rate and cell concentration
yields Vimax up toca 1.8 x 10 mol/(s mL). Independent of the flow direction, hagher Thiele
moduli the dissolved oxygen concentration smootidgreases along the direction of medium
perfusion. Figures 2.3a,b show that ¥, = 1.76 x 10° mol/(s mL) the minimal dissolved oxygen
concentration nowhere gets below ca. 50% of thathm feed. Such a remarkable transport
enhancement may be attributed directly to convactot also to the convection-related increase of

the dispersion coefficient.
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Figure 2.3.Dimensionless radial oxygen radial concentratiasfilgs at varyincmaximal oxygen consumption rai
Vimase () 1.76 x 10%° mol/(s mL); (ii) 8.¢ x 10*° mol/(s mL); (iii) 1.76 x 10° mol/(s mL) for cells cultured in .
hollow cylindrical construct in an rPBB radially pesked with medium (solid linesa) outward or b) inwards, or
(dashed lines) statically operated. Parameter 8aR/6c = 0.4, Pggmax = 49. Other parameters are asTables 2.2
and 2.3.

2.3.3 Radial vs. axial PBBs

The performance of an rPBB was compared to thah@&PBB for the case of the bioenginee
of a clinicalscale long bone graft (e.g., a femur shaft) or dicaeactor for a bioartificial live
(BAL), unde the constraint that the construct length and mauand the maximal superfic
velocity be equal to the aPBB. For the superfieadbcity this means thia, = U,. In the case of the
aPBB, the bioengineered femur shaft was approxunaith a cylindri@l porous construct 40 ¢
long and 3.5 cm in diameter, similar in size to theman femur shal(Clarke, 200), and the
bioreactor for BAL was assumed to be based oniadntal porous construct 20 cm long and 3
in diameter so as to be easily fittin the housing of some clinicatale BAL bioreactors propos
in the last yearsQatapano and Gerlach, 2(). In either case, the rPBB was assumed t«
equipped with a cylindrical construct of equal ldngnd volume with an inner hollow cavity
radius R = 5 mm. For the bone graft, the constructs werairass to be seeded with ’
osteoblasts/mL consuming oxygen at x 10" mol/(cell s) Komarova et al., 20(). For the liver
graft, it was considered the possibility that tlenstructs are seeded wieither hepatocytes or

HepG2 cells, consuming oxygen atx 10° mol/(cell s) Balis et al., 199) or 6.62 x 10"’
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mol/(cell s) (Mehta et al., 2009), respectively.dR& medium perfusion across the construct
generally yields dissolved oxygen concentrationfile®y which decrease more smoothly in the
direction of medium perfusion than in aPBBs. In ttase of the bioengineered long bone gratft,
Figure 2.4a shows that in an aPBB the dissolveg@@xyoncentration steeply decreases away from
the entrance. This results in a non-hypoxic fradlaconstruct volume of only NHy-FCV = 0.18
and causes cells to be cultured under anoxic donditin about 78% of the construct volume.
Figure 2.4b shows that in an rPBB the dissolvedgeryconcentration in the construct decreases
more smoothly in the direction of the perfusionwfland it is nowhere below 62% of the feed,
largely exceeding the set physiological thresha@lii®. Similar results were obtained in the case of
bioreactors for BAL seeded with the HepG2 immoredi cell line (data not shown). Oxygen
depletion was much more severe in bioreactors sle@dk primary hepatocytes causing cells to be
cultured under anoxic conditions in more than 63%he construct volume. However, in the rPBB
the well oxygenated fractional construct volume \absut fifteen fold higher than in the aPBB
(31%vs 2%, respectively). The transport enhancemertenPBB may be attributed to the shorter
oxygen transport path-length than the aPBB, (the construct annular thicknegs length) that
apparently more than compensates for the factthieatixial Peclet number in the aPBB is more than
one order of magnitude higher than the maximalala8ieclet number in the rPBB. Bioreactor
performance was comparedvat= U, = 1.98 x 10* m/s because this would guarantee that cells are
not damaged by shear stresses. In fact, if theageeshear stress acting on cells for medium

perfusion in the construct is estimated accordin@/fang and Tarbell, 2000), as follows:

T= 7k (2.14)

it may be estimated that= 0.35 Pa in both bioreactors. This is below t@orted range of laminar
shear stress at which adherent cells are remowed 8urfaces (Christi, 2001). However, the
maximal pressure drop across the axially perfusatsteuct is about two orders of magnitude

higher than in the radially perfused construct Wwhmeay compress or even crush soft scaffolds and
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cause mechanical damage to cells or cell -out. Increasing, in the aPBB to obtain a smoott
axial dissolved oxygen concentration profile wogluse an even greater increase of the

pressure drop that may worsen these eff
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Figure 2.4.Dimensionless oxygen concentrations in a 3D polmre construct perfused with mediura) axially
(Pex = 3910); b) radially outwards (Fragmax= 129, R/6c = 0.38,y = 1). Parameter value€q = 10" cell/mL, G =
5.5 x 10%" mol/(scell), L = 40 cm.Other parameters are as in Tables 2.2 an

2.3.4 Effect of dimensionless groups on rPBB behar

In the reports published on convec-enhanced rPBBs, it has not been paid much attetti
the effect of the construct curvature on rPBB pannce. n the model proposed in thchapter,
the construct curvature is accounted for by théraf the inner hollow cavity radius to tl
construct annular thicknesB/6c. Modelpredicted dissolved oxygen concentration profilesa
obtained at varying values of this dimensionlessigrby keepin@c constant and by varying t
construct inner radiuR to avoid changes of the other dimensionless grodpss way,
dimensionless groups suchtag Pragmax andoc, as well as the oxygen transport |-length and
medium residence time, were k constant. Figure 2.shows the dissolved oxygen concentra
profiles across the annular wall of constructsueag two values oR/6¢ an order of magnitud
different, at increasing Thiele moduli. At any givR/éc, the dissolved oxygeiconcentration
decreases in the direction of medium perfusion wigtteeper slope as the Thiele modulus incre

Figure 25 shows that in constris with greater curvaturege., lowerR/d¢, increasing Thiele modu
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cause a greater oxygen concentration decay alomgditiection of medium perfusion than
constructs with smaller curvatuii.e., higherR/d¢c. Figure 25a shows that fcR/6¢c = 0.1 andpc = 4
cells are cultured under hypoxic conditions in &b8R% of the construct volume. Figu2.5b
shows that aR/6c = 1 andgc = 4 the dissolved oxygen concentration profile iscmsmoother an
oxygen concentration is above 50% of the feed drawesrywhere in the construct. This sugg:
that constructs of smaller curvatui.e., higher R/6c, may help obtain more uniform didved
oxygen concentration profiles throughout the cartdtin all those applications in which the con
of the pericellular environment is important (eig.thein vitro toxicity test of drugs.
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Figure 2.5.Modelpredicted dimensionless oxygen concentrations aleagnnular wall of constructs, cultured in
rPBB and perfused outwards with mediui.e., y = 1), featuring different curvaturea)(R/dc = 0.1; p) R/ = 1.
Other parameters as in Tables 2@ 2.3

In the first decisional phases of the design of BBBt may be convenient to condense
bioreactor performance in one parameter only, andnalyze the influence of the most relev
dimensionless groups on this performance parameterbasi requirement for human cell cultu
for therapeutic treatments (as well as forin vitro drug testing) is that cells are viable and exp
differentiated tissuspecific functions for the duration of the treatindar thein vitro test).
Culturing cels at controlled pericellular dissolved oxygen conicdions within the physiologici
range of the specific cell niche seems a reasorgtpeoach to avert cell death by anoxia ol

hyperoxic poisoning Navdeep et al., 20(). In this work, the pdormanct of the rPBB was
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condensed in the non-hypoxic fractional constraiime (NHy-FCV). When oxygen convective
transport becomes important, the balance betweernrdate of physical transport and metabolic
consumption is better evaluated in terms of the Kidrter number rather than the Thiele modulus.
In rPBBs, the radial superficial velocity variesomd the construct radius. A minimal radial
Damkohler number Da min may be defined as the ratio of the squared Tmatelulus to the
maximal radial Peclet number, Rénin = ¢c*/P8admax Figure 2.6 shows how the NHy-FCV varies
with increasing Dag min at values of the curvaturB/6c, varying by three orders of magnitude, for
both inward and outward medium perfusion. Indepahdéthe direction of medium perfusion and
R/dc, at sufficiently low Dag minthe bioreactor is operated under kinetic contrel, the dissolved
oxygen concentration profile is nearly uniform Ine tconstruct, and NHy-FCV approaches unity. At
high Daaq minthe bioreactor is operated under transport cqgrntegl winning the transport resistance
requires significant amounts of the oxygen suppled NHy-FCV is lower than unity. Faster
consumption rates worsen the scenario, and NHy-k@arly decreases with increasing fdain

in the log-log plot shown in Figure 2.6. Figure 3léows that the transition between kinetic and
transport control occurs at a value of L2ain» which increases as the curvature of the construct
decreases. At any giveRRldc, the negative slope of the NHy-FCV dependence agqRin under
transport-limited conditions is lower when medium perfused outwards across the construct.
Figure 2.6 shows that for Ramin= 0.2 andR/dc = 0.1 cells are well oxygenated in about 90% of
the construct volume when medium is perfused outsyavhereas the well oxygenated construct
volume decreases to only about 40% when mediurarfsiged inwards. rPBBs in which constructs
with smaller curvature are used., higherR/d¢, are generally more robust. In fact, inward medium
perfusion or the increase of Ranin as tissue matures (e.g., cells proliferate orecifitiate to a
phenotype with higher metabolic requirements) caassemaller decrease of NHy-FCV than in the
radial perfusion culture of constructs with greatervaturej.e., lower Rbc. Figure 2.6 shows that
for Daagmin= 1 andR/6¢c = 1 the NHy-FCV decreases ca. 28% from 0.7 tauPpdn switching from

outward to inward medium perfusion, respectively.the same Daymin and forR/6c = 10, the
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NHy-FCV is independent of the direction of mediuerfpsion. The smaller NHy-FCV for inward
medium perfusion may be blamed on the fact thab#ygen-rich feed enters the construct through
its outer surface at the minimal superficial radielocity. Under such conditions, the cells located
in the construct periphery consume oxygen at thhbdst metabolic rate and have time enough to
deplete the medium of oxygen and establish stesgplied oxygen concentration gradients. When
medium is perfused outwards, the oxygen-rich feddre the construct through its inner surface at
the maximal radial superficial velocity. Under sumbnditions, the cells located in the construct
close to the inner hollow cavity consume oxygethathighest metabolic rate but are not given time
enough to deplete the medium of oxygen, which Wwdl more available to cells located in the
construct periphery where medium flows at the malisuperficial radial velocity. This leads to the
establishment of smoother dissolved oxygen conagotr profiles along the direction of medium
perfusion. The NHy-FCV dependence on the minimdialaDamkodhler number Ra min Shown in
Figure 2.6 is consistent with that reported by Mafsset al. (Moustafa et al., 2012), who showed
that higher substrate conversion®.( lower substrate concentrations) are obtainedPBRs for
industrial applications if the bed of porous inorgacatalyst is perfused inwards when gas-phase
reactions with Langmuir-Hinshelwood kinetics takkage. The model-predicted effect of the
direction of flow perfusion is in apparent contrdetthe general use of inward perfusion in
published reports on rPBBs and to Olivedral. (Olivier et al., 2007), who reported experiments
showing that inward medium perfusion enhances b#stic cell proliferation to a greater extent
than outward perfusion. In their paper, Olivégral, raised an important practical issue influencing
the decision as to whether an rPBB should be pedfugth medium outwards or inwards. In fact,
many cylindrical scaffolds have pores of increassigg towards their periphery (Kitagawa et al.,
2006), causing significant reduction of the loga¢dfic surface area. If cells attach weakly to the
scaffold surface, for its chemical nature or fae tittle surface area available for adhesion, outwa
medium perfusion may exert high enough mechanicakses to remove the adherent cells and

wash them out. When medium is perfused inwardsfitteg pores in the construct inner regions
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may act as a sieve and may retain the removed tialis avoiding cell wa-out. In addition to this
upon assuming that the MG63 osteoblastic cells us(Olivier et al., 200) consume oxygen at
1.33 x 10" moli(s cell), as other immortalized cell lin(Rowley et al., 20C), and for a cell
concentration of 2.8 x $@&ell/mL, the minimal radial Damkohler number of thenstruct may b
estimated to be about R@min= 4.5x 10 Figure 26 shows that at such a low value Otag minthe
rPBB is operated under kinetic control and the dactor performance is indepent of the
direction of medium perfusion. This suggests thell wast-out may indeed have played
important role in making inward medium perfusiorhance the number of cells found in
construct after 7 and 28 days of culture to a greaktent tha outward perfusion. This effe
should be seriously considered when the conditaseschosen under which an rPBB is opere
Figure 26 suggests that, during cell culture in rPBBs, & &g min Should be maintained
minimize oxygen concentration dients across the construct. This could be achibyegokerfusing
thin constructs at high maximal radial superfisialocities,v,, for as much as is permitted by ¢
resistance to shear damage. It suggests alsoathéissue matures, increasiv, may balance out

the increase of cell metabolic activity caused &l groliferation and differentiatio
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0.1 1 1C

Darad miris ~

Figure 2.6. Modelpredicted dependence on 1,q min Of the NHyFCV of 3D porous hollow cylindrical construc
featuring varying wall curvaturd&/3c, in an rPBB when radially perfused with medium outway = 1, solid lines),

or inwards { = -1, dashed lines).

It is important to recall that model predictiong @s good as the assumptions upon whict

model is based. An important assumption on trait is that medium perfuses the construct
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uniform superficial velocity along its length. Akaariations of the porous structure of the scaffol
may make its Darcy permeability significantly vamjong the construct length and may cause
superficial radial velocity maldistribution. In these of rPBBs for human cell culture, the flow
maldistribution would cause a non-uniform supplydafsolved oxygen, nutrients and biochemical
cues to cells that, in time, might yield a non-omf distribution of cells and cell activities. This
way, cells would synthesize and deposit the owraegtlular matrix non-uniformly in the construct
worsening even further the radial flow maldistribat and its effects. Additional phenomena
possibly affecting the transport and the actualceatration of larger solutes (e.g., the physical
adsorption of proteins to the scaffold) have alserbneglected on the account of the low molecular
weight and high mobility of oxygen. A word of cautiis also in order concerning the fact that the
value of condensed performance parameters suchHgs-RV and the shape of diagrams such as
that shown in Figure 2.6 strongly depend on thediwld value set for the dissolved oxygen

concentration below which cells become apoptotidier

2.4 Conclusions

The use of radial flow packed-bed bioreactors (rBB®r therapeutic applications may be
advantageous to overcome the typical limitationstatic and axial perfusion bioreactors. In this
chapter, a reference model framework is proposdtelp bioreactor designers optimize geometry
and operation of rPBBs to meet given therapeugairements. The framework is based on a model
in which transport across an annular cell-seededtoact is described according to the Darcy and
the dispersion-convection-reaction equations. Dsimral analysis was used to combine more
effectively geometric and operational variablegshe dimensionless groups determining the rPBB
performance. Their effect was investigated on laict@ performance. The effectiveness of cell
oxygenation was also expressed in terms of thehypoxic fractional construct volume (NHy-
FCV), which was deemed more apt than other intggeaiormance parameters used in technical

applications. Model predictions suggest that oudweadial perfusion of a 3D porous hollow
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cylindrical construct with small curvaturee(, high inner hollow cavity radius-to-annular thieles
ratio) at high perfusion flow rated.€., high maximal radial Peclet numbers) may be more
convenient than culture in static or axial perfasmoreactors. In fact, this would enable effective
oxygenation of human cells also in large-scale ttants and culture at more controllable (e.g.,
more uniform) concentration profiles of dissolvedygen and biochemical cues, at tolerable
pressure drops. In conclusion, culture of humamsesded constructs in perfused rPBBs may
permit robust control of the pericellular envirommeand guidance of cell proliferation and
differentiation in the engineering of biologicalostitutes. These features make rPBBs suitable for
therapeutic treatments as well as for thevitro toxicity screening of drugs. However, model
predictions are as good as the assumptions upochwhe model is based. In designing an rPBB
with the model proposed, care should be taken éorsdel parameters estimated from culture
experiments and to verify that the model assumptlarid true for the specific case considered. For
instance, it was assumed that radial flux unifoynoit culture medium may be achieved along the
construct length, although radial flux maldistribat has been shown to possibly occur in radial
flow reactors for industrial applications and tovesdy limit reactor beahavior. It should also be
noted that the value of integral performance pataregsuch as NHy-FCV, and diagrams such as
that shown in Figure 2.6 strongly depend on thediwld value set for the dissolved oxygen

concentration below which cells become apoptotidier

In the next chapter, a criterion to optimize radiak distribution of culture medium along the
construct length will be presented, based on adinensional stationary model of momentum
transport accounting for the effect of fluid dynamof the rPBB void spaces, the time-changing

construct transport properties and the construatngdry on the degree of radial flux uniformity.
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Chapter 3
Optimization of construct perfusion in radial packed-bed bioreactors

for tissue engineering with a 2D stationary fluid gnamic model

3.1 Introduction

In the previous chapters, radial flow perfusiorceli-seeded 3D construct was shown to be
advantageous over static culture and axial flowfuysesn in the realization of clinical-scale
bioengineered substitutes for tissue replacememe ©Of the major advantages of rPBBs as
compared to aPBBs consists in the fact that rPRBs e easily scaled-up by increasing the
construct length rather than the diameter, whiaimite to maintain relatively short path-lengths for
solute transport inside the construct. This alémaal to better preserve the graft shape (e.g.nglo
bone replacement). However, the design of rPBBsdse complicated than aPBBs. In fact, rPBBs
require additional void spaces for distributingdamllecting) medium flow along the length of the
bioreactor (i.e. the inner hollow cavity and thetewuperipheral annulus), the fluid dynamics of
which may significantly influence the bioreactorhbegior. Radial medium flux must also be
uniformly distributed along the length of the biactor to enable the uniform utilization of the
catalyst bed (Ponzi and Kaye, 1979) for tissue nisttaction. In fact, radial flux maldistribution
would yield an uneven supply of dissolved oxygeutriants and biochemical cues to cells that
could cause non-uniform cell proliferation and eliéintiation and even cell starvation in poorly
perfused zones of the construct. Flux maldistrdyuthay even worsen during culture as an effect of
the non—uniform decrease of the construct Darcynpability as cells proliferate and produce

extracellular matrix in non-uniform fashion.

2 This chapter is adapted from: Donato, D.; FalvdJBb Labate, G.; Debbaut, C.; Segers, P.; Catapéno,
Optimization of construct perfusion in radial padkeed bioreactors for tissue engineering with as2®ionary fluid
dynamic model2015 Under revision
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Mathematical models of momentum transport may loehimize the design of void spaces
and scaffolds, and prevent radial flux maldistnbatn rPBBs under the conditions typical of tissue
engineering. Models of momentum transport have Imeaimly proposed for industrial radial flow
packed-bed reactors treating gaseous streams fijawider turbulent conditions. For such reactors,
a criterion to prevent radial flux maldistributibilas been proposed by Genkin et@enkin et al.,
1973), limited to the optimization of the hollowvtg-to-peripheral annulus cross-sectional flow
area ratio. The effects of the direction of turlbl#ow perfusion and reactor configuration on
radial flux maldistribution have been discusseddhang et al(Chang et al., 1983), Heggs et al.
(Heggs et al., 1995) and Kareeri et (&areeri et al., 2006). Analytical, simplified mathatical
descriptions of momentum transport have been gkyegyeeferred for large industrial reactors,
which assume gaseous turbulent flow in void spacésseldom account for the transport properties
of the catalytic bed. Only a few transport moddisRBBs have been proposed for the small scale
and medium flow rates, and the scaffold propertygscal of tissue engineeringTharakan and
Chau, 1987; Cima et al.,, 1990; Kurosawa et al.,1199hey account only for transport and
consumption of soluble nutrients across the coostand assume that the radial flux of medium is
uniformly distributed along the construct lengthdathat medium flows as a plug across the
construct

In this chapter, a two-dimensional axisymmetric elods proposed for steady-state
momentum transport in radial flow packed-bed biota@as for tissue engineering which accounts
for all bioreactor compartments. Momentum transporthe inner hollow cavity and the outer
peripheral annulus was described according to theigdStokes equation, and that across the
construct according to the Darcy-Brinkman equatidhe dimensionless groups, which lump
geometric and operating parameters and effectidgiermine radial flux distribution in the
bioreactor, were obtained by dimensional analyg&ues of the main dimensionless groups that
may prevent radial flux maldistribution were soufftintegrating the resulting momentum balance

equations with a commercial finite elements packageriterion was developed to design and
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operate rPBBs in which radial fluxes are uniformigtributed along the bioreactor length under the

conditions typical of tissue engineering.

3.2 Materials and methods

3.2.1 Model development

Momentum transfer across the three compartmenés oPBB operated at steady-state was
described according to a two-dimensional axisymimetrodel. The rPBB is schematically shown
in Figure 3.1. A cell-seeded annular porous scdfisl coaxially positioned at the bottom of a
cylindrical housing forming a cylindrical cultuhamber. Medium is fed axially into the inner
hollow cavity, radially perfuses the construct, wk along the outer peripheral annulus in
centrifugal (CF), counter-currentt)( configuration, and leaves the rPBB through a Bezoutlet
port. Such configurations were chosen becausedt@nfiguration has been shown to reduce the
extent of radial flux maldistribution in radial fhoreactors treating gaseous strediereeri et al.,
2006), and the CF-configuration has been showrrdwigle a more effective supply of dissolved
oxygen and nutrients to cells in the case of umfgadial fluxes. The momentum conservation

equations governing the rPBB behavior were obtaurater the following assumptions:

I. axial symmetry;

ii. steady-state isothermal conditions;

iii. incompressible Newtonian fluid;

Iv. isotropic porous construct;

v. transport in the construct described accordniipé Darcy-Brinkman equation;

vi. transport in the inner hollow cavity and theeruperipheral annulus described according

to the Navier-Stokes equati{fPerry et al., 1999).
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Axial and radial spatial coordinates, z and r, pues Pand axial and radial velocity components, u

and v, in the i-th rPBB compartment were obtained in-domensional form as follows:

; Z* :E, u: :u7'1 V;k:Vi L, R*:L (31)
L u u, R u, uLIR?

where R and L are the scaffold inner radius andtlerrespectively, glis the axial velocity at the
rPBB inlet, andu is the medium dynamic viscosity. Consistently, ¢baservation equations were
re-arranged in non-dimensional form to give:

continuity equations (for i=H, inner hollow cavit®, construct; or E, external or outer peripheral

annulus)
f(f*Vi*)*'L'*:O (3.2
0 0z
momentum balance equations
inner hollow cavity, H:
. * X * 2 3 L. 262\/*
r) Re,|v, av';' +Uy, av’;' = —(Lj apt' +a(1a(r v )]{R] 1 (3.3)
or 0z R/ or or \r or " L) o7
* * * * 2 2. *
2  Re,|V, aui +U' % =—aif+i*i* r ‘{Rj 0 . (3.4)
or "oz 0z r or or L) o7

construct, C:

o kAR k10(10 35
" N T RR +R286r*[r* ar*(r VC)] (59

* * 2 32 *
y weo KR K100k ), k1R Fu (3.6)
¢ R dZ FRelror or Rrel® g7
outer peripheral annulus, E:
LoV L0V ? 0P, C ® 9%V,
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where Rg=(p un R/M) R/L is a reduced inlet Reynolds number. Othelaldes are defined in
Figure 3.1 and Table 3.1.

Equations 3.2-3.8 are subject to the following ktary conditions: fully developed axial
velocity profile at the bioreactor entrance; bi@tea axis is impervious to momentum and fluie.(
Oz, for r'=0, vy = 0, duy /or = 0); continuity of pressure and velocity at théeiface between
inner hollow cavity and construct, and between troies and outer peripheral annulus; the walls of
the housing are impervious to momentum and adhdoenthe fluid; the pressure of the stream
leaving the outer peripheral annulus differs framaspheric pressure by an amofft,; equal to
the sum of the local pressure drops in the threezat the bioreactor outlet (zones 1-3 in Figure
3.1) where the cross-sectional area for flow changbe non-dimensional total pressure drop
caused by the local cross-sectional surface argansion and constrictions was estimated as
follows:

. 3 k.
APout :ZilRQn gj (39a)

Il
where kand g are the loss coefficients and characteristic fionstdependent on the geometry of
the j-th zone, respectively (Appendix A). Exemplasjues of kand g were estimated from the
charts reported in Idelchitdelchik, 1960), Munson et aMunson et al., 2013), arfiderry et al.
(Perry et al., 1999) for a sudden cross-sectiored axpansion (zone 1) as a function of the actual
value of Rbc and Rée (i.e. k and g), followed by a gradual contraction of 60% witifa degree
contraction angle (zone 2) and a sudden contracfi@>% at the bioreactor outlet (zone 3) (i.£. k

g2 and k, gs respectively)
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Figure 3.1 Scheme of an rPBB showing the three compartmentsiriner hollow cavity, H; construct, C; out

peripheral annulus, E), three exemplzones of the bioreactor outlet, and an exempldfgraintial control volum

Parameter Value Units Description

L 0.015-0.15 m construct lengtfHongo et al., 2005; Noble et al., 1Y)

R 410° m construct inner radiu@elchels et al., 201

Oc 510° m construct thickneg®livier et al., 200; Xie et al., 2006)
e 10°-810° m thickness of outer peripheral annu{é@sano et al., 2010)
p 993.37 kg/m medium densityMa et al., 2009)

I 6.94 10 kg/(m<) medium viscosity

€ 0.9 - construct porosityKarageorgiou and Kaplan, 20!

k 10108 m? construct Darcy permeabilifii et al., 2003; Dias et al

2012 Grimm et al., 1997; Nauman et al., 1)

Table 3.1Dimensional parameter values used for model priedgist unless otherwise sta
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3.2.2 Dimensionless groups

The dimensionless conservation Equations 3.2-8®Bralated boundary conditions suggest
that the bioreactor behavior is mainly determingdhe independent dimensionless groups reported
in Table 3.2. The physical interpretation of sorh¢hese dimensionless groups is known and may
be found in literaturgPerry et al., 1999). In this investigation, schffgeometries were used
typically proposed for bone tissue engineer(Xge et al., 2006; Olivier et al., 2007). Higher
reduced inlet Reynolds numbers,Rare generally associated with higher inlet medilow rates
at any given construct geometry. In the simulatid®as, was kept in the range typically reported in
in vitro experiments to enable laminar flow and prevenit wakh-out, which justifies the use of

Navier-Stokes and Darcy-Brinkman equations.

Dimensionless Values Description Application
groups
1. p un RIWYR/IL  0.067-6 reduced Reynolds number aBTE, LTE, CTE (Hongo
inlet of inner hollow cavity, et al., 2005; Melchels et
Ren al., 2011; Shao, 2009)
2. LR 3.75-37.5 construct aspect ratio BTE, HP, LTE, TE

(Hongo et al., 2005;
Olivier et al, 2007;
Kitagawa et al., 2006;
Noble et al., 1988)

3. RAc 0.8 construct inner radius-to-HP (Noble et al., 1988)
thickness ratio

4. RRBe 0.19-4 construct inner radius-to-BTE, LTE (Arano et al.,
peripheral annulus width ratio 2010; Park et al., 2008)

5. kIR 6.2510°-6.2510" construct-to-hollow  cavity BTE, TE, HP (Li et al.,
permeability ratio 2003; Grimm et al., 1997;

Gardel et al., 2013)

Table 3.2Independent dimensionless groups determining rPB®meance and values used for model predictions,
unless otherwise statedApplications: BTE — bone tissue engineering; CTE #ilege tissue engineering; HP —

human physiology; LTE —liver tissue  enginering; FEeneric tissue engineering.
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3.2.3 Computational methods

Equations 3.3.8 with the related boundary conditions were sblaamericallyaccording
to the finite element methodith the Comsol Multiphysics (Comsol Inc., Burlington, MA,S4).
Two-dimensional steadstate profiles of dimensionless axial and radelocity components,;’
and v, and pressures; Pvere predicted for the values of model parametads dimensionles
groups representative of those typical of tissugireering reported in Tables 3.1 and 3.2, ur
otherwise specified. The constructrcy permeability was varied in the range typicalsoéffolds
and constructs for bone tissue engine¢ (Li et al.,, 2003; Dias et al., 20). The bioreactor
geometry was meshed with rectangular elements.r fiuenber and distribution was optimized
keepthe relative error on the predicted average axidlradial velocity components at the outle
the peripheral annulus below 0.005% for every §éirmensionless groups vall (Figure 3.2).

1
09 r
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0,7 r
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05 r
0.4

0.3 r
0.2 Y
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0

% error, -

0 200 400 600 800 1000

Numker of elements (*10°}, -

Figure 3.2 Relative error on the predicted average aand radial velocity at the outlet of the peripheaahulus
L/R= 25, Rg, = 0.04, Rbc = R = 0.8, kI = 6.25 x 10"

The uniformity of radial flux(i.e. the radial velocity component at 1) distribution along
the bioreactor length was characted in terms of the average distance of the actuaief from

their lengthaveraged value, as proposed by Mu «(Mu et al., 2003)

e vels YL 3.10
n=1 \/J‘O(Vcﬁvgu 1] dz ( )
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Values om=1 (i.e. 1n=0) characterize an ideally uniform radial fluxtdisution.

Along that proposed in Celik and Acklé@elik and Ackley, 2012), a criterion is proposed
herein to optimize rPBB design and operation basedhe assumption that, to ensure radial flux
uniformity, the total axial pressure drop in thadvepaces has to be negligible with respect to the
radial pressure drop across the construct. Thegueasiterion, termed the criterion of radial flux
uniformity (CORFU), may be expressed as a functibthe dimensionless groups in Table 3.1, as
follows (Appendix B):

S
{[8 1 1}} £ Les L2 1+6ER o

n n

AP, . +AP R (3.11)
CORFU =" 2H " TTzE - L
AP, ¢ R* (RY 5.) 1
: DR nf1+ %
k (L R JRe,

whereay andag are the kinetic energy correction factors whicboamt for the variation of the xial

velocity over the cross section of the entranceudlet bioreactor section normalized with respect

to the average axial velocity in the same sectiespectively.

3.3 Results and discussion

The model proposed in this chapter aims to invattighow geometric, transport and
operating parameters influence the distributiomeflium radial flux along an rPBB, and to provide
the designer with a criterion to design and opemBBs so that radial flux is uniformly distributed
along the bioreactor length. In fact, no model b@sn proposed yet that provides a comprehensive
analysis of the dimensionless groups determiniegatttual radial flux distribution along the length
of rPBBs, and that accounts for the fluid dynamidsthe inner hollow cavity and the outer
peripheral annulus and for construct permeabilijmder the conditions typical of tissue

engineering. Nor is any optimal design criterioaitable, yet.
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3.3.1 Model validation

The lack of experimental velocity and pressurdil@®in the compartments of an rPBB and
the difficult procurement of detailed information the bioreactor geometry and operation used in
literature made it difficult to quantitatively vehte the model. For these reasons, the goodness of
model predictions was assessed qualitatively imsesf the agreement of the model-predicted axial
distribution of radial velocity (i.e. flux) to tharedicted by the criterion for radial flux unifory
proposed for very permeable catalyst beds by Gestkah (Genkin et al., 1973) and by comparison
to the experimental data of Xie et al. (Xie et 2DP6) and Olivier et a{Olivier et al., 2007). For
industrial radial packed-bed reactors treating gasestreams, Genkin et al. (Genkin et al., 1973)
showed that the actual radial flux distributionregahe reactor length depends on the ratio of the
inner hollow cavity cross-sectional flow area tattlof the outer peripheral annulds,which may

be expressed as a function of the dimensionlesspgrin Table 3.2 as follows (Appendix C):

&)
go_ \% -1, (R,R] (3.12)
1+ 2R[1+6°] O O
5 R

Kareeri et al(Kareeri et al., 2006) reported that an optimunmuegabf ¢ exists of aboug=0.21
which ensures radial flux uniformity in radial flosactors in the CIeconfiguration, such as the
one used in this study. Indeed, Figures 3.3a-b ghatvthe model soundly predicts a non-uniform
distribution of radial flux along constructs cukdrin rPBBs featuring a thin inner hollow cavity,
with R/6g=0.19 and¢=0.011 (Figure 3.3a), or a thin outer peripheralwns, with R6:=3.62 and
£=0.85 (Figure 3.3b). This is an effect of the narifarm axial profile of pressure difference
between the inner hollow cavity and the outer gesipl annulus caused by friction in the thin
compartment with high resistance to flow, as shawfigure 3.3c for the same conditions as in
Figure 3.3a. The poor radial flux distribution ihettwo cases shown in Figures 3.3a-b is

characterized byn=0.16 and 0.53, respectively, in good agreemenh liat expected from
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Genkin’s criteria for reactors featurirggr0.011 and=0.85, respectively. Figure 3.3d shows that
the model soundly predicts a uniform radial flusstdbution along the bioreactor length, with
n=0.93, when the flow resistance of the inner holt@wity and outer peripheral annulus is reduced
and§=0.21, equal to the optimal value suggested by é&taet al. (Kareeri et al., 2006). Xie et al.
(Xie et al., 2006) and Olivier et al. (Olivier elt,a2007) reported that mesenchymal sheep cells
(MSCs) or MG63 cells, respectively, could be seedad cultured in an annuldd-tricalcium
phosphate porous scaffold in an rPBB without sigaift differences in cell number among the
upper, intermediate and bottom parts of the sahffdMlodel predictions for the scaffold and
bioreactor geometry and operating conditions regbtiherein, and k = 0.3 £an? (Li et al., 2003),
showed that cells were seeded at uniform radia distribution (withn=0.971 and1=0.976 for
MSCs and MG63 cells, respectively). The resultimgfarm drag exerted on cells during seeding

likely contributed to the observed uniform axiall cistribution (Alvarez-Barreto et al., 2007).
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Figure 3.3 Modelpredicted dimensionless radial fli(a,b,d) or pressure (qrofiles at varying dimensionle
distance from bioreactor bottom,: &) k/R’= 8.46 10°, Re,=0.54, L/R= 33, R¥c= 0.2, Rb= 0.19,£=0.011;b)
k/IR*= 3.38 10%, Re,= 4.54, L/IR= 6.6, F3.= 1, RBe= 3.62,£=0.85;c) same as in a) k/R*= 2.35 1(% Re,=6, LIR=
5.5, Rbc= 1.2, Rb=0.98,6=0.21;

3.3.2 Effect of dimensionless groups on radiflux distribution

Table 3.2 shows that the bioreactor behavior isniaietermined by five independe
dimensionless groups. Accordingly, the actual pressand velocity profiles anywhere in 1
bioreactor are determined by: P, accounting for consto transport properties; k, mainly
accounting for feed flow rate; and L/R,dc, and Rdg, accounting for construct and bioreac
geometry. Equation B2 shows that the analysis proposed in this stsidiydre comprehensive th

Genkin’s criterion, whib accounts only for the last two dimensionless gs
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3.3.2.1 Effect of k/R and Rae,

The effect of the construct Darcy permeability. (k&%) on radial flux distribution has be
generally neglected. Only Kareeri et(Kareeri et al., 20068howed that using tightly packed be
or poorly porous perforated plates to hold the beadhe bed, may yield more uniform radial f
distributions in industrial radial flow pack-bed reactors. Figures 3.4ashow the importance «
k/R? for radial flux distribution. Under similar geomgtand operating conditions to Figureda,
Figure 3.4ahows that, even when the inner hollow cavity eixfié high resistance to flow, using
construct with a Darcy permeability two orders cdgnitude lower than in Figure 3a yields a
rather uniform radial flux distribution in the cdnsct, withn=0.9, in spite 0i¢=0.011. Similarly,
when the outer peripheral annulus exhibits a heglistance to flow, Figure4b shows that using a
construct with Decy permeability two orders of magnitude lower thanFigure 33b yields a

uniform radial flux distribution, witin=0.95, in spite 0€=0.85.

Hollow Outer Hollow Outer

1 cavity Construct wall annulus 1 cavity Construct wall  4nnulus
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Figure 3.4 Modelpredicted dimensionless radial flux (a,b,d) or pues (c) profiles at varyindimensionless
distance from bioreactor bottom,: &) k/R>= 8.46 1, Rg,=0.54, L/R= 33, Ri.= 0.2, Rbz= 0.19,£=0.011;b)
k/IR?*= 3.38 1&, Rg,= 4.54, L/IR= 6.6, /.= 1, RB= 3.62,£=0.85..

Figure 3.5 shows that for constructs of very low ? the radial flux distributioralong the

rPBB length is uniform, wit>0.9, and independent of ReFor constructawith high k/R,

86



increasing Re makesn (hence the radial flux uniformity) increase upatooptimal R@ op=2.8 for

the conditions used. Further increases of, Reake radial flux maldistribution progressively
increase (hencg decrease). The existence of the optimal Rey be explained by considering that
fluid pressure in the inner hollow cavity and thetey peripheral annulus is determined by the
balance between friction at the wall surface, whiedkes pressure decrease in the direction of flow,
and momentum recovery caused by the axial flow vat@ation induced by suction, which makes
pressure increase in the direction of decreasioy.fFor the conditions used in Figure 3.5a and
high k/R, at lower Rg than the optimum, friction in the inner hollow dgvprevails over that in
the outer peripheral annulus. This makes the rgui@ssure drop decrease along the bioreactor
length and causes poor perfusion of the bottonhefcbnstruct. At higher Rethan the optimum,
momentum recovery in the inner hollow cavity prévabver friction in the outer peripheral
annulus. This makes radial pressure drop incrdasg a@ioreactor length and causes poor perfusion
of the upper part of the construct. The influent&/&% on the dependence nfon Re, suggests
that the choice of the medium feed flow rate toBBEnfluences radial flux distribution to a larger
extent at the beginning of culture, when constiDatcy permeability is the highest. As cells
proliferate and produce extracellular matrix, camnst Darcy permeability decreases ang, Reay

be increased to match the increased cell metadeheand without causing significant radial flux
maldistribution. Figures 3.5b-c show that, with ywg@ermeable constructs, the dependence of the
uniformity of radial flux distributionn, on Re, is strongly influenced by the construct aspedbrat
L/R, and¢. Figure 3.5b shows that the extent of radial fhoaldistribution significantly increases
with increasing L/R at any given Rebut close to Regye At the conditions used, Figure 3.5¢
shows that, at R&<Reanop, 'PBB designs featuring increasifgncrease the extent of radial flux
maldistribution by causing increasingly poorer peidn of bioreactor bottom, less so aspRe
increases. Increasing Réeyond Rgq,x makesn decrease for increasingly poorer perfusion of

bioreactor inlet, less so §sncreases. The optimal Realue increases also from 2.8 to ca. 5.8 as
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increases from 0.14 to 0.31, respectively. Figuéashows that, when very permeable and sle
constructs are operated at low inlet flow rates. (igh k/F* and L/R, and low Fy,), zones may
form at thebioreactor bottom in which the average axial vaioof medium is only a few perce
of that entering the bioreactor (less than 2% ua tiistance from the bioreactor bottom of ca. :
of its length, at the conditions of Figure6a) and much lower than the presence of a unifor
radial flux distribution at the same position. M@ai stagnation in such zones contributes to ful
worsening the radial flux maldistribution. Simildrehavior may be predicted for the oL

peripheral annulus (Figure 3.6b).

Figure 3.5Modelpredicted effect of F,, on the uniformity of radial flux distributiom: a) at varying dimensionles
construct permeability, kAR (i) 6.25 1¢®, (i) 6.25 10°, (iii) 6.25 10 Other dimensionless groups values: L/R=
R/5:=0.8, RB=0.8;b) at varying construct aspect ratio, L/R: 7.5, 15, Qer dimensionless groups values:?=
6.25 10%, RB.=0.8, RB=0.8;c) at varying: 0.14, 0.21, 0.31. Other dimensionless groupseslk/F’= 6.25 1¢,
L/R =15, RA=0.8.
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Figure 3.6 Model-predicted spaeaverage axial velocity profile in the inner hollaavity, 1., and peripheral
annulus, uE,avgalong bioreactor length normalized with respecth® average axial velocity at inlet of the in
hollow cavity, ,, for: (a)(dashed line- uniform radial flux distribution, L/R = 11, Re= 3, R/&z= 0.8; (solid line) -
non-uniform radial flux distribution, L/IR = 37.5, I, = 0.27, Rbe= 0.8; (b) (dashed line- uniform radial flux
distribution, Réz= 0.8,L/R = 11, Ry, = 2.72; (solid line) - nommniform radial flux distribution, F&z= 4, L/IR = 11,
Re,=0.1; In all cases: B¢ =0.8, k/F? = 6.25 10"

3.3.2.2 Effect of L/IR

Figure 3.7shows that, for constructs of very low P, radial flux distribution is uniforn
(with n>0.9) and almost independent of L/R. As ? increases, using more slender constructs
constructs with higher L/R) yields progressively rmainiform radial fluxes up to L=8 (where
n>0.9) for the conditiog used. Further increases of L/R make radial flatdmtribution increas
(i.e.n decrease) as an effect of the decrease of theamgrartmental radial pressure drop towe

the bioreactor bottom caused by friction in thesoygteripheral annulu
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Figure 3.7 Modelpredicted effect oL/R on the uniformity of radial flux distributiom, at varying dimensionles

construct permeability: i) k& 6.25 1% i) k/R?= 6.25 10 iii) k/R%= 6.25 10", In all cases: F,=2.8, RBc =0.8,

R/BE: 0.8.

3.3.2.3 Effect of Rdc and R

After Genkin et al. (Genkin et al., 1973), the eff@f Rdc and R&: on radial flux

distribution is better evaluated in terms¢, as defined in equation #3.12. Figur8 shows that in

rPBBs equipped with constructs of low P, & has no significant effect on radial flux distrilrii

However, at high k/R rPBB geometries characterized by increasing gahfef progressively

increase radial flux maldistribution (and méen decrease). Radial flux is practically uniform alc

the bioreactor length and featun=>0.9 up to a value of which decreases with increasing 2,

e.g. from&=0.6 to 0.28 as k/Rincreases from 6.:10° to 6.2510 at the conditions used. Abo

such value of, friction in the outer peripheral annulus prev and makesradial pressure drop

decreasdowards bioreactor bottom. This causes poor perfusi the bottom overy permeable

constructs. At ang, the degree of maldistributic(i.e. 1) is higher the higér k/F.
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Figure 3.8 Modelpredicted effect o on the uniformity of radial flux distributiorm), at varying dimensionles
construct permeability: i) k/&R 6.25 1% ii) k/R?*= 6.25 10; iii) k/R?= 6.25 10", In all cases: F,=2.8; L/IR=8.25;
R/écz 0.8

3.3.2.4 The CORFU criterion

The CORFU criteriordefined inEquation3.11 correlates well with the mowpredicted
ratio between the total axial pressure drop invibid spaces and the radial pressure drop acros
construct, forny=0.32 andog=0.£ (Figure 3.9a)This suggests that the CORFU is a good pred
of the actual pressure drop ratio but it has theaathge that it may be easily estimated witl
performing any experiment, ncany computer simulation. Figure 3.%hows tlat when the
dimensionless groups are rearranged in the COR#&fion, the curves reported in Figure5, 3.7
and 3.8 converge towards onesWaped curve only with minimal radial flux maldistrtion (i.e. -
n) at CORFU=0. This suggests that the CORFlterion accounts well for the effect of .
dimensionless groups on the uniformity of radiakfdistribution. Theay andag values used are
also in agreement with the correction factors efkmeticfactors in Euation 3.1lobtained for the
actual modepredicted axial velocity profiles and with thosggested in literature for laminar flc
(Perry et al., 1999; White, 201 Higure 39 indicates that an ideally uniform radial flux dibtrtion
is achieved for CORFU 0. Increasing absolute values of CORFU correlatk wi¢gh increasing

degrees of radial flux maldistribution (i.e. desieg values on). For practical purposes, FigL
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3.9shows that a total axial pressure drop in the gpiaces up t+10% of that acrss the construct
thickness yields a radial flux maldistribution (i%¥-n) that does not exceed 10%. Support to
level of tolerance comes from the uniform cell imition along the scaffold length experiment:
obtained by Xie et al.Xje et al., 206) and Olivier et al.@livier et al., 200) when cells were
seeded and cultured under conditions yielding CORFUL7 and 0.095, respectively, hence in
presence of uniform enough perfusion radial fluxésis is also in good agreement with
tolerance level recommended for industrial radial flowmcrs treating turbulent gaseous stre

(Celik and Ackley, 2012).

CORFU, -

Figure 3.8 Model-predicted effect of the criterion CORFU on radiakflmaldistribution, (-n), under the following
conditions: (1) same as in Figure 5a; () same as in Figure 3.5H;]( same as in Figure 35(c) same as in Figure
3.6; () same as in Figure 3.8he shade of grey of empty symbols identifies ehquiedictions at varying parame

values, as follows: (black) minimg(grey) intermediate; (white) maximal.

Taken altogether, these results suggest that thalamnstruct permeability and the desigr
bioreactor void spaces strongly influence the itistron of medium radial flux along the bioreac
length, hence thenedium flow rate perfusing cells at different distas from the bioreact
entrance. The CORFU criterion provides a useful tothe first design phases for selecting rPE
in which cells are perBed at a uniform medium flux independent of thesifion in the construct,
and for adjusting rPBB operation so as to maintianiform radial flux distribution as tiss

matures. A for any theoretical modethe application of the criterion is limited by the assations
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inherent in the model and in the use of the equatfanechanical energy to a liquid flowing under
laminar regime, by the possible stagnation of mmdi the void spaces of the bioreactor, and by
unreliable parameter estimates. It should also besidered that the effect on bioreactor
performance of the non-uniform radial perfusioncefls in an annular construct depends on the
uniformity of cell seeding and on their sensitivitythe actual concentration of dissolved oxygen,

nutrients and biochemical cues.

3.4 Conclusions

This is the first study reporting on the complegt of dimensionless groups determining the
distribution of medium radial flux along the lengihradial packed-bed bioreactors, on their effect
on the actual radial flux distribution, and on derion to design and operate bioreactors in which
radial fluxes are uniformly distributed under cdruaiis typical of tissue engineering applications.
The design criterion of radial flux uniformity imtluced in this paper accounts well for the efféct o
all dimensionless groups determining medium rafliied distribution along the bioreactor length,
and indicates that the total axial pressure dropgthe void spaces should be witkit0% of that
across the construct thickness to ensure a unifadial flux distribution. Bioreactor designs and
operation meeting the proposed criterion will cimitte to avoid unwanted consequences on tissue
formation caused by the non-uniform distributionneédium radial flow to cells in the construct,
such as non-uniform cell proliferation or non-umnifotissue structure and functional properties, an
often underestimated effect. However, the critesbould be applied with caution because of the
possible mismatch between the model assumptionthenattual medium and scaffold properties.

In the next chapter, it will be presented a monmpehensive mathematical model in which
mass transport is coupled to momentum transpaetvatuate the effect of the actual distribution of

medium radial flux on bioreactor performance asdute reconstruction.
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ppendix A — Evaluation of the pressure,Rat the outlet of the culture chamber of the rPBB
As shown in Figure 3.1, the pressure at which tleeiom leaves the culture chamby,, differs
from the atmospheric pressure by an amount givethbysum of the local pressure drops in the

bioreactor zones 1-3, as follows

P

o = AP, + AP, +AP;. (A.1)
The local pressure drop of the i-th zoA®,, was expressed according to Perry et al. (Pergy. et

1999), as follows:

AP ='Z v, (A.2)
wherek; is the loss coefficient associated to the charigheocross-sectional area,is the average
velocity in the downstream cross-sectional arethefi-th zone. kin zones 1-3 was estimated from
the correlations reported in Perry et al. (Perrglgt1999), Idelchick (Idelchick, 1960), and Munso
et al. (Munson et al., 2013). In particular:

zone 1 k; was estimated as the loss coefficient for the sndekpansion from the annular cross-
sectional area comprised between the circle oliaff + dc + ) and that of radiusR+ d¢), to the

annular cross-sectional area comprised betweeaitttle of radius R + dc + &) and that of radius

R. Under laminar flow conditions knay be expressed as follows (Perry et al., 1999):

klzz(l_n«mc+6E>2—<R+6C>2)] :2(1_ 8 +2(R+5¢)5; J | (A3)
T((R+93, +6E)2 _Rz) (Oc +3:)(d¢ +0¢ +2R)

v1 was estimated from medium flow rate across theessaation, as follows:

v, = Q - Uy TR - (A4)
T(R+3, +8.)7 —(R+3)?) T((R+3, +3,)? —(R+3,)?)

Combining Equations A.2 and A.4 yields the pressluop across zone 1.
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AP, :ﬁpvl2 :ﬁp ui”'? : :ﬁp U, R =
2 2 (R+0. +0¢)" —(R+3.) 2 (0 (0¢ +2(R+2.))

_ﬁp uin2 _ﬁp uin2 ) (A5)
275" (3 +2(R+3:))* 2 3.7 (3, 5. )’
= | E 4242 =
R? R? R* | R R

Combining Equations 3.1 and A.5 yield®; in terms of the dimensionless groups of Tables2, a

follows:
. R? u,’ R? u, RR 1
AP =AP, L 2 . _kp LA =
U, 2 35.°(8, 5. HLu, 2 u Lg?25 .
— +2+2— — +2+2— (A.6a)
:%RQn gl
where
1
91=6 2 s 5 2 (A.6b)
“E | TE4242°C
2R

zone 2k, was estimated as the loss coefficient for the wghdontraction from the annular cross-
sectional area comprised between the circle otisaff+dc+0e) and that of radiuR, to the annular
cross-sectional area comprised between the cifdladius R, = R+¢ &) and that of radiuR. ¢,
was used to define the geometry of zone 2 as tbmegey of the culture chamber was varied in the
simulations to give a 60% contraction of the cresstional area from zone 1 to zone 2, and a
contraction angl®=75 degrees. For each bioreactor geometry considanel shown in Table 3.1,
the value of kwas estimated from the chart reported in Munscal.gfMunson et al., 2013) under

laminar flow conditionsv, was estimated from the liquid flow rate, as foltow

Q Q uin TRZ

? mR2-R?) T(R+c,5.)°-R?) T((R+c,d:)>-R?)’

(A.7)

Combining Equations A.2 and A.7 yields the locagsure drop across zone 2, as follows:
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AP,

k ( u, R? jz k u ’R*

kz 2 2 2 in
=2y - =2 =_2 =
2P TP R 8, -R )~ 2P (R+c,6.) - RY)?

K, u,’R* k u,’ : (A.8)

—2p _2p in
27(c,’8. +2Re8:)* 2 ( 52 5 )
C, ?+2c2—

R

Combining Equations 3.1 and A.8 yieldB, in terms of the dimensionless groups of Table &s2,

follows:

2 2 2
APZ* =AP, f :k—22p Zui” 5 :f :k—zzpui”R% - 1 ==

U Ui,

HLU;, c226L+2c26—E MLU; M c226L+2c26—E
R2 R R? R (A.9a)

where

1
g,= y 5 5 - (A.9b)

2
[cz RE2 +2c, FE]

zone 3 ks was estimated as the loss coefficient for the sndmbntraction from the annular cross-
sectional area comprised between the circle ofusa@,=R+¢, &) and that of radiu®, to the
annular cross-sectional area comprised betweeaitttle of radius R3 =R+¢; dg) and that of radius

R. ¢c; was used to define the geometry of zone 3 asabegtry of the culture chamber was varied
in the simulations so as to give a 35% contractibthe cross-sectional area from zone 2 to zone 3.
For each geometry and operating condition repoitet@iable 3.1, the value ofs;lkwas estimated
from the chart reported in Idelchik (Idelchick, DJ6v; was estimated from the liquid flow rate, as

follows:

Q Q l'Iin T[RZ

" TR -R) MR+’ R M(R+CS.) R

(A.10)

Combining Equations A.2 and A.10 yields the presslrop across zone 3, as follows:
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- k_23pv32 K5 Un . (A.11)

:E 5 2 5 2
2
(% IR;+2C3F§J

AP,

Combining Equations 3.1 and A.11 yieldB; in terms of the dimensionless groups of Table 8s2,

follows:
AP =K PURR 1 _=Kpe g, (A.12a)
2 91 L ) 6E2 6E 2
&gt
where
1
g,= 5 (A.12b)

Appendix B — Expression of the CORFU criterion ienms of the dimensionless groups
determining momentum transport in the rPBB

B1. Evaluation of axial pressure drops in the vepéces of the rPBB

The axial pressure drops in the void spaces ofRB8 as medium is distributed across or collected
from the porous construct were estimated undefalh@ving assumptions: i) medium flows axially
in laminar flow; ii) the radial flux is uniformlyidtributed along the construct length; iii) the énn
and outer construct lateral surface areas areagréfan the cross-sectional surface area of theszon
through which medium enters or leaves the culturanmtber, respectively; iv) negligible local
pressure drops associated with the change of meditguntion and of the cross-sectional surface
area. The deviation of the axial velocity profileem the uniform flat profile were accounted for
along that suggested in Bird et al. (Bird et al02) by introducing a kinetic correction faciwy,

with i=H or E, defined as follows:

i:Ai;[(“_(r)T dA (B.1)
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where: A is the cross-sectional area through which mediuvrallg enters or leaves the culture
chamber; (r) is the axial velocity profile at the same sewtiy .. IS the average axial velocity at
the same sections. The assumption of radial flufotmity at the construct lateral surfaces yields
a;=1, for both i=H and E. Hence, hereinafteris considered only for the inlet and outlet cross-
sectional areas.

B1.1 Axial pressure drop in the inner hollow cayiii, 4

Under the assumptions reported above, the macrosammtinuity equation and balance of

mechanical energy about the whole inner hollowtgayield what follows, respectively (Bird et al.,

2002):
Ve R By

2 2
VR U I:)H,out - I:)H Jin

+E,, =0 B.3
2 20, p vH (B.3)

where: y is the radial velocity at the inner constructlatesurface; Rou.and R i are the pressures
at the inner construct lateral surface and inletise, respectively; &, is the viscous dissipation
term; By is the cross-sectional area ratio. As medium flanvshe inner hollow cavity and it is

distributed across the porous construgi, Bay be written as follows (Bird et al., 2002):
= _ 1l 2 414 (2)
Eon _E.[o u, (2 ?dz (B.4)

where f(z) is the Fanning friction factor in the hollowvtty. For a uniform radial flux along the
construct length, the continuity equation yields #xial velocity at any distance from medium

entrance as follows:

u, (2) =u, [1—%} . (B.5)

In laminar regime, the friction factor in the hallocavity was estimated as follows (Bird et al.,

2002):
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_ u
£, (2) _16uH 2 R (B.6)

Combining Equations B.4-B.6 yields:

EvH :8%% L(l—EJdZZB “2 umL zlu. 2 —. (B.7)
’ p R 0 L PR 2

Combining equations B.2, B.3 and B.7 yields:

2

\% 1 1 8 1 > 2 1 8

P.. -P = AP = R +—U -—+—— | =pPp—U -t B.8
H,in H,out z,H p{ 2 2 in { a, Rem :|} p2 in {BH :| ( )

Under the conditions at which the simulations walrginedBy? << 1, henceé\P, ;; becomes:

1 .8 1
AP, ==pu’ ——-—|. B.9
z,H 2p n [an GHJ ( )

B1.2 Axial pressure drop in the outer peripheral amulus, AP, g

The macroscopic continuity equation about the whole outer periphenaluaryields:

uE,out: ZRCL :i
VPc (Ré_Rcz) BE

(B.10)

where: R is the construct outer radiuscfR+d¢; Re is the inner radius of the culture chamber,
Re=Rc+0g; Ue out IS the average axial velocity at the outlet sectig; is the radial velocity at the
outer construct surfacge is the cross-sectional area ratio. The continuity of mass between the
sections through which medium enters and leaves the culture chawd®agelationship between

Ue out @and w, which may be combined with Equation B.10 to yield:

. JR.L
Uo - 2R L (B.11)
Vi, R

Under the assumptions reported above, the macroscopic balance of icedcéaergy about the

whole outer peripheral annulus yields what follows:

2 2
u _ VRC + I:)E,out - I:)E,in

+E _=0 B.11
20 2 0 “E (B.11)
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where Ro and R, are the pressures at the outlet section and @oiestruct lateral section,
respectively; G is the viscous dissipation term in the peripharaiulus. As medium flows in the
peripheral annulus and is collected from the pomrsstruct, e may be written as follows (Bird

et al., 2002):

fe(2)
Rie

~ _ 1 L 5
E. e _EL ug(2) dz (B.12)

where £(z) is the Fanning friction factor in the peripHeaanulus, and R is the hydraulic radius

of the peripheral annulus defined as follows:

Re+R.

s
2

Rie= (B.13)

NI

For uniform radial flux along the construct lendtfe continuity equation yields the axial velocity
at any distance from medium outlet as follows:
_z
Ue(2) = T Yeou- (B.14)
In laminar regime, the friction factor in the pdrgyal annulus may be estimated as follows (Bird et

al., 2002):

_ i
f.(2) _4UE(Z) rs (B.15)

Combining Equations B.12-B.15 yields:

A _ u L
Er=2 —u . B.16
v,E p R,iE 2 E,out ( )

Combining Equations B.10-B.16 yield®, g, as follows:

2 2 2

R, +R

APZ,E = 1puin2 ZR 2 ! - BE +8 1 ( EZ CZ) . (Bl7a)
2 R - R . Re, R:-R¢

Under the conditions at which the simulations waseainedpe? << 1, hencé\P, 4, may be written

in terms of the dimensionless groups in Table 3.fblows:
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AP, =

z,E

N

ou 2 1 : {i+i[25(1+5_0j +1} (B.17b)
% 2(1+6Cj+6|5 a: Re, | & R
R R R

B2. Evaluation of radial pressure drop across tloequs construct

The radial pressure drop across the porous consffidg,, was estimated by assuming that medium

flow may be described according to the Darcy’s ¢éiqQuaas follows (Bird et al., 2002):

\/R=“kR 15 AP, .. (B.18)
In(1+cj
R

Combining Equations B.2 and B.18?; ¢ may be expressed in dimensionless form as follows:

v 1, RY(R) 1 5
AP = R =~pu.’ —|—| — In|1+—S5|. B.19
I 2P Un Ty (Lj ( R (8:19)

HR In(1+ 6Cj
R

in

B3. Expression of the CORFU criterion as total &xeradial pressure drop ratio
The CORFU criterion was defined as the ratio bebw total axial pressure drop in the void
spaces and the radial pressure drop across thérwingombining Equations B.9, B.17b, and

B.19, the CORFU criterion may be expressed as @iftmof the dimensionless groups in Table 3.2

as follows:
)
1+=
8i—i + 1 i+8i 2| R |+
Re, ay {65[( 60} 6E:|} e R&, %
“El2l1+-C |+=E R
CORFU 2P +0Pe R R) R .(B.20)

™ HEEEE
k L R/Re,

Appendix C — Expression of Chang'’s criteriod, in dimensionless form

Genkin et al. (Genkin et al., 1973) define the pater as the inner hollow cavity-to-peripheral

annulus cross sectional area ratio, as follows:
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:AH = R’ (C ]_)
AE T[((R+6c+6E)2_(R+6c)2) ' .

3

Re-arranging the denominator according to Equai@rmpermits to expressas a function of the

dimensionless groups determining momentum transpainie rPBB, as follows:

(RJZ

2 2

> R = R = RBE 5 = 'f2 (B’Ej . (CZ)
R a5 )

E

:i:
A

E
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Chapter 4

Study of the effect of radial flux distribution on pericellular oxygen concentration

in radial flow packed-bed bioreactors with a 2D sttionary transport model

4.1 Introduction

In the previous chapter, a complete descriptiormoimentum transport in all the rPBB
compartments with the aim of proposing a critetimioptimize the geometry of the void spaces and
the operational conditions of rPBBs for given comst properties to ensure uniform radial flux
distribution along the construct length was prodidelowever, the momentum transport model
discussed in chapter 3 does not provide any deseripf mass transport phenomena occurring in
the bioreactor compartments nor suggests how rdidial distribution actually influences mass
transport towards cells at different cell concentres.

In this chapter, a two-dimensional steady-state ehasl proposed describing mass and
momentum transport in the three compartments oP&B for tissue engineering to determine the
actual effect of medium radial flux distribution ooxygen supply to cells during tissue
reconstruction and to design rPBBs providing phggjigal supply of biochemical cues to cells
depending on their metabolic requirements, fonvemgyitherapeutic objective. Dissolved oxygen was
considered the limiting solute according to theezkpental results reported in literature (Rotem et
al., 1994; Griffith and George, 2009), and it imsequently assumed that other solutes, such as
glucose and glutamine, are present at concentgttbat do not limit tissue development.
Momentum transport in the void spaces of the rPBRIescribed with Navier-Stokes equation,
whereas Darcy-Brinkman equation is used to descmimenentum transport in the construct,
according to the model proposed in the previousptelma Transport of dissolved oxygen is
described with convection-diffusion and convectaffusion-reaction equations in the void spaces

of the rPBB and in the construct, respectively. @ety consumption is described according to
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Michaelis-Menten kinetics. The oxygen mass transtafficients at the interface between medium
bulk in the construct pores and cell surface atamesed for a bed of Raschig rings transport-
equivalent to 3D scaffolds typically used in tisseregineering applications. The dimensionless
groups determining bioreactor behavior are obtaifmeth dimensional analysis and account for
construct transport properties and rPBB geometiy @perating conditions. Their influence on

oxygen supply to cells is investigated with theegration of the model equations under working
conditions typical of tissue engineering in orderdetermine the dependence of the pericellular

environment on the distribution and the extenthefrinedium radial fluxes.

4.2 Materials and methods

4.2.1 Model development

A scheme of an rPBB is shown in Figure 4.1. Thedaotor consists of a vessel in which it
is coaxially located a 3D annular porous scaff@dlls are seeded and cultured in the pores of the
construct, which is continuously perfused with noadisupplying dissolved oxygen and nutrients
and removing metabolic wastes along its radius. iadperfusion is assumed to occur in a flow
configuration referred to as Qfeflow. According to such configuration, medium flsvfrom the
inner hollow cavity towards the outer peripherah@ns (centrifugal configuration, CF), to enhance
mass transport across the construct in case obramifadial flux distribution along the construct
length as compared to the opposite configuratibagter 2), and that medium flow directions in the
inner hollow cavity and the peripheral annulus @pposite 1), as suggested by the results reported
by Kareeri et al. to reduce the degree of radiat finaldistribution in industrial reactors treating
gaseous streams (Kareeri et al., 2006). Dissolvedien is transported into the construct by
convection and diffusion and is consumed by thisc&he conservation equations governing rPBB
behavior were obtained under the following assuomgsti axial symmetry; steady-state isothermal
conditions; incompressible Newtonian fluid; trandpa the porous construct, assumed isotropic,

described according to a pseudo-homogeneous approzmmentum transport in the construct
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described according to the Darcy-Brinkman equafi@Bnmkman, 1947); momentum transport in the
inner channel and the peripheral annulus descrigedrding to the Navier-Stokes equations (Bird
et al., 2003); dissolved oxygen cellular consumptaescribed according to Michaelis-Menten

kinetics. Upon introducing the following dimensies$ coordinates and variables

‘_<

N

L' H *=£ :KM (41)
u, R uian/Rz'CI g

u =L Vi* = :
CO CO

pressure and velocity profiles are calculated Hyisg the dimensionless momentum conservation
equations, with the correspondent boundary conditigproposed in the previous chapter on the
account that mass and momentum conservation egea#ice uncoupled for constant construct
properties. In addition, the governing mass corst@n equations may be re-arranged in non-
dimensional form to give:

Hollow cavity (convection-diffusion equation)

D.( . dC, . ocC; , 0C; 2 92C;
Perad max 57(: VH a ,I:' + uH a ’t' =i*i* ' a :| +(Rj a *2H
o Dy or 0z roor or L 0z

(4.2)
Construct (convection-diffusion-reaction equation)
. . . y A2 , e
T k= e A 43)
o, or 0z roor or L® 9z 5. B+Cq
Outer annulus (convection-diffusion equation)
D.( .dCy . aC; . 0C; 2 02C;
e R
c D¢ r z ror r z (4.4)

Equations #4.1-4.4 are subject to the following rmtary conditions: uniform oxygen
concentration profile in the stream entering thardmctor; bioreactor axis impervious to mass (
07, for r'=0, 6Cy /or = 0); continuity of oxygen concentration at theeifilce between inner
hollow cavity and construct, and between constard outer peripheral annulus; walls of the
housing impervious to mass; no further oxygen cotraion changes at the bioreactor exit. At the

cell surface, the reaction rate is equal to theal&ansport rate, as follows:
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2 *

(pS CCi _ % * 45
s X6 _-c.' -C. :

Sh, g+c, - © (4-5)

which may be rearranged to give

c., :%(c; ~B-g%/Sh, +,/(C. -B-92/Sh,)? +4p c;) (4.6)

In order to predict the value of the mass transtefficient,kc, a criterion was developed to
derive a transport equivalence between a hollowndsical porous scaffold for tissue engineering
and a porous bed of solid particles. In particutanas assumed that the complex morphology of a
3D porous scaffold might be resembled by that béa of Raschig rings randomly packed, because
of their similarity in terms of the patterns for mentum and mass transport. In particular, it was
assumed that the transport equivalence between poBius scaffold and a bed of Raschig rings
may be found in terms of porosity and specific acef According to this assumption, the given
porous scaffold and the equivalent packed bedwrpased to have the same porosity and specific
surface Ke. €ped = Escaffold ANA Bped = & scaffold. 1€ specific surface of the single Raschig rimg,

is then calculated as (Bird et al., 2003):

a
a,, = e 4.7)

With the value of @, calculated from Equation 4.7, the equivalent diemef the Raschig ring,,d

is calculated from the correlation found by intdgbimg the experimental data reported in Perry et
al. (Perry et al., 1999) (Figure A.1 in Appendix, A} follows:

1/a,, =02167d , (4.8)

The oxygen mass transfer coefficient at the interfaetween the medium bulk in the construct
pores and the cell surface was finally estimatedafbed of Raschig rings transport-equivalent to

3D porous scaffolds typically used in tissue engiimey applications. In particular:

ke =Sh, ;)H (4.9)

p.e

106



where the particle Sherwood numb8h, is obtained from a general correlation valid Raschig
rings in liquid phase under laminar flow for thdueof the maximal radial superficial velocity

and for a void fraction of the packed bed rangnognf 0.63 to 0.76 (Shulman et al., 1955):

Vd p 045 05

Sh = 251 13-°-P¢ H (4.10)

h,
M PDy,

The consistency of the transport equivalence beatveebed of Raschig rings and a porous
scaffold was assessed in terms of Darcy permeabiieference was made to scaffold properties
reported for bone tissue engineering. In particulae bed Darcy permeability was calculated from

the values ofneqgand ¢ c according to the Carman-Kozeny equation:

242 3 2,2
— Ebed3 d pe q) _ Escaffold dp,e ¢

B (1 - 8bed) ? 180 B (1 - 8scaffold) : 180 (411)

bed

where ¢ is the particle shape factor and was reported géoequal to 0.3 for Raschig rings
(Geankoplis, 1993, Perry et al., 1999). For vahfescaffold porosities ranging from 0.5 to 0.9, and
scaffold specific surfaces ranging from 141&/md to 5420 /m?® , typical of scaffolds used for
bone tissue engineering (Karageorgiou and Kapl@fs52Van Cleynenbreugel et al., 2006), the
values of the bed Darcy permeabilityek found from Equation 4.11 result to be of the samuker

of magnitude of the scaffold Darcy permeabilitieparted in literaturd,e. from 10'° m? to 10® m?
(Dias, 2012; Ochoa, 2009; Mitsak, 2012; Lee, 200B)is justifies the consistency of the

assumption of transport equivalence between a 3bugascaffold and a bed of Raschig rings.
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E Q. Cyi i Q/’CV
o

Reservoir (V)

Figure 4.1 (a) Scheme of an rPBB showing the three compartn{eetsnner hollow cavity, Hconstruct, C; outer
peripheral annulus, E) and an exemplary differért@ntrol volume; (b) Scheme of the complete rPBBue
system, with the rPBB coupled in a closed loop tmmmetel-mixed reservoir where solutes concentrations

measured.

4.2.2 Dimensionless groups

The analysis of the dimensionless conservation tems 4.-4.6 and of the relate
boundary conditions suggests that the bioreactbawier depends on the dimensionless grc
reported in Table 4.1. The physical meaning of nmbshem may be found in literature (Fogler
al., 2006; Bird et al., 2003).

The reduced Reynolds number,,, accounts for the extent of the flow rate at tloedactor
inlet, and increases for higher inlet flow ratesg&ther with Ry, in this work the ffect of all the
dimensionless groups determining momentum transpoklioreactor behavior is assessed in te
of the criterion of radial flux uniformity (CORFLldefined previously as:

0

1+-%
81—i+§2i+812 Rol+1
Re, a, a. Re, [

R

n

O 9

] (4.12)

CORFU = = fl[Rem,

) )]
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whereay andag are the kinetic energy correction factors in tbédw cavity and in the peripheral

annulus, respectively, argds the hollow cavity-to-peripheral annulus crosst®nal area ratio:

Ae 1+ 2R[1+ 60]
o R

5
g=n O - ( R RJ (4.13)

Values of the dimensionless groups giving CORPW have been shown to ensure uniform radial
flux distribution of the culture medium along thenstruct length (chapter 3).

The effect of cells metabolic requirements on oxygencentration profiles may be assessed
in terms of the oxygen Thiele modulus, which isimed as the ratio between the maximal zero-th
order oxygen consumption raMyax = CeerrG, and the maximal rate of diffusive oxygen transpor
CoDc/dc?. Higher Thiele moduli are generally related toHeigcell metabolic requirements.

In the following, reference will be made on theluehce of the reduced Reynolds number,
Ren, and the oxygen Thiele modulug; on oxygen supply to the cells since they are the t

operational parameters determining bioreactor behawr a given bioreactor geometry.

Dimensionless grou description

1. puinR/L R/L reducecReynolds number, F,

2.R/L aspect rati

3.R/&¢c inner radiu-to-construct thickness ra

4. R/ inner radiu-to-outer channethickness rati

5. kiIF? construc-to-hollow cavity permeability rat

6. UindcR/(DcL) maximal radial Peclet numbPe€;ag ma»

7. Dc/Dy construc diffusivity-to-hollow cavity diffusivity ratic

8. D¢De construct diffusivity-to-peripheral annulus diffuisy
ratic

9. Km/Co saturation parametf3

10. V(Vinadc?/(CoDe)) Thiele modulusqc

11. Nmaﬁp,62/(4.61C0DC(1-£)))/(dp,ekc/Dc) squared surface Thiele modulus-to-Sherwood number
ratio, (=*/Sk,

Table 4.1Dimensionless groups determining rPBB performance
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4.2.3 Computational methods

Model equations with the related boundary cond#iovere solved numerically with the
commercial finite element method code Comsol Mualggics (Comsaol Inc., Burlington, MA, USA)
in order to predict the spatial profiles of axialdaradial velocity, pressure and dissolved oxygen
concentrations for values of model parameters aimmdemsionless groups typical of tissue
engineering, as reported in Tables 4.2 and 4.&ssrbtherwise specified. Bioreactor compartments
were discretized with rectangular elements, whighmiber and distribution was chosen in order to
keep the relative error on the predicted mixing capcentration at bioreactor exit below 0.05% for
each set of dimensionless groups. Bioreactor geaakparameters and construct properties (i.e.
porosity, Darcy permeability and specific surfaeg&re chosen in the ranges of those reported for
bone tissue engineering (Gardel et al., 2013; &liet al., 2007; Ochoa et al., 2009; Dias et al.,
2002; Jeong et al., 2011; Lee et al., 2006; Mitstakl., 2012; Van Cleynenbreugel et al., 2006;
Karageorgiou and Kaplan, 2005), unless otherwigiedt The oxygen diffusion coefficient in the
hollow cavity and the peripheral annulus was assutade equal to that in the water, whereas the
oxygen effective diffusivity in the construct waalaulated by multiplying the oxygen diffusivity in
water and the construct porosity (Fogler et al06)0

The dependence of the oxygen concentration prafildhe construct on the ability of the
bioreactor to enhance oxygen transport towardsctils was assessed in terms of the overall
effectiveness factor, defined as the ratio betwkeractual total average oxygen consumption rate
in the construct to the oxygen consumption rateutated as if all the cells in the construct were
exposed to the bulk conditions. However, for tissngineering applications it was considered to be
more useful to express the effectiveness of digsbbxygen supply to the cells in terms of the non-
hypoxic fractional construct volume (NHy-FCV), whianeasures the fractional volume of the
construct in which cells are exposed to values »afgen concentration higher than a hypoxic

threshold, that was established to be equal-162mol/n? (Loiacono and Shapiro, 2010). The
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uniformity of oxygen concentration distribution atpthe bioreactor length was characterized in

terms of a dimensionless parametgy,defined as:

1+6fC

1+6fC
R R
Ne= [Cy I, () = [Cy [, (r")ar (4.14)
1 1

Values ofn. = 0 characterize an ideally uniform oxygen concarmn distribution along the

bioreactor length.

Parameter  value unit description reference
L 0.04: m bioreactor lengt Gardel, 201
R 4103 m construct inner radil Melchels et al., 201
¢ 510° m construct thickness Gardel, 2013; Olivier
et al., 200
O 6107 m external channel thickne
P 993.3; kg/m® fluid density Ma , 200¢
6.9410* kg/(m:-s) fluid viscosity Abdullah 200!
0.75 - construct porosity Bancroft, 2002;
Karageorgiou and
Kaplan, 200
k 1.5 x 10° m? construct permeability Dias, 2012; Ochoa,

2009; Mitsak, 2012;
Grimm et al., 199

ac scaffold 1410 nt/m? construct specific surface Van Cleynenbreugel,
2006, Martin, 198

Dy, De 2.6£10° m?/s oxygen diffusivity in Hand  Han & Bartels, 199

Co 0.21¢ mol/m® inlet oxygen concentratic Han & Bartels, 199

G 2.6410" mol/(scell) oxygen consumption rate Lavrentieva et al.,
201(

Ky 1.1-1C° mol/m® oxygen Michaelis conste Zhao et al., 20(

Table 4.2Model parameter values used for model predictionkgss otherwise stated
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Dimensionless group value Application

1. puinRu R/L 0.01-10 BTE, LTE, CTE (Hongo et al., 2005; Melshet al., 2011;
Shao et al., 2009)

2.L/IR 10.5 BTE, LTE (Hongo et al., 2005; Shao et alQ®0

3. R/d¢ 0.8 HP (Noble et al., 198

4. R/de 0.62-4 BTE, LTE (Park et al., 2008, Olivierakt 2007; Arano et
al., 2010)

5. kIR 9.4 x 10° BTE, HP (Li et al., 2003; Dias et al., 2012; Grinetral.,
1997

6. UndcR /(DcL) 42-2314 BTE, LTE, CTE (Hongo et al., 2005; Melishet al., 2011,
Shao et al., 200

7.DcDy  Do/De 0.75 BTE, LTE (Xie et al, 2006; Hongo et al., 2p05

8. ¢s7/Sh, 5x10°~ 0.4 LTE (Hongo et al., 2005)

9. V(Vinadc/(CoDc))  0.1-11.6 BTE, LTE, HTE, CTE (Sullivan et al.,®Q Lavrentieva et
al., 2000; Komarova et al., 2000; Stockwell, 197liao et
al., 2005)

10.Ku/Co 0.05 BTE (Zhao et al., 2007)

Table 4.3 Dimensionless groups values used for model priedist unless otherwise stated. Applications: BTE —
bone tissue engineering; CTE — cartilage tissueneeging; HP — human physiology; LTE — liver tissmginering;
HTE — cardiac tissue engineering.

4.2.4 Model validation

In order to assess model reliability, due to thek laf appropriate experimental results
reported for oxygen consumption during cell culturePBBs for tissue engineering, the model was
validated by comparing model predictions to theegixpental results reported by Hongo et al. for
glucose consumption by HepG2 cells cultured in RBB packed with spherical hydroxyapatite
beads and perfused inwards (Hongo et al., 20052808), and to those reported by Olivier et al.

for glucose consumption by osteosarcoma cells inP8BB packed with #§-TCP porous scaffold
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perfused outwards (Olivier et al., 2007), for livand bone tissue engineering applications,
respectively, under the geometrical and workingdaoons reported by the authors. In both cases,
the bioreactor was coupled in a closed loop to serk®ir where glucose concentration was
measured daily (Figure 4.1b), the volume of whidsweported to be equal to 200 ml and 100 ml,
respectively. Accordingly, glucose consumption ratas estimated from the model-predicted

glucose concentration decrease in the reservar a#t hours by coupling model equations 4.1-4.6
to that resulting from an unsteady-state balanagguafose in the reservoir, that was obtained under
the following assumptions: the volume of the pipesre negligible as compared to that of the
reservoir; completely-mixed reservoir; bioreactgnamics negligible with respect to that of the

reservoir because of the higher reservoir volunge lfigher hold-up time) as compared to that of
the bioreactor; constant glucose consumption raiirw 24 h. In particular, under these

assumptions, the unsteady-state balance of gluedle reservoir gives, in dimensional form:

\Y dd—CtV =Q(Cy,;, —Cy) (4.15a)
where \{, represents the volume of the reservoir and

Cvin =C¢ (4.15b)
Equation 4.15a may be solved with the initial ctiod:

IC. t=0 C,=C, (4.15¢)

The HepG2 cell-specific glucose consumption rats estimated as the value of glucose
consumption rate averaged between those reportétbbgo et al. at days 1 and 8 (Hongo et al.,
2005), and it was found to be equal to 1.57 *Ifol/(s cell), consistent with the values reported
in literature (lyer et al., 2010). In addition, thichaelis constants for glucose consumption by
HepG2 was assumed to be equal to 6.75%m6l/n (Sugiura et al., 2011). Furthermore, in this
case the glucose mass transfer coefficient wasileadd from the correlation reported by Karabelas

et al. for spherical particles under laminar fld¢afabelas et al., 1971), as follows:

113



Vd 1/3 1/3
sh = a5d %P H (4.16)
h,
n ) Lep,

where ¢ represents the diameter of a spherical bead. &lhspecific glucose consumption rate for
osteosarcoma cells was estimated as the averagezlhetween those reported by Olivier et al. at
days 7 and 28 (Olivier et al., 2007), and was fotmcbe equal to 1.39 x & mol/(s cell),

consistent with the value reported by White et(\&hite et al., 1983). Furthermore, the Michaelis
constant for glucose consumption by osteosarcorig was assumed to be equal to 0.52 mdl/m
(White et al., 1983). In both cases, cell conceiumaafter 24 h was calculated by dividing the
correspondent value of the glucose consumptionregderted by the authors for the value of the

cell-specific glucose consumption rate previousiyreated.

4.3. Results and discussion
The model proposed in this work is used to inveséidghow radial flux distribution actually

influences dissolved oxygen transport inside thestroct at different cell metabolic requirements
in order to design rPBBs enhancing physiologicalgen supply to the cells for a given therapeutic
objective. This is the first model providing a gysatic analysis of the dimensionless groups
determining rPBB behavior in which the effect oé thiuid dynamics of rPBB void spaces and
construct transport properties are accounted far permits to adjust bioreactor design to ensure
adequate pericellular environment for cells atwegicell concentration. The possible establishment
of external resistance to mass transport from thik #uid in the pores towards the cell surface on
oxygen supply to cells was also taken into accammhodel development. However, such effect
was found to be negligible for all the conditiormsidered in this work, so it will not be discussed
in the following. The assumption of steady-stateesdaot represent a limitation, since the
characteristic time of bioreactor dynamics and tifatell growth kinetics differ for several orders
of magnitudes (minutes vs. days, respectively).sThermits to adjust the values of the

dimensionless groups as cell concentration inceease
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4.3.1 Model validation

Figure 4.3a shows the good agreement between maoeldictions and experimental glucc
consumption by HepG2 celteported by Hongo et al. (Hongo et al., 2005).dditon, Figure 4.3!
shows the good agreement between n-predicted consumption of glucose and that repde
the experimental results obtained by Olivier etfal.the culture of osteosarcoma ce(Olivier et
al., 2007). The agreement between m-predicted and experimental results reported by
authors is also more accurate than that predicteaii previous work, at 7 and 28 days of cult
in which it had been assumed that radial flux tbution of the culture medium was uniform alc
the construct length (chapte). Zhis shows that accounting for the effect of flné dynamics of
the bioreactor void spaces gives results clostra@ctual case

1 1

09 09 L
c 08 L = 0.8 |
2 07| £ o7
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£E 05 | £2 05 f
;E 0.4 | ;E) 04 | .
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Figure 4.2 (a) Comparison of the mel-predicted glucose consumption) (with the experimental result®) of
Hongo et al., (Hongo et al., 2005).;, = 0.088, L/R=10, Rz = 0.18, k/R = 1.1 x 10%, By = 1.2 X 1(*, P8ag max,g=
468, /Dy g = 0.8; (b) Comparison of the mo-predicted glucose consumption according to the inodsented it
this work €) or in Donato et al. (Donato et al., 2014) (xjhweéxperimental result®) of Olivier et al. (Olivier et al.
2007). Rg = 1, L/R = 11, RBc = 0.4, R3g = 0.33, kIR = 7.5 X 10°, P&ag maxg= 456, 2 Dy 4 = 0.65,8, = 0.02.

4.3.2 Effect of medium radial flux distribution onygen pericellular concentration at giveni,
Non-uniform radial flux distributiol — Figure 4.3 shows how namiform medium radial flu:
distribution along bioreactor length influencessdised oxygen concentration profiles at, = 0.1,
corresponding to a value of the radial superfigiglbcity equal to 1.1 x 7> m/s, typical of bone

tissue engineering applications (Gardel et al.,32Gar three different values . Figure4.3a
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shows the non-uniform radial flux distribution hetinterface between the inner hollow cavity and
the constructife. r = 1), which was obtained by adjusting the valuthe dimensionless groups
so that CORFU becomes equal to about 1.47. Fig@teghows that ap: = 1.24, corresponding to
the culture of human mesenchymal stem cells (hM&@suming oxygen at 2.64 x 10mol/(s
cell) (Lavrentieva et al., 2010) at a cell concation equal to 18 cell/n?, dissolved oxygen
concentration at bioreactor entrance decreases#ren®.9 {.e. close to the bioreactor top) towards
Z = 0.1 (.e. close to the bioreactor bottom) and cauge® be equal to 0.097. Figure 4.3c shows
that an increase afi- up to 3.93, corresponding to hMSC proliferatingtafl0" cell/n?, causes a
higher decrease of dissolved oxygen concentratrom fthe top towards the bottom of the
bioreactor than ap: = 1.24, due to the increasing cell metabolic regyuents, which result inc=
0.53. Furthermore, oxygen concentration decreasgesa\NHy-FCV = 0.71. Figure 4.3d shows that
increasingpc up to 11.6, typical of hMSC proliferating up t®2.x 10° cell/n? (Zhao et al., 2005)
and subsequently differentiating into osteoblasis, cell-specific oxygen consumption rate
increasing up to 5.5 x 1@ mol/(s cell) (Komarova et al., 2000), the NHy-F@¥creases down to
0.1, whereas; decreases down to 0.13 due to the anoxic condigsiablishing inside the 77% of

the construct volume.
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Figure 4.3Radial velocity at construct entrance (a) and digsbbxygen concentration profile-d) at Rg, = 0.1 for
non-uniform radial flux distribution. Parameter valués) @- = 1.24; (c)¢c = 3.93; (d)@: = 11.6. ROz = 4, CORFU

= 1.47. Other parameters as in Tables 4.2 an
Uniform radial flux distribution- Figure 4.4 shows how oxygen distributicnside the construct is
influenced by uniform distribution of radial flux Rej, = 0.1 for the same values @ as in Figure
4.3.Figure 4.4a shows the uniform radial flux distribatat I = 1, which was obtained by reduci
the value of R¥ from 4 to 0.67 so that CORFU decreases down totabdi Figure 4.4b shows
that, forqec = 1.24 oxygen concentration remains ca. uniform@fine axial coordinate and rema
higher than about 80% that at the inlet throughbetconstruct.n particula, n. results to be equal
to 0.007. As the Thiele modulus increases up t8,3I&solved oxygen concentration decreast
the radial direction due to the increasing unbaanetween oxygen depletion and oxygen su

(Figure 4.4c), while remaining unrm along the axial coordinate. In particuln. is equal to 0.05,
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whereas the NHy-FCV decreases down to 0.8. Figdi@ ghows that a further increasegefup to
11.6 causes to decrease down to 0.015 due to the high oxygmbetion that causes the NHy-
FCV to decrease down to 0.1, with the 77% of tHis cailtured under anoxic conditions.

The increasing). at given Rg and ¢: for CORFU increasing from 0.1 to 1.47 may be
explained by the fact that, under non-uniform mednadial flux distribution (e.g. CORFU = 1.47),
the increasing cell metabolic requirements causygenx to decrease to a greater extent in the zones
of the constructs perfused at lower medium velgaithhereas for uniform medium radial flux
distribution (e.g. CORFU = 0.1) the balance betwerygen supply to, and oxygen consumption
by, the cells does not depend on the axial posifonthermore, Figures 4.3 and 4.4 suggest that, at
a given Rg, medium radial flux distribution influences theifonmity of oxygen distribution along
the axial coordinate ag: increases without causing anoxic conditions, aray mause cells to
proliferate and differentiate non-uniformly insidee construct if non-uniform oxygen supply is

provided to the cells, even if the NHy-FCV is nfieated by medium radial flux distribution.
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Figure 4.4Radial velocity at construct entrance (a) and digsbbxygen concentraticprofile (b-d) at Rg = 0.1 for
uniform radial flux distribution. Parameter valuéb) ¢c = 1.24; (c)@ = 3.93; (d)gc = 11.6. Rde = 0.67, CORFU =
0.1. Other parameters as in Tablesand 4.3.

4.3.3 Effect of Reon oxygen distributic

Figure 4.5shows the effect of F, on oxygen supplto the cells forg: = 3.93 for non-
uniform medium radial flux distribution. In partieu, Ry, is increases of one order of magnitt
from 1 to 10, both typical of bone tissue enginggrapplications (Oliveir et al., 2007; Xie et i
2006; Shao et al., 2009). For the same bioreactometry this does not significantly influer
medium radial flu distribution, causing CORFU to decrease from 1@l7d.3. Figure 4.5 shcs
that for @ = 3.93 increasing F, from 1 (Figure 4.5a) to 10 (Figure 4.5b) causesgexr
concentration to become more uniform in the axardinate, withn. decreasing from 073 to

0.02, while the NHy=CV is equal to 1 in both cast
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Figure 4.5 Dissolved oxygen concentration profile@: = 1.24 for increasing Re Parameter values: (@) i, = 1,
CORFU = 1.46; (b) Rg= 10, CORFU = 1.3. Other parameters as in Tableard24.2

Figure 4.6 shows that the effect ofi, on oxygen distribution increases @ increases up
to 11.6. In particular, Figure 4.6 shows that fareasing R, from 1 to 10 makendecrease from

0.43 (Figure 4.6a) to 0.05 (Figure 4.6b), while mgkNHy-FCV increase from 0.8 to ]
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Figure 4.6 Dissolved oxygen concentration profiles at: (ai, = 1, @ = 3.93; (b) Rg = 10,¢c = 3.93; (¢) Rg =1,
@ =11.6; (d) Rg = 10, = 11.6. Parameter values as in Tables 4.2 an

4.3.4 Towards a unifying approach to optimal desa§nPBBs
The analysis of oxygen concentration profiles farying perfusion conditions is importe
to understand th@henomena to account for whdesigning rPBBduring tissue developmer

Nevertheless, the prediction of the interplay otla¢ dimensional parameters is difficult and gi
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poor insight into bioreactor scale-up. Dimensioanhllysis of the transport equations offers the
designer a valid tool to predict the complex ink@ypbetween the dimensional parameters
controlling bioreactor behavior and to scale trardmctor up for a given application.

In this work, the behavior of the rPBB was expeelss terms of the overall effectiveness
factor and the NHy-FCV. Figure 4.7a and 4.7b show ithe overall oxygen effectiveness factor,
Nov, and the NHy-FCV vary with increasing, at values of the reduced Reynolds numbey,, Re
varying of three orders of magnitude, under unifonadium radial flux distribution. Independent
of Rey, at low enoughyp;, the dissolved oxygen concentration profile isfarmn throughout the
construct and both the overall effectiveness faatat the NHy-FCV approach iLg. the bioreactor
is operated under kinetic control). Asincreases, oxygen is rapidly depleted by the crlsto an
increase of the cell metabolic requirements anthe@foverall transport resistance, and hethand
NHy-FCV become lower than 1.€. the bioreactor is operated under transport contibhe
transition between kinetic and transport contraréases as Rencreases, since, at the sage
higher perfusion flow rates result in smoother atygoncentration profiles. As a result, Figure 4.7
suggests that, as cell concentration increasesealsdrequire higher oxygen supply than at seeding,
the pericellular oxygen supply may be controlled drgdually increasing the inlet flow rate to
increase the value of Reln particular, at the beginning of the culture.(low cell concentrations
as those typicial of cell seeding) low values of,Reermit to balance out the cells metabolic
requirements, whereas, in order to ensure celliglrthroughout the construct as cells metabolic
requirements increase as a result of cell proli@naor differentiation (i.e. for increasing:), the
perfusion flow rate should be gradually increageat.instance, the literature data reported in Table
4.4 suggest that low Rde.g. Rg = 0.01) would enable culture of cells with low gey metabolic
requirements (e.g. chondrocytes), but would allbes ¢ulture of cells consuming oxygen at higher
cell-specific oxygen consumption rates (e.g. hepaé&s) only at cell concentrations typical of

seeding. If Rg is increased from 0.01 to 10, the rPBB may enableut a 30 fold higher activity
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(i.e. Thiele modulus) while maintaining adequate/genation of the same fractional constr
volume. This result finds also experimental evigemcliterature for the culture of hMSC onto :
construct in a perfusiobioreactor. In fact, it has been shown that, loewflrates have to
preferred for cell culture when they are not reaiged in tissuesi.e. at low Cey) in order to
prevent cell washout, whereas medium flow rate ttade increased to exploit meckcal
stimulation promoting cell differentiation towartte osteoblast phenotype in the culture of hu
mesenchymal stem cells when cells start to seesdtacellular matrix, while ensuring cell survi

(Zhao et al., 2005 and 2007).

o«
NHy-FCV.-
<

Qverall effectiveness factorn,,.-

C.01 : ! 0.01
0.1 1 10 100 0.1

Thiele modulus, ¢c Thiele modulus, ¢ b

4.

Figure 4.7 (a) Oxygen overall effectiveness factor and (b) -FCV at varyingg. for increasing R;,. Parameters as
in Tables 4.2 and 4.3.
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Cell type cell-specific reference Ge/seed @c/seed Cegefvitro qcl/vitro reference
OCR (cell/m?®) (cell/m?)

(mol/(s-cell))

bovine 3.43x10°  Stockwell 10" 0.14 2x18 063 Stockwell,
chondrocyte et al., 197 1971
rat 1.4x 10"  Sullivanet 10% 2.86 16° 10.1 Sullivan et
hepatocyte al., 200° al., 200°
osteoblasts 55x 10  Komarova et 10" 1.79 42x18 11.6 Zhao et
al., 200( al., 200!
hMSC 2.64x 10" Lavrentieva 10" 1.24 42x18 8.1 Zhao et
et al., 201 al., 200!

Table 4.4 Thiele modulus for oxygen consumptiody, for various cell types and concentrations of dpeutic

interest, for the values of geometric and operatengpbles reported in Table 4.2.

Figures 4.8a and 4.8b show that the curves showkigures 4.7a and 4.7b, respectively,
converge in one curve only when thg and NHy-FCV are reported as a function of the maiim

radial Damkdhler number, Ramin Where

2
Darad ,min = (pc = Vmaxéc (417)
Perad max COuin B

L

for any given value of R@ maxreported in this worki@. P&agmax> 4). This suggests that, for such
values of the maximal radial Peclet number, oxygansport is dominated by convection. Figure
4.8 shows that cells may be cultured in the coostatia uniform dissolved oxygen concentration
under conditions that result in small Ranin (i.e. for low cell concentration or metabolic &dif, or
high perfusion rates). In particular, bioreactosiga according to which Ra min is kept close to
the values corresponding to the transition fromkimetic- to the transport-limited region ensures
cell survival throughout the construct with the &8st possible radial superficial velocity and

consequent shear stress at any given cell contientfar a given application.

123



01 r

Qverall effectiveness factor n,,-
[on]
NHy-FCV.

0,01 : : 0.01 ‘ ‘
0.1 1 10 100 0,1 1 10 100

Damd.mm' - a. Darad min: ~ k.

Figure 4.8 (a) Oxygen overall effectiveness factor and (b) -FCV at varying Dagmin All parameters as in

Figures 4.7d&. Other parameters in Tables 4.2 and 4.3.

4.3.5 Use of the model for analysis of experimeatdidd

In the realization of a clinic-scale constructs for tissue replacement, the emviemtal
conditions for cell survival and activity havelie similar to those of the nve tissue for any give
therapeutic objective. In particular, the metabalativity of cells may vary in space depending
their native tissue. For instance, in the humaer|ithe metabcc activities of the hepatocy
change in space along the ler of the sinusoids inside the liver lobules (i.e.elivzonation
(Gebhardt, 1992), whereas in long bones blood ifumly supplied along their length to cells
means of the radial Volkmann canals, that branclef the axial Haversian canals (Grit al.,
1995). In the following, the effect of radial fldistribution onglucosesuppy to cells is assessed
for the experimental results reported by Hongad.efHongo et al., 2005) and Olivier et al. (Oliv
et al., 2007) for the culture of HepG2 s and osteosarcoma cells in rPBBs for a bioarificver
(BAL) and for the bioengineering of a la-scale bone graft, respectively.
Bioartificial liver — Figure 4.9shows how nc-uniform medium radial flux distribution along t
construct length inflances glucose concentration profiles in the casa lbibreactor for BAL ir
which an annular porous construct 15 mm long anch©in outer diameter with an inner hollc
cavity of radiusR = 1.5 mm, is cultured at Thiele modulus equal t® &d R;, equal to 0.088,

corresponding to an average value of radial supatfvelocity of 3 x 1"® m/s at construct extern
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surface, assuming inward construct perfusion (Hagtgal., 2005). In this case, the construct D:
permeability was calculated with the CianKozeny equation assuming construct porosity equ
0.8 and d = 0.6 mm, as reported by the authors (Hongo e®8D5) Figure 4.9a shows that t
parameters reported by the authors result ir-uniform radial flux distribution at” = 1+3¢/R, that
gives CORFU equal to 4.6%igure 4.9b shows that ¢ 4 = 5.3, corresponding to the culture
HepG2 consuming glucose at 1.57 x*” mol/(s cell) (lyer et al., 2010) at a cell concetitn
equal to 18 cell/m?, glucose concentration is distributecn-uniformly along the construct lengt
In particular,n¢ gy results to be equal to 1.05. This result suggéstskioreactor design resulting
non-uniform medium radial flux distribution may helppreduce the physiological pericellul

environment fotiver cells activity

0,15
01
! (@]
005 -
0 ‘ 0 L
0] 0.5 1 1 4
z.- a r b

Figure 4.9 Radial velocity at construct entrance (a) and glaaacentration profile (kg = 5.27 in the bioreactc
for BAL as reported by Hongo et al. (Hongo et 2005). Parameter values: ag max= 468, L[c g /Dy g = 0.8, R =
0.18, CORFU = 4.65, Re= 0.088, k/FF = 1.1 x 1¢%, L/R = 10, Rbc = 0.18,8, = 1.2 x 10,

Bioreactor for bone tissue engineer — Figure 4.10 shows how glucodestribution inside thi
construct is influenced by uniform distributionrafiial flux for the case of a bioengineered ann
porous construct 33 mm in length wR = 2 mm and¢ = 5 mm, at Rg= 1 (Olivier et al., 2007
In this case, construct Darpermeability was assumed to be equal to 0.3° m?, as reported by
Li et al. for calcium phosphate scaffolds for baissue engineering (Li et al., 2003). Figure 4.

shows the uniform radial flux distribution ¢ = 1, resulting from the parametereported by the
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authors that give CORFU = 0.1. Figure 4.10b shokat, tfor ¢c ¢ = 0.08, corresponding
osteosarcoma cells consuming glucose at 1.39™° mol/(s cell) at G = 1.21 x106° cell/n?,
glucoseconcentration remains uniform along the axial cowmt® and remains higher than ab

95% that at the inlet throughout the constr

1 1

0o r 0.9 b z'=0.1,05,09

08 r 08 t
0.7 0.7 }
6 r . 06 F
; 05 Ek s é.) 05 F
0.4 @) 04 t
03 0.3
02 02 t
c1 01 t

0 : 0 . ;

¢ C.5 1 1 2 3

Z, - I’*, - b

Figure 4.10Radial velocity at construct entrance (a) and glaaancentration profile (b) at the conditions réed
by Olivier et al. for the culture of osteosarconedi<in rPBB (Olivier et al., 2007). Parameter valuRe, g max= 456,
Do/Dy = 0.65, Rée = 0.33, CORFU = 0.1, F, = 1, kR = 7.5 x 1¢°, L/R = 11, Rbc = 0.4, = 0.02.

The results shown in Figures 4.9 and 4.10 confine goodness of the radial perfus
configuration proposed for the culture of le-scale constructs at cell concentrations closeded
foundin vitro, under acceptable perfusion flow rates, and su that the transport model report
in this work may be very helpful to predict the ipellular environment under which cells deve
and to scale the bioreactor up for a given theréapebjective.

4.4. Conclusions

In this work, a twadimensional steonary transport model is proposed to design rdtbal
bioreactors packed with 3D annular porous scaffeltsuring the physiological supply of dissol
oxygen to the cells at different cell concentrasiarnder optimal medium radial flux distributic
for a given therapeutic object. Dimensional analysis was used to identify the thresevant
dimensionless groups affecting rPBB behavior, esg@d in terms of the n-hypoxic fractional

construct volume and in a dimensionless parameteoumting for tle uniformity of oxyger
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distribution along bioreactor length. Medium radlak distribution along the bioreactor length was
shown to significantly influence oxygen supply ke tcells during tissue reconstruction at higher
cell metabolic requirements for a given;R&odel predictions also suggest that,Refluences
oxygen spatial distribution from the top towarde thottom of the bioreactor for non-uniform
medium radial flux distribution, giving higher uarimity of oxygen distribution along bioreactor
length. Furthermore, the value of |Réas to be chosen independent of spatial distabutf
medium radial fluxes to enable adequate supplyisfolived oxygen to the cells while preventing
cell wash out, at any given stage of tissue devety. In particular, model predictions suggest that
at the beginning of the culture Ré.e. medium flow rate) may be kept low to avoid celirdaye or
wash out, whereas, as cells proliferate and diftaiee {.e. for increasing Thiele modulug;), Re,
should be gradually increased to balance out ttre@sing metabolic requirements of cells. Finally,
for the culture conditions considered in this wotkpoosing perfusion rates that cause minimal
radial Damkohler number, Ramin to be small were shown to ensure adequate pletarel
oxygenation (i.e. NHy-FCV around 1) for tissue depenent, for values of the maximal radial
Peclet number, Pg max higher than 4. Model predictions suggest thattthresport model reported
in this work may be very helpful for bioreactor lecap for the development of clinical-size
bioengineered constructs for tissue engineeringjcgtions.

Appendix A — Calculation of d, from ay, by interpolating data from Perry et al. (Perry etal.,
1999)

Figure A.1 reports the value of {$aas a function of g obtained from Perry et al. (Perry et

al., 1999) for beds packed with Raschig rings.
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Figure A.1 Interpolation of data to determirthe equivalent diameter of a Raschig ring from fiscific surface

reported by Perry et al. (Perry et al., 19
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Conclusions

A promising alternative to synthetic grafts forstie replacement is the use of engineered
biological substitutes of tissues or organs. Te fhurpose, isolated human adult or stem cells are
seeded in three-dimensional porous scaffolds, Bed¢ll constructs are cultured in bioreactors in
which cells are guided to re-organize and diffdegatas in natural tissues and organs by means of
the application of physiological biochemical andcimnical cues. Optimization of bioreactor
design and operation for tissue engineering is mapmd to control the pericellular environment and
ensure cell survival, proliferation, organizatiordaifferentiation to the given phenotype.

One of the major limitations for the developmentbabdengineered substitutes for tissue
replacement is the difficult supply of dissolvedyg&n and nutrients towards, and metabolic wastes
removal from, the cell compartment. In fact, toceaells anywhere in the construct, dissolved
oxygen, nutrients and biochemical cues suppliedha culture medium have to be transported
external to the construct (i.e. from the fresh raedbulk to the construct upstream surface), inside
the construct across the cell mass (i.e. from tistreaam to the downstream surface), and again
external to the construct from its downstream swfato the bulk spent medium leaving the
bioreactor. Transport and metabolic reaction phemamin the bioreactor may cause the
concentration of soluble metabolic species in tineasn entering and leaving the bioreactor to be
significantly different from its pericellular valueThis may lead to biased evaluation of the
conditions under which cells are cultured and eirtfunctions, and may even cause cell death. In
particular, oxygen concentration gradients thaaldsth across 3D constructs in static bioreactors
(e.g. Petri dishes or flasks) have been acknowkbdgecause poor cell oxygenation and limit the
development of engineered substitutes mimickinginaathuman tissues and organs. To minimize
the diffusive limitations to external solute trandgp bioreactors have been proposed in which
medium flow around the cell construct enhancesspart by superimposing external convection

over pure diffusion (e.g. spinner flasks and ratativall vessel bioreactors). Axial perfusion of 3D
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porous constructs with medium in axial flow packestl bioreactors (aPBBs) uses convection to
enhance transport of soluble metabolic speciesetls enternal to the construct. At low axial
superficial velocity, steep concentration gradiesftsoluble metabolic species may establish in the
construct which decrease the amount supplied ts, @d may cause cell death towards the end of
the construct. On the other hand, perfusion at higal superficial velocity enhances transport (and
minimizes the axial concentration gradients), batyrdetach and wash cells out of the construct.
The large pressure drop that establishes at the @nldng 3D constructs may also compress and
change the morphology of soft scaffolds duringumelt

In recent years, radial perfusion of cell-seededaBidular porous scaffolds in radial flow
packed-bed bioreactors (rPBBs) has been proposedetcome the transport limitations typical of
static and axial flow packed-bed bioreactors, irtipalar for the development of engineered liver
tissue and bone. In rPBBs, fresh medium is disteitblalong the construct length, flows radially
across the cell construct, and spent medium igdeltl along the construct length before leaving
the bioreactor. Medium may flow from the inner @il cavity towards the outer peripheral annulus
(outwards or centrifugal configuration, CF), orrfrahe outer peripheral annulus towards the inner
hollow cavity (inwards or centripetal configuratid@P). Fresh medium entering and spent medium
leaving the bioreactor may flow in the same di@tijco-current or z-configuration), or in opposite
directions (counter-current ar-configuration). Similar to aPBBs, species transpor(and away
from) cells occurs mainly by convection and is maféicient than pure diffusion. Hollow
constructs radially perfused with medium also featlarger cross-sectional areas for solute
transport and shorter solute transport path-lenttiis axially perfused cylindrical constructs. This
enables cell culture in rPBBs at lower pressurg@di@ver superficial velocity (hence lower shear
stresses), and smoother and more controllable otraten gradients of dissolved oxygen and
metabolites in the direction of perfusion than aBBB

Despite these significant advantageous featuresdésign of rPBBs is more difficult as

compared to that of axial flow bioreactors. Firkab, the annular bed geometry and the perfusion
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flow configuration and conditions (e.g the direatiand the extent of the radial superficial velocity
may significantly influence mass distribution a@dbke cell compartment. Furthermore, the extent
and the distribution along the construct lengththef medium radial fluxes, which depends on the
fluid dynamics of the rPBB void spaces, should b&noized in order to enhance adequate mass
transport towards the cells for a given therapenliective.

In the optimization of bioreactor design, mathecsatmodels may be useful to investigate
how the different parameters influence bioreacefggmance and to optimize bioreactor geometry
and operations for a given application, provideat tihey are validated with experimental results.
However, a systematic analysis of the dimensiordgsaps accounting for the influence of all the
geometrical, transport and operational parameteaptimize the design of radial flow packed-bed
bioreactors for tissue engineering has not beeorteg yet.

Accordingly, a model-based framework, which accedat the effect of all the geometrical,
transport and operational parameters on solutesgah towards, or from, the cells, aimed to
optimize the design of radial flow packed-bed bamters for the development of bioengineered
substitutes for tissue replacement was developeditawas described in the present thesis. In
particular, bioreactor design according to sucméaork should enable the supply of physiological
amounts of dissolved oxygen, low molecular weightrients and biochemical cues to the cells in
order to prevent their starvation and to guidertliferentiation towards a given phenotype. In
order to develop this framework, the present wodswlivided in three different steps, that were
discussed in the previous chapters and that arenswized as follows:

1. A steady-state one-dimensional model was deeelap optimize the geometry of hollow
cylindrical constructs, and direction and magnitadeerfusion flow, to ensure cell oxygenation
and culture at controlled oxygen concentration ifgef under the assumption of uniform radial flux
distribution along the construct length. Momentuansport was described according to the Darcy
equation, whereas dissolved oxygen transport wescritbed according to the convection-

dispersion-reaction equation. The kinetics of dissib oxygen consumption was assumed to be
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Michaelian. Dimensional analysis was used to comibpnore effectively geometric and operational
variables in the dimensionless groups determiniogelctor performance. The effectiveness of cell
oxygenation was expressed in terms of the non-hgpoactional construct volume. First, model
predictions suggest that outward radial perfusioBannular porous constructs may lead to better
oxygenation than inward perfusion. For a given celhcentration and radial superficial velocity
(i.e. for a given Damkdhler number), this results frima fact that, for outward perfusion, culture
medium carrying dissolved oxygen enters the coostiwrough its inner surface at the maximal
superficial radial velocity, so that cells locatddse to such surface are not given time enough to
consume high amounts of oxygen, which remains ailfor the cells located close to the outer
construct surface. On the other hand, for inwardug®n, medium carrying dissolved oxygen
enters the construct from its outer surface atnti@mal radial superficial velocity, so that cells
located there are given time enough to consume biglgen amounts, which does not remain
available for the cells located close to the camstinner surface, and steeper dissolved oxygen
concentration gradients establish across the aangbath-length. At a given Damkohler number,
the dependence of the direction of medium perfusioroxygen distribution inside the construct
decreases as the construct inner hollow cavityusatti-construct thickness ratio increases. High
construct curvatures were also shown to enable reffeetive oxygenation. Furthermore, model
predictions suggest that high perfusion flow rdtes high maximal radial Peclet numbers) permit
to culture constructs at higher cell concentratid?BBs operated according to these predictions
were shown to be more convenient than static @l garfusion bioreactors for the culture of large-
scale 3D construct and to provide adequate oxygentt the cells under tolerable pressure drops.
2. In order to optimize radial flux distributionoalg the construct length, a two-dimensional
axisymmetric model was developed for steady-stammemtum transport in all the three
compartments of rPBBs. Transport in the hollow tsagnd the peripheral annulus was described
according to the Navier-Stokes equations, whileDaecy-Brinkman equation was used to describe

momentum transport across the annular constructieMpredictions were qualitatively validated
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against literature data. The effect on radial fldistribution along bioreactor length of the
performance-determining dimensionless groups fobpmddimensional analysis was investigated
under operation typical of tissue engineering.tFirsodel predictions showed that an optimal value
of the reduced Reynolds number,Rexists for high construct-to-hollow cavity perrhgidy ratios
and given bioreactor geometry. This results fromdpposite effects of friction at the wall surface
and momentum recovery, due to the variation ofatkial flow rate induced by suction, on pressure
variation in the direction of decreasing flow, thalance of which depends on the value of the
perfusion flow rate. In particular, while frictian the hollow cavity prevails over that in the aute
peripheral annulus for low Rethus causing poor perfusion of the bottom parthef construct,
momentum recovery in the hollow cavity prevails ofrection in the peripheral annulus at high
Ren, thus causing poor perfusion of the upper pathefconstruct. For very permeable constructs,
the extent of radial flux maldistribution significdy increases with increasing L/R at any given
Ren, but close to the optimal value of R@.e. Reop), Whereas Rgopt increases for increasing
hollow cavity-to-peripheral annulus cross-sectioagdas¢, at given L/R. When very permeable
and slender constructs are operated at low intet fates medium stagnation at bioreactor bottom
contributes to further worsening the radial fluxldmstribution. Furthermore, model predictions
show that, for very permeable constructs and atrgiRe, andg, higher L/R yield progressively
more uniform radial fluxes up to an optimal valwdereas further increases of L/R make radial
flux maldistribution increase as a result of therdase of the intercompartmental radial pressure
drop towards the bioreactor bottom caused by @nctn the outer peripheral annulus. In addition,
for high construct permeability and given;Rand L/R, increasing the value &fprogressively
increase radial flux maldistribution as a resulttted high friction in the outer peripheral annulus
which makes radial pressure drop decrease towandsalstor bottom, thus causing poor perfusion
therein. The effect of all the dimensionless groopsradial flux distribution along the construct

length becomes less important for decreasing asctstio-hollow cavity permeability ratios, k/R
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Finally, a criterion was proposed to design andratgebioreactors so that radial fluxes may be
uniformly distributed along bioreactor length undgeration typical of tissue engineering (i.e. the
CORFU criterion). The developed design criteriorsvgaown to depend on the value of all the
dimensionless groups determining radial flux dmttion of the culture medium along the
bioreactor length, which account for the fluid dymes of the bioreactor void spaces and the time-
changing construct transport properties, and inegcéghat uniform radial flux distribution may be
achieved by keeping the total axial pressure diopgathe void spaces withtal0% of the radial
pressure drop across the construct thickness. &itoedesigns and operation meeting this criterion
permit to avoid non-uniform development of tisstrecure and functional properties.

3. In order to evaluate the actual effect of medradial flux distribution along the construct
length and of the extent of the perfusion ratedioneactor performance and tissue reconstruction,
and to design rPBBs enhancing oxygen supply towelidial-scale porous constructs cultured in
rPBBs during tissue development for a given thartdpeobjective, a more comprehensive two-
dimensional stationary transport model was developewhich mass transport was coupled to
momentum transport. Momentum transport in the wpidces of the bioreactor and in the construct
was described according to the aforementioned 2Dn@méum transport model (i.e. with the
Navier-Stokes and Darcy-Brinkman equations, respag). Transport of dissolved oxygen in the
cell construct was described with the convectidfugion-reaction equation and oxygen
consumption was described according to Michaelisigle kinetics. Oxygen mass transfer
coefficients accounting for external mass transpbthe medium/cell interface were estimated for a
bed of Raschig rings transport-equivalent to porscaffolds adopted in tissue engineering. The
effect of the dimensionless groups determiningdaotor behavior, expressed in terms of the non-
hypoxic fractional construct volume, on oxygen dypp cells was investigated under working
conditions typical of tissue engineering. Model dicdons suggest that medium radial flux
distribution along the construct length signifidgnhfluences oxygen supply to the cells at higher

values of the oxygen Thiele modulug;, for a given Rg. The effect of medium radial flux
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distribution on oxygen supply becomes less imporianxygen consumption is compensated by
oxygen supply. Model predictions also suggest thagther R influences oxygen spatial
distribution from the top towards the bottom of tiereactor for non-uniform medium radial flux
distribution, giving higher uniformity of oxygen sribution along bioreactor length. In addition,
the extent of the radial perfusion rates have tofénized to enable adequate dissolved oxygen
supply to the cells while preventing cell wash @itany given stage of tissue development. Model
predictions suggested that at the beginning otcthtre (i.e. cell seeding), perfusion rates may be
kept low enough to ensure adequate cell oxygenatiole preventing cell damage or wash out, due
to the low metabolic requirements of the cells.c&fls proliferate and differentiate, the perfusion
rates should be gradually increased to balancéheuncreased metabolic requirements of the cells.
Adequate oxygen supply may generally be ensureiddrgasing Rg for a given Thiele modulus,
¢@c. However, when transport occurs mainly by conwegtithe balance between transport and
metabolic consumption rates is better evaluategnms of the minimal radial Damkdhler number
rather than the Thiele modulus. In particular,tfo culture conditions considered in this wark,
for values of the maximal radial Peclet number,d2@x higher than 4, choosing perfusion rates
that cause minimal radial Damkéhler number,.Ban to be small enable adequate pericellular
oxygenation for tissue development,

rPBB design matching the model-based frameworlcrdesd in this thesis may permit
adequate control of the pericellular environmenander to ensure cell survival and guidance of cell
proliferation and differentiation, in the developmeof clinical-scale engineered biological

substitutes for tissue replacement.
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Nomenclature

Cei

CceII

Co

CORFU

D

Darad,min

Dc

Deft = Dne

fi

Oi

construct specific surface ffim’]

geometric coefficient [-]

dissolved oxygen concentration in i-th rPBB comipant [mol/ni]

dissolved oxygen concentration at cell surface [mil

cell concentration in the construct [celldfm

dissolved oxygen concentration in the feed [mgl/m
criterion of radial flux uniformity, definad Equation 3.11 [-]
oxygen diffusion coefficient in the i-th compaent [nf/s]
minimal radial Damkéhler number in the constiuct
oxygen diffusion coefficient in the construct¥s]

effective oxygen diffusion coefficient in the aruct [nf/s]
equivalent diameter of a Raschig ring [m]

viscous dissipation term in the i-th compartment/§fh

Fanning friction factor in the i-th compartment [-]

maximal cell-specific oxygen metabolic consumptiate [mol/(s

cell)]

characteristic geometry-dependent function of ttrekioreactor

outlet zone, defined in Equation A.6b, A.9b and2b.1-]
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Kwm

kc

NHy-FCV

Pi

PeiX = Uo L/DC

P&ad,max

Q

R

Re

Re = Ret &

Rue

Sh

U

Michaelis constant for oxygen consumption [md]/m
Darcy permeability of construct fin

oxygen mass transfer coefficient [m/s]

loss coefficient for the i-th bioreactor outleinz [-]
construct length [m]

non-hypoxic fractional construct volum¢ [-
pressure in the i-th rPBB compartment [Pa]

axial Peclet number [-]

maximal radial Peclet number [-]

medium feed flow rate [¥s]

construct inner radius [m]

radius of the i-th bioreactor outlet zone [m]
reduced inlet Reynolds number [-]

construct outer radius [m]

inner radius of the culture chamber [m]

hydraulic radius of the peripheral annulus, EgueB.13 [m]
radial coordinate [m]

Particle Sherwood number [-]

axial velocity in the i-th compartment [m/s]
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Uin

Vimax = CealG

Vi

Vo

W

Greek Symbols

(of

B = KM/CO

Bi

dc =Rc-R

O

AP;

D

Pc = \/(Vmaxad(DC Co)

¢p = \/(Vmaxsd(Deff Co)

axial velocity entering the construct [m/s]

maximal metabolic consumption rate of oxygen [iinols)]
radial velocity in the i-th compartment [m/s]

maximal radial velocity in construct at r = R ph/
volume of the reservoir [fh

axial coordinate [m]

kinetic energy correction factor in the i-th @actor compartment [-]
saturation parameter [-]

cross-sectional area ratio between relativeea-th compartment [-]
perfusion flow direction parameter [-]

thickness of construct annular wall [m]

thickness of peripheral annulus [m]

pressure drop in the i-th zone at bioreacttieta]

construct porosity [-]

particle shape factor [-]
Thiele modulus in construct perfused with mediu]

Thiele modulus in construct under static operaf-]

@5 =V(Vinaxdp £/(4.61Dc G, (1-6))  oxygen Thiele modulus at cell surface [-]
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Nec

r]OV

degree of radial flux uniformity, as defined in Edgon 3.10 [-]
degree of concentration uniformity, as defined qué&tion 4.14 [-]
overall effectiveness factor [-]

medium viscosity [Pa]

fluid density [kg/m]

average shear stress in construct [Pa]

hollow cavity-to-peripheral annulus cross-secticarala ratio [-]

Superscripts and Subscripts

avg

ax

bed

max

min

opt

average

axial

of the bed

construct

peripheral annulus

glucose

hollow cavity

inlet

maximal

minimal

optimal
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out

rad

Res

outlet

particle

radial

reservoir

dimensionless
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