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Sommario

Il danneggiamento severo o la perdita delle funzioni di un organo o di un tessuto comporta
ogni anno costi socio-economici elevatissimi e porta, in buona parte dei casi, alla morte del
paziente. Gli approcci che si utilizzano odiernamente per ripristinare le funzionalita di organi o
tessuti consistono nella sostituzione degli stessi con tessuti prelevati da donatori (allogenici) o di
origine animale (xenogenici), o ricavati dal paziente stesso (autologhi). L’ utilizzo di sostitutivi di
origine allogenica o xenogenica é fortemente limitato dalla mancanza di donatori e dalla difficile
integrazione dell’impianto nel corpo del paziente. D’altra parte, la sostituzione dei tessuti
danneggiati con impianti autologhi, sebbene eviti il rischio di rigetto da parte del paziente, comporta
la morbilita del sito donatore e I’insorgenza di dolori cronici, che ne permettono 1’utilizzo solo per
la cura di piccoli difetti. L’ingegneria dei tessuti si propone di superare le limitazioni comportate
dalle tecniche comunemente utilizzate, realizzando sostituti bioingegnerizzati che riproducano le
funzioni del tessuto di origine, ne sostituiscano le funzioni e che si integrino con I’organismo
ospite. Secondo tale approccio, i sostituti bioingegnerizzati sono realizzati seminando cellule
autologhe isolate su supporti porosi tridimensionali, detti scaffold, e guidando la proliferazione e il
differenziamento cellulare in bioreattori, che riproducono I’ambiente pericellulare fisiologico per lo
sviluppo del tessuto. La maggiore problematica relativa alla realizzazione di sostituti
bioingegnerizzati di rilevanza clinica ¢ il difficile apporto di quantitativi fisiologici di ossigeno e
nutrienti verso, e la rimozione degli scarti metabolici da, la regione piu interna dei costrutti cellulari.
In particolare, € generalmente riconosciuto che il consumo severo di ossigeno da parte delle cellule
rappresenta la principale limitazione per la sopravvivenza cellulare durante lo sviluppo del tessuto.
Colture statiche nelle quali ossigeno e nutrienti sono forniti alle cellule attraverso un meccanismo di
trasporto puramente diffusivo si sono dimostrate adatte per garantire la sopravvivenza delle cellule
unicamente in costrutti di dimensioni ridotte. Per superare le limitazioni connesse al trasporto
diffusivo, ¢ stato proposto 'utilizzo di bioreattori dinamici in cui un meccanismo di trasporto

convettivo é sovrapposto alla diffusione pura per consentire il trasporto dei soluti anche nelle zone
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pit interne dei costrutti. Tuttavia, nonostante alcuni miglioramenti rispetto alle colture statiche, i
bioreattori dinamici proposti ad oggi, come gli spinner flask, i rotating wall vessels e i bioreattori a
letto impaccato a perfusione assiale diretta, risultano subottimali per la realizzazione di costrutti
bioingegnerizzati di interesse clinico. Recentemente, & stato proposto di perfondere radialmente
costrutti anulari tridimensionali attraverso 1’utilizzo di bioreattori a letto impaccato a perfusione
radiale (rPBB) per superare le limitazioni dei bioreattori dinamici sopracitati, oltre che delle colture
statiche, soprattutto per bioingegnerizzazione del tessuto osseo ed epatico. Infatti, poiché la
perfusione del terreno di coltura avviene radialmente verso le cellule, rispetto ai bioreattori a
perfusione assiale, le distanze caratteristiche per il trasporto dei soluti risultano inferiori, mentre
risultano disponibili superfici di passaggio maggiori, che permettono di sviluppare i tessuti
utilizzando basse velocita superficiali, e conseguentemente differenze di pressione inferiori, e a
bassi gradienti di concentrazione dei soluti in direzione della perfusione. Tuttavia, a dispetto dei
vantaggi offerti dal loro utilizzo, la progettazione di bioreattori a perfusione radiale risulta piu
complessa rispetto a quella di bioreattori a perfusione assiale. Infatti, i rPBB necessitano di due
camere (una cavita interna e uno spazio anulare periferico) adibite rispettivamente alla distribuzione
e alla raccolta del terreno di coltura che fluisce attraverso lo spessore del costrutto, la
fluidodinamica dei quali pud influenzare significativamente la distribuzione dei flussi radiali
assialmente al costrutto. Inoltre, la geometria del costrutto stesso e la direzione nella quale il terreno
di coltura viene perfuso (dalla cavita interna verso la zona periferica 0 viceversa) possono
comportare differenze importanti per il trasporto dei soluti verso, e dalle, cellule. L’entita delle
portate di perfusione deve infine essere ottimizzata in modo da garantire I’apporto controllato e
sufficiente di ossigeno e nutrienti senza comportare sforzi di taglio elevati per le cellule, onde

evitare il loro danneggiamento o trasporto fuori dal costrutto.

Modelli matematici di trasporto in rPBB possono aiutare a ottimizzarne la progettazione per

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

peculiarita dei rPBB nello sviluppo di sostitutivi bioingegnerizzati per trapianto.

Nella presente tesi, viene proposta una cornice di riferimento basata su modelli matematici
per ottimizzare la progettazione di rPBB in modo da garantire le condizioni ambientali favorevoli
alle cellule per la realizzazione di sostituti per trapianto tridimensionali bioingegnerizzati di
rilevanza clinica. In particolare, 1’attenzione ¢ focalizzata sul trasporto di ossigeno, poiché il suo
ruolo limitante rispetto a quello degli altri soluti & generalmente riconosciuto. Allo scopo di
raggiungere 1’obiettivo proposto, il lavoro ¢ stato suddiviso in tre fasi successive, di seguito

riassunte;

1. E’ stata dapprima sviluppata una cornice di riferimento basata su un modello monodimensionale
di trasporto a stato stazionario di ossigeno, il cui consumo e stato descritto attraverso una cinetica di
Michaelis-Menten, con 1‘obiettivo di ottimizzare la geometria del costrutto e la direzione e I’entita
della velocita di perfusione radiale del terreno di coltura attraverso il comparto cellulare per la
realizzazione di costrutti bioingegnerizzati di rilevanza clinica, ipotizzando uniforme distribuzione
dei flussi radiali assialmente al costrutto. L’analisi dimensionale ¢ stata utilizzata per definire i
gruppi adimensionali che determinano il comportamento del bioreattore in condizioni tipiche
dell’ingegneria dei tessuti. In particolare, secondo tale modello, il comportamento del bioreattore &
stato mostrato dipendere dai seguenti gruppi adimensionali: il parametro relativo alla distribuzione
del flusso, y; la permeabilita di Darcy del costrutto adimensionale, kL/R?; il rapporto tra il raggio
interno e lo spessore del costrutto, R/3¢; il numero di Peclet radiale massimo, Perag max; il modulo di
Thiele, ¢c; il parametro di saturazione, . L’efficienza del rilascio di ossigeno verso le cellule ¢

stato espresso in termini della frazione di volume di costrutto non ipossico. Le predizioni del
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modello suggeriscono che la perfusione dalla cavita interna del costrutto verso la zona periferica di
costrutti anulari tridimensionali caratterizzati da un alto R/3¢ a portate piu elevate (ovvero a Perag max
maggiori) favorisce ’apporto adeguato di ossigeno alle cellule rispetto alla coltura di cellule in

condizioni statiche o in bioreattori a perfusione assiale.

2. E’ stato sviluppato un criterio per ottimizzare la progettazione di rPBB in modo da ottenere una
distribuzione uniforme dei flussi radiali lungo la direzione assiale del costrutto, basato su un
modello bidimensionale di trasporto di quantita di moto in tutti i compartimenti del bioreattore
(cavita cilindrica interna, costrutto, zona anulare periferica), assumendo che il terreno di coltura
fosse alimentato dalla cavita interna verso 1’anulo periferico, in accordo a quanto osservato nel caso
del modello di trasporto monodimensionale. In particolare, il trasporto di quantito di moto nelle
camere vuote ¢ stato descritto con 1’equazione di Navier-Stokes, mentre I’equazione di Darcy-
Brinkman é stata utilizzata per descrivere il trasporto di quantita di moto nel costrutto poroso.
Dall’analisi dimensionale ¢ emerso che la distribuzione dei flussi radiali ¢ influenzata dai seguenti
gruppi adimensionali: il numero di Reynolds ridotto, Rejy; il fattore di forma del costrutto, L/R; il
rapporto tra il raggio interno e lo spessore del costrutto, R/d¢c e quello tra il raggio interno del
costrutto e lo spessore della zona periferica, R/8g; il rapporto di permeabilita del costrutto rispetto
alla cavita interna, k/R% L’influenza dei gruppi adimensionali R/5c e R/g & stata inglobata in un
unico gruppo adimensionale, ovvero il rapporto tra le sezioni trasversali di passaggio della cavita
interna e dell’anulo periferico, & come suggerito da risultati di letteratura. Il criterio di progetto,
denominato CORFU (Criterion Of Radial Flux Uniformity), dipende da tutti i gruppi adimensionali
derivati dall’analisi dimensionale. Secondo tale criterio, la ditribuzione uniforme dei flussi radiali
puo essere ottenuta scegliendo i parametri geometrici e operativi in modo da rendere la differenza di
pressione assiale totale nelle camere vuote entro +10% della differenza di pressione radiale totale

attraverso il costrutto.
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3. I modello di trasporto di quantita di moto é stato integrato con le equazioni di trasporto di massa
per valutare I’effettiva influenza della distribuzione dei flussi radiali sul trasporto di ossigeno verso
il comparto cellulare in modo da progettare rPBB per un dato obiettivo terapeutico. Il consumo di
ossigeno e stato descritto attraverso una cinetica michaeliana. Il coefficiente di trasferimento di
materia che descrive il trasporto esterno di materia dal seno della fase fluida nei pori del costrutto
verso la superficie cellulare ¢ stato stimato per un letto composto da anelli di Raschig equivalente,
dal punto di vista del trasporto, a uno scaffold poroso come quelli tipicamente adottati per
ingegneria dei tessuti. L’analisi dimensionale ha mostrato che il comportamento del bioreattore,
espresso in termini di NHy-FCV, dipende dai seguenti gruppi adimensionali, oltre a quelli elencati
in precedenza: il numero di Peclet radiale massimo, Pergmax; il rapporto tra la diffusivita
dell’ossigeno nel costrutto e nella cavita interna e quello tra la diffusivita dell’ossigeno nel costrutto
e nella zona periferica, Dc/Dy e Dc/Dg, rispettivamente; il numero di Sherwood, Sh; il parametro di
saturazione, B; il modulo di Thiele, ¢c; il rapporto tra il quadrato del modulo di Thiele di superficie
e il numero di Sherwood, (I)SZ/Shp. L’effetto dei gruppi adimensionali sul comportamento del
bioreattore ¢ stato studiato a condizioni tipiche dell’ingegneria dei tessuti. Le predizioni del modello
suggeriscono come ottimizzare la progettazione del bioreattore in modo da garantire un apporto
fisiologico controllato di ossigeno alle cellule per differenti applicazioni. La distribuzione dei flussi
radiali relativi al terreno di coltura sui profili di concentrazione di ossigeno é stata mostrata essere
significativa laddove il consumo di ossigeno non &€ compensato adeguatamente dal suo trasporto
verso le cellule. Elevati valori di Rej, influenzano la distribuzione spaziale di ossigeno lungo la
coordinata assiale per elevati valori di CORFU, assicurando elevata uniformita nella distribuzione
di ossigeno. L’entita della velocita di perfusione deve essere ottimizzata non solo per controllare la
distribuzione dei flussi radiali, ma anche per permettere il rilascio controllato di ossigeno verso il
comparto cellulare evitando di trasportare le cellule al di fuori del costrutto, a ogni stadio di
sviluppo del tessuto. In particolare, le predizioni del modello suggeriscono di perfondere il costrutto

a velocita superficiali ridotte durante le prime fasi della coltura, e di incrementarne I’entita man
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mano che le cellule proliferano e differenziano per controbilanciare 1’aumento delle necessita
metaboliche delle cellule. In particolare, velocita superficiali piu elevate permettono migliore
ossigenazione del comparto cellulare per un dato valore di ¢c. Infine, adottando portate che
minimizzano il valore del numero di Damkéhler radiale minimo, Dadmin = $c*/Peragmax, Viene

assicurata la realizzazione di un adeguato ambiente pericellulare per lo sviluppo del tessuto.

15



Abstract

Tissue loss or organ failure represents one of the major problems in human health care, and
is responsible of impressive social and economic costs worldwide. Current approaches to restore
tissues or organs functions consist in tissue replacement with allogeneic or xenogeneic grafts, taken
from donors or animals, respectively, or autologous grafts, taken from the patient himself. The use
of allogenic and xenogenic grafts is severely limited by the donor shortage and by the difficult
integration of the donor tissue within the patient body. Tissue replacement with autografts, although
avoiding the risk of immune rejection by the patient, is limited by donor-site morbidity, so that it
may be adopted only for small-scale tissue losses. In recent years, tissue engineering has been
proposed as a promising alternative to tissue replacement with artificial grafts. According to this
approach, biological engineered substitutes for tissue replacement are realized by seeding isolated
autologous cells onto three-dimensional (3D) porous supports, termed scaffolds, and by guiding cell
proliferation and differentiation in bioreactors, that provide the physiological pericellular
environment for tissue development. The major issue for the realization of clinical-scale
bioengineered substitutes for tissue replacement is the difficult supply of physiological amounts of
dissolved oxygen and nutrients to, as well as metabolic wastes removal from, the cells located in the
innermost regions of the 3D constructs (i.e. cell-seeded scaffolds). In particular, it is generally
acknowledged that the severe consumption of dissolved oxygen by the cells represents the major
limitation for cell survival in the development of bioengineered tissues. Static cultures in which
dissolved oxygen and nutrients are supplied to the cells by pure diffusive transport have been shown
to enable cell survival only to small-scale constructs. In order to overcome transport limitations of
static cultures, dynamic bioreactors have been proposed in which a certain degree of convection is
superimposed to pure diffusion to enable solutes transport towards, or away from, the innermost
region of large-scale constructs. However, although some improvements over static cultures have

been evidenced, dynamic bioreactors proposed so far, such as spinner flasks, rotating wall vessels
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and direct axial perfusion bioreactors, are still sub-optimal for the realization of clinical-scale
bioengineered tissues. Recently, radial perfusion of hollow cylindrical 3D constructs in radial flow
packed-bed bioreactors (rPBBs) has been proposed to overcome the limitations of both static and
direct axial perfusion bioreactors, in particular for the development of bioengineered liver and bone
tissues. In fact, since culture medium is perfused radially to the cells, shorter path lengths and larger
cross-sectional areas for solutes transport are featured than those in axial flow bioreactors, that
enable cell culture at small pressure drops and superficial velocities, and smoother solutes
concentration gradients in the direction of the medium perfusion. Despite these promising features,
design of rPBBs is more difficult than that of axial flow packed bed bioreactors. In fact, rPBBs
require two void chambers (i.e. the inner hollow cavity and the peripheral annular space) to
distribute and collect culture medium flowing across the construct thickness, the fluid dynamics of
which may significantly influence radial flux distribution of culture medium along the construct
length. Furthermore, the annular construct geometry and the direction of medium perfusion may
strongly affect the transport of solutes towards, or from, the cells. The extent of the perfusion flow
rates have also to be chosen in order to ensure adequate mass delivery to cells while preventing cell
damage and washout. Mathematical models of transport in rPBBs may help optimize bioreactor
design for a given application to enable dissolved oxygen and nutrients delivery towards, and
metabolic wastes removal from, 3D clinical-scale constructs. However, a systematic analysis of the
influence of all the geometrical, transport and operational dimensionless groups on bioreactor
behavior aimed to design rPBBs so that solutes transport towards, or from, the cells is maximized
and controlled has not been reported yet. This limits the exploitation of the peculiar features of the

rPBBs in the development of bioengineered substitutes for tissue replacement.

In this thesis, a model-based reference framework is proposed to optimize rPBB design to
ensure adequate environmental conditions to cells for the realization of clinical-scale 3D

bioengineered substitutes for tissue replacement. In particular, the attention is paid on transport of
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dissolved oxygen, since its limiting role for the realization of large-scale 3D biological constructs is
generally acknowledged. In order to reach the proposed objective, the workflow was divided in

three different steps, as follows:

1. A reference framework was first developed based on a one-dimensional stationary transport
model, combining convective and dispersive transport of dissolved oxygen with Michaelis-Menten
cellular consumption Kinetics, to optimize annular construct geometry and direction and extent of
the radial superficial velocity of the culture medium across the cell mass for the culture of large-
scale 3D porous constructs, assuming that radial flux distribution of the culture medium was
uniform along the construct length. Dimensional analysis was used to find the dimensionless groups
determining bioreactor behavior, under typical conditions for tissue engineering. In particular,
according to this model, bioreactor behavior was shown to depend on the perfusion flow direction
parameter, y; the dimensionless construct Darcy permeability, kL/R®; the inner hollow cavity
radius-to-construct thickness ratio, R/d¢; the maximal radial Peclet number, Pergmax; the Thiele
modulus, ¢c; the saturation parameter, . The effectiveness of oxygen supply to the cells was
expressed in terms of the non-hypoxic fractional construct volume. Model predictions suggest that
outward perfusion (i.e. form the construct inner surface towards the outer peripheral surface) of 3D
annular porous constructs having small curvature (i.e., high inner hollow cavity radius-to-annular
thickness ratio) at high perfusion flow rates, (i.e high maximal radial Peclet numbers) may enhance

dissolved oxygen supply to the cells as compared to cell culture in static and axial flow bioreactors.

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

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



describe momentum transport in the porous construct. Dimensional analysis showed that the
uniformity of radial flux distribution of the culture medium along the construct length depends on: a
reduced Reynolds number, Re;j,; the construct aspect ratio, L/R; the inner hollow cavity radius-to-
construct thickness ratio, R/d¢; the inner hollow cavity radius-to-peripheral annulus thickness ratio,
R/3g; the construct-to-hollow cavity permeability ratio, k/R% The influence of R/8¢ and R/8g was
lumped in one dimensionless group (i.e. the hollow cavity-to-peripheral annulus cross-sectional
area ratio, &), as suggested by literature results. The design criterion, termed CORFU (Criterion Of
Radial Flux Uniformity), was shown to depend on all the dimensionless groups found by
dimensional analysis. In particular, according to the CORFU criterion, uniform radial flux
distribution of the culture medium along the construct length may be achieved by adjusting the
values of the dimensionless groups determining rPBB behavior in order to ensure that the ratio
between the total axial pressure drop in the void spaces is maintained within £10% of the radial

pressure drop across the construct.

3. The momentum transport model was integrated with a mass transport model to assess the actual
effect of the radial flux distribution of the culture medium along the construct length on dissolved
oxygen transport and to design rPBBs for a given therapeutic objective. Transport of dissolved
oxygen in the construct was described in terms of the convection-diffusion-reaction equation, and
dissolved oxygen consumption was described according to the Michaelis-Menten kinetics. Oxygen
mass transfer coefficients accounting for the external mass transport at cell/medium interface were
estimated for a bed of Raschig rings transport-equivalent to porous scaffolds adopted for tissue
engineering. Dimensional analysis showed that, in addition to the dimensionless groups obtained
for the momentum transport model previously listed, bioreactor behavior, which was expressed in
terms of the Non-Hypoxic Fractional Construct VVolume, depends on the following dimensionless
groups: the maximal radial Peclet number, Pe.qmax; the construct-to-hollow cavity diffusivity ratio,

Dc/Dy (and, analogously, the construct-to-peripheral annulus diffusivity ratio, Dc/Dg); the
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Sherwood number, Sh; the saturation parameter, 3; the Thiele modulus, ¢c; the squared surface
Thiele modulus-to-Sherwood number ratio, ¢s/Sh,. The effect of the dimensionless number on
bioreactor behavior was investigated under working conditions typical of tissue engineering. Model
predictions suggested how to optimize bioreactor design in order to ensure controlled oxygen
supply to cells for different tissue engineering applications. Medium radial flux distribution was
shown to significantly influence oxygen spatial distribution inside the construct under conditions in
which oxygen depletion is not properly compensated by oxygen supply to cells. The effect of
medium radial flux distribution on oxygen supply becomes less important if oxygen consumption is
compensated by oxygen supply. Model predictions also suggest that higher Rej, influences oxygen
spatial distribution from the top towards the bottom of the bioreactor for non-uniform medium
radial flux distribution, giving higher uniformity of oxygen distribution along bioreactor length. The
radial perfusion rates have to be optimized not only to control radial flux distribution, but also to
enable adequate supply of dissolved oxygen to the cells while preventing cell wash out, at any given
stage of tissue development. In particular, model predictions suggest that at the beginning of the
culture medium flow rates may be kept low to avoid cell damage or wash out, whereas, as cells
proliferate and differentiate, the medium flow rates should be gradually increased to balance out the
increasing metabolic requirements of cells. In particular, higher perfusion flow rates enable more
adequate oxygen supply to cells for a given value of ¢c. Finally, choosing perfusion rates that cause
minimal Damkohler number, Dayagmin = <|>c2/Perad,maX, to be small were shown to ensure adequate

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

Tissue engineering: state-of-the-art

1.1 Introduction

Millions of surgical procedures of organ transplantation are performed every year worldwide
to restore lost functions of tissues and organs as a result of injury, disease or congenital defects.
Tissue loss and organ failure cause dramatic social and economical costs. For instance, only in the
US, the total national health care cost to treat patients suffering from tissue loss or organ failures is
higher than 400 billion US dollars, whereas it is estimated that the total cost of organs substitution
worldwide is around 350 billion US dollars (Lysaght and Loughlin, 2000). The success of current
therapies involving organ transplantation is severely limited by the lack of donors. For instance, it
has been estimated that only in the United States around 30 thousands patients die from liver failure
every year while waiting for surgery, with a scenario that is expected to worsen in the near future
(Langer and Vacanti, 1993).

Current treatments to replace damaged or lacking tissues generally consist in the use of
allogeneic or xenogeneic grafts taken from cadavers or animals (typically of bovine or porcine
origin), respectively, or autologous grafts taken from the patient himself. Allografts and xenografts
may be advantageous for the treatment of large-size tissue defects, since they are available off-the-
shelf form tissue banks, but they may entail immunogenic risk, donor-to-host disease transmission,
slow tissue formation, possible incomplete or delayed graft incorporation. Differently from
allografts and xenografts, tissue replacement with autografts avoids the risk of immune rejection,
thus avoiding the necessity of immunosuppressive drug therapy (Furth and Atala, 2007). However,
the availability of autologous tissues is limited by donor-site morbidity and may thus be adopted
only for small tissue lacks or damages. Other disadvantages of autografts include increasing

operating time and blood loss (Meyer et al., 2004).
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Tissue engineering has been proposed to provide an interesting alternative to tissue
replacement with artificial grafts. In particular, many of the aforementioned drawbacks may be
overcome by adopting biological engineered tissue substitutes. To this purpose, researchers have
suggested to seed autologous cells onto a degradable scaffold or matrix providing mechanical
support for, and allowing transport of biochemical cues towards, the cell region, and to culture the
cell-seeded scaffolds in bioreactors, which provide the physiological environment to allow cells to
re-organize in their actual tissue structure (Langer et al., 1995).

Examples of diseases potentially treatable with the realization of bioengineered tissue
substitutes include, among the others, congestive heart failure, with around 5 million patients only
in the United States (Murray-Thomas and Cowie, 2003), diabetes mellitus, osteoporosis (10 million
patients only in the US), Alzheimer’s and Parkinson’s diseases (5.5 million patients), severe skin
burns (300 thousands), spinal cord injuries (250 thousands), 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 multidisciplinary field involving life science and
engineering principles aimed to realize biological substitutes of damaged tissues in order to restore,
maintain and/or improve tissue function (Langer and Vacanti, 1993).

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

i.  most tissues are subject of constant remodeling due to the attrition and renewal of
their constituent cells;

ii. isolated cells tend to form actual tissue structure in vitro under favorable conditions;
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Based on

substitutes

1.

2.

3.

although isolated cells may organize in actual tissue structures in vitro, only a limited
degree of organization is possible when cells are transplanted as a suspension into
the middle of mature tissue;
in most cases, the tissue cannot be implanted in large volumes, since the cells cannot
survive without adequate vascularization.
such observations, the common strategy for the realization on bioengineered tissue
consist of several phases, that are listed below and summarized in Figure 1.1:
cells are first isolated through a biopsy from the patient or a donor
isolated cells are expanded in vitro
expanded cells are seeded onto three-dimensional (3D) scaffolds under conditions
allowing their attachment and maintenance of functions.
the resulting cell-scaffold system (that will be referred to as construct) is then cultured in
vitro to produce a bioengineered tissue substitute for implantation. The in vitro culture
conditions, provided by bioreactors, must be optimal for a given cell type and scaffold
material in terms of culture parameters (e.g. concentration of oxygen and nutrients,
temperature, pH), mass transfer requirements (e.g. specific oxygen and nutrients
consumption rates) and sensitivity to mechanical stress (e.g. shear stresses) (Langer et
al., 1995).
the bioengineered tissue substitute is finally implanted in the specific site of patient’s

body.

Several studies have demonstrated the success of the implantation of constructs in the in

vivo tissue regeneration. In such studies, different parameters have been varied: donor cell type,

time of in vitro cultivation, target species, implantation site and method, in vivo healing time (Freed

et al., 1993 and 1994; Vacanti et al., 1991 and 1993; Cao et al., 1994; Uyama et al., 1993, Organ et

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

entire heart (Nerem, 2007).

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

1.2.2 Key factors of Tissue Engineering

The successful realization of a bioengineered tissue substitute depends on the possibility of
reproducing in vitro the complex interactions occurring between cells and extracellular environment
in vivo. For this reason, it is fundamental to understand the complex biological and molecular
mechanisms occurring inside the tissue and those occurring during tissue formation and restoring.
The reproduction of such mechanisms is limited by the complexity of the molecular composition of
cells and extracellular environment and by the interactions among cells and between cells and

extracellular environment in the biological tissues. As outlined in paragraph 1.2.1, the strategy to
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overcome these limitations entails the combinations of four 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 bioengineered tissues is the choice of the type of cells.
This choice is based on the ability of cells to proliferate, differentiate, undergo cell-to-cell
interaction, produce biomolecules and extracellular matrix. Ideally, the cells chosen for the
realization of bioengineered tissues should have some important properties, including availability,
high proliferative activity, maintenance of the adult phenotype, absence of immunogenicity. These
properties strongly depend on the sources of appropriate stem or progenitor cells. The former seem
to have unlimited capacity for self-renewal and the ability to differentiate in different mature cell
types (pluri or multi —potency), whereas the latter are proliferative cells with limited capacity of
self-renewal and are often unipotent (i.e. they can differentiate in only one mature cell type)
(Seaberg and Van der Kooy, 2003). Three major sources of cells have been investigated by
researchers: 1. embryonic stem (ES) cells derived from the inner cell mass of embryonic blastocysts
(which later forms the embryo); 2. ES cells created by therapeutic cloning; 3. “adult” stem cells
derived from fetal, neonatal, or adult tissue, either autologous or allogeneic (Furth and Atala, 2007).
The ES cells have excellent ability of proliferation and differentiation. In particular, they have been
shown to be capable of undifferentiated proliferation in vitro for 4-5 months and differentiation in
all the three embryonic germ layers (i.e. endoderm, mesoderm, ectoderm), so that they can induce
the subsequent differentiation in the desired cell phenotype. As a result, they may be classified as
pluripotent (Amit et al., 2000; Thomson et al., 1998). However, although showing attractive
features, ES cells may be tumorigenic (G. R. Martin, 1981; Thomson et al., 1995) and give rise to
important ethical issues, since their use involves the discard of the human embryo or cloning
(Khademhosseini et al, 2007; Tuan et al., 2003). For this reasons, adult stem (AS) cells are

generally preferred and represent the only cell type used so far for therapeutic applications. The AS
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cells have high capacity of self-renewal in culture and are normally classified as multipotent, that is
they can differentiate only in certain types of mature phenotypes. Even if their ability to proliferate
is lower than ES cells, in some cases AS cells do not result to be subject to replicative senescence.
Furthermore, AS cells do not appear to be tumorigenic. AS cells may be classified based on their
originating embryonic germ layer. An important class of AS cells, derived from the mesodermic
embryonic germ layer, for its great potential in tissue engineering is represented by the
mesenchymal stem cells (MSC), that were first isolated from bone marrow (Friedenstein and
Petrakova, 1966). Even if they are present only in very small fraction of the total population of
nucleated cells in marrow, they may be isolated and expanded with high efficiency and may
differentiate into cells phenotypes of connective tissue lineages, including bone, cartilage, muscle,
tendon, and fat. For this reasons, the MSC are subject of enormous interest for musculoskeletal and
vascular tissue engineering (Barry and Murphy, 2004; Gao and Caplan, 2003; Riha et al., 2005;
Tuan et al., 2003). Although AS cells have been considered to maintain a certain tissue specificity,
recent experiments suggest that under particular circumstances, AS cells may “transdifferentiate”,
that is they can convert into cells of distinct lineages from their originating one, thus losing the
tissue-specific markers and functions of the original cell type and acquiring markers and functions
of the transdifferentiated cell type. Such phenomenon has given rise to the concept of “cell
plasticity”, indicating that AS cells may differentiate in adult phenotypes different from those
typical of their originating embryonic germ layer (Blau et al., 2001; Wagers and Weissman, 2004).
Examples of cell plasticity have been suggested for neuronal stem cells (Bjornson et al, 1999), bone
marrow-derived stem cells (Ferrari et al., 1998), muscular (Jackson et al., 1999) and skin —derived

stem cells (Liang et al., 2002).

1.2.2.2 Scaffold

Isolated cells cultured in vitro cannot reorganize spontaneously in tissues if they are not

provided with 3D structures guiding and stimulating their activity (Schugens et al., 1996). In human
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tissues, such 3D structure is provided by the extracellular matrix (ECM). The characteristics of the
ECM strongly depend on the composition of the related specific tissue. In general, the functions of
the ECM may be listed as follows: 1. ECM provides tissue-specific structural support and physical
environment to allow cell adhesion, proliferation, migration and response to biochemical and
biomechanical signals; 2. ECM contributes to mechanical properties of the specific tissue, e.g.
rigidity and elasticity; 3. ECM may actively provide bioactive cues for the residing cells to respond
to their microenvironment 4. ECM may act as reservoir of growth factors; 5. ECM provides a
degradable environment to allow neovascularization and tissue formation resulting from tissue
dynamic processes such as morphogenesis and wound healing (Chan and Leong, 2008). In the
realization of bioengineered substitutes for tissue replacement, the 3D structure for cell support and
activity guidance is provided by the scaffold. Ideally, the scaffold should be able to mimic all the
functions provided in vivo by the ECM. However, due to the complex composition and the high
number of functions of the ECM, this requirement results to be very difficult to satisfy. As a result,
the functions of scaffolds are defined in analogy with those of the ECM in the natural tissues. In
particular, for a given tissue type, the fundamental requirements for scaffolds are associated to:
1. Architecture: The scaffold should provide a sufficient void volume to allow tissue
vascularization and expansion. High porosity and a structure with interconnected pores are
required for the scaffold to ensure cell penetration and ECM formation, as well as adequate
transport of oxygen and nutrients to, and metabolic wastes from, the cells, without
compromising its mechanical stability. The pore size of the scaffold should be optimized to
foster cell migration, while ensuring a high specific surface for cell adhesion
2. Biocompatibility: the scaffold biomaterial has to ensure the absence of immunogenicity in
order to prevent inflammatory response by the body that may cause the rejection of the

implant.
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3. Biodegradability: The scaffold must be biodegradable in order to permit cells to produce
the ECM, showing a kinetics of degradation comparable to that of tissue regeneration, and
does not have to cause the formation of toxic metabolic wastes during its biodegradation.

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

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

growth factors to the cells.

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

must provide mechanical stability to the tissue. Its mechanical properties should be as

comparable as possible to those of the native tissue and ensure, at the same time, adequate
mechanical resistance during culture.
Finally, scaffolds should be easy to sterilize and its production should be easy and cost effective.
(O’Brien, 2011; Chan and Leong, 2008, Muschler et al., 2004).

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

(Maguire et al., 2006), adipose tissue (Flynn et al., 2007) and skin (Myers et al., 2007).
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Synthetic biomaterials provide a valid alternative to natural biomaterials in the culture of
cells. The advantages related to the use of synthetic biomaterials include reproducibility and good
mechanical properties, good workability and high versatility. As compared to natural biomaterials,
synthetic biomaterials offer the possibility of tailoring scaffolds with a specific degradation rate.
Drawbacks concerning the use of synthetic biomaterials include possible low biocompatibility,
reduced bioactivity and, in some cases, the necessity of surface modifications to optimize cell
adhesion and delivery of biomechanical cues (Willerth et al., 2008). Synthetic biomaterials may be
generally classified as polymeric-based and ceramic-based (and composite biomaterials). Examples
of polymeric-based synthetic biomaterials include PLGA, PLLA, PGA, PCL and PEG, that have
been used for the regeneration of adipose tissue (Choi et al., 2005; Neubauer et al., 2005), nerves
(Bhang et al., 2007; Mahooney and Anseth, 2005), bone (Chastain et al., 2006; Benoit et al., 2005;
Kim et al., 2006), cartilage (Uematsu et al., 2005; Buxton et al., 2007) and liver (Underhill et al.,
2007), whereas ceramic biomaterials, such as Hydroxiapatite and tri-calcium phosphate (TCP), have
been used mainly for bone tissue engineering, due to their good mechanical properties and
biocompatibility with bone tissue (Arinzeh et al., 2005; Bruder et al., 1998; Dennis and Caplan,

1993; Kotobuki et al., 2005; Marcacci et al., 2007; Shimaoka et al., 2004).

1.2.2.3 Growth factors

In order to promote tissue development, it is fundamental to control the environment in
which cells grow. Beyond adequate oxygen and nutrient supply and metabolic waste removal, it is
necessary to deliver the appropriate concentration of growth factors to the cells. Growth factors
(GF) may be defined as soluble signaling polypeptides capable to guide specific cellular response
(cell survival, migration, proliferation, differentiation) during tissue development in a given
biological environment. The first step in signal transmission is the GF secretion by a producer cell.
Once secreted, the GF binds specific cell transmembrane receptors of the target cell (different from

the producer cell) and activates the signal transduction into the cell. The transduction mechanism
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involves a complex system of events and results in a specific cell response (Figure 1.2). The ability
of a GF to deliver a specific instruction to a given cell population is not only modulated by the
identity of the GF itself and by its ability of diffusing through the ECM of the target cells, but also
on the type and number of target cells, the type of receptors expressed by the target cell and the path
of signal transduction, that may be different from one cell type to another, so that a growth factor
may fulfill a variety of functions under different conditions. Finally, the specific cellular response of
a target cell to a given GF also depends on other external factors, such as the ability of the GF to
bind the ECM of the target cell, the degradation rate of the ECM, the GF amount and the position of
the cell target (Lee et al., 2001; Cross and Dexter, 1991; Lamalice et al., 2007).

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

Table 1.1.

growth
factor

ECM matrix

growth
factor receptor

a-integrin

specific biological
response

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

tissues treated

representative funection

Ang-1 blood vessel, heart, muscle blood vessel maturation and stability
Ang-2 bloced vessel destahilize, regress and disassociate endothelial cells from
surromnding tissues
FiF-2 o] vemsel, 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 regulation of epithelial cell growth, proliferation and
differentiation
EPOD nerve, spine, wound healing prometing the survival of red blood cells and development of
precursors to red blood cells.
HGF bone, lver, 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-AB (or -BB)

blowwd vessel, muscle, bone,
cartilage, skin

embryonic development, proliferation, migration, growth of
endothelial cells

TOF-m brain, skin proliferation of basal cells or neural cells

TGEF-B bone, cartilage proliferation and differentiation of bone-forming cells, anti-
proliferative factor for epithelial cells

VEGF bloow] vessel migration, proliferation and survival of endothelial cells.

Table 1.1 Common growth factors in tissue regeneration. Ang, angiopoietin; bFGF, basic fibroblast growth factor;
BMP, bone morphogenetic protein; EGF, epidermal growth factor; FGF, fibroblast growth factor; HGF, hepatocyte
growth factor; IGF, insulin-like growth factor; NGF, nerve growth factor, PDGF, platelet-derived growth factor;
TFG, transforming growth factor; VEGF, vascular endothelial growth factor (table from Lee et al., 2011).

1.2.2.4 Bioreactors

Critical for the development of a bioengineered tissue in vitro, is an adequate culture
environment promoting cells survival and activity. The environmental conditions (i.e. temperature,
pH, oxygen and nutrients concentration, biomechanical and biochemical cues) allowing the culture
of 3D bioengineered constructs are provided by bioreactors. Bioreactors have been defined as
“devices in which biological and/or biochemical processes develop under closely monitored and
tightly controlled environmental and operating conditions (e.g. pH, temperature, pressure, nutrient
supply and waste removal)” (Martin et al., 2004). Usually, a bioreactor consists of a sterile culture
chamber in which 3D cellular constructs are contained and supplied with culture medium through a
pump, that collects the culture medium from a reservoir and discharge it in the culture chamber in
monitored fashion. The culture medium contains oxygen, nutrients and the growth factors necessary
to foster cell activities. The bioreactors are usually provided of detecting systems to monitor the
environmental conditions and may be successfully used not only for the in vitro development of
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functional tissues, but also as models to study the mechanisms of cell function under physiological

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

In the design of a bioreactor for a specific tissue engineering application several key factors
have to be taken into account. The detailed requirements of a bioreactor generally depend on the
specific type of tissue to develop. However, there are some general principles that may be applied in
the development of a bioreactor. First of all, the material selection is fundamental to avoid adverse
reactions by the cells. As a result, all the bioreactor components that are in contact with cells and
culture medium must be bioinert and biocompatible. Furthermore, all the bioreactor components
should be chosen so that they can be used in wet environment and at a constant temperature of 37
°C. In order to reduce economical costs, all the bioreactor components have to be easily sterilized
by autoclaving (i.e. they have to be resistant to high temperatures), except those disposable. The
bioreactor design should also permit simple assembly and disassembly, in order to minimize the
exposition of cells to an undesired environment. Finally, bioreactors should permit easy control of

operational conditions and scale-up (Plunkett and O’Brien, 2011).

The primary function of a bioreactor is that of ensuring cell survival and proliferation by
providing uniform transfer of oxygen and nutrients to the cells and biochemical and biomechanical
cues to yield their differentiation towards the natural tissue during their in vitro cultivation.
Furthermore, bioreactors are adopted to provide uniform cell seeding at the beginning of the culture
by perfusing cells into the construct pores (Freed and Guilak, 2007; Fournier, 2012). The
obtainment of adequate cell seeding uniformity and the controlled supply of oxygen, nutrients and
biochemical and biomechanical cues to the cells is a major issue in tissue engineering and depends
on the bioreactor geometry and operational conditions, on mass transport inside and outside the
construct and on the cell type under culture (i.e. cell 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 porous scaffold represents the first step for the
culture of bioengineered tissues and plays a critical role in the progression of tissue maturation
(Martin et al., 2004). Cells should be seeded onto the scaffolds with the highest possible efficiency
to maximize the utilization of the small number of cells that may be isolated from a biopsy (Portner
et al., 2005; Martin et al., 2004). High initial cell densities have been associated to enhanced tissue
formation in 3D porous constructs, as in the cases of cartilage (Freed et al., 2007), bone (Holy et al.,
2000) and cardiac (Carrier et al., 1999) tissues. In particular, a uniform initial seeding distribution
of cells in the construct have been associated to a better cell distribution in the tissue once it has
formed, in different applications (Holy et al., 2000; Freed et al., 1998; Kim et al., 1998). On the
other hand, inhomogeneous cell distribution within the scaffold may severely alter the final
properties of the tissues (Portner et al., 2005).

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

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

consists in pipetting a concentrated cell suspension in the scaffold and relies on gravity as the
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leading principle for cell settlement and adhesion within the scaffold pores. However, static loading
generally cause low seeding efficiency and non-uniform cell distribution within the scaffold, due to
the lack of control and to the operator-dependent nature of the process (Holy et al., 2000; Kim et al.,
1998; Wendt et al., 2009; Martin et al., 2004). As a result, dynamic techniques according to which
bioreactors are used to enhance cell seeding by means of convective transport rather than
gravitational effects, which may reduce external and internal resistance to cell penetration, have
been proposed to overcome the limitations resulting from conventional static seeding (Vunjak-
Novakovic et al., 1999; Bueno et al., 2007; Freed and Vunjak-Novakovic, 1997). In particular, the
most promising approach seems to be represented by the perfusion seeding, which consists in the
direct perfusion of a cell suspension into the pores of the scaffold. This method has been shown to
be particularly successful for the seeding of cells into large-size scaffolds of low porosity, due to the
active driving forces involved that enhance fluid penetration into the scaffold pores (Wendt et al.,

2003).

1.3.1.2 Transport of oxygen, nutrients and metabolites

In vivo, the efficient supply of oxygen and nutrients to, and the removal of the waste
metabolites from, the cells is ensured by a complex vascular network, which is difficult to
reproduce in vitro. In fact, cells continuously consume oxygen and nutrients and produce waste
metabolites. This causes the solutes concentration at cell surface to significantly differ from that in
the bulk medium. Steep solutes concentration gradients may induce cells to behave differently
depending on their spatial distribution inside the scaffold and cause cell starvation. To reach the
cells anywhere in the construct, solutes have to be transported external to the construct across a
relatively stagnant layer of medium (i.e., from the medium bulk to the construct outer surface) and
inside the construct (i.e., from its outer surface to the innermost regions) across the cell mass, where
they are consumed (or produced). As a result, the spatial profile of such solutes depend on the

overall resistance determined by each bioreactor compartment (Catapano and Gerlach, 2007).
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The external resistance to solutes transport, and the consequent solutes concentration
gradients establishing from the medium bulk to the cell surface, increases with decreasing solute
diffusion coefficient in the medium, and increasing cell-specific solute consumption rate as well as
increasing thickness of the stagnating layer of medium. External mass transport resistance mainly
depend on the hydrodynamic conditions of the bioreactor and may be reduced by increasing the
intensity of culture medium mixing by superimposing a certain degree of convection over pure
diffusive transport. Internal solute transport and solutes consumption (or production) occur
simultaneously inside the construct. Under steady conditions, the solute concentration profiles
balance out the rate of internal transport with the rate of solute consumption (or production). As
cells proliferate and produce ECM, the pores of the construct become smaller, and the diffusion
ability of the solutes decreases as a result of a decreased construct porosity and increased construct
tortuosity. At the same time, since the cell concentration increases, the metabolic requirements of
the cells increase. These simultaneous phenomena contribute to increase the solutes concentration
gradients across the cell mass (Catapano and Gerlach, 2007; Martin et al., 2004; Fogler et al., 2006).
Since tissue constructs should have larger size, mass-transfer limitations represent a major issue in

tissue engineering (Portner et al., 2005).

1.3.2 Bioreactor systems used in Tissue Engineering

In general, bioreactors may be classified based on the mechanism through which solutes are
transported into (or out of) the cell compartment in static and dynamic. In particular, in static
cultures transport only occurs by diffusion, whereas in dynamic bioreactors solutes transport and
consequent tissue formation is enhanced by mechanical, hydraulic or pneumatic control of the cell

environment.
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1.5.2.1 Static bioreactors

Examples of bioreactors used for static cultures are the Petri dish, the multi-well plates and
the T-flask. They are generally suitable for the in vitro expansion of anchorage-dependent cells and
very easy to use. An important advantage related to the use of these systems is that cells are subject
to small shear stresses, that avoids cell wash out and damage. However, these devices only permit
an increase of the cell number by a factor of 10, so that several subcultivations are required to
obtain adequate cell expansion, that may cause cell dedifferentiation (Portner, 2005). Furthermore,
pure diffusive transport in static bioreactors ensures dissolved oxygen and nutrients supply only to a
distance about 100 um away from the construct outer surface, it subjects cells to oxygen and
nutrients concentrations largely varying in space (e.g., across the construct), and ultimately limits
the realization of clinical-scale 3D cell constructs (Griffith et al., 2005; Gaspar et al., 2012;

Muschler et al., 2004).

1.5.2.2 Dynamic bioreactors

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

2005).

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

throughout the culture chamber (Martin et al., 2004). Spinner flasks have been shown to enhance

36



cell proliferation and differentiation in bone tissue engineering as compared to static culture
(Carrier et al., 1999; Gooch et al., 2001). However, while enhancing external mass transport,
medium stirring generates turbulent eddies which cause shear stress that may be detrimental for
cells (Freed and Vunjak-Novakovic, 1995). Furthermore, it has been shown that, despite a certain
improvement of cell proliferation and differentiation of osteogenic cells as compared to static
culture, spinner flasks are not suitable to enhance uniform cell and ECM distribution in the
innermost construct (Sikavitsas et al., 2002). Finally, spinner flask have been shown to yield low

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

Rotating Wall Vessels - Rotating wall vessels consist of a cylindrical chamber in which cell-seeded
3D scaffolds are suspended within the culture medium, as a result of the rotation of the vessel wall
at a rate enabling the balance of drag force, centrifugal force and net gravitational force, and in
which it is coaxially located a cylindrical chamber from which oxygen and nutrients are provided to
the culture medium. This device can provide a dynamic culture environment for the cells with low
shear stress and high external mass transfer rate (Martin et al., 2004), that makes them suitable for
the culture of chondrocytes (Vunjak-Novakovic et al., 1999) and cardiac (Carrier et al., 1999) and
osteogenic (Granet et al., 1998) cells, among the others. However, the micro-gravity environment to
which cells are subject has been shown to be potentially inhibitory for osteoblast proliferation and
differentiation (Ontiveros and McCabe, 2003), whereas, likely due to the single axial rotation, cell
distribution may result to be non-uniform (Sikavitsas et al., 2002; Freed and Vunjak-Novakovic,
1997). Furthermore, the imperfect balance of centrifugal, gravitational and drag forces could lead to
the collision of the construct with the bioreactor wall, which causes cell damage (Goldstein et al.,
2001; Sikavitsas et al., 2002; Chen and Hu 2006). Finally, medium convection around 3D porous
constructs in rotating wall vessels has not been shown to permit adequate oxygen and nutrients

supply to cells deep into the construct and adequate expression of cell differentiation markers,
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although it has been reported to improve cell distribution and viability with respect to static

bioreactors (Granet et al., 1998; Sikavitsas et al., 2002; Catapano et al., 2007).

Axial flow packed-bed bioreactors - In order to overcome the transport limitations resulting from
the use of spinner flasks and rotating wall vessels, direct axial perfusion of 3D porous constructs
with medium in axial-flow packed bed bioreactors (aPBBs) has been proposed in which the
enhancement of oxygen and nutrients transport to cells internal to the construct is provided by
convection (Kim et al., 2000; Bancroft et al., 2002; Warnock et al., 2005). In particular, aPBBs have
been shown to be suitable for the enhancement of proliferation and differentiation of bone cells
(Goldstein et al., 2001), growth of human keratinocytes for skin tissue engineering (Navarro et al.,
2001), albumin synthesis by hepatocytes (Kim et al., 2000) and differentiation of cardiomyocytes
(Carrier et al., 2002). Furthermore, aPBBs are used to enhance cell seeding into 3D porous scaffolds
by transporting cells directly into the pores of the scaffold, which yields uniform cell distribution
(Martin et al., 2004). However, direct perfusion may cause undesired effects dependent on the
extent of the medium flow rate and the maturation stage of the constructs (Davisson et al., 2002).
For instance, at low axial superficial velocity the dissolved oxygen and nutrients concentrations
may steeply decrease towards the end of the construct leading to poor cell nourishment and causing
the formation of a necrotic end zone in constructs of high cell concentration (Piret et al., 1991,
Fassnacht and Portner, 1999), whereas cell perfusion at high axial superficial velocity to keep cells
viable and differentiated anywhere in the construct may cause cell wash-out (Singh et al., 2007;
Martin et al., 2004). As a result, the optimization of aPBBs for the engineering of clinical-size 3D
tissues is limited by the difficult balance among the mass transfer of nutrients towards, and waste
products from, the cells, the retention of ECM components within the construct pores, and the shear
stresses to which cells may be subject as a result of the 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 3D cylindrical porous scaffolds with a
coaxial hollow cavity has first been proposed to overcome the transport limitations of pure diffusive
operation and direct axial perfusion for the culture of hybridoma cells seeded onto porous glass
spheres (Kurosawa et al., 1991). Similar to axial perfusion, superimposition of convection to pure
diffusion should enhance solute transport to cells. Radially perfused hollow constructs would also
feature a larger cross-sectional area for solute transport and shorter solute transport path-length than
axially perfused constructs. Hence, cell constructs could be cultured in radial-flow packed-bed
bioreactors (rPBBs) at lower pressure drop and lower superficial velocity (hence lower shear
stresses) than aPBBs and still enable cell culture under smoother and more controllable dissolved
oxygen and nutrients concentration gradients in the direction of medium perfusion (Kino-Oka and
Taya, 2005). This is a very interesting feature to control pericellular environment and to guide cell
differentiation when realizing biological tissue substitutes for implantation or for the in vitro
toxicity screening of new drugs (Guillozo et al., 2008). In spite of these interesting features, only a
few reports have been published on the culture of human cells seeded in 3D porous scaffolds in
radial-flow packed-bed bioreactors for therapeutic applications. Radial perfusion of 3D constructs
in rPBBs has been shown to promote cell proliferation and differentiation to a greater extent than
static culture and conventional perfusion systems in different applications, especially for bone and
liver tissue engineering.

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

static culture (Xie et al., 2006). Similar results have been reported by Olivier et al. for the culture of
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MG63 osteoblast-like cells seeded onto large-size B-tricalcium phosphate porous scaffolds in
rPBBs. In particular, the authors have reported a more uniform cell distribution throughout the
construct under dynamic conditions, independent of the direction of medium perfusion, as
compared to static conditions (Olivier et al., 2007). The advantages of radial perfusion of cell
constructs over static cultures have been also shown by Arano et al. (Arano et al., 2010) and
Katayama et al. (Katayama et al., 2013) in the culture of MC3T3-E1 mouse osteoblastic cells and
human mesenchymal stem cells, respectively, seeded onto type 1 collagen sheets for bone tissue
engineering. In particular, the cell number has been reported to undergo up to a fivefold increase
(Arano et al., 2010) or a 60% increase (Katayama et al., 2013) with uniform cell distribution
throughout the construct under dynamic conditions as compared to static culture. Furthermore,
radial flow perfusion has been reported to be successful as compared to static systems in the culture
of goat bone marrow stromal cells seeded onto clinical-scale starch—polycaprolactone scaffolds. In
particular, it has been shown that radial flow perfusion enables cell proliferation up to 21 days of
cultures (Gardel et al., 2013). The usefulness of the radial flow type bioreactor for a three-
dimensional culture system was confirmed by the results reported for inward radial perfusion
culture in rPBBs of high concentrations of human liver cancer cells FLC-7 cultured onto porous
glass bead microcarriers (Kawada et al., 1998), and human squamous cell carcinoma A431 (Shibata
et al., 2009) and FLC-5 (Iwahori et al., 2011) seeded onto hydroxyapatite beads. In the development
of a bioartificial liver, inward radial perfusion culture in rPBBs has been reported to maintain in an
active metabolic state high concentrations of HepG2 cells seeded onto hydroxyapatite beads (Hongo
et al., 2005), porcine hepatocytes (Miskon et al., 2007) in small-scale constructs, and porcine
primary hepatocytes in clinical-scale constructs (Morsiani et al., 2000 and 2001). The co-culture in
rPBBs of immortalized (Saito et al., 2006) and primary fetal hepatocytes and non-parenchymal cells
(Ishii et al., 2008) in a 3D porous scaffold perfused inwards has been reported to promote the partial
organization of cells in a liver-like architecture with sinusoid-like lumen structures and sustained

liver-specific functions for a week. Finally, Kitagawa et al. have shown the effectiveness of the
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radial perfusion in the seeding and culture of NIH/3T3 cells in poly(L)lactic acid porous scaffolds
as compared to cell seeding in static systems and culture in spinner flasks, and have reported that an
optimal value of medium flow rate exists that balances out the oxygen and nutrients supply to the

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

1.4 Limitations in the realization of bioengineered tissue substitutes

Although considerable interest and effort has been paid on the possibility of realizing
engineered substitutes for the replacement of different types of tissues, so far the success of tissue
engineering has been only limited to the development of thin avascular tissues, such as epidermis
and nasal septum cartilage (Bryant et al., 2001; Martin et al., 1999; Obradovic et al., 1999). It is
generally acknowledged that the realization of 3D large-size tissue substitutes is limited by the
difficult supply of adequate amounts of dissolved oxygen and nutrients to cells located in the
innermost regions of 3D constructs, as well as the difficult removal of metabolic wastes (Malda et
al., 2007). Within the human body, oxygen and nutrients supply towards, and metabolic wastes
removal from, the cells are provided through a complex vasculature. In particular, in order to ensure
the adequate supply of oxygen and nutrients to the cells in vivo, each cell is located close to a blood
vessel. Such organized vasculature is lacking in implants formed in vitro. In in vitro static cultures,
oxygen, nutrients and metabolic wastes are supplied to, or removed from, the constructs only by
diffusion. Within the grafts in vitro, diffusion distances for oxygen and nutrients supply may be of
the order of multiple millimeters or even centimeters (Godia and Cairo, 2006; Malda et al., 2009;
Hassel et al., 1991), whereas diffusive transport may ensure oxygen and nutrients supply only to
constructs having thickness around 100 um (Chauduri et al., 2005). As a result, oxygen and
nutrients limitations and waste products accumulation can occur, especially when high cell

metabolic requirements and high cell concentrations are involved (Muschler et al., 2004).

In particular, the severe consumption of dissolved oxygen has been acknowledged to

represent the major limiting factor for cell survival in the development of bioengineered tissues, due
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to its low diffusion capacity, high cell-specific consumption rate and low solubility in acqueous
media, as compared to those of the other solutes (Malda et al., 2007). As a result, maintenance of
controlled oxygen concentration profiles throughout the constructs seems to be the most challenging

issue to overcome (Griffith and George, 2009).

1.5 Effect of oxygen concentration on mammalian cell behavior

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

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

Cell behavior strongly depends on the amount of available dissolved oxygen concentration
in the culture environment. Studies on different cell types in static 3D cultures have shown that
dissolved oxygen concentration gradients form from the periphery to the core of the constructs, and
they are directly related to the alteration of cell viability (Radisic et al., 2006; Malda et al., 2004)
and differentiation ability (Tuncay et al., 2006; Salim et al., 2004). These gradients become steeper
as cells grow, due not only to the higher cell concentrations, and thus to the increased metabolic
requirements of the tissue, but also on the construct pore obstruction caused by ECM formation that
limits oxygen convective transport (Malda et al., 2007). The inadequate dissolved oxygen supply
results in the formation of hypoxic (i.e. dissolved oxygen concentration is lower than the
physiologic values) or anoxic (no dissolved oxygen) regions in the innermost part of tissue-
engineered constructs. If the exposition of cells to such conditions is restrained in times (up to 12-
24 h), in many cases cells are able to adapt their metabolism so that their viability is not
compromised. For instance, hypoxia can enhance ECM production and increase angiogenesis and
cell proliferation. However, prolonged exposition to hypoxic or anoxic conditions overcomes the
adaptive capacity of cells and results in cell death (Malda et al., 2007; Catapano et al., 1996;

Muschler et al., 2004).
42



Cell growth may also be inhibited under hyperoxic conditions. Reactive oxidative
intermediates formed under cell exposition to higher-than-physiologic dissolved oxygen
concentrations have been shown to damage cells and contribute to cell ageing. As a result, dissolved
oxygen concentration should range within physiologic values throughout the constructs to ensure
cell survival (Balin et al., 1984).

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

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

1.6 Importance of mathematical modeling in Tissue Engineering

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

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

The realization of engineered biological human tissue substitutes has been indicated as a
promising alternative to synthetic grafts for the replacement of large-size tissue or organ defects.
The successful obtainment of bioengineered tissue substitutes able to reproduce the specific
functions of a given tissue in vivo and integrating within the body environment once implanted is
based on the combination of four key elements: isolated human autologous adult or stem cells (1)
are seeded onto a 3D porous support, termed scaffold (2), and cultivated in the presence of
biochemical and biomechanical cues (3) in bioreactors (4), that reproduce the adequate
environmental conditions guiding cells to re-organize and differentiate as in natural tissues and
organs. The major limitation for the development of bioengineered substitutes for tissue
replacement is the difficult supply of adequate amounts of dissolved oxygen and nutrients towards
the cells located in the innermost part of large-size 3D porous constructs. Static cell cultures have
been shown to ensure cell survival only in regions of the constructs close to their external surface,
since dissolved oxygen and nutrients are provided to the cells through pure diffusion. To overcome
the diffusion limitations of static cultures, bioreactors have been proposed in which some degree of
convection is superimposed to pure diffusion in order to reproduce more adequate environmental
conditions for cell survival and activity. However, several issues are involved in bioreactor design.
In particular, bioreactors proposed and used so far are suboptimal for geometry and operational
conditions to allow effective transport of dissolved oxygen and nutrients to, and metabolic wastes
removal from, the cell compartment.

Recently, radial flow bioreactors packed with annular porous constructs have been proposed
to overcome the transport limitations of static and axial perfusion bioreactors for the development
of clinical-scale substitutes for tissue replacement. In fact, radial perfusion of the porous construct
allows tissue development under perfusion rates ensuring adequate delivery of dissolved oxygen

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

In the optimization of bioreactor design, thorough experimental information should be
available to understand how the geometrical and operational parameters influence bioreactor
performance, and thus to optimize bioreactor design. However, such information may be provided
with a wide range of experiments, which are not cost and time effective. In the absence of such
experimental results, mathematical models may be useful to investigate how the different
parameters influence bioreactor performance and to optimize bioreactor geometry and operations
for a given application. However, as it will be discussed in the next chapters, a systematic analysis
of the influence of all the geometrical, transport and operational parameters on bioreactor
performance aimed to optimize the design of radial flow packed-bed bioreactors for tissue
engineering is still lacking. This limits the recognition of the most relevant parameters, and the
understanding of their interplay, determining rPBB behavior, 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-based reference framework to optimize
bioreactor design so that transport of dissolved oxygen, nutrients and biochemical and
biomechanical cues towards, and metabolic wastes removal from, the cells is maximized and
controlled, in order to prevent cell starvation and to guide cell differentiation towards a given
phenotype in the development of clinical-scale bioengineered substitutes for tissue replacement.
Particular attention will be paid on dissolved oxygen transport, since its limiting role is generally
acknowledged for the realization of large-scale 3D constructs. In order to reach the proposed
objective, the present work is divided in three different steps, that will be correspondingly discussed
in the following three chapters. In particular:

1. In the second chapter, a reference framework based on a one-dimensional stationary transport
model is presented aimed to optimize scaffold geometry and direction and extent of radial
superficial velocity of the culture medium across the cell mass for the culture of clinical-size
bioengineered tissues in rPBBs, under the assumption that radial fluxes of culture medium are
uniformly distributed along the construct length.

2. In the third chapter, a criterion to optimize radial flux distribution of culture medium along the
construct length is presented based on a two-dimensional stationary momentum transport model

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

3. In the fourth chapter, a two-dimensional steady-state model is presented describing mass and
momentum transport in the rPBB to determine the actual influence of medium radial flux
distribution on mass transport towards the cells during tissue reconstruction and to design rPBBs
providing controlled physiological supply of oxygen to cells depending on their metabolic

requirements for a given therapeutic objective.
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Chapter 2*
Model-based optimization of scaffold geometry and operating conditions

of radial flow packed-bed bioreactors for therapeutic applications

2.1 Introduction

In recent years, the scarcity of donor tissue to replace the mechanical or metabolic functions of
missing or failing tissue has prompted the search for alternative treatments (Langer et al., 1995). An
interesting alternative to tissue replacement with artificial grafts and to animal models for in vitro
drug screening is to engineer biological substitutes of human tissue by seeding isolated autologous
cells in three-dimensional (3D) porous scaffolds and by guiding cell re-organization and
differentiation in bioreactors in which cells are subject to physiological mechanical and biochemical
cues. In the repair of large bone defects, the presence of autologous cells could eliminate rejection
of allo- or xenografts and could enhance graft osteointegration as compared to artificial bone grafts
(VandeVord et al., 2005). In the extracorporeal assist to liver failure patients, treatments based on
bioreactors using engineered liver tissue could provide the patient with more liver-specific functions
(virtually all of them) than non-specific artificial treatments and bioreactors using immortalized cell
lines or enzymes (Zeilinger et al., 2004).

An important step in the realization of clinical-scale engineered tissue is the construct culture in
bioreactors designed and operated in such a way to guide cell re-organization and differentiation as
in the natural tissue. Cell culture in the presence of controlled physiological concentrations and
supply of nutrients and dissolved oxygen is a basic bioreactor requirement to ensure cell survival
and to make cells differentiate to a given phenotype. Pure diffusive transport in static bioreactors

has been shown to subject cells to oxygen and nutrients concentrations steeply varying across the

! This chapter is adapted from Donato, D; De Napoli, I.E.; Catapano, G. Model-Based Optimization of Scaffold
Geometry and Operating Conditions of Radial Flow Packed-Bed Bioreactors for Therapeutic Applications. Processes
2014, 2, 34-57.

47



construct and to limit the realization of clinical-scale 3D cell constructs (Wendt et al., 2003,
Glicklis et al., 2000; Gaspar et al., 2012; Muschler et al., 2004; Griffith and George, 2005). To
minimize the diffusive limitations to external solute transport, bioreactors have been proposed in
which some degree of external convection is superimposed over pure diffusion by perfusing the
medium around or along the construct. Radial medium perfusion along two-dimensional (2D)
cultures of liver cells in a gel sandwich adherent to glass discs (Jaesung et al., 2008) or constrained
between microporous membranes encased in a rigid frame (Niu et al., 2009) permits the design of
more compact bioreactors than the typical flasks or dishes. Medium convection around 3D porous
constructs in spinner flasks and rotating wall vessel bioreactors has been reported to improve cell
distribution and viability with respect to static bioreactors but has not been shown to permit
adequate oxygen and nutrients supply to cells deep into the construct and adequate expression of
cell differentiation markers (Granet et al., 1998; Sikavitsas et al., 2002; Catapano and Gerlach,
2007). Medium supplementation with carriers reversibly binding oxygen (e.g., cross-linked
hemoglobins or perfluorocarbons) has also been proposed to mimic the oxygen storage function of
hemoglobin in the red blood cells and overcome the low solubility of oxygen in aqueous media
(Radisic et al., 2005; Sullivan and Palmer, 2006). The inclusion of porous hydrophobic
microspheres in 3D collagen gel constructs has been shown to enhance oxygen diffusive transport,
and increase the oxygen penetration depth, into the construct and hepatocyte functions by
promoting some degree of local natural convection at the gel interface with the microspheres
(McClelland and Coger, 2000, 2004). Direct axial perfusion of 3D porous constructs with medium
in axial-flow packed bed bioreactors (aPBBs) has been shown to enhance oxygen and nutrients
transport to cells internal to the construct as compared to static culture (Kim et al., 2000; Bancroft et
al., 2002; Warnock et al., 2005; Frolich et al., 2010), but also to possibly cause poor cell
nourishment (Piret et al., 1991; Fassnacht and Portner, 1999) or cell wash out when medium is
perfused at axial superficial velocity low enough to avoid cell detachment or high enough to ensure

cell survival, respectively (Singh et al., 2007).
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Radial perfusion with medium of cells seeded onto 3D annular porous scaffolds has been shown
to be advantageous over pure diffusive operation and direct axial perfusion to realize biological
tissue substitutes for tissue replacement or for the in vitro toxicity screening of new drugs
(Kurosawa et al., 1991; Kino-Oka and Taya, 2005; Guillouzo and Guguen-Guillouzo, 2008).
However, only a few reports have been published on the culture of human cells seeded in 3D porous
scaffolds in radial-flow packed-bed bioreactors for therapeutic applications, which suggest the
successful use of this bioreactor configuration particularly for the development of bioengineered
bone (Xie et al., 2006; Olivier et al., 2007; Arano et al., 2010; Katayama et al., 2013) and liver
(Hongo et al., 2005; Miskon et al., 2007; Morsiani et al., 2000 and 2001; Ishii et al., 2008; Kawada
et al., 1998; Saito et al., 2006).

In the absence of thorough experimental information, the peculiar features of rPBBs could be
exploited with the help of mathematical models of momentum and solute transport across the
construct. In this chapter reference is mainly made to the few models proposed for mammalian cell
culture in rPBBs because they account for some typical cell features, such as the sensitivity of their
metabolism to the culture environment (e.g., pericellular dissolved oxygen and nutrients
concentration, shear stress, pressure), and the fact that some cell types proliferate during culture
thus changing both the geometry of the flow channel and the conditions under which the bioreactor
is operated, among others. All models propose a pseudo-homogeneous description of transport
across the construct, and neglect transport in the inner hollow cavity and the peripheral annular
space. Tharakan and Chau (Tharakan and Chau, 1987) proposed a steady-state transport model of
the limiting metabolic substrate and the products across an annular bed of mammalian cells
perfused outwards with medium for the production of monoclonal antibody. The model accounts for
dispersive and convective solute radial transport across the cell construct, for substrate consumption
in terms of the Monod kinetics and for the possible presence of semipermeable membranes in the
cell mass, albeit in lumped fashion. The model was used to investigate the effect of the

dimensionless radial superficial velocity, the dimensionless construct thickness, and the cell
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metabolic activity on the substrate conversion to products and their distribution across the cell
construct. Cima et al. (Cima et al., 1990) described the steady-state transport by diffusion and
convection of dissolved oxygen and nutrients across an annular bed of cells seeded in the thin gap
between two concentric thick-walled microporous hollow fiber membranes. Dimensionless analytic
expressions for the dissolved oxygen and nutrients concentrations across the cell mass have been
reported for zero-th order cellular consumption kinetics and for uniform solute concentrations in the
inner fiber lumen and outside the outer fiber wall, equal to each other. The model was used to
investigate the effect of the dimensionless radial superficial velocity and solute consumption rate on
the dissolved oxygen and nutrients concentrations across the cell mass for a given hollow fiber
membranes geometry, outward medium perfusion flow, and cells with low metabolic requirements.
Bohmann et al. (Bohmann et al., 1992) developed and experimentally validated a lumped parameter
model describing radial perfusion and metabolic consumption of dissolved oxygen across a 35 mm
thick annular bed of SIRAN® macroporous beads wrapped in a dialysis membrane in which
hybridoma cells were cultured. The model was used to investigate the influence of the concentration
of low-molecular weight solutes, freely permeable across the membrane, and high molecular weight
solutes, retained in the bed, on long-term monoclonal antibody production. The model enabled the
bioreactor scale-up froma 0.1 L to a 5 L bed volume (Portner et al., 2007).

A systematic analysis of the influence of all the dimensionless parameters accounting for
geometrical, transport and operational parameters on bioreactor performance to enable culture of
clinical-scale substitutes for tissue replacement under controlled pericellular environment has not
been reported yet. Assuming that uniform radial flux distribution of culture medium along the
construct length may be achieved for a given construct geometry, the first step in the optimization
of rPBB design is the optimization of construct geometry and shape and of the medium flow
configuration (i.e. direction and extent of the radial superficial velocity of the culture medium)
enabling survival of cells, which have a concentration-dependent solute consumption kinetics, with

a given radial perfusion rate to avoid cell damage or wash out.
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In this chapter, it is proposed a model-based reference framework aimed to optimize scaffold
geometry and operating conditions (i.e., direction and superficial velocity of the perfusing
medium) of convection-enhanced rPBBs for therapeutic applications. The framework relies on a
one-dimensional pseudo-homogeneous model based on the Darcy and the convection-dispersion-
reaction equation to describe the pseudo steady-state transport of momentum and dissolved oxygen
in annular porous constructs of varying geometry, which are perfused with medium flowing in
different directions, under the assumption that uniform radial flux of culture medium is ensured
along the construct length, and in which human cells consuming oxygen according to Michaelis-
Menten kinetics are cultured at varying concentrations. Dimensional analysis is used to identify the
dimensionless groups determining the bioreactor performance 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 transport of momentum and low molecular weight
solutes in convection-enhanced radial packed-bed bioreactors. The attention was focused on oxygen
for its importance to cell metabolism (Rotem et al., 2004; Catapano et al., 1996; Allen et al., 2005;
Volkmer et al., 2008; Griffith et al., 2009). Schemes of an rPBB with opposite perfusion flows are
reported in Figure 2.1. The bioreactor consists of a cylindrical chamber equipped with inlet and
outlet fittings in which it is located a 3D cylindrical porous scaffold of length L, outer radius R,, and
porosity €, with a coaxial hollow cavity of radius R. Human cells are seeded and cultured at a
concentration Cgg in the pores of the construct annular wall of thickness 6c. Medium of viscosity u
carrying oxygen at a concentration C, is fed to the bioreactor at a flow rate Q and continuously

flows radially across the construct from the outer peripheral annular space towards the inner hollow
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cavity (i.e., inwards), as shown in Figure 2.1a, or from the inner hollow cavity towards the outer
peripheral annular space (i.e., outwards), as shown in Figure 2.1b, at a maximal superficial velocity
Vo at the inner construct surface (i.e., r = R). In the inner hollow cavity and the peripheral annular
space medium is assumed to flow axially in opposite directions and is assumed well-mixed (i.e.,
solute concentration is uniform throughout). The flow configurations considered are often referred
to as CP-x flow (or centripetal) (Figure 2.1a) or CF-x flow (or centrifugal) (Figure 2.1b) (Chang et
al., 1983). The term n-flow indicates that medium flow directions in the inner hollow cavity and the
peripheral annular space are opposite. Dissolved oxygen is carried by the medium into the construct
where it is transported to the cells by convection (i.e., associated to the net medium flow) and
dispersion with a dispersion coefficient D¢ (i.e., transport is promoted by a concentration gradient
in the presence of the flowing medium), and it is metabolized by the cells. At low medium
superficial velocity across the construct, the concentration gradient-driven oxygen transport occurs
mainly by diffusion (Delgado, 2006). At high medium superficial velocity, the mixing generated by
the medium flowing across the porous scaffold becomes important and the concentration gradient-
driven oxygen transport is mainly dispersive (Delgado, 2006). The conservation equations

governing the rPBB performance were obtained under the following assumptions:

1. axial symmetry;

2. steady-state conditions;

3. incompressible fluid;

4. isothermal conditions;

5. transport in the construct is described according to a pseudo-homogeneous approach;
6. construct is described as an isotropic porous medium with Darcy permeability k;

7. uniform cell distribution Cg;

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

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

11. dissolved oxygen is transported across the construct by convection and dispersion;

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

consumption rate G and a Michaelis constant K.

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

variables

Pl=——C 1 C =25 B= (2.1)

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

continuity equation

v =t 2.2)
r
momentum conservation (Darcy equation)
. kLdRS
VC == E dC* (23)
mass conservation
R{ .dC., ) 1 d [ .dC. , R® C.
Pe —|V, —% |=5—| T < |- — .

e SC[C dr j : dr( dr j A (@3)

where y = 1 in the case of outward flow, and y = —1 in the case of inward flow. Equation 2.3 is
subject to the boundary condition stating that the outlet pressure equals atmospheric pressure, as

follows:

53



B.C. la

B.C.1b

* 6
outward flow(y =1) r :1+FC P. =0

inward flow(y =-1) r =1 P. =0

(2.43)

(2.5b)

Equation 2.4 is subject to two boundary conditions, of which B.C.2 states the continuity of solute

flux at the entrance to the construct in terms of Danckwert’s condition, and B.C.3 states the

continuity of fluxes across the outer construct surface when solute concentration does not change

any further once the medium leaves the construct, as follows:

* * l SC dCC

B.C. 2a outward flow(y =1) r=1 1=C, - ——=0
Perad,max R dr
B.C.2b inward flow(y = -1) r =1+57C 1=C. - L % 1+8—C dCE =0
R Pe.amx R R ) dr
B. B.C. 3a outward flow (y=1) r*=1+5—C dCf =0
R dr
. . dC,
B.C.3b inward flow (y =-1) r =1 o =0
r

(2.5a)

(2.6b)

(2.6a)

(2.7h)

When Peragmax >> 1, Equations 2.6a,b state that solute concentration in the stream entering the

construct equals that in the feed.
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Figure 2.1. Scheme of radial flow packed-bed bioreactors (rPBBs) with opposite perfusion flows across the annular
construct wall: (a) inward flow; (b) outward flow.

2.2.1.2. Diffusion-limited transport model of rPBB

For the sake of comparison, a diffusion-limited model of solute transport in the rPBB was also
developed. In this case, the construct is assumed to be dipped and held suspended in medium
carrying oxygen at a concentration C, in a reservoir and medium has unhindered access to the
hollow cavity. Under the same assumptions as in the convection-enhanced transport model, but for
the fact that oxygen transport occurs only by diffusion with an effective diffusion coefficient De,
and for the same non-dimensional coordinates and variables as in Equation 2.1, the governing mass

conservation equation in the construct may be re-arranged in dimensionless form to give:

*

_¢D 5_2 (2-7)

C B+CC*

1d r*dCC* 2 R? C.
rodr’ dr’

which is subject to two boundary conditions stating that both the inner and the outer construct
surfaces are exposed to the same dissolved oxygen concentration in medium C, (i.e., well mixed

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

B.C.2 r=1+-= C.=1 (2.90)

2.2.1.3. Convection-enhanced transport model of aPBB

To compare the rPBB performance to that of an aPBB, reference was made to the dimensionless
design equations of aPBBs in which medium carrying oxygen at a concentration C, perfuses at an
axial superficial velocity u, a cylindrical construct of length L and radius R, as in (Fogler, 2006).
Under the same assumptions as in the convection-enhanced transport model of rPBB, and for the
same non-dimensional coordinates and variables as in Equation 2.1 but for z_ = z/L, the governing

mass conservation equation in the construct may be re-arranged in dimensionless form to give:

momentum conservation (Darcy equation)

.k drS
U. =—— 2.9
C R2 dz* ( )
mass conservation
.dc.” d*c.” c.
Pe, s —o=——C ¢ —C 2.1
ax~C dZ dZ 2 ¢C B+CC ( O)

Equation 2.10 is subject to the boundary condition stating that the outlet pressure equals

atmospheric pressure, as follows:
B.C.1 =1 P.=0 (2.11)

Equation 2.11 is subject to two boundary conditions of which B.C. 2 states the continuity of solute
flux at the entrance to the construct in terms of Danckwert’s condition, and B.C. 3 the continuity of
fluxes across the outer construct surface when solute concentration does not change any further

once the medium leaves the construct, as follows:
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B.C.2 7" =0 1=C."

S (2.12a)

B.C.3 7" =1 -0 (2.13b)

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

Analysis of dimensionless Equations 2.1-2.7 shows that the rPBB performance is determined by
the six dimensionless groups reported in Table 2.1. The physical interpretation of most of these
dimensionless groups is well established (Bird et al., 2007). The dimensionless group k L/R® may be
interpreted as the dimensionless Darcy permeability of the construct and provides information about
the radial pressure drop across the construct at a given flow rate. The higher its value, the lower the
radial pressure drop across the construct. The construct inner radius-to-wall thickness ratio, R/éc,
accounts for the construct curvature. The higher the inner radius or the thinner the thickness of the
annular wall, the more negligible the construct curvature. The maximal radial Peclet number,
Peragmax, cOmMpares the maximal rate of solute transport in the construct by convection to dispersion.
The higher its value, the higher the importance of convection to solute transport as compared to
dispersion. The Thiele modulus compares the maximal zero-th order solute consumption rate, Vimax
= Ccar'G, to the maximal rate of dispersive solute transport, C, Dc/dc2. High Thiele moduli may be
associated with high cell concentrations, Cc, or high cell-specific metabolic consumption rates, G.
The saturation parameter B provides information on the extent to which the consumption kinetics

differs from the zero-th order. The higher its value, the closer the kinetics to the first order.
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Group Definition Description

l.y perfusion flow direction parameter

2.k LIR® dimensionless Darcy permeability of construct
3. R/6¢c inner radius-to-thickness ratio of the construct
4. Vo 8¢c/Dc maximal radial Peclet number, Perag max

5. V(Vmaxdc/(Dc Co))  Thiele modulus, ¢c

6. Km/Co saturation parameter, 3

Table 2.1. Dimensionless groups determining the rPBB performance.

2.2.2.2 Diffusion-limited transport model of rPBB

Analysis of dimensionless Equations 2.8 and 2.9 shows that under diffusion-limited operation,
the performance of the rPBB is determined only by the construct curvature, R/5c, the Thiele

modulus ¢p = V(Vimax 8c*/(Deit Co)) and the saturation parameter p = Ku/Co.
2.2.2.3 Convection-enhanced transport model of aPBB

Analysis of dimensionless Equations 2.10-2.13 shows that the dimensionless groups determining
the performance of an axial-flow packed bed bioreactor are the dimensionless Darcy permeability
of the construct, k/R?, the axial Peclet number, Pe., = U, L/D¢, the Thiele modulus ¢c = \/(Vmax L2/(DC

C,)) and the saturation parameter B = Ku/Co.
2.2.3. Computational Methods

The resulting set of governing equations for a convection-enhanced or a diffusion-limited rPBB,
and for an aPBB, was integrated numerically with the commercial Finite Element Method (FEM)
code Comsol Multiphysics (Comsol Inc., Burlington, MA, USA). An optimal non-uniform mesh
with more than 20,000 rectangular elements, finer at the construct inner and outer surfaces, was

generally used to describe the spatial domain. Model-predicted spatial profiles of superficial
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velocity, pressure and dissolved oxygen concentration were obtained for values of the model
parameters and dimensionless groups representative of those used in experiments in which rPBBs
were used, or typically reported or of interest for therapeutic applications, as reported in Tables 2.2
and 2.3 unless otherwise stated. In particular, the effective diffusivity of oxygen, D, was estimated
according to (Fogler, 2006) by multiplying that in water at 37 °C (Han and Bartels, 1996) by a
construct porosity € = 0.7, typical of the 3D porous scaffolds used in rPBBs (Xie et al., 2006;
Olivier et al., 2007). The dispersion coefficient for oxygen in the construct was estimated by
adjusting the diffusivity according to the correlations for liquids in (Delgado, 2006) for the value of
the maximal radial superficial velocity, vo. The value of v, was set equal to 1.98 x 10 m/s
throughout, consistent with the values used in the few culture experiments reported for rPBBs with

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

Group Definition Description

1. perfusion flow direction parameter, y —1 (inwards), 1 (outwards)

2. dimensionless Darcy permeability of construct, k L/IR®  2.24 x 107'°-2.24 x 10™*

3. construct curvature, R/o¢ 0.1-10
4. maximal radial Peclet number, Perag max 49

5. Thiele modulus, ¢c or ¢p 1-20
6. saturation parameter, 3 0.019

Table 2.2. Dimensionless group values used for model predictions, unless 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 2.64x10° ms (Han and Bartels, 1996)

Desf effective oxygen diffusivity inthe ~ 1.85x10° m%/s (Fogler, 2006)

construct

Dc oxygen dispersivity in the construct 2x10°  m?s (Delgado, 2006)

K oxygen Michaelis constant 4.05%10° mol/m® (Zahm etal., 2010)

k Darcy permeability of construct 1.4%x1078 m? (Chen and Palmer, 2009)
L scaffold length 0.2 m

Vo maximal inlet superficial velocity 1.98 x 10" m/s (Olivier et al., 2007)

dc scaffold thickness 0.005 m (Olivier et al., 2007)

T medium viscosity 6.92x10* Pas (Abdullah et al., 2006)

Table 2.3. Model parameter values used for model predictions, unless otherwise stated.

Although the spatial dissolved oxygen concentration profiles are essential to assess the actual
pericellular culture conditions, a more helpful approach to the first decisional phases of design is to
condense bioreactor performance in one parameter only, and to analyze the influence of the most
relevant dimensionless groups on this performance parameter. With respect to oxygen, the basic
requirement for cell survival is that cells should be supplied with physiological amounts of oxygen
and should be cultured at physiological dissolved oxygen concentrations anywhere in the construct.
To this purpose, an alternative performance parameter was introduced that was deemed more
significant to bioreactor designers for therapeutic applications. It provides information on the
volume fraction of the construct in which cells are exposed to physiological dissolved oxygen

concentrations, and was termed the non-hypoxic fractional construct volume (NHy-FCV). In this
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work, the minimal value for physiological oxygen concentrations was set equal to 2x10 2 mM, a

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

Radial-flow packed bed bioreactors have distinctive features that make them interesting for
therapeutic applications. Their structure resembles the architecture of long bones (e.g., the femur shaft)
(Clarke, 2008) and the medium perfusion pattern is similar to blood in the liver lobule (Tortora and
Derrickson, 2006), when the construct is perfused inwards. Radial perfusion enhances solute
transport to cells with respect to pure diffusion. Radially perfused hollow cylindrical constructs
feature also a larger cross-sectional area and a shorter path-length for solute transport than axially
perfused constructs. In this chapter, a model reference framework is presented to help designers of
rPBBs optimize their geometry and operation to meet given therapeutic requirements. The
framework is based on the model described by Equations 2.1-2.9 in which the pseudo steady-state
transport of momentum and dissolved oxygen across an annular cell-seeded construct is described
according to the Darcy and the dispersion-convection-reaction equation, respectively. The
dimensionless groups determining the actual dissolved oxygen concentration profile in the construct
and the performance of the rPBB were obtained by dimensional analysis of Equations 2.1-2.9 and
are shown in Table 2.1. The pseudo steady-state assumption is not a limitation to the use of the
model. In fact, the large difference in the time scale typical of bioreactor dynamics (of the order of
the minute) and of the kinetics of cell growth (of the order of the day), makes it possible to use the
model for investigating bioreactor performance as cells proliferate and/or secrete an own ECM by
adjusting the dimensionless groups values to the maturation of the cell construct. Another important
assumption in the model development is that medium flows at uniform superficial radial velocity
along the bioreactor length. In fact, maldistribution of radial velocity has been reported to have
more influence on the performance of radial-flow packed bed reactors for industrial applications

than other parameters, such as the flow direction (Ponzi and Kaye, 1979). In the use of rPBBs for
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human cell culture, a non-uniform superficial radial velocity would cause a non-uniform supply of
dissolved oxygen, nutrients and biochemical cues to cells that, during culture, might yield a non-
uniform cell distribution in the construct as an effect of poor cell proliferation or cell necrosis in the
poorly perfused regions of the construct. As tissue matures, this would cause the Darcy permeability
of the construct to decrease non-uniformly thus worsening even further the radial flow
maldistribution and its effects. As Figure 2.1 shows, in the model development reference was made
to rPBBs in which the directions of axial flow in the inner hollow cavity and the outer peripheral
annular space are opposite, i.e., a n-flow type bioreactor configuration, to make it more likely that
the actual radial superficial velocity be uniformly distributed along the bioreactor length under
actual operation. In fact, if the frictional pressure drop is negligible in the inner hollow cavity and
the outer peripheral annular space, independent of the flow direction, the axial pressure profiles in
these regions develop in such a way to maintain a constant radial pressure drop across the construct

(Chang et al., 1983).

2.3.1 Model validation

The scarcity of experimental data for human cell culture in convection-enhanced rPBBs and the
difficult procurement of detailed information on the conditions and geometry used made it awkward
to validate the model. For these reasons, model goodness was assessed by comparing the
model-predicted dissolved oxygen concentration profiles across the annular constructs to those
predicted by Cima et al. (Cima et al., 1990) and the model-predicted glucose consumption, to that
reported by Olivier et al. (Olivier et al., 2007) for the culture of osteosarcoma cells in an rPBB
perfused with medium both inwards and outwards, as shown in Figure 2.2. In the latter case, the
rPBB was assumed to be connected in closed loop to a completely mixed reservoir, and its
dynamics was neglected with respect to the reservoir on the account of its small volume. Glucose
consumption was estimated from the model-predicted decrease of glucose concentration in the

reservoir after 24 h. Figure 2.2a shows that the predictions of the model presented in this paper were
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in good agreement with those reported by Cima et al., for the geometry and the operating conditions
used therein, i.e., zero-th order consumption Kinetics, Thiele moduli typical of cells with low
metabolic requirements, and exposure of the construct inner and outer surfaces to equal dissolved
oxygen concentrations (Cima et al., 1990). Figure 2.2b shows that the model effectively predicted
also the experimental results reported by Olivier et al., for the culture of osteosarcoma cells in an
rPBB (Olivier et al., 2007). In this case, the cell-specific glucose consumption rate was estimated
with the diffusion-limited transport model as that best fitting the experimental data reported for
static culture in the rPBB. When medium was perfused outwards, the decreased cell concentrations
that were observed by Olivier et al. in the construct, likely as an effect of cell wash-out, were taken

into account.
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Figure 2.2. Comparison of model-predicted low molecular weight substrate concentrations to: (a) the theoretical
predictions for dissolved oxygen of Cima et al. (Cima et al., 1990); (b) the experimental data for glucose
consumption of Olivier et al. (Olivier et al., 2007). Predictions obtained for the following parameter values: (a) y = 1,
R/8¢ = 1.49, Pe/agmax = 0.67, k L/IR® = 1.5 x 107, ¢c = 1.16 (@) and 1.34 (m); (b) R/5¢ = 0.4, Peyag max = 1071, KL/R® =
2.5 %107, e =0.82-0.93, p = 0.02, for perfusion inwards y = 1 (#), outwards y = —1 (m), or static operation (X).

2.3.2 Convection-enahced vs. diffusion-limited rPBBs

Model predictions show the convenient characteristics of radial-flow packed bed bioreactors as
compared to static operation and axial-flow packed bed bioreactors in the culture of cell-seeded

constructs. Figure 2.3 shows that radial perfusion in an rPBB may vyield better oxygen supply to
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cells anywhere in the construct and more uniform pericellular dissolved oxygen concentrations than
static operation. In spite of the fact that under static operation oxygen is supplied to cells through
both the inner and the outer construct surfaces, when transport is diffusion-limited the dissolved
oxygen concentration steeply decreases towards the innermost regions of the annular construct.
Oxygen depletion gets worse when highly concentrated cells with high metabolic requirements are
cultured, i.e., as the Thiele modulus increases. Figures 2.3a,b show that under static operation for
Vinax = 1.76 x 10~° mol/(mL s) cells would be cultured under anoxic conditions in about 65% of
the construct volume. This could be the case of osteoblasts consuming oxygen at G = 5.5 x 10"
mol/(s cell) (Komarova et al., 2000) cultured in a 3D porous hollow cylindrical scaffold at a
concentration of Ce = 3.2 x 10’ cells/mL (Warnock et al., 2005). When the same construct is
radially perfused with medium at Peragmax = 49, independent of the direction of the perfusion flow,
the radial dissolved oxygen concentration profile is about uniform across the construct at the same
value as in the feed as long as the cell-specific oxygen consumption rate and cell concentration
yields Vimax up to ca. 1.8 x 107" mol/(s mL). Independent of the flow direction, at higher Thiele
moduli the dissolved oxygen concentration smoothly decreases along the direction of medium
perfusion. Figures 2.3a,b show that for Vi = 1.76 x 10~ mol/(s mL) the minimal dissolved oxygen
concentration nowhere gets below ca. 50% of that in the feed. Such a remarkable transport
enhancement may be attributed directly to convection, but also to the convection-related increase of

the dispersion coefficient.
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Figure 2.3. Dimensionless radial oxygen radial concentration profiles at varying maximal oxygen consumption rates
Vina: (i) 1.76 x 107'° mol/(s mL); (ii) 8.8 x 107'° mol/(s mL); (iii) 1.76 x 10~° mol/(s mL) for cells cultured in a
hollow cylindrical construct in an rPBB radially perfused with medium (solid lines) (a) outward or (b) inwards, or
(dashed lines) statically operated. Parameter values: R/8¢c = 0.4, Perag max = 49. Other parameters are as in Tables 2.2
and 2.3.

2.3.3 Radial vs. axial PBBs

The performance of an rPBB was compared to that of an aPBB for the case of the bioengineering
of a clinical-scale long bone graft (e.g., a femur shaft) or of a bioreactor for a bioartificial liver
(BAL), under the constraint that the construct length and volume, and the maximal superficial
velocity be equal to the aPBB. For the superficial velocity this means that v, = u,. In the case of the
aPBB, the bioengineered femur shaft was approximated with a cylindrical porous construct 40 cm
long and 3.5 cm in diameter, similar in size to the human femur shaft (Clarke, 2008), and the
bioreactor for BAL was assumed to be based on a cylindrical porous construct 20 cm long and 3 cm
in diameter so as to be easily fitted in the housing of some clinical-scale BAL bioreactors proposed
in the last years (Catapano and Gerlach, 2007). In either case, the rPBB was assumed to be
equipped with a cylindrical construct of equal length and volume with an inner hollow cavity of
radius R = 5 mm. For the bone graft, the constructs were assumed to be seeded with 10’
osteoblasts/mL consuming oxygen at 5.5 x 10" mol/(cell s) (Komarova et al., 2000). For the liver
graft, it was considered the possibility that the constructs are seeded with either hepatocytes or

HepG2 cells, consuming oxygen at 9 x 10 '® mol/(cell s) (Balis et al., 1999) or 6.62 x 10"’
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mol/(cell s) (Mehta et al., 2009), respectively. Radial medium perfusion across the construct
generally yields dissolved oxygen concentration profiles, which decrease more smoothly in the
direction of medium perfusion than in aPBBs. In the case of the bioengineered long bone graft,
Figure 2.4a shows that in an aPBB the dissolved oxygen concentration steeply decreases away from
the entrance. This results in a non-hypoxic fractional construct volume of only NHy-FCV = 0.18
and causes cells to be cultured under anoxic conditions in about 78% of the construct volume.
Figure 2.4b shows that in an rPBB the dissolved oxygen concentration in the construct decreases
more smoothly in the direction of the perfusion flow and it is nowhere below 62% of the feed,
largely exceeding the set physiological threshold value. Similar results were obtained in the case of
bioreactors for BAL seeded with the HepG2 immortalized cell line (data not shown). Oxygen
depletion was much more severe in bioreactors seeded with primary hepatocytes causing cells to be
cultured under anoxic conditions in more than 60% of the construct volume. However, in the rPBB
the well oxygenated fractional construct volume was about fifteen fold higher than in the aPBB
(31% vs. 2%, respectively). The transport enhancement in the rPBB may be attributed to the shorter
oxygen transport path-length than the aPBB (i.e., the construct annular thickness vs. length) that
apparently more than compensates for the fact that the axial Peclet number in the aPBB is more than
one order of magnitude higher than the maximal radial Peclet number in the rPBB. Bioreactor
performance was compared at v, = U, = 1.98 x 10* m/s because this would guarantee that cells are
not damaged by shear stresses. In fact, if the average shear stress acting on cells for medium

perfusion in the construct is estimated according to (Wang and Tarbell, 2000), as follows:

N (2.14)

T

it may be estimated that T = 0.35 Pa in both bioreactors. This is below the reported range of laminar
shear stress at which adherent cells are removed from surfaces (Christi, 2001). However, the
maximal pressure drop across the axially perfused construct is about two orders of magnitude

higher than in the radially perfused construct which may compress or even crush soft scaffolds and
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cause mechanical damage to cells or cell wash-out. Increasing u, in the aPBB to obtain a smoother
axial dissolved oxygen concentration profile would cause an even greater increase of the axial
pressure drop that may worsen these effects.
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Figure 2.4. Dimensionless oxygen concentrations in a 3D porous bone construct perfused with medium: (a) axially
(Peax = 3910); (b) radially outwards (Peragmax = 129, R/5¢ = 0.38, y = 1). Parameter values: Cy = 107 cell/mL, G =
5.5 x 1077 mol/(s-cell), L = 40 cm. Other parameters are as in Tables 2.2 and 2.3.

2.3.4 Effect of dimensionless groups on rPBB behavior

In the reports published on convection-enhanced rPBBSs, it has not been paid much attention to
the effect of the construct curvature on rPBB performance. In the model proposed in this chapter,
the construct curvature is accounted for by the ratio of the inner hollow cavity radius to the
construct annular thickness, R/6c. Model-predicted dissolved oxygen concentration profiles were
obtained at varying values of this dimensionless group by keeping ¢ constant and by varying the
construct inner radius R to avoid changes of the other dimensionless groups. This way,
dimensionless groups such as the Peragmax and @c, as well as the oxygen transport path-length and
medium residence time, were kept constant. Figure 2.5 shows the dissolved oxygen concentration
profiles across the annular wall of constructs featuring two values of R/6¢ an order of magnitude
different, at increasing Thiele moduli. At any given R/dc, the dissolved oxygen concentration
decreases in the direction of medium perfusion with a steeper slope as the Thiele modulus increases.

Figure 2.5 shows that in constructs with greater curvature, i.e., lower R/dc, increasing Thiele moduli
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cause a greater oxygen concentration decay along the direction of medium perfusion than in
constructs with smaller curvature, i.e., higher R/d¢. Figure 2.5a shows that for R/6c = 0.1 and oc =4
cells are cultured under hypoxic conditions in about 32% of the construct volume. Figure 2.5b
shows that at R/6c = 1 and o¢ = 4 the dissolved oxygen concentration profile is much smoother and
oxygen concentration is above 50% of the feed almost everywhere in the construct. This suggests
that constructs of smaller curvature, i.e., higher R/d¢c, may help obtain more uniform dissolved
oxygen concentration profiles throughout the construct in all those applications in which the control
of the pericellular environment is important (e.g., in the in vitro toxicity test of drugs).
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Figure 2.5. Model-predicted dimensionless oxygen concentrations along the annular wall of constructs, cultured in an
rPBB and perfused outwards with medium (i.e., y = 1), featuring different curvature: (a) R/5c = 0.1; (b) R/5¢ = 1.

Other parameters as in Tables 2.2 and 2.3.

In the first decisional phases of the design of rPBBs it may be convenient to condense the
bioreactor performance in one parameter only, and to analyze the influence of the most relevant
dimensionless groups on this performance parameter. The basic requirement for human cell culture
for therapeutic treatments (as well as for the in vitro drug testing) is that cells are viable and express
differentiated tissue-specific functions for the duration of the treatment (or the in vitro test).
Culturing cells at controlled pericellular dissolved oxygen concentrations within the physiological
range of the specific cell niche seems a reasonable approach to avert cell death by anoxia or by

hyperoxic poisoning (Navdeep et al., 2007). In this work, the performance of the rPBB was
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condensed in the non-hypoxic fractional construct volume (NHy-FCV). When oxygen convective
transport becomes important, the balance between the rate of physical transport and metabolic
consumption is better evaluated in terms of the Damkohler number rather than the Thiele modulus.
In rPBBs, the radial superficial velocity varies along the construct radius. A minimal radial
Damkohler number Dayagmin may be defined as the ratio of the squared Thiele modulus to the
maximal radial Peclet number, Dasag,min = @c*/Perad,max. Figure 2.6 shows how the NHy-FCV varies
with increasing Dayagmin at vValues of the curvature, R/6¢, varying by three orders of magnitude, for
both inward and outward medium perfusion. Independent of the direction of medium perfusion and
R/6¢, at sufficiently low Daq min the bioreactor is operated under kinetic control, i.e., the dissolved
oxygen concentration profile is nearly uniform in the construct, and NHy-FCV approaches unity. At
high Dayag min the bioreactor is operated under transport control, i.e., winning the transport resistance
requires significant amounts of the oxygen supplied, and NHy-FCV is lower than unity. Faster
consumption rates worsen the scenario, and NHy-FCV linearly decreases with increasing Dayag min
in the log-log plot shown in Figure 2.6. Figure 2.6 shows that the transition between kinetic and
transport control occurs at a value of Dagmin Which increases as the curvature of the construct
decreases. At any given R/d¢, the negative slope of the NHy-FCV dependence on Darag min Under
transport-limited conditions is lower when medium is perfused outwards across the construct.
Figure 2.6 shows that for Dayagmin = 0.2 and R/6¢ = 0.1 cells are well oxygenated in about 90% of
the construct volume when medium is perfused outwards, whereas the well oxygenated construct
volume decreases to only about 40% when medium is perfused inwards. rPBBs in which constructs
with smaller curvature are used, i.e., higher R/é¢, are generally more robust. In fact, inward medium
perfusion or the increase of Dargmin as tissue matures (e.g., cells proliferate or differentiate to a
phenotype with higher metabolic requirements) causes a smaller decrease of NHy-FCV than in the
radial perfusion culture of constructs with greater curvature, i.e., lower R/é¢c. Figure 2.6 shows that
for Daragmin = 1 and R/6¢c = 1 the NHy-FCV decreases ca. 28% from 0.7 to 0.5 upon switching from

outward to inward medium perfusion, respectively. At the same Daragmin and for R/6c = 10, the
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NHy-FCV is independent of the direction of medium perfusion. The smaller NHy-FCV for inward
medium perfusion may be blamed on the fact that the oxygen-rich feed enters the construct through
its outer surface at the minimal superficial radial velocity. Under such conditions, the cells located
in the construct periphery consume oxygen at the highest metabolic rate and have time enough to
deplete the medium of oxygen and establish steep dissolved oxygen concentration gradients. When
medium is perfused outwards, the oxygen-rich feed enters the construct through its inner surface at
the maximal radial superficial velocity. Under such conditions, the cells located in the construct
close to the inner hollow cavity consume oxygen at the highest metabolic rate but are not given time
enough to deplete the medium of oxygen, which will be more available to cells located in the
construct periphery where medium flows at the minimal superficial radial velocity. This leads to the
establishment of smoother dissolved oxygen concentration profiles along the direction of medium
perfusion. The NHy-FCV dependence on the minimal radial Damkéhler number Dayag min Shown in
Figure 2.6 is consistent with that reported by Moustafa et al. (Moustafa et al., 2012), who showed
that higher substrate conversions (i.e., lower substrate concentrations) are obtained in rPBRs for
industrial applications if the bed of porous inorganic catalyst is perfused inwards when gas-phase
reactions with Langmuir-Hinshelwood Kkinetics take place. The model-predicted effect of the
direction of flow perfusion is in apparent contrast to the general use of inward perfusion in
published reports on rPBBs and to Olivier et al. (Olivier et al., 2007), who reported experiments
showing that inward medium perfusion enhances osteoblastic cell proliferation to a greater extent
than outward perfusion. In their paper, Olivier et al., raised an important practical issue influencing
the decision as to whether an rPBB should be perfused with medium outwards or inwards. In fact,
many cylindrical scaffolds have pores of increasing size towards their periphery (Kitagawa et al.,
2006), causing significant reduction of the local specific surface area. If cells attach weakly to the
scaffold surface, for its chemical nature or for the little surface area available for adhesion, outward
medium perfusion may exert high enough mechanical stresses to remove the adherent cells and

wash them out. When medium is perfused inwards, the finer pores in the construct inner regions
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may act as a sieve and may retain the removed cells, thus avoiding cell wash-out. In addition to this,
upon assuming that the MG63 osteoblastic cells used in (Olivier et al., 2007) consume oxygen at
1.33 x 10'® mol/(s cell), as other immortalized cell lines (Rowley et al., 2002), and for a cell
concentration of 2.8 x 10° cell/mL, the minimal radial Damkéhler number of the construct may be
estimated to be about Dayaqmin = 4.5 x 10™*. Figure 2.6 shows that at such a low value of Dayag min the
rPBB is operated under kinetic control and the bioreactor performance is independent of the
direction of medium perfusion. This suggests that cell wash-out may indeed have played an
important role in making inward medium perfusion enhance the number of cells found in the
construct after 7 and 28 days of culture to a greater extent than outward perfusion. This effect
should be seriously considered when the conditions are chosen under which an rPBB is operated.
Figure 2.6 suggests that, during cell culture in rPBBs, a low Dagmin Should be maintained to
minimize oxygen concentration gradients across the construct. This could be achieved by perfusing
thin constructs at high maximal radial superficial velocities, v,, for as much as is permitted by cell
resistance to shear damage. It suggests also that, as tissue matures, increasing v, may balance out

the increase of cell metabolic activity caused by cell proliferation and differentiation.

1

NHy-FCV, -

Darad miny ~

Figure 2.6. Model-predicted dependence on Daygmin Of the NHy-FCV of 3D porous hollow cylindrical constructs
featuring varying wall curvature, R/8¢, in an rPBB when radially perfused with medium outwards (y = 1, solid lines),
or inwards (y = —1, dashed lines).

It is important to recall that model predictions are as good as the assumptions upon which the

model is based. An important assumption on transport is that medium perfuses the construct at a
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uniform superficial velocity along its length. Axial variations of the porous structure of the scaffold
may make its Darcy permeability significantly vary along the construct length and may cause
superficial radial velocity maldistribution. In the use of rPBBs for human cell culture, the flow
maldistribution would cause a non-uniform supply of dissolved oxygen, nutrients and biochemical
cues to cells that, in time, might yield a non-uniform distribution of cells and cell activities. This
way, cells would synthesize and deposit the own extracellular matrix non-uniformly in the construct
worsening even further the radial flow maldistribution and its effects. Additional phenomena
possibly affecting the transport and the actual concentration of larger solutes (e.g., the physical
adsorption of proteins to the scaffold) have also been neglected on the account of the low molecular
weight and high mobility of oxygen. A word of caution is also in order concerning the fact that the
value of condensed performance parameters such as NHy-FCV and the shape of diagrams such as
that shown in Figure 2.6 strongly depend on the threshold value set for the dissolved oxygen

concentration below which cells become apoptotic or die.

2.4 Conclusions

The use of radial flow packed-bed bioreactors (rPBBs) for therapeutic applications may be
advantageous to overcome the typical limitations of static and axial perfusion bioreactors. In this
chapter, a reference model framework is proposed to help bioreactor designers optimize geometry
and operation of rPBBs to meet given therapeutic requirements. The framework is based on a model
in which transport across an annular cell-seeded construct is described according to the Darcy and
the dispersion-convection-reaction equations. Dimensional analysis was used to combine more
effectively geometric and operational variables in the dimensionless groups determining the rPBB
performance. Their effect was investigated on bioreactor performance. The effectiveness of cell
oxygenation was also expressed in terms of the non-hypoxic fractional construct volume (NHy-
FCV), which was deemed more apt than other integral performance parameters used in technical

applications. Model predictions suggest that outward radial perfusion of a 3D porous hollow
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cylindrical construct with small curvature (i.e., high inner hollow cavity radius-to-annular thickness
ratio) at high perfusion flow rates (i.e., high maximal radial Peclet numbers) may be more
convenient than culture in static or axial perfusion bioreactors. In fact, this would enable effective
oxygenation of human cells also in large-scale constructs and culture at more controllable (e.g.,
more uniform) concentration profiles of dissolved oxygen and biochemical cues, at tolerable
pressure drops. In conclusion, culture of human cell-seeded constructs in perfused rPBBs may
permit robust control of the pericellular environment, and guidance of cell proliferation and
differentiation in the engineering of biological substitutes. These features make rPBBs suitable for
therapeutic treatments as well as for the in vitro toxicity screening of drugs. However, model
predictions are as good as the assumptions upon which the model is based. In designing an rPBB
with the model proposed, care should be taken to use model parameters estimated from culture
experiments and to verify that the model assumptions hold true for the specific case considered. For
instance, it was assumed that radial flux uniformity of culture medium may be achieved along the
construct length, although radial flux maldistribution has been shown to possibly occur in radial
flow reactors for industrial applications and to severly limit reactor beahavior. It should also be
noted that the value of integral performance parameters, such as NHy-FCV, and diagrams such as
that shown in Figure 2.6 strongly depend on the threshold value set for the dissolved oxygen

concentration below which cells become apoptotic or die.

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

construct transport properties and the construct geometry 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 dynamic model

3.1 Introduction

In the previous chapters, radial flow perfusion of cell-seeded 3D construct was shown to be
advantageous over static culture and axial flow perfusion in the realization of clinical-scale
bioengineered substitutes for tissue replacement. One of the major advantages of rPBBs as
compared to aPBBs consists in the fact that rPPBs can be easily scaled-up by increasing the
construct length rather than the diameter, which permits to maintain relatively short path-lengths for
solute transport inside the construct. This also allows to better preserve the graft shape (e.g. in long
bone replacement). However, the design of rPBBs is more complicated than aPBBs. In fact, rPBBs
require additional void spaces for distributing (and collecting) medium flow along the length of the
bioreactor (i.e. the inner hollow cavity and the outer peripheral annulus), the fluid dynamics of
which may significantly influence the bioreactor behavior. Radial medium flux must also be
uniformly distributed along the length of the bioreactor to enable the uniform utilization of the
catalyst bed (Ponzi and Kaye, 1979) for tissue reconstruction. In fact, radial flux maldistribution
would yield an uneven supply of dissolved oxygen, nutrients and biochemical cues to cells that
could cause non-uniform cell proliferation and differentiation and even cell starvation in poorly
perfused zones of the construct. Flux maldistribution may even worsen during culture as an effect of
the non—uniform decrease of the construct Darcy permeability as cells proliferate and produce

extracellular matrix in non-uniform fashion.

2 This chapter is adapted from: Donato, D.; Falvo D’Urso Labate, G.; Debbaut, C.; Segers, P.; Catapano, G.
Optimization of construct perfusion in radial packed-bed bioreactors for tissue engineering with a 2D stationary fluid
dynamic model. 2015. Under revision
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Mathematical models of momentum transport may help optimize the design of void spaces
and scaffolds, and prevent radial flux maldistribution in rPBBs under the conditions typical of tissue
engineering. Models of momentum transport have been mainly proposed for industrial radial flow
packed-bed reactors treating gaseous streams flowing under turbulent conditions. For such reactors,
a criterion to prevent radial flux maldistribution has been proposed by Genkin et al. (Genkin et al.,
1973), limited to the optimization of the hollow cavity-to-peripheral annulus cross-sectional flow
area ratio. The effects of the direction of turbulent flow perfusion and reactor configuration on
radial flux maldistribution have been discussed by Chang et al. (Chang et al., 1983), Heggs et al.
(Heggs et al., 1995) and Kareeri et al. (Kareeri et al., 2006). Analytical, simplified mathematical
descriptions of momentum transport have been generally preferred for large industrial reactors,
which assume gaseous turbulent flow in void spaces and seldom account for the transport properties
of the catalytic bed. Only a few transport models of rPBBs have been proposed for the small scale
and medium flow rates, and the scaffold properties typical of tissue engineering (Tharakan and
Chau, 1987; Cima et al., 1990; Kurosawa et al., 1991). They account only for transport and
consumption of soluble nutrients across the construct, and assume that the radial flux of medium is
uniformly distributed along the construct length and that medium flows as a plug across the
construct.

In this chapter, a two-dimensional axisymmetric model is proposed for steady-state
momentum transport in radial flow packed-bed bioreactors for tissue engineering which accounts
for all bioreactor compartments. Momentum transport in the inner hollow cavity and the outer
peripheral annulus was described according to the Navier-Stokes equation, and that across the
construct according to the Darcy-Brinkman equation. The dimensionless groups, which lump
geometric and operating parameters and effectively determine radial flux distribution in the
bioreactor, were obtained by dimensional analysis. Values of the main dimensionless groups that
may prevent radial flux maldistribution were sought by integrating the resulting momentum balance

equations with a commercial finite elements package. A criterion was developed to design and
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operate rPBBs in which radial fluxes are uniformly distributed 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 compartments of an rPBB operated at steady-state was
described according to a two-dimensional axisymmetric model. The rPBB is schematically shown
in Figure 3.1. A cell-seeded annular porous scaffold is coaxially positioned at the bottom of a
cylindrical housing forming a cylindrical culture chamber. Medium is fed axially into the inner
hollow cavity, radially perfuses the construct, flows along the outer peripheral annulus in
centrifugal (CF), counter-current () configuration, and leaves the rPBB through a 3-zone outlet
port. Such configurations were chosen because the m-configuration has been shown to reduce the
extent of radial flux maldistribution in radial flow reactors treating gaseous streams (Kareeri et al.,
2006), and the CF-configuration has been shown to provide a more effective supply of dissolved
oxygen and nutrients to cells in the case of uniform radial fluxes. The momentum conservation

equations governing the rPBB behavior were obtained under 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 according to the Darcy-Brinkman equation;

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

to the Navier-Stokes equation (Perry et al., 1999).
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Axial and radial spatial coordinates, z and r, pressure P; and axial and radial velocity components, u;

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

E’ u* :u7" V: :LL, F)I*:Pi' (3-1)
L u;, u;, R u, uLIR?

where R and L are the scaffold inner radius and length, respectively, ui, is the axial velocity at the
rPBB inlet, and p is the medium dynamic viscosity. Consistently, the conservation equations were
re-arranged in non-dimensional form to give:

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

annulus)

i* 9 (r*vi*)+aui =0 (32)
r oz

momentum balance equations
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where Rej,=(p uin R/u) R/L is a reduced inlet Reynolds number. Other variables are defined in
Figure 3.1 and Table 3.1.

Equations 3.2-3.8 are subject to the following boundary conditions: fully developed axial
velocity profile at the bioreactor entrance; bioreactor axis is impervious to momentum and fluid (i.e.
v Z", for r'=0, vy'= 0, duy /or = 0); continuity of pressure and velocity at the interface between
inner hollow cavity and construct, and between construct and outer peripheral annulus; the walls of
the housing are impervious to momentum and adherent for the fluid; the pressure of the stream
leaving the outer peripheral annulus differs from atmospheric pressure by an amount AP, equal to
the sum of the local pressure drops in the three zones at the bioreactor outlet (zones 1-3 in Figure
3.1) where the cross-sectional area for flow changes. The non-dimensional total pressure drop
caused by the local cross-sectional surface area expansion and constrictions was estimated as
follows:

. &k,
AP, :Z?JRein g; (3.92)

=
where k; and g; are the loss coefficients and characteristic functions dependent on the geometry of
the j-th zone, respectively (Appendix A). Exemplary values of kj and g; were estimated from the
charts reported in Idelchik (Idelchik, 1960), Munson et al. (Munson et al., 2013), and Perry et al.
(Perry et al., 1999) for a sudden cross-sectional area expansion (zone 1) as a function of the actual
value of R/6¢ and R/&g (i.e. ki and g;), followed by a gradual contraction of 60% with a 75 degree
contraction angle (zone 2) and a sudden contraction of 35% at the bioreactor outlet (zone 3) (i.e. ko,

g2 and ks, gs respectively)
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Figure 3.1 Scheme of an rPBB showing the three compartments (i.e. inner hollow cavity, H; construct, C; outer
peripheral annulus, E), three exemplary zones of the bioreactor outlet, and an exemplary differential control volume.

Parameter Value Units Description

L 0.015-0.15 m construct length (Hongo et al., 2005; Noble et al., 1988)
R 410° m construct inner radius (Melchels et al., 2011)

dc 5103 m construct thickness (Olivier et al., 2007; Xie et al., 2006)
O 103-810° m thickness of outer peripheral annulus (Arano et al., 2010)
p 993.37 kg/m? medium density (Ma et al., 2009)

u 6.9410%  kg/(ms) medium viscosity

€ 0.9 - construct porosity (Karageorgiou and Kaplan, 2005)

k 101°-10%  m? construct Darcy permeability (Li et al., 2003; Dias et al.,

2012; Grimm et al., 1997; Nauman et al., 1999)

Table 3.1 Dimensional parameter values used for model predictions, unless otherwise stated
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3.2.2 Dimensionless groups

The dimensionless conservation Equations 3.2-3.8 and related boundary conditions suggest

that the bioreactor behavior is mainly determined by the independent dimensionless groups reported

in Table 3.2. The physical interpretation of some of these dimensionless groups is known and may

be found in literature (Perry et al., 1999). In this investigation, scaffold geometries were used

typically proposed for bone tissue engineering (Xie et al., 2006; Olivier et al., 2007). Higher

reduced inlet Reynolds numbers, Rej,, are generally associated with higher inlet medium flow rates

at any given construct geometry. In the simulations, Re;j, was kept in the range typically reported in

in vitro experiments to enable laminar flow and prevent cell wash-out, which justifies the use of

Navier-Stokes and Darcy-Brinkman equations.

Dimensionless  Values Description Application
groups
1. (puin R/WR/L  0.067-6 reduced Reynolds number at BTE, LTE, CTE (Hongo
inlet of inner hollow cavity, et al., 2005; Melchels et
Rein al., 2011; Shao, 2009)
2. L/R 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. R/&¢ 0.8 construct  inner  radius-to- HP (Noble et al., 1988)
thickness ratio
4. R/&e 0.19-4 construct  inner radius-to- BTE, LTE (Arano et al.,

5. k/IR?

6.2510°-6.2510*

peripheral annulus width ratio
construct-to-hollow cavity

permeability ratio

2010; Park et al., 2008)
BTE, TE, HP (Li et al.,
2003; Grimm et al., 1997,
Gardel et al., 2013)

Table 3.2 Independent dimensionless groups determining rPBB performance and values used for model predictions,

unless otherwise stated. "Applications: BTE — bone tissue engineering; CTE — cartilage tissue engineering; HP —

human physiology; LTE —liver tissue

enginering; TE — generic tissue engineering.
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3.2.3 Computational methods

Equations 3.2-3.8 with the related boundary conditions were solved numerically according
to the finite element method with the Comsol Multiphysics (Comsol Inc., Burlington, MA, USA).
Two-dimensional steady-state profiles of dimensionless axial and radial velocity components, u;"
and vi, and pressures P; were predicted for the values of model parameters and dimensionless
groups representative of those typical of tissue engineering reported in Tables 3.1 and 3.2, unless
otherwise specified. The construct Darcy permeability was varied in the range typical of scaffolds
and constructs for bone tissue engineering (Li et al., 2003; Dias et al., 2012). The bioreactor
geometry was meshed with rectangular elements. Their number and distribution was optimized to
keep the relative error on the predicted average axial and radial velocity components at the outlet of
the peripheral annulus below 0.005% for every set of dimensionless groups values (Figure 3.2).

1
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Figure 3.2 Relative error on the predicted average axial and radial velocity at the outlet of the peripheral annulus.
L/R= 25, Re;, = 0.04, R/8¢ = R/Sg = 0.8, k/IR* = 6.25 x 10™.

The uniformity of radial flux (i.e. the radial velocity component at r” = 1) distribution along
the bioreactor length was characterized in terms of the average distance of the actual fluxes from

their length-averaged value, as proposed by Mu et al. (Mu et al., 2003)

1 v . 2 .
nZl_\/I"(VZ;lT*ll_lJ dz (3.10)
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Values of n=1 (i.e. 1-n=0) characterize an ideally uniform radial flux distribution.

Along that proposed in Celik and Ackley (Celik and Ackley, 2012), a criterion is proposed
herein to optimize rPBB design and operation based on the assumption that, to ensure radial flux
uniformity, the total axial pressure drop in the void spaces has to be negligible with respect to the
radial pressure drop across the construct. The design criterion, termed the criterion of radial flux
uniformity (CORFU), may be expressed as a function of the dimensionless groups in Table 3.1, as

follows (Appendix B):

S
1+-¢
8 1 _i + 97 i_‘_gigiRH_
Re;,, oy o Re. S
AP, +AP, R
CORFU =—21 28 - =1 Fiem,k,s—c,g—E,L2
R R R R

AP 2 2
N G K
k (L R JRe,,

where ay and o are the kinetic energy correction factors which account for the variation of the xial

j*o (3.11)

velocity over the cross section of the entrance or outlet bioreactor section normalized with respect

to the average axial velocity in the same section, respectively.

3.3 Results and discussion

The model proposed in this chapter aims to investigate how geometric, transport and
operating parameters influence the distribution of medium radial flux along an rPBB, and to provide
the designer with a criterion to design and operate rPBBs so that radial flux is uniformly distributed
along the bioreactor length. In fact, no model has been proposed yet that provides a comprehensive
analysis of the dimensionless groups determining the actual radial flux distribution along the length
of rPBBs, and that accounts for the fluid dynamics of the inner hollow cavity and the outer
peripheral annulus and for construct permeability, under the conditions typical of tissue

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

The lack of experimental velocity and pressure profiles in the compartments of an rPBB and
the difficult procurement of detailed information on the bioreactor geometry and operation used in
literature made it difficult to quantitatively validate the model. For these reasons, the goodness of
model predictions was assessed qualitatively in terms of the agreement of the model-predicted axial
distribution of radial velocity (i.e. flux) to that predicted by the criterion for radial flux uniformity
proposed for very permeable catalyst beds by Genkin et al. (Genkin et al., 1973) and by comparison
to the experimental data of Xie et al. (Xie et al., 2006) and Olivier et al. (Olivier et al., 2007). For
industrial radial packed-bed reactors treating gaseous streams, Genkin et al. (Genkin et al., 1973)
showed that the actual radial flux distribution along the reactor length depends on the ratio of the
inner hollow cavity cross-sectional flow area to that of the outer peripheral annulus, &, which may

be expressed as a function of the dimensionless groups in Table 3.2 as follows (Appendix C):

eo (5 1, [R,RJ (3.12)
1+2R[1+8°J O Oe
o R

E
Kareeri et al. (Kareeri et al., 2006) reported that an optimum value of § exists of about £=0.21
which ensures radial flux uniformity in radial flow reactors in the CF-r configuration, such as the
one used in this study. Indeed, Figures 3.3a-b show that the model soundly predicts a non-uniform
distribution of radial flux along constructs cultured in rPBBs featuring a thin inner hollow cavity,
with R/6g=0.19 and £=0.011 (Figure 3.3a), or a thin outer peripheral annulus, with R/3g=3.62 and
£=0.85 (Figure 3.3b). This is an effect of the non-uniform axial profile of pressure difference
between the inner hollow cavity and the outer peripheral annulus caused by friction in the thin
compartment with high resistance to flow, as shown in Figure 3.3c for the same conditions as in
Figure 3.3a. The poor radial flux distribution in the two cases shown in Figures 3.3a-b is

characterized by m=0.16 and 0.53, respectively, in good agreement with that expected from
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Genkin’s criteria for reactors featuring £=0.011 and £=0.85, respectively. Figure 3.3d shows that
the model soundly predicts a uniform radial flux distribution along the bioreactor length, with
n=0.93, when the flow resistance of the inner hollow cavity and outer peripheral annulus is reduced
and £=0.21, equal to the optimal value suggested by Kareeri et al. (Kareeri et al., 2006). Xie et al.
(Xie et al., 2006) and Olivier et al. (Olivier et al., 2007) reported that mesenchymal sheep cells
(MSCs) or MG63 cells, respectively, could be seeded and cultured in an annular B-tricalcium
phosphate porous scaffold in an rPBB without significant differences in cell number among the
upper, intermediate and bottom parts of the scaffold. Model predictions for the scaffold and
bioreactor geometry and operating conditions reported therein, and k = 0.3 10 m? (Li et al., 2003),
showed that cells were seeded at uniform radial flux distribution (with n=0.971 and n=0.976 for
MSCs and MG63 cells, respectively). The resulting uniform drag exerted on cells during seeding

likely contributed to the observed uniform axial cell distribution (Alvarez-Barreto et al., 2007).
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Figure 3.3 Model-predicted dimensionless radial flux (a,b,d) or pressure (c) profiles at varying dimensionless
distance from bioreactor bottom, z™: a) k/R?= 8.46 10, Re;;=0.54, L/R= 33, R/5c= 0.2, R/8g= 0.19, £=0.011; b)
k/R?=3.38 10, Re;,= 4.54, L/R= 6.6, R/6c= 1, R/5z= 3.62, £=0.85; ¢) same as in a; d) k/R’= 2.35 10, Re;,;=6, L/R=
5.5, R/6c= 1.2, R/&g=0.98, £=0.21;

3.3.2 Effect of dimensionless groups on radial flux distribution

Table 3.2 shows that the bioreactor behavior is mainly determined by five independent
dimensionless groups. Accordingly, the actual pressure and velocity profiles anywhere in the
bioreactor are determined by: k/R?, accounting for construct transport properties; Rei,, mainly
accounting for feed flow rate; and L/R, R/3¢, and R/8g, accounting for construct and bioreactor
geometry. Equation 3.12 shows that the analysis proposed in this study is more comprehensive than

Genkin’s criterion, which accounts only for the last two dimensionless groups.
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3.3.2.1 Effect of k/R? and Re;,,

The effect of the construct Darcy permeability (i.e. k/R?) on radial flux distribution has been
generally neglected. Only Kareeri et al. (Kareeri et al., 2006) showed that using tightly packed beds,
or poorly porous perforated plates to hold the beads in the bed, may yield more uniform radial flux
distributions in industrial radial flow packed-bed reactors. Figures 3.4a-b show the importance of
k/R? for radial flux distribution. Under similar geometry and operating conditions to Figure 3.4a,
Figure 3.4a shows that, even when the inner hollow cavity exhibits a high resistance to flow, using a
construct with a Darcy permeability two orders of magnitude lower than in Figure 3.3a yields a
rather uniform radial flux distribution in the construct, with n1=0.9, in spite of £=0.011. Similarly,
when the outer peripheral annulus exhibits a high resistance to flow, Figure 3.4b shows that using a
construct with Darcy permeability two orders of magnitude lower than in Figure 3.3b yields a

uniform radial flux distribution, with n=0.95, in spite of £=0.85.
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Figure 3.4 Model-predicted dimensionless radial flux (a,b,d) or pressure (c) profiles at varying dimensionless
distance from bioreactor bottom, z": a) k/R?= 8.46 10, Re;,;=0.54, L/R= 33, R/6c= 0.2, R/&z= 0.19, £=0.011; b)
k/R?*=3.38 10°%, Re;,;= 4.54, L/IR= 6.6, Ri/5c= 1, R/S¢= 3.62, £=0.85..

Figure 3.5a shows that for constructs of very low k/R? the radial flux distribution along the

rPBB length is uniform, with >0.9, and independent of Rej,. For constructs with high k/R?,
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increasing Rej, makes n (hence the radial flux uniformity) increase up to an optimal Rej, op=2.8 for
the conditions used. Further increases of Rej, make radial flux maldistribution progressively
increase (hence n decrease). The existence of the optimal Rej, may be explained by considering that
fluid pressure in the inner hollow cavity and the outer peripheral annulus is determined by the
balance between friction at the wall surface, which makes pressure decrease in the direction of flow,
and momentum recovery caused by the axial flow rate variation induced by suction, which makes
pressure increase in the direction of decreasing flow. For the conditions used in Figure 3.5a and
high k/R?, at lower Rej, than the optimum, friction in the inner hollow cavity prevails over that in
the outer peripheral annulus. This makes the radial pressure drop decrease along the bioreactor
length and causes poor perfusion of the bottom of the construct. At higher Rej, than the optimum,
momentum recovery in the inner hollow cavity prevails over friction in the outer peripheral
annulus. This makes radial pressure drop increase along bioreactor length and causes poor perfusion
of the upper part of the construct. The influence of k/R? on the dependence of 1 on Rej, suggests
that the choice of the medium feed flow rate to rPBBs influences radial flux distribution to a larger
extent at the beginning of culture, when construct Darcy permeability is the highest. As cells
proliferate and produce extracellular matrix, construct Darcy permeability decreases and Rej, may
be increased to match the increased cell metabolic demand without causing significant radial flux
maldistribution. Figures 3.5b-c show that, with very permeable constructs, the dependence of the
uniformity of radial flux distribution, n, on Rej, is strongly influenced by the construct aspect ratio,
L/R, and &. Figure 3.5b shows that the extent of radial flux maldistribution significantly increases
with increasing L/R at any given Rej,, but close to Rejnqp. At the conditions used, Figure 3.5¢
shows that, at Rej,<Reinopt, FPBB designs featuring increasing & increase the extent of radial flux
maldistribution by causing increasingly poorer perfusion of bioreactor bottom, less so as Rej,
increases. Increasing Rej, beyond Reinopt makes m decrease for increasingly poorer perfusion of

bioreactor inlet, less so as & increases. The optimal Re;, value increases also from 2.8 to ca. 5.3 as §
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increases from 0.14 to 0.31, respectively. Figure 3.6a shows that, when very permeable and slender
constructs are operated at low inlet flow rates (i.e. high k/R? and L/R, and low Rej,), zones may
form at the bioreactor bottom in which the average axial velocity of medium is only a few percent
of that entering the bioreactor (less than 2% up to a distance from the bioreactor bottom of ca. 15%
of its length, at the conditions of Figure 3.6a) and much lower than in the presence of a uniform
radial flux distribution at the same position. Medium stagnation in such zones contributes to further
worsening the radial flux maldistribution. Similar behavior may be predicted for the outer

peripheral annulus (Figure 3.6b).

Figure 3.5 Model-predicted effect of Re;, on the uniformity of radial flux distribution, n: a) at varying dimensionless
construct permeability, k/R% (i) 6.25 10°®, (ii) 6.25 10, (iii) 6.25 10™*. Other dimensionless groups values: L/R= 15,
R/5.=0.8, R/8¢=0.8; b) at varying construct aspect ratio, L/R: 7.5, 15, 25. Other dimensionless groups values: k/R?=
6.25 10™ R/5:=0.8, R/6¢=0.8; c) at varying &: 0.14, 0.21, 0.31. Other dimensionless groups values: k/R?= 6.25 10,
L/R =15, R/5.=0.8.
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Figure 3.6 Model-predicted space-average axial velocity profile in the inner hollow cavity, Uy .y, and peripheral

annulus, UE,avg, along bioreactor length normalized with respect to the average axial velocity at inlet of the inner

hollow cavity, uj,, for: (a) (dashed line) - uniform radial flux distribution, L/R = 11, Re;, = 3, R/6g= 0.8; (solid line) -
non-uniform radial flux distribution, L/R = 37.5, Rej, = 0.27, R/6g= 0.8; (b) (dashed line) - uniform radial flux
distribution, R/8g= 0.8, L/R = 11, Re;, = 2.72; (solid line) - non-uniform radial flux distribution, R/dg= 4, L/R = 11,
Rei,= 0.1; In all cases: R/5¢ =0.8, k/R? = 6.25 10",

3.3.2.2 Effect of L/R

Figure 3.7 shows that, for constructs of very low k/R?, radial flux distribution is uniform
(with 1>0.9) and almost independent of L/R. As k/R? increases, using more slender constructs (i.e.
constructs with higher L/R) yields progressively more uniform radial fluxes up to L/R~8 (where
n>0.9) for the conditions used. Further increases of L/R make radial flux maldistribution increase

(i.e. n decrease) as an effect of the decrease of the intercompartmental radial pressure drop towards

the bioreactor bottom caused by friction in the outer peripheral annulus.
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Figure 3.7 Model-predicted effect of L/R on the uniformity of radial flux distribution, , at varying dimensionless
construct permeability: i) k/R?= 6.25 10°®; ii) k/R?*= 6.25 10°%; iii) k/R?*= 6.25 10™. In all cases: Re;;=2.8, R/5¢ =0.8,
R/SE: 0.8.

3.3.2.3 Effect of R/8¢c and R/6g

After Genkin et al. (Genkin et al., 1973), the effect of R/dc and R/&g on radial flux
distribution is better evaluated in terms of &, as defined in equation #3.12. Figure 3.8 shows that in
rPBBs equipped with constructs of low k/R?, & has no significant effect on radial flux distribution.
However, at high k/R? rPBB geometries characterized by increasing values of & progressively
increase radial flux maldistribution (and make n decrease). Radial flux is practically uniform along
the bioreactor length and features 11>0.9 up to a value of & which decreases with increasing k/R?,
e.g. from £=0.6 to 0.28 as k/R? increases from 6.2510° to 6.25:10 at the conditions used. Above
such value of &, friction in the outer peripheral annulus prevails and makes radial pressure drop
decrease towards bioreactor bottom. This causes poor perfusion of the bottom of very permeable

constructs. At any &, the degree of maldistribution (i.e. 1-n) is higher the higher k/R?,

90



09
08 (i)
07
06

0.4 r
03 1
0.2
0.1

D 1 1 1 1 I | I 1 I
0 0,2 0,4 0.6 0,8 1

£ -

kK/R? (iii)

Figure 3.8 Model-predicted effect of & on the uniformity of radial flux distribution, n, at varying dimensionless
construct permeability: i) k/R*= 6.25 10°®; ii) k/R*= 6.25 10°%; iii) k/R?*= 6.25 10™. In all cases: Re;,=2.8; L/R=8.25;
R/SC: 0.8

3.3.2.4 The CORFU criterion

The CORFU criterion defined in Equation 3.11 correlates well with the model-predicted
ratio between the total axial pressure drop in the void spaces and the radial pressure drop across the
construct, for ay=0.32 and a=0.5 (Figure 3.9a). This suggests that the CORFU is a good predictor
of the actual pressure drop ratio but it has the advantage that it may be easily estimated without
performing any experiment, nor any computer simulation. Figure 3.9b shows that when the
dimensionless groups are rearranged in the CORFU criterion, the curves reported in Figures 3.5, 3.7
and 3.8 converge towards one V-shaped curve only with minimal radial flux maldistribution (i.e. 1-
n) at CORFU=0. This suggests that the CORFU criterion accounts well for the effect of all
dimensionless groups on the uniformity of radial flux distribution. The oy and ag values used are
also in agreement with the correction factors of the kinetic factors in Equation 3.11 obtained for the
actual model-predicted axial velocity profiles and with those suggested in literature for laminar flow
(Perry et al., 1999; White, 2011). Figure 3.9 indicates that an ideally uniform radial flux distribution
is achieved for CORFU—O. Increasing absolute values of CORFU correlate well with increasing

degrees of radial flux maldistribution (i.e. decreasing values of n). For practical purposes, Figure
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3.9 shows that a total axial pressure drop in the void spaces up to +10% of that across the construct
thickness yields a radial flux maldistribution (i.e. 1-n) that does not exceed 10%. Support to this
level of tolerance comes from the uniform cell distribution along the scaffold length experimentally
obtained by Xie et al. (Xie et al., 2006) and Olivier et al. (Olivier et al., 2007) when cells were
seeded and cultured under conditions yielding CORFU=0.117 and 0.095, respectively, hence in the
presence of uniform enough perfusion radial fluxes. This is also in good agreement with the
tolerance level recommended for industrial radial flow reactors treating turbulent gaseous streams

(Celik and Ackley, 2012).

CORFU, -

Figure 3.8 Model-predicted effect of the criterion CORFU on radial flux maldistribution, (1-n), under the following
conditions: (o) same as in Figure 3.5a; () same as in Figure 3.5b; (V) same as in Figure 3.5¢; (o) same as in Figure
3.6; (A) same as in Figure 3.8. The shade of grey of empty symbols identifies model predictions at varying parameter

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

Taken altogether, these results suggest that the actual construct permeability and the design of
bioreactor void spaces strongly influence the distribution of medium radial flux along the bioreactor
length, hence the medium flow rate perfusing cells at different distances from the bioreactor
entrance. The CORFU criterion provides a useful tool in the first design phases for selecting rPBBs
in which cells are perfused at a uniform medium flux independent of their position in the construct,
and for adjusting rPBB operation so as to maintain a uniform radial flux distribution as tissue

matures. As for any theoretical model, the application of the criterion is limited by the assumptions

92



inherent in the model and in the use of the equation of mechanical energy to a liquid flowing under
laminar regime, by the possible stagnation of medium in the void spaces of the bioreactor, and by
unreliable parameter estimates. It should also be considered that the effect on bioreactor
performance of the non-uniform radial perfusion of cells in an annular construct depends on the
uniformity of cell seeding and on their sensitivity to the actual concentration of dissolved oxygen,

nutrients and biochemical cues.

3.4 Conclusions

This is the first study reporting on the complete set of dimensionless groups determining the
distribution of medium radial flux along the length of radial packed-bed bioreactors, on their effect
on the actual radial flux distribution, and on a criterion to design and operate bioreactors in which
radial fluxes are uniformly distributed under conditions typical of tissue engineering applications.
The design criterion of radial flux uniformity introduced in this paper accounts well for the effect of
all dimensionless groups determining medium radial flux distribution along the bioreactor length,
and indicates that the total axial pressure drop along the void spaces should be within +10% of that
across the construct thickness to ensure a uniform radial flux distribution. Bioreactor designs and
operation meeting the proposed criterion will contribute to avoid unwanted consequences on tissue
formation caused by the non-uniform distribution of medium radial flow to cells in the construct,
such as non-uniform cell proliferation or non-uniform tissue structure and functional properties, an
often underestimated effect. However, the criterion should be applied with caution because of the
possible mismatch between the model assumptions and the actual medium and scaffold properties.

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

medium radial flux on bioreactor performance and tissue reconstruction.
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ppendix A — Evaluation of the pressure Po at the outlet of the culture chamber of the rPBB
As shown in Figure 3.1, the pressure at which the medium leaves the culture chamber, P, differs
from the atmospheric pressure by an amount given by the sum of the local pressure drops in the

bioreactor zones 1-3, as follows

P

i =AP +AP, + AP, (A1)
The local pressure drop of the i-th zone, AP;, was expressed according to Perry et al. (Perry et al.,

1999), as follows:

AP = %pvi2 (A'Z)

where k; is the loss coefficient associated to the change of the cross-sectional area, v; is the average
velocity in the downstream cross-sectional area of the i-th zone. k; in zones 1-3 was estimated from
the correlations reported in Perry et al. (Perry et al., 1999), Idelchick (Idelchick, 1960), and Munson
et al. (Munson et al., 2013). In particular:

zone 1: k; was estimated as the loss coefficient for the sudden expansion from the annular cross-
sectional area comprised between the circle of radius (R + 3¢ + dg) and that of radius (R + &¢), to the
annular cross-sectional area comprised between the circle of radius (R + 6¢ + 6g) and that of radius

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

R 2 _(R+5.)) Y 2 2R ’
k1:2 1_75(( +60+65) g "'820) ) _91— 8E + ( +8C)8E ' (A3)
T((R+06. +6:)°—R") (O6c +0:)(0. +0: +2R)
v1 was estimated from medium flow rate across the same section, as follows:
Q uj, R (A4)

T (R+8, +5.) —(R+52)7)  m((R+5g +5.)° —(R+82)7)

Combining Equations A.2 and A.4 yields the pressure drop across zone 1:
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Combining Equations 3.1 and A.5 yields AP in terms of the dimensionless groups of Table 2, as

follows:
2 2 2
* H H R
APl:APluEu =k_21p625um 5 2uiu =k_21pu: %626 : .Y
in E E c in E E c
Rz(R”*ZRj Rz[R””R] (A62)
k
:éRein gl
where
1
g, = (A.6b)

2
SREZ (6RE+2+28F§]
zone 2: ky was estimated as the loss coefficient for the gradual contraction from the annular cross-
sectional area comprised between the circle of radius (R+3c+dg) and that of radius R, to the annular
cross-sectional area comprised between the circle of radius (R, = R+c, 8g) and that of radius R. ¢,
was used to define the geometry of zone 2 as the geometry of the culture chamber was varied in the
simulations to give a 60% contraction of the cross-sectional area from zone 1 to zone 2, and a
contraction angle 6=75 degrees. For each bioreactor geometry considered, and shown in Table 3.1,

the value of k, was estimated from the chart reported in Munson et al. (Munson et al., 2013) under

laminar flow conditions. v, was estimated from the liquid flow rate, as follows:

_ Q _ Q _ uinTERZ
TR, —R?) m(R+C,8¢)?—R?) m((R+c,8.)2—R?)’

(A7)

2

Combining Equations A.2 and A.7 yields the local pressure drop across zone 2, as follows:
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2 2 " (R+c,5.)° R 2 T ((R+¢,8.)7 —R?)
k_Zp u,’R* —&p u,’ : (A.8)
27 (c,"8" +2Rc,8¢ ) 2 2 8 d¢ i
c, —2+20ZF

Combining Equations 3.1 and A.8 yields AP, in terms of the dimensionless groups of Table 3.2, as

follows:
. R2 Kk u,’ R  k, pu,RR 1
AP, =AP, =2p 2 =2 P — =
plu;, ) 87 5. ) MU, 2w L[ 52 5,
C, +2(:ZF C,” — +2¢, R (A.92)

k

:?zReingz
where

1

g, = : (A.9b)

5.2 5. )
2

zone 3: ks was estimated as the loss coefficient for the sudden contraction from the annular cross-
sectional area comprised between the circle of radius (R,=R+c, og) and that of radius R, to the
annular cross-sectional area comprised between the circle of radius (R3 =R+c3 6g) and that of radius
R. c3 was used to define the geometry of zone 3 as the geometry of the culture chamber was varied
in the simulations so as to give a 35% contraction of the cross-sectional area from zone 2 to zone 3.
For each geometry and operating condition reported in Table 3.1, the value of ks was estimated
from the chart reported in Idelchik (Idelchick, 1960). v was estimated from the liquid flow rate, as

follows:

_ Q _ Q _ u, tR?
(R, —-R?) m((R+¢;8:)°—R?) m((R+¢;8:)° —R?)’

v, (A.10)

Combining Equations A.2 and A.10 yields the pressure drop across zone 3, as follows:
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Combining Equations 3.1 and A.11 yields 4P3 in terms of the dimensionless groups of Table 3.2, as

follows:
AP — Ks PUsRR 1 _Kpe g (A.123)
3 2 in 93
2 n L ) E2 SE 2
C +2c3?
where
1
g;= 5 - (A.12b)

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

B1. Evaluation of axial pressure drops in the void spaces of the rPBB

The axial pressure drops in the void spaces of the rPBB as medium is distributed across or collected
from the porous construct were estimated under the following assumptions: i) medium flows axially
in laminar flow; ii) the radial flux is uniformly distributed along the construct length; iii) the inner
and outer construct lateral surface areas are greater than the cross-sectional surface area of the zones
through which medium enters or leaves the culture chamber, respectively; iv) negligible local
pressure drops associated with the change of medium direction and of the cross-sectional surface
area. The deviation of the axial velocity profiles from the uniform flat profile were accounted for
along that suggested in Bird et al. (Bird et al., 2002) by introducing a kinetic correction factor a,

with i=H or E, defined as follows:

L_ii[LQ)Jg dA (B.1)

97



where: A is the cross-sectional area through which medium axially enters or leaves the culture
chamber; u;(r) is the axial velocity profile at the same section; u; v, IS the average axial velocity at
the same sections. The assumption of radial flux uniformity at the construct lateral surfaces yields
a;=1, for both i=H and E. Hence, hereinafter o; is considered only for the inlet and outlet cross-
sectional areas.

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

Under the assumptions reported above, the macroscopic continuity equation and balance of

mechanical energy about the whole inner hollow cavity yield what follows, respectively (Bird et al.,

2002):
Un _,L_ 1 (B.2)
Ve R By

_in_yHouwt T THIn 2 B.3
2 ZOLH p WV, H ( )

where: Vg is the radial velocity at the inner construct lateral surface; Py oy and Py i, are the pressures
at the inner construct lateral surface and inlet section, respectively; Eyy is the viscous dissipation
term; By is the cross-sectional area ratio. As medium flows in the inner hollow cavity and it is
distributed across the porous construct, E, 1 may be written as follows (Bird et al., 2002):

—-j (2 (Z)d (B.4)

where fy(z) is the Fanning friction factor in the hollow cavity. For a uniform radial flux along the
construct length, the continuity equation yields the axial velocity at any distance from medium

entrance as follows:

u, (2) :um(l—fj i (B.5)

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

2002):
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Combining Equations B.4-B.6 yields:

E, . =8L2uin L(1—Ejdz=8 “Zuinkzluinzi. (B.7)
’ p R 0 L pR 2 2 Re;

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

2

\' 1 2 1 8 1 2 2 1 8
Piin—Pyow =AP,, =pi—=—+2U, | ———+——|r=p =, ——+—. B.3
H,in H,out z,H p{ 2 2 in |: oy Rein }} P 2 in |:BH oy Rein :| ( )

Under the conditions at which the simulations were obtained By’ << 1, hence AP, becomes:

AP, =1puin2[ ° —i} (B.9)

2 Re,, o,
B1.2 Axial pressure drop in the outer peripheral annulus, AP, g
The macroscopic continuity equation about the whole outer peripheral annulus yields:

uE,out: ZRCL :i
ve.  (RZ-R?) B

(B.10)

where: Rc is the construct outer radius, Rc=R+d¢; Rg is the inner radius of the culture chamber,

Re=Rc+0g; Ueout IS the average axial velocity at the outlet section; vge, is the radial velocity at the

outer construct surface; Be is the cross-sectional area ratio. The continuity of mass between the

sections through which medium enters and leaves the culture chamber gives a relationship between

Ug,out @Nd Ui, which may be combined with Equation B.10 to yield:
in _ 2R¢ L_

Vg R?

C

(B.11)

Under the assumptions reported above, the macroscopic balance of mechanical energy about the

whole outer peripheral annulus yields what follows:

2 2
u Vv Peowt = Pein =

Eout _ "Re  TEout " TEin E,.=0 (B.11)
200 2 p '
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where Pgou and Pgj, are the pressures at the outlet section and outer construct lateral section,
respectively; E, e is the viscous dissipation term in the peripheral annulus. As medium flows in the
peripheral annulus and is collected from the porous construct, E, g may be written as follows (Bird

et al., 2002):

“‘I , f (z)

HE

(B.12)

where fg(z) is the Fanning friction factor in the peripheral annulus, and Ry is the hydraulic radius

of the peripheral annulus defined as follows:

1 RZ-RZ
HE= A » o -

B.13
2 R, +R, (B.13)

For uniform radial flux along the construct length, the continuity equation yields the axial velocity

at any distance from medium outlet as follows:
z
u (Z) = E E,out - (814)

In laminar regime, the friction factor in the peripheral annulus may be estimated as follows (Bird et

al., 2002):

_ u
fE(n._4uE(n s (B.15)

Combining Equations B.12-B.15 yields:

Eo=2-1 LuEwr (B.16)

2 2 2
R +R
AP, = pu,’ {R—RJ {i—ﬁé rg L (Re+Ro) } (B.17a)
e

Qe I:zein Ré _Ré

Under the conditions at which the simulations were obtained Bg* << 1, hence AP, may be written

in terms of the dimensionless groups in Table 3.2 as follows:
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B2. Evaluation of radial pressure drop across the porous construct
The radial pressure drop across the porous construct, AP, c, was estimated by assuming that medium

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

k 1

LR 5
AN [1+ Cj
R

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

v 1 , RZ(RY 1 S
AP . = R =~pu.? —| 2| —/— Inl1+=<1. B.19
e =g 1 2P T Ty (Lj Re.,. ( Rj (519

HR In(1+6°]
R

B3. Expression of the CORFU criterion as total axial-to-radial pressure drop ratio

Ve

AP, .. (B.18)

The CORFU criterion was defined as the ratio between the total axial pressure drop in the void
spaces and the radial pressure drop across the construct. Combining Equations B.9, B.17b, and
B.19, the CORFU criterion may be expressed as a function of the dimensionless groups in Table 3.2

as follows:

1+~
{81_1}+ 1 L Llg TR
Re,, o, O 2(1_'_6(: +675 O Re;, _E
R) R R

APZ,H+APZ,E_
AP, 2 (RV
HNOEIE

k (L R JRe,,

Appendix C — Expression of Chang’s criterion, & in dimensionless form

CORFU = .(B.20)

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

annulus cross sectional area ratio, as follows:
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Re-arranging the denominator according to Equation 3.1 permits to express & as a function of the

dimensionless groups determining momentum transport in the rPBB, as follows:

5]
R? R2 B 8 _t [5 Ej | ©2)

A _
&_AE_82+28(R+6)_ R+5,) R(, §
e O % 55{1+2 i CJ 1+2(1+C)
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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 stationary transport model

4.1 Introduction

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

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

of the rPBB and in the construct, respectively. Oxygen consumption is described according to
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Michaelis-Menten Kkinetics. The oxygen mass transfer coefficients at the interface between medium
bulk in the construct pores and cell surface are estimated for a bed of Raschig rings transport-
equivalent to 3D scaffolds typically used in tissue engineering applications. The dimensionless
groups determining bioreactor behavior are obtained from dimensional analysis and account for
construct transport properties and rPBB geometry and operating conditions. Their influence on
oxygen supply to cells is investigated with the integration of the model equations under working
conditions typical of tissue engineering in order to determine the dependence of the pericellular

environment on the distribution and the extent of the medium radial fluxes.

4.2 Materials and methods

4.2.1 Model development

A scheme of an rPBB is shown in Figure 4.1. The bioreactor consists of a vessel in which it
is coaxially located a 3D annular porous scaffold. Cells are seeded and cultured in the pores of the
construct, which is continuously perfused with medium supplying dissolved oxygen and nutrients
and removing metabolic wastes along its radius. Medium perfusion is assumed to occur in a flow
configuration referred to as CF-rt flow. According to such configuration, medium flows from the
inner hollow cavity towards the outer peripheral annulus (centrifugal configuration, CF), to enhance
mass transport across the construct in case of uniform radial flux distribution along the construct
length as compared to the opposite configuration (chapter 2), and that medium flow directions in the
inner hollow cavity and the peripheral annulus are opposite (r), as suggested by the results reported
by Kareeri et al. to reduce the degree of radial flux maldistribution in industrial reactors treating
gaseous streams (Kareeri et al., 2006). Dissolved oxygen is transported into the construct by
convection and diffusion and is consumed by the cells. The conservation equations governing rPBB
behavior were obtained under the following assumptions: axial symmetry; steady-state isothermal
conditions; incompressible Newtonian fluid; transport in the porous construct, assumed isotropic,

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

kinetics. Upon introducing the following dimensionless coordinates and variables

=l 2t ui*—u—‘; vi*:vfik; P'= R = Cf:&; B:KM (4.1)
u; u, R u,uL/R C, C

pressure and velocity profiles are calculated by solving the dimensionless momentum conservation
equations, with the correspondent boundary conditions, proposed in the previous chapter on the
account that mass and momentum conservation equations are uncoupled for constant construct
properties. In addition, the governing mass conservation equations may be re-arranged in non-

dimensional form to give:

Hollow cavity (convection-diffusion equation)

D.( . éC;, . &C; . oC/, 2 0%C,
pe R Dol 87*H+UH87*H _1 9 (% J{Rj d 2
8. Dy or oz ror or L) oz

(4.2)
Construct (convection-diffusion-reaction equation)
. 0C. . oCL . 0C 20°C. .2 R* C;
Perad,rmx R( Cif ij:]; a* (r EJ_'_RZ 2C - Cz R2 CI* (43)
Oc or oz r or or L* oz” 3.7 B+Cy
Outer annulus (convection-diffusion equation)
* * * 2 A2 A*
e e R (A N e
o. D¢ or oz r or or L) oz (4.4)

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

cell surface, the reaction rate is equal to the overall transport rate, as follows:
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95" Ca _-c. -C4 (4.5)
Sh, B+Cyg

which may be rearranged to give

c: l(Cé—B—¢§/Shp+\/(Cé—B—¢§/Shp)2+4[3 c;) (4.6)

@~

In order to predict the value of the mass transfer coefficient, kc, a criterion was developed to
derive a transport equivalence between a hollow cylindrical porous scaffold for tissue engineering
and a porous bed of solid particles. In particular, it was assumed that the complex morphology of a
3D porous scaffold might be resembled by that of a bed of Raschig rings randomly packed, because
of their similarity in terms of the patterns for momentum and mass transport. In particular, it was
assumed that the transport equivalence between a 3D porous scaffold and a bed of Raschig rings
may be found in terms of porosity and specific surface. According to this assumption, the given
porous scaffold and the equivalent packed bed are supposed to have the same porosity and specific
surface (i.e. €ped = &scaffold @Nd ached = Acscaffold). 1 N€ specific surface of the single Raschig ring, avyp,

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

a\/ — ac,bed (47)

P
1-gpy

With the value of ay, calculated from Equation 4.7, the equivalent diameter of the Raschig ring, dye,
is calculated from the correlation found by interpolating the experimental data reported in Perry et
al. (Perry et al., 1999) (Figure A.1 in Appendix A), as follows:

1/a,, =02167d,, (4.8)
The oxygen mass transfer coefficient at the interface between the medium bulk in the construct
pores and the cell surface was finally estimated for a bed of Raschig rings transport-equivalent to

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

ke =sh. Dn (4.9)
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where the particle Sherwood number, Shy, is obtained from a general correlation valid for Raschig
rings in liquid phase under laminar flow for the value of the maximal radial superficial velocity v,

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

Vv d p 0.45 0.5
Shp=25.J{l.3 o_pe J ( B J (4.10)

u pDy

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

the values of epeq and dp e according to the Carman-Kozeny equation:

2 2 3 2 2
3
€ ped d,. "o _ Egcaffold d,. ¢

- (1 — Epeg ) : 180 - (l - 8scaffold) ? 180 (4 11)

bed

where ¢ is the particle shape factor and was reported to be equal to 0.3 for Raschig rings
(Geankoplis, 1993, Perry et al., 1999). For values of scaffold porosities ranging from 0.5 to 0.9, and
scaffold specific surfaces ranging from 1410 m*m?® to 5420 m?/m?* , typical of scaffolds used for
bone tissue engineering (Karageorgiou and Kaplan, 2005; Van Cleynenbreugel et al., 2006), the
values of the bed Darcy permeability, Kyeq, found from Equation 4.11 result to be of the same order
of magnitude of the scaffold Darcy permeabilities reported in literature, i.e. from 10™° m? to 10°® m?
(Dias, 2012; Ochoa, 2009; Mitsak, 2012; Lee, 2006). This justifies the consistency of the

assumption of transport equivalence between a 3D porous scaffold and a bed of Raschig rings.
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Figure 4.1 (a) Scheme of an rPBB showing the three compartments (i.e. inner hollow cavity, H; construct, C; outer
peripheral annulus, E) and an exemplary differential control volume; (b) Scheme of the complete rPBB culture
system, with the rPBB coupled in a closed loop to a completely-mixed reservoir where solutes concentrations are

measured.
4.2.2 Dimensionless groups

The analysis of the dimensionless conservation equations 4.1-4.6 and of the related
boundary conditions suggests that the bioreactor behavior depends on the dimensionless groups
reported in Table 4.1. The physical meaning of most of them may be found in literature (Fogler et
al., 2006; Bird et al., 2003).

The reduced Reynolds number, Re;,, accounts for the extent of the flow rate at the bioreactor
inlet, and increases for higher inlet flow rates. Together with Re;,, in this work the effect of all the
dimensionless groups determining momentum transport on bioreactor behavior is assessed in terms
of the criterion of radial flux uniformity (CORFU) defined previously as:

&
1+-%

gt _ Ll Jer| Lg 1ol R,
Re,, oy, O g Re; [

n n

R
CORFU = = fl(Rem,

) e

5. S, ,kj (4.12)
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where oy and o are the kinetic energy correction factors in the hollow cavity and in the peripheral

annulus, respectively, and & is the hollow cavity-to-peripheral annulus cross-sectional area ratio:

2)

e B¢ i |RR (4.13)
Ae 1+2R[1+6°j O ¢

5 R

E
Values of the dimensionless groups giving CORFU — 0 have been shown to ensure uniform radial
flux distribution of the culture medium along the construct length (chapter 3).

The effect of cells metabolic requirements on oxygen concentration profiles may be assessed
in terms of the oxygen Thiele modulus, which is defined as the ratio between the maximal zero-th
order oxygen consumption rate, Vimax = CeeiG, and the maximal rate of diffusive oxygen transport,
CoDc/dc?. Higher Thiele moduli are generally related to higher cell metabolic requirements.

In the following, reference will be made on the influence of the reduced Reynolds number,
Rein, and the oxygen Thiele modulus, ¢c on oxygen supply to the cells since they are the two

operational parameters determining bioreactor behavior, for a given bioreactor geometry.

Dimensionless group description

1. puinR/u R/L reduced Reynolds number, Rej,

2.R/IL aspect ratio

3. R/5¢c inner radius-to-construct thickness ratio

4. R/6e inner radius-to-outer channel thickness ratio

5. k/IR? construct-to-hollow cavity permeability ratio

6. UindcR/(DcL) maximal radial Peclet number Perag max

7. Dc/Dy construct diffusivity-to-hollow cavity diffusivity ratio

8. Dc/De construct diffusivity-to-peripheral annulus diffusivity
ratio

9. Km/Co saturation parameter 3

10. V(Vinaxdc(CoDc)) Thiele modulus ¢c

11. (Vmaxdp,92/(4.61CoDc(1-g)))/(dp,ekc/DC) squared surface Thiele modulus-to-Sherwood number
ratio, ¢s°/Sh,

Table 4.1 Dimensionless groups determining rPBB performance
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4.2.3 Computational methods

Model equations with the related boundary conditions were solved numerically with the
commercial finite element method code Comsol Multiphysics (Comsol Inc., Burlington, MA, USA)
in order to predict the spatial profiles of axial and radial velocity, pressure and dissolved oxygen
concentrations for values of model parameters and dimensionless groups typical of tissue
engineering, as reported in Tables 4.2 and 4.3, unless otherwise specified. Bioreactor compartments
were discretized with rectangular elements, which number and distribution was chosen in order to
keep the relative error on the predicted mixing cup concentration at bioreactor exit below 0.05% for
each set of dimensionless groups. Bioreactor geometrical parameters and construct properties (i.e.
porosity, Darcy permeability and specific surface) were chosen in the ranges of those reported for
bone tissue engineering (Gardel et al., 2013; Olivier et al., 2007; Ochoa et al., 2009; Dias et al.,
2002; Jeong et al., 2011; Lee et al., 2006; Mitsak et al., 2012; Van Cleynenbreugel et al., 2006;
Karageorgiou and Kaplan, 2005), unless otherwise stated. The oxygen diffusion coefficient in the
hollow cavity and the peripheral annulus was assumed to be equal to that in the water, whereas the
oxygen effective diffusivity in the construct was calculated by multiplying the oxygen diffusivity in
water and the construct porosity (Fogler et al., 2006).

The dependence of the oxygen concentration profiles in the construct on the ability of the
bioreactor to enhance oxygen transport towards the cells was assessed in terms of the overall
effectiveness factor, defined as the ratio between the actual total average oxygen consumption rate
in the construct to the oxygen consumption rate calculated as if all the cells in the construct were
exposed to the bulk conditions. However, for tissue engineering applications it was considered to be
more useful to express the effectiveness of dissolved oxygen supply to the cells in terms of the non-
hypoxic fractional construct volume (NHy-FCV), which measures the fractional volume of the
construct in which cells are exposed to values of oxygen concentration higher than a hypoxic

threshold, that was established to be equal to 2:10% mol/m*® (Loiacono and Shapiro, 2010). The
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uniformity of oxygen concentration distribution along the bioreactor length was characterized in

terms of a dimensionless parameter, n, defined as:

5,
14+-S 1+-C

R R
e = [Ca I, ()dr" = €71, (rF)dr (4.14)
1 1

3¢

Values of n. = 0 characterize an ideally uniform oxygen concentration distribution along the

bioreactor length.

Parameter  value unit description reference

L 0.042 m bioreactor length Gardel, 2013

R 4-107° m construct inner radius Melchels et al., 2011

dc 5107 m construct thickness Gardel, 2013; Olivier
et al., 2007

O 6:107 m external channel thickness

993.37 kg/m? fluid density Ma , 2009

mn 6.94-10™ kg/(m's) fluid viscosity Abdullah 2006

€ 0.75 - construct porosity Bancroft, 2002;
Karageorgiou and
Kaplan, 2005

k 1.5x 107 m? construct permeability Dias, 2012; Ochoa,

2009; Mitsak, 2012;
Grimm et al., 1997

ac scaffold 1410 m?/m?® construct specific surface Van Cleynenbreugel,
2006, Martin, 1984

Dy, De 2.64:10° m?/s oxygen diffusivity in Hand E  Han & Bartels, 1996

Co 0.216 mol/m? inlet oxygen concentration Han & Bartels, 1996

G 2.64-10™ mol/(s-cell)  oxygen consumption rate Lavrentieva et al.,
2010

Km 1.1-10% mol/m?® oxygen Michaelis constant Zhao et al., 2007

Table 4.2 Model parameter values used for model predictions, unless otherwise stated
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Dimensionless group value Application

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

2. L/IR 10.5 BTE, LTE (Hongo et al., 2005; Shao et al., 2009)

3. R/&¢ 0.8 HP (Noble et al., 1988)

4. R/&g 0.62-4 BTE, LTE (Park et al., 2008, Olivier et al., 2007; Arano et
al., 2010)

5. k/R? 9.4x10° BTE, HP (Li et al., 2003; Dias et al., 2012; Grimm et al.,
1997)

6. UindcR /(DcL) 42-2314 BTE, LTE, CTE (Hongo et al., 2005; Melchels et al., 2011,
Shao et al., 2009)

7. Dc/Dy , Dc/De 0.75 BTE, LTE (Xie et al, 2006; Hongo et al., 2005)

8. ¢s%/Sh, 5x 10%-0.4 LTE (Hongo et al., 2005)

9. V(Vmaxdc’/(CoDc))  0.1-11.6

10. Ku/C,

0.05

BTE, LTE, HTE, CTE (Sullivan et al., 2007; Lavrentieva et
al., 2000; Komarova et al., 2000; Stockwell, 1971; Zhao et
al., 2005)

BTE (Zhao et al., 2007)

Table 4.3 Dimensionless groups values used for model predictions, unless otherwise stated. Applications: BTE —

bone tissue engineering; CTE — cartilage tissue engineering; HP — human physiology; LTE — liver tissue enginering;

HTE — cardiac tissue engineering.

4.2.4 Model validation

In order to assess model reliability, due to the lack of appropriate experimental results

reported for oxygen consumption during cell culture in rPBBs for tissue engineering, the model was

validated by comparing model predictions to the experimental results reported by Hongo et al. for

glucose consumption by HepG2 cells cultured in an rPBB packed with spherical hydroxyapatite

beads and perfused inwards (Hongo et al., 2005 and 2006), and to those reported by Olivier et al.

for glucose consumption by osteosarcoma cells in an rPBB packed with a B-TCP porous scaffold

112



perfused outwards (Olivier et al., 2007), for liver and bone tissue engineering applications,
respectively, under the geometrical and working conditions reported by the authors. In both cases,
the bioreactor was coupled in a closed loop to a reservoir where glucose concentration was
measured daily (Figure 4.1b), the volume of which was reported to be equal to 200 ml and 100 ml,
respectively. Accordingly, glucose consumption rate was estimated from the model-predicted
glucose concentration decrease in the reservoir after 24 hours by coupling model equations 4.1-4.6
to that resulting from an unsteady-state balance of glucose in the reservoir, that was obtained under
the following assumptions: the volume of the pipes were negligible as compared to that of the
reservoir; completely-mixed reservoir; bioreactor dynamics negligible with respect to that of the
reservoir because of the higher reservoir volume (i.e. higher hold-up time) as compared to that of
the bioreactor; constant glucose consumption rate within 24 h. In particular, under these
assumptions, the unsteady-state balance of glucose in the reservoir gives, in dimensional form:

dC
Vy d—tv =Q(C,,,-C,) (4.15a)

where Vy represents the volume of the reservoir and

Cvin=C¢ (4.15b)

Equation 4.15a may be solved with the initial condition:

IC. t=0 C,=C, (4.15c)
The HepG2 cell-specific glucose consumption rate was estimated as the value of glucose

consumption rate averaged between those reported by Hongo et al. at days 1 and 8 (Hongo et al.,

2005), and it was found to be equal to 1.57 x 10™" mol/(s cell), consistent with the values reported

in literature (lyer et al., 2010). In addition, the Michaelis constants for glucose consumption by

HepG2 was assumed to be equal to 6.75 x 10™ mol/m® (Sugiura et al., 2011). Furthermore, in this

case the glucose mass transfer coefficient was calculated from the correlation reported by Karabelas

et al. for spherical particles under laminar flow (Karabelas et al., 1971), as follows:
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Vv d p 1/3 1/3
Shp=4.58( el J { B J (4.16)

U pDy
where d, represents the diameter of a spherical bead. The cell-specific glucose consumption rate for
osteosarcoma cells was estimated as the averaged value between those reported by Olivier et al. at
days 7 and 28 (Olivier et al., 2007), and was found to be equal to 1.39 x 10™° mol/(s cell),
consistent with the value reported by White et al. (White et al., 1983). Furthermore, the Michaelis
constant for glucose consumption by osteosarcoma cells was assumed to be equal to 0.52 mol/m®
(White et al., 1983). In both cases, cell concentration after 24 h was calculated by dividing the
correspondent value of the glucose consumption rate reported by the authors for the value of the

cell-specific glucose consumption rate previously estimated.

4.3. Results and discussion

The model proposed in this work is used to investigate how radial flux distribution actually
influences dissolved oxygen transport inside the construct at different cell metabolic requirements
in order to design rPBBs enhancing physiological oxygen supply to the cells for a given therapeutic
objective. This is the first model providing a systematic analysis of the dimensionless groups
determining rPBB behavior in which the effect of the fluid dynamics of rPBB void spaces and
construct transport properties are accounted for that permits to adjust bioreactor design to ensure
adequate pericellular environment for cells at a given cell concentration. The possible establishment
of external resistance to mass transport from the bulk fluid in the pores towards the cell surface on
oxygen supply to cells was also taken into account in model development. However, such effect
was found to be negligible for all the conditions considered in this work, so it will not be discussed
in the following. The assumption of steady-state does not represent a limitation, since the
characteristic time of bioreactor dynamics and that of cell growth kinetics differ for several orders
of magnitudes (minutes vs. days, respectively). This permits to adjust the values of the

dimensionless groups as cell concentration increases.
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4.3.1 Model validation

Figure 4.3a shows the good agreement between model predictions and experimental glucose
consumption by HepG2 cells reported by Hongo et al. (Hongo et al., 2005). In addition, Figure 4.3b
shows the good agreement between model-predicted consumption of glucose and that reported for
the experimental results obtained by Olivier et al. for the culture of osteosarcoma cells (Olivier et
al., 2007). The agreement between model-predicted and experimental results reported by the
authors is also more accurate than that predicted in our previous work, at 7 and 28 days of culture,
in which it had been assumed that radial flux distribution of the culture medium was uniform along
the construct length (chapter 2). This shows that accounting for the effect of the fluid dynamics of

the bioreactor void spaces gives results closer to the actual cases.
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Figure 4.2 (a) Comparison of the model-predicted glucose consumption (—) with the experimental results (®) of
Hongo et al., (Hongo et al., 2005). Re;, = 0.088, L/R=10, R/5c = 0.18, k/IR* = 1.1 x 107, By = 1.2 X 10™, Pé/agmaxg =
468, Dy/Dyy g = 0.8; (b) Comparison of the model-predicted glucose consumption according to the model presented in
this work (=) or in Donato et al. (Donato et al., 2014) (x) with experimental results (®) of Olivier et al. (Olivier et al.,
2007). Rejy = 1, L/R = 11, Ri8¢ = 0.4, R/8¢ = 0.33, k/R? = 7.5 X 10, Pé;aqmax,g = 456, D¢ g/Di g = 0.65, By = 0.02.

4.3.2 Effect of medium radial flux distribution on oxygen pericellular concentration at given Rej,

Non-uniform radial flux distribution — Figure 4.3 shows how non-uniform medium radial flux
distribution along bioreactor length influences dissolved oxygen concentration profiles at Rej, = 0.1,
corresponding to a value of the radial superficial velocity equal to 1.1 x 10™ m/s, typical of bone

tissue engineering applications (Gardel et al., 2013) for three different values of ¢c. Figure 4.3a
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shows the non-uniform radial flux distribution at the interface between the inner hollow cavity and
the construct (i.e. r = 1), which was obtained by adjusting the values of the dimensionless groups
so that CORFU becomes equal to about 1.47. Figure 4.3b shows that at ¢c = 1.24, corresponding to
the culture of human mesenchymal stem cells (hMSC) consuming oxygen at 2.64 x 10" mol/(s
cell) (Lavrentieva et al., 2010) at a cell concentration equal to 10 cell/m®, dissolved oxygen
concentration at bioreactor entrance decreases from z” = 0.9 (i.e. close to the bioreactor top) towards
z = 0.1 (i.e. close to the bioreactor bottom) and causes . to be equal to 0.097. Figure 4.3c shows
that an increase of ¢c up to 3.93, corresponding to hMSC proliferating up to 10 cell/m®, causes a
higher decrease of dissolved oxygen concentration from the top towards the bottom of the
bioreactor than at ¢c = 1.24, due to the increasing cell metabolic requirements, which result in n¢ =
0.53. Furthermore, oxygen concentration decrease causes NHy-FCV = 0.71. Figure 4.3d shows that
increasing ¢c up to 11.6, typical of hMSC proliferating up to 4.22 x 10** cell/m® (Zhao et al., 2005)
and subsequently differentiating into osteoblasts, i.e. cell-specific oxygen consumption rate
increasing up to 5.5 x 10" mol/(s cell) (Komarova et al., 2000), the NHy-FCV decreases down to
0.1, whereas n decreases down to 0.13 due to the anoxic conditions establishing inside the 77% of

the construct volume.
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Figure 4.3 Radial velocity at construct entrance (a) and dissolved oxygen concentration profile (b-d) at Re;, = 0.1 for
non-uniform radial flux distribution. Parameter values: (b) ¢c = 1.24; (c) ¢c = 3.93; (d) dc = 11.6. R/S¢ = 4, CORFU
=1.47. Other parameters as in Tables 4.2 and 4.3.

Uniform radial flux distribution — Figure 4.4 shows how oxygen distribution inside the construct is
influenced by uniform distribution of radial flux at Re;, = 0.1 for the same values of ¢c as in Figure
4.3. Figure 4.4a shows the uniform radial flux distribution at r” = 1, which was obtained by reducing
the value of R/3g from 4 to 0.67 so that CORFU decreases down to about 0.1. Figure 4.4b shows
that, for ¢c = 1.24 oxygen concentration remains ca. uniform along the axial coordinate and remains
higher than about 80% that at the inlet throughout the construct. In particular, n. results to be equal
to 0.007. As the Thiele modulus increases up to 3.93, dissolved oxygen concentration decreases in
the radial direction due to the increasing unbalance between oxygen depletion and oxygen supply

(Figure 4.4c), while remaining uniform along the axial coordinate. In particular, n is equal to 0.05,
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whereas the NHy-FCV decreases down to 0.8. Figure 4.4d shows that a further increase of ¢¢c up to
11.6 causes n. to decrease down to 0.015 due to the high oxygen depletion that causes the NHy-
FCV to decrease down to 0.1, with the 77% of the cells cultured under anoxic conditions.

The increasing n¢ at given Rej, and ¢c for CORFU increasing from 0.1 to 1.47 may be
explained by the fact that, under non-uniform medium radial flux distribution (e.g. CORFU = 1.47),
the increasing cell metabolic requirements cause oxygen to decrease to a greater extent in the zones
of the constructs perfused at lower medium velocity, whereas for uniform medium radial flux
distribution (e.g. CORFU = 0.1) the balance between oxygen supply to, and oxygen consumption
by, the cells does not depend on the axial position. Furthermore, Figures 4.3 and 4.4 suggest that, at
a given Rej,, medium radial flux distribution influences the uniformity of oxygen distribution along
the axial coordinate as ¢c increases without causing anoxic conditions, and may cause cells to
proliferate and differentiate non-uniformly inside the construct if non-uniform oxygen supply is

provided to the cells, even if the NHy-FCV is not affected by medium radial flux distribution.
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Figure 4.4 Radial velocity at construct entrance (a) and dissolved oxygen concentration profile (b-d) at Re;, = 0.1 for
uniform radial flux distribution. Parameter values: (b) ¢c = 1.24; () ¢oc = 3.93; (d) ¢c = 11.6. R/3g = 0.67, CORFU =
0.1. Other parameters as in Tables 4.2 and 4.3.

4.3.3 Effect of Rej, on oxygen distribution

Figure 4.5 shows the effect of Rej, on oxygen supply to the cells for ¢c = 3.93 for non-
uniform medium radial flux distribution. In particular, Rej, is increases of one order of magnitude
from 1 to 10, both typical of bone tissue engineering applications (Oliveir et al., 2007; Xie et al.,
2006; Shao et al., 2009). For the same bioreactor geometry this does not significantly influence
medium radial flux distribution, causing CORFU to decrease from 1.47 to 1.3. Figure 4.5 shows
that for ¢c = 3.93 increasing Rej, from 1 (Figure 4.5a) to 10 (Figure 4.5b) causes oxygen
concentration to become more uniform in the axial coordinate, with n. decreasing from 0.073 to

0.02, while the NHy-FCV is equal to 1 in both cases.
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Figure 4.5 Dissolved oxygen concentration profile at ¢c = 3.93 for increasing Re;,. Parameter values: (a) Rej, = 1,
CORFU = 1.46; (b) Re;, = 10, CORFU = 1.3. Other parameters as in Tables 4.2 and 4.3.

Figure 4.6 shows that the effect of Rej, on oxygen distribution increases as ¢c increases up
to 11.6. In particular, Figure 4.6 shows that for increasing Re;j, from 1 to 10 makes n decrease from

0.43 (Figure 4.6a) to 0.05 (Figure 4.6b), while making NHy-FCV increase from 0.8 to 1.
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Figure 4.6 Dissolved oxygen concentration profile at ¢c = 11.6 for increasing Re;,. Parameter values: (a) Rej, = 1,
CORFU = 1.46; (b) Re;, = 10, CORFU = 1.3. Other parameters as in Tables 4.2 and 4.3.

4.3.4 Towards a unifying approach to optimal design of rPBBs

The analysis of oxygen concentration profiles for varying perfusion conditions is important
to understand the phenomena to account for when designing rPBBs during tissue development.
Nevertheless, the prediction of the interplay of all the dimensional parameters is difficult and gives
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poor insight into bioreactor scale-up. Dimensional analysis of the transport equations offers the
designer a valid tool to predict the complex interplay between the dimensional parameters
controlling bioreactor behavior and to scale the bioreactor up for a given application.

In this work, the behavior of the rPBB was expressed in terms of the overall effectiveness
factor and the NHy-FCV. Figure 4.7a and 4.7b show how the overall oxygen effectiveness factor,
Nov, and the NHy-FCV vary with increasing ¢c, at values of the reduced Reynolds number, Rej,,
varying of three orders of magnitude, under uniform medium radial flux distribution. Independent
of Rej,, at low enough ¢c, the dissolved oxygen concentration profile is uniform throughout the
construct and both the overall effectiveness factor and the NHy-FCV approach 1 (i.e. the bioreactor
is operated under kinetic control). As ¢c increases, oxygen is rapidly depleted by the cells due to an
increase of the cell metabolic requirements and of the overall transport resistance, and both 14, and
NHy-FCV become lower than 1 (i.e. the bioreactor is operated under transport control). The
transition between kinetic and transport control increases as Rej, increases, since, at the same ¢c,
higher perfusion flow rates result in smoother oxygen concentration profiles. As a result, Figure 4.7
suggests that, as cell concentration increases and cells require higher oxygen supply than at seeding,
the pericellular oxygen supply may be controlled by gradually increasing the inlet flow rate to
increase the value of Re;,. In particular, at the beginning of the culture (i.e. low cell concentrations
as those typicial of cell seeding) low values of Rej, permit to balance out the cells metabolic
requirements, whereas, in order to ensure cell survival throughout the construct as cells metabolic
requirements increase as a result of cell proliferation or differentiation (i.e. for increasing ¢c), the
perfusion flow rate should be gradually increased. For instance, the literature data reported in Table
4.4 suggest that low Rej, (e.g. Rej, = 0.01) would enable culture of cells with low oxygen metabolic
requirements (e.g. chondrocytes), but would allow the culture of cells consuming oxygen at higher
cell-specific oxygen consumption rates (e.g. hepatocytes) only at cell concentrations typical of

seeding. If Rej, is increased from 0.01 to 10, the rPBB may enable about a 30 fold higher activity
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(i.e. Thiele modulus) while maintaining adequate oxygenation of the same fractional construct
volume. This result finds also experimental evidence in literature for the culture of hMSC onto 3D
construct in a perfusion bioreactor. In fact, it has been shown that, low flow rates have to be
preferred for cell culture when they are not reorganized in tissues (i.e. at low Cgy) in order to
prevent cell washout, whereas medium flow rate has to be increased to exploit mechanical
stimulation promoting cell differentiation towards the osteoblast phenotype in the culture of human
mesenchymal stem cells when cells start to secrete extracellular matrix, while ensuring cell survival

(Zhao et al., 2005 and 2007).
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Figure 4.7 (a) Oxygen overall effectiveness factor and (b) NHy-FCV at varying ¢ for increasing Re;,. Parameters as

in Tables 4.2 and 4.3.
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Cell type cell-specific  reference Ceen/seed  ¢c/seed  Ceep/vitro ¢c/vitro  reference
OCR (cell/m?) (cell/m®)
(mol/(s-cell))
bovine 3.43x10"  Stockwell 10" 0.14 2x10"  0.63 Stockwell,
chondrocytes etal.,, 1971 1971
rat 1.4x 10"  sSullivanet 107 2.86 10" 10.1 Sullivan et
hepatocytes al., 2007 al., 2007
osteoblasts  5.5x10%  Komarovaet 10% 1.79 42x 108 116 Zhao et
al., 2000 al., 2005
hMSC 2.64x10"  Lavrentieva 10" 1.24 42x10" 8.1 Zhao et
etal., 2011 al., 2005

Table 4.4 Thiele modulus for oxygen consumption, ¢, for various cell types and concentrations of therapeutic
interest, for the values of geometric and operating variables reported in Table 4.2.

Figures 4.8a and 4.8b show that the curves shown in Figures 4.7a and 4.7b, respectively,

converge in one curve only when the no, and NHy-FCV are reported as a function of the minimal

radial Damkdhler number, Dayag min, Where

2
Da . —_ % Ve (4.17)
rad,mn Perad’max C ! R
oYin |
L

for any given value of Peagmax reported in this work (i.e. Peragmax > 4). This suggests that, for such
values of the maximal radial Peclet number, oxygen transport is dominated by convection. Figure
4.8 shows that cells may be cultured in the construct at a uniform dissolved oxygen concentration
under conditions that result in small Da.q min (i.€. for low cell concentration or metabolic activity, or
high perfusion rates). In particular, bioreactor design according to which Daagmin 1S kept close to
the values corresponding to the transition from the kinetic- to the transport-limited region ensures
cell survival throughout the construct with the lowest possible radial superficial velocity and

consequent shear stress at any given cell concentration for a given application.
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Figure 4.8 (a) Oxygen overall effectiveness factor and (b) NHy-FCV at varying Daggmin. All parameters as in
Figures 4.7a-b. Other parameters as in Tables 4.2 and 4.3.

4.3.5 Use of the model for analysis of experimental data

In the realization of a clinical-scale constructs for tissue replacement, the environmental
conditions for cell survival and activity have to be similar to those of the native tissue for any given
therapeutic objective. In particular, the metabolic activity of cells may vary in space depending on
their native tissue. For instance, in the human liver, the metabolic activities of the hepatocytes
change in space along the length of the sinusoids inside the liver lobules (i.e. liver zonation)
(Gebhardt, 1992), whereas in long bones blood is uniformly supplied along their length to cells by
means of the radial Volkmann canals, that branches out of the axial Haversian canals (Gray et al.,
1995). In the following, the effect of radial flux distribution on glucose supply to cells is assessed
for the experimental results reported by Hongo et al. (Hongo et al., 2005) and Olivier et al. (Olivier
et al., 2007) for the culture of HepG2 cells and osteosarcoma cells in rPBBs for a bioartificial liver
(BAL) and for the bioengineering of a large-scale bone graft, respectively.
Bioartificial liver — Figure 4.9 shows how non-uniform medium radial flux distribution along the
construct length influences glucose concentration profiles in the case of a bioreactor for BAL in
which an annular porous construct 15 mm long and 10 mm in outer diameter with an inner hollow
cavity of radius R = 1.5 mm, is cultured at Thiele modulus equal to 5.3 and Rej, equal to 0.088,

corresponding to an average value of radial superficial velocity of 3 x 10 m/s at construct external
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surface, assuming inward construct perfusion (Hongo et al., 2005). In this case, the construct Darcy
permeability was calculated with the Carman-Kozeny equation assuming construct porosity equal to
0.8 and d, = 0.6 mm, as reported by the authors (Hongo et al., 2005). Figure 4.9a shows that the
parameters reported by the authors result in non-uniform radial flux distribution at r” = 1+8¢/R, that
gives CORFU equal to 4.65. Figure 4.9b shows that at ¢c 4 = 5.3, corresponding to the culture of
HepG2 consuming glucose at 1.57 x 10™" mol/(s cell) (lyer et al., 2010) at a cell concentration
equal to 10™ cell/m®, glucose concentration is distributed non-uniformly along the construct length.
In particular, ncg4 results to be equal to 1.05. This result suggests that bioreactor design resulting in
non-uniform medium radial flux distribution may help reproduce the physiological pericellular

environment for liver cells activity.
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Figure 4.9 Radial velocity at construct entrance (a) and glucose concentration profile (b) ¢c 4 = 5.27 in the bioreactor
for BAL as reported by Hongo et al. (Hongo et al., 2005). Parameter values: Pegmax = 468, D¢ g /Dy g = 0.8, R/Sg =
0.18, CORFU = 4.65, Re;, = 0.088, k/R? = 1.1 x 102, L/R = 10, R/5. = 0.18, By=12x10"

Bioreactor for bone tissue engineering — Figure 4.10 shows how glucose distribution inside the
construct is influenced by uniform distribution of radial flux for the case of a bioengineered annular
porous construct 33 mm in length with R =2 mm and &¢c = 5 mm, at Rej, = 1 (Olivier et al., 2007).
In this case, construct Darcy permeability was assumed to be equal to 0.3 x 10”° m?, as reported by
Li et al. for calcium phosphate scaffolds for bone tissue engineering (Li et al., 2003). Figure 4.10a

shows the uniform radial flux distribution at r = 1, resulting from the parameters reported by the
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authors that give CORFU = 0.1. Figure 4.10b shows that, for ¢cy = 0.08, corresponding to
osteosarcoma cells consuming glucose at 1.39 x 10™® mol/(s cell) at Ce = 1.21 x10* cell/m?,
glucose concentration remains uniform along the axial coordinate and remains higher than about

95% that at the inlet throughout the construct.
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Figure 4.10 Radial velocity at construct entrance (a) and glucose concentration profile (b) at the conditions reported
by Olivier et al. for the culture of osteosarcoma cells in rPBB (Olivier et al., 2007). Parameter values: Pe ;g max = 456,
Dc/Dy = 0.65, R/8g = 0.33, CORFU = 0.1, Rej, = 1, k/R?* = 7.5 x 10°, L/R = 11, R/8c = 0.4, p = 0.02.

The results shown in Figures 4.9 and 4.10 confirm the goodness of the radial perfusion
configuration proposed for the culture of large-scale constructs at cell concentrations close to those
found in vitro, under acceptable perfusion flow rates, and suggest that the transport model reported
in this work may be very helpful to predict the pericellular environment under which cells develop
and to scale the bioreactor up for a given therapeutic objective.

4.4. Conclusions

In this work, a two-dimensional stationary transport model is proposed to design radial flow
bioreactors packed with 3D annular porous scaffolds ensuring the physiological supply of dissolved
oxygen to the cells at different cell concentrations under optimal medium radial flux distribution,
for a given therapeutic objective. Dimensional analysis was used to identify the most relevant
dimensionless groups affecting rPBB behavior, expressed in terms of the non-hypoxic fractional

construct volume and in a dimensionless parameter accounting for the uniformity of oxygen
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distribution along bioreactor length. Medium radial flux distribution along the bioreactor length was
shown to significantly influence oxygen supply to the cells during tissue reconstruction at higher
cell metabolic requirements for a given Rej,. Model predictions also suggest that Rej, influences
oxygen spatial distribution from the top towards the bottom of the bioreactor for non-uniform
medium radial flux distribution, giving higher uniformity of oxygen distribution along bioreactor
length. Furthermore, the value of Rej, has to be chosen independent of spatial distribution of
medium radial fluxes to enable adequate supply of dissolved oxygen to the cells while preventing
cell wash out, at any given stage of tissue development. In particular, model predictions suggest that
at the beginning of the culture Rej, (i.e. medium flow rate) may be kept low to avoid cell damage or
wash out, whereas, as cells proliferate and differentiate (i.e. for increasing Thiele modulus, ¢c), Rein
should be gradually increased to balance out the increasing metabolic requirements of cells. Finally,
for the culture conditions considered in this work, choosing perfusion rates that cause minimal
radial Damkdhler number, Daagmin, t0 be small were shown to ensure adequate pericellular
oxygenation (i.e. NHy-FCV around 1) for tissue development, for values of the maximal radial
Peclet number, Perag max, higher than 4. Model predictions suggest that the transport model reported
in this work may be very helpful for bioreactor scale-up for the development of clinical-size
bioengineered constructs for tissue engineering applications.

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

Figure A.1 reports the value of 1/ay, as a function of d, . 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 determine the equivalent diameter of a Raschig ring from its specific surface

reported by Perry et al. (Perry et al., 1999).
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Conclusions

A promising alternative to synthetic grafts for tissue replacement is the use of engineered
biological substitutes of tissues or organs. To this purpose, isolated human adult or stem cells are
seeded in three-dimensional porous scaffolds, and the cell constructs are cultured in bioreactors in
which cells are guided to re-organize and differentiate as in natural tissues and organs by means of
the application of physiological biochemical and mechanical cues. Optimization of bioreactor
design and operation for tissue engineering is important to control the pericellular environment and
ensure cell survival, proliferation, organization and differentiation to the given phenotype.

One of the major limitations for the development of bioengineered substitutes for tissue
replacement is the difficult supply of dissolved oxygen and nutrients towards, and metabolic wastes
removal from, the cell compartment. In fact, to reach cells anywhere in the construct, dissolved
oxygen, nutrients and biochemical cues supplied in the culture medium have to be transported
external to the construct (i.e. from the fresh medium bulk to the construct upstream surface), inside
the construct across the cell mass (i.e. from the upstream to the downstream surface), and again
external to the construct from its downstream surface into the bulk spent medium leaving the
bioreactor. Transport and metabolic reaction phenomena in the bioreactor may cause the
concentration of soluble metabolic species in the stream entering and leaving the bioreactor to be
significantly different from its pericellular value. This may lead to biased evaluation of the
conditions under which cells are cultured and of their functions, and may even cause cell death. In
particular, oxygen concentration gradients that establish across 3D constructs in static bioreactors
(e.g. Petri dishes or flasks) have been acknowledged to cause poor cell oxygenation and limit the
development of engineered substitutes mimicking natural human tissues and organs. To minimize
the diffusive limitations to external solute transport, bioreactors have been proposed in which
medium flow around the cell construct enhances transport by superimposing external convection

over pure diffusion (e.g. spinner flasks and rotating wall vessel bioreactors). Axial perfusion of 3D

129



porous constructs with medium in axial flow packed bed bioreactors (aPBBs) uses convection to
enhance transport of soluble metabolic species to cells internal to the construct. At low axial
superficial velocity, steep concentration gradients of soluble metabolic species may establish in the
construct which decrease the amount supplied to cells, and may cause cell death towards the end of
the construct. On the other hand, perfusion at high axial superficial velocity enhances transport (and
minimizes the axial concentration gradients), but may detach and wash cells out of the construct.
The large pressure drop that establishes at the ends of long 3D constructs may also compress and
change the morphology of soft scaffolds during culture.

In recent years, radial perfusion of cell-seeded 3D annular porous scaffolds in radial flow
packed-bed bioreactors (rPBBs) has been proposed to overcome the transport limitations typical of
static and axial flow packed-bed bioreactors, in particular for the development of engineered liver
tissue and bone. In rPBBs, fresh medium is distributed along the construct length, flows radially
across the cell construct, and spent medium is collected along the construct length before leaving
the bioreactor. Medium may flow from the inner hollow cavity towards the outer peripheral annulus
(outwards or centrifugal configuration, CF), or from the outer peripheral annulus towards the inner
hollow cavity (inwards or centripetal configuration, CP). Fresh medium entering and spent medium
leaving the bioreactor may flow in the same direction (co-current or z-configuration), or in opposite
directions (counter-current or m-configuration). Similar to aPBBs, species transport to (and away
from) cells occurs mainly by convection and is more efficient than pure diffusion. Hollow
constructs radially perfused with medium also feature larger cross-sectional areas for solute
transport and shorter solute transport path-lengths than axially perfused cylindrical constructs. This
enables cell culture in rPBBs at lower pressure drop, lower superficial velocity (hence lower shear
stresses), and smoother and more controllable concentration gradients of dissolved oxygen and
metabolites in the direction of perfusion than aPBBs.

Despite these significant advantageous features, the design of rPBBs is more difficult as

compared to that of axial flow bioreactors. First of all, the annular bed geometry and the perfusion
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flow configuration and conditions (e.g the direction and the extent of the radial superficial velocity)
may significantly influence mass distribution across the cell compartment. Furthermore, the extent
and the distribution along the construct length of the medium radial fluxes, which depends on the
fluid dynamics of the rPBB void spaces, should be optimized in order to enhance adequate mass
transport towards the cells for a given therapeutic objective.

In the optimization of bioreactor design, mathematical models may be useful to investigate
how the different parameters influence bioreactor performance and to optimize bioreactor geometry
and operations for a given application, provided that they are validated with experimental results.
However, a systematic analysis of the dimensionless groups accounting for the influence of all the
geometrical, transport and operational parameters to optimize the design of radial flow packed-bed
bioreactors for tissue engineering has not been reported yet.

Accordingly, a model-based framework, which accounts for the effect of all the geometrical,
transport and operational parameters on solute transport towards, or from, the cells, aimed to
optimize the design of radial flow packed-bed bioreactors for the development of bioengineered
substitutes for tissue replacement was developed and it was described in the present thesis. In
particular, bioreactor design according to such framework should enable the supply of physiological
amounts of dissolved oxygen, low molecular weight nutrients and biochemical cues to the cells in
order to prevent their starvation and to guide their differentiation towards a given phenotype. In
order to develop this framework, the present work was divided in three different steps, that were
discussed in the previous chapters and that are summarized as follows:

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

dispersion-reaction equation. The kinetics of dissolved oxygen consumption was assumed to be
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Michaelian. Dimensional analysis was used to combine more effectively geometric and operational
variables in the dimensionless groups determining bioreactor performance. The effectiveness of cell
oxygenation was expressed in terms of the non-hypoxic fractional construct volume. First, model
predictions suggest that outward radial perfusion of 3D annular porous constructs may lead to better
oxygenation than inward perfusion. For a given cell concentration and radial superficial velocity
(i.e. for a given Damkohler number), this results from the fact that, for outward perfusion, culture
medium carrying dissolved oxygen enters the construct through its inner surface at the maximal
superficial radial velocity, so that cells located close to such surface are not given time enough to
consume high amounts of oxygen, which remains available for the cells located close to the outer
construct surface. On the other hand, for inward perfusion, medium carrying dissolved oxygen
enters the construct from its outer surface at the minimal radial superficial velocity, so that cells
located there are given time enough to consume high oxygen amounts, which does not remain
available for the cells located close to the construct inner surface, and steeper dissolved oxygen
concentration gradients establish across the construct path-length. At a given Damkdohler number,
the dependence of the direction of medium perfusion on oxygen distribution inside the construct
decreases as the construct inner hollow cavity radius-to-construct thickness ratio increases. High
construct curvatures were also shown to enable more effective oxygenation. Furthermore, model
predictions suggest that high perfusion flow rates (i.e. high maximal radial Peclet numbers) permit
to culture constructs at higher cell concentration. rPBBs operated according to these predictions
were shown to be more convenient than static or axial perfusion bioreactors for the culture of large-
scale 3D construct and to provide adequate oxygenation to the cells under tolerable pressure drops.

2. In order to optimize radial flux distribution along the construct length, a two-dimensional
axisymmetric model was developed for steady-state momentum transport in all the three
compartments of rPBBs. Transport in the hollow cavity and the peripheral annulus was described
according to the Navier-Stokes equations, while the Darcy-Brinkman equation was used to describe

momentum transport across the annular construct. Model predictions were qualitatively validated
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against literature data. The effect on radial flux distribution along bioreactor length of the
performance-determining dimensionless groups found by dimensional analysis was investigated
under operation typical of tissue engineering. First, model predictions showed that an optimal value
of the reduced Reynolds number, Re;,, exists for high construct-to-hollow cavity permeability ratios
and given bioreactor geometry. This results from the opposite effects of friction at the wall surface
and momentum recovery, due to the variation of the axial flow rate induced by suction, on pressure
variation in the direction of decreasing flow, the balance of which depends on the value of the
perfusion flow rate. In particular, while friction in the hollow cavity prevails over that in the outer
peripheral annulus for low Rej,, thus causing poor perfusion of the bottom part of the construct,
momentum recovery in the hollow cavity prevails over friction in the peripheral annulus at high
Rein, thus causing poor perfusion of the upper part of the construct. For very permeable constructs,
the extent of radial flux maldistribution significantly increases with increasing L/R at any given
Rein, but close to the optimal value of Rejy (i.e. Reinopt), Whereas Reinopt increases for increasing
hollow cavity-to-peripheral annulus cross-sectional areas, &, at given L/R. When very permeable
and slender constructs are operated at low inlet flow rates medium stagnation at bioreactor bottom
contributes to further worsening the radial flux maldistribution. Furthermore, model predictions
show that, for very permeable constructs and at given Rej, and &, higher L/R yield progressively
more uniform radial fluxes up to an optimal value, whereas further increases of L/R make radial
flux maldistribution increase as a result of the decrease of the intercompartmental radial pressure
drop towards the bioreactor bottom caused by friction in the outer peripheral annulus. In addition,
for high construct permeability and given Rej, and L/R, increasing the value of & progressively
increase radial flux maldistribution as a result of the high friction in the outer peripheral annulus
which makes radial pressure drop decrease towards bioreactor bottom, thus causing poor perfusion
therein. The effect of all the dimensionless groups on radial flux distribution along the construct

length becomes less important for decreasing construct-to-hollow cavity permeability ratios, k/R®.
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Finally, a criterion was proposed to design and operate bioreactors so that radial fluxes may be
uniformly distributed along bioreactor length under operation typical of tissue engineering (i.e. the
CORFU criterion). The developed design criterion was shown to depend on the value of all the
dimensionless groups determining radial flux distribution of the culture medium along the
bioreactor length, which account for the fluid dynamics of the bioreactor void spaces and the time-
changing construct transport properties, and indicates that uniform radial flux distribution may be
achieved by keeping the total axial pressure drop along the void spaces within +10% of the radial
pressure drop across the construct thickness. Bioreactor designs and operation meeting this criterion
permit to avoid non-uniform development of tissue structure and functional properties.

3. In order to evaluate the actual effect of medium radial flux distribution along the construct
length and of the extent of the perfusion rates on bioreactor performance and tissue reconstruction,
and to design rPBBs enhancing oxygen supply towards clinical-scale porous constructs cultured in
rPBBs during tissue development for a given therapeutic objective, a more comprehensive two-
dimensional stationary transport model was developed in which mass transport was coupled to
momentum transport. Momentum transport in the void spaces of the bioreactor and in the construct
was described according to the aforementioned 2D momentum transport model (i.e. with the
Navier-Stokes and Darcy-Brinkman equations, respectively). Transport of dissolved oxygen in the
cell construct was described with the convection-diffusion-reaction equation and oxygen
consumption was described according to Michaelis-Menten Kkinetics. Oxygen mass transfer
coefficients accounting for external mass transport at the medium/cell interface were estimated for a
bed of Raschig rings transport-equivalent to porous scaffolds adopted in tissue engineering. The
effect of the dimensionless groups determining bioreactor behavior, expressed in terms of the non-
hypoxic fractional construct volume, on oxygen supply to cells was investigated under working
conditions typical of tissue engineering. Model predictions suggest that medium radial flux
distribution along the construct length significantly influences oxygen supply to the cells at higher

values of the oxygen Thiele modulus, ¢c, for a given Rej,. The effect of medium radial flux
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distribution on oxygen supply becomes less important if oxygen consumption is compensated by
oxygen supply. Model predictions also suggest that higher Rej, influences oxygen spatial
distribution from the top towards the bottom of the bioreactor for non-uniform medium radial flux
distribution, giving higher uniformity of oxygen distribution along bioreactor length. In addition,
the extent of the radial perfusion rates have to be optimized to enable adequate dissolved oxygen
supply to the cells while preventing cell wash out, at any given stage of tissue development. Model
predictions suggested that at the beginning of the culture (i.e. cell seeding), perfusion rates may be
kept low enough to ensure adequate cell oxygenation while preventing cell damage or wash out, due
to the low metabolic requirements of the cells. As cells proliferate and differentiate, the perfusion
rates should be gradually increased to balance out the increased metabolic requirements of the cells.
Adequate oxygen supply may generally be ensured by increasing Rej, for a given Thiele modulus,
dc. However, when transport occurs mainly by convection, the balance between transport and
metabolic consumption rates is better evaluated in terms of the minimal radial Damkohler number
rather than the Thiele modulus. In particular, for the culture conditions considered in this work, i.e.
for values of the maximal radial Peclet number, Peqmax, higher than 4, choosing perfusion rates
that cause minimal radial Damkd&hler number, Dargmin, t0 be small enable adequate pericellular
oxygenation for tissue development,

rPBB design matching the model-based framework described in this thesis may permit
adequate control of the pericellular environment in order to ensure cell survival and guidance of cell
proliferation and differentiation, in the development of clinical-scale engineered biological

substitutes for tissue replacement.
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Nomenclature

Cci

Ccell

Co

CORFU

Ui

construct specific surface [m*m?]

geometric coefficient [-]

dissolved oxygen concentration in i-th rPBB compartment [mol/m?]

dissolved oxygen concentration at cell surface [mol/m?]

cell concentration in the construct [cells/m?]

dissolved oxygen concentration in the feed [mol/m?]

criterion of radial flux uniformity, defined in Equation 3.11 [-]
oxygen diffusion coefficient in the i-th compartment [m?%/s]
minimal radial Damkohler number in the construct [-]

oxygen diffusion coefficient in the construct [m?/s]

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

viscous dissipation term in the i-th compartment [m?%/s*]

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

maximal cell-specific oxygen metabolic consumption rate [mol/(s

cell)]

characteristic geometry-dependent function of the i-th bioreactor

outlet zone, defined in Equation A.6b, A.9b and A.12b [-]
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Km

kc

ki

NHy-FCV

Pi

Peax = UQ L/DC

I:)erad,max

Q

Ri

Rc

Re = Rctée

3

shy

Ui

Michaelis constant for oxygen consumption [mol/m?]
Darcy permeability of construct [m?]

oxygen mass transfer coefficient [m/s]

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

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

axial Peclet number [-]

maximal radial Peclet number [-]

medium feed flow rate [m®/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, Equation B.13 [m]

radial coordinate [m]

Particle Sherwood number [-]

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

Vmax = CeelG maximal metabolic consumption rate of oxygen [mol/(m>s)]

Vi radial velocity in the i-th compartment [m/s]

Vo maximal radial velocity in construct at r = R [m/s]

Vv volume of the reservoir [m?]

z axial coordinate [m]

Greek Symbols

Qi kinetic energy correction factor in the i-th bioreactor compartment [-]
B =Ku/Cy saturation parameter [-]

Bi cross-sectional area ratio between relative to the i-th compartment [-]
Y perfusion flow direction parameter [-]

dc = Rc-R thickness of construct annular wall [m]

O thickness of peripheral annulus [m]

AP; pressure drop in the i-th zone at bioreactor outlet[Pa]

€ construct porosity [-]

d particle shape factor [-]

oc = V(Vimax 8c/(De Co)) Thiele modulus in construct perfused with medium [-]
©0 = V(Vinax 5c/(Deit Co)) Thiele modulus in construct under static operation [-]

s =V(Vinax dp,ezl(4.61Dc Co(1-¢)) oxygen Thiele modulus at cell surface [-]

138



Nov

degree of radial flux uniformity, as defined in Equation 3.10 [-]
degree of concentration uniformity, as defined in Equation 4.14 [-]
overall effectiveness factor [-]

medium viscosity [Pa-s]

fluid density [kg/m?]

average shear stress in construct [Pa]

hollow cavity-to-peripheral annulus cross-sectional area ratio [-]

Superscripts and Subscripts

avg

ax

bed

max

min

opt

average

axial

of the bhed

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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