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« A la lumiére de la connaissance, I'heureux résutemble
presque aller de soi ; tout étudiant (...) peuggt&hender sans tro
de difficulté. Mais les longues années de tatonmésnede
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sortie vers la lumiére, seuls ceux qui ont éprocei@ peuvent le
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profit matériel. »

M. CURIE
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Introduction

Le foie est un organe dont I'implication est magedans le maintien de 'homéostasie
en raison du nombre et de limportance des fonstiametaboliques qu’il possede. De
nombreuses pathologies sont susceptibles de prevogue perte fonctionnelle pouvant
remettre en cause le pronostic vital du patienh<bas cas d’hépatite aigué voire fulminante
ou de décompensation aigué d’'une pathologie chuenite seul traitement disponible a
I'heure actuelle est la transplantation hépatiqiependant, en raison du manque de greffons
et du nombre de personnes inscrites sur listeethigef des systemes transitoires extracorporels
de suppléance sont mis au point afin de permétiternte de la greffe ou la régénération du
foie et le rétablissement des fonctions hépatiguesatient.

Des foies purement artificiels ont été dévelopmsdernieres années, cependant, ces
systemes ont le désavantage de ne pourvoir qderesons de détoxication. L'idée d’'un foie
bioartificiel utilisant les fonctionnalités des lapcytes (cellules majoritaires du tissu
hépatique) dans un bioréacteur a alors germé. Biftés géométries sont a I'’heure actuelle
étudiées, a des stades plus ou moins avancés.

Au sein de 'UMR CNRS 6600, des chercheurs tramailldepuis plusieurs années sur
I'élaboration, I'’évaluation et le perfectionnemelat systemes de foie bioartificiel hébergeant
des cellules hépatiques d’origine humaine, C3Aapsalés dans des billes d’alginate.

Dans le cadre de cette thése, nous nous sommeésdtmoord concentrés sur
l'optimisation du systeme de foie bioartificiel & Fluidisé, en caractérisant différents
parametres liés a I'encapsulation des hépatocy®ess, nous avons abordé d’autres
géométries de bioréacteurs : la premiere étantauveau bioréacteur de type « airlift », la
seconde étant une géomeétrie plus classiques & fibeeses, mais étudiée avec le point de vue

du bio-ingénieur.



CHAPITREI. LA SUPPLEANCE HEPATIQUE

A. Introduction

Le foie humain est un organe pesant environ 1,8tkgmplissant de multiples fonctions. Les
hépatocytes (composant les 2/3 de la populatidnlaeg) jouent un réle primordial dans le
maintien de I'homéostasie, grace a leurs foncticosnplexes de détoxication, de
transformations et de syntheses...

Toute maladie altérant celui-ci aura des consémsgegraves pour le patient. Dans les cas les
plus sérieux, la greffe est actuellement le saitement disponible, mais présente un certain
nombre de limites: pénurie de greffons (en 20086931 personnes en attente et 1024
transplantations), opération chirurgicale risquigtement immunosuppresseur lourd.

Des systemes bioartificiels de suppléance tramsitgbnt actuellement a I'étude, pour
permettre au patient d'attendre, soit une gredi¢ & régénération de son propre foie, une fois
les agents toxiques éliminés. Ces dispositifs rmmossur ['utilisation de cellules
fonctionnelles dans un environnement adapté etépktaalans un circuit extracorporel. Si
certains essais cliniques paraissent encourageantsfyserve a I'heure actuelle leurs limites,
puisque l'application directe a ’'homme ne permas de comprendre le fonctionnement, les
apports et les limites des différents bioréacteursdéveloppés.
Dans ce chapitre, nous récapitulerons brievements dn premier temps, les caractéristiques
du foie en trois parties : son anatomie, ses fonstiet enfin les pathologies entrainant son
dysfonctionnement. Puis dans un second temps, déasrons les traitements actuels, a
savoir tout d’abord la transplantation puis lespdgtifs de suppléance actuellement

disponibles ou au stade expérimental.



B. Le foie

1. L’anatomie du foie

Le foie, le plus volumineux viscere du corps humast un organe vital qui assure de
nombreuses fonctions au sein de I'organisme. Isi&sé dans la partie supérieure droite de la
cavité abdominale, dans la zone correspondantypdtondre droit, occupant ainsi une partie
de I'épigastre, en avant de I'estomac. Vue de &e&tr, sa surface a un aspect granuleux et
une couleur rouge sombre, et présente dans sae pamtérieure deux segments bien
différenciés par I'insertion du ligament suspensguirle relie au diaphragme : le lobe gauche
et le lobe droit (figure 1). Le foie est enveloppé presque toute sa surface par le péritoine
abdominal et il se trouve sous une capsule de filsseux nommeée capsule de Glisson, qui le
recouvre dans sa totalité (Benhanebal, 2008 et Paeat al, 2000).

ligament suspenseur falciforme ;\gwif peieicavelinforicure

| | y
1 - lobe gauche
lobe droit

canaux biliaires

vésicule biliaire

canal cholédoque ’ E ot A pancréas

Figure 1 Représentation d'une vue antérieure du fe (Paezet al, 2000)

Le foie est abondamment vascularisé, a la foisI'petére hépatique et par la veine
porte, qui y pénetrent toutes deux au niveau de. llilest alimenté en sang oxygéné par
l'artere hépatique qui fournit 20% du sang. Il riegegalement 80 % du sang chargé de
substances nutritives en provenance des autreeex gl systéeme digestif par la veine porte
(Whitfield et al, 1996). Tout le sang traité par le foie est drgiar la veine hépatique et

rejoint la circulation via la veine cave (figure 2)
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Veine cave inférieure

Veine hépatique Aorte

hépatique

a .
Capillaires de la rate, du pancréas,
de Pestomac, des intestins

Figure 2 Schéma de la vascularisation hépatique (Vitfield et al, 1996)

Le foie est composé de lobules hépatiques hexagogau constituent les unités
fonctionnelles élémentaires (figure 3). Chaque ldbdoie se compose de milliers de lobules,
constitués de cellules hépatiques (hépatocytepjosiées de fagcon radiale a partir de la
veinule centrale en direction de la périphérie dbule. Les hépatocytes sont disposés en
rangées irrégulieres rayonnant a partir d’'une \eimentrale ou aboutissent les sinusoides,
qui les entourent de sang. Ces cellules sont atémenen sang par des branches de l'artére
hépatique et de la veine porte, auxquelles s’ajonteéseau vasculaire de sinusoides. Ce sang
provient d’'une branche de la veine porte et, apved traverse le lobule, il est drainé par une
branche de la veine hépatique. Le sang circuleuautes hépatocytes des espaces portes en
direction des veinules centrales. Le trajet deila e fait dans la direction opposée. Les
canalicules biliaires sont formés par I'alignemeées hépatocytes et dirigent la bile sécrétée a
leur niveau vers la périphérie du lobule ou elledégerse dans des conduits biliaires plus
gros, les conduits biliaires interlobulaires. Ldebchemine ensuite vers les conduits
hépatiqgues communs droit et gauche et le canaédbqle.
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Branche de canal biliaire

Canalicule biliaire

Artére hépatique
X 5 Hépatocytes

Branche
de la veine[
porte—A&

Branche de
canal biliaire

Branche de
I'artére hépatique

Branche de €

la veine porte Veinule centrale

(vers la veine
hépatique)

Branche de I'artére hépatique

Veine hépatique Veinule centrale

Figure 3 Schéma du lobule hépatique (a gauche) &t soupe (a droite) (Whitfieldet al, 1996)

Le foie est composé de quatre types cellulairesntigliement. Tout d’abord, les hépatocytes,
cellules polyédriques de 20 a 30 um de diameétreréglisent la majeure partie des fonctions
métaboliques. Le foie normal contient environ 100liands d’hépatocytes. Ces cellules
occupent environ 80% du volume du foie (110003unklles sont délimitées par une
membrane cellulaire qui présente d’abondantes wiltsités. Les trois autres types
cellulaires sont les cellules épithéliales des garaliaires qui sécretent la bile, les cellules
endothéliales situées au niveau de I'intima desseaiux et, enfin, les cellules de Kupffer, qui
sont des macrophages accrochés a la face lumiraleallules endothéliales au niveau des
sinusoides (Benhamat al, 2008).

2. Les fonctions du foie

Cette partie énumérant les différentes fonctionfotus’appuie sur I'ouvrage Physiologie

humaine écrit par Guénaed al.,(1996).
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a. Fonction endocrine

Le foie occupe une position centrale dans le mdéi&he de I'organisme : les nutriments
apportés par la veine porte sont stockés ou tremsf®par le foie avant d’étre redistribués

aux autres organes en fonction des besoins.

A) Hydrates de carbone

Le foie est I'organe principal du maintien de I'n@ostasie glucidique. En fonction des repas
et des besoins de l'organisme, il peut stockerlleage ou le redistribuer vers les autres
organes. La mise en réserve du glucose se fait Id@matocyte sous forme de glycogene
stocké dans le cytoplasme. Au niveau des hépatopgr-portaux, le glucose utilisé pour la
synthése de glycogéne est fabriqué dans la céllpkertir de sources non glucidiques comme
le lactate, les acides gras, et les acides aminésverse, la synthése de glycogene dans les
hépatocytes péri-hépatiques (également appeléstmntlaires, c’est-a-dire ceux situés pres
des veinules hépatiques, a la sortie des sinugaddestalisée a partir du glucose présent dans
les sinusoides. Ces hépatocytes possedent égalemendctivité de glycolyse. Ainsi, le
meétabolisme glucidique assuré par le foie est mpéaht régulé en fonction de la glycémie.
Le meétabolisme hépatique des hydrates de carbohecadrblé par des hormones
pancréatiques (insuline et glucagon), par le systéanveux autonome et par la concentration

en glucose des sinusoides.

B) Protéines
Le foie joue un rble essentiel dans la synthésenalabreuses protéines. La plupart des
protéines plasmatiques sont synthétisées par &: fguantitativement, I'albumine est le
principal produit de la synthese protéique hépatoy. L'albumine assure le maintien de la
pression oncotique plasmatique, et sert de molédaldiaison et de transport pour de
nombreuses petites molécules. Les protéines dmbbtase y sont également synthétisées : le
fibrinogéne, les facteurs du complexe prothromhiaidll, V, VI, IX, X).

C) Lipides
Le foie joue un réle fondamental dans I’homéostdsieholestérol et des triglycérides. C’est
le principal organe de synthese et d’élimination atholestérol. Cette molécule provenant
d’autres organes est capté par I'hépatocyte parréespteurs spécifiques des LDL (Low
Density Lipoprotein) et peut étre mis en réservesdas membranes. Enfin le cholestérol est

éliminé de I'organisme dans la bile.
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b. Traitement des déchets organiques

Le foie participe a la biotransformation et a héination de nombreux déchets organiques
d’'origine endogéne, et de certaines substancegyiierexogéne (toxines et médicaments),

les xénobiotiques.

A) Catabolisme protéique

Le foie est le site essentiel du métabolisme dmr@niaque, principal déchet toxique
résultant du catabolisme des protéines. Les hégatpéri-portaux captent 'ammoniaque et
le transforment en urée, qui est ensuite éliminée Ips reins. Ce systéme permet la
transformation de la majeure partie de 'ammoniadgeuls les hépatocytes péri-hépatiques
possédent I'enzyme glutamine synthase permettattatsformation de 'ammoniaque en
glutamine : l'affinité élevée de la glutamine symb pour son substrat permet la

détoxification de 'ammoniaque non métabolisé pariépatocytes périportaux.

B) Acides biliaires

Le foie joue un réle clé dans le métabolisme dedeachiliaires : synthese a partir du
cholestérol, élimination dans la bile, et captatides acides biliaires présents dans la
circulation sanguine apres leur réabsorption iimtalt. Chez 'hnomme, il existe trois types
principaux d’acides biliaires :

- les acides biliaires primaires qui sont synthétisad’hépatocyte a partir du cholestérol

- les acides biliaires secondaires qui sont syntetispartir des acides primaires

- les acides biliaires tertiaires, peu importantsngtetivement, qui sont synthétisés a

partir des acides secondaires

C) Métabolisme de la bilirubine

La bilirubine est le produit de dégradation de fifee: 80% de la bilirubine proviennent de
I’'hémoglobine libérée par le vieillissement deshgiles rouges ; les 20% restants proviennent
d’autres hémoprotéines comme la myoglobine, lesctypbmes tissulaires. La bilirubine est
insoluble dans I'eau : la bilirubine libre est tsportée dans le plasma essentiellement par
'albumine. Au niveau hépatique, la bilirubine eaptée par des récepteurs situés sur le pole
sinusoidal des hépatocytes : cette liaison bilirelécepteurs s’accompagne de la libération

dans le sinusoide de I'albumine transporteuse.
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D) Métabolisme des xénobiotiques

Les toxines et les médicaments doivent étre élimidé I'organisme pour eéviter leur

accumulation toxique. La plupart des xénobiotigugsrosolubles sont éliminés par les reins.
En revanche, les substances liposolubles doiveatréhdues hydrosolubles pour permettre
leur élimination. Ces modifications sont surtowlises par le foie, et a un moindre degré par

d’autres organes (poumon, reins, intestin).
c. Sécrétion biliaire

La bile représente la sécrétion exocrine du faigest une solution aqueuse contenant des
électrolytes et des substances organiques. Paesi eh retrouve principalement les acides
biliaires, le cholestérol et les phospholipidesbila fabriquée par les hépatocytes est secrétée

dans les canalicules puis modifiée dans les cabifiakes.

3. Les pathologies du foie et leur traitement

Le foie est ainsi responsable d’'une multitude dections cruciales pour le maintien
de 'homéostasie, les deux principales étant I#ipation du sang et la synthese de protéines.
Lorsque le foie est endommagé, par atteinte vmalen raison d’'une consommation abusive

d’alcool par exemple, ces fonctions peuvent étrapgromises.

Les principales affections sont représentées gandpatites (hépatites virales aigué et
chronique, hépatite alcoolique aigué, hépatitesicaétenteuses), les tumeurs hépatiques
(bénignes, malignes, primaires ou secondairegétahépatite, le syndrome de Budd-Chiari
aigu di a l'obstruction des veines sus-hépatiglzeshrombose portale, la pyléphlébite,
I'obstruction de l'artéere hépatique et la cholest@®olsoret al, 2005).

Ces affections peuvent entrainer des insuffisahépatiques. Il en existe deux types :
l'insuffisances hépatique aigué et la déecompensatimsuffisance hépatique chronique. Les
insuffisances aigués peuvent étre d'origine toxiguieale ou ischémique (Holt, 1999) et
s’accompagnent d’'une perte massive d’hépatocytes dies individus préalablement sains.
La forme la plus séveére est linsuffisance hépaidulminante. Les décompensations
d’insuffisance chronique sont dues a un facteurcipt@dnt compliquant une maladie
préexistante du foie (Tan, 2004).

L'insuffisance hépatique aigué est un syndromdagui@ rare dans lequel les fonctions
majeures de détoxication et de synthése du foi¢ midement détériorées a des degrés
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divers pouvant entrainer des complications séviellss qu’'une encéphalopathie hépatique,
un ictere, des troubles de la coagulation, une foyyodestérolémie, la formation d’ascite, une
insuffisance rénale et des désordres immunitairas,(2004 ; Zhoet al, 2004).

Cette maladie est associée a une forte morbiditd ehe forte mortalité en absence de
transplantation, le taux de mortalité pouvant vaeetre 10 et 90% selon I'étiologie et les
conditions cliniques (Zhoet al, 2004).

L’insuffisance hépatique résulte en une élévatieas thux sanguins plasmatiques de
nombreuses substances comme la bilirubine, 'amaoug, le lactate, les acides gras libres et
les acides aminés aromatiques. Parmi ces substémdgses, 'ammoniac et la bilirubine
semblent jouer un r6le central dans les manifestaticliniques de I'encéphalopathie
hépatique (Tan, 2004). L’accumulation de ces subst peut étre a l'origine de troubles
cardiovasculaires, rénaux et cérébraux. De plustadnes sont susceptibles d’'endommager
le foie lui-méme par une apoptose et une nécropatbeéellulaire, créant ainsi un cercle
vicieux qui doit étre combattu (Stangeal, 2000).

Le traitement de référence de linsuffisance hép@ti repose sur un traitement
symptomatique des manifestations pathologiquessgtcdmplications afin de permettre au
foie de commencer a se régenérer ou l'attente graffon (Highleyman, 2004). A terme, le

seul traitement efficace en cas d'insuffisance tigpa sévere reste la transplantation.
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C. Latransplantation et ses limites

En France, cette activité est régulée par 'Agetieda biomédecine, créée en 2005, et qui a
repris 'ensemble des activités de [I'Etablissemé&ancais des Greffes en matiére de

préléevement et de greffe. Elle a pour missionsieeatitres, de gérer la liste nationale des
personnes en attente de greffe et le registrematates refus de prélevement, de coordonner

les prélevements d’organes, de répartir et attritasegreffons et d’évaluer les résultats.

En 2006, 1 037 greffes de foie ont été réaliséapiceeprésente une augmentation de 1 % par
rapport a 2005, dont 36 a partir de greffons pedesur des donneurs vivants. Les greffes a
partir de donneurs décédés augmentent de 3 %,celées utilisant des greffons préleveés sur
donneurs vivants diminuent de 29 %. Le nombre dédesa inscrits sur liste d’'attente a
augmenté de 6 % (1 788 malades inscrits en 2006, 802 nouveaux inscrits). La durée
médiane d’attente était de 3,7 mois pour les malaakrits entre 2003 et 2006, et elle reste

stable depuis 1999, avec des disparités importaiet@sa 8 mois selon les équipes.

L’incidence des décés des patients en attente efée drépatique a augmenté en 2006 apres
une diminution amorcée en 2003. Elle est de 29@gigour 1000 patients par an, qui est le
taux le plus élevé depuis 1998. Les modalités nibattion des greffons hépatiques ont été
modifiées en 2007, et permettent de greffer enriggides malades les plus séverement
atteints. L'objectif est de diminuer les risques dirés des patients sur liste d'attente et

d’assurer ainsi une meilleure équité dans la rémerides greffons (Pessioegal, 2007).

En France comme ailleurs, l'offre de greffons rastérieure aux besoins méme si I'activité
de prélévement et de greffe continue d’augmentgifitativement. Les maladies hépatiques
touchent toutes les classes d’age mais surtopieles®nnes de 16 a 65 ans et en particulier les

hommes (tableau 1).
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Graffons Malades Nouveaux Malades Malades
hépatiques en attente au malades inscrits dreffés décédés
en 2008 15" janvier 2006 en 2006 en 2006 en 2006
n % n % n % n % n %
Age
015 ans a8 3.7 39 5 7T 5.9 73 7 4 3.3
16-45 ans 426 41,1 143 29,4 311 239 261 25,2 28 23
46-55 ans 212 20,4 | 159 27| 422 324 322 311 46 37,7
56-65 ans 153 14.8| 120 24,7 408 31,3 312 30,1 36 29,5
=65 ans 208 20,1 25 51 84 6.5 69 6,7 8 6.6
[ £ ds*, ans] 47.6 18.4 46,4 16,2 48,8 15,5 48,1 16.1 50 13.6
Sexe
Homme 583 56,2| 325 65,9 895 68,7 697 67,2 93 76,2
Fernme 454 43,8 161 331| 407 31,3 340 32,8 29 23,8

Tableau 1 Caractéristiques démographiques des donues de foie et des malades

inscrits en liste d’attente de greffes de foie erDR6 (Agence de la biomédecine, 2007)

Les patients atteints d’une cirrhose alcooliqueésgntent la majeure partie des personnes en
attente d’'une transplantation. La cirrhose posttigpe C et le carcinome hépatocellulaire
sont les deux autres populations les plus nombseas&tre dans le méme cas. D’année en
année, le nombre de personnes inscrites sur la d&ttente d'une greffe ne cesse

d’augmenter (tableau 2) et le nombre de patientdégedent également (figure 4).
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Indication 2001 2002 2003 2004 2005 2006
n %[pmh| n| % pmh| n| % pwmh| n| % pmhl n  %[pmh n| %|pmh
Clrhose alcoolljue 274 26| 45| 334 32 55| 5| | 51| 6 32| 55| 342 28| 55 38T 27| 5E

Carinoma

FépatoceliuEE

B

Cimhose posthépate ¢ | 17a| 17| 20| 155 18| 25| 162 15| 26| 198 17| 32| 161 13| 26 173 13 28
g:"gﬁ"“”"“““ 61| 6 1| sa| 5| og| 4| 4 o7 8 4| og| sa a| og| 45| 3| a7

Ayitra tumedr maligne

=

Autre tumer bénkne

Hépatita fminanta 82 B 1 A8 5 08| 54 G 08 6d 6 1 i1 Bl 1 £ B 1
Atre Insumsancs
hépatita digue i} 1 01 ] 1 01 2 al o G 1 01 8 1 01 13 1 02

Clrhose d'origine olllaire 34 3 08 I8 3 05 A 3 0B 4 2 04| 2, 2 04 M 2 04
Afréske des voles blldres | 33 2| o5 32| 3| o5| ar 3| og| 28 2[ 05 40 2 08| 3 3| 08
Cholangta sclansants o 3| 04 20 2 03| & 2] 04 20 2] 03] A 3 05 7 2 04
Malxdie congéritale

s voles bllENes 3 ol 0 4 o 01 5 o o1 3 1] 5 o0l 1 oo

d’habitants (Agence de la biomédecine, 2007)

Pancicgemétabohque | 34 3| 08 37| 4| 08| s8| 5| 08 45 4| 07| 45 4| o7 58 4| 09
Cimose autodmmune | 18] 2| 03| 18| 2| 03| 13| 1| o2 171 1| 03 =20 2| 03 | 2| o3
Autre cause de crnosa 24 2| 04 14 1 02| 22 2] 04| 20 2] 03| 38 3 06 30 2 05
At patnciogle @] 4 o7] % 8 1| a8 4 o8 58 5| 08 e & 11| 57 4 09
Retrareplantation

it | 2| o3| 2. 3| o5 24| 2| oa| 2| 2| 4| 4| 3| 07| a2 3 o7
gm“m" 7a| 7| 12| 72| 7| 12| w| 8 15 7s| & 12| e & 11| w2| 7| 15

Tableau 2 Evolution des inscriptions en liste d’atinte de greffe de foie selon l'indication et par riion
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Figure 4 Evolution des inscriptions en liste d'attate de greffe de foie entre 2001 et 2007

(Agence de la biomédecine, 2007)

En raison de la pénurie de greffons, il est impurtee disposer d’'une alternative et de
moyens de suppléance hépatique. Des dispositifaaaxporels d’assistance hépatique ont été
développés ces derniéres années. lls représemerdption thérapeutique prometteuse pour
le traitement des patients souffrant d’insuffisahépatique sévére (Krispet al, 2005). Leur
objectif est de permettre le rétablissement dasigs hépatiques et la régénération du foie
dans le meilleur des cas, ou l'attente de greféepérmettent de prendre temporairement en
charge une partie des fonctions que le foie n'est papable d’assurer (Highleyman, 2004).
Ces dispositifs peuvent eégalement étre utilisés fdeon transitoire en cas de
dysfonctionnement du greffon apres transplantati@patique ou lorsqu’une résection
hépatique est pratiguée chirurgicalement pour pereneine stabilisation des conditions
cliniques du patient (Highlemann, 2004 ; Inderhbitzi al, 2005 ; Koivusalet al, 2005). lIs
sont de deux types : les foies bioartificiels gtilisent des hépatocytes en culture dans des
bioréacteurs afin de fournir a la fois les fonctiale synthese, d’excrétion et de détoxication
et les systemes purement artificiels dont le pp@aiise uniquement a assurer la détoxication
extracorporelle du sang (Tan, 2004).
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D. La suppléance hépatique

Au cours des derniéres décennies, de nombreusdwaast ont eté utilisées pour
éliminer les toxines du sang, dont les échangegusas transfusionnels, la plasmaphérese et
I’'hémodialyse. Dans le laboratoire dirigé par JsffPlatt (Department of Surgery, The Mayo
Fondation, Rochester), une méthode ancienne caisastaire perfuser un foie porcin entier
directement avec le sang du patient. Plus tard,sgisemes totalement artificiels ont été
développés, ainsi que des systémes bioartificietgenant des cellules hépatiques de lapin,
puis de porc et enfin des hépatocytes humains (efgiann, 2004).

On distingue ainsi deux types de systemes dévolias suppléance hépatique : les
systemes artificiels, dépourvus de cellules etiniesta permettre la détoxication du sang, et
les foies bioartificiels qui ajoutent a cette derrifonction celle de synthése, offrant ainsi la

perspective d’une meilleure efficacité et d'uneseren charge plus globale du probléme.

Ces derniers systemes profitent d’ailleurs actoedlet des avancées importantes réalisées en
biologie cellulaire et moléculaire et en ingénietissulaire (développement des lignées
hépatocytaires, stratégies de stabilisation du qiype hépatocytairm vitro, amélioration du
micro-environnement cellulaire dans les bioréade(kllenet al, 2002).

1. Le foie artificiel

Cette partie traitant les systemes de suppléanpatib@e artificiels s’appuie sur larticle
intitulé « The place of adsorption and biochromedp@y in extracorporeal liver support
systems », rédigé par C. Legallais, A. Gautier,DMfresne, B. Carpentier et R. Baudoin et
publié en 2008 dans le journal Journal of Chromaiolgy B, 861, pages 171-176.

Dans cet article, nous rappelons d’abord les exggigue doit remplir un systeme hépatique
artificiel pour pouvoir remplacer un foie défailtajparagraphe 2) puis le réle de I'adsorption
dans la fonction de détoxication (paragraphe 3)eff#t, cette détoxication est assurée par le
biais de colonnes d’adsorption plus ou moins sjg@t par échange d’'ions et charbon actif.
Pour des raisons d’incompatibilité, le sang ne péwe perfusé directement dans ces
composants. Différents processus ont donc été pésppour pouvoir separer ces toxines a
éliminer, des éléments figurés du sang qui euxuratnt directement au patient. Ces
différents processus s’appuient sur deux phénongimgsques - la convection et la diffusion

- afin de permettre le transfert des toxines aetrmwune membrane semi-perméable du circuit

« sang » au circuit de traitement. Ills peuvent déime classés en deux grandes catégories
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selon I'étape qui précede la phase de traitememagsorption : séparation de ces toxines par
un processus convectif ou diffusif.

Les systemes combinant la convection et I'adsampsiont notamment les dispositifs Asahi
Kasei Medical ou FPSA Prometheus® (paragraphe &Yohction de filtration y est assurée
par un premier circuit ou les cellules sanguinespdtient sont séparées a l'aide d’une
membrane semi-perméable, de I'eau et d’'une paesesdlutés a éliminer par un processus
convectif. La pression transmembranaire appliquée cdmpartiment « sang » vers le
compartiment « filtrat » permet a la fois d’assuwer débit de filtration et un transfert de
solutés. Puis le filtrat passe a travers des casmiadsorption ou les toxines sont retenues.
Le sang, ainsi purifié, retourne au patient.

D’autres systemes combinent la diffusion et 'agton comme les systemes Liver Dialysis
Unit™, Mars® ou Albumin Dialysis SPAD (paragraphg. ans ces systémes, une
membrane semi-perméable sépare le sang du patier@ndpartiment dialysat ou les toxines
sont éliminées par le biais d’'une hémodialyse cotiwenelle sous l'effet d’'un processus
diffusif. Ces toxines peuvent également étre cagiren rajoutant une composante de
fixation lorsque ces dernieres ont été dialysées.

La suite de l'article ne doit pas étre prise en ptmndans cette partie puisqu’il traite les
systemes de suppléance hépatique bioartificiel sguont décrits plus en détail dans le
paragraphe suivant intituléx2. Le foie bioartificiel ».
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1. Imtroduction

Tha liver parforms many important metabolic functions and
is the only internal organ that has the capacity to regenerate
itsalf with new healthy tissues. Loss of liver cell functions may

* This paper was presenied at the Biodwromatography and Nanoiechnologies
Conderence, Vellare, Tamil Nado, India, 12-15 Febmary 2007,
* Corresponding anthor. Tel : +33 3 44 23 44 01; fax: +33 344 23 ]9 42,
E-mail aebvers: erile Jegallais Gube.fr (C. Legallais).

1570023275 — see Eroat matter © 2007 Elsewier B.Y. All cights rzsecved.
doi: 10. 10165 jobromb. 2007.07.048

result in the disruption of mamy essential metabolic functions,
which could lead to death. At present, liver transplantation is
the only efficient treatment for patients suffering from acute
or fulminant organ failure [1]. The shortage in specific organ
donors has resulted in a high death mte among the potential
patients waiting for a graft. Since 20 years, the expanding gap
between the number of patients on waiting list and the mumber of
liver transplants has highlighted the requirement for a temporary
liver support. Such an artificial organ could be employed either
as & hridge to transplantation or as a means for the patient o
recover native liver function [2].
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As liver parforms multiple snd complex functions (detoxifi-
cation, but also transformation and synthesis), artificial organ or
bioprtificial organ exploiting a synthetic cartridge to host bio-
logical components such as cells (hepatocytes in the case of a
bionrtificial liver) hawve been investigated. Among all of these
potentialities, we only focus here on systems adapting some
chromatography principles. Therefore, membrane-basad bioar-
tificial livers (BAL) will not be described, bat could be found in
other reviews [3-6].

One of the major liver functions is detoxification of sub-
stances carried by hlood, which are perfusad through the cellular
network in the organ. To meplace these functions, three differ-
ent physical principles are ovailoble in extracorpomal devices
under different forms. They are presentad in Fig. | and will
be discussed along this paper. It should be noticed that the
term ®comvection”, commonly used, represents indead moleculs
transferdue to Auid motion, most propedy named * solvent drag™
tranzport.

1. Requiremenis for artificial liver sapport: what are
the functions to be replaced?

The adult human liver normally weighs between 1.7 kg and
3.0kg. It is both the second largest organ and the largest gland
within the human body. The portal vein brings it venous blood
from the spleen, pancreas, small intestine and large inbestine, =o
that the liver can process the nutrients and by-products of food
digestion. The liver is among the few intemal human organs
ahle of natural regeneration: as little as 25% of mmaining liver
can regenerate into a whole liver again. The various functions
of the liver are carded out by the liver cells and more specifi-
cally by hepatocytes. These functions are mumeous and partially
depicted in Fig. 2.

As examples, the liver produces and excretes bile required
for emulsifying fats, peforms several roles in carbohydrate
metabolism such es gluconeogenesis (synthesis of glucose from
certain amino acids, lactate or glycerol), glycogenolysis (break-
down of glycogen into glucosa) and glycogenesis (formation of
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Fig. 2. Clmssification of majior Liver functions.

glycogen from glicosa). [tisresponsible for the mainstay of pro-
tein metabolism and performs several roles in lipid metabolism.
The liver produces albumin, coagulation facors 1 (fibrinogen).
I {prothrombing, ¥, VIL 12 X and XL as well as paotein C,
protein 8 and antithrombin,

Finally, the liver breaks down hemoglobin, toxic substances
and most medicinal products in a process called drug metabo lism
and converts ammonia to urea.

3. The role of sdsorption in detoxication

Autificial liver support systems aim at the extracorpomal
removal of water-soluble and protein-bound toxins (albumin
being the preferential hinding protein) associated with hepatic
failure. Albumin contains reversible binding sites for substances
such as fatty acids, hormones, enzymes, dyes, trace metals and
drugs [7] and therefore, helps for the later kidney cleamnce
of substancas that are toxic in the unbound state. These sub-
stances that acoumulate in liver failure ae implicated in the
developmentof hepato-renal syndmome, hepatic encephalopathy.
hemodynamic instability, ongoing liver injury and inhibition of
liver cell regeneration. It has been proposad that albumin bind-
ing sites for these putative toxing become satmtsd in patients
with liver failure, consequent on decreased hepatic clearance,
leading to an accumulation of unbound toxic substances and the
development of organ dysfunction.

The design of sffinity columns is not mandatory for liver
support 85 it could be forother protein-specific diseases (such as
familial hy parcholesterolemiaor immuna disorders) [8]. Indead.
the range of substances to be removed is broad and ot com-
pletely identified. Clinical studies showad that the critical issne
of the clinical syndrome in Liver failure is the accumulation of
toxins mot cleared by the failing liver. Based on this hypothe-
sis, the eemoval of lipophilic, albumin-bound substances, such
as bilimbin, bile acids, metabolites of aromatic amino acids,
medium-chain fatty acids and cytokines, should be beneficial to
the clinical course of a patient in liver failure,

For this purpose, the removal procedures are mainty based on
non-specific adsorption on jon-exchangers and activatad char-
coal. Blood should not perfuse directly such components, dua
to bicincompatibity aspects. Therefore, several processes have
bean proposed o correctly handle toxins carded by plasma They
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am described in the following chapters. All of them need o phys-
ical barrier between the blood cells and the adsorption system.
This physical sieve is olways o membrane with adequate prop-
ertias, through which toxing can be transferred by diffusion or
ooy ection.

Two systems are based on classical chromatogmphy pro-
cesses, Le. perfusion of o column hosting adsorbents and three
others are based on moving adsorbent phase.

4. Convection + adsorption systems

The following processes can be described as selective thera-
peutic plasmapheresis. In a fist step. blood is withdrawn from
the patient and separated by cross Aow filtration ina hollow fiber
membrane cartridge: water and some plasma solutes are rans-
fierred through a semi-perme able membrane under a comvection
process, The transmembmne pressure applied from blood o
filtrate compartment ensures flow and mass transfers. Then,
the filrate perfuses the adsorption columns where toxins ame
retained and is finally mixed with hlood cells and other plasma
components befioe returning to the patient (Fig. 3).

4.1, ASAHI EASEI Medical (Tokvo, Japan)

The plasmapheresis step is hare parformed by a microporous
membrana (Plasmafla™) made of o copolymer of ethylens and
vimyl alocohol (PEVA), with a maximum pore size of 0.3 pm. The
extracted plasma Aows through an activated charcoal column
Hemosorba™ and sn anion exchange column (copolymer of
styrenadivinyl benzens) Plasorba™ that binds bilirubin and bila
acids [9]. Each column containg 350 mL of adsorbent. After
a partial hepatectomy (surgery removing the diseasad part of
the liver), this system is recommended as 8 sapport for futume
reganeration.

4.2 FPEA-Prometheus® from Fresenins Me dical Care
{Bad Hominerg, Germany)

Here, the first step consists of blood fractionation by mesns
of o capillary albumin filter (AlbuFlow AFDL) presenting a

antkoagulaton

Column 1

@ Corhie i 2

Fig. 3. Generic representation of combined filration and sdorption columns
systems £or artificial Liver suppert.

Mambrana
separain
L]

Cxlls

molecular weight cut-off of 300000 0. The lagge pores of
the membrane allow albumin-rich plasma to enter the sec-
ondary plasma circuit. Albumin-bound toxins pe separated from
the plasma by binding to the adsorber beads. Both columns
host 350 mL of neutral resin styrenediviny] benzene copalymer
beads. The average particle diameter is approximately 600 pm.
The inner porous structure is sponge-like and easily nocessibla
for protein-bound liver toxins. Prometh 01 adsorbs waterinsolu-
ble compounds, such as bile acids, phenols and ammatic amino
acids. Prometh 02 has anion-exchanger properties becouse it
contains positively charged sites and is able o remove nega-
tively charged liver toxins, such as bilinabin. The cleared filtrate
retums thus to the blood main stream [10].

To remove water-soluble toxins, an additional claszical dial-
yeis step is then placed downstream. The high Bux dialysis
membrane i usad for the diffusive transfer of toxins from the
blood to the dialysate side.

‘Thea whole extracorporeal cirouit is adapted from a Fresenius
4008 dialysis machine. All the clinical results presented up o
now ame encouraging and prove the capacity of Prometheus to
treat certain categories of patients [11].

5. Diffusion + adsorption systems

In all the systems below, substances camied by blood pe
removed in the “dialysate™ phase, which is separated from
blood by a semi-permeable membrane. This means toxins have
first to cmoss this bamier by diffusion, befom being treated
(Fig. 4). Toxins that bind to albumin in the bloodstream and
am associated with pmgressing liver failure have proven refrac-
tary to be removed by comventional hemodinlyzis. Such toxins
can. howewer, be mmoved by adding a binder to the dialysate
that sarves to capture the toxin as it is dislyzed acmss the
membrana.

5.1. Liver Dialpsiz Unit™ by Hemocleanse Technologies
{ Lafizyette, [T5A)

‘This system previously named Biologic-DT was first mar
keted by the company HemoTherapies. This original method
combined hemodinlyzis and adsorption, the adsorbents {pow-
dered activated charcoal and cation-ex changers) being located in

anticoagukalon

Diahysste
regenaration

<" Dlalyrala

Fig. 4. Generic representation of combined diffusicn and sdsorption columns
systems £or artificial biver support.
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the dialysate moving phase [12]. The motion is bidirectional and
makes the available adsorption area huge: 1.5 L of bead suspan-
sion cormsponds to 300000 m? . Dialysate content is adjusted so
as to prevent unexpected emoval of subst ances such as calcium,
sodium doe to diffusive effects. This reatment was shown to be
efficient in cirrhotic patients [13].

5.2, MARS® from Teraklin jowned by Gambro, Lund,
Sweden)

MARS primary circuit is based on a specific dialysis using
a specially designed membrane named MARS Flux dialyser.
The secondary circuit consists in S00mL of 20% human albu-
min solution instead of physiclogical buffer used in classical
hemodialysis. Due to the membrane properties, protein-bound
toxins and water-soluble substances from the blood side diffuse
into the albumin solution [ 14]. The MARS Flux dialyser presents
a surface area of 2.1 m?, a membrane thickness of 100nm and
a molecular cut-off of about 50kDa. The specific membrane
surface provides pseudo-binding sites for albumin when the sec-
ondary circuit is pimed with albumin solution. The albumin
molacules on the “dialysate™ side of the membrane are in very
close proximity to the surface of the membrane in contact with
patient’s blood. It is assumed that albumin-bound toxins move
by physicochemical interactions between the plasma, albumin
molacules bound tothe dialysis side of the membrane and the cir-
culating albumin solution. This solation is then dialyzed against
a standard buffered dialysis solution to remove water-soluble
substances by diffusion. The emoval of the albumin-bound
toxins is achieved by passage through an activated carbon
adsorber and an anion-exchanger. The concentration gradi-
ent is maintained at the first dialysis step by circulation of
the on-line regenerated albumin. A specific monitor has been
designed by Teraklin company to handle the secondary cir-
cuit and is now commercially available with Gambro dialysis
machine.

MARS therapy has been shown to msult in a mlative clear-
ance of aromatic amino acids and in the substantial removal of
albumin-bound toxins such as fatty acids, bile acids, tryptophan
and bilirubin [15]. Physiologically important proteins (such
as albumin, al-glycoprotein, « 1-antitey psin, a 2-macroglobulin,
transfemin and thyroxin-binding globalin} and homones (such
as thymxine and thyroid-stimulating hormone) ae not signifi-
cantly removed.

53. Albumin diatesis SPAD

Single-pass albumin dinlyzis (SPAD) is o non-commercial
simple method of albumin dialysis using standard renal repl ace-
ment thernpy machines without an additional perfusion pump
system. The patient’s hlood Aows through a circuit with a high-
flux hollow fiber bemodiafilter, identical to that used in the
MARS system. The otherside of this membrane is perfused with
abuffiared albumin solution in counterdirectional Aow, which is.
inste ad of being regenerated as in the MARS concept, discarded
after passing the filter [16].

6. Bioartificial systems

As seen above, the artificial systems are only able o supply
detoxication functions of the liver. In some cases, this might
not be enough to save patients. An altemative is the design of
bioartificial liver. A simplistic approach consists in consider-
ing such a device as a hioreactor based on synthetic elements
able to offer an adequate environment to the liver cells. This
environment would in tum lead to the maintenance of efficient
functions of the cells aiming at liver supply, when placed in
a bioreactor located in an extracorporeal circuit. The manda-
tory requirements for acceptable cell viability and functions in a
bioartificial liver (BAL) ame tentatively listed below, according
to a biotechnological point of view:

1. Anchorage to a support of a matrix
2. Effictive exchanges with blood or plasma

3. Pmotection from host immunological response

In addition, the synthetic components of the bioreactors
should themsalves be biocompatibla. Several bioreactor designs
have been proposed to fulfill most of the above conditions.
Thay can ba classified into thres categories [4]: membrane-based
devices, direct perfusion systems with cells immobilized on var-
ious supports and bead entrapment-basad systems. The palymer
bead matrix offered anchorage facilities to bepatocytes and its
parous structure could act as an immunological barrier,

The beads containing hepabocytes were first developed by
Tompkins et al. [ 17] and Dixit [ 18] for their direct implantation.
Hepatocytes viability was found to be maintained in such a tridi-
mensional structure [19], even after aryopreservation [20]. The
beads might even protect the cells from shear stress damage in
an extracorporeal bioreactor.

Since cell encapsulation is a widely used tool in biotech-
nology, several materials have been imvestigated to fulfill the
requirements of a bioartificial liver, Several teams tested the
proparties of HEMA-MMA copolymer [21], chitosan-dextrose
[22]. Calcium alginate is up to now the most popular material
[23-25] becausa of ils pomsity, its mechanical properties and
its biocompatibility. The bead diameter ranged from 400 pm to
1 mim, allowing for sufficient mass transfer and oxygenation of
all hepatocytes.

The inclusion of hepatocytes within a semi-parmeable spher-
ical stracture usually called “bead” or “capsule™ makes this
approach closs to chomatography. Indeed. a key issue relies
on the process itself: how can the plasma comectly perfuse a
huge number of haads?

Muost of the bioreactors designed for beads perfusion are
based on fixed bad configuration. where the beads are densely
packed into a column. Reactors designed for small animal rials
operated properly [24]. Their major limitation for scaling-up
is the perfusion velocity profile into the column: the forma-
tion of preferential channels msulted in poor perfusion for a
large amount of beads and consequently limited mass transport
outgide the beads. In addition, high shear siresses on the effec-
tively perfused beads could lead to possible damage on the bead
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struchire and os an effect to alginate and cells release o the
bloodstream.

However, the hepatocytes entrapment into alginate beads
still appearad promising since all the other criteria fixed fior an
operational BAL seemed o be fulfilled. For thess reasons, wea
proposed to exploit the potentiality of hepatocytes entrapped in
alginate beads in a more efficient bioreactor,

The use of fuidirzed bed or expanded bed mactors is widely
spread in chemical engineering or in biochromatography when
a diphasic mixture is pesent [26]. In combination with cells
entrapped into beads, it has also found several biotechnologi-
cal applications. Hence, we suggested applying this technology
to 8 large scale exiracorporeal BAL as an extent of the previous
work of Framond et al. [23] with a small scale biomactor in fixed
bed configuration, leading to the conception of the Auidized bed
bicartificial liver (FEBAL) (Fig. 5) [27]. In vitro, we showed that
encapealation of an immortalized human cell line C3A followed
by aulture medium perfusion in @ FEBAL maintained efficient
call functions fior at least 6 h [28]. We now extend this study up
to 48h. which is much longer than a potentinl single treatment.
For ex vivo of in vivo applications, the bioreactor behaviour
may be unstable due to the low density difference between the
ligquid phase (plazma) and the solid phase (beads hosting hep-
atocytes). Indaed, the pomsity of the Avidized bed (£) depends
on the superdicial perfusion velocity (W) and on the terminal
velocity (i) aceording to Richardson and Zaki semi-empirical
fiormulation [26]:

e oy — p)ad]
g=|— y M= ——
i 18y

where m is a constant depending on the opernting conditions, pg
the fnid density (kg m—2), g, the solid (bead) density (kg m—3}1,
iy the Auid viscosity (Fas), dp the bead dismeter (m) and g is
the gravity constant (ms—2),

To cicumvent this potential risk of beads" escape for the
fuidized bad column, we proposa to moke them denser by
the inclugion of glass microsphems (diameter from 10 pm o
50 pm). Mixing an adequate number of glass beads per milliliter
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Fig. 5. Schematic description of the whale set up for the Auidized bed bioarti-
Eicinl liwer.
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Fig. fi. Expansion of the finidiz=d bed when perfosed with plasma either with
empty beads {thres top lines) or with bends made denser by inclusion of glass
microsphenes (three botbam lines) nnder thres perfosion velocities: 0.74 mm 5~
(datied line), 0.90mms"" {grey line) and |.06 mme~" {dark line].

of alginate allows for the reduction of the bed expansion, as
shown on Fig. 6.

Mass transfers batwaenthe perfusion fluid and the beadswens
thus significontly increased, ns compored to o static configu-
ration [29]. Each bead followed a motion from the bottom o
the top of the bioreactor and then fell down. Preferential Aow
was thus mooided and comvective mass transfer was achieved
due to the relative motion of the beads into the perfusion
Auid.

In witro, the results obtained with this type of bioeactor
and alginate beads hosting hepatoblastoma C3A cells are very
encouraging. The in vivo spplication requires uwp to 1L of
alginate beads (diameter | mm) to supply liver functions. The
perfuzion plasma fow rate could range | 00400 mL/min. with
an expansion matio of 2. The system developed is now applied by
threa groups in Europe. For instance, the same technology was
ndaptad for Selden’s group in London, with smaller diameter
alginate baads. Bx vivo results with pathological plasma seem
very encouraging funpublished date).

7. Conclusions

Up to now, none of the presented gystem can claim its ability
to fully replace all liver functions in an extracorporeal cimouit.
On the ona hand, purely atificial techniques can only cover
some detoxification aspects, which is already crucial in many
clinical cases to save potients. On the other hand, bioartificial
livers did not prove their full efficiency yet. mainly becanse both
regulatory and logistic aspacts limit for the moment the inclusion
of significant mumbers of patients to draw statistically relevant
conclusions.,

It appears nevertheless clear that the applic ation of adsorbent
techniquas, perhaps in combination with bioartificial systems,
presant a potential supply to help the patient wait for a graft or
even fior tissue regeneration. In the biomedicel field, the exten-
gion of techniques previously developed for other topics. such
as biochromatography for instance, has always pmoved fo be
promizing. This could be hopefully the case for artificial liver
suppart.
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Comme nous venons de le voir, les systemes agtgichontrent des résultats encourageants
mais ne sont guéere toujours efficaces. En effeengplacement de la fonction de détoxication
est parfois suffisant pour certains cas cliniquéspeur d’autres trop limité. Le foie
remplissant de nombreuses fonctions, il s’avéere thifficile de permettre la régénération
tissulaire ou la suppléance de cet organe pouratiern en attente d’'une greffe. L'idée est
donc venue de pouvoir retrouver I'ensemble de orstions ou du moins les principales, en
faisant appel a des cellules hépatiques incorpodées un systéme extracorporel. Ces
systemes font appel a une composante biologiqurgtdonc appelés Foie Bioartificiel. Ils

seront décrits dans la suite de ce chapitre.

2. Le foie bioartificiel

Cette partie s’appuie sur le chapitre intitulé «chencapsulation d’hépatocytes pour la
suppléance hépatique », rédigé par A. Gautier, Bp&htier et C. Legallais publié en 2007
dans l'ouvrage intitulé « Microencapsulation — Besences aux technologies », édité chez
Lavoisier, pages 295-312. Les systemes de sup@dagmatique artificiels ayant été traités
dans le paragraphe précédent, nous aborderonisléatpartir du paragraphe 4 intitulé « Les
différentes configurations de foies bioartificiels

Ces systemes obéissent a un cahier des chargées peémettant de favoriser d’'une part une
bonne viabilité cellulaire et d’autre part une berfanctionnalité afin que le traitement soit
efficace (paragraphe 4.1). Les cellules doivers &olées du plasma provenant du patient
pour éviter toute réaction immunitaire. Pour assuedte isolation, une barriere doit étre
placée permettant a la fois de préserver les eslldes facteurs immunitaires et aussi
d’assurer les transferts de solutés comme I'oxygéase nutriments et les métabolites. La
performance d'un tel systeme réside égalementesghoix du type cellulaire a incorporer
(paragraphe 4.2). A I'heure actuelle, les celldes plus prometteuses pourraient étre les
cellules souches adultes ou embryonnaires qui antdpacité de se différencier en
hépatocytes. En effet, ces cellules montrent desactaistiques intéressantes pour
I'application a un foie bioartificiel mais sont fours au stade de la recherche. Dans la suite
de cet article, nous énumérons les différents éiésngui composent ce type de systeme de
suppléance hépatique. Parmi eux, nous pouvonsdrawve plasmaphérése, permettant de
séparer les éléments figurés du sang des toxigssmies dans le plasma, un oxygénateur qui
assure l'oxygénation des cellules hépatiques dtidedacteur qui héberge les hépatocytes.
Une colonne d’'adsorption peut étre insérée poumigér les toxines éventuellement

présentes.
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Les bioréacteurs peuvent étre classés en quatégocas selon leur configuration : les
systemes a fibres creuses (ELAD, Hepatassist, MELSY-HFB ou LLS-HALSS), ceux
combinant fibres creuses et matrices perfusées $BREB-BAL, AMC-BAL, LIVERx2000

ou LIVERaid) et ceux avec une culture en monocoyEdB-BAL). Les caractéristiques de
chacun de ces systemes sont citées dans cet .affiaile les systemes basés sur la
microencapsulation sont abordés et détaillés dardiftes parties : le cahier des charges, le
type de billes ou de capsules, les différentesnigcies utilisées et les différents matériaux
sont recensés. Parmi ces systemes, nous énumé&dd€UA-BAL, le AHS-BAL et le
systeme de Shiratat al. et enfin le systeme extracorporel nommé FBBAL t#ygé dans

notre laboratoire.
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1. Introduction

Devant la pémune de greffons hépatiques et en raison de la gravité des pathologie du foue, il
apparait pnmordial de disposer dams 'urgence d'un systdme permettant une suppléance
extracorporelle transitoire. Le fole remplissant de mulfiples fonctions an sein de 1" organisme,
aucun systéme purement artificiel n'a montré de résultats probants jusgun’a présent. I semble
donc nécessaire d'inclure des cellules hépatiques protégées par une membrane dans un
biorfactenr. Ces systémes sont appelés «fole bioartificielw, et profitent des récents
développements en ingénierie fissulaire. Pour isoler les cellules du systéme immunitaire,
TM.S Chang a proposé ["utilization de la microencapsulation dans les annses 60. Le bien-
fondeé de cette techmigue repose sur la maitnse de paraméfres essentiels tels que la
biocompatibilité, la stabilité chimique et mécamique du maténiaun, la perméabilité de la
membrane, garanfissant ainsi le mamtien des fonetions cellulaires hépatiques et I'absence de
rézctions immunitaires. Dans ce chapitre, nous rappelons tout d’abord les fonctions du foie et
les pathologies lides & som dysfonctionnement, pumis décrivons différentes méthodes
d’encapsulation d’hépatocytes, pour nous concentrer enfin sur les systémes exploitant la
microencapsulation et permettant de répondre an cahier des charges étabh précédemment.

2. Fonctions et pathologies du foie

2.1 Les roles du foie dans Uorganisme

Le foie lumaim est un organe pesant environ 1,5 kg, vascularisé 4 80 % par la veine
porte qui lmi apporte le sang provenant de la rate, de l'estomac, du pancréas et de I'mtestin
Cette perfusion i permet de contrdler tout l'apport alimentaire, et d’exercer de nombreuses
fonctions dans 1" organisme.

Les hépatocytes constituent les deux tiers de sa population cellulaire. Ils jouent un réle
primordial dans le mamntien de lhoméostasie, grace i lewr capacité de métabolizer les
nutriments (glucides, lipides et protides) afin de les stocker et de les redistribuer 4 I'organisme.
On peut amnsi classer les fonctions du fole en trois catégomes |
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- détoxication : par exemple, destruction des globules Touges en fin de wie,
transfonnatmu de lhémoglobine libre en bilimbine comjuguée, élimimation des
médicaments, dégradation des acides aminés, des lipides, .

- régulation / stockage : mtmnmes,desllpldes,mamhmdnlagljrnémiepar
msfomaﬁmdeg]ucusemgljrmgéne

- symthése - albumuine, factemdelamagnlauun,hlmpmtemm,mdﬂsm sels
baliaires, uree, ..

Il posséde de plus ume capacité de régénération et d'auntorépgulation de sa taille
Cependant, toute pathologie aura des conséquences graves pour le patient.

2 2 Les afteintes hépatiques

Du fait de =a position clé, le foie pent &re soumis & I'attague de viros ou dagents
toxiques (hepatites (A, B, non-A non-B), auto-anticorps). Ces atteintes conduisent a terme a
une cimhose, et dans les cas les plus graves & une nécrose massive du foie. L'intoxication par
une surdose de médicaments peut amener une msuffisance hépatique aigné, qu'il fandra traiter
dans ['urgence.

Un mauvais fonctionnement des hépatocytes résulte en une accumnlation dans le sang
de toxines, qui vont affecter le fonctionnement d'autres organes (Teins, cerveau). Lecenrﬂn,
notamment, est alors touché par 'appanition dune encéphalopathie, sura d'un coma
accompagné de lésions cérébrales mréversibles. Plus grave encore est le cas de I'hépatite
fulminante, survenant chez un sujet au foie anténeurement sain, et dont le taux de mortalite
est de 90 %. Dans ce cas, I'évolution est trés rapide (24 heures), mais les 1ésions peuvent ére
réversibles. Il apparait dans ces cas précis que les traitements deivent survenir trés rapidement
et trés efficacement aprés la détection de la maladie.

3. Traitements et movens de suppléance actnels

On se concentre ici sur les cas les plus graves, pour lesquels 1a greffe apparait 4 1’heure
actuelle comme le senl traitement Cependant, le recours 4 une preffe présente un certain
nombre dinconvénients et de limmtes. Parnu cellesci, la pénurie de greffoms constatée a
I'beure actuelle : en 2003, en France, sur 1600 personnes inscrites sur liste d’attente, seules
1000 furent transplantées d'aprés 'Etablissement Francais des Greffes. Cet écart se tradmit par
un deéla relativement long entre 1'inscription sur la histe et la transplantation, et par une
centaine de décés avant greffe. Ce probléme pouwrma éventuellement &tre rézoln 51 on parvient 4
maitrizer la xénogreffe (organe de porc cu de baboun) ou en employant une nouvelle
technique reposant sur une transplantation partielle (partage des preffoms). De plus, toute
greffe est une opération chirurpicale risquée, et nécessite un traltement IMMMUNESTPpressenT
lourd. Enfin, dams un certain nombre de cas, la greffe ne sera pas possible étant donnée la
rapidité de I'évolution de la maladie.

Pour pallier ces inconvénients, des systémes de suppléance transitoire sont envisages,
permettant an patient d'attendre; soit wne greffe (et deme wn greffon compatible), soit la
régeneraticn de son propre foie, ine fois les apents toxiques éimmés. Dans ce but, un certain
nombre de dispositifs, purement artificiels ou bicartificiels, ont été développés au cours des

Les foies artificiels font appel & des moyens mécaniques et chimiques, assurant la
détoxication par des transferts de matiére cu par 1'adsorption des composants a éliminer. Les
techniques dites « classiques » possédent un certain nombre de limites -
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- L’hémodialyse ou I'hémofiltration ne sont pas efficaces pour éliminer la biloubine ou les
autres toxines liées 4 l'albumine plasmatique ;

- Les échanges plasmatiques nécessitent de recounr a des quantités impeortantes de flinde de
substitution et ne sont pas spécifiques ;

- Lhémoperfusion sur charbons actifs n'est absolument pas sélective et engendre, du fait de
la bioincompatibilité du maténan, des perturbations au niveau des plaguettes.

On s'ornente donc phatét & I'heure actuelle vers des systimes combinant plosieurs
techniques Tes dispositifs présentés somt commercialisés on en phase d'essaiz climgues

(tableau 1), mais ne visent i remplacer que les fonctions de détoxication.

Tablesu 1 - Bilan des foies artificiels testés cliniquemest

promatenr cliniques
Teraklin Mars Daffosion + Diomiteur Phase LTl en Elanwmt &f
(Rostock, adsorption MEIIIIEI:E q:euﬁp} Europe af 2002 [1]
Allemnapre) Dialysat regenere par Investization.
colonne charbom actif et senlement SEx
échamper d'ioms Etatc-fnis
Hemaoc leanse Liver Dialysis | Diffosion + Diomiteur Emade Ash et al.
(Indiana Etats- Uit ™ adsorption Circuit secondsire awvec mmlticenirigue 2000 [2]
Ulnis) charbon actif FDA
Aszshi Medical Colonnes - Adepeption | Monitenr de plasmaphérese | Monrépertorie | Iseki of al
({Tokyo, Japon) | Hemosorba™ + 2 colonnes d"adsorphion 1905 [3]
et Plasorba™ {1} pour bilirnbine
(2} charbon actif
Fresenins FPSA- Filirstion + Moniteur ' hémodialyse Essais Eramer af al.
Idedical Care Promethens® adsorption adapié climiges 2002 [4
{Bad Homburg, Filtre de fractionmement preliminaires
Aemnapne) de plasma ; 2 colomes
d'sdsorption + hémodialyse

4. Les différentes confignrations de foies bivartificiels

En raizon de 1'étendue et de la complexité des fonchions remplies par le fode, il parait
népessaire de proposer des systémes de suppléance faisant directement appel aux hépatocytes.
Les systémes utilisant des cellules hépatignes mmmobilisées sur um support permettent de
remplacer les fomchions de détoxication, de synthése et métaboliques dn fole et revétent pour
cette raison un intérét majenr. La conception d'on tel organe bicartificiel est trés complexe et
doit répondre i un cahier des charges précis.

4.1 Cakier des charges pour U'immobilisafion des képatocytes

Un certain nombre de contraintes sont 4 respecter pour favoriser la survie et la bonne
fonctionnalité des cellules. Celles-ci doivent étre isclées de 'environnement exteme et
immobilisées sur un support favorable. Cet environnement tridimensionnel (matrice) doit
permetire aux cellules de retrouver une morphologie et une crgamisation physiologiques afin
gqu'elles expriment toutes lewrs fometions et de maniére 4 obtenir une wiabilité optimale. Le
matérian porenx constitue, de phis, une bamiére de perméabilité définie entre le sang on le
plazsma dn patient et les hépatocytes et assure amsi 1] ion des cellules. 11 s'agnt
d'interdire le contact des hépatocytes avec les globules blancs et les immunoglobulines (poids
moléculaire d'epvirom 130 KDa). En revanche, les molécules plos petites doivent pouvoir
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traverser la bamiére comme par exemple Talbumine sécrétée par les heépatocytes,
Thémoglobine qu doit étre tramsformeée. ainsi que les différentes toxines. Une bonne
oxygenation des cellules doit également étre assurée.

4.2 Types cellulaires

Dans la httératore, de nombreux types cellolaires emt été utlisés pour suppléer les
fonctions hépatiques [5]. Les hépatocytes peuvent &tre primaires - nom modifiés aprés
extraction - ou de lignée, d'origine animale ou bumaine. Les cellules de lipnée, qui ont &té
transformees génétiquement, sont mmortalisées et peuvent se diviser a I'mfini (du moins en
théone). Cependant, ces cellules ne possédent pas I'intégralité des fonchons hépatiqmes.
L’avantage de ce type cellulaire réside dams sa simplicité de colture et d’obtention A
U'mverse, les cellules primaires somt plus difficiles 4 cultiver. On voit désormais aussi
apparaitre les potentialités de cellules souches adultes ou embryonmaires.

3.3 Bioréacteurs
La figure 1 montre un schéma global des éléments que l'on peut trouver dans wn
dispositif extracorporel visant 4 la suppléance hépatique. On notera la présence éventuelle

d'un oxygénateur et d*une colomme de charbon actf ou d’adserption non specifique qm peut
étre utile 4 I’éimmation de certaines toxines.

et Plasmaphérése s J
Patient i Oxygénateur :
| Cellules L _ I
sanguines 1
o | ——————————————— -

Colonne d’adsorption
non-spécifique

Bioreacteur

s

|
|
F 3 |
:
|
|
|
|
|
|
|
|
|
|

Figure 1 - Elemenis constibtatifs d*un foie bioariificiel

hm:mtednceﬂnlesnemsmeahsnpplmedunpaﬁaﬂmmsuﬂism
hepanmesteﬂnnneaaummmlﬂl La préservation au cours du temps de la viabilité et de
la fonctionnalité des cellules est un important challenge lors du développement d'mm foie
bipartificiel

Les bioréactenrs peuvent étre classés dans quatre catégories principales (Figure. ) - les
systémes 3 fibres creuses, les cultures monoconches, les matrices perfusées et les systémes
basés sur I'encapsulation. Chaque type de design a ses avantages et ses inconveéments. Un
«#bon» bioréactenr doit infégrer les fonchonnahtés suwivantes: les transferts de matiére
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doivent étre efficaces et bidirectionnels, le bioréacteur doit pouvoir étre fabrigué dans des
proportions permettant une bomne efficacité thérapeutique (« redimensionnement ») et ére
propice au maintien de la viabilité, du phénotype et de la fonctionnalité des cellules [6].

Ll ibreir e Vechuesd Exdamallbe [ J———
Figure 2 - Principaux types de designs de bioréactenrs, d*aprés [6]

Le tablean 2 (adapté de [7]) présente les caractéristiques des prnincipaux foies bicartificiels
basés sur I'unlisation de fibres creuses. de matrices perfisées ou de cultures en monocouche
an stade d'émde pré-chnique ou climigue. Les foles bicartificiels basés sur la
microencapsulation sont fraités dans le paragraphe 4.

36



Tablean 2 - Synthése des différentes péometries de foie bisartificiel décrites dans la littérature

*  Concept Fibres Cremses

Foie bioartificiel Schéma de principe Organisation cellulaire Milien
perfisé
ELAD Wormten Bl Agrégats Sang
{Amphioxus Cell ,E_g,:. s
Technologies, Etats- T S
Unis) Smg
Hepatassist (L Microsphéres tapissées Plasma
{Circe Biomedical, o d’hénatocvies
Etars-Unis) wm"ﬁ‘}%‘ ¥ hepatocy
MELS Curgine Sphéroides Plasma
(Charité Berlin, N i
Allemazne) "a$l;
Oxy-HEB Tapis cellnlaire autour des Plasma
{Universiré Eberhard fibras
Earls, Allemamme)
LLS-HALSS i Aprégats Sang
(Université de Kuyshn, | gang X305
Tapom) pene—
Amaa callulaies
* Concept Fibres Crenses Matrices Perfiisées
BLSS - IR Amas inclus dans un gel de Sang
(Exrorp Medical Inc, | 5™ &% i collagéne
Eats-Unis) Hipeweyns
EFB-BAL o piee Agrégats Plasma
(Universits de Ferrara, 'ii;'"irif
AMC-BAL F—— Petits agrégats Plasma
{Université o i
d’Amsterdam Pays- a2 'nl:_:
Bas) Flsfine
LIVEE=2000 - Hepatocytes piégés dans un Sang
{Algenix Inc., Etats- s {7 cylindre de collagéne &
Unis) Hoparocyas ' intérieur des fibres creuses
LIVER.aid . Agrégats Sang
{Arbios System Inc., b L
Etats-Ulnis) iRl "
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»  Concept Matrices perfusées

FUF-HALSS e Sphéres  d’hépatocytes  dams | Plasma
w de: Furyshn, %.égf' = une mousse en polyuréthane

»  Concept Cultures Monocouches

FMB-BAL Monocouche 4 hépatocytes Plasma
1T Tl

Eberhard Earls,
Allemazme)

De nombreuses équipes utilisent les potentialités des fibres creuses pour atteindre les
objectifs du cahier des charges. Les cellules sont placées entre les fibres, dans I'espace
illaire, et sont soit en contact direct aver la membrane composant la fibre (e gz
systéme ELAD [8], systéme Oxy-HFB [9]) soit attachées sur des mucrotransporteurs
(microcarriers) ou des microsphéres (Systéme HepatAssist [10]). Parfois les cellules sont
incorporées dans un gel entourant les fibres (BLSS [11], LIVERaid [12]) ou coulées &
I'mténieur de celles-ci (LIVERx2000). Le MELS développé par Gerlach et coll possade
plusieurs types de fibres crenses, certaines permettant les échanges gazeux (apport 4 cxygéne
et élimination du COy) [13]. Dans I'espace extracapillaire, les cellules forment des agrégats de
taille variable.

Les foles biparhficiels développés par l'umversite de Ferrara (RFB-BAL) [14],
Excorp. Medical Inc. (BLSS) [11], et I'umversité d’Amsterdam (AMC-BAL) [15] sont basés
sur 'utilisation de matrices porenses perfusées. Les deux demiers utilisent conjomtement des
fibres creuses pour la circulation du sang (BLSS) ou les échanges gazeux (AMC-BAL) et s=
situent dome & la frontiére entre deux types de designs. Les hépatocytes sont mclus dans la
mafrice et sont présents sous forme d'agrégats.

Peu d’équipes utilisent les membranes planes. Nous citons ["exemple du FMB-BAL
developpe par I'université Eberhard Karls [16].

Les matrices permettant 1'ensemencement des cellules peuvent &tre synthétigues &
I'mstar des mousses en polyuréthane utlisées par |'université de Kyushu [17] ou naturelles
comme la matrice du BLSS faite de collagéne, ou & base d’alzinate. .

Certaines équipes utilisent I'hémoperfusion directe, d’autres perfusent le plasma aprés
plasmaphérése (séparation du plasma des €léments figurés).

La microencapsulation d’hépatocytes est un moyen efficace de répondre aux critéres
définis dams le cahier des charges. En effet, le rapport surface/volume est élevé. La diffusion
peut éire comitdlée en jouant sur la poresité du gel matriciel Cette application de la
microencapsulation est traitée plus en détail dans le paragraphe suivant.

5. Les foies bioartificiels basés sur 1a microencapsunlation
3.1 La micreencapsulation

5.1.1 Cahier des charges de la microencapsulation
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De nombreux types cellulaires, procaryotes et encaryotes, ont été encapsulés pour des
applications dans les bictechnologies et l'agroalimentaire. (cf chapite 2 “Les
developpenzents et les applications indusmelles des mucrocapsules™).

L'encapsulation de cellules eucaryotes est particuliére et doit répondre 3 1im cahier des
charges aux exigences draconiennes. Les cellules pancréatiques ont été largement émudices
dans ce domaine. La membrane doit ére imperméable aux anticorps, protégesnt amsi au
maximum les cellules d'une destruction par Iyse. Les mumments et I oxygéne doivent pouvoir
quant & eux diffuser librement dans les billes afin de permettre aux hépatoeytes d” assurer leurs
fonctions. Les substances produites ou transformeées par les hépatocytes suivront le chemin
inverse et seront libérées dans le plasma. La fimme 3 présente le principe de ces transferts en
prenant comme exemple les billes d’alginate.

o

:.._. P nr h_ﬂ.‘

e e ;e = Nutriments

e Bille d'alginate .

1 S : Oxvoene
. % .7+ Métabolites
Figure 3 - Schéma de principe présentant les transferts de matiere an nivean de la microbille

La wiabilité et la biocompatibilité sont des critéres essentiels guidant le chomx du
matérian ef de la méthode d'encapsulation. Pamni ces méthodes, 'extrusion semble Stre la
technique la plus douce, engendrant ime faible mortalité cellulaire. L'émulsification, parfois
employée. a pour défant prineipal d’entrainer la formation de billes non-homogénes [18].

La résistance mecanique et la stabilité chimigue sont deux aumires parameétres
influengant Defficacité et U'innocuité des cellules aprés encapsulation. I est possible par
exemple de réaliser des tests de compression, d’emdier I"eévenme] gonflement [19] ams que la
morphelogie des billes ou des capsules 1solées. Les transferts de masse dorvent étre optimmms
afin de permetire des échanges efficaces entre les cellules et le ligmde de perfusion (plasma ou
sang du patient) a travers la membrane.

3.2 Types de billes ou de capsules

Les définitions et différences entre billes et capsules sont présentées au Chapitre |
« Introduction aux différentes techmigues de mdcroencapsulations». Dams le cadre des
recherches menées dans le domaine de la microencapsulation d’hépatocytes, les microcapsules
et les microbilles peuvent étre fabriquées 4 partir de différents matériaux - alginate, collagéne
ou un mélange de différents polvmeres. La bille en elle-méme est souvent réalisée a parfir
d’alzinate. Pour obtenir une microcapsule, il suffit alors d° ajouter une membrane de type poly-
L-lysine et de dé-gelifier |"alginate qui se trouve & I'inténenr de celle-ci.

5.2.1 Les principaux procédes de microencapsulation

39



L'extrusion est une techmigue de choix pour 1"encapsulation d’hépatocytes offrant la
possibilité de comirdler le diamétre des billes formées, 4 la fois par le diamétre externe de
l'aiguille et le débat alimentant le circut de production.

Pour aveir accés i une production de microcapsules cu de microbilles homogénes a
I'échelle micromeétrique, il est nécessaire d’améliorer le principe de base par addition d'une
force supplémentaire a la gravité. Cette force additionnelle peut ére un flux d'air, une force
électrostatique on une force vibratoire. Pour plus de détails, le lecteur pounra se rapporter an
chapitre 3 intitulé « Les méthodes de microencapsulation de A i Z (ou presque) ». Le tablean
3 présente les différentes techniques mises en ceuvre pour 1'encapsulation d hépatocytes.
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Tableau 3 - Différentes technigues pour la micreencapsulation d’hépatecyies

Principe Références | Matérian de la Bille Type de Diamétre
d’encapsulation (B} / Capsule (C) cellnles des hilles
par exirnsion {um)
Extrusion simple | Canaple ef | C - alginate + cellulose | Hépatocytes de Non
ou non-explicitée | ol (Smsse) | sulphate + Matmpel®+ |  souris isolés mentionné
[20] poly(methylene co
Euanidine)
hydrochlonide (FMCG)
Murtas et al. B : algmate Heépatocytes de | 1600-2000
(Ttalie) [21] at
izolézHepG2
Quek st al. C : copolymére Heépatocytes de a00
(Singapour) polyelectrolyte + Tat isolés
[22] collagéne modifié
Hwang et al. B: algmate Hepatocytes de 300-500
(Corée) [23] porc isolés
Dixit efal | B :alginate +poly-L- | Hépatocytes de 300-700
(Etats-Umis) lysine rats 1solés
[24]
Extmsicn Zhou et al. C : collagéne Heépatocytes de 400-500
simple/Force | (Singapour) rat isolés
électrostatique [25]
Force Maguire &t | C: alginate + poly-L- Hépatocytes 500
électrostatique al. (Etats- Iysine 1zsus de cellules
(NISCO) Ums) [26] souches
emhryonmaires
Fhox d’air coaxial | David et al B: alginate C3a 600-1000
(France) [27]
Gao et al. C : alginate poly-L- | Hepatocytes de 300-500
{Chime) Iysine rat 1zolés
[28.29]
Sepatal C : alginate/algmate + | Hépatocytes de 350
(Corée) [30] | xyloglucane poly-L- sourls 1solés
Lyszine
Ringel st al. B : algmate Heépatocytes de Non
(Allemagne) rat isolés mentionné
[31]
Desille st al. B : algmate Heépatocytes de 1000
(France) [32] porc 1s0lés
Onde vibratoire | Haque et al | C : alginate + chitosan HepG2 420-480
(INOTECH) {Canada) + poly-L-lysine +
[33] polyethyléne ghycol
Selden ef al B : algmate HepGXHHY 41 400
(Royamme-
Uni) [34.35]
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La méthode la plus fréquenmment utilisée pour encapsuler les cellules hépatiques est
Uextrusion & flux d’air coaxial Cette méthode est pen onéreuse ef trés simple 4 metite en
ceuvre. Elle permet un bom conirdle du diametre dez billes. Scn défaut prinecipal est la
difficulté de prodmre des billes de trés fatble diamétre, sans pénérer de résidns amorphes. De
plus, le temps de microencapsulation est assez long.

L’encapsulation avec force électrostatique permet de diminuer le diamétre des balles
(jusqu’a 100 pm). Cette technique est assez sophistiquée ef requert un travail Important de
calibration pour obtemir la taille de billes souhaitée en raizon du nombre de paramétres
influents. Ta techmique par vibrations perneet la formation d'une quantité mportante de billes
dans un temps restreint. Cependant, elle est difficile 4 appliquer et est trés coliteuse.
L’alginate est le matérian de référence car il est biocompatible, facile & gélifier dans un bain
de réticulation & base d’ions di- ou tovalents [19]. Lecalmn]ep]us.utl]lsepmu]age]l.ﬁcahon
est le Ca™*, bien que d’autres ions chargés positivement (Br , Ba™ , AI’") aient été cités dans
la littérature. Ces ions interagissent aver la fonction carboxyle (COO7) des acides D-
manmremique et L-gulmronique constitutifs de 1'acide algmique, entrainant la formation d'un
résean tndimensionnel

Draprés le tablean 3, deux grandes familles de celliles s2 distinguent, les cellules
izolées primames (hépatocytes de porcs, de souris on de rats) et les cellules de lipnée. Les
cellules primaires humaines scnt trés difficiles 4 obtenir en raison de la pémmie de donmeurs.
C'est pourquoi les équipes se toument vers des moyens alternahfs comme les cellules
primaires ammales et les lignées cellulaires. Parmu ces lipgnées, les HepG2 (cellules
d’hépatoblastome umain) et les C3A somt les plus couramment utilisées. Les cellules
utilisées par notre laboratome somt des C3A, des cellules issues d'une lignée cancérense
bumaine et dénvée des HepG2. Le phénotype de ces cellules est proche de celmi des
hépatocytes présents dans le foie humam Les C3A sont capables d’assurer ben nombre des
fonctions métaboliques physiclogiques. En cutre, elles synthétisent 1" albumine, la transfemine,
le fibrinogéne et les facteurs du complexe prothrombinique (1L W, VIL I3, X).

Les cellules souches apparaissent comme une solufion d’avemr en raison de la

n Sheretion des plsaxmnine de difirentiniion [25]

Les billes ou capsnles prodmtes par les differentes équmpes vont de 300 4 2000 pm_ Le
diamétre des billes est un paramétre important an mivean des transferts de masse. En théorie,
pour améhiorer les transferts de matiére, il fant diminuer la taille des billes afin d’ angmenter la
surface d’échange et réduire la distance de diffusion. Cependant, 1'élaboration d'mm protocole
d’encapsulation adéquat est complexe a réaliser et la gélification difficile 4 comtréler.

3.3 Bioréactenrs uiilisant des microbilles ou microcapsules

Differents bioréactenrs hébergeant des cellnles microencapsulées omt €48 proposés. Ce
concept permet de mettre en contact deux phases, 1'une sohde (les billes ou capsmles), 1"autre
ligmide (sang cu plasma). La majorité des systémes est  lit fixe - les billes ou capsules zont
immobilisées - om 4 lit fluidisé, anguel cas le fluide pemmet la mise en mouvement des billes
ou capsules et I'aupmentation des transferts de masse. Une excephion est & noter - dans les
émdes menées par Shiraha et coll [18], 1'otih=ation de fibres crenses dans un module de
plasmaphéréze est combinée & 1'encapsulation, les billes étant placées dans le compartiment
extracapillaire.

Les foies bicartificiels a lit fixe utilisent une vitesse de perfsicn faible pour éviter la
mise en mouvement des billes ou les immobilisent par un moyen quelcomque dans le
bicréactenr. Concemant le lit flmidizé, lorsgue les billes sont perfusées par le flmide, elles zont
mises en suspension et circulent en boucle avec une ascension au centre ef une descente le
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long des parois du bioréacteur [36]. Cette techmique permet un comtact optimal et un bomn
échange entre la phase solide et la phase liquide do mélange biphasique et peomet également
d’associer échanges diffusifs et comvectifs [37]. 11 est possible d'ufiliser des modéles
empiriques pour décrire le comportement du lit fuidizé. Plusieurs cnt &té proposés comme
cenx de Foscolo, Hirata, Ganguly, et de Richardson et Zaki [38,39,40.41].

# Fole bioartificial basé sur la microencapsulation

TEEAL - Hepatocyles encapsulés dans [ Plasma
Lit finidisé i des billes d’alginate de calemm
(U . i de ".: .
Technologie de “rimens
ﬂ'_egm,‘ France)
UCLA-BAL - Heépatocytes encapsulés dans Sang
Lit . :dl} " des billes d’a]ginate de calenmm
(Université de o e tapissées de poly-L-lysine
Califormie, Laos Vrng
Angeles, Etats-Unis)
AHS-BAL . Heépatocytes encapsulés sous Plasma
(Universits de s fo]]ngsdesphél'ﬂm

5.3.1 Le UCLA-BAT (Dixt et coll )

Le foie bioartificiel a Lt tassé développé par Dixit et Gitmick utilise I'hémoperfision
directe d’hépatocytes porcins encapsulés an sein de membranes semi-perméables composées
d’alginate de caleium et de poly-L-lysine. Les capsules sont immobihizées et le sang circule
entre elles. A I'inténenr de ces capsules, les cellules penvent mteragir librement.

L’encapsulation permet dans ce cas de protéger les hépatocytes des éléments figurés du
sang (et notamument les lencocytes) et des anticorps circulants, isolant ainsi les cellnles sur le
Plan inmunologique. Le lit tassé est perfusé avec le sang artériel du patient, lequel est ensmite
redinge vers la circulation vemense [42].

Cette équipe a également montré chez le romgeur qu’il était possible d’implanter les
microcapsules directement en ntra-péritonéal et que cette implantation avait une nfluence
bénéfique (sur le tamx de bilimubine notamment) pendant quatre 4 six semaines. Ce délai
écoulé, une importante perte de fonchon est observée [43].

5321e AHS-BAL

Le systéme AHS-BAL (alginate-entrapped hepatocyte spheroid) développe par Park et
Lee, est basé sur le méme prmcipe. Avant ’encapsnlation, les hépatocytes d’ongine porcine
somt cultivés en smspension pendamt 20 heures afin d'obtenir des agrégats sphéngues
(sphéroides).
Les agrégats sont ensuite immobilisés dans les billes d”algimate de calciom [7].

5.3.3 Le systame développé par Shiraha et coll.

Le systéme congu par Shiraha et coll posséde |'ornigmalité de combiner 'utilisation d™wm
module de plasmaphérése a fibres creuses (bioréactenr) et de Iencapsulation. Des cellules
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hépatiques de rat ou des HepG? sont encapsulés sous forme de sphéroides multicellulaires
dans des billes d’hydrogel d”agarose [18].

Les microbilles d°aparose sont ensuite placées dans 1 espace extracapillaire du module a fibres
crenses et le compartiment extracapillaire fermé Te plasma est alors perfinsé 4 I'inténienr des
fibres. Le bioréactenr est placé dams ume boucle comprenant une pompe péristaltiqne, wm
systéme d’oxygénation et des capteurs sensibles 3 I'oxygéne et au pH. Les auteurs ont montre
la comection du déséqmilibre entre les comcenfratioms en acides amimés branchés et

aromatigues lorsque du sérom d'une personne souffrant d'insnffisance hépatique est perfinsé

534 Le FBBAL (Fludized Bed BioArtificial Liver, Umiversitté de Techmologie de
Compiégne)

Dans le cag du FBBAL, le sang du patient est filiré par plasmaphérése afin de séparer
les éléments figurés du sang du plasma. Le plasma chargé en toxines est ensmte dirigé dans le
bioréactenr o se trouvent les hépatocytes encapsulés. Un plasma plus pur s’écoule 4 la sortie
du bicréacteur, de méme gque les prodmts synthéhsés ou metabolisés par les cellules. Les
éléments fipurés issus de la plasmaphérése sont ensuite mélangés 4 nouvean avec le plasma
détoxiqueé et réimjectés au patient.

Comme neus I'avons vu précédemment, il est poszible de décnre le comportement do

lit de billez en utlisant des modéles empiniques issns de la littérature. Cemx-ci permettent
également le redimensionmement duo systéme par détermination de la hauteur optimale du
bioréactenr en fonction de la taille des billes, de la vitesse de fluidisation, du volume de bille
... Loz de pos recherches menées au Laberatoire de Biomécamique et Génie Bicmédical
(UMR CNRS 6600, Université de Compiégne), une trés bonne adéquation entre les donnees
expénimentales et le modéle empirique de Richardson et Zaki a été notée et ce modéle a done
été privilégié sur les autres cités précédemment [36]. 11 est expliqué ci-apreés :
Les billes ont une densité supénieure a celle de 'ean et sont donc immergees. Lorsqn’elles
somt soummises & un écoulement ascemdant, les balles sont puses en mouvement Leur
compeortement dépend de la valeur de la witesse terminale de chute. Différents régimes
peuvent exister en flmidisation. Le type de régime rencontré dépend du nombre de Reynolds
particulaire a la vitesse terminale de chute (Rey). Le régime est considére laminaire lorsque le
Be, est infémieur 4 02, intermédiaire lorsqu’il est compris entre 0,2 et 500 et furbulent lorsque
sa valeur dépasse S00.

Le Be, peut éire obtenu & partir du nombre d° Archimeéde (Ar) :

Ar=[d x g pe(pv - pr)] /2,

ﬂvec:thled.iamétredﬂhhille;glagrmrité;pflamassemluquueduﬂuide(lﬂ:ﬂkg.fm!];
pu la masse volumigue de la bille (lﬂiﬂkgu"m!) § ml&m&itéﬁlﬂlﬂ.ﬂtﬂ,mj.lﬂa Pas)

D’ aprés la loi empirique de Hartman et coll et pour des particules sphériques, on a :
Log Re,=- 12738 + 1.04185 log Ar — 0.060409 (log Ar¥* +0.0020226 (log A1)

Soit, Re,= 10 =i
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A "aide de ces relations, nous pouvons calculer le Re, des billes. Nous pouvons déterminer la
vitesse terminale de chute théorique v, & 1’aide de la formule smivante :

u, =[x Red / [pe > da]
Grice a Richardson et Zaki, nons poavons détenmimer la porosité (egzy du lit de billes -
£gz = [wut] 12

avec u la vitesze superficielle du fluide et n un paramétre dépendant du diamétre de la bille, du
diamétre du bioréactenr et de ey :

n=4.4+[(18 x &¥D] x Re; ™ (pour 1 <Re; < 200)

A partir de la, nous avons accés au rapport entre la hauteur finale dn lit et 1a hautenr mitiale
H¢Hy:
HeHy =11 - eg(1 - egz) avec £; la porosité du lit tassé.

Notre équipe a évalué les transferts de masse bidirectionmels (abscrption et relarpage)
au sein de billes d’alginate de 1 mm dans des conditions statiques et dynamiques (fludisation
des billes dans wn bioréacteur) [37]. Cette étude a mus en exergue le role crocial de la
flmidisation sur la vitesse des transferts et a donc montré 1'mtérét de ce type de flndisation
pour cette application qu’est la suppléance hépatigme. De 1'alginate de sodimm & 2 2% est
extrude dans une solution de CaCl, et laissé polyméniser durant 15 minutes. Une modéhisation
mathématique similaire & celle utilisée par Lewinska et coll [44] est utilisée afin de
déterminer les coefficients de transfert. Plusieurs marqueurs sont utilisés pour apprécier les
transferts en solufion saline et dans du plasma : la vitamine B12 (1355 Da), le cytochrome C
(12,4 kDa), I’ ovalbumine (45 kDa) et I"albumine bovine (67 kDa).

En statique et avec la vitamme B12, 1'équilibre est atteint aprés environ 2 heures
contre 10 mimutes en condition dynamique. Avec le plasma, 1"équilibre est un pen retards mais
toujours atteint en moms de 20 nuimutes en condition dynamique. L'effet de la flndisation
(bonne répartition des billes d’algmate sur la hautenr dn bioréactenr) est beaucoup plus
important que le débit utilize.

La mobilisation des billes am sein du bicréacteur augmente clairement les cinétiques de
transfert de masse mais ne modifie pas la quantité de soloté transférée. Les coefficients de
diffusion sont 20 fois supérieurs en condition dynamique (Edyn = 5.06 107 m's dans la
solution saline) prowvant ainsi "utilité d'un tel systéme.

Les effets de la fluidization et du milien de perfusion wtilisé sur le comportement
mecanique des billes d’alginate de 1 mm (algnate de faible viscosité 4 2. 2%) ont aussi été
évalués au sein de notre laboratoire [45]. Des tests de compression ont été réalisés afim de
déterminer le module de Hertz. La perfsicn et 1a mobilisation des billes dans le bioréactenr
pendant § heures n'altérent pas les billes. Bien qu'elles solent légérement plos déformables
aprés fluidization, les différences ne somt pas significatives an point de cramdre une
dégradation et 1a libération des cellules dans le circuit.

Des études ont également été réalisées par Desille et coll [32] avec ce type de
configuration. Des cellules hépatiqmes porcines sont encapsulées an sein de billes d'alginate,
elles-méme flnidisées dans un bioréactenr. Les émdes menées par ces auteurs ont permis de
metire en évidence une amélioration de 1’encéphalopathie sur un modéle porein (insnffisance
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hépatique aigué). Une dimimution de la pression intracrdnienme en raison d une réduction de
I'cedéme cérébral est également constatée chez les animanx traités.

De méme, en uhlisant un bioréacteur & lit fluidisé contenant des hépatocytes porcins
encapsulés dans des billes d’alginate, Hwang et coll. ont observé un amét de I'amgmentation
de 1a concentration d’ammoniac dans le sénmm amsi gqoe de la pression intracrinienne [23].

Ce type de bioréactenr pourrait donc étre utilisé avantageusement par d’autres équipes
encapsulant des heépatocytes dans des billes ou dans des capsules. Dans ce cadre, un premier
travail a été réalisé en collaboration avec 1"équipe de C. Selden 4 Londres [46].

6. Conclusion

Le foie est un organe dont I'implication est majenre dans le maintien de I’homépstasie en
raizon du nombre et de |'impertance des fonctions métaboliques gqu'il posséde. Les hépatites
aignss voire fulminantes et les décompensations aipugs d'insuffisances chromigues sont
smsceptibles de provoquer me perte fonctionnelle pouvant remetive en cause le pronostic vital
du patient En raisom dn manque de greffons et du nombre de personnes en attente de
transplantation, des systémes transitoires extracorporels de suppléance sont nus am point afin
de permetire I'attente de la greffe cu le rétablissement des fonctions hépatiques.

Les systémes de détoxication purement artificiels ayant montré leurs limites dans la pratique,
I'idée d'un foie bioartificiel uwhlisamt la fonctionmalité de cellnles hépatiques dams wm
bioréactenr a alors permé. Dans ce contexte 13 1a microencapsulation des cellules parait trés
attrayante. En effet, ce procédé permet d'une part d’isoler les cellules du systéme inmmunitaire
du patient tout en maimtenant des échanges bidirectionnels cptimmms, et d’autre part de
fournir aux cellules un environnement tridimensionnel favorable. Si I'on compare ce type de
design aux anires confignrations émdiées a 1"henre actuelle, en notera de nombreux avantages
et parmu ceux-cl, la simphicité de 1'étape de redimensicomement, I'impertance de la surface
d’échange - d’autant plus importante que la taille des billes ou des capsules dinnmue -, et la
possbilité de fluidizer les billes afin d° augmenter 1'efficacité des transferts.

De surcroit, le développement de la cryoconservation que 1'on maitrise trés bien 4 1'heure
actuelle profitera grandement 4 cette application de I'encapsulation qu’est le développement
de foies bicartificiels, notamnment en permettant un délai d nfilisation court du systéme lors de
la survenne de la pathologie hépatique.
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E. Synthese

Nous avons vu que le foie est un organe dont licagibn est majeure dans le maintien de
’lhoméostasie en raison du nombre et de l'impoeades fonctions métaboliques qu'il
posséde. Les hépatites aigués voire fulminantkes etécompensations aigués d’'insuffisances
chroniques sont susceptibles de provoquer une figrtéionnelle pouvant remettre en cause
le pronostic vital du patient. En raison du mandaegreffons et du nombre de personnes en
attente de transplantation, des systemes tramsiteitracorporels de suppléance doivent étre
mis au point afin de permettre I'attente de la fgrefu le rétablissement des fonctions
hépatiques.

Les systemes de détoxication purement artificigsnamontré leurs limites dans la pratique
cliniue, un foie bioartificiel utilisant la foncmnalité de cellules hépatiques dans un
bioréacteur apparait comme une alternative proomsaxtd_es différentes équipes impliquées a
I’heure actuelle dans ces travaux de recherchela@went des approches variées, hébergeant
les cellules :

dans ou a I'extérieur des fibres creuses

dans des matrices poreuses appelées « scaffolds »

- dans des billes ou capsules
Dans ce contexte, la microencapsulation des csllpirait trés attrayante. En effet, ce
procédé permet d’'une part d’isoler les cellulessgigteme immunitaire du patient tout en
maintenant des échanges bidirectionnels, et d’apad de fournir aux cellules un
environnement tridimensionnel favorable. Si 'onmpare ce type de design aux autres
configurations étudiées a I'heure actuelle, on r@otke nombreux avantages et parmi ceux-ci,
la simplicité de l'étape de changement d'échellesq@ing up » ou « scaling down »),
importance de la surface d’échange - d’autans pinportante que la taille des billes ou des
capsules diminue -, et la possibilité de fluidites billes afin d’augmenter l'efficacité des
transferts.
De surcroit, le développement de la cryoconsemairofitera grandement a cette application
de I'encapsulation qu’est le développement de foieartificiels, notamment en permettant
un délai d’utilisation court du systeme lors dsdavenue de la pathologie hépatique.
Cependant, il est a I'heure actuelle impossiblecol@mparer différents systemes car chaque
eéquipe aborde le probleme a sa «facon » en uiliddferents types cellulaires, différents

biomatériaux, différentes structures...
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F. Mise en place du projet

Notre laboratoire travaille depuis 8 ans a la naisegoint d’'un foie bioartificiel. Nous avons
déja évalué I'encapsulation d’hépatocytes C3A an de billes d’alginate, ces billes étant
soumises a un mouvement de lit fluidisé dans urébaieur adapté (Doré, 1999). Nous avons
mis en place un modeélr vitro se rapprochant des conditions cliniques d'utilisa{David,
2002). Nous souhaitons maintenant conforter notp&mgence dans ce domaine en comparant
différents systémes, et en nous attachant plugpiétement aux mécanismes d’écoulement
et de transferts de masse au sein de ces systémnesgffet, notre approche de type
« bioingénierie » part de I'hypothése que les flametements peu efficaces de certains
bioréacteurs proviennent de mauvaises conditionslidation, et de la non compréhension
des transferts s’y produisant. L'étude proposéealest originale dans le contexte actuel de
développement d’organes bioartificiels basés sogénierie tissulaire. En particulier, nous
proposons de comparer les fonctionnalités de mépsdsiles (C3A) dans différents

bioréacteurs :

» le lit fluidisé, en cherchant a optimiser la compon et la taille des billes d’alginate

* le microbioréacteur a fibres creuses représergargystemes développés par certaines
eéquipes concurrentes, en étudiant I'impact du skudoupure des membranes et des
modes de transfert employés (diffusif/convectif)

» le bioréacteur de type « air lift », utilisant audss billes d’alginate

Dans chaque systeme, on cherchera a caractéssécdelements et les transferts de matiere
(nutriments, oxygéne et métabolites), a la foisagen expérimentale et théorique, en mettant
en place des modeles mathématiques. Les étudesime@ptales ont été réalisées en 2

parties :

» étude des écoulements et des transferts diffusderesectifs en I'absence de cellules,
avec un marqueur de poids moléculaire bien défiarfine B12)

e culture de cellules C3A dans les différents typedidréacteurs, et caractérisation des
transferts de certains métabolites consommeés, téd8creu synthétisés par les
hépatocytes, tels que I'ammoniaque, le lactateglieose, I'albumine et I'alpha-

foetoprotéine
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Notre objectif final est d’améliorer les conditionpératoires d’utilisation des cellules, et
d’optimiser le type de bioréacteur le plus promettéJne partie des travaux a été réalisée
dans le cadre du programme POLONIUM 2005-2008 direstitut de Biocybernétique de

Varsovie (équipe du Professeur Werynski,) et agesetvice d’hépatologie du Royal Hospital

de Londres (équipe du Professeur Hodgson et dueDo8kelden).
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CHAPITRE Il. LE BIOREACTEUR A LIT FLUIDISE UTILISA NT
L’ENCAPSULATION

A. Introduction

Cette partie s’attache a la caractérisation duébideur a lit fluidisé. Nous cherchons en
particulier a optimiser certains parametres quiofesent les transferts de masse. Dans le
laboratoire, Emmanuel Doré a été le premier dontagaravailler sur ce type de bioréacteur
au foie bioartificiel, en s’attachant a la conceptik mécanique » et la faisabilité de cette
géométrie (Doré, 1999). Puis Bertrand David a miplace et validé le modéie vitro avec
des hépatocytes de la lignée C3A, par I'étude deprigtés mécaniques, diffusives et
meétaboliques du foie bioartificiel a lit fluidisB&vid, 2002).

A lissue de ces travaux, des optimisations se sorées nécessaires pour améliorer

I'efficacité d’un tel systeme en vue d’'une applicatfuturein vivo. Elles concernent :

a) le type d’alginate nécessaire pour encapsulerdidsies heépatiques.
Dans le domaine de l'ingénierie tissulaire, et afmdirant avec I'équipe Biomatériaux-
Biocompatibilité de 'TUMR 6600 dirigée par le Preeur Nagel, nous sommes sensibilisés
aux caractéristiques du biomatériau pouvant avaie uncidence sur la viabilité, la
morphologie et les fonctionnalités cellulaires. Bda littérature, différents types d’alginate
sont utilisés selon leur degré de pureté, leuraat@ristiques chimiques : viscosité, rapports
M/G, longueur des chaines monomériques, et lewranivde stérilité (Orivet al, 2004 et
2006). E. Doré et B. David ont toujours utilisé sléaurs travaux l'alginate de faible viscosité
avec une concentration de 2,2% provenaniMiesrocystis pyrifergDoreet al, 1999 ; David
et al, 2004 et 2006). L'équipe de Clare Selden avec digunous collaborons, utilise
'alginate de méme provenance mais de moyenne sitec(Khalil et al, 2001 et Cowaret
al., 2005). Il reste aussi d'autres sources disposildemmercialement, mais moins

pertinentes en terme de co(t, ou de disponibilité.

b) la taille des billes d’alginate.
Dans les études précédentes, nous n'avions paf®aadion de prendre en compte ce
parametre. Intuitivement, un diametre plus petitrdié favoriser les échanges de métabolites
et nutriments ainsi que I'oxygénation des celluléspendant, dans la bibliographie, aucune

donnée n’est présente sur le diametre optimal dies k& utiliser dans un systeme de foie
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bioartificiel a lit fluidisé reposant sur I'encapation. Si I'on s’en réfere au tableau 3 intitulé
« Différentes techniques pour la microencapsulatitmépatocytes » du chapitre d’ouvrage
sur la Microencapsulation présenté dans la paitikographique, les diametres des billes
fabriquées varient de 300 a 2000 um, ce qui remubgsible la comparaison des résultats

obtenus.

c) latechnigue d’encapsulation des cellules hépagique
Pour obtenir le systéme le plus performant dés dbutl de la fluidisation au sein du
bioréacteur, nous nous sommes demandés si nottenmmysd’encapsulation basé sur
I'extrusion avec un flux d’air coaxial était le glpertinent pour encapsuler ce type cellulaire.
Pour répondre a cette question, nous nous somnmestolarnés vers une équipe de recherche
compétente dans le domaine de la microencapsuladiogavoir I'équipe du Professeur

Werynski de I'Institut de Biocybernétique de Varsov

Pour répondre a toutes ces interrogations, difféeertampagnes d’expériences ont été
meneées en parallele d’approches par modélisatisrpdénomenes physiques et biologiques.
Nous présentons ci-aprés trois parties qui permtettie traiter tout d’abord de facon

expérimentale, les points 1, 2 et 3. Puis nousdans la modélisation des transferts et du

comportement cellulaire, en rapport avec les pdirds 2.
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B. Optimisation de I'encapsulation et caractérisat ion

des transferts de masse

1. Impact du type d’alginate et du diamétre des billesur les transferts de
masse et les activités métaboliques des cellules®Gshcapsulées en vue

d’'une application a un foie bioatrtificiel

Cette partie de mes travaux de recherche est pééssous la forme d’un article intitulé
« Impact of alginate type and bead diameter on mrassfers and metabolic activities of
encapsulated C3A cells for bioartificial liver ajgpktions », soumis au journal Biomaterials en
2008 et redigé par A. Gautier, B. Carpentier, M.frBsne, Q. Vu Dinh, P. Paullier, C.
Legallais. J'ai pu a cette occasion travailler adeox étudiants en Master 2 (B. Carpentier
co-encadré avec C. Legallais) et Q. Vu Dinh (poaqukl jai assuré I'ensemble de
'encadrement, dans le contexte de ma thése). i@eteaa pour but de répondre aux points 1
et 2 cités dans le paragraphe précédent. Le tyggidte et/ou le diametre des billes sont-ils
responsables de transfert de matiere ou de conmpemts cellulaires différents ? A travers cet
article, nous essayons de déceler une différemggfisative de ces parametres en modifiant
le diameétre des billes et le type d’alginate. L& bibliographique montre la pertinence de
I'utilisation de l'alginate mais aussi I'absence a®clusion que I'on peut tirer par rapport a
un choix « optimal » concernant sa composition. Diansection « Materials and methods »,
sont décrites les différentes étapes : fabricaties billes, caractérisation des transferts de
masse en absence et présence de cellules a l'aidelatés de poids moléculaires définis
(ammoniac, glucose, vitamine B12, albumine et alpletoprotéine). Afin de chercher a
améliorer les transferts de masse, deux viscaditdginate (faible et moyenne) provenant de
Macrocystis pyriferaont été testées et deux diametres de billes (6000@0 pm) sont
finalement étudiés sur 48 heures. Les résultattepiotout d’abord sur I'optimisation des
parameétres opératoires pour la production de éiffisr diamétres de bille avec le flux d’air
coaxial. Puis, on caractérise les transferts desenagec des billes vides. Enfin, on s’intéresse
a la viabilité en début et fin d’expérience, aiqpgiaux fonctionnalités des C3A en bioréacteur
(consommation de glucose et synthése d’ammoniathuthine, d’alpha-foetoprotéine). Nous
avons ainsi pu montrer que l'alginate de faiblecesité, sous une concentration de 2,2%

permet d’atteindre nos objectifs en terme de qualg billes (sphéricité, homogénéité du
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diamétre, absence de résidus). En revanche, nausns pas observé de gain significatif en
terme de transferts de matiére en réduisant I ta@s billes, et donc le trajet de diffusion.
Nous supposons que ce résultat contraire & ndgstatinitiale provient d’'une différence de
réticulation de I'alginate. Il conviendrait d’optiser soit le temps de gélification des billes
dans le bain de Caglsoit la concentration de €apour essayer d'obtenir une structure
moins dense, tout en cherchant a conserver legigep mécaniques nécessaires au bon

déroulement de la perfusion.
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Impact of alginate type and bead diameter on massansfers and metabolic activities of

encapsulated C3A cells for bioartificial liver applcations

A. Gautier, B. Carpentier, M. Dufresne, Q. Vu DinR. Paullier, C. Legallais

University of Technology of Compiégne ,UMR CNRS 6860aboratory of Biomechanics and

Bioengineering, , Compiegne, France

Abstract

Liver assist devices have been developed in thddasdecades to support patients with liver
failure on the road to recovery or transplantatieluidized bed bioartificial livers — where
liver cells are encapsulated within alginate beadsppear to be a valuable alternative to
hollow fiber devices for improving mass transfersl @nhancing treatment efficacy. This
approach nevertheless deserves optimization insterfirbead production. The aim of this
study was to investigate the impact of alginateetgmd bead diameter on mass transfers
within beads and on the functions of encapsulat@8l €zlls.

After assessing the effect of the encapsulatiorgs® on bead quality, we investigated cell
viability and metabolic activities (ammonia, albumand a-fetoprotein synthesis, glucose
consumption). They were successfully maintainedr o48 hours within fluidized bed
bioreactors, independently of alginate type anddbdmmeter. Mass transfers were not
significantly influenced by the latter parametdtmally, suggestions are made for improving
the entrapment process as a means of enhancirigettiment efficiency of the fluidized bed

bioartificial liver.

Keywords

Alginate, Microencapsulation, Hepatocyte, Cell \dtyi Tissue engineering, Bioartificial

liver
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a. Introduction

As the liver has various, fundamental metabolievéids, it is a central and vital organ. Acute
and acute-on-chronic types of liver failure carutem life-threatening complications caused
by decreased detoxification, storage and syntHesistions. Losses in liver functions may
directly impact a patient's prognosis and shortmtesurvival. In these cases, liver
transplantation is the only efficient treatment.eTRuropean Liver Transplant Registry
references more than 2000 patients on the waitstg This number increases by 10% per
year, as does the number of deaths of patientsngdir a transplant. Extracorporeal liver
assist devices have therefore been developed ahdaged in the last few decades to support
and bridge critically ill patients on their roaddiher recovery or transplantation.

These liver assist devices are of two types: amifiand bioartificial livers [1]. Whereas
artificial livers use mechanical and chemical comgus only to remove toxins, bioartificial
livers combine artificial components and liver setlonfined within bioreactors, ideally to
restore all liver functions. For this particularpipation, numerous requirements must be
satisfied in order to maintain, support and favalt survival and functionality. Cells must be
isolated from the external environment and immabdi within a favorable and biocompatible
tri-dimensional scaffold. Cell morphology and orgamion must be as physiological as
possible so that the cells can express most of thetabolic activities. Furthermore, the
porous biomaterial should act as a semi-permeadigeb between the patient’s blood or
plasma and the liver cells. Small and medium madéscshould be able to cross the barrier.
Naturally, proper cell oxygenation is also alwaywa@requisite.

Different types and configurations of bioartificlalers are currently being investigated, most
of them relying on semi-permeable hollow fiber miedu[2]. Another option is to employ
bioreactors derived from powder technology sucHitadized bed systems. These devices —
where liver cells are entrapped within biocompatibpheroids such as beads or capsules —
provide a suitable and valuable option for imprgvinutrient and oxygen transfers, favoring
the intake and transformation of lethal toxinsyedl as the release of essential proteins (e.g.
albumin, coagulation factors, growth factors, spediinding proteins, ...) from the cell-
containing beads to the fluid (Fig. 1).

Alginate is an unbranched natural copolymer comgpa¥e3-D-mannuronate (M) and-L-
guluronate (G), linked together by 1,4 bonds [3,flJue to its relative stability,

biocompatibility, adjustable porosity and simplcif use, alginate is thus a biomaterial of
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choice when it comes to entrapping cells [3,5-@)] therapy or to being used in medical
devices [6,9-13]. Some of these studies were cdaduwith hepatocytes that were either
encapsulated within alginate beads [13-17] or dagsil2,18,19], or seeded within alginate
scaffolds [8,20]. More specifically, human hepatecgell lines entrapped inside alginate with
high mannuronic acid content showed better secratfalbumin at 4 and 8 days of culture,
compared to those entrapped in guluronic-rich al@girfi21].

As a complement to the first feasibility studieslfd, fluidized bed BAL (FBBAL) — based
on alginate beads — merited optimization to enkigbk levels of solute exchange to improve
their efficiency and reduce treatment duration.skeeing bead size seemed worthwhile as a
means of enhancing mass transfer. The decreasathdiameter intuitively led to a reduction
in diffusion distances as well as an increase iadbgsample surface-to-volume ratio. The
hypothesis nevertheless needed to be investigasedell as the impact of alginate type and
density on BAL functions.

The aim of this study was to compare mass transfigciency and the functionality of
encapsulated C3A cells for various types of algireatd bead diameters. The alginates used
were all composed of 69% mannuronate and 31% gudieo a ratio that favors diffusion and
promotes the transfer of substances [22]. Davidl. also showed that this composition was
satisfactory for safely entrapping cells in thersunding fluid [23].

Before carrying out the biological studies, it wascessary to optimize the encapsulation
process so as to produce well-formed alginate hektdss transfer efficacy was first
determined using vitamin B12, a neutral low molacuveight marker that does not adsorb on
alginate gels [22].

For future bioartificial liver applications, theas®ibility of culturing liver cells (C3A cell line)
within several types of alginate beads during arereded 48-hour period of time was also
investigated for proof of adaptability to the thidimensional environment. Morphology,

viability and the metabolic activities of the liveells were assessed throughout culture.

60



Nutrients

Oxygen
* Metabolites
entrapped into alginate bead B
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Figure 1 Principle of the fluidized bed bioartificial liver for liver support (A).
Patient’s blood is withdrawn and separated into plama and blood cells. Plasma is perfused through a
fluidized bed bioreactor hosting hepatocytes in orer to be detoxified. Plasma and blood cells are neéxl
again and returned to the patient. Transfers of nutient, oxygen and metabolites through the alginate

bead structure (B).
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b. Materials and methods
A) Alginate bead production and C3A microencapsulation

1) Biochemical composition of alginate solutions

Two types of alginate fronMacrocystis pyrifera(brown algae) were used: low viscosity
(A0682, Sigma-Aldrich, France) and medium viscogi2033, Sigma-Aldrich, France).
Their composition depends on both the mean moleag#&yht of the M and G monomers and
alginate concentration. Low viscosity (LV) alginael was composed of monomeric chains
whose molecular weight ranged from 12,000 to 80,00 whereas medium viscosity
alginate sol contained 80,000 to 120,000 Da chaiable 1 summarizes the biochemical
composition of the alginate solutions evaluatethis study.

To prepare these solutions, the alginate powderdiga®lved in a sterile saline solution (154
mM NaCl solution buffered with 10 mM Hepes, pH 7.Zhe mixture was subsequently

filtered using a 0.2 um membrane leading to stetd@ate sol.

Type of alginate Viscosity M/G Chain length | Concentration
(cps, at 2% in | ratio (Dalton) (w/v ratio)
water and 25°C)

Low viscosity alginate 1% 257 69/31 | 12,000 1%

(LV 1%) to 80,000

Low viscosity alginate 2% 257 69/31 | 12,000 2%

(LV 2%) to 80,000

Low viscosity alginate 2.2% | 257 69/31 | 12,000 2.2%

(LV 2.2%) to 80,000

Medium viscosity alginate 3960 69/31 | 80,000 1.5%

1.5% (MV 1.5%) to 120,000

Table 1 Biochemical constitution of investigated gjinate solutions
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2) Preparation of cell-containing alginate suspensions

a) Cell subculture

C3A human hepatocellular carcinoma cells provided the American Type Culture
Collection (ATCC, reference CRL 10-741) were usea@¢damplete the study. C3A cells were
cultivated in standard T75 Falcon culture flaskee(KMEurolab, Strasbourg, France) in 15ml
of complete culture medium: Minimum Essential Medi&arles salts (MEM) supplemented
with 0.2% L-glutamine (200 mM), 0.5% penicillin-sptomycin (10,000 units/ml and 10,000
pa/ml, respectively), 1% nonessential amino acldsriM), 1% Hepes buffer solution (1M),
1% sodium pyruvate (100 mM) and 10% fetal calf serdrom Gibco (Cergy Pontoise,
France). Cell numbers per flask ranged from 25Qon8llion at 80-90% confluence. The
culture medium was replaced every 2 to 3 days.u@adtand subcultures were carried out as
recommended by the ATCC in a 37°C and 5% (@Cubator.

b) Suspension of cells within alginate sol

C3A-containing alginate sols were prepared in alstenvironment. After trypsinization, 50
million C3A cells were isolated, and mixed withhait 0.22g low viscosity or 0.15g medium
viscosity alginate powder dissolved in a final vakiof 10 ml of sterile saline solution. Cell

density in the suspension was 5.t6lls per ml of alginate sol.

3) Alginate sol extrusion

Alginate beads were produced by means of an egtrusiethod using a homemade system
(Fig. 2). 10 ml of a cell-free or cell-containindgi@ate solution (cell suspension) were
extruded through the lumen of a needle using a&mrgump (Ismatec IPC Type ISM934
VA.01). Overall, the extrusion stage lasted 6 midroplet diameter was controlled by
applying a coaxial air flow. A mounting piece wasesially designed to guide the air flow
along the needle axis. Air flow intensity was atasusing a flow meter (Sho-rate Emerson
Electric S.A., France). Once formed, the alginatgbits fell into a calcium chloride gelation
bath (154 mM NaCl, 10 mM Hepes, 115 mM CgGWherein they were immerged and
reticulated for 15 minutes. Afterwards, the beadsrewnrinsed twice with sterile saline

solution. The cell-free beads were then storechéndame solution before use, whereas the
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cell-containing beads were submitted to an additigtep of rinsing with 70 ml of culture
medium and finally placed in a culture vessel inahhl5 ml of culture medium was added
for transitory storage before the fluidization estpeent. All steps were carried out in sterile

conditions for C3A encapsulation.

Peristaltic pump Air filter
4@ Flow meter
1
) Nozzle |_| [
Alginate
solution
Gelationbath o & |l @ Air
o arrival
Magnetic stirrer.
_/ =

Figure 2 Scheme of the encapsulation setup.

The air flow can be adjusted to control droplet dianeter during extrusion.

B) Dynamic culture of encapsulated C3A cells

1) Fluidized bed bioreactor

A macro-scale bioreactor was designed in our laboyaising Solid Works software. It was

subsequently manufactured by Medicolab (TemplemBrance), in glass so as to be
autoclavable. The bioreactor is composed of a inotlolumn made of glass (1.35 cm internal
diameter; 17 cm height) sealed with two water-tightforated caps at its lower and upper
limits through which penetrate the inlet and outtbannels respectively. The concept has

been detailed thoroughly in a previous work [24,25]

2) Dynamic cell culture

Dynamic perfusion of the encapsulated cells wagopeed inside a closed-loop circuit
incorporating the above-described bioreactor (Bp. The fluidized bed bioreactor was

connected to a perfusion loop by means of silicat@ng (1.3 mm internal diameter).
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Following cell encapsulation, cell-housing algindeads were placed inside the bioreactor
via the upper port. The final volume of culture nued in the circuit was 42 ml. Cell-
containing alginate beads were fluidized at 6 afdril/min for 600 and 1000 pm beads
respectively. Optimal fluidization of the bed ofaokls was thereby generated. The whole
circuit excepting the pump was placed in an incoibat 37°C and 5% CfQOand operated
continuously for 48 hours.

Conventional static cultures within T75 vessels evperformed as a reference for cell

behavior.

Chamber

Bioreactor

Peristaltic pump:

oa-ou I «360 nm

Figure 3 Experimental setup for dynamic assessmenf mass transfer or dynamic culture of C3A cells
within the fluidized bed bioreactor. The part limited by the dotted frame is only necessary for mass
transfer experiments without cells. When dynamic cliure is conducted, the whole set up except the pym

is placed inside an incubator at 37°C and 5% C®

C) Mass transfer study within cell-free beads

Vitamin B12 was used as a middle molecular weigatk®r (1355 Da) to assess mass transfer
phenomena within alginate beads devoid of cellsssvteansfer experiments were carried out
either in static conditions within a spectrophotdnicecell (Fig. 4) or in dynamic conditions
within a fluidized bed bioreactor (Fig. 3). VitamiB12 concentration decreased in the
supernatant until a plateau was reached.

All the experiments were completed using vitamirR®bntaining saline solutions (154 mM
NaCl, 100 mg/L vitamin B12). Measurements were maide triplicate using a
spectrophotometer at 360 nm.
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1) Static conditions

A packed bed of beads - 7 mm high — was settlédeabottom of the spectophotometric cell
(Fig. 4). Packed bed porosity — the ratio betwéenlijuid content of the bed of beads and its
volume — was determined experimentally using lasgenples of beads for accuracy reasons.
Liquid content was thus estimated to be close #.40he NaCl solution was wholly removed
immediately before the transfer experiment andaegd by 2.4 ml of vitamin B12 solution.
Vitamin B12 absorbance was monitored for 6 hoursaslirements were carried out every 10
minutes for the first hour and every 30 minutesluhé equilibrium was reached.

Y - Vitamin B12 solution

()
]

Alginate beads

OD +— +«—— A=360nm

Spectrophotometric cell

Figure 4 Setup for mass transfer assessment in simtonditions. Beads are settled at the bottom of a
spectrophotometric chamber. The optical density isneasured at 360 nm.

The beam crosses the chamber above bead level.

2) Dynamic conditions

Beads obtained from the extrusion of a 10 ml alginsolution were placed within the
bioreactor column. The vitamin B12 solution wasfpsed through the column at a flow rate
depending on bead diameter. The alginate beadsfluetized at the same flow rates as those
used for the dynamic cell culture (cf. 2.2). Therbactor was connected to a perfusion loop
by means of silicone tubing (internal diameter 3 thm). The circuit was composed of the
bioreactor column, a peristaltic pump, a quartzcspphotometric circulation cell and a
chamber making satellite fraction entrapment pdss{kig. 3). The overall supernatant
volume was 26 ml. Vitamin B12 absorbance was measavery 30 seconds for the first 10
minutes and every minute during the last 20 minuf¢s30 minutes, the equilibrium was
reached in all cases.
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3) Model for mass transfer

The model used to determine the mass transfericiesff K has been fully described in a
previous work [5]. Several hypotheses have beepgsed for the model to be successfully
solved: no adsorption of vitamin B12 on the algnat the inner surfaces; vitamin B12
homogenously distributed within the fluid (Cf) armbad accessible volume (Cb); pure

diffusive transfers described by Fick’s law. Thiagpotheses lead to eq. [1]:

AV,C/) _ a(V,C,) _
ot ot

_KA(Cf _Cb) [1]

with: K, mass transfer coefficient
A, exchange surface of beads
Vs, volume of fluid

V4, accessible volume in the bead

D) Cell viability and functionality assessment

1) Viability assay
On static culture, cell counting was performed gdutallassez’s chambers, and cell viability
assessed using the Trypan Blue exclusion test.
Immediately after encapsulation and following fiaation, cell viability inside the beads was
determined directly by means of fluorescence mawpyg. Orange acridine and propidium
iodide fluorescent dyes were used respectivelyaim viable and dead cells. These dyes were
able to penetrate the cell-housing beads makipgssible to visualize living and dead cells

respectively.

2) Biochemical assays

The biochemical assays were performed on samges feom the supernatant.

Ammonia and glucose concentrations were determiwdth a biochemical automatus
(Konelab 20, Thermo, Cergy-Pontoise, France) ugitgyfrom Randox (Mauguio, France)
and Thermo (Cergy-Pontoise, France), respectivdlge determination of ammonia

concentration was based on this reaction: ammoorabmes with a-ketoglutarate and
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NADPH in the presence of glutamate dehydrogenaseDK3 to yield glutamate and
NADP+. To measure the concentration of glucose, meéthod uses glucose oxidase (GOD)
and a modified trinder color reaction, catalyzedtly enzyme peroxidase (POD). Albumin
content was assessed by means of a sandwich ELERooh Goat anti-human albumin IgG
antibodies were purchased from Cappel (MP Biomésli&olon, Ohio).

Alpha-fetoprotein levels were evaluated using albémical automatus (Modular Analytics
E170, Roche, Meylan, France) plus a kit from Ro¢hylan, France). This analysis
followed a “sandwich” method analysis consistingadirst incubation with an antigen which
had been sandwiched between a specific monoclantédoaly marked with biotin and a
specific monoclonal antibody marked with ruthenidfor the next incubation, streptavidine
particles were added to the reaction. The immuncédgomplex fixed to the solid phase by

means of a streptavidine-biotin liaison.

E) Statistical analysis
Statistical analysis was performed using the Krl$¥allis non-parametric test in order to
compare the differences between groups. Differemaas considered to be significant when
p< 0.05 and are identified by *. The results arpregsed as mean * standard error of the

mean.

c. Results

F) Control and optimization of alginate bead produntjgrocess

As explained previously, bead diameter was variedoider to investigate whether its

reduction resulted in improved mass transfers timodecreased diffusion length and

increased surface-to-volume ratio. Bead produdirshhad to be optimized to maintain bead
quality independent of bead diameter and to reeaste fractions (Fig. 5).

Bead diameter was adjusted with the coaxial awv ftate. Diameters ranging from 2000 to

less than 600 um can be obtained.

A rather linear relationship was obtained: the higthe air flow rate, the lower the bead
diameter (Fig. 5B). The number of satellites — gtegs alginate fragments — increased with
an air flow rate above 3700 ml/min, regardlesshef type and concentration of the alginate

sol. The last two parameters had very little effacbead diameter.
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Nevertheless, as shown in Fig. 5A, bead qualitgdbshape and satellite fraction content
were directly related to them. The sphericity oé theads shaped using a relatively low
concentration of alginate was poorer than that eads produced using twice that
concentration. Many satellites were observed ambegd samples generated from low
concentration alginate.

Based on our results, LV 2.2% and MV 1.5% appeam@dbe the most promising
formulations. They were appropriate for producimghbl000 um and 600 um beads. Fig. 5C
shows bead diameter dispersion for 1000 um andpgfeads produced from LV 2.2%.
Although an increase in dispersion was noticeabith wlecreasing bead diameter, the
diameter dispersion of 600 um beads was still datdés

As a result of the above-mentioned limitations, @00 and 1000 pm were the minimal and
maximal diameters chosen to satisfy the qualityiregnents (bead integrity and sphericity,

reduced satellite fraction).

Alginate LV 1% = Alginate LV 2% -
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Figure 5 Optimization of bead production.
(A) Impact of alginate concentration and air flow a bead sphericity and satellite fraction content.B)

Effect of air flow on bead diameter. (C) Diameter @spersion as a function of bead size for LV 2.2%.

G) Mass transfer efficiency
The decrease in vitamin B12 concentration over imt@e tank illustrated its migration from
the solution to the bead’s internal accessible ma@luThe transfer stopped as soon as both
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concentrations equilibrated. Mass transfers wengldred in the alginate beads because of
scaffold porosity.
Fig. 6 shows typical mass transfer curves obta(®gdn static conditions and (B) in dynamic
conditions for 600 um-LV 2.2%, 1000 um-LV 2.2 % d@D0 pm-MV 1.5% beads.
100 — — — — — — ——p—
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Figure 6 Vitamin B12 absorption curve (A) in staticand (B) in dynamic conditions for beads 1000 pm
produced with LV 2.2%.

The addition of perfusion led to a dramatic deceems the delay before equilibrium. In

dynamic conditions, the equilibrium was effectivalyained 10 minutes after the initiation of
perfusion whereas 6 hours were required in statditions.

Using the mathematical model previously descriltedpuld be successfully determined for
the two selected types of alginate (LV 2.2% and M%%), for 600 and 1000 um beads

respectively. Coefficient K directly reflects masansfer efficiency (Tables 2 and 3).

Type of alginate LV 2.2% MV 1.5%
Bead diameter (um)| 600 1000 600 1000
K (107 m/s) 0.083 £0.017, 0.164 +0.040 0.149 £ 0.06Y 3®20.075

Table 2 Mass transfer coefficient K in static condions as a function of bead diameter and alginateype.

Type of alginate LV 2.2% MV 1.5%
Bead diameter (um)| 600 1000 600 1000
K (107 m/s) 3.718+1.132 6.346 + 1.664 2.563+0.119 6560.152

Table 3 Mass transfer coefficient K in dynamic conifions as a function of bead diameter and alginate

type.
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In static conditions, vitamin B12 transfer was h@retl more with LV 2.2% alginate than with
MV 1.5%. This static trial thus helped in the arsadyof pure diffusion transfer. Bead porosity
seemed to be tighter in the high density alginstten convection was added (dynamic
trials), this discrimination disappeared.

In dynamic conditions, K coefficients were 50 ar@dt@ 30 times higher for 1000 and 600 pm
beads, respectively, than in static conditions.sTihend was independent of the type of
alginate. In all cases, mass transfers were muaie ef@icient under dynamic (Table 3) than
under static conditions (Table 2) because of thabionation of diffusion and convection
phenomena. This phenomenon has already been dabstybDavidet al. for a single type of
bead [5].

A decrease in bead diameter unexpectedly led tedaction in mass transfer coefficients.
This trend was moderated when the available ex@éhaugface area A was taken into
account: KxA (KA) values were found to be identi¢dat both diameters (Fig. 7). This
decrease was balanced by the rise in surface eadand to identical KA values for both bead
diameters. Larger KA were nevertheless expecte@@0rpum beads due to reduced diffusion
length. The absence of difference could be dubeddigher reticulation achieved for the 600
pm beads which stayed as long as the 1000 um lre#us gelation bath. This effect will be
analyzed further in the next section, where endapsii cell behavior was investigated during

the fluidization process.
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Figure 7 Mass transfer coefficient K times availald surface area A in static (A) and dynamic (B)

conditions.

H) C3A cell culture and functionality

Three types of beads were studied for the cell exgat in the FBBAL: 1000 um-MV 1.5%,
1000 pm-LV 2.2 % and 600 pm-LV 2.2%.

1) Cell viability
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Figs 8 and 9 show microscope pictures of the béadsell viability before and after the
fluidization process, respectively. After the whaecapsulation process, mortality ranged
from 15 to 25% leading to an initial number of setif 37.5 to 42.5 million. The stress
generated by air extrusion partially damaged this ead specific attention should be paid to
controlling the production process.

After the perfusion process, cell viabilities witheads were 85 + 2%, 83 = 7%, 94 + 1% for
1000 pm-MV 1.5%, 1000 pm-LV 2.2 % and 600 pm-L\92,2espectively.

For all types of alginate beads, cell mortality visgher before fluidization compared to that
observed at the 24 hour and 48 hour time points. flithdization process did not alter cell
viability. Between the beginning and the end of flnéization process, no cell proliferation
was observed in any type of alginate bead. This@menon was probably due to the cells

being confined inside the alginate bead matrix thedshort duration of the experiment.

EE

Figure 8 Phase and fluorescence microscopy imagds@BA-hosting beads before fluidization.
(A) 600 pum - LV 2.2%. (B) 1000 pm - LV 2.2%. (C) 100 pm - MV 1.5%. Living cells are stained in green

with orange acridine whereas dead cells in red usinpropidium iodide.
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Figure 9 Phase and fluorescence microscopy images@BA-hosting beads after fluidization.
(A) 600 um - LV 2.2%. (B) 1000 pm - LV 2.2%. (C) 100 pm - MV 1.5%. Living cells are stained in green

with orange acridine whereas dead cells in red usinpropidium iodide.

2) Effect of alginate type on cell functions in the AL

First, we investigated the effect of alginate typeMV 1.5% and LV 2.2% - on cell
metabolism in 1000 um beads (Fig. 10). Cell fundiavere indirectly assessed by four
parameters - glucose, ammonia, albumin and AFPerdrations - which were monitored in
the supernatant. The curves show the amount comsomeeleased within 24 hours and in
relation to the number of viable cells at the ehgexfusion. Each experiment was repeated 6
times. The results in the flask were also repordésda control of cell activity under
conventional culture conditions.

Glucose consumption (Fig. 10A) was not statisticdlfferent for cells cultured in MV 1.5%
(302.80 * 55.22 pg/24h/million cells), in LV 2.2%2R.21 + 114.91 pg/24h/million cells) or
in a flask (350.53 + 84.41 pg/24h/million celld).chn thus be considered to be independent
of culture conditions. Glucose transfer was notbned by the alginate scaffold.

In the case of ammonia (Fig. 10B), the amountsaseld were similar in MV 1.5% (0.44 +
0.09 umol/24h/ million cells), in LV 2.2% (0.42 +08 pmol/24h/ million cells) and in the

73



flask (0.36 = 0.07 umol/24h/ million cells). Dueite low molecular weight, ammonia solute
could easily cross the alginate membrane and bedfau the supernatant, as it was in the
flask.

Albumin release (Fig. 10C) was comparable for lggies of bead, but the amounts found in
the supernatant were significantly reduced compéoedassical culture (602.42 + 226.72
ng/24h/million cells for MV 1.5% and 1140.34 + 728.ng/24h/million cells for LV 2.2%,
versus4450.18 + 1166.16 ng/24h/million cells in the Kas

This difference was also observed for AFP (Fig. LOAFP releases were significantly lower
for MV 1.5% alginate beads (556.70 £ 299.36 ng/@dlibn cells) and LV 2.2% (622.02 +
246.15 ng/24h/million cells) compared to the fl§$814.84 + 964.02 ng/24h/million cells).

In summary, the results concerning glucose consomptammonia, albumin and AFP
releases were not statistically different betweémeetype of alginate. Alginate LV 2.2% was
therefore selected for the second part of the saglpead production using it is of better

qguality and is also easier.
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Figure 10 Impact of alginate type on C3A cell metatdism and functionality. (A) Glucose consumption.B)

Ammonia, (C) albumin and (D) AFP releases.
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3) Effect of bead diameter on cell functions in theBAR

We then studied the impact of bead diameter - 680 E000 pm - on cell metabolism in
alginate LV 2.2% (Fig. 11). The experiments wer@qgmged to 48-hour perfusion.

Between 0-24 hours of fluidization, glucose constiomp(Fig. 11A) was not significantly
different for cells cultured in 600 um beads (5@11838.68 pg/24h/million cells) or in 1000
pm beads (422.21 + 114.91 pg/24h/million cells)vwien 24-48 hours of perfusion, glucose
consumption significantly decreased in the sameagntoon for both types of bead. This could
reflect modifications in metabolism. It should beted that glucose concentration was very
low in the supernatant after 24 hours of perfusishich could lead to an alteration in cell
metabolism (2.77 £ 0.40 mmol/l for 600 um beads ar@2 + 0.51 mmol/l for 1000 pm
beads).

The release of ammonia (Fig. 11B) between 0-24 shobifluidization, was not statistically
different for 600 um beads (0.40 + 0.12 pmol/24kiam cells) and 1000 um beads (0.42 +
0.08 pumol/24h/million cells). Between 24-48 houfgperfusion, ammonia release decreased
for both types of bead, probably because of theitléf glucose.

For high molecular weight solutes, the results mld follow the same trend. Figs 11C and
11D revealed that albumin and AFP releases frombiha&ds to the medium were still
occurring after 48 hours. This could be explaingdabdelayed release of these proteins —
because of the porous structure of the alginatddealthough there might already have been
an impact on synthesis. It was all the more obvious\FP: a higher amount was liberated on
day 2 while synthesis ought to be lower than dutivegfirst 24-hour period (Fig. 11D).
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Figure 11 Impact of bead diameter on C3A cell metatlism and functionality using LV 2.2%. (A) Glucose

consumption. (B) Ammonia, (C) albumin and (D) AFP eleases.

d. Discussion

Dynamic culture in a fluidized bed bioreactor appeto be a valuable technique for
maintaining cell viability and functions for at Ead8h, if sufficient quantities of glucose are
provided.

It is clear that the molecular weight of the saotuteas a direct impact on their ability to
migrate through the porous structure of the gel i@ middle molecular weight solutes, such
as glucose, ammonia or vitamin B12, can easilysctbe alginate membrane, regardless of
the type of alginate (LV or MV). Their sieving céiefent is almost 1. For larger molecules
such as albumin and AFP, transfers are more diffiand delayed, but still take place,
indicating that the bead cut off is greater tham glze of albumin (60,000 Da). Other studies
performed by Clemerdt al. have already shown that the bead structure wasrimmgable to
immunoglobulins [26,27]. These results thereforenpletely satisfy the requirements for
future BAL applications.

According to Zmoreet al, pore architecture in 3-D alginate scaffolds playcritical role in
hepatocyte organization inside a functioning tiss[8. Consequently, hepatocyte

microencapsulation was investigated with two typésalginate (LV or MV) and with
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different diameters (final choices: 600 or 1000 ptaking into consideration the fact that
alginate structure may have an environmental impmarctcell viability, morphology and
metabolism. Under the conditions of the study, ¢hef$ects were not observed. Beads with a
diameter of 1000 um produced from LV 2.2% had madyantages: good quality, high
resistance, easy to produce. For future BAL apptiog, bead diameter 1000 um and alginate
type LV 2.2% are therefore recommended in compangith LV 2.2% beads with a diameter
of 600 um and MV 1.5% beads with a diameter of 1060

In the present experiments, cells were not foungrtiferate inside any type of alginate
beads after the 48 hours of the experiment. Mwstaal also demonstrated the absence of
hepatocyte proliferation with two types of algin&@m Laminaria hyperboredcontent: 68%

of guluronic acid (G)) anMacrocystis pyrifergcontent: 44% of G, medium viscosity) at 2%
concentration over a short period [2Bpowever, we qualitatively observed C3A proliferatio
inside alginate beads under static conditions aMenger period of time (after 7 and 14 days
of culture) [17]. Khalilet al. and Cowarcet al also showed that HepG2 cells proliferate in
400 um beads made of a lower alginate concentrgli®$) for 10-20 days [21,29]. These
different results suggest that cell proliferatioancbe obtained, provided that alginate
concentration is not too high and that a sufficeeglfly is given. For future BAL applications,
two different approaches to cell encapsulation @dbls be considered: 1) start with a low
number of cells and let them grow inside an appab@rculture device; 2) prepare a larger
amount of cells in advance, and directly encapsula number requested.

Finally, our first hypothesis that diameter redontwould result in accelerated transfer was
not confirmed, for any type of solute in either éyngr loaded beads. Martinsehal. showed
that two factors have an impact on the volume redncof the beads after the gelation
process: 1) the concentration in Ca@he higher the concentration, the more significdae
volume reduction); 2) the gelation time (the petage of volume reduction of the alginate
beads increased with incubation time) [30]. In case, the Cagkoncentration as well as the
gelation time were set for the 1000 um beads usedur previous studies. Under these
conditions, the 600 um alginate bead matrix mayehaeen too compact and the transfers
minimized. In future studies, these two parameterdd be adjusted, keeping in mind that the
reduction of CaGl concentration or gelation time could lead to highead porosity and
better permeability, as expected, but also to la ddenechanical stability or to the absence of
core gelation.

Biochemical modifications might also be considetedmprove the interaction between the

cells and the alginate biomaterial [31,32]. Of titions, RGD sequences could be grafted on
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to the material to favor cell adhesion and metaboliwith an RGD amino acid sequence
immobilized on polyethersulfone membranes, De Bart al. show the benefits in terms of
the adhesion, proliferation and albumin syntheS@imary human hepatocytes [33].

e. Conclusion

The extrusion method with co-axial air flow was segsfully adjusted to produce beads 600
and 1000 pum in diameter from different types ofirete - low and medium viscosity -
ensuring their integrity and their sphericity, aadove all without the presence of satellite
fractions.

Encapsulated cells were able to survive in thenalgi network and maintained their
metabolic activity for a relatively long period. &3netabolic activities were found to be
close for both types of alginate and both bead dtars. This study showed that bead
diameter and alginate type do not seem to influenass transfer efficiency for either empty
beads or C3A-entrapping beads. Although this wagseeted because of the decrease in
diffusion distances, the lessening in bead diamdigrnot lead to improvement in mass
transfers.

The gelation phase of the beads during the encatpsul process can nevertheless be
optimized to increase bead porosity and favor niassfer. Beads with a diameter of 1000
pm offer a reliable entrapment process for hepa¢scthat are to be used in a fluidized bed

bioartificial liver.
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2. Effet d’'une nouvelle technique d’encapsulation bagésur un champ
électrostatique

a. Introduction

Nous avons vu précédemment que la production desbil’alginate par la technique
d’extrusion par jet d’air coaxial, simple a metée ceuvre, est toutefois délicate a contrdler.
L’équipe du Professeur Werynski de I'Institut de@ibernétique et d’Ingénierie Biomédicale
(IBIB) en Pologne est reconnue internationalememntir pses travaux sur l'encapsulation
(Lewinskaet al, 2002 et 2005). Nous avons donc commenceé unaboolition en 2005 avec
cette équipe afin de réaliser notre projet : teste nouvelle méthode d’encapsulation des
hépatocytes. En effet, ce laboratoire de rechguoséde un systéme d’encapsulation basé sur
un champ électrostatique. Le projet consiste a emenmos deux méthodes d’encapsulation
afin de déterminer la plus prometteuse en vue dee rapplication finale. Lors d’échanges
bilatéraux, nous avons pu : 1) avec le Docteur ®vihska, travailler a la mise au point de
'encapsulation des C3A, 2) avec le Docteur A. Kiewicz, implémenter notre technologie de
bioréacteur a lit fluidisé en Pologne. Ces étudetsée en partie soutenues par un projet
Polonium financé par le Ministere des Affaires Bg@res, puis par un programme PAN-
CNRS (2007-2009). Ci-apres, nous décrivons toutat@ la méthode employée a I'IBIB, puis
nous abordons une premiére étude de faisabilitévaét les résultats obtenus avec les C3A.

En fin nous présentons les résultats obtenus ascwtures sur du long terme.

b. Matériels et méthodes

Dans un premier temps, nous avons voulu évaludaitabilité et la pertinence de cette
technique basée sur le champ électrostatique. weoss utilisé le type cellulaire habituel
C3A et le méme type d’alginate a 2,2%. Les cell@8# ont donc été encapsulées grace a ce
systeme basé sur une différence de potentiel (Ungitant ainsi de former les billes
d’alginate. Un champ électrostatique est créeé galifféerence de potentiel entre I'aiguille qui
se trouve au bout de la seringue chargée positiveme le bain de gélification chargé

négativement (figure 12). Plus la différence deeptel est importante, plus les billes sont
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attirées rapidement dans le bain de gélificatiorplas leur diametre est faible. Dans le
systeme développé a 'UTC, c’est le flux d’'air ci@dxjui crée une force de poussée détachant

la goutte de I'extrémité de la buse (figure 13).

Solution
alginate + C3A

Ul ¢
L Solution de
o %o o | gélification
e CaCl,

Figure 12 Systeme d’encapsulation développé a I'lBlbasé sur un champ électrostatique. Photo du
dispositif (a gauche) et schéma détaillé du concefit droite).

Solution
alginate + C3A
- air
. Solution de
o2 gélification
CaCl,

Figure 13 Systéme d’encapsulation développé a 'UTRasé sur une extrusion a flux d’air coaxial. Photo
du dispositif (a gauche) et schéma détaillé du coept (a droite).

c. Etude de faisabilité : mise au point de la technigg et

résultats préliminaires

Cette étude a fait I'objet d’'une publication en 20dans le journal Transplantation
Proceedings (Kinasiewicat al, 2007). Cette technique montre des résultats usageants
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aussi bien au niveau de la viabilité cellulaireaguhiveau de la consistance, de l'intégrité et de
la stabilité des billes d’alginate. Nous avons deoalu prolonger I'étude en cultivant ces
cellules hébergées au sein de ces billes en btergaa lit fluidisé pour observer leur
comportement au long terme. La synthése d’alburaiité évaluée apres 24 heures et sept
jours, en bioréacteur a lit fluidisé et en cult@a@ventionnelle (flasque), prouvant que les
cellules n'ont pas été endommagées et que leurbwi&tme, en particulier la synthese
d’albumine, n'a pas été altéré lors de I'encapsutatSi nous comparons cette fonctionnalité
cellulaire entre les cellules encapsulées par lthode électrostatique et la méthode par
extrusion a flux d’air coaxial, les résultats stmés proches : Dans le chapitre I, paragraphe
b,C,2), la quantité d'albumine relarguée par leBules encapsulées par la méthode dite
« extrusion a flux d’'air coaxial » dans l'alginate faible viscosité (LV) aprés 24 heures de
fluidisation est de 1140,34 + 727,76 ng/24h/millide cellules (ce qui équivaut a 47,51 +
29,93 ng/h/million de cellules). Dans cet artidi@, quantité d’albumine relarguée par les
cellules encapsulées par la méthode dite « éleéatipse » aprés 24 heures de fluidisation
s’éleve a 72,9 = 31,4 ng/h/million de cellules. Wiabilité cellulaire et le métabolisme des
C3A ont été étudiés sur 7 jours de fluidisatiorsain du bioréacteur confirmant la faisabilité
et la pertinence de cette nouvelle technique. Newasis de plus montré une activité beaucoup
plus intense a 7 jours par rapport aux premierehielfes, déja observée par exemple par
I'équipe du Docteur Selden avec un autre type deshile diamétre 400 um et un autre type
cellulaire, Hep G2 (Cowaret al.,2005 et Khalilet al, 2001).

Nous avons donc par la suite souhaité poursuiseénsestigations dans ce sens (partie c).
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Culture of C3A Cells In Alginate Beads for Fluidized Bed
Bloartificlal Liver

A, Kinasiswicz, A. Gautier, D. Lewinska, J. Bukowski, C. Legallais, and A, Werynhzki

ABSTRACT

Extracorporeal bicartificial liver has been designed to sustam the detomfication and
synthetic function of the failed liver in patients suffering from acute liver failure until the
time of liver allotransplantation or regeneration of their own. A fluidized bed, bioartificial
liver improves the mass transfer velocity between the mediom and the hepatocytes.
Detceafication functions of the iver could be replaced by completely artificial systems, but
the synthetic functions of hepatocytes may be obtamed only by metabolically active cells.
The aim of our study was to investigate the influence of C3A cell culture in alginate beads
on synthetic function in a Aluidized bed, bioartificial liver. Cells in alginate beads were
prepared usng an electrostatic droplet generator of our own design using low-viscosity
alginate. Beads were cultured for 24 hours then 7 days in static conditions and then 24
hours of fuidization m the bioreactor to assess albumin production. We observed
significantly increased albumin production by C3A cells entrapped in alginate beads dunng
static culture. Fludization increased albumm prodoction compared with static colture.
Fludization performed after 7 days of static culture resulted in a significant increase in
albumin synthesis. In conclusion, static culture of alginate beads hosting hepatic cells

facilitates restoration of cell function.

ETOXIFICATION functions of a failed liver may be
replaced by completely astificial extracorporeal

systems, but the spnthetic fanctions may be achieved onty
by metabolically active cells. Bxtracorporeal bioartificial
liwer devices have been designed using various types of
hepatic calls, including primary aman hepatocytes, por-
cine cells, and cell lines derived from bmman stem cells or
hepatomas. Hepatic cell fonction strongly depends on the
calmre conditions. Design of a device should promote
the three-dimensional environment characteristic of a
nofmal liver. Alginate is a natoral polymer that & well
tolerated by various cell types, especially pancreatic islet
microcapsules, but also for hepatocytes. Furthemore,
beads made of this hydrogel allow cells to grow thres
dimensicnally, which & exceptionally important for he-
patic calls.! One of the approaches to a bioartificial liver
i a fluidized bed bioreactor with alginate beads hosting
the hepatic cells.® Fluidization of alginate beads en-
hances mass transfer between the beads and the perfo-
sion medium. We sought to improve the syothetic func-
tions during static coliore of uman hepatoma C3A cells
entrapped in alginate beads for vsing in a fuidized bed
bioartificial liver.
@ 2007 by Elavier Inc. All ights meerved.
360 Pak Avenua South, New Yaork, NY 10010-1710

Transplantation Froceacings, 29, 2911-2612 (2007)

MATERIALS AND METHODE

Human hepatoma ‘C3A cell line (ATCC, LGC Promochem, Mid-
dtesex, UK) was culiored in MEM supplemented with 10%. fetal
bowine serum, antibiotics, and HEPES (all from Giboo, Grand
Idand, NY). After trypanization, cells were counted and mixed
with krwviscosty sodiom alginate solution (2.2% wh, Sigma,
St. Louis, Mo} prepared in 015% NaCl solation using 5 > 10°
cellgml. alginate. Using an electrostatic droplet generator,®
farmed beadswers gellad in a calciom chlorids bath {115 mmal in
0.5% NalCly. After 15 mirmtes, beads weshed with st andard colture
mesdinm (DMEM) were placed in the incubator (3% COz at 37°C).
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Fig1. Alginate beads hosting human C3A calls. A Acidine arangs stained ive calls. B. Tha same baad with dead cells stained using
propiium lodids, €. Algnate bsads aftar preparation. O. Alginats baads hosting cale atter 7 days of St culhurs with muticeliuar

aggregates fommad after cail proffaration.

The average diameter of beads and variation coefficient (¥C) were
cakenlaied from pictures taken ooder an imverted Otympus DX 71
microscope using Cell P software. To messure cell vishility, e cell

pension of freshly wmhed beads were incuboted with acridine
omngs (3 pgml) and propidiom iodide (50 gfml; both from
Sigma}. After washing, immobilzed cells were connied on pictures
taken under the microscope. Freshly preparsd beads hosting cells
were incobabed i culiure vesels {Corming, Lowell, Mam) in
DMEM. Duaring static incobation, the medinm was changed swery
2ar 3 days For fluidization experiments, beads hosting cells were
cultured for 24 boum and 7 days. One milliliter of beads (5 = 10
C3A oell) placed in a vertical bicreactor (6 cm long, 059 cm in
diameter) wm perfised to mspend beads in finidized sale with
DMEM medium for 24 hous oi o fow mie of 3 mLimin After
Auidimtion samples of the medium were frozen unitil asayed for
albamin (ELEEA, kit, Bethyl, Monigomery, Tex).

RESULTS

Homogenous alginate beads successfully produced oeing
electmatatic droplet generator showed a mean diameter of
896 = 53 pm (VO = 696). Wiability of hepatk cells in the

beads did not significantty differ before and after the bead
formation process (both = 8096); Fig 1{A, B). Mo increase
in bead diameter was observed after fluidimtion (M9 = 40
pm; Y = 4%, As shown in Fig 2, we dserved a significant
increase in albomin concentrations in days following the

F R

AgtubHRN of B3R Gl

G 7
Axw cl ralhire
Fig 2. Albumin production by C3A cells entrapped In siginate
beads In 7 days static cuthura. Media wers changed every 48 and
72 hours.
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FLUIDIZED BED BIOARTIACIAL LIWER

Tabls 1. Comparison of Albumin Preduction by Human
Hepatoma CG3A Cells Entrapped in Alginate Beads in Statio
Incubation Compared With Fluidized Bed Bioartificial Liver

Ruldized Biorsacior Siatic Inoubation

Albumin production after 728 * 31.4° G348 £ BE”
24 heurs of cultivation
[ngth per initial 10F of
cele)
Albumin production ofter 7433 x 1815 04 = sas=""
7 doyn of culivation
[ngth per initial 10F of
cele)

"EF o P LR

culture. This observation indicated that hepatic cells prolif-
erated with increased metabolic function over tme. After
24 howrs of culm e, production of albumin in the bioreactor
reached 720 = 314 (ngh per initial 10° of cells) not
significantly differing from the staticculture (Table 1). After
7 days of culture, the micrscopic pictures suggested an
increase in cell oumber and formation of theee-dimemsional
cell aggregates (Fig 1), which was comsistent with the
increass in albumin producticn (Fig 2). Both fuidization
bioreactor and static incubation performed afier 7 days of
cultuse showed a significant increase in albumin production
compared with the previous experiments 24 hours afier
bead formation (Table 1).

DISCUSSION

The electrostatic method of cell emtrapment in alginate
beads i safe (Fig 1A, B) and reproducible. CIA cells
proliferated in low-viscosity alginate, indicating a lack of
toxic effect on the cells. Beads produced from low-viscosicy
sodinm alginate, seemed to be stable in culture conditions.
As shown by Khalil et al®, cultivation upregulates spnthetic
and detoxification functions of hepatic HepG2 cells. Hu-

2313

man hepatoma C3A cells entrapped in alginate gel wene
able to produce albumin, which is the main serum protein
grnthesized by the lwer. Albumin production was nsed as
measure of the synthetic functions of the cells. In compar-
on with static colrare, albumin production was greater for
fluidized than for static conditions (Table 1), espatially after
1 week of culiure. Fluidization, which improves mass trams-
for of motrients and cuxygen o the cells inside the beads, alen
facilitates elimination of excreted products. Thess circom-
stances increase the metabolic state of the celk and pro-
mote synthetic functions of C3A cells, a8 examined by
albumin production in this study. Mo significant differences
ware observed in bead diameter during fuidized experi-
meqis and long-term static calture. Hepatic cells require a
ceriain time to mestore their metabolic capacity. Three-
dimensional eulture affects hepatic cell metabolism,'* bead
cultivation for 7 days promotes three-dimensional interac-
tions significantly improving cell metabolism (Fig 2). In
conclnsion, we have snggested that colture of hepatic cells
for at least 7 days is necessary to improve their function,
especially in alginate beads. Foidization allowed better
mairition and oxygen supply for cells inside the beads
resulting in increased synthetic functions.
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d. Culture des C3A en billes d’alginate sur du long-

terme

Jusqu’a présent, nous n’avions maintenu les cslleteapsulées en culture que sur du court
terme - 6 heures (Davet al, 2004) - ou du moyen terme - 48 heures (Gaetiat, 2008) -.

En effet, notre optique était d’avoir des cellui@sctionnelles pour le temps de la suppléance
(séances assez courtes en général de 6 heuresidtbal, 1997).

Nous nous sommes cependant apercus qu’apres wincdélai d’adaptation, les cellules
proliféerent en formant des structures tridimensg@l@s au sein des billes d’alginate. Lors
d’un séjour du Docteur Kinasiewicz dans notre labmire (soutenu par une bourse STSM du
COST 865), jai donc pu travailler avec lui sur espect. A 'UTC, nous avons étudié la
prolifération cellulaire en testant différents tgp#alginate (faible et moyenne viscosités) et
en produisant les billes avec notre méthode d’eswdapion (extrusion & flux d’air coaxial).
Puis le Docteur Kinasiewicz a reproduit les exp@és en Pologne en utilisant la méthode a
champ électrostatique. L'ensemble de I'étude gétdié en 2008 (Kinasiewiczt al, 2008)

et est présenté en annexe. Ci-apres, je présentédeltats auxquels j'ai contribué a I'UTC :
on observe deux comportements distincts de ladesrtellules au 7éme jour de culture. Elles
ont tendance a proliférer sous forme d’agrégatérapies dans I'alginate de faible viscosité a

haute concentration (2,2%) alors que dans l'algirdé moyenne viscosité a plus faible

concentration (1,5%), elles forment des tunnelerés de la périphérie au centre de la bille
(figure 14).

Figure 14 C3A sous forme d’agrégats sphériques dafialginate de faible viscosité (a gauche) et sous

forme de tunnel dans I'alginate de moyenne viscosit(a droite). Grossissement x400.
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Cet aspect s’accentue jusqu'au l1l4eme jour de eultNous avons observé ces agrégats
sphériques et longitudinaux a 'ESEM (Environmer8ahnning Electron Microscope), apres
avoir dégélifié les billes d’alginate prouvant bigme les cellules s’organisent en une structure
(intrinséque) différente selon le type d’algindtgure 15).

/
4

Magn F—— 20um Magn
1000x 35 Torr 1500x 3.5 Torr

Figure 15 Cellules C3A sous forme d’agrégats sphéuies présents dans l'alginate de faible viscosité
(a gauche) et sous forme de tunnel dans 'alginatemoyenne viscosité (a droite).

Les microvillosités présentes sur chaque strudhisianensionnelle citées dans le chapitre |,
sont également observées a 'lESEM a un plus fodsissement (figure 16).
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Figure 16 Microvillosités des C3A présentes a la gace des agrégats sphériques,
alginate de faible viscosité (a gauche) et a la $ace des agencements longitudinaux,

alginate de moyenne viscosité (a droite).

L’organisation des cellules a également été obseevemarquant les noyaux cellulaires par
coloration fluorescente au DAPI (figure 17).

Figure 17 Structure tridimensionnelle des C3A au se d’une bille d’alginate de faible viscosité (& gache)

et de moyenne viscosité (a droite). Grossissememrt09.
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Nous supposons que ces tunnels ont pu étre forarékep cellules lors de I'encapsulation,
comme I'a souligné Shirat al (1989). En effet, des sillons présents dansilesa’alginate
semblent délimiter un espace libre pour une cod#dits cellulaire. Pour mimer la présence
des C3A, des billes de verre de 10 a 50 um de diamat été utilisées. Aprés encapsulation
de ces hilles de verre, seules celles de plusefithlamétres (10 a 20 um) migrent du centre

vers la périphérie de la bille en tragcant un sjllles billes de verre de diametre plus grands

restant au centre de la bille en ne laissant aucane visible (figure 18).

Figure 18 Tunnel formé par une bille de verre ( dimnéetre 10-20 pm) au sein d'une bille d'alginate (a
gauche) alors que les billes de verre de plus fadtamétre sont restées au centre (a droite).

Ce phénomeéne de structure en forme de tunnel,qedpha la figure 19, dépend donc de la
taille des particules encapsulées, de la natufaldaate et/ou de sa concentration.

Figure 19 Schéma expliquant la formation d'un tunnéau sein d’'une bille d’alginate.
Lors de I'encapsulation, la particule encapsulée s#eplace du centre vers la périphérie de la billere
laissant une emprunte tridimensionnelle en forme déunnel dans la bille d’alginate.

A la suite de cette observation, nous nous somreesaddés si ce comportement pouvait
entrainer une modification au niveau des fonctititésacellulaires. Nous avons donc analysé
la synthése d’albumine en bioréacteur a J1, J714€t Nous avons pu constater une forte
augmentation de la synthése d’albumine entre J14tans pour autant observer de différence
significative entre les deux configurations celitda. Concernant la comparaison entre les
deux méthodes d’encapsulation, aucune différengeifigiative n'a été observée suite aux
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travaux du Docteur Kinasiewicz. L’augmentation @dsynthese d’albumine aprés 7 et 14 jours
de culture s’expligue a la fois par 'augmentatamla densité cellulaire au sein des billes et
par une hausse de I'activité des C3A, déja démemtads d’autres conditions par Khalilal
(2001).

C. Modélisation mathématique des transferts de

masse

Ce modele mathématique a pour but de caractémsetransferts de masse de différents
solutés au sein du bioréacteur a lit fluidisé erspnce de cellules. Cet outil a pour but d’aider
a la compréhension des phénoménes se produisamiéadur de ce systeme en déterminant
un coefficient de transfert appelé K pour chaqu@téoet chaque diamétre de billes. Ce
modele a été inspiré de celui développé par Dawval. (2004) basé sur les équations décrites

par la loi Fick pour les transferts diffusifs ersabce de cellule.
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Modelling mass transfer and hepatic cell functionnto a fluidized bed bioartificial liver

A. Gautier, M. Dufresne, C. Legallais

UMR CNRS 6600, Laboratory of Biomechanics and Bgeeering, University of

Technology of Compieégne, Compiegne, France

a. Introduction

Liver is a complex organ ensuring numerous esdangsabolic functions. Acute or evolution
of chronic liver failures cause severe complicatialue to the loss of vital liver functions,
such as detoxification and synthesis. Disorderévier's metabolic activities dramatically
impact patient’s health and compromise short teurrigal. Until now, liver transplantation
only can efficiently treat these end stage pathekg
The expanding gap between the number of patientwasting list and the number of liver
transplants confirms the challenge for an alteweasiolution to treat such patients. Since the
90’s, different extracorporeal support systems hbgen developed to bridge patients to
transplantation or recovery. They are classifigd artificial and bioartificial livers (Legallais
et al, 2008). Atrtificial livers are based on mechaniaatl chemical components to remove
toxins only, whereas bioartificial systems usetigells to restore all the liver functions. To
satisfy the inclusion of liver cells into extracorpal set ups, some requirements have to be
ensured:
- To avoid patient’'s immunological reactions, cellsed be isolated in a specific
compartment
- To preserve cells integrity and functions, a tmdnsional scaffold made of an
adequate biocompatible material should be employed
- To supply cells in nutrients and oxygen and to emsie release of metabolites to the
patients, the barrier between the cell and thedlmoplasma has to be permeable to
solutes. According to the literature, this barreamn find different configurations :
hollow fiber (Legallaiset al, 2001, Hughest al, 1996, Jasmuneit al, 2002, Mullon
et al, 1999, Patzeet al., 2002, Rozgeet al, 2006, Nyberget al, 1993 and 1998,
Gerlachet al, 2006), beads (Gaet al, 2005, Seldemwt al, 1999, Davidet al, 2004,
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Kinasiewiczet al, 2007 and 2008) or capsules (Orieeal, 2004, Canaplet al,

2001, Haquest al, 2005), or matrices (Zmokt al, 2002 and Seet al, 2006).
The bioreactors hosting the cells should be cdgradimensioned to optimize the mass
transfer and thus cell viability and functions, ftwe final goal of clinical application. To
assess the efficacy of such bioreactors, diffemmethods can be proposed : i) direct
application to animal models (Van de Kerkhateal, 2004) or even to patients; ii) in vitro
investigations, leading to experimental data, whbeebioreactor is analyzed as a black box,
considering only input and output data (Nybetal, 1992) ; iii) modelling the mass transfer
and cell activity, an approach much more common cimemical engineering and
biotechnology, also applied to bioartificial organsainly for oxygen transport studies
(McClellandet al, 2002).
In chemical engineering, mass transfer modellingaathgeously improved the productivity
of bacteria, yeast or mammalian cells in bioreactétassnachet al. (1999) and others
developed reaction-diffusion models to describeakygen distribution in fixed-bed systems
(Kurosawaet al, 1989, Indlekoferet al, 1996, Nathet al., 1996, Shiraishiet al, 1996,
Wanneret al, 1996). In the same way, Willaeet al (1996) studied reaction-diffusion
models within various bioreactors to point out tHemnitations and inhibitions. Fassnaait
al. (1998) applied their method to the culture of inmtalized hepatocytes for the future
development of artificial liver support system<iudturing mHep-R1 on porous carriers. They
exhibited the inability to access to cells direalying the cultivation.
In this study, the liver supply was proposed atualized bed bioreactor, as represented in
Figure 1 (Davidet al, 2006 and 2004, Doret al, 1999, Legallai®t al, 2000). The barrier
was materialized by a porous alginate matrix winen@an hepatoblastoma cells, C3A, were
entrapped in a bead shape. Once encapsulated.elisewere retained in the bioreactor
column, named Fluidized Bed Bioartificial Liver (BBL).
Our bioengineering approach was to understand rirassfer phenomena and metabolic
activities occurring within such a bioreactor usixperimental and modelling approaches.
This characterization was proposed following thdé&erent ways: i) physical point of view,
with mass transfers studies with a well definedeunolar weight marker (vitamin B12); ii)
biological point of view, with hepatoblatoma cel®3A cultured within alginate beads,
studying mass transfers and cell activities witl tharkers synthesised (ammonia, albumin
and alpha-foetoprotein) or consumed (glucose) lycills iii) mathematical point of view,
with a model developed to analyze these mass amdfenomena and determine in situ

synthesis or consumption rates of cells, that ablg could not be directly assessed. We
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produced beads of two different diameters to amalyhether reducing the diffusion length

could result in enhanced cell functions.

Nutrients
Oxygen
» Metabolites
o) entrapped into alginate bead B
Plasma
detoxificated'
Bioreactor
Peristaltic pump Q
Patient
with
hepatic
failure
Red blood cells
> [\

Figure 1 Principle of the fluidized bed bioatrtificial liver for liver support (A). Patient’s blood is withdrawn
and separated into plasma and blood cells. Plasms perfused through a fluidized bed bioreactor hostig
hepatocytes in order to be detoxified. Plasma anddwod cells are mixed again and returned to the pagnt.

Transfers of nutrient, oxygen and metabolites throgh the alginate bead structure (B).

b. Materials and methods
A) Experiments

1) Fluidized bed bioreactor design

The fluidized bed bioreactor was designed usingdSblorks software and produced in glass
by Medicolab in order to be autoclavable. Its getwynevas determined by semi-empirical
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model developed by Richardson and Zaki (1954):5Lcf internal diameter and 17 cm
height. The concept was detailed in previous wixtré et al. (1999), Legallais et al. (2000)
and Gautier et al. (2008)).

2) Encapsulation process

Alginate beads were produced via an encapsulatieceps based on extrusion method with a
coaxial air flow made by our laboratory. 10 ml dfimate sol with or without cells were
extruded through a needle using a peristaltic pabfp65 mi/min (Ismatec IPC Type ISM934
VA.01). Air flow intensity was measured thanks tflav meter (Sho-rate Emerson Electric
S.A., France). Beads of 1000 pum and 600 um diametez produced under air flow rates of
1350 and 4050 ml/min, respectively. Upon formatiatginate droplets jellified for 15
minutes into a 70 ml of gelation bath (154 mM Nalll, nM Hepes, 115 mM Caf}l Beads
were rinsed twice with 70 ml of sterile saline dmn. Cell-containing beads were submitted
to an additional rinsing with 70 ml of culture meah and finally placed in a culture flask

with 15 ml of culture medium for the transition bed the fluidization experiment.

3) Mass transfer study with cell-free beads

Mass transfers were carried out under dynamic ¢immgi within the fluidized bed bioreactor
(Fig 2). Vitamin B12 marker was used to evaluatessnansfers’ phenomena between the
core of the alginate beads and the fluid surroundire beads. Measures were repeated in
triplicates. Vitamin B12 concentration was measuhedugh a spectrophotometric circulation
spectrophotometric cell. Vitamin B12 solution wasmposed of 100 mg/l of this solute
diluted in a 154 mM NaCl solution. 26 ml of thislgmon was needed to completely fill the
loop circuit. Cell containing alginate beads weeefggsed in the bioreactor under flow rate of
6 mli/min and 10 ml/min for 600 um or 1000 um beddsneter, respectively, in order to

generate optimal fluidization.
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Figure 2 Experimental setup for dynamic assessmenf mass transfer or dynamic culture of C3A cells
within the fluidized bed bioreactor. The part limited by the dotted frame was only necessary for mass
transfer experiments without cells. When dynamic cliure was conducted, the whole set up but the pump

was placed in an incubator at 37°C and 5% C@

4) Mass transfer studies with cells

a) C3A cell culture

C3A human hepatocellular carcinoma cells (ATCC, CRl-741) were cultivated in T75
Falcon culture flasks within 15 ml of complete ocuét medium in a 37 °C and 5% €O
incubator. This complete medium culture was deedrin Gautieret al, 2008. Culture

medium was replaced every 2 to 3 days. Conventistadic cultures within T75 vessels were

performed as a reference.

b) Preparation of fluidization experiment

For the encapsulation step, C3A cells containirgjnate beads were prepared in sterile
conditions. Cells are detached and counted in dalésolate an aliquot of 50 million cells
for encapsulation step. Afterwards, cells are miweth 10 ml of alginate sol 2.2% (low
viscosity, A 0682, Sigma-Aldrich, France) dilutedsaline solution at 154 mM NaCl buffered
with 10 mM Hepes, pH 7.4 and extrusion was perfatme

To study mass transfer, the fluidized bed bioastas connected to a closed loop circuit

complete containing 42 ml of culture medium. Aldenaeads were perfused under flow rates
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of 6 ml/min and 10 ml/min for 600 um or 1000 umrd&ter beads, respectively. The whole
circuit continuously operated for 48 hours.

c) Biochemical assays

Samples of supernatant were removed from the eultessel at time 0, 24 hours and 48 hours
to perform the biochemical assays. Ammonia (RardgxXrance) and glucose (Thermo Kkit,
France) were assessed with a biochemical autorfl&tueelab 20, Thermo, France). Albumin
concentration was measured by Elisa sandwich me(godt anti-human albumin IgG
antibodies were purchased from Cappel, MP BiomésjiGolon, Ohio).

Alpha-foetoprotein levels were evaluated usingaclbémical automatus (Modular Analytics

E170, Roche, Meylan, France) along with a kit fi@eche (Meylan, France).

B) Theory

The purpose of this part was to describe massféaascurring in the bioreactor column
between the perfusion fluid (the supernatant) &edcbre of the beads, taking into account
the cell activity (Fig. 3 and 4).

b, b

- ~

L
S !*—':'—-L YECE

Figure 3 Left : Bioreactor allowing alginate beadfluidization; Right : Schematic representation ofcells
entrapped into alginate bead with \4, volume of beads and Y volume of perfusion fluid in the whole

circuit.
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Figure 4 a) Transfers of solutes synthesized or cemmed by cells occurring at the surface of alginateead
within the fluidized bed bioreactor

b) Microscopy photo of the cells containing algina bead (@ = 1mm)

The theoretical model was developed under theviatlg assumptions:

1. the properties of alginate bead structure wenstant over time.

2. the bead (M and culture medium (Y volumes were constant (no swelling or shrinking)
3. there was no cell proliferation with time

4. concentration of solutes were homogeneous isupernatant fluid (Cand in the beads
(Co)

5. no adsorption occurred on beads surface ore@wétls of the system

6. at the interface fluid/bead, transfers were d@iffsive and are described by Fick’s law.
7. cell production/consumption depended only ohamint.

The conservation equations could be written fohlsmid (bead) and liquid phases. In the

supernatant, the solute mass)Fhanges were due to transfer from or towardbéaels (eq.

[1]).

M,

=-KAlc, -C,) [1]

With:

K: diffusive mass transfer coefficient

A: exchange surface area for the beads,

Ci: concentration of the solute of interest in thpesuatant fluid
Cp: concentration of the solute of interest in teads

Within the beads, solute massy{jMhanges were due to transfer from or towards the

supernatant, and to cell activity reported as atr@arate R (eq. [2])
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oM,
ot

=KAlC, -C,)+R [2]

R>0 meant that the substances was synthesizecaged by the cells.
R<0 meant that the substance was consumed byltee ce
Only the supernatant concentrationc@uld be followed over time. Equations 1 and 2ewer

thus combined to obtain a second order differestlation for €(eq. [3]):

2 V_+V
0°C, +K b ¢ 10C; _ KAR 3]
ot? AYAS ot V.V,

which could be analytically solved [4]:

Ci(t)= “VVL e kAl oY |, R +y [4]
f KAV, +V, ) V.V, V, +V,

The constant could be identified using the initial conditiorg(¢5]):

aVv,V,

=C, + 5
y=C, kAW, +v,) [5]

with Cq: initial concentration of the solute of interasthe supernatant.

In the experiments, two additional time points wavailable, at t = 24 hours and t = 48 hours,

leading to the identification af (eq. [6]) and of the overall mass transfer coedfitK (eq.

[7D.

[6]
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I Rt R |
(C48h - Co - e ]_(sz _Co - an j
R AV I (v, +V,) (v, +V) -
= Aty (V, +V¢) (C _~ _ R,
24h 0
Vp +Vy)

To study mass transfer within cell-free beads, theghematical model was applied with R
equal to 0. This approach was developed in prewaws by Davidet al. (2004) and applied
to the two types of beads diameter in Gaugteal. (2008).

c. Results

C) Mass transfer study within cell-free beads

Mass transfers within the fluidized bed bioreacimre evaluated for two types of bead
diameter: 1000 and 600 pum.

Vitamin B12 concentration in the supernatant desgdeover time because of its continuous
migration from the fluid surrounding the bead te tiead internal accessible volume, until the

equilibrium (G between €and G was reached.
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Figure 5 Vitamin B12 absorption curves for beads 1@0 and 600 um diameter.

In each case, the equilibrium was reached aboutihQtes after the perfusion starts (Fig. 5).
In the mathematical model described in paragraghtBe term R was set to 0 and the final

solution of the equation was equal to presenteelby8]:
_ -KA
Cf (t) - Ceq + (CO - Ceq) eXp[\/be (\/b +Vf )t] [8]

Using this model, K could be successfully determif@ the two selected types of alginate
bead diameter, by calculating the slope of (-In-[0c)/(Co-Ceg)]) as a function of time (Fig.
6).
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Figure 6 Example of a slope of (-In [(€Ceg)/(Co-Ceg)]) as function of time obtained for beads of 100Qm
diameter.

The mass transfer coefficient found for vitamin B&2600 um and 1000 um beads diameter
were 3.718 + 1.132 and 4.399 + 0.727' 19/s and respectively.

D) Bioreactor behaviour with C3A cells

In vitro biological experiments were performed #8 hours and samples of the supernatant
were collected at 0, 24 and 48-hour fluidizatione Wllowed the concentrations of four
molecules of interest. ammonia, glucose, albumid AfP. On the one hand, ammonia,
albumin and AFP were synthesized by C3A and thimased to the supernatant by diffusion
across the bead core. Sieving effects due to trmupcstructure could potentially be observed
because the first molecule was a low molecular tesglute while the others, proteins, could
be considered as high molecular weight solutesth@rmther hand, glucose was consumed by
C3A, decreasing the bead concentration that woelddmmpensated by diffusive mass transfer
from the supernatant to the bead core.

Table 1 reports the concentrations of each solfiteiterest measured in the supernatant

during experiments regarding the beads diameted u®® and 600 pum.
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Beads 1000 um  Beads 600 um

Sampling Time Nature of solute Concentration (gm

Oh Ammonia 6.59 +1.35 6.59 +1.35
Glucose 936 + 16.86 936 + 16.86
Albumin 0
AFP 0

24h Ammonia 12.63 +1.07 13.02 + 2.26
Glucose 525 +92.7 498 £ 72
Albumin 1.77 £1.58 1.48 £ 1.06
AFP 1+0.50 0.63 +0.46

48h Ammonia 15.89+1.49 15.37 £ 3.22
Glucose 426.6 + 79.38 437 +90.18
Albumin 4.87 +0.07 3.62 +1.65
AFP 3.26 £0.11 1.22 +1.05

Table 1 Concentration of different solutes (ammoniaglucose, albumin and alpha-foetoprotein)
at different time point 0, 24 and 48h for beads 1@and 600 pm.

E) Mass transfer and cell activity model

The physical and biological approaches were tréeglm term of mathematical modelling as
described in the previous section. Using the datkeated in the experiments, there were
indeed two unknown parameters to determine: thesntasfer coefficient K and the

synthesis / consumption rate R, which meant thasthiution to equation [4] was not unique a

priori.

1) Estimation of realistic range for K and R

We first considered the possible range for bothamaters (couple R, K) that were
mathematically connected and that ensured a solutiothe equation. These couples are
presented for each types of solute (ammonia, g&jcakbumin and alpha-foetoprotein) for
beads diameter of 600 um (Fig. 7) and 1000 pm @ig.
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Figure 7 Potential range for the couple (R, K) ensing the solution of the mathematical model
for 600 um beads diameter : (A) ammonia, (B) gluces (C) albumin, (D) AFP.
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Figure 8 Potential range for the couple (R, K) ensing the solution of the mathematical model

for 1000 um beads diameter : (A) ammonia, (B) gluse, (C) albumin, (D) AFP.
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It should be noticed that very small changes insyrghesis or consumption rate R could lead
to significant variations in the mass transfer Goeint K, and vice versa. The behaviour
seemed to follow an exponential curve. From thig data, it was not realisitic to determine a
unique (R, K) couple that could be validated. Befgoing further, Table 2 summarizes the
lower and the upper limit for both R and K, namedme (R, K)in when the mass transfer

coefficient K was the smallest and couple (RndWwhen K was the largest.

Ammonia Glucose Albumin AFP

R=110 R=-1.2210° R=110° R = 6.64 10?
Couple (R, Kpin

K=7681F K=17710 K=6.0510" K=8.501C

R=110 R=-33110 R=1.0510 R=1.701C

Beads 1000 pm

Couple (R, Kphax
K=3.010" K=9.3610 K=54810 K=7.2310
R=21310° R=-1.2210° R=310 R =6.64 10°
Couple (R, Khin
K=6.7710° K=13210 K=6.1910 K=5.7510
R=7801¢ R=-20310 R=71510 R=1.951C

Beads 600 pm

Couple (R, Khax
K=3.7710 K=4.9810 K=4.7810 K=23.6610

Table 2 Couples (R, K) min and max limiting the ramge for the mathematical modelling for each solute
(ammonia, glucose, albumin and AFP) concerning beadliameter 1000 um and 600 um

(R in g/min and K in m/s).

2) Additional assumptions for K leading to R assesdmen

For small molecular weight solutes such as ammamiaglucose, the maximum mass transfer
coefficient K in Table 2 was about 3.0"1f/s, which was slightly lower than the coefficient
found with empty beads. This could be due to thes@mce of cells that hindered diffusive
mass transfer. This value was thus retained astiapt/alue” for K.

For high molecular weight solutes such as albunmd AFP, lower values for K were

expected. They nevertheless could not be lower 8&r10° m/s (according to the operating
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range defined in Table 2). We therefore, proposetbtus on an initial value about 930
m/s.

According to the range defined for each solute, & vdetermined to ensure a correct
concentration atg, To check the validity of the obtained couple KR, the equation [4] was
then applied to calculate the concentrationat t

Table 3 shows the concentration determined,afrom the mathematical modelling {Gne9,
from the experiments (& ) and the difference in percentage between bothegafor

ammonia, glucose, albumin and AFP, and for botledyqf beads.

Beads 1000 pum Beads 600 um
K(m/s) R (g/min) Costheo Cosexp Ermor  Costheo Coaexp  Error
(@m’)  (gim’) (%) (@m’) (@) (%)
Ammonia 3.010° 1.1 10 12.4 12.63 1.85 12.04 13.02 8.14

Glucose 3.010 -2.210° 522 525  0.57 507 498 1.77
Albumin  9.01¢ 14510 1.78 1.77 0.56 0.33 1.48 77.70
AFP 9.01¢ 1510° 1.003 1.003 0 0.93 0.63 32.26

Table 3 Concentration of each solute (ammonia, glose, albumin and AFP) at 1,4, estimated from the

mathematical modelling Ga meoand from the experiments G, o, for beads 1000 and 600 um.

The determined couples (R, K) led to negligibleoesrfor ammonia and glucose for both
types of beads. However, the predictions were octirate for high molecular weight solutes
in the case of 600 um beads regarding albumin (%) and AFP (32.26%).

On a biological point of view, it could be hypotiz=l that R was identical for both types of
beads. Thus, K had to be adjusted using a trialesrat procedure to make the theoretical
result meet the experimental one, as proposed bleT4 With albumin, a mass transfer

coefficient K of 1.8 18 m/s was found to lead to a corregt Estimation.

K (m/s) R (g/min) G theo /M) Cas exp(Q/m°) Error (%)
5.0 108 1.45 10 0.91 1.48 38.51
3.010° 1.45 10 1.25 1.48 15.54
1.8 10° 1.45 10 1.47 1.48 0.68

Table 4 Concentration of albumin solute at 4.,

estimated from the mathematical modelling G4 eoand from the experiments G, ex, for beads 600 um.
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The same held true for AFP. A good correlation leefvthe AFP concentrations determined
from the mathematical modelling £Cneo= 0.68 g/ml) and from the experiments Loxp =
0.63 g/m) has been found ( error 7.35%).

d. Discussion

Mass transfer modelling, although widely used imroital engineering, were not easy to
translate to tissue engineering application siheecells consumptions and productions could
not be determined a priori. However, our iteratimgthod, implementing step by step

plausible hypotheses, helped in the determinatioboth mass transfer coefficient K and

“biological reaction” rate R for four different saes of interest. This rate R could thus be
translated in term of cell activity (r), considegithe number (N) of cells present in the
bioreactor:

R=rxN [9]

Table 5 summarizes this final iteration. The congtiom/synthesis rates obtained with the
same cells in classical 2D cultures (flasks) wae atported.

For the small molecular weight solutes such as ammen@nd glucose, mass transfer
coefficients were identical for both types of akfm beads diameter. However, concerning the
high molecular weight markers such as albumin dpldaafoetoprotein, the decrease of mass
transfer coefficient value for beads 600 pum diamé&tecomparison to beads 1000 pm
diameter suggested that the porosity of this kihdhemds was less important and thus the
transfer more hindered. This theoretical study icors the experimental work performed by
Gautieret al. (2008). We hypothesized that the smaller diamb&ads, being reticulated
under the same conditions as the larger ones, nightbo compact reducing the transfer

kinetics.

109



Ammonia Glucose Albumin AFP

Molecular weight (Da) 17 180 66000 70000
Koo (M/S) 3.0 10 3.0 10’ 1.8 10° 1.8 10°

K 1000 (M/S) 3.0 10 3.0 10 9.0 10° 9.0 10°
lBead 2.2 10° 4.4 10° 2.9 10° 3.0 10"
(g/min/million cells)

MFlask 4.25 10° 24310  3.0910 1.329 10

(g/min/million cels)
Table 5 mass transfer coefficients K for beads 10Q0m (Koo and 600 pum (Ksog) diameter and synthesis

or consumption rates in beads (.. determined according to the mathematical model

and obtained in conventional 2D culture under stati condition (rgas)

Thanks to this modelling approach, the cells syither consumption rates could be
estimated in the bead configuration. As the cekseacultured under 3D conditions and in a
matrix, these values were unsurprisingly quiteedéht from those measured in flask under
static condition. These differences in cell acyivitan be linked to the cell shape and/or
external confinement and configuration due to theirenmental structure. Indeed, in the
flask, cells could spread and proliferate. In tlggnate bead, cells presented a more spherical
shape and entrapped in a matrix where they couldpraiferate during the short delay of
experiment. After the encapsulation process, thelig had to adapt to their new environment
and to their new dynamic culture condition befaeavering their basic metabolic activities .
Kinasiewiczet al (2007) showed that albumin synthesis from C3Ascetl the first 24 hour of
fluidization was low about (200 ng/h/million cellapd reached 2000 ng/h/million cells after
14 days in alginate beads microenvironment. Duitig) period, cells are adapted to their new
environment and show excellent rate of albumin lsgsis from 7 days with an exponential
increase. Khalilet al. (2001) and Cowaret al (2005) with smaller beads, found the same
results.

Finally, this mathematical modelling appeared asnégresting tool to scale up bioreactors.
According to the amount of substances to be retetsthe patient in the case of liver supply,
this model can help in calculating the number disde encapsulate, to define the volume of
alginate beads and culture medium and to deterthamgolume of bioreactor. In parallel, this
mathematical tool can help to predict the concéintieof solutes at specific instants during

an experiment or an in vivo application.
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e. Conclusions

In bioartificial livers, many questions still ne¢al be solved before reaching the final goal
which is a widespread application to human. Ourtrdoution to the progress in this field
consists in showing the interest of developing #éhematical model taking into account both
mass transfer and cell activity in a specific getmypnef bioreactors, i.e. a fluidized bed
bioartificial liver. Both aspects are strongly inate : the cell metabolic activity can not be
assessed in situ, but via the concentrations measur the supernatant, i.e. after the
occurrence of mass transfer.

Applied to the present system, the model confirrttet 600 um diameter bead, did not
enhance the system efficiency, probably becausgehéa mass transfers due to an higher
reticulation degree of alginate. We could also shiwat biological activity per se was
different when cells were cultured in this 3D stuse rather than in flasks. This effect should
be taken into account for scaling up studies, ancerspecifically to calculate the amounts of

cells to use in extracorporeal systems to repli&ee functions.
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D. Synthése partielle

Concernant notre collaboration avec I'équipe dufddseur Werynski de [lInstitut de
Biocybernétique, ce projet POLONIUM a permis unesenen commun, via des échanges
bilatéraux, de nos compétences et connaissancesntiBques qui concerne tout
particulierement la technique d’encapsulation dgsatocytes dans des billes d’alginate en vue
d’une culture en bioréacteur. Notre équipe utilise encapsulation dite a extrusion alors qu'’il
s’agit d’'une encapsulation utilisant un champ étstatique pour le laboratoire polonais. La
premiere est une technique rapide mais limitée aiameétre des billes qui ne peut étre
inférieur a 600 um. La seconde peut produire désshde 200 um de diamétre mais nécessite
un dispositif relativement complexe. Les deux appes ont fait I'objet d’'une étude
comparative qui a concerné plusieurs étapes lideEneéapsulation et la fonctionnalité d’un
bioréacteur hépatique.

Outre une étude de la viabilité cellulaire, nousrey comparé le transfert de masse pour
différents types d’alginate et différents diamétmeduits a partir des deux techniques
d’encapsulation. Ces parametres auraient pu awneirinfluence importante sur la diffusion de
'oxygeéne, des nutriments par exemple, entre leennihutritif dans lequel circulent les billes
et les cellules maintenues a I'intérieur de cetie®’aprés les expériences effectuées a 'UTC
et a I'IBIB, nos résultats ne montrent pas de difi€es significatives concernant la synthese
d’albumine ou la consommation de glucose selonetdrtique d’encapsulation et le type
d’alginate et ce sur une durée de culture en biteéade 14 jours.

Enfin, dans le cadre du projet POLONIUM, une étuderphologique a été menée sur
I'organisation tridimensionnelle des cellules ainsies billes d’alginate cultivées pendant 48
heures. Les hépatocytes forment en effet soit dasgats multicellulaires sphériques, soit se
disposent en microcanaux, appelés « canaliculietteGtructure montre que les cellules sont
capables de se polariser et d’exprimer des fonstifférenciées. Nous avons étudié les
parametres a l'origine de cette organisation tuteilet montré qu’elle dépend de la viscosité
et/ou de la concentration de l'alginate utiliséaupta conception des billes. Nous avons
observé gue la croissance de ces canaliculi esttég vers le centre des billes. Ces structures
sont indépendantes de la méthode d’encapsulatiesm é@des ont permis de mettre en valeur
I'efficacité du bioréacteur a lit fluidisé jusqul# jours de culture. Ce bioréacteur, mis au point
et validé par notre équipe, améliore le transferinthsse entre les cellules encapsulées et le
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milieu nutritif et permet de maintenir la foncti@aiité des hépatocytes au moins jusqu’au
14éme jour (B. David a étudié la fluidisation jusgé heures).
En conclusion, le projet POLONIUM a permis un édmarbilatéral fructueux qui s’est

concrétisé par deux publications et quatre préentaen congres internationaux :

KINASIEWICZ A., GAUTIER A., LEWINSKA D., DUFRESNE M PAULLIER P.,
BUKOWSKI J., LEGALLAIS C., WERWSKI A. Activity of cells within alginate beads
produced for fluidized bed bioreactor (bioartifidiaer). XXIll ESAO Congress, Umea, Juin
2006.

GAUTIER A., KINASIEWICZ A., CARPENTIER B., LEWNSKA D., PAULLIER P.,
BUKOWSKI J., WERWSKY A., LEGALLAIS C. In vitro optimization of algiate bead
production for hepatocytes encapsulation in theited bed bioartificial liver. 5th World

Congress of Biomechanics, Munich, Juillet 2006.

GAUTIER A., KINASIEWICZ A., DUFRESNE M., LEWINSKA D, CARPENTIER B,
PAULLIER P., BUKOWSKI J., WERYNSKI A., LEGALLAIS CAlginate bead production
for hepatocytes encapsulation in the fluidized Imeokrtificial liver. 89th ICB Seminar,
Varsovie, Novembre 2006.

KINASIEWICZ A., GAUTIER A., LEWINSKA D., DUFRESNE M SMIETANKA A.,
BUKOWSKI J., LEGALLAIS C., WERYNSKI A. Three dimermsal growth of hepatic cells
in alginate beads. Sudies of beads optimizationfliodized bed bioreactor. XXIV ESAO
Congress, Krems, Septembre 2007.
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CHAPITRE Illl. LE BIOREACTEUR A AIRLIFT UTILISANT
L’ENCAPSULATION

Cette partie des travaux de recherche est préssotisda forme d’un article intitulé « Solid-
liquid mass transfers in an Airlift Reactor incorating alginate beads for the application as a
bioartificial liver » publié dans le journal CheraicEngineering and Processing en 2008 et
rédigé par S. Demming, A. Gautier, C. Legallai&eOuld-Dris. Cet article présente certains
résultats du projet de fin d’études de Steffie Déngnencadrée par A. Ould-Dris et C.
Legallais, et avec qui j'ai pu travailler lors deamremiére année de thése. Il propose une
nouvelle géométrie de foie bioartificiel appeléliReactor utilisé plus communément dans
le domaine de la biotechnologie. Il nous a semfiiéréssant de transférer cette technologie
vers notre application. Ce type de réacteur, égattramployé en Génie Chimique, met en
mouvement la phase fluide grace a I'apport de gas forme de bulles. L'idée est de garder
les cellules encapsulées dans des billes d’algiehtee tester ce nouveau bioréacteur en
placant les billes d’alginate dans le fluide misneouvement par les bulles d’air. Ce systeme
semble avantageux par rapport a celui du bioréactdii fluidisé du fait qgu’on est moins
limité par le régime de perfusion. En effet, comiinexiste une faible différence de densité
entre le plasma et les billes, le flux de perfusaehlimité dans le bioréacteur a lit fluidisé afin
gue les billes ne s‘échappent pas de I'enceintebidvéacteur. Or, dans cette nouvelle
géométrie, les débits ne sont pas pas limitéd'easemble est en mouvement dans une
boucle. Il n’y a donc pas de risque d’échappemesttilles.

Dans un premier temps, nous avons cherché a casactée réacteur au niveau physique de
facon expérimentale et théorique. Aprés expérieiice'est avéré que la vitesse du gaz,
responsable de la formation de bulles et donc @mlilement du fluide dans le dispositif,
n'influence guére les transferts de masse. Parul@,snous nous sommes intéressés a
l'incidence de la fraction solide (volume de billedume fluide) sur les transferts de masse
en faisant varier cette fraction de 0.07 a 0.36@ vitesse de gaz fixé a 1.16 cm/s. Plus la
fraction de solide est importante, plus la surfdes billes disponible pour les échanges est
grande et donc plus I'équilibre des concentratgtrbes.

Dans cet article, nous avons aussi mis en évidiesftet de « gonflement » des billes appelé
« swelling » qui est di a la fois a la compositatmmique du milieu environnant et aussi a
I'effet convectif entrainé par le brassage degditl’alginate dans la circulation du fluide aéré

par les bulles d’air.
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Finalement, pour comparer I'efficacité de ce nouve@positif avec celui du bioréacteur a lit
fluidisé, les transferts de masse ont été évalués an marqueur de poids moléculaire connu,
la vitamine B12, dans les deux systémes. La congmareentre les deux géométries de
bioréacteur a permis de montrer que les transgems$ de meilleurs qualités dans le Airlift
Reactor, principalement car la difféerence de véesslative entre les billes et le fluide
environnant y est beaucoup plus élevée, par rappoetui du lit fluidisé. Il reste maintenant a
connaitre les limites de cette vitesse de fluidprésence de cellules. En effet, si la vitesse du
fluide est importante, et les transferts de mapsentsés, une certaine limite doit étre garantie
pour ne pas altérer le comportement des cellulegbilité et fonctions cellulaires essentielles

a I'application d’un foie bioartificiel.
Cette premiére étude de faisabilité nous rameénepaemiers travaux de caractérisation du

bioréacteur a lit fluidis€, et devra dans le fuétne enrichie par des expériences in vitro avec

cellules, dans une démarche similaire a celle eidjployée dans le laboratoire.
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Abstract

Airlift Reactors may pressmt an alternative to fuidized bed bicrescton with integrated alginate beads in order to immobilire hepatocytes for
bicartificial liver use. The present study wias simed to examine the bi-directionnl mms transfom of the madeer Vitamin By; between the sumrounding
Buid and the empty slginats beade A simplifisd mathematical mode] hesed on Fick's firet law was applied to describe diffusive mase tmnsfer at
the interface between the fuid and the beads caloulaking the overall memss transfer cosfficients for both static and dynamic experimental conditions.

Comparing with the Fluidized Bed Reactor, the more shear enhemced diffusion coefficient for ¥Yitamin Bz was 1.5 times higher verifying the
efficiency of mach o device. Increased shear rates in Airlift Beactors are provoked by additional turbalences due to the nsing bubbles. Furthermore,
it conld be proven that the overall mass transfer mainly depends on the relative velocity between the external Buid and the alginats beads.

D 2008 Elsevier B.Y. All rights resarved.

Kepwardy: Muss transfer; Airlift Reactor; Biorescior: Algingie besds; Swelling; Bioartificial Tver

1. Imtroduction

The loss of cellular hepatic functions results in a damage or
dizmaption of indispensabls matobolic functions of the liver. Ful-
minant hepatic failure and acute episodes inchronic liver Failure
give rise to a high morality rate in case of the abrupt loss of liver
functions. Patients with severe life-threatening liver disaases
depand on organ transplantations which remains so far the only
efficient and acknowledged teatment to impmove patient sureival
[1]. However, a universal shortage of liver donors cavses mughly
20¢% of mortality among the patients depending on a liver trans-
plantation [2]. Since 20 years, the expanding gap betwean the
quantity of liver transplants and the number of patients waiting

* Corresponding anthor. Tel.: +33 3 44 23 44 37, Fa: +33 3 44 23 19 80,
E-mszil sddreszer: s.demming @tu-ba de (8. Demming),
Ande Coutier @etu urc.fr (A, Gautier), cecile legallais @ute.fr (O, Legallais),
culddris @ute fr{A. Ould-Dris).
! Tel: +49 531 391 9769; fax: +49 531 391 9751.
2 Tel: +33 3 44 23 44 01; B +33 5 44 T3 7942,

0255-2701/5 - se= froot matier © 2008 Elsevier B.Y. All rights reserved.
dii :10.101465. cep. 2008.01.013

fior 8 donated liver has underlined the necessity of a temporary
liver support systermn. This artificial device could serve as a bridge
until a suitable organ for ransplantation is allocated or until the
severely pathologic changed liver has recu perated its native liver
functions.

Besides purely artificial liver support syst ems which canonly
mimic the detoxification functions [3]. the idea of an extmoorpo-
raal bioartificial liver (BAL) is to pmofit hepatocytes entrappad in
three-dimensional anchomge fmmework and placed into a biore-
actor to perform main liver functions [4,5]. Due to an efficient
and controlled envimnment provided by the immobilization of
the cells their viahility is enhanced. Capsule or beads grant o
hydrated space with a semi-permeable membrane for the diffu-
gion of nutrients and metabolites o and from the call material
[B-117.

The most commonly usad matedal for cell encapsulation
and drug delivery for biomedical applications such as tissue
engineering and call ransplantation is calcium alginate, which
proffers a fovournble and hospitable environment for the call
roles. It high facility to put in form under very mild condi-
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tions, its biocompatibility and low prices because of abundance
in soume is advantageous to alginate beads [ 12]. Several types
af alginate beads or capsules hove been designed and tested for
futire BAL purposes [13-16].

Within the so far tested perfusion bioreactor gystems, the
alginate beads were usually disributed either in a fixed or in o
Fluidized Bed Reactor (FBR). With low perfusion fluid veloc-
ity the risk of the formation of preferentinl channels exists; o
reduced efficiency of marker exchonge between the beads and
the surmunding medium is the consaquence. It has already been
proven that the mass transfer properties in a FER could be
improved 20 times compared to batch conditions doe to the shear
enhanced diffusion [17].

However, cne limitation of the FER depends on the small
density difference batween plasma and beads which could cansa
the relense of beads out of the reactor system. Moreover, mass
transfar properties in FBRs am restricted by low shear rates
due to limited perfusion velocity which can result in o rote of
unused cellular mass. Oxygenation, which is a key to call func-
tion, might be sub-optimally included into the actual Fluidized
Bad Reactors.

We developed & new BAL concept, called the Adrlift Reactor
(ALR) latting tha Auid circulate in the reactor on account of
injectad gas bubbles which provokes the displacement of the
fluid phase. Contact bettween the be ads and the Buid is performed
due to o homogeneous circulation in the moving bed loop. This
type of bioreactar is well known for biotechnology applications
[18-20] but has not baen applied yet in the field of bioartificial
liver with its inherent constraints.

This type of reactor offers many advontages over other
multiphese reactors employed in chemical and biochemical
engineering: simple construction, no mechanically moving
parts, space-saving design, good mass transfer properties, high
thermal stability, low energy supply ond hence low construc-
tion and operation costs [21]. The dual function of agitation and
aeration of the suspenzion appears therefore promising for the
application as an extracorporeal liver supply system.

fas fisenasgamsnt
tartk

‘The present study aimed at demonstrating the mass transfiar
properties between the inner of the beads and the sumounding
medium vsing Yitamin By2 as markersubstance inside the ALR.
‘This step is mandatory before going further in the BAL design,
and Vitamin By was chosan as a well-known molacular marker
not interacting with alginate [22]. Results were compared to the
outcomes formedy obtained in the FBR in calculating the overall
mass transfer coefficient. For the madical application of the BAL
it is important to know the diffusion and exodiffusion behavior of
the gel beads, al=o known as the ingress and egress process. For
an adequate liver supply system both nutrients and metabolites
have to be exchanged batwean the immobilized liver cells in the
alginate beads and the summounding media, represented in the
clinical application as the patient’s plasma.

In generml. the global trarspont mechanism can be describad
at least by two steps: the extenal diffusion from the fuid to the
bead and the intemal diffusion within the bead.

1. Experimental
21, Airlfr Reactor and Fluidized Bed Reactor

Fig. la illustrutes the used set-up of the ALR, which was
composed of two cylindrical Plexiglas tubes both for the fser
and fior the downcomer that were connectad by o fexible wbe
and on the top by a gas disangagement tank. The dimensions
of the device were sat to contain a total voluma of 300mL o
provide a working circulation of the Auid. The system oper-
wted undar pressured gas input rabes intmoduced beneath the rser
ranging from 23 mLSmin to 283 mL/min which was controllad
by a rotameter Sho Rate Brooks Emerson (France) and a clamp
serving as a valve,

The employed volume froction of alginate beads ranged
between (LOT and 0.36.

In the FBR. the liquid entered the reactorby meansof o nozzle,
following apeforated plate toallow a homogeneous distribution
of the parfusion velocity over the section (Fig. 1b). The beads
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Fig. 1. {a} Setup of the used ALR and (b} setup of the used FEE.
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cimculated inside the coaxial column due to the induced super-
ficial Avid velocity and were kept in a fixed volume preventing
amy releasa out of the reactor insured by a special safety height of
the reactor column [23 ]. Under optimized hydrodynamic condi-
tions a homogeneous biphasic mixtire can be promoted within
a stable bad expansion resulting from & permanent and cyclic
movement of the solid mater al. For the experiments in the FRR
the perfusion velocity of the supematant was set to the max-
imum possible in order to avoid any bead release out of the
reactor.

2.2, Production of alginate beads

Gel beads without cell material were produced in our lab-
oratory by means of an extrusion method using alginic acid
sodium salt from bmown algae (Sigma—Aldrich, USA). Droplets
of alginate solution (0.22 g alginate in 155 mM NaCl and 10:mM
Hapes, pH 7.4) were formed with a multi-gauge system, self
designed by owur research group. The bead size was controlled
by using a pamllel air low rate of 12.5 mL/min which was
sterilizad by means of a glass micmo fiber filter (Hepa-Cap,
Whitman). In a calcium casting bath (154 mM NaCl, 150 mM
CaCl;, 10mM Hepes) the beads cross-linked within 15 min.
After ringing the beads twice with serum physiologic (137 mM
MaCl, 2 mM KCl, 0.28 mM Ma:HPOy) they were stored in
the same solution. Under thess conditions spherical gel beads
with o diameter of | mm and a tolerance of 0.2 mm could
be produced [23]. The overall porous structure of the alginate
beads allows immobilization of viable cell material granting
the diffusion of nutrents and metabolites to and foom the cell
material.

2.3, Experimenial determinafion of kinefic curves of
Vikawrin sz

In physiological buffer (137 mM MaCl, 2 mM KCL, 0.28 mM
Na;HPOy) a single component solution of 73.8 pmoll. of
Vitamin B;. a neutral, low molecular mass marker (MW of
1355 Da) was prepared. The amalysis method was based on
spectrophotometry through absorption carded out with the spec-
trophotometer U-2001 Hitachi at the optical density of 360 nm.

Before starting each experiment specific volumes of gel beads
wara measured in a graduated cylinder. The saline solution used
fior the beads storage was then withdrmwn manually by the suc-
tion effect of a pipetta. The total bead volume could therefore be
determined with the woid fraction of the fixed bed. The gradu ated
cylinders were refilled up to the total volume with Vitamin Bz
enriched saline solution which was then instantly placed into
the bioreactor. Once the equilibivm concentration for Vitamin
Bz was mached, the reversibility of the mass transfer could be
assassad by replacing the liquid volume with uncolored saline
solution in order to evaluate the egress of Vitamin Byz out of
the gel beads into extarnal fluid. The mass transfer for Vitamin
Bz was examined with empty beads in both batch ex periments
under static and dynamic configurations.

I

LF~F—L
FEE 1 ]

e i 1

e
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Fig. 1. Memurement method 1o evaluate mass transfer in the FEE.
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2.5.1. Siatic configurafion

The static case was usad to determine the maximal concen-
tration diffusing into the beads in order to determine the total
porosity of one bead. In Schott flasks of a total volume of 200 mL
the ingre=s and egress behavior was analyzed for 0.11 and 0.28
of solid bead fraction. Samplas were taken over a day.

2.5.2. Dywmamuic configuralions

In dynamic configurations mess iransfer behavior was imes-
ti gated for both the FBR and ALR. The overall volume applied in
each expariment for the FBR and ALR was 188 mL and 300 mL.,
respectively, due to wessel configuration. In amy case, the key
point was the alginate bead over supermatant volume ratio.

The dynamic experiments in the FBR were accomplished
with the experimental set-up illustrated in Fig. 2 at ambi-
ent tamperature. The peristaltic pump (Watson Marlow 3025,
Comwell, England) cimulated 30mLfmin of liquid through
the closad loop reactor system. Samples of | mL were taken
by means of a 5mlL syringe (Terumo, Belgium). Iis neadle
(21 G = 1 in., 0.8 x 25, Terumo) was fixed into a membrane
placed into the external circuit, directly behind the outlet stream
of the reactor. The peedle was connected to the syringe by
means of a syrings valve. This configuration permitted con-
stant and direct measurement of the solute concentration until
a steady equilibrinm was reached. Passing the probe through
a self-made filter cuvette with a pore size of 200 um, any
falsification of the measured results due to remaining gel
beads could be prevented. After being analyzed three times
in the spactrophotometer, the specimen was replaced into
the biomactor through the opening of the reservoir imple-
mented into the closed loop ciruit. Samples were taken every
minute.

Thi meapsurement method o estimate mass transfer bahavior
in the ALR is depicted in Fig. 3. With a pipette (Eppendod)
I'mL samples were taken out from the open gas disengage-
ment tank. After passing it through the filter cuvette the
sample was analyzed in the spectrophotometer. After attain-
ing the diffusion equilibrium the volume was taken out of the
reactor by loosening the tube clip which connects the down-
comer wbe and the Aexible wbe. The content was distributed
into the gradusted cylinders to sack out the initial solution
enriched with Vitamin Bz in order to continue with the egress
proCess.
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Fig. 3. Measorement method (o evalunie mass ransfer in the ALR.

2.4, Characterization af the swelling phenomenon of the
Beads

In order to understand the swelling phenomenon of the algi-
nate beads better, several experiments wera camied out. Swalling
af one single gel bead was examined by analyzing the changing
in diameter after storage in test tubes with different sucround-
ing madiums (3 mL) by means of an optical micmscope, model
Wild M3 Heerbrugg.

3. Results and discussion
1. Kimetics af mass trangfer in the ALR

Fig. 4 shows a typical example of exponential v ariation with
tima for the fAuid concentration of Vitamin Bz in the ALR.
Data are obtained under dynamic conditions with asolid wvolume
fraction o of (1.2 and a gas velocity of g of 1.16 cm/s.

Morker ingress is referred to the diffusion of Vitomin Bz
from the Auid into the beads, whereas marker egress stands for
the reverse solute tramsfier from the inter or of the beads into the
sumounding media. The liquid concentration decreass observed
during ingress phase os well as increass in the egress phase indi-
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Fig. 4. Dyramic cose in the ALR: time course of Vitamin Bz conceniration

during ingress and egress for solid valome fraction o= 028 and gas velocity
iy =1.16 omfs.

10m

144

2.5

(5] 5 I 15 n pracd il
1rme My

Fig. 5. Effed of different gas velooities By pn the iime coorse of VWilamin By
conceniration during ingress (o= comstant = .28},

cates effective mess transfers batween the Auid and the intarior
aof the beads and reflects the quantity of Vitamin By, penetrating
into and out of the empty gel beads. After around 10min the
equilibium state was reached.

3.2 Effeci of operating condifions in the ALR based on
exparimenial daia

X211, Superficial velocity

In Fig. 5 the effect of different gas velocities ug on the time
conrse of Yitamin Bz for the ingress phase can be observed.
The total solid volume fraction was kept constant at 0.28. No
significant changes of the different time courses are shown.,

3.2.2. Solid volume fraction of alginate beads

In Fig. & the effect of different solid volume fractions on
the time coursa of Vitamin B2 concentration in the liquid dur
ing ingress is depicted. The gas velocity emained constant
at 1.16cmfs. With increasing solid volume fraction, the total
surface area of the beads augments: equilibrivm concentration
depends on the volume of the beads becanse its overall capacity
ischanged. This results in a lower equilibrivm concentration for
higher salid volume fractions.
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Fig. . Effieot of different solid volome fractions o an the time: conmse of Witamin
Bz n\:\mrlli.nu.durhgi.ugmﬂrl = opstant=1.1& cmfs).
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3.3, Calculation of overall mass trangfer coefficienis

In a first shudy, we used the mode] already described by David
etal. [17]: we attempted to determine the kinetics of mass trans-
portusing a simplified mathematical model based on Fick's first
law, which describes quasi steady state diffusive mass transfer
at the interface between the fluid and the bead. Moreover, it was
hypothesized that the volume of the external fuid ¥ (total val-
ume devoid of beads) and its marker concentration o remained
homogenaous in the entire reactor. As a second assumption, the
inner concentration ¢y of the accessible volume in the beads
Vboae should also eveal a homogeneity. It was supposad that the
mass of Yitamin Byz stayed constant within the reactor system.

3.3.1. Overall mass rangfer coefficient K, for marker
ingress

As already stated by David et al. [17] the internal mass trans-
fier is assumed to be fast due to the small diameter of the beads.
Therefiore the mass balance fior the marker concentration in the
extemal fluid and in the bead can be written as Eqgs. (1) and (2).
respectively:

dmy doy

v l_x - 1
di Ldr Aley — ) b

dmiy dey

oy T KA — T
ar b ey — eyl ()

where K is the overall mass transfer coefficient. The total exter-
nal bead surface aren A available for the mass transport was
caloalated by the total number of beads, knowing their bead
volume. Special simple solutions of both equations exist when
the marker transport shows only a diffusive character and the
solute penetrates feely into the bead pores. It wes supposed
that the distribution of the martker within the beads porosity was
homogenaous.

Combining the two Egs. (1) and (2) according to the consar-
vation of mass the final concentration c.c in both the fAuid o 0
and bead ¢y, 2o can be determined under the assumption that the
initial marker concentration in the beads cnp is zero.

de d
W= Ve =2 4 Wadley — o) = —Wile — 60) (D)
di di
LiTs R
Choo =l = fo0 = ————— 4)
e e W Vo

At equilibrivm state equal marker concentration in both the
supematant ¢, o, and the baad ey, o, is reached. The simple solu-
tion (5} from Eq. (1} is calculated knowing the initial and final
conditions to describe the time course of the marker concenira-
tion variation o in the extemal Auid.

KA
T'II'I:.I:T":I

€1 = o + (60 — £ac) 5P (— (Ve + T":‘H:] s

The overall mass ransfer coefficient for marker ingress K) can
thus be determined from the slope of the linear regression com-

puted with the experimental curves of (&):

a-—cw Y _ Ar .
tn (C'Ll:l - fr) .F!h,t“ ~Vb'“ + Vﬂ xl ©
In this equation, both the bead volume accessible to the mader
solution Voo and the final concentration cng ame critical for exact
determination. Momeover, existing small inacoaracies of these
values would induce high ermrs in the calculated value of K due
to the exponential coreelation. Two different spproaches were
applied in order to define these parametars. In a first attempt, the
final concentration cao was expressad by the average of the mea-
sured concentrations when the equilibrium state was reached.
Diaing this, ¥y g could be directly expressad with Eq. (4). The
second approach consisted in assuming the total accessible bead
volume to the marker determined in the static case experiments,
in order to calculate the final concentration according to (4).
The total pomsity of a bead according to the static experdiments
could be approximated to ba 70% for a | mm diameter bead. The
results calculated by the two methods showed similar valaes.

3.5.2. Owverall mass tmangfer cogfficient K, for marker
2gnars

To determine the mass transfer coefficient K, for solute
releass the same method as for the determination of E; was
applied. The relation (7) was obtained for the time courss vari-
ation of the marker concentration during the agress phase.

Ked
= — Cpg AP [ ———— r T
€1 = oo — Coa p( T-'b_.:ﬁfm""'m) (7
where the final concentration can be writben as (5):
¥eno
Cog = = ()
T M+ W

Tracing the linear regression of the experimental curve (9) the
value for the overall mass transfer coefficient for marker egress
K. could be evaluated.

0 — Coo Ar
—In ( = ) = —m[ﬁ:\.t + VilE: {9
Figs. 7 and 8 illustrate typical examples of linear regressions
resulting from experimental data of the temporml concentra-
tion evalution for Vitamin Bz ingress collected under dynamic
conditions in the ALE and FBE. respectively.

In general, the mgression coefficients of the traced slope
ranged batween 0.9 and 1. and gave therefore reliable appro-
imations of the overall ransfer coe ficient.

3.4. Effect of operating conditions in the ALR based on
estimeied overall mass fran gfer cogfficients

34.1. Superficial velocity
Fig. 9 shows the overall mass transfer coefficients obtained as

afunction ofthe gasvelocity for both solute ingress and egress at
constant solid volume fractionof 0.1 9. The values ware obtained
with both approaches according to the final concentration cmm
and the total accessible bead volume Vi. Due to the fact that
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the digpersion of the resnlis are similar for all the four curves,
statistical analysis has anly be grophically illustrted for marker
ingres=s as an example in order o not overload the graph.

It is striking that no significant influence of the gas velocity
on the overall transfer coafficient could be noticed for several
experiments, However, this result seems o be coherent when
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Fig. 9. Cwverall mass transfer coefficients K obmined under dymamic conditions
in function of wy for marker ingress and egress in the ALR and constantoc= 015

regarding the relative velocity between the Auid and the bead
velocity.

Because the acceleration zone of the particles only exists in
o very small section in the bottom part of the risar, it can ba
assumed that in the major tube of the riser the relative velocity
betweaen the fuid and the particles is given by the terminal sink-
ing velocity of one bead. Therefore, the Bow profile around one
alginate bead mmaine the same for ony superficial gas weloc-
ity and allows constant mass trarsfier conditions provoked by a
constant shearing strain betw een the fuid and the baad.

342, Solid volume fraction of alginate beads

In Fig. 10 the transfer coefficients for both ingress and egress
inthe ALR are illustrated in function of the salid volume fraction
at constant velocity wg=1.16 cm/s.

It iz appamnt that tramsport coefficients incremse for
smaller solid volume fractions from about 6= 1077 cmis to
12 = 10" em/s fior concentrations from 0.2 to 0006, respectival y.
This result could be due to a more turbalent Aow pattern pro-
voked by the helically rising of bubbles which exists only for
highly diluted suspensions. For higher solid volume fractions,
the wobbling character of bubbles is restricted: bubbles rise in a
vertical manner. The transfer coefficiant remained constant for
incraasing gas velocities.
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Fig. 10. Ohverall mass transfer coefficients K obmined under dynamic ooodi-
tians in function of o for marker ingress and sgress in the ALR and constant
i = 1.16 cmis.

For incressing solid volume fraction, it cannot be pssumed
amymora that the concantration of the extarnal fuid stays con-
stant. In contrast. the formation of bead aggregates provokes that
themass transfer is reduced. This effect can ba understoond, when
visualizing that several gel beads produce a cluster under condi-
tions of higher solid volume fractions. representing a bead with
a bigger diameter. Facing these aggregates with bigger diame-
ter, the concentration gradient is reduced compared to single el
beads and therefore results in a smaller mass transfer.

For all mass transfer experiments undenaken in the ALR the
estimated transfer coefficients for ingress phase were always
higher than those for egress. During the experiments a swalling
of the beads could be encountered which is probably due to
the exchange of Ca® and Wa* between the cross-linked gel
bead and the sumounding limiting effective crosslinking. IF the
concentration in the surmunding medivm lacks of CaCl,, which
iz the case for the usad sumounding medium serum phyziologic,
Co?* ions wre released from the gel bead into the liquid in order to
reach the same equilibrivm as inthe casting bath. Vice versa Na™*
ions diffuse from outzide into the gel beads, replacing the empty
places. However, bacause of the lower valence, Na* does not
provide effactive crosslinking betwean the alginate monomers
(nhth-gu]umujc acid) resulting in a smaller rmmification than for
Ca™".

If swelling can be considered. the transport phenomenon is
not only influenced by diffusion, but also by convection. This
wiould mean, that in case of the ingress phase. the transport coef-
ficients colculated with our model were overstimated, wheraas
the coefficients for the egress phase were underestimated, as
schematically shown in Fig. 11. This means thot during ingress
process the comvection term is added to the diffusion (a), whereas

iy SIFazlon iyt T, relsass
13, BT PO e X -
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ot - [ ——
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Fig. 11: Diffusion and coovection pheno menan.

it is subtracted from the diffusion when further swelling is pro-
duced during marker releasa (b). Becansa of the fact that o
swelling phenomenon of the beads was not foesean at the begin-
ning of the experimental program. but could be verified with the
analysis of the experimental datn, the convective transport was
not included into theoretical considerations. This effect will be
imvestigated in further studies.

On the other hand. for the convective ransport to be token
into account in the model, the kinetics of the beads swelling
must be known. Consequently, even if the comvective transport
was included into the model, it could not be validated by the
experimental resalts.

The swelling phenomenon would present o reason for the
difference between ransfer coefficients for ingmess and egress.
It also justifizs the fact that the tremsfer coefficients for ingress
decrease with an increase of the solid fraction (Fig. 1070, The ion
exchange decreasas for higher solid fractions, which means that
the swelling phenomenon is less dominant for each bead. This
results in more similarvalues of transfer coefficients for ingress
and egress.

3.5. Swelling effect

In 20 samples of one single bead continuously shaken
in 3mL of serum physiologic Vitamin By; during 40min o
mean swelling in diameter of 36% was observed. The mini-
mul and maximal value of the increased dinmeter was 25% nnd
50¢%, mspectively. In culture medium lower swelling values are
obtained in comparison to saline solution, moging betwean 17%
and 35% with a mean value of 265%. This result can be justi-
fied considering the concentration of NaCl and CaCl; in each
surppunding medium as listed in Table 1.

Culture medivm containg incomparison to serum physiclogic
CaClz, if though only 1.6 mM, which implicates a lower con-
cantration gradient between bead and surmounding medivm than
in the case of serum physiologic. Momover, the concentration
of MaCl in the culture medium is with I00mM about one-third
smaller than the concentration in the casting bath of 154 mbd.
However, semm physiologic contains same concentrtion of
Nafl”l as the casting bath.

It could also be shown that bead swelling is enhanced by
higher shaar rates: beads under constant iurbalences due to con-
timuows shaking ballooped with 36% about twice as much os
those that weme kept in motionless storage giving values of only
19% diameter increasa for the same time span, Forextreme high
shear mies, it could be obsarved that whole alginate beads even
disappeared when being shaken fior any length of tima.

This shear enhanced swelling could also be a reason for the
elevated deviations of the mass transfer coefficients K obtained

Tahle 1

Ionic conpeniration. of NaCl and CaCly for different surronnding medinms
BaCl [mM] CaCly [mM]

Casting hath 154 153

Eerom physinlagic 154 1]

Cuhure medium 100 L&
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under dynamic conditions for mardker ingress in high-diluted
sy sbems, which were calculated with the method based on bead
porosity (Fig. 10). The values of ¥Vyae ame theefor underesti-
mated for low concentrated suspensions in the case of increasad
swelling, resulting in an ovemstimated transfer coafficient.

3.8 Comparison of trangfer characteristics between ALR
and FER

Comparing the two reactor systems, the average value of
the overall transfer coefficient (Kjars="%.53x 10~7cm/s for
o =0.19) obtained inthe ALR is 1.5 times higher than K, attained
inthe FBR (Kirap =5.4 = 107 cm/s forae=0.24). Thevariation
in mass transfer is mainly due to the different relative velocity
between the baads and the supernatant achievad in both types of
reactor, It is apparent, that it is not possible to obtain the same
relative valocity in the FBR as in the ALR. In onder to attain
arelative velocity equal to the terminal sinking velocity of ona
bead in the FER, the baads would be mleasad out of the renc-
tor. In order to prevent bead displacement out of the reactor,
the achieved relative velocity in the FBR will always ba lower
when compared to the ALR, resulting in a reduced mass rans-
fier. Maoreover, due to the usually higher solid concentration of
beads in a FER when compared to an ALR the mass transfer
results smaller due to a modified concentration pmfils batwesan
the bead aggmegates,

Furthermore, the solute mass transport in the ALR is pro-
moted by additional turbulences produced by the rising bubbles,
which ascend in a wobbling manner following a spiral trajectory.

4. Conclusion

The purpose of this study was to chamcterize a new type of
bioreactor — an Aidift Reactor — for application as an extra-
corporeal liver support system, basad on experimentally and
theoratically determined mass transfer properties. A compara-
tive trial with the formerdy studisd Fluidized Bed Reactor served
to define optimization factors of the utilized bioreactors for
future therapy application.

For all mass ransfer experiments, the global transport cose -
cient for marker ingress is always higher than the values for
epmss. This could be due to a bead swelling phenomenon
which occurs during the dynamic diffusion phase. This swelling,
causad by ion exchange between the cross-linked gel bead and
the surmunding liquid, could be accompanied by a comvective
tramsfer and presents therefore the resson for the difference
between the global transfer coefficients of ingress and egress
phass,

Moareover, the average value ofthe overall transfer coe flicient
obtained in the ALE was 1.5 times higher than in the FER.
This difference indicates that enhanced shear rates provokad by
additional turbulences due to the fsing bubbles promotes solute
mass transport in the ALR. Moreover, it could be shown that the
overall mass ransfer depends on the relative velocity betwesn
the extemal fluid and the alginate beads. Therefore the mass
transfier achieved in the ALR is notlimited by amy constmictional
barriers, such as the obligatory sacurity height in the FEBR, and

supposes therefore a convincing device for the application of a
bioartificial support sy stem.

Swalling phenomenon should be investigated more precisely
in order to analyze the consaquences on mechanical bead prop-
erties as well as cell protection and viahility of the formerly
entrapped hepatocytes. A perspective of gel bead stabilization
could be presentad by the use of a protective membrane layer.

Appendix A. Nomenclature

A total external and initial bead surface area
ALR  Airlift Reactor

BAL  bioartificial liver

‘b marker concentration in the beads

Cpo initial marker concentration in the beads

Choo  final marker concentration in the bead

o marker concentration in the liquid

Cl00 final marker concentration in the liquid

FBER  Fluidized Bad Reactor

K, overall mass transfer coefficient for marker egress
K overall mass transfer coefficient for marker ingress
g superficial gas velocity

¥oae  oocessible volume in the beads
¥ total volume devoid of beads
o solid volume fraction
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CHAPITRE IV. LE MICROBIOREACTEUR A FIBRES CREUSES

Cette partie de mes travaux de recherche est pééssous la forme d’un article intitulé
« Hollow Fiber Bioatrtificial Liver : physical andddogical characterization with C3A cells »,
en vue d’'une soumission dans le journal Journdll@nbrane Science en octobre 2008. Il a
été rédigé par A. Gautier, A. Ould-Dris, M. DufresrP. Paullier, B. Von Harten, H.-D.
Lemke, et C. Legallais. Ce microbioréacteur a btesuses a été initialement congu par la
société Membrana GmbH qui fabrique des fibres e®y®ur les modules de dialyse et de
plasmaphérése. Depuis ces derniéres années,emttmlogie de membrane en forme de fibre
creuse s’est transférée peu a peu du domaine dentemt des maladies rénales a son
application au systéme de suppléance hépatique eolarprouve le tableau présent dans
l'introduction de I'article. Ce type de géométraste donc une technologie prometteuse pour
une future application au foie bioartificiel. Avéaide de M. Von Harten et du Dr. Lemke,
nous avons donc caractérisé ce type de bioréaetetastant différentes membranes montrant
des perméabilités et des seuils de coupure ditgrddous avons testé une membrane
nommeée MicroPES® classiquement utilisée pour sépége plasma, une membrane
Synclear® utilisée pour fractionner le plasma et amembrane pour I’hémodialyse appelée
DiaPES®. La caractérisation de chaque type de nammbs’est faite selon trois approches
différentes :

-physiqgue : nous avons évalué la résistance memipeames caractéristiques intraseques des
membranes au microscope a balayage (diametre exdesfibres, épaisseur et porosité). Puis
nous avons étudié les transferts de masse avecatgueur de poids moléculaire connu, la
vitamine B12 avec deux débits de perfusion (3 enllfin).

-mathématique : nous avons développé un modéleématique basé sur I'effet diffusif et
convectif adapté a ce type de bioréacteur afin @erchiner lequel de ces deux effets est
prépondérant. Ce modéle nous a permis de déterrf@ngerte de chargaP, le débit de
filtration @, le coefficient de transfert de masse représentadiffusion K et le flux de
filtration J correspondant a I'effet convectif.

-biologique : nous avons mis en culture les cedluB8A jusqu'a 72h pour la membrane
Synclear afin d’étudier le comportement morpholagi@t les fonctionnalités de ces cellules
au sein de ce type de bioréacteur. Ces cultureétértestées a deux débits différents 3 et 10
ml/min.

Il a été constaté que les cellules avaient une hobogie et des activités métaboliques

guasiment identiques quelle que soit la naturdfiless creuses présentes dans le bioréacteur
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et quelque soit le débit appliqué (3 ou 10 ml/mldh effet trés net au niveau du seuil de
coupure s‘est averé pour les molécules de hauspoaéculaire de type alphafoetoprotéine.
En effet, la DiaPES ne laisse pas passer ce sédutédis que la MicroPES reste « invisible »
au passage de celui-ci. La Synclear montre un deuwibupure intermédiaire.
Cette caractérisation a permis de déterminer unbnerde Péclet caractéristigue a chaque
soluté et pour chaque type de membrane. Ce nongbREdet a mis en évidence que l'effet
prépondérant était convectif pour la MicroPES éusdif pour la DiaPES quelle que soit la
nature du soluté. Par contre, pour la Syncledfet'@tait plutdt diffusif pour les molécules de
bas poids moléculaires (type ammoniac et lactdtepervectif pour les moyennes et hauts
poids moléculaires (type vitamin B12 et alpha-fpetdéine). Cette approche a permis de
mettre de coté les membranes de type MicroPESaaun seuil de coupure trop important
risquant de laisser passer les facteurs immurstadee type immunoglobulines) et DiaPES
(qui, au contraire a un seuil de coupure trop éadatrainant le non passage de I'albumine).
Par conséquent, a l'issue de cette étude, la meml8gnclear s’est montrée trés prometteuse
en vue d’'une future application dans un systémiidebioartificiel.
Nous avons montré dans ce travail I'intérét de :

- comprendre les mécanismes physiques sous tenddonleions du systeme,

- travailler a petite échelle, ce qui est primordaisqu’'on se place en ingénierie

tissulaire
- Aborder des approches adimensionnelles, qui peentetion seulement de mettre en
evidence les facteurs prépondérants, mais aussiomdiar les mécanismes de

changement d’échelle.
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a. Introduction

Hollow fiber membranes are commonly used in hemygsig to treat renal diseases. In the
late 90’s, this technology was tentatively transdrto bioartificial application in order to
handle patients suffering from hepatic diseases, ifistance, or from other metabolic
disorders (Stamatialist al, 2008, Legallaigt al, 2001). 600 000 patients with acute chronic
liver failure B die each year in the world waitiaghealthy available liver graft up to now, no
bioartificial liver system support has fully provedtotal success in liver therapy, although
first trials were promising (Demetricat al, 1995, Chert al, 1996, Watanabet al, 1997) .
Consequently, it is still a scientific challengedefine and design a bioartificial liver support
allowing the patient’s survival until transplantatior recovery.

The concept of bioartificial liver systems impoghke satisfaction of different requirements,
the first of them being the use of hepatic cellamadequate framework. Cells have to be
isolated from the external environment and cultuwada favourable biomaterial (Fig. 1a). A
three-dimensional structure aims at promoting thgamisation of cells to mimia vivo ,
leading to high cell viability and functions. Thp®rous structure has also to ensure efficient
mass transfers of nutrients, oxygen and metabdfiatapanet al, 1996).

Since the pioneer work of Woket al. (1975), many clinical teams used hollow fibers
technology in order to reach the objectives desdrilm the requirements of a bioatrtificial

liver system. Table 1 summarized the charactesisifcthe principal bioartificial liver based
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on hollow fiber in pre-clinical or clinical studyGautieret al, 2007). Hepatic cells can be
placed out of the fibers (Fig. 1b), in extra cail space and are either in direct contact with
the membrane outer surface such as in ELAD systamgheset al, 1996), Oxy-HFB system
(Jasmundet al, 2002) or attached on microcarriers ou microspgheag in HepatAssist
(Mullon et al, 1999). Alternately, they could be incorporatedhigel surrounding the fibers
as BLSS (Patzest al.,2002) and LIVERaid (Rozgat al, 2006) or stuck inside the hollow
fibers as showed in LIVERx2000 (Fig. 1c) (Nybergkt 1993 and 1998). The MELS system
developed in Berlin exploited different types oflloev fibers, some admitting the gaseous
exchanges (oxygen, carbon dioxide...) (Gerlathal, 2006). Other teams used perfused
porous matrix such as RFB-BAL (Morsiaat al, 2002), BLSS and AMC-BAL (van de
Kerkhoveet al, 2005) (Fig. 1d). In the case of the BLSS systeotipw fibers were used for

blood circulation and for AMC-BAL for gaseous exolgas. Hepatocytes are located in the

matrix.
a b
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Figure 1 a : principles of bioartificial organs. b: principle of bioartificial liver with hepatocytes cultivated

as aggregates or on microcarriers in the extralumial space. c : principle of bioartificial liver with
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hepatocytes cultivated in the fiber lumen. d : pririple of bioartificial liver with hepatocytes attached on a

matrix located in the extraluminal space.

These systems have been developed at macroscelen@rder to find a direct application in
clinics. However, some teams now recognize that #pproach did not lead to definitive
positive conclusions about the efficacy of the tireant. This is partially due to the lack of
characterization in the behaviour of such largeesys. A new approach consists thus in
developing microscale bioreactors to better undatstthe system before scaling up for
clinical application. Some teams design bioreastdrich show encouraging results in
cultivating hepatic cells, such as SlideReactouégat al, 2005 and Schwartlandet al.,
2007), or leukemic cells (Gloecknetral, 2001) outside hollow fibers.

Our bioengineering approach was to understand mnassfer phenomena occurring within
micro-scale Hollow Fiber Bioartificial Liver (HFBLinodules equipped with different types
of polyerthersulfon (PES) hollow fibers classicaliyed in biomedical applications (dialysis,
plasmafractionation, or plasmapheresis). This dtaraation was achieved following two
different ways: i) physical point of view, with eleonic microscopy and mass transfers
studies with a well defined molecular weight markatamin B12); ii) biological point of
view, with hepatoblatoma cells C3A culture outloé fibers, following their behaviour in the
HFBL regarding chamber colonization, cell morphgl@gd activities. A mathematical model
was also developed to analyze the preponderant trexssfers occurring in the HFBL, in

relation with the type of fibers used.
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* Hollow fiber concept without matrix

Bioartificial Principle Cell organisation Fiber type Perfusiof
liver fluid
ELAD Aggregates Cellulose acetat@lood
Hepatocyte  plasma
(Amphioxus Cell AL Cut off 70 kDa
Technologies,USA)  biod »3& (Parket al, 2005)
Hepatassist Hepatocytes ofPS microfiltration Plasma
(Circe Biomedical, microcarriers Pore size : 0.2 um
USA)
MELS o Spheroids out of thenflow PA|Plasma
Plasma 3 Pla?,";‘; .
(Charity Berlin, %;;fgé:y fiber network 100kDa
N tocytes
Germany) peoar Outflow PES 8(
kDa
Oxy-HFB Cells  surrounding Plasma
(University the fibers
Eberhard Karls,
Germany)
LLS-HALSS Hollow fibers Aggregates PS 70 kDa Blood
. . blood —»%WN*&&»
(University R
Kuyshu, Japon) Cell agreggates
* Hollow fibers concept with perfused matrix
Bioartificial Principle Cell organisation Fiber type Perfusion
liver (if any) fluid
BLSS e Aggregates included®S Blood
ang | ==
(Excorp  Medica ‘ Hj'yt in collagen gel Cut off 100 kDa
epatocytes
Inc., Unites States (Parket al, 2005)
RFB-BAL Aggregates Plasma

(University Ferrara,

Italy)

|
&

#

Hepatocytes
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AMC-BAL Hepatocytes Small aggregates Plasma
(University of|  cas =
Amsterdam, The Plaima
Netherlands)
LIVERx2000 blood Hepatocytes Polysulfone Blood
(Algenix Inc., mediu' A entrapped in  aCut off 100 kDa
United States) repeeres collagen  cylindef(Nyberget al., 1992)
inside hollow fibers
LIVERaid Aggregates Cut off 100 kDa] Blood
(Arbios Systen
Inc., United States

Table 1 Synthesis of different geometries of hollofiber based bioatrtificial liver

described in the literature

b. Materials and methods

A) Materials

1) Hollow Fiber Bioartificial Liver bioreactor

The Hollow Fiber Bioatrtificial Liver (HFBL) modulevas composed of a transparent chamber

(cell compartment) in polycarbonate easy to obsecel morphology.

In the cell

compartment, two types of membranes were preseata@sssing network: semi-permeable

membranes for culture medium circulation and gasbranes (Gloeckneat al, 2001). Each

bioreactor was equipped with one type of the seenmgable PES membranes and with the

Oxyphan® membranes that could be used for gaz egelsa The module were manufactured

by Membrana GmbH (Wuppertal, Germany).
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Figure 2 Hollow Fiber Bioartificiel Liver bioreactor equipped with : semi-permeable (red connections)

and oxygenation membranes (blue connections)

2) Semi - permeable membranes

Different types of semi-permeable membranes (MiB®PSynclear and DiaPES) made of
polyethersulfone were used in this study. They wemuced by Membrana GmbH. Their
physical characteristics are shown in Table 2. ialediameter and wall thickness of the
fibers were controlled under Environmental Scanrithgctron Microscope (ESEM-FEG XL
30, Philips, France).

Module characteristics Type of semi-permeable mamds
MicroPES® Synclear® DiaPES®
Classical application Plasma separation Plasnctidreation Haemodialysis
Number of fibers 12 22 22
Length of a fiber (cm) 1.7 21 2.1
Lumen radius 150 100 100
of a fiber (um)
Wall thickness of a fibed 100 35 25
(Lm)
External diameter of a500 270 250
fiber (um)
Membrane surfacel.92 2.90 2.90
(10* )
Volume of cell chamberl 4 4
(ml)

Table 2 Module and hollow fiber membranes charactastics inside the bioreactor.
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B) Membrane physical characteristics

The membrane hydraulic permeability was determinsthg PBS (Phosphate Buffered

Saline) solution (0.15 M NaCl, 3 mM KCI, 8 mM MPO, (12H,0), 15 mM KHPO,, pH

7.4). The hydraulic set up was composed of a tangeristaltic pump (ISM834C, Ismatec,

France), 2 pressure sensors (DP15-38, Validynafo@ah), linked to a computer to record

pressures at the entrance (Pi) and the exit (Reyehd minutes. The flow rate was fixed at 3

mil/min. The cap of the HFBL bioreactor was openctadlect the filtrate. The hydraulic

permeability (Lp) or membrane resistance (Rm) wealkeulated for 5 bioreactors for each

type of semi-permeable membranes, and can be detstiny equation 1:
X

:%]CMP or Rm:%o‘

with :

Qf : filtration flow rate (mi/min)

Lp [1]

A : exchange surface area?jm
W : perfusion fluid viscosity (I8 Pa.s at 20°C in the case of PBS).

Pi+ Po
2

Pi : pressure at the entrance of the HFBL bioregotonHg)
Po: pressure at the exit of the HFBL bioreactor (nghH

TMP : mean transmembrane pressure (mmHGYIP =

The porosity of each type of membrane was qualigtidetermined by ESEM.

C) Mass transfer with vitamin B12

1) Experimental

Vitamin B12 was used as a middle molecular weigatk®ar (1355 Da) to assess mass transfer
phenomena between the close loop circuit and thenbkr. The set up was composed of the
HFBL bioreactor, a peristaltic pump and a spectoopétric cell (Hellma, France) (Fig. 3).
The chamber of the bioreactor was filled with ulptare water and the close loop circuit was
filled with 4.5 ml of vitamin B12 solution at thaitial concentration of 73 pmol/l. Vitamin

B12 concentration in the close loop circuit was suead in the spectrophotometric cell at 360
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nm. Two flow rates were used (3 and 10 ml/min) &ach type of semi-permeable

membranes.

Vessel

Hollow Fiber O ‘
Bioreactor

Peristaltic pump Spectrophotometer

gg @1— 360 nm
[ ]

Figure 3 Mass transfer with vitamin B12 set up

2) Mathematical model

The following definitions and abbreviations wered$o write the mass transfer model :
- index 1 for the supernatant (perfusion fluidgex 2 for the chamber (cell compartment)
- index in : inlet of the hollow fiber, index oubutlet of the hollow fiber

- P : pressure

-V :volume

- C(t) : solute concentration (function of time)

- N : number of fibers in the minimodule

- D : fiber diameter

- L : effective fiber length

- W : fluid viscosity

- v : fluid velocity in one fiber

- Jf (X) : local filtration flux

- 0 : membrane thickness

- Dm : solute diffusivity in the membrane

- Rm : membrane resistance

- A : membrane area available for fluid and maasdfer

A number of hypotheses were set before descriliadltid and mass balance :

- osmotic pressure was neglected (in culture megium
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- pressure (P was constant and uniform in the chamber, asutdcbe considered as a
closed tank

- concentration (g was uniform in the chamber

- solute concentration was uniform along the fib@sg, since mass transferred were

low compared to the overall solute amount.

Conservation equations
- Overall fluid balancdcircuit + chamber): the overall volume remainetstant over

the experiment :

dV1+ dv, - dv, — dv, -
dt dt dt dt

0 [2]
- Overall solute mass balance
The solute amount remains constant all over theexgent; there is no adsorption on the

vessel walls or within the membrane:

d(viCy | d(v2Co) _ dc

dC dC V
1 2 _ 1_ 2
— + =0= 1 -_

dt dt V1 dt V2

—= [3]
dt dC2 V1

After integration over time, this led to equatiod],[ since the initial vitamin B12

concentration in the cell chamber was zero at #ggriming of the mass transfer experiment.

Cw=C_Ve

V
= C.=(C,-C)— [4]
C: Vi V

2
With :

Cyo : initial concentration of vitamin B12 in the supatant

- Fluid balance in the cell compartment

L L -
M:jNJf T[Ddx:NjMnDdx=O [3]
dt 0 o MRm

This led to the calculation of the pressure indék compartment (eq. [6])
1 L
P> == [Pdx [6]
Lo

- Pressure loss on the fluid size along the mendaran
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Locally, the pressure loss in a cylindrical fibelldwed the Hagen-Poiseuille law :

L W 7L 7]
dx D?2
The perfusion velocity (v) was supposed to be @misbtver the membrane length (since the

filtration flux Jf was much smaller than v), resuodf in

dap
dx
Combining [6] and [7] led to :

P, = Py + AP/2 (8]

= constant

With :

AP : pressure drop between the fiber inlet and bufi® = R, — Piout

Following these assumptions, the local transmengbpaassure was positive in the first half
of the device, and negative in the second one.€fbe, if x < L/2 , R-P, was positive and
the filtration flux occurred from the supernatantthe cell chamber (also named internal
filtration). If x> L/2, the filtration flux occurrd in the opposite direction (also named

backfiltration).

- Solute mass balance over the supernatant volume
The mass transfer occurring through the membrarseswpposed to be due to both diffusion
and convection. In the first part (x<L/2), the centive transfer occurred from the supernatant

to the chamber; in the second part (x>L/2), theveative transfer was in the opposite

direction.
dCl_ Dm L Dm
V3G 'f { 09600+ 2 (cy00- cg}odw I [Jf ® cy—(q(x)—c»}mvdx
dt 0 L/2 0
[9]
Leading to:
Vi— - =-NmD| C; I Jr (X)dx +Cp I Jr (X)dx + I—(Cl Co)dx [10]
dt L2 0

The internal filtration flow rate (from the supetaat to the cell chamber) was named Qf :

X‘ L
N7D [ 3¢ (¥dx=Qf =- N7D [ 3 (X)dx [11]
0 X*

For diffusion, overall diffusive mass transfer dasént KO was introduced:
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NTD J 2 (¢, - o = D L Ko (Cy - ) = KoA(Cy - o) [12]

o O
which, finally led to the differential equation f@1 and C2 over time :
dc
Vi =-(KoA+QN) (C1 -Cp) [13]
With [4], the differential equation forQ) became :
dac 1 (Ko A +Qf)
+(KoA +Qf) (—+ C,=—C
ot ( Q)(Vl Vz) 1 v, 10
[14]
which can be solved as :
C,()= V2 Cio —2719 exp[-(Ko A + Qf) (— + —) t] + Vi C [14]
Vl + V2 Vl V2 (Vl + Vz) 1

D) Biological characterization

1) Cell subculture

C3A human hepatocellular carcinoma cells provided tbe American Type Culture
Collection (ATCC, reference CRL 10-741) were usea@¢damplete the study. C3A cells were
cultivated in standard T75 Falcon culture flaske(KMEurolab, Strasbourg, France) in 15ml
of complete culture medium: Minimum Essential Medi&arles salts (MEM) supplemented
with 0.2% L-glutamine (200 mM), 0.5% penicillin-sptomycin (10,000 units/ml and 10,000
pa/ml, respectively), 1% nonessential amino acldsriM), 1% Hepes buffer solution (1M),
1% sodium pyruvate (100 mM) and 10% fetal calf serdrom Gibco (Cergy Pontoise,
France). Cell numbers per flask ranged from 25 @on8llion at 80-90% confluence. The
culture medium was replaced every 2 to 3 days.uegtand subcultures were carried out as
recommended by the ATCC in a 37°C and 5% (@Cubator.

2) Cell culture in experimental conditions

After trypsinization, 0.5 million C3A cells wereadkated and placed in the cell compartment
of each HFBL bioreactor with 2 ml of culture mediu@ells were seeded for 24 hours. For

each experiment, 6 HFBL bioreactors with the saype bf membrane were used. After 24
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hour-cell seeding, each HFBL bioreactor was intisgtan a closed loop circuit which was
filled with 4 ml of culture medium. The completelwme of culture medium was then 6 ml. 3
HFBL bioreactors were randomly designated to parftre dynamic study where a flow rate
of 3 or 10 ml/min was applied and the last threesowere used under static condition where
the peristaltic pump was replaced by a clamp. ORBlHbioreactor under static conditions
and one under dynamic conditions were stoppedffareint time points along the experiment
after24, 48 and 72 hours, respectively. The mediulture from the circuit and the chamber

were then independently sampled for further anal(fSig. 4).

Sample of culture mediu Peristaltic pump

from the chamber

HFBL ‘
Bioreacto

C3A cells

Sample of culture medium
Vessel from the circuit

Figure 4 Experimental setup for dynamic assessmenf culture of C3A cells within HFBL bioreactor. The
whole set up except the pump was placed inside arcubator at 37°C and 5% CG. Under static

conditions, the peristaltic pump was replaced by alamp.

3) Chamber colonization, cell morphology and viability
Chamber colonization and cell morphology were olestlat the surface of cell compartment
of the HFBL at different times along the experinse(@, 24, 48 and 72 hours) under contrast

phase microscope. Cell viability was evaluated wigpan blue test (0.4%).

4) Biochemical assays
The biochemical assays were performed on samges feom the supernatant.
Ammonia and glucose concentrations were determiwdth a biochemical automatus
(Konelab 20, Thermo, Cergy-Pontoise, France) ugitgyfrom Randox (Mauguio, France)

and Thermo (Cergy-Pontoise, France), respectivdlge determination of ammonia
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concentration was based on the following reactiammonia combines witt-ketoglutarate
and NADPH in the presence of glutamate dehydrogeii@iDH) to yield glutamate and
NADP+. To measure the glucose concentration, théhade employed glucose oxidase
(GOD) and a modified trinder colour reaction, cgdgad by the enzyme peroxidase (POD).
Alpha-foetoprotein and lactate levels were evalllatging a biochemical automatus (Modular
Analytics E170, Roche, Meylan, France) along with kits from Roche (Meylan, France),
respectively. The alpha-foetoprotein analysis fe#d a “sandwich” method analysis
consisting on a first incubation with an antigenickhwas sandwiched between a specific
monoclonal antibody marked with biotine and specifionoclonal antibody marked with
ruthenium. For the next incubation, streptavidiretiples were added to the reaction. The
immunological complex fixed to the solid phase watreptavidine-biotine liaison. The lactate
concentration was determined from an enzymaticticgacThe L-lactate was oxidized by the
lactic oxidase in order to produce pyruvate. Theyere peroxidase was used to create a stain

with oxygenated water.

E) Statistical analysis

Statistical analysis was performed using Kruskall/anon-parametric test in order to
compare the differences between groups. Differemage considered as significant when p<

0.05 and are identified by *. Results were expr@ssemean + standard error of the mean.

c. Results

F) Membrane hydraulic permeability and porosity

Although these data are usually provided by the ufanturer after quality measurements
performed in large scale modules after sterilizatgrocedure, it seemed necessary to
determine these values in the case of the micrie-soadules. It also permitted to assess the
variability inherent in the production of these the made” devices.

Table 3 shows the membrane resistance measureddbrtype of membranes, following the
protocol described in Materials and Methods sectias well as the data provided by

Membrana GmbH. As expected, the highest hydraudiompability was found with the
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plasma separation membrane - MicroPES - followedth®y plasma fractionation one -

Synclear - and the haemodialysis one - DiaPES.

Membrane resistance MicroPES Synclear DiaPES
Measured Rm ()  1.97 16°+0.3116° 4.2716'+0.41 16 2.1218° 1.48 16°
Manufacturer Rm  1.21 18° 3.96 16°

(m)

Table 3 Hydraulic permeability experimentally detemined and provided by the manufacturer

for MicroPES, Synclear and DiaPES membranes.

The external fiber diameter, the wall thickness dhd external surface porosity were
observed and measured for each type of membramnks GSEM (Table 4). The membrane
inner and outer diameters are different dependingtlee clinical application. Internal

diameter, as well as membrane thickness were detednfior further use in the mass transfer
model. For each type, membrane appeared quite detitbeselective layers near the inner

and outer surface.
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External fiber diameter Wall thickness Surface porosity

(@)

(b)

(€)

250 pm 50 ——

Table 4 Membranes characteristics (external fiber thmeter, wall thickness and surface porosity) obseed
under environmental scanning electron microscope
for MicroPES (a), Synclear (b) and DiaPES (c) memlames.

The MicroPES membrane presented surface porosityavpore diameter about 0.2-0.5 pm,
which were larger than those observed with Syncteat DiaPES (it was not possible to
estimate pore size for the latter membranes). We wmstly interested by the outer surface
characterization since hepatic cells might be mt&ct with this side of the membrane.

G) Mass transfers with vitamin B12

The decrease of vitamin B12 concentration over fimibe spectrophotometric cell illustrated
its migration from the lumen of the hollow fiber e chamber. The transfer stopped as soon

as both concentrations between the chamber arddbe loop circuit are equilibrated.
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Using the mathematical modelg Kould be successfully determined for the threecsed
types of membranes and for both flow rates (3 @hchlfmin), by calculating the slope of -Ln
[((C1(t)-Ceq) (Vb+V1))/(Cyo*V 2)] in function of time extracted from the equ. [184 follows:

L& ‘ge\?(vz W)= Ak, QI+ [15]

The slope of -Ln [((@t)-Ceq) (Vo+V1))/(C1e*V 2)] in function of time obtained for MicroPES
was equal to 0.083 at 3 ml/min and 0.082 at 10 ml/rkor DiaPES, the slope was
determined at 0.0077 at 3 ml/min and 0.0091 at ¥thim. Concerning Synclear membrane,
the slope calculated is at 0.0139 for 3 ml/min ar@il4 for 10 ml/min. Increasing flow rate

resulted in a lower delay to reach equilibrium (FYy

=)
o

Ln [(CL{)-Ceq)(V2+V1))/(C10*V2)]
N w
Ln [((C1()-Ceq) (V2+V1)(C10%V2)]
N w £

[+ 3mlmin = 10 m/min — Linéaire (3 ml/imin) — Linéaire (10 ml/min)] 3 ml/min_® 10 m/min — Linéaire (3 ml/min) — Linéaire (10 mi/min)]

3}
L

y=0.0083x Y =0.0082x
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Figure 5 Slope of -Ln [((G(t)-Ceq) (V,+V1))/(C1*V ,)] in function of time obtained
for MicroPES (A), DiaPES (B) and Synclear (C).

To better understand the physical phenomena, aematiical model describing convective
and diffusive effects was applied. The developnuérthe mathematical model (cf. 2.3.2) led
to the calculation of the close loop circuit cortcation G as a function of time.

In the model, the only unknown parameter was tiffesive mass transfer coefficientp K
could be determined from eq. [11], following deym@ittent described in Appendix:
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_ 16NQL?
RmC?

Qf [16]

This confirmed the formula found by Jaffriet al. (1988), in a similar case of closed

chamber :
ALp AP
Q ="—"= [17]
8
Assuming that the pressure drdB could be calculated using the Hagen-Poiseuile la
128uL
AP = 18
N zD* Q [18]
W : perfusion fluid viscosity (I8 Pa.s at 20°C in the case of PBS)
The mean internal filtation flow rate could thusdagéculated, as :
—_ Q¢
Jie = —— 19
N [19]

Using the mathematical model previously descrilbee,overall mass transfer coefficieng, K
could thus be determined and confronted V\Eh to analyze whether convection or diffusion

was predominant, for each type of membrane undgr lew rate. The data are summarized
in Table 5.
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MicroPES Synclear DiaPES

Chamber Vi (ml) 4.5 4.5 4.5
characteristics V, (ml) 1 4 4
A (10* m?) 1.92 2.90 2.90
Perfusion flow AP (Pa) 356 1220 1220
rate Qf (10° m¥min)  2.67 0.627 0.025
Ko (10° m/s) n.d. 1.33 0.922
Q =3 ml/min j (10° m/s) 4.66 0.7 0.03
Preponderant Convection none Diffusion
effect
Perfusion flow AP (Pa) 1190 4050 4050
rate Qf (10® m*¥min)  8.91 2.09 0.080
Ko (10° m/s) n.d. 0.503 1.06
Q =10 ml/min j (10° m/s) 15.4 2.4 0.09
Preponderant Convection Convection Diffusion
effect

Table 5 Mathematical model parameters for the Micr@®ES, Synclear and DiaPES membranes.

The theoretical pressure drop was higher for Symcéand DiaPES (1220 Pa) compared to
MicroPES (356 Pa), due to a smaller inner diamdtgernal fitration flow rate was much
higher with MicroPES since it was the most permeaitslembrane. The unknownoK
reflecting diffusive mass transfer could be sucglysdetermined for Synclear and DiaPES.
However, in the case of MicroPES it appeared thaw#s equal to zero, probably because all
of the transfers occurred through the high convedaifect.

When the perfusion flow rate was moderate (Q = 3mmh), diffusion appeared as the major

driving process for mass transfer in the case @PBIS for vitamin B12, sincegkvas 30
times higher than]_f . For the intermediate membrane, it was not plesstbdetermine the

major mass transport phenomena, both probably nooguinder comparable kinetics.

When the perfusion flow rate increased, only theaHES module remained under a diffusion
driven process. It should be noticed that the mmeein perfusion velocity only poorly
impacted on K, probably because the main resistance to trat@ié&rplace in the membrane

itself. For intermediate membrane (Synclear), sbappeared that convection might become
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the major driven force, suggesting for the futinat tadapted perfusion flow rate might largely

influence the efficiency of HFBL.

H) Hollow Fiber Bioartificial Liver with cells

The preponderant effect of mass transfer basedomvection (MicroPES) or diffusion
(DiaPES) or together (Synclear) presumably impattGBA cell culture concerning the
chamber colonization, cell morphology and metabaditvities within the HFBL.

Actually, the nature of transfers could play an amant role in the nutrients and oxygen
supply and can improve or alter cell behaviour.t@one hand, a preponderant convective
effect such as through MicroPES membrane shoulg é&rsure the supply of nutrients and
oxygen, leading to enhanced cell activities. Ondtieer hand, too high flows might damage
cells due to external mechanical forces and diteir essential activities within a bioartificial
liver. The benefits and drawbacks of slow kinetstgsh as in DiaPES membrane, need also to
be assessed. The transfer of essential solutes mogtbe sufficient, or on the contrary fully
adapted. Synclear membrane presenting both physitatts might thus be the most
appropriate one for HFBL application with an intedirate behaviour. All of these aspects are
studied in the following part.

1) Chamber colonization, cell morphology and viability

Figure 6 presents cell morphology observed in #lecompartment at 0, 24, 48 and 72-hour
time experiment under contrast phase microscopdls Geemed to maintain the same
morphology within the three types of HFBL and udedconcentrate in the centre of the
surface of the bioreactor at the beginning anddevio the periphery of the HFBL (Fig. 7).
The increase of cell density reflected cell proateon over time.

Cell viability was excellent at the different tinpoints and comparable for any types of

membranes (> 95%).
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24 h

Figure 6 Cell colonization and adhesion at the suaice of the chamber in HFBL at 0, 24, 48 and 72 hour
perfusion with MicroPES (A), Synclear (B and C) andDiaPES (D).
The flow rate applied is 3 ml/min (B) or 10 ml/min(A, C, D).
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Figure 7 Example of C3A cell repartition at the suface of the chamber inside the HFBL

for Synclear membrane with a flow rate of 10 ml/minafter 48 hour-perfusion.

2) Cell activities

The cell functions were assessed via the followsfispecific concentrations both in the
perfusion fluid and in the cell chamber. Initialdafinal (after 48 hours) concentrations of
ammonia, lactate, AFP and glucose were measurtéek ioomplete set-up (circuit + chamber)
in all types of membranes (M for MicroPES, S forn8lgar and D for DiaPES) under
different experimental conditions. Simples massuheé led to the calculation of the amounts
synthesized (ammonia, lactate, AFP) or consumaatdgke) by the cells. The results show
that the activities of C3A were not statisticaliffefent whatever the types of hollow fibers or
the environmental conditions (static or dynamia) doe solute considered. This conclusion
was true for all markers. At this level, increasfluyv rate did not alter C3A cell behaviour in
HFBL bioreactor equipped with Synclear membranesnséquently, C3A cell activities
could be considered as independent of the typeldva fibers membrane and the condition
of experiment (Table 6).
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Ammonia (umol) Lactate (umol) Glucose (umol) AFB)(n
M S D M S D M S D M S D
Static 1.39 1.32 1.15 18.65 18.77 19.66 7.28 9.13 8.49 3.16 7.06 3.51

Q=0 + o+ o+ % + + £ £ £ £ £ f
mi/min 0.60 0.24 0.06 3.31 242 091 1.07 0.99 0.33 0.88 2.60 0.67
Dynamic 0.72 13.39 5.28 3.34

Q=3 / * / / * / / * / / + /
ml/min 0.45 2.09 1.58 1.38
Dynamic 0.99 0.50 0.96 21.11 16.18 21.46 5.77 7.04 6.20 3.21 3.37 2.66
Q=10 + o+ o+ % + + £ £ £ £ £ f

ml/min 0.29 0.38 0.19 5.40 852 443 3.19 428 0.64 195 2.10 0.50

Table 6 Amount of solute synthesized (ammonia, laate and AFP) or consumed (glucose) by C3A cells on
48 hour-experiment in HFBL equipped with MicroPES (M), Synclear (S) and DiaPES (D) membranes in

static and dynamic conditions (with flow rates of 3and 10 ml/min).

3) Mass transfer

One of the interest of using hepatic cells in thamber was to offer then the analysis of
birectionnal mass transfer for different molecidalutes, since some of them were consumed

and others were released by the cells.

a) Membrane effect

We first focused on low molecular weight soluteg;isas glucose and ammonia.

Glucose mass transfer occurred from the close ot to the chamber : glucose was
consumed by cells as energy supply, leading tonaertration decrease in the cell chamber.
Both diffusive and convective effects contributedert to restore equilibrium. Our
measurements indicated that its concentration wasilerated between both compartments of
HFBL bioreactor at 0, 24 and 48-hour perfusion (Bjg At %, the equilibrium was expected
since the same culture medium was introduced ih botmpartments. The results obtained
with DiaPES membrane were similar to those obtawwél the other types of membranes

MicroPES and Synclear (data not shown).
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O circuit W chamber\

Figure 8 Glucose concentration measured in the ciuit and the chamber at 0, 24 and 48 hour-perfusion

under a flow rate of 10 ml/min for DiaPES.

Ammonia mass transfer occurred in the oppositectiine, since this molecule is normally
synthesized by liver cells. Its concentration iased over time and was equilibrated between
both HFBL compartments at 24 and 48-hour perfugieg. 9). It should be noticed that there
was residual ammonia in the culture mediumpaThe results obtained with DiaPES
membrane were identical with the other types of tmames MicroPES and Synclear (data
not shown).

Ammonia, glucose and lactate could easily acrddy@més of membranes because of their low

molecular weight. No significant difference was etved between all types of membrane.
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Figure 9 Ammonia concentration measured in the cingit and the chamber at 0, 24 and 48 hour-perfusion

under a flow rate of 10 ml/min for DiaPES.

We secondly analyzed mass transfer of high molecwisight solutes. Table 5 already
showed that AFP secretion was comparable for apg ©f membranes under dynamic
condition at 10 ml/min. Atof there was a very low concentration in the cultoredium
(0.605 ng/ml). Figure 10 illustrates the conceiret found in the perfusion circuit and in the
cell chamber, at 24h and 48 h perfusion (Q = 10mihy with the three types of modules. In
the chamber, concentrations raised with time sthigeprotein was synthesized by the C3A
cells. The concentrations found in the perfusiordioma depended on the type of membrane
used. After 48 hour-perfusion, the equilibrium wncentrations between both compartments
was almost reached for MicroPES membrane. Thisdtiid not occur for Synclear and
DiaPES, for which AFP concentration in the circdiiamatically remained lower than that
determined in the chamber.

Following classical membranes processes, an appsieving coefficient (SC) was defined
as the ratio of concentrations between the circaind the chamber (SC =
Ceircui! CchamberC1/C2). A real time SC could not be calculated sinces¢heoncentrations
reflected 24 or 48 hours of mass transfer. Afteh@drs, SC was 0.534 for MicroPES, 0.092
for Synclear and 0.009 for DiaPES. After 48 ho,rSached 0.878 for MicroPES, 0.177 for
Synclear and 0.003 for DiaPES.
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Figure 10 AFP concentration measured in the circuiand the chamber at 24 and 48 hour-perfusion

with the flow rate of 10 ml/min for MicroPES (A), Synclear (B) and DiaPES (C).

This behaviour was expected for DiaPES, since lki®odialysis membrane did not allow
albumin loss. As albumin had almost the same mtdeeueight as AFP, this last protein was
naturally retained in the cell compartment. For ihiermediate membrane, it seemed that
partial mass transfer might occur, but was delagetne because of hindered mass transfer.

It was therefore interesting to assess whetherggsaim convection could affect its transfer.

b) Flow effect
Due to the module geometry, convection could omymodified by changing the perfusion
flow rate. To study the kinetics effects, experitsewere run for 72 hours. Indeed, after 72
hours, the AFP concentration in the supernatant slaghtly higher under the larger
convection condition (Fig. 11). The apparent sigwoefficient was 0.184 for 3 ml/min and
0.289 for 10 ml/min. Increasing the flow rate pdted thus to enhance mass transfer through

the membrane.
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Figure 11 AFP concentrations measured in the circtiand in the chamber at 24, 48 and 72-hour perfusio
with Synclear module under a flow rate of 3 ml/min(A) and 10 mil/min (B).

d. Discussion

A mathematical model to describe mass transfet$HBL hosting cells was not beyond the
scope of this study, because it would require twoawt for cells secretion or consumption
rates, which was not direct. However, the Peclehlmer (Pe) could help in discriminating
diffusive and convective effects. This dimensioslesimber represented the ratio between

convection and diffusion in the membrane, withfibrenula :

Pe:Jf_6
Dm

To determine the diffusion coefficient of each $ejuhe diffusional Stokes radil’d was
calculated according to Dione al. (1996):

Rd = 0.305x% (MW) %7

The diffusion coefficient was then calculated fr@tokes-Einstein law:

RT
Dp=—
6TURGN A
With :
R : constant for perfect gaz (P&.K™)
T : temperature (K)
Na: Avogadro number

Table 7 summarizes all parameters based on theematital model or on Pe number

calculations for the different solutes (ammoniastdée, glucose, vitamin B12 and AFP)
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transfers through MicroPES, Synclear and DiapES lbnanes with an applied flow rate of 10

ml/min.
Ammonia Lactate Glucose Vit B12 AFP
Molecular 17 90 180 1355 70000
weight (Da)
% g Stokes  radius 1.15 2.53 3.50 9.04 57.74
3 = (nm)
g § Experimental  310.15 310.15 310.15 293.15 310.15
z g temperature (K)
*@ g Nature of the Culture Culture Culture Water Culture
% :-’.fluid medium medium medium medium
i % Fluid viscosity 8.610° 8610  8610°  10° 8.6 10*
© s (Pa.s)
Diffusion coef. 2.16 10" 9.8210" 7.0910" 2.2310" 4.3010%
(m?/s)
Qi(10® m*¥min) 7.59 7.59 7.59 8.91 7.59
j (10* m/min) 7.90 7.90 7.90 9.26 7.90
o Pe 5.49 12.1 16.7 62.3 276
% Predominant Convection Convection Convection Convection Convection
é effect
Q (10 m¥min) 2 2 2 2.09 2
j (10* m/min) 1.38 1.38 1.38 1.44 1.38
< Pe 0.372 0.818 1.13 3.76 18.7
2 Predominant  Diffusion  Diffusion  None Convection Convection
(%‘ effect
Qr (10® m*¥min) 0.078 0.078 0.078 0.08 0.078
j (10* m/min) 0.054 0.054 0.054 0.056 0.054
Pe 125186 2.7510° 3.8110° 0.127 0.629
(é) Predominant Diffusion  Diffusion  Diffusion  Diffusion No transfer
'CD—G effect

Table 7 Mass transfer parameters for MicroPES, Syrlear and DiaPES membranes

under the flow rate of 10 ml/min.
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MicroPES membrane, the most permeable one, mamdgn@ed convective mass transfer
whatever the molecular weight of the solute ofregeé The larger the molecular weight, the
higher the convective effect for molecule transteross the membrane, as indicated by Peclet
numbers.

With the Synclear membrane, the intermediate ondemm of permeability, governing
phenomenon for mass transfer depended on the nelse. For low molecular weight
species such as ammonia, lactate or even glucihgesiah was the preponderant effect. Flow
rate did not thus significantly affect mass transpsince shear enhanced diffusion in the
perfusion fluid did not result in higher transfas, it might occur with dialysis membrane. For
middle and high molecular weight molecules suchminh B12 and AFP, transfers seemed to
be ensured mainly by convective effect, as for MRES.

Finally, with the DiaPES membrane, the less perheeabe, transfers of low to middle
molecular weight solutes was mainly achieved byudibn, and sieving effect completely

retained AFP in the cell chamber.

Our initial hypothesis, about the impact of massmsfer on cell viability and functions, was
not confirmed in the present study, where cellseaglh to the bottom of the HFBL. Even in
the case of low permeability membranes, essentitilemts and oxygen were likely to reach
the cells, since correct cell adhesion, very higtiolity and efficient functions were recorded.
However, the membrane permeability impacted on piheteins exchange, and more
specifically on the non-release to the supernatdrgroteins neo-synthesized by the C3A
cells.

For Synclear, due to a certain retention effect @ngdlow convection owing to the medium
membrane hydraulic permeability, AFP could reaghdbpernatant after a significant delay.
This delay might be reduced by increasing the pefuflow rate and thus the internal
filtration and concomitant back filtration.

With MicroPES, convective transfers were very édint. All types of solutes equilibrated in
less than 24 hours between the cell chamber angetffiesion fluid. There was no evidence of
cell alteration due to the fluid motions in the wfiger. Although this aspect was not
investigated in the present study, it should betraerad that MicroPES, as plasmapheresis
membrane, was also probably permeable to immunaliigb This is in principle not

acceptable for future bioartificial liver applicais.
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In the literature, several types of HFBL have beemstigated. Going back to Table 1, and
with the present results, it seemed now obvious waihythe devices based on 60-80 kDa
molecular weight cut off membranes could not fulycceed in liver supply therapy.
Whatever the operating conditions, the membranengjeeffects would be deleterious for the
transport of many proteins that might be essemtithe liver functions. The devices equipped
with plasmapheresis membranes showed up to nownttet promising results, thanks to
highly convective mass transfer. The Hepatassigicdeoperating under large plasma flow
rate (about 400 mL/min) favours this effect, whicbuld explain its potential success.
Although such membrane can not prevent immune imgcheither adverse effects nor
porcine virus back transfer have been reportedumiv (Mullonet al, 1999).

Thanks to its intermediate cut-off estimated arourAFP molecular weight,
plasmafractionation membranes such as Synclear esh@ome advantages and could be
interestingly integrated in bioartificial liver spprt system. This type of membrane could
allow the release of high molecular weight substarstich as albumin (60 kDa) while sieving
immunological factors to prevent immuno-reactiom.alddition, increasing flow rate could
switch the module from a diffusion mass transfgimen to a convective one, enhancing its

efficacy.

e. Conclusions

Membranes from the same material (PES) with diffepermeabilities (from ultrafiltration to
microfiltration) werein vitro investigated within minimodules representing ogpet of
hollow fiber based bioartificial liver. Togethertiwia mathematical model of mass transfer, it
could be demonstrated that nutrients were adeguptelvided to cells located in a closed
compartment irrigated by the membranes, whatewentbdmbrane porosity.

Membranes could be discriminated following theievéng and mass transfer properties
especially for substances synthesized by the loadls. With microporous membranes,
transfers were governed by convection. With hemgsiss membranes, solute transfers were
purely diffusive and restricted to low to middle leular weight solutes. With intermediate
plasmafractionation membrane, the type of trandé@ended both on solute and on operating
conditions. An adequate perfusion flow rate migdad to enhanced kinetics via convective

effect.
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Besides a better understanding of hydrodynamic raads transfer behaviour of potential
hollow fiber bioatrtificial liver, the use of suchimmodules hosting a small number of cells
might be beneficial to set the adequate membrad@perating conditions to be implement in

these liver supply devices.
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g. Appendix
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CONCLUSIONS ET PERSPECTIVES

Lors de ce travail, différentes géométries de foieartificiel (lit fluidisé, air lift, fibres
creuses) ont été caractérisées physiquement etlologiguement en étudiant le
comportement de cellules hépatiques issues d’'gnédi humaine immortalisée C3A.
Concernant le bioréacteur a lit fluidisé, les travant porté sur différentes améliorations
jugées utiles en vue d’'une meilleure efficacité rpone future application clinique. Nous
avons cherché dans un premier temps, a détermeatidmétre des billes d’alginate
permettant d’avoir un transfert de masse améligréparalléle, nous avons testé deux types
d’alginate pour étudier si la nature de l'alginétemposition, concentration) pouvait avoir
une incidence sur le comportement cellulaire. Rwandre en compte ces phénomeénes, nous
avons donc amélioré les productions de billeséteffits diametres et compositions) et adapté
les protocoles par rapport aux techniques déplopésstdemment dans le laboratoire. Puis
nous avons suivi les transferts de masse avec wiécnte de poids moléculaire connue, la
vitamine B12. Nous avons ainsi déterminé des aneffts de transfert de matiere quasiment
identiques pour les deux diamétres extrémes deshio0 et 1000um) en prenant en compte
la surface d’échange propre a chaque diametre.r&asdtats ont été confirmés par les
expériences menées avec les C3A afin d'étudier leamportement (viabilité et
fonctionnalités) au sein des deux types de billasges dans le bioréacteur. Il est supposé que
cette absence de différence provient de la gélifinarop importante pour les billes de faible
diametre. Par la suite, il serait intéressant dafgmdir cette étude sur I'aspect chimique afin
d’améliorer le protocole d’encapsulation pour ciledde 600 um, qui par principe devraient
donner de meilleurs résultats, les trajets diffusitant réduits.

Afin de quantifier les transferts de masse au dem billes, un modéle mathématique a été
développé. Il permet également d'estimer les désvicellulaires et de prédire les
concentrations de solutés dans le surnageant ingstasts donnés. Nous avons pu démontrer
gue l'activité métabolique des cellules était diéfite dans la configuration des billes par
rapport a la culture en flasque. Enfin, ce modedet pEtre utilisé pour les changements
d’échelle de bioréacteur, pour déterminer le nondereellules, le volume de billes d’alginate
et de milieu de culture nécessaires au fonctionneglebal.

Une nouvelle géométrie de foie bioartificiel appdlglift Reactor (ou gazo-siphon) a été

egalement caractérisée. Ce type de réacteur, egnployénie Chimique, met en mouvement
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la phase fluide grace a I'apport de gaz sous fatenbulles. Nous avons mis au point et testé
un prototype de ce nouveau bioréacteur en plaganbilles d’alginate dans le fluide mis en
mouvement par les bulles d’air. Ce dispositif, aggeux par son régime de perfusion moins
limité que dans le cas du lit fluidisé, a montrélégent des résultats encourageants en terme
de transfert de masse. La comparaison avec leduimdr a lit fluidisé a permis de montrer
que les transferts sont de meilleure qualité dangitlift Reactor, principalement car la
différence de vitesse relative entre les billedeefluide environnant y est beaucoup plus
élevée. Il reste maintenant a définir les limitesréuelles en présence de cellules. En effet, si
la vitesse du fluide est grande, et les transféetsmasse optimisés, le comportement des
cellules ne doit pas étre altéré en termes delitéalei de fonctions cellulaires essentielles a
'application d'un foie bioartificiel. Cette étuderéliminaire laisse entrevoir une certaine
pertinence au point de vouloir poursuivre les tixvavec des expériences vitro en
présence de cellules.

Nous avons enfin travaillé sur un microbioréactéquipé de fibres creuses. Récemment,
'application des procédés membranaires dans leadmbiomédical s’est étendue peu a peu
du traitement des maladies rénales vers les systéimesuppléance hépatique. Ce type de
géométrie reste donc une technologie prometteusse poe future application au foie
bioartificiel. Nous avons caractérisé les capacidés bioréacteurs en testant différentes
membranes montrant des perméabilités et des seeilsoupure différents (MicroPES®
classiqguement utilisée pour séparer le plasma, meenbrane Synclear® utilisée pour
fractionner le plasma et une membrane pour I'héaigske appelée DiaPES®).

Il a été constaté que les cellules avaient une hobogie et des activités métaboliques
guasiment identiques quelle que soit la naturdfidess creuses présentes dans le bioréacteur
et quelque soit le débit appliqué (3 ou 10 ml/mldh effet trés net au niveau du seuil de
coupure s‘est avéré pour les molécules de hauspoaléculaire de type alpha-foetoprotéine.
En effet, la DiaPES ne laisse pas passer ce sodutédis que la MicroPES reste « invisible »
au passage de celui-ci. La Synclear montre un deuibupure intermédiaire.

Cette caractérisation, ainsi que la modélisatios tlansferts, a permis de déterminer un
nombre de Péclet caractéristique a chaque soluowt chaque type de membrane. Ce
nombre de Péclet a mis en évidence que I'effetqrég@rant était convectif pour la MicroPES
et diffusif pour la DiaPES quelle que soit la natdiu soluté. Par contre, pour la Synclear,
I'effet était plutdt diffusif pour les molécules dms poids moléculaires (type ammoniac et
lactate) et convectif pour les moyennes et hautdspmoléculaires (type vitamin B12 et

alpha-foetoprotéine). Cette approche suggere dettrende coté » les membranes de type
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MicroPES (qui a un seuil de coupure trop importasquant de laisser passer les facteurs
immunitaires de type immunoglobulines) et DiaPE@,(gu contraire a un seuil de coupure
trop faible entrainant le non passage de I'albujniRar conséquent, a l'issue de cette étude,
la membrane Synclear s’est montrée trés prometsusee d’'une future application dans un
systeme de foie bioartificiel. Nous avons égalenuémbhontré que I'étude des écoulements et
des transferts de masse était primordiale pountapcéhension des réponses d’un tel systéeme

a son environnement.

Les perspectives de cette étude sont multiples.

Du point de vue du bioréacteur a lit fluidisé :

Concernant I'encapsulation des cellules, il sefaieressant d’étudier l'influence de
sphéroides au sein des billes d’alginate au lieséparer les cellules les unes des autres. En
effet, cette configuration laisserait intégres liegsons cellulaires et imiterait davantage
I'organisation cellulaire au niveau du forevivo.

Dans le méme état d’esprit, nous pourrions egalertester I'encapsulation de cellules
hépatiques au sein de capsules et non de billesavemisant leur prolifération, avec une
membrane en chitosan par exemple, pour ainsi évidsdransferts de masse et les réponses
biologiques.

Au niveau du délai de culture, il nous semble pntiude prolonger les expériences jusqu'a 7
a 14 jours pour laisser le temps aux cellules ddagter a leur nouvel environnement afin
gu’elles présentent un meilleur métabolisme. Cettelongation a montré des résultats
encourageants dans I'’équipe du Docteur Selden EBrafesseur Werynski. On pourrait alors
discuter l'intérét d’encapsuler un grand nombreceldules pour une utilisation rapide versus
la mise en place de cultures prolongées intrasbéieant I'application clinique.

Au niveau de l'optimisation du biomatériau, il Semdgalement possible de procéder a un
greffage de peptides type RGD ou de fibronectinel®wollagéne de type | ou de galactose

afin d’'améliorer le revétement de 'alginate poneuneilleure adhésion cellulaire.

Du point de vue du bioréacteur Airlift :

Pour compléter la caractérisation hydrodynamiqueesttransferts de masse avec la vitamine
B12, il serait judicieux de poursuivre les inveatigns en cultivant les C3A au sein de ce
dispositif pour connaitre leur comportement (vidbiket fonctionnalités cellulaires) et ainsi

fixer les parametres physiques : principalememtéieit d’air. On envisage ensuite une phase
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de mise en place de protocoles pour détermineraletion d’alginate la plus adéquate par
rapport au volume de fluide présent dans le systamsi que le nombre de cellules le plus
prometteur. Les remarques pour le bioréacteurfluidtisé sont également valables pour cette

géomeétrie.

Du point de vue des minibioréacteurs a fibres @gsus

Nous avons caracteérisé les transferts se produdstaters les membranes semi-permeéables.
Désormais, il serait intéressant d’étudier le cortggnent des C3A en utilisant le deuxieme
réseau permettant 'oxygénation des cellules \Wwarlembranes d’Oxyphan.

Au niveau de I'optimisation de la surface dans denpartiment cellulaire, nous avons déja
réfléchi & procéder a un « coating » de RGD oulterfectine ou de collagene de type | afin

d’améliorer I'adhésion cellulaire voire les fonctimlités.

Quelle gue soit la géométrie des bioréacteurs etédhhode d’'immobilisation des cellules, un
certain nombre d’autres parameétres sont a premdowmpte. lIs concernent en particulier la
source de cellules.

Il pourrait s’avérer pertinent de cultiver les higggtes avec d’autres types cellulaires:
épithéliales et/ou fibroblastes... afin de reproelfidelement I'organisation cellulaire présente
au niveau du foie. Une autre piste concerne l&wdfftiation potentielle de cellules souches
adultes ou embryonnaires dans les conditions dfeudation choisies, pour disposer d’'un
type cellulaire adéquat a I'application future.

En effet, nous ne perdons pas de vue notre obj@aaif: I'application clinique du systéeme
jugé le plus performant. Ces travaux pourront notamt se réaliser grace a la collaboration
mise en place avec I'équipe du Docteur Selden ePuhfiesseur Hodgson, au Royal Free

Hospital and University College Medical School dmtres.

168



REFERENCES

Agence de la biomédecine (2007) Bilan des actideprélevement et de greffe en France en
2006.

Allen, J. W., Bhatia, S. N., (2002) Improving thexh generation of bioartificial liver devices.
Cell and Developmental Biology, 13, 447.

Allen, J. W., Hassanein, T., Bhatia, S. N. (2008lvances in bioartificial liver devices.
Hepatology, 34, 447.

Aoki, T., Koizumi, T., Kobayashi, Yet al (2005) A novel method of cryopreservation of rat
and human hepatocytes by using encapsulation tad@ind possible use for cell

transplantation. Cell Transplant., 14, 609.

Arkadopoulos, N., Detry, O., Rozga.l.al, (1998) Liver assist systems: state of the att. |
J. Artif. Organs, 21, 781.

Ash, S. R., Knab, W. R., Blake, D. Et al, (2000) Push-pull sorbent-based pheresis and
hemodiabsorption in treatment of hepatic failureliprinary results of a clinical trial with the
BioLogic-DTPF System. Therapeutic Apheresis, 4218.

Bajpai, S. K., Sharma, S., (2004) Investigatiorswtlling/degradation behaviour of alginate

beads crosslinked with €zand B&" ions. Reactive and Functional Polymers, 59, 129.
Bauer, E., Gendo, A., Madl, @t al, (2002) Effects of sorbent suspension dialysiplasma
amino acids levels in cirrhotic patients with retay hepatic encephalopathy. Int. J. Artif.

Organs, 25, 10, 923.

Behamou, J. P., Erlinger, ®t al. (2008) Maladies du foie et des voies biliaires.dilgne-

Sciences Flammarion, 2.

169



Bertani, H., Gelmini, R., Del Buono, M. @t al, (2002) Literature overviewon artificial liver
support in fulminant hepatic failure: a methodotagiapproach, Int J. Artif Organs, 25,
903.

Canaple, L., Nurdin, N., Angelova, Net al, (2001) Maintenance of primary murine
hepatocyte functions in multi component polymerstags — in vitro cryopreservation studies.
Journal of Hepatology, 34, 11.

Cao, S., Esquivel, C. O., Keeffe, E. B., (1998) Nmwroaches to supporting the failing liver.
Ann. Rev. Med. 49, 85.

Catapano, G. (1996) Mass transfer limitations ® plerformance of membrane bioartificial

liver support devices. The International Journahdfficial Organs, 19, 1, 18.

Chang, T. M. S. (2005) Therapeutic applicationpafmeric artificial cells. Nat. Rev.: Drug
Discov., 4; 221.

Chapman, R. W., Forman, D., Peto,gRal, (1990) Liver transplantation for acute hepatic

failure ? Lancet 32.

Chen, S.C., Hewitt, W.R., Watanabe, F.BX,al. (1996) Clinical experience with a porcine
hepatocyte-based liver support system. The Intiemmat Journal of Artificial Organs, 19, 11,
664.

Clement, B., Desille, M., Fremond, Bt al.,(1998) Hepatocytes en therapie cellulaire.

Transfusion Clinique et Biologique, 5, 80.

Coward, S. M., Legallais, C., David, 8t al.,(2006) Alginate-Encapsulated HepG2 Cells in a
Pilot-Scale Fluidised Bed Bioreactor Maintain Parfance in Human Liver Failure Plasma

Making Them Suitable for Use in a Bioartificial lex Journal of Hepatology, 44, 2, 53.

Coward, S. M., Selden, C., Mantalaris, &. al, (2005) Proliferation rates of HepG2 cells
encapsulated in alginate are increased in a miavitgr environment compared with static
cultures. Artificial Organs, 29, 2, 152.

170



David, B, (2002) Mise en place et validation d’'undgle in vitro pour I'étude des propriétés
mécaniques, diffusives et métaboliques d’'un foaadificiel a lit fluidisé. Thése

David, B., Barbe, L., Legallais, @t al, (2006) Mechanical properties of alginate beads
hosting hepatocytes in a fluidized bed bioreadtdernational Journal for Artificial organs,
29, 8, 756.

David, B., Doré, E., Jaffrin, M. Yet al, (2004) Mass transfer in a fluidized bed bioreacto
using alginate beads for a future bioartificiaklivinternational Journal of Artificial Organs,
27, 4, 284.

David, B., Dufresne, M., Nagel, M. [&t al, (2004) In vitro assessment of encapsulated C3A
hepatocytes functions in a fluidised bed bioread@artechnol Prog, 20, 1204.

De Bartolo, L., Morelli, S., Lopez, L. Cet al. (2005) Biotransformation and liver-specific
functions of human hepatocytes in culture on RGIMohilized plasma-processed

membranes. Biomaterials, 26, 4432.

Deckwer, W. D., (1992) Reaktionstechnik in Blasersd, Otto Salle Verlag.

Demetriou, A.A., Rozga J., Podesta ¢t ,al. (1995) Early Clinical Experience with a Hybrid
Bioartificial Liver. Scand. J. Gastroenterol, 2Q8,1.

Desille, M., Frémond, B., Mahler, 8t al.,(2001) Improvement of the neurological status of
pigs with acute liver failure by hepatocytes imnialed in alginate gel beads inoculated in an
extracorporeal bioartificial liver. TransplantatiBnoceedings, 33, 1932.

De Vos, P., Faas, M. M., Strand, Bt al, (2006) Alginate-based microcapsules for

immunoisolation of pancreatic islets. Biomateri&g, 5603.

Dixit, V., Gitnick, G., (1996) Artificial liver : $ate of the art, Scand J Gastroenterol, 31, 220,
101.

171



Dixit, V., Arthur, M., Reinhardt, Ret al.,(1992) Improved Function of Microencapsulated
Hepatocytes in a Hybrid Bioatrtificial Liver Supp@&ystem, Artificial Organs, 16, 4, 336.

Dore, E., (1999) Conception d’un foie bioartificéelit fluidise. Thése

Dore, E., Legallais, C., (1999) A new concept afdriificial liver based on a fluidized bed
bioreactor. Ther. Apher., 3, 264.

Ellis, A. J., Hughes, R. D., Wendon, J.&k.al, (1996) Pilot-controlled trial of the
extracorporeal liver assist device in acute lialufe. Hepatology, 24, 1446.

Emerson, T. E., (1989) Unique features of albunarbrief review. Crit Care Med, 17, 7, 690.

Fassnacht, D., Pdrtner, R. (1999) Experimental tewdretical considerations on oxygen

supply for animal cell growth in fixed-bed reactaisurnal of Biotechnology, 72, 169.

Fassnacht, D., R6ssing, S., StangeetJal. (1998) Long-term cultivation of immortalised
mouse hepatocytes in a high cell density, fixed+eeator. Biotechnology Techniques, 12, 1,
25.

Foscolo, P. U., Gibilaro, L. G., Waldram, S. P982) A unified model for particulate
expansion of fluidised beds and flow in fixed paaonedia. Chem Eng Sci, 38, 8, 1251.

Fremond, B., Joly, A., Desille, Mt al, (1996) Cell-based therapy of acute liver failuhe
extracorporeal bioatrtificial liver. Cell Biol. Tosol., 12, 325.

Fremond, B., Malandain, C., Guyomard,etal.,(1993) Correction of bilirubin conjugation
in the Gunn rat using hepatocytes immobilized girelte gel beads as an extracorporeal

bioartificial liver. Cell Transplant., 2, 453.

Fruhauf, N. R., Oldhafer, K. J., Holtje, Mt al., (2004) A bioartificial liver support system
using primary hepatocytes: a preclinical study mea porcine hepatectomy model. Surgery,
136, 1, 47.

172



Ganguly, U. P., (1980) Direct method for the prédit of expanded bed height in liquid-
solid fluidization. Can J Chem Eng, 58, 559.

Gao, Y., Jiang, H. C., Xu, &t al., (2005) Microencapsulating hepatocytes. Transplamta
Proceedings, 37, 4589.

Gao, Y., Xu, J., Sun, Bet al, (2004) Microencapsulated hepatocytes and islets1 vivo
bioartificial liver support system. World Journdl@astroenterology, 10, 14, 2067.

Garbayo, I., Leon, R., Vilchez, C., (2002) Diffusioharacteristics of nitrate and glycerol in

alginate. Colloids and Surfaces B: Biointerfacés, 2

Gautier, A., Carpentier, B., Legallais, (2007) Miencapsulation d'hépatocytes pour la
suppléance hépatique. Microencapsulation : desix@eseaux technologies (Lavoisier), T.
Vandamme, D. Poncelet, P. Subra-Paternault, ed9p{812.

Gerlach, J. C., (2006) Bioreactors for extracorpbliger support. Cell Transplant, 15, 1, 91.
Gloeckner, H., Jonuleit, T., Lemke, H.D., (2001) moring of cell viability and cell growth
in a hollow - fiber bioreactor by use of the dyeamlar Blue™. Journal of Immunological
Methods, 252, 131.

Gloeckner, H., Lemke, H.D., (2001) New miniaturizealow-fiber bioreactor for in vivo like
cell culture, cell expansion, and production ofl-delrived products. Biotechnol. Prog., 17,

828.

Griffiths, B. J., Evans, P.J., (2000) Ultrastrueluchanges in hypothermically preserved
hepatocytes. Cryobiology, 40, 176.

Guénard, H., Boisseau, M. R., CarrégeFal, (1996) Physiologie humaine. Editions Pradel,
2eme édition, 389.

173



Hanada, S., Kayano, H., Jiangef.al. (2003) Enhanced in vitro maturation of subcultidate
fetal human hepatocytes in three dimensional altusing poly-L-lactic acid scaffolds in the
presence of oncostatin M. Int J Artif Organs, 2639

Haque, T., Chen, H., Ouyang, V&t al, (2005) Investigation of a new microcapsule
membrane combining alginate, chitosan, polyethylegigcol, poly-L-lysine for cell
transplantation applications. Regenerative medj@Be6, 641.

Hartman, M., Trnka, O., Svoboda, K., (1994) Fradisg of nonspherical particules. Ind Eng
Chem Research, 33, 1979.

Highleyman, L., (2004) Artificial liver support sgsns. HCV advocate, 7, 11.

Hirata, A., Bulos, F. B., (1990) Predicting beddayge in solid-liquid fluidization. J Chem
Eng Japan 23, 5, 599.

Holt, A. W., (1999) Acute Liver Failure, Critical&@e and Resuscitation, 1, 25.

Hughes, R. D., Williams, R., (1996) Use of bioactdl and artificial liver support devices.
Semin Liver Dis, 16, 4, 435.

Hui, T., Rozga, J., Demetriou, A. A., (2001) Biakatal liver support. J. Hepatobiliary
Pancreat Surg, 8, 1.

Hwang, H. J., Kim, Y. I, Lee, J. @&t al., (2000) Development of bioartificial liver system
using a fluidized bed bioreactor. TransplantatioocBedings, 32, 2349.

Inderbitzin, D., Muggli, B., Ringger, Aet al, (2005) Molecular Absorbent Recirculating
System for the Treatment of Acute Liver FailureSurgical Patients, The Society for Surgery
of the Alimentary Tract, 1091.

Indlekofer, M., Brotz, F., Bauer, Aet al (1996) Stereoselective bioconversion in
continuously operated fixed bed reactors:modeling arocess optimization. Biotechnol.
Bioeng. 52, 459.

174



Iseki, J., Touyama, K., Nakagami, Kt al, (1995) Plasma adsorption to charcoal and ion-
exchange resin for treating postoperative hepatiare. Hepatogastroenterology, 42, 4, 394.

Jaffrin, M. Y., Reach, G., Notelet, D. (1988) Arsilyof Ultrafiltration and Mass transfer in a
Bioartificial Pancreas. Journal of BiomechanicagiBeering, 110, 1.

Jasmund, I., Langsch, A., Simmoteit, Bt al, (2002) Cultivation of primary porcine
hepatocytes in an OXY-HFB for use as a bioartifitieer device. Biotechnol Prog, 18, 4,
839.

Kamlot, A., Rozga, J., Watanabe, F.dd al (1996) Review: artificial liver support systems,
Biotechnol. Bioeng,. 50, 382.

Kessler, W. R., Popovic, M. K., Robinson, C. W.439Xanthan production in an external-

circulation-loop airlift fermenter. Can. J. Chemmgiz 71, 101.

Khalil, M., Shariat-Panahi, A., Tootle, Bt al, (2001) Human hepatocyte cell lines
proliferating as cohesive spheroid colonies inretg markedly upregulate both synthetic and

detoxificatory liver function. J. Hepatol., 34, 68.

Kinasiewicz, A., Gautier, A., Lewinska, Bt al, (2007) Culture of C3A Cells in Alginate
Beads for Fluidized Bed Bioatrtificial Liver. Trarlaptation Proceeding89, 2911.

Kinasiewicz, A., Gautier, A., Lewinska, Bt al, (2008) Three-dimensional growth of human
hepatoma C3A cells within alginate beads for flpédi bioartificial liver. The International
journal of Artificial Organs, 31, 340.

Klammt, S., Stange, J., Mitzner, S. Bt al., (2002) Extracorporeal liver support by

recirculating albumin dialysis: analysing the effetthe first clinically used generation of the
MARSystem, Liver, 22, 2, 30.

175



Koivusalo, A. M., Vakkuri, A., Hockerstedt, kKt al, (2005) Experience of MARS Therapy
With and Without Transplantation in 101 Patientgiiiver Insufficiency, Transplantation
Proceedings, 37, 3315.

Kramer, L., Bauer, E., Gendo, At al., (2002) Influence of hydroxy ethyl starch infusion
serum bilirubin levels in cirrhotic patients tredtwith artificial liver support. Int J Artif
Organs, 25, 10, 918.

Krisper, P., Haditsch, B., Stauber, &.al, (2005) In vivo quantification of liver dialysis:
Comparison of albumin dialysis and fractionatedspla separation. Journal of Hepatology,
43, 451.

Kunii, D., Levenspiel O., (1991) (Eds) Fluidizati&mgineering, second. ed., Butterworth-

Heinemann, Boston.

Kurosawa, H., Matsumura, M., Tanaka H. (1989) Oxyd#fusivity in gel beads containing
viable cells. Biotechnol. Bioeng., 34, 926.

Legallais, C., David, B., Dore, E., (2001) Bioadi#l livers (BAL) : currrent technological

aspects and future developments. J. Membranel8di,,1, 81.

Legallais, C., Dore, E., Paullier, P., (2000) Dasif a Fluidized Bed Bioartificial Liver.
Artificial Organs, 24, 7, 519.

Legallais, C., Gautier, A., Dufresne, kt al.,(2008) The place of adsorption and

biochromatography in extracorporeal liver suppgstams. J. Chromatography B, 861, 171.
Legallais, C., Vijayalakshmi, M. A., Moriniere, F2002) in M.A. Vijayalakshmi (Eds),
Biochromatography and Biomedical Applications. io@dromatography Theory and

Practice, Taylor and Francis, London and New Yd464.

Lewinska, D., Rosinski, S., Hunkeler, &.al, (2002) Mass transfer coefficient in

characterization of gel beads and microcapsulesndbof Membrane science, 209, 533.

176



Lewinska, D., Rosinski, S., Werynski, A., (2004)llence of process conditions during
impulsed electrostatic droplet formation on sizgrthution of hydrogel beads. Artif.Cells
Blood Substit.Immobil.Biotechnol., 32, 41.

Maguire, T., Novik, E., Schloss, Bt al.,(2006) Alginate-PLL Microencapsulation : effect of
the differentiation of embryonic stem cells intghtcytesBiotechnol. Bioeng., 93, 3, 58.

Martinsen, A., Skjak-Braek, G., Smidsrod, O., (1P8®inate as immobilizaiton material: 1.
Correlation between chemical and Physical propedfelginate gel beads. Biotechnology

and bioengineering3, 79.

Matthew, H. W., Salley, S. O., Peterson, Webal, (1991) Microencapsulated hepatocytes.
Prospects for extracorporeal liver support. ASAl@rE., 37, 3, 328.

Matsushita, M., Nosé, Y., (1986) Artificial liveArtif. Organs, 10, 5, 378.

Miura, Y., Akimoto, T., Yoshikawa, Net al, (1990) Characterization of immobilized
hepatocytes as liver support. Biomat. Art. Cells &rg., 18, 549.

Mizumoto, H., Funatsu, K., (2004) Liver regeneratigsing a hybrid artificial liver support
system. Artif Organs, 28, 1, 53.

Morsiani, E., Pazzi, P., Puviani, A. @t al., (2002), Early experiences with a porcine
hepatocyte-based bioartificial liver in acute hepédilure patients. Int J Artif Organs, 25, 3,
192.

Mueller-Klieser, W., (1997) Three-dimensional caliitures: from molecular mechanisms to

clinical applications. Am J Physiol, 273, C1109.

Mullon, C. (1999) Bioartificial organs may help e risk of zoonosis in

xenotransplantation. Artificial Organs, 23, 4, 366.

Mullon, C., Pitkin, Z., (1999) The HepatAssist hitfcial liver support system: clinical
study and pig hepatocyte process. Expert Opin tiy&sugs, 8, 3, 229.

177



Murtas, S., Capuani, G, Dentini, Mt al.,(2005) Alginate beads as immobilization matrix for
hepatocytes perfused in a bioreactor : a physievaatal characterization. J. Biomater. Sci.
Polymer. Edn., 16, 7, 829.

Nath, S., Chand, S. (1996) Mass transfer and broats reaction in immobilized cell packed
bed reactors: correlation of experiment with thedryChem. Tech. Biotechnol., 66, 286.

Nyberg, S. L., Misra, S. P., (1998) Hepatocyterlassist systems--a clinical update. Mayo
Clin. Proc., 765.

Nyberg, S. L., Shatford, R. A., Peshwa, M. &t. al (1993) Evaluation of a hepatocyte-
Entrapment Hollow fiber bioreactor: A potential artficial liver. Biotechnology and

Bioengineering, 41, 194.

Orive, G., Tam, S. K., Pedraz, J.dt.al.,(2006) Biocompatibility of alginate-poly-I-lysine

microcapsules for cell therapy. Biomaterials, 2691

Orive, G., Hernandez, R. M., Rodriguez Gascongfdal., (2004) History, challenges and

perspectives of cell microencapsulation. TrendBiatechnology, 22, 2, 87.

Paez, A., Martinez, N., (2000) Le corps humain. &dann, 60.

Park, J. K., Lee, D. H., (2005) Bioartificial LiveBystems: Current Status and Future

Perspective. Journal of Bioscience and Bioengingef9, 4, 311.

Patzer, J. F., Mazariegos, G. V., Lopez, R., (20@&clinical evaluation of the Excorp
Medical, Inc, Bioartificial Liver Support SystemAin Coll Surg, 195, 3, 299.

Pessione, F., Cantrelle, C., Savoye,eEal, (2007) Activité de préléevement et de greffe

d’organes en France en 2006. Medecine-Science28;961.

Polson, J., Lee, W. M., (2005) AASLD Position PapEne Management of Acute Liver
Failure, Hepathology, 41, 5.

178



Quek, C. H., Li, J., Sun, Et al.,(2004) Photo-crosslinkable microcapsules formed by
polyelectrolyte copolymer and modified collagen far hepatocyte encapsulation.
Biomaterials, 25, 3531.

Rahman, T. M., Selden, C., Khalil, Met al, (2004) Alginate-encapsulated human
hepatoblastoma cells in an extracorporeal perfussggtem improve some systemic

parameters of liver failure in a xenogeneic modedif Organs, 28, 476.

Richardson, J. F., Zaki, W. N., (1954) Sedimentatiad fluidization. Trans Inst Chem Eng,
32.

Ringel, M., Von Mach, M. A., Santos, Rt al., (2005) Hepatocytes cultured in alginate
microspheres : an optimized technique to study mezyduction. Toxicology, 206, 153.

Ritchie, B. J., Hill, G. A. (1995) Biodegradatiohghenol-polluted air using external-loop air
lift bioreactor. J. Chem. Technol. Biotechnol., 839.

Rozga, J., (2006) Liver support technology : anat@dXenotransplantation, 13, 5, 380.

Santoro, A., Faenza, S., Mancini,dt.al, (2006) Prometheus System : A Technological

Support in Liver FailureTransplant. Proc., 38, @78.

Sauer, I. M., Schwartlander, R., Schmidetlal. (2005) The SlideReactor-A Simple Hollow
Fiber Based Bioreactor Suitable for Light Microsgogrtificial Organs, 29, 3, 264.

Sauer, I. M., Goetz, M., Steffen dt al, (2004) In vitro comparison of the molecular
adsorbent recirculation system (MARS) and singlesgbumin dialysis (SPAD).
Hepatology, 39, 5, 1408.

Schwartlander, R., Schmid, J., BrandenburgeBal. (2007) Continuously Microscopically

Observed and Process-Controlled Cell Culture Withie SlideReactor: Proof of a New

Concept for Cell Characterization. Tissue Engimegri3, 1, 187.

179



Selden, C., Khalil, M., Hodgson, H., (2000) Thre@anehsional culture upregulates
extracellular matrix protein expression in humasiicell lines — a step towards mimicking

the liver in vivo ? The International Journal oftiicial Organs, 23, 11, 774.

Selden, C., Roberts, E., Stamp,eBal, (1998) Comparison of three solid phase supgdorts
promoting three-dimensional growth and functiotoman liver cell lines. Int J Artif Organs,
22, 308.

Selden, C., Shariat, A., McCloskey, &.al, (1999) Three-dimensional in vitro cell culture
leads to a marked upregulation of cell functiorhuman hepatocyte cell lines--an important
tool for the development of a bioartificial liverachine. Ann. N. Y. Acad. Sci, 875, 353.

Seo, S. J., Akaike, T., Choi, Y. &t al, (2005) Alginate microcapsules prepared with
xyloglucan as a synthetic extracellular matrix f@patocyte attachment. Biomaterials, 26,
3607.

Seo, S. J., Kim, I. Y., Choi, Y. &t al, (2006) Enhanced liver functions of hepatocytes
cocultured with NIH 3T3 in the alginate/galactosgth chitosan scaffold. Biomaterials, 27,
1487.

Shiraha, H., Koide, N., Hada, Hdt al., (1996) Improvement of serum amino acid profile in
hepatic failure with the bioartificail liver usingnulticellular hepatocyte spheroids.
Biotechnology and Bioengineering, 50, 416.

Shirai, Y., Hashimoto, K., Irie, S., (1989) Fornmatiof effective channels in alginate gel for

immobilization of anchorage-dependent animal céfgl. Microbiol. Biotechnol., 31, 342.

Shirai, Y., Hashimoto, K., Kawahara, &t al.,(1989) Production of erythropoietin by BHK
cells growing on the microcarriers trapped in addgngel bands. Cytotechnology, 2, 141.

Shiraishi, F., Miyakawa, H., Hasegawa, &t al (1996) A computational method for

determination of the mass transfer coefficientacked-bed immobilized enzyme reactors. J.
Chem. Tech. Biotechnol., 66, 405.

180



Smidsrad, O., Skjak-Breek, G. (1990) Alginate as ohitization matrix for cells. Trends
Biotechnol., 8, 71.

Stamatialis, D.F., Papenburg B.J., Girones Mk, al. (2008) Medical applications of
membranes: Drug delivery, artificial organs andues engineering. Journal of Membrane

Science, 308, 1.

Stange, J., Mitzner, S., (1996) Cell sources foaltiificial liver support. Int.J.Artif.Organs,
19, 1, 14.

Stange, J., Mitzner, S. R., Klammt, S., (2000) Lisepport by extracorporeal blood

purification: a clinical observatiomjver Transpl, 6, 603.

Sussman, N. L., Chong, M. G., Koussayereflal, (1992) Reversal of fulminant hepatic

failure using an extracorporeal liver assist devitepatology, 16, 60.

Sussman, N. L., Gislason, G. T., Kelly, J. H., @PRExtracorporeal liver support: application

to fulminant hepatic failure. J Clin Gastroentedd, 320.

Tan, H. K., (2004) Molecular Adsorbent Recirculgti@ystem, Annals academy of medecine,
33, 3.

Tompkins, R. G., Carter, E. A., Carlson, JéDal, (1988) Enzymatic function of alginate
immobilized rat hepatocytes. Biotech. Bioeng., B111.

Ueyama, Y., Ishikawa, K., Mano, &t al,(2002) Usefulness as guided bone regeneration
membrane of the alginate membrane. Biomaterials2Q37.

Van de Kerkhove, M. P., Poyck, P. P., Deurholteflal., (2005), Liver support therapy: an
overview of the AMC-bioatrtificial liver researchidSurg, 22, 4, 254.

Vienken, J., Christmann, H., (2006) Therapeutic &ekis and Dialysis, 10, 125.

181



Wang, Y., McNeil, B. (1995) Production of the fuhgaopolysaccharide scleroglucan by
cultivation of Sclerotium in an airlift reactor \Witan external loop. J. Chem. Technol.
Biotechnol., 63, 215.

Wanner, O., Reichert, P. (1996) Mathematical mauggllof mixed-culture biofilms.
Biotechnol. Bioeng., 49, 172.

Watanabe, F.D., Mullon, C.J.P., Hewitt, W.Rt, al. (1997) Clinical Experience With a
Bioatrtificial Liver in the Treatment of Severe LivEailure. A Phase | Clinical Trial. Annals
of Surgery, 225, 5, 484.

Wells, G. D., Fisher, M. M., Sefton, M. V., (1998)croencapsulation of viable hepatocytes
in HEMA-MMA microcapsules: a preliminary study. Biaterials, 14, 615.

Wikstrom, J., Elomaa, M., Syvajarvi, ldt al.,(2008) Alginate-based microencapsulation of

retinal pigment epithelial cell line for cell thega Biomaterials, 29, 869.

Willaert, R.G., Baron, G.V., De Backer, kt al. (1996) Immobilized Living Cell Systems:
Modelling and Experimental Methods. Wiley, Chicleest

Wolf et al, (1975) Bilirubin Conjugation by an Artificial Ler Composed of Cultured Cells
and Synthetic Capillaries. Trans. Amer. Soc. Attif. Organs, 21, 16.

Yang, J., Goto, M., Ise, Het al. (2002) Galactosylated alginate as a scaffold &patocytes

entrapment.. Biomaterials, 23, 471.
Zhou, X. M., Miao, J. Y., Yang, Yet al, (2004) Clinical Experience with Molecular
Adsorbent Recirculating System (MARS) in PatientghwDrug-induced Liver Failure,

Artificial Organs 28, 5, 483.

Zhou, Y., Sun, T., Chan, Mt al.,(2005) Scalable encapsulation of hepatocytes by
electrostatic spraying. Journal of Biotechnolody7,199.

182



Zimmermann, H., Wehlisch, F., Baier, €.al.,(2007) Physical and biological properties of
barium cross-linked alginate membranes. Biomateriz8, 1327.

Zmora, S., Glicklis, R., Cohen, S., (2002) Tailgrihe pore architecture in 3-D alginate

scaffolds by controlling the freezing regime durfagrication. Biomaterials, 23, 4087.

183



ANNEXES

ANNEXE 1 : MATERIEL ET METHODES DETAILLES

Culture cellulaire

Les cellules de foie humain C3A (CRL-10741) fousnjgar ATCC (American Type
Culture Collection) sont cultivées dans des flasgagec du milieu Minimum Essential
Medium Earles salts, L-glutamine (MEM) (Gibco) cdémenté avec 0,2 % de glutamine, 1
% de solution 100 x concentrée de pénicilline-stneyycine, 1 % de solution de Non-
essential Amino Acids (Gibco), 1 % de Hepes Buffelution 1 M (Gibco), 1 % sodium
pyruvate 100 mM (Gibco) et de 10 % de sérum de Veaiial (Gibco) sous hotte a flux
laminaire. Les cultures sont incubées dans uneedtumide a 5 % de dioxyde de carbone a
37 °C.

L’ensemencement initial est de 3 millions de cebulpar flask T75 (soit 40000
cellules/cnd). Le milieu de culture doit étre renouvelé tous 3ejours. Pour une prolifération
favorable, il convient de mettre 20 ml de milieucdéture pour une boite de 75tm

Les passages se font a partir d’'une boite méré agmfluence c’est-a-dire a une densité
suffisante d’environ 23 millions de cellules paftbade 75 crhpour assurer une reprise des

cellules apres repiquage.

Protocole de culture des C3A en billes d’alginate e  t mise en perfusion en

bioréacteur a lit fluidisé (valable pour une flasqu e T75)

- Dissociation des cellules

Les hépatocytes C3A, arrivés a confluence, (sairen 25 millions par boite Falcon 75
cn?), adhérent & la boite de culture. lls sont ringgés premiére fois avec 2 ml d’une solution
de Trypsine-EDTA (50%-50%) a 37°C puis placés damsubateur a 37 °C (5% GPpavec 3
ml de cette méme solution pendant 5 a 10 min. kaodiation est suivie régulierement sous
microscope. Puis l'effet de la trypsine est inhdé&c 7 ml de milieu de culture complet.
Enfin, les cellules sont dissociées par pipetageamue jusqu’au stade de 3 cellules

environ. Un comptage est alors effectué a l'aidand’cellule de Malassez.
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- Préparation du mélange alginate — hépatocytes

Produits utilisés lors de la production de billes @lginate en présence de cellules

Composition de la solution d’alginate :

NaCl 154 mM
Hepes 10 mM
Alginate 2,2%
Composition de la solution de bain de gélification
NaCl 154 mM
Hepes 10 mM
CaCl 115 mM
Composition de la solution de NaCl :
NaCl 154 mM
Hepes 10 mM

Toutes les solutions seront ajuster au physiolagajest-a-dire 7,4. Puis stérilisées a
'autoclave excepté la solution d’alginate qui ssxilisée par filtration sur filtre de 0,45

pm.

Milieu de culture complet a partir du Minimum Essential Medium Earles salts,
L-glutamine (Gibco) :
Glutamine 0,2 %

Pénicilline-Streptomycine 0,5 %
Hepes Buffer (Gibco) 1%

Sodium Pyruvate (Gibco) 1 %

Non-essential Amino Acids (Gibco) 1 %
Sérum de veau feetal (Gibco) 10 %
Minimum Essential Medium Earles salts, L-glutami@&bco) 86,5 %

La solution d’alginate utilisée de référence ef20@e chez Sigma Aldrich a 2,2% de
concentration. La densité cellulaire nécessairele$ millions de cellules par mL d’alginate
(soit 50 millions de cellules pour 10 mL d’alginatens le cas du bioréacteur a lit fluidisé). Le
nombre de cellules adéquat est alors transféréuatisoe a centrifuge puis centrifugé a 1000
tours pendant 5 min a 4°C. Le culot cellulaire fsipendu dans 1 ml de solution de NaCl
(154 mM) et Hepes (10 mM) puis mélangé dans 9 rmalgdiate. La solution résultante est

homogénéisée délicatement en évitant la formatobulle.
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- Coulage des billes

La pompe péristaltique (ISMATEC IPC) alimente lecuit de production de billes (5,65
ml/min) placé sous la hotte a flux laminaire. Léitdéu flux d’air coaxial est contrdlé par une
mesure de pression grace a un manometre. Pour rfarmeebille de 1 mm de diametre, le
débit du flux d’air coaxial est de 3L/min. La diste de chute est de 10 cm. Le temps
d'immersion est de 15 minutes dans un bain de £d€I50 mL. Les billes sont ensuite
rincées 2 fois avec du milieu de culture compleisPelles sont placées dans le bioréacteur a
lit fluidisé a 37°C et 5% de CQvec 42 mL de milieu de culture.

- Mise en perfusion en bioréacteur a lit fluidisé

La pompe utilisée pour la perfusion est une Watstarlow réglée au débit de 10
mL/min. On amorce la pompe avec du milieu de calton place les billes préparées la veille
dans le bioréacteur a lit fluidisé puis on compktec du milieu de culture. Le volume total
de milieu de culture du circuit est de 42 mL. Omrfe le systéme et on met en route la pompe
pendant 5 min dans le but de chasser l'air quraave a I'intérieur du circuit. Au bout de
cing minutes, on arréte la fluidisation et on niatehauteur du lit une fois tassé. C’est a ce
moment que les premiers échantillons doivent étie gu niveau du flacon de milieu de
culture (volume total prélevé 1 ml) et la fluidiset est ensuite remise en route. Au bout de
24h et 48h, les hauteurs du lit fluidisé sont neté&rivi des préléevements qui sont tout de
suite analysés. Pour la flasque témoin, deux regade la flasque T75 hébergeant les
hépatocytes a confluence sont effectués avec 2@emtbilieu de culture a chaque fois et on
place 20 ml de milieu de culture. A ce moment, debantillons de la flasque témoin sont
prélevés pour marquer le temps zéro et directermealysés. Au bout de 24h et 48h, les
échantillons de la flasque témoin sont prélevésautre témoin utilisé est le milieu de culture
complet seul avec des prélevements a ces mémesshéwr niveau du bioréacteur et de la
flasque témoin, & chaque volume prélevé, le ménteme de milieu de culture neuf est
rajouté pour rester a volume constant. Les éclhamdilsont ensuite analysés pour déterminer

les concentrations d’albumine, alpha-foetoprotéghgcose, lactate, ammoniac et urée.
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Protocole de culture des C3A en minimodule a fibres creuses et mise en

circuit des minimodules (valable pour une flasque T 75)

- Dissociation des cellules

Les hépatocytes C3A, arrivés a confluence, (sairen 25 millions par boite Falcon 75
cn?), adhérent & la boite de culture. Ils sont ringgés premiére fois avec 2 ml d’une solution
de Trypsine-EDTA (50%-50%) a 37°C puis placés damsubateur a 37 °C (5% Gpavec 3
ml de cette méme solution pendant 5 a 10 min. kaodiation est suivie régulierement sous
microscope. Puis l'effet de la trypsine est inhdhv&c 7 ml de milieu de culture complet.
Enfin, les cellules sont dissociées par pipetageamfue jusqu’au stade de 3 cellules
environ. Un comptage est alors effectué a l'aidend’cellule de Malassez.

- Mise en place des cellules en minimodule
La densité cellulaire nécessaire est de 0,5 mdlide cellules C3A par minimodule.

Le nombre de cellules adéquat est alors transf#mé dn tube a centrifuge puis centrifugé a
1000 tours pendant 5 min a 4°C. Le culot cellul@st suspendu dans 1 ml de milieu de
culture puis placé dans la chambre du minimoduteva@lume total de milieu de culture de la
chambre est de 2 mL. Les cellules sont ensuitebéesia 37°C avec 5% de giendant 24h
pour les laisser sédimenter. Des boites de Péttieggalement utilisées comme contrdle avec
le méme ensemencement de cellules que les minie®dille méme volume de milieu de
culture. A chaque temps (0Oh, 24h, 48h), une baat®étri sera arrétée : le milieu de culture

sera alors recueilli et un comptage de cellules stectué.

- Mise en circuit des minimodules

A chaque expérience, 5 minimodules avec le méme tg membrane sont utilisés.
Apres 24h, les minimodules sont incorporés dansitesits avec 3 mL de milieu de culture
par circuit et placés dans l'incubateur a 37°C %t GG, : 2 pour la culture en dynamique
avec un débit de 3 ou 10 mL/min et 2 pour la celten statique avec un clamp. Aprés 24h,
48h, un bioréacteur de chaque condition est areétée milieu de culture de chaque
compartiment (chambre et circuit) est recueilli§pdndamment pour étre analysé. Les
échantillons sont ensuite analysés pour détermiggrconcentrations d’albumine, alpha-

foetoprotéine, glucose, lactate, ammoniac et urée.
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Dosages

Chaque échantillon est dosé trois fois pour obtemér moyenne plus précise.

- Urée

La concentration d’'urée est mesurée par I'autordatbiochimie KONELAB (Thermo
Electron) dont la programmation a été adaptée.tbtaate préléve 30 pL de spécimen dilué
avec 10 pL d'eau ultrapure et I'ajoute a 100 plrébectif dilué avec 30 pL. L'incubation dure
300 secondes a 37°C puis la lecture se fait a 840 n

L'urée est hydrolysée en présence d'eau et d'urgeme donner naissance a de
'ammoniac et a du dioxyde de carbone. En présdeagutamate déhydrogénase (GLDH) et
de nicotinamide adénine dinucléotide sous formeitédNADH), 'ammoniac se combine a
I a-cétoglutarateo-CG) pour former du L-glutamate.

La diminution de I'absorbance a 340 nm qui en téssluite a la conversion du NADH
en NAD, est proportionnelle a la concentration ggewdans I'échantillon.

Urée + H20— 2 NH3 + CO2 en présence d’'uréase
NH3 +a-CG + NADH — L-glutamate + NAD en présence de GLDH

- Ammoniac

La concentration d’'ammoniac est mesurée par umaaide biochimie KONELAB de
chez Thermo. L'automate préléve 20 pL de spécimkr évec 10 pL deau ultrapure et
ajoute dans 125 pL de réactif 1 dilué avec 20 pdad’ultrapure. L'incubation a 37°C dure
300 secondes. Puis I'échantillon est repris etillig¢ dans 25 pL de réactif 2 dilué avec 10
puL d’eau distillée. Cette incubation dure 300 selesnpuis la lecture se fait a 340 nm. Le
dosage doit étre pratiqué rapidement apres décatmgeélde I'échantillon sinon la glutamine
est hydrolysée et libere de 'ammoniac qui faussgolsage.

L’ammoniac se combine avecketoglutarate et NADPH en présence de glutamate
déhydrogénase (GLDH) pour former glutamate et NADRa diminution de I'absorbance a
340 nm est proportionnelle a la concentration d’amiaque dans le plasma.

o-ketoglutarate + NH3 + NADPH- glutamate + NADP en présence de GLDH
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- Albumine
1ére étape : Sensibilisation
Préparer la solution de sensibilisation :
50 ml de tampon carbonate (0,1 M, pH= 9,5) + 25plsolution mere anti IgG albumine
humaine Cappel (réf. : 55028, lot : 03284) (dilatid2000)

- Mettre 100 pL de cette solution par puits
- Recouvrir la plague de Parafilm ou d’aluminium

- Laisser la plaque incuber la nuit & 4°C dans Ipénpeare

Laver la plague avec la solution de lavage (PB&s¢€ine (0,2%) + tween 20 (0,1%)) 3 fois,

200 pL par puits

2eme étape : Passivation
Préparer une solution de passivation :
PBS + gélatine (2%) + tween 20 (0,1%)

- Mettre 200 pL de la solution de passivation patsui
- Recouvrir la plaque de Parafilm ou d’aluminium

- Laisser la plaque incuber 2 h a 37°C

Laver la plague avec la solution de lavage (PB&s¢€ine (0,2%) + tween 20 (0,1%)) 3 fois,
200 pL par puits

3eme étape : Préparation des spécimens

0 gamme étalon

Aller chercher de la glace au LTE

Prendre la solution mére d’albumine a 1 mg/ml

Préparer 40 ml de milieu de culture complet (MEMFSM%) et rajouter tween 20 (0,1%)

Préparer une solution C1, de concentration 1000@Ir(gtep 0) puis faire les dilutions

appropriées step par step comme dans le tableznsuii
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Step Concentration Volume de la Milieu de culture
(ng/ml) solution C1 complet + tween 20
(ML) (ML)
0 10000 60 5940
1 400 48 1152
2 200 24 1176
3 100 12 1188
4 50 6 1194
5 25 3 1197
6 12,5 15 1198,5
7 6,25 0,75 1199,25

o échantillons

- Décongeler les échantillons

- Faire les dilutions avec du milieu complet (MEM ¥F510%) + tween 20 (0,1%)

- Vortexer les échantillons et les placer dans lagyken attendant que tous les échantillons

soient préts

- Une fois les échantillons préts, les revortexenada les placer dans les puits

- Mettre 100 pL de spécimen par puits

- Recouvrir la plaque de Parafilm ou d’aluminium

- Laisser la plaque incuber 1 h 30 min & 37°C

Laver la plague avec la solution de lavage (PB&s¢€ine (0,2%) + tween 20 (0,1%)) 3 fois,

200 pL par puits

4eme étape : Introduction du conjugué

Préparer 16 ml de PBS + tween 20 (0,1%) + cas6i28d) + 2 puL de solution anti IgG
albumine humaine HRP Cappel (réf. : 55235, [ot80H) (dilution : 1/8000)

- Mettre 100 pL de cette solution par puits

- Recouvrir la plaque de Parafilm ou d’aluminium

- Laisser la plaque incuber 1 h a 37°C
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Laver la plague avec la solution de lavage (PB&s¢€ine (0,2%) + tween 20 (0,1%)) 3 fois,

200 pL par puits

5eme étape : Introduction du substrat
Préparer la solution du substrat :
12,5 ml tampon citrate (0,05M, pH=7,4) + 5 uk@4 30% + 1 pastille OPD (5mg)
Placer cette solution a I'obscurité dans de I'ahiom

Préparer la solution d’arrét de la réaction 2N :

10 ml acide sulfurique 98% + 80 ml d’eau milliQ

- Mettre 100 pL de la solution de substrat par puits
- Attendre jusqu’a ce que la coloration jaune dedlaige soit satisfaisante

- Mettre 100 pL de la solution d’acide sulfurique @&t puits pour arréter la réaction

Lecture a 492 nm

- Alpha-foetoprotéine

Méthode « sandwich ».

e lére incubation : une prise d'essai de l'antigda@s 10ul d’échantillon est mise en
présence d’'un anticorps monoclonal anti-AFP spgisEfimarqué a la biotine et d’'un anticorps
monoclonal anti-AFP spécifigue marqué au ruthénidhse forme un « sandwich ».

» 2éme incubation : les microparticules tapisséestbptavidine sont ajoutées dans la cuvette
réactionnelle. Le complexe immunologique est fix8laaphase solide par une liaison
streptavidine-biotine.

* Le mélange réactionnel est transféré dans lalleele mesure, les microparticules sont
maintenues au niveau de l'électrode par un aimaétimination de la fraction libre est
effectuée par le passage de ProCell. Une différelecgotentiel appliquée a I'électrode
déclenche la production de luminescence qui estir@egpar un photomultiplicateur.

* Les résultats sont obtenus a l'aide d’une coaealibration. Une courbe de référence est
mémorisée dans le code-barres du réactif et egtstéa, pour I'analyseur utilisé, par une

calibration en deux points.
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- Lactate

Test colorimétrique.

Le L-lactate est oxydé par I'oxydase lactique (LOBhzyme spécifique, pour former du
pyruvate. La peroxydase (POD) est utilisée pouréggmun colorant avec I'eau oxygénee
résultant de la premiére réaction.

L-lactate + Q — pyruvate + HO»

2H,0, + donneur H + amino-4 phénazonechromogéne + 24D

L’intensité de la coloration formée est directemgrtportionnelle au taux de L-lactate. Elle

est déterminée en mesurant 'augmentation de lrhlasce.

- Glucose

Cette méthode utilise la glucose oxydase (GOD)etngaction colorée de Trinder modifiée
catalysée par la péroxydase (POD). Le glucose xagtéoen D-gluconate par la glucose-
oxydase avec formation d’'une quantité équimolagr@éroxyde d’hydrogene. En présence de
péroxydase, la 4-aminoantipyrine et le phénol sdnt une réaction d’oxydation par le
péroxyde d’hydrogene pour donner naissance a wrastl quinoné-imine de couleur rouge.
L'intensité de la coloration engendrée par cettactién est mesurée a 510 nm et est
proportionnelle a la concentration en glucose diéakantillon.

Glucose + @— Acide gluconique + bD,

2H,0, + 4-aminoantipyrine + phéneb quinoné-imine + 4D
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Evaluation de la viabilité cellulaire

Pour évaluer la viabilité cellulaire, la solutiotDdange Acridine est utilisée. La solution de
stockage est a préparer en reconstituant 15 mettke moudre avec de I'éthanol a 95% et y
ajouter 49 ml d’eau distillée. Aliquoter la soluti@n échantillons de 1 mL et les placer au
congélateur. Pour utiliser cette solution directetndécongeler un échantillon de 1 mL et le
diluer au 1/100 avec du PBS et mélanger. Pour coaiseette solution pendant 1 mois, placer
la dans I'obscurité dans une feuille d’aluminiud°&.

Pour évaluer I'apoptose des cellules, la solutiGoddre de propidium est utilisée. La
solution de stockage est a préparer a une contentde 1mg/mL dans de I'eau distillée.
Aliquoter la solution en échantillons de 1 mL et fdacer au congélateur. Pour utiliser cette
solution directement, décongeler un échantillori aieL, prélever un volume de 500 uL et le
diluer avec 9,5 mL de PBS puis mélanger. Pour auesecette solution pendant 1 mois,
placer la a 4°C.

L’'analyse de la viabilité cellulaire s’effectue ejoutant chacune de ces deux solutions a
méme volume que la suspension cellulaire. Mélamgdicatement. Attendre 5 minutes et

observer au microscope a fluorescence.
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Three-dimensional growth of human hepatoma C3A
cells within alginate beads for fluidized bioartificial
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ABSTRACT: Objectives: Alginate beads allow cultivation of cells in a J-dimeansicnal envircnment. The
aim of our study was to assess the influence of a J-dimensional culture in alginate microbeadk, on
hapatic cell metabolism,

Methods: We used 2 types of aginate: low wiscosity (LW and medium wscosity (M) The hepatic ceill
lime C34 was encgpsulated i alginate beadk, Calls were cultured for 2 weeks, Using scanming elac-
tron microscopy, the morphology of 3D structuras and the surfaces of calls ware analyzed. Fluidized
bed bivartificial fver expenments were parformed 24 howrs, 7, and 14 days after bead formation.
Results: Two differant cell growth types in alginate beadks were obsanved: chanmel-ike structures and
spherical aggregates charactenstic of LV and MV alginate, respectively. A sigmificant increase in al-
bumin synthesis was obsarved in long-term culture, Formation of charactenstic hepatic cell microwili
on cell surfaces was obsenved under scanming electron microscopy for both types of alginate. FPro-
longed static cultivation of C34 cells within the alginate beads in both types of alginates caused sig-
nificant increases in albumin production i the fuidized bioreactor.

Conclusions: Cultivation of the hepatic C3A cells within the alginate microbsads sigmificantly im-
proved bioreactor effectivenass in albumin production. The presence of extensions of call mem-
bramas on the surface of hepatoma cells in J-cfmensional culture within the alginate beads indicated
formation of microwlli-like structures charactenstic of normal hepatocytes. (Int J Artif Organs 2008
31: 340-7)

KEY WORDS: Albumin, Bicartiicial liver, Bioreactor Hepatic cell Three-dimensional culture

INTRODUCTION

The metabolism of isolated hepatic cells is crucial for
the efficiency of extracorporeal liver devices for liver sup-
port. Bioartificial liver devices [BALs) are being developed
for patients suffering from acuts or acute on chronic lver
failure. Thers are different approaches with these devices
regarding use of 3-dimensional hepatic cell cultures (1, Z).
Oine of them is the BAL with hepatic cells encapsulated in
alginate microbeads (3, 4). Three-dimensional erviron-
ments are closaly related to the intact liver, where hapatic
calls are packed in high density. The alginate beads allow
cultivation of cells in a 3-dimensional emvironment (5). In
our previous work, static cultivation of human hepatoma

C3A cells facilitated restoration of hepatic cell function
and increased albumin production in fluidized bioreactors
when comparsd with static incubation (8. The fluidized
bioreactor with alginate beads was shown to be easy to
handle and to scale up, and mass transfers betwesn the
perfusion fluid and the alginate beads were enhanced in
the fluidized bed configuration (7).

An open question concerning the BAL is the calls
source for the cellular component of the device. The
quantity of hepatic cells from human livers for bioreactor
i limited because of the shorage of donors; thersfors,
improvemant of call metabolism in BALs is essantial for
success in clinical liver support, Alermative cell sources
for BALs are cell lines derived from human hepatoma,
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which have besn already used in clinically tested BALs (8,
8). The C3A cell line can be grown in witro, stored, and
shipped worldwide. Even though C3A cells reveal low
detoxification activity, the high proliferation rate of C3A
cells makes them very interesting as a cellular compo-
rent of the BAL. In the clinically tested, extracorporeal
liver assist device (ELAD; Hepatix Inc.) developed by
Sussmann et al, CIA cells were grown in the extracapil-
lary space of a dialysis cartridge. The cutoff of the dialy-
sis membranes used in the BAL significantly limited
transport of proteins across the membranse. If the flux of
albumin from the patient’s blood to the extracapillary cell
compartment is limited to about 5% of the plasma con-
cantration, it will impair the detoxification capacity of the
device for protein-bound substances (10), The transfer
problem of large proteins between cellular and
plasmaiblood compartments can be avoided in Auidized
bioreactors with alginate beads hosting hepatic cells,

The aim of our study was to assess the influence of a
3-dimensional culturs in the alginate microbeads, on he-
patic cell metabolism. In owr study, human hepatic cells
C3A were encapsulated in the alginate microbeads to
promote cell proliferation and optimize the call environ-
ment in the beads for a fluidized bed bioartificial liver,

MATERIALS AND METHODS
Cel culture

The C3A cells (ATCC, LGC Promochem, Lomianki,
Paoland) were cultured in 75-cm® polystyrene flasks (Corn-
ing, USA) in standard cubure conditions (atmosphers of
5% COy at 37°C and humidified) in culture medium con-
sisting of minimal essantial medium [MEM) supplementsd
with 10% fetal calf serum, nonessential amino acids,
penicillinfampicillin, glutamine, and pyruvats and buffersd
with HEPES fall from Gibco). The medium was changed 3
times per week, The calls were cultured to over B0% con-
flusnce before bead formation.

Alginate bead formation

Alginate beads were formed using 2 types of alginates
(both from Sigma, USA): low viscosity (LW 296 solution in
water, at 25°C has viscosity of 250 mPa-s) and medium
viscosity (M, 2% solution in water, at 25°C has viscosity
of 3,600 mPa-s) alginate sodium salt. Al chemicals used

were of analytical grade, Before the alginate bead forma-
tion, CIA cells were frypsinized with 3 mL rypsin/EDTA
solution, washed with the culture medium, counted wusing
a hemacytorneter, and then suspended in alginate solu-
tion. Cell concentrations in the experiments performed
were 1107 cells/mL of alginate and 5x<10° cells/mL of al-
ginate. Alginate droplets were formed using 2 methods:
an electrostatic droplets generator designed in the Insti-
tute of Biocybernetics and Biomedical Enginesring PAS
in Warsaw, Poland (11) and the ar-extrusion method (12).
Paramatars of the process including electrical fisld, air
and alginate flow to obtain the beads of expected diame-
ter wers experimentally chossn after trials without cells,
Calcium chloride (118 mM in 0.9 MaCl) buffered with
HEPES (10 mM) was used as a gellification bath. After 15
minutes of gellification, the beads were washed with the
culture medium and divided into the wells of the culture
plate (Corning, USA). The beads hosting hepatic cells
were cultured for over 2 weeks in sterile conditions. The
culture medium was changed 3 times per weak, and pic-
tures of the beads were taken at the same time. Samplas
of the medium wers taken and frozen for subsequent
analysis of albumin concentration. The diameter of the al-
ginate beads was measured on pictures taken under an
irverted microscope using CellP software [(Olympus,
Japan).

To assess the influence of encapsulated particlke size
on the formation of channels within the beads and typs of
the alginate, beads with glass particles wers prepared.
Glass b=ads with a diameter ranging from 10 to 50 pm
were suspended in 2 types of alginate [V and MV) solu-
tion, and subsequeantly droppsd into the gellification bath,
as described abowve. After gellification, the beads wers
observed under an irvertsd microscops,

Microscopic analys is

For fluorescence microscopy, the beads were dis-
solved in citrate, and the cells were fixed and stained
with 4°,6-diamidino-2-phenylindole dihydrochloride
(DAPI) to visualize the call nuclsi.

Assessment of cell viability

Hepatic C3A cell viability was assessed using fluores-
cance staining with propidium iodide (which stairs dead
cells red) and with acridine arange (stains live cells gresn)
as previously describsd (8).
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Culture of hepatic cells in alginate beads

iR
L‘\. Q/} B

Abumin producton oy hepalic G34 teils In dgnaie
mit:rebesads 0 sla Gulln

00 ¢
230001
W |

O

non |

akumis stz [rg HEHA  caln]
u
=

Fig. 1 - Selup or Me Mt Bed Dioatiicer iver A} Fded Ho-
reacior B persIalic pump: Cf medum resarvol: O siginale besds
WIth hepatons C3A cals £} culrs medium Sow: F} signels beads
In Mcaed phase.

Scanning sleciron microscogy

The cultwred cells were fined in glutarsldehyde, dehy-
drated in ethanol, dred in &8 critical-point dryer, and coat-
ed with a gold layer befors scanning electron microscopy
[SEM) examination (XL30; Philips, Suresnas, Franca).

Assessment of lbumin production

Albumin concentration was determined by a sandwich
emzyma-finked immunosorbent assay ([ELISA). Brisfly 96-
well plates (Nunc, USA) were costed with goat antibody
against human albumin (Bethyl, USA) overnight at 4°C.
Tha plates were washed, end nonspecific interactions
were subsequently bloched., After washing, samples and
standards of human albumin (in duplicate) were placed in
wells and incubated. The wells were then washed and in-
cubstad with an antibody against human afbumin pro-
duced in gost and horseradish perodidase (HRPjconju-
pated (Bethyl, USA). The wells ware incubated after
washing, adding H;0; and substrate tetramethylbenzi-
dina (TME] for the HRP. The reaction was stopped by ad-
dition of 2 N sulfuric acid H,50,. The absorbance of the

Fig. 2 - Production of sltumh by hepati C3A cells encapsidated n
aiginate basds CoMpased o 2 types of Biginate {1\ fow VSCosiy Al
ghnate. [-8, and MV: medum vECosy aignels,
Cukire for? wesks

walls wes messured at 460 nm wsing an ELISA mi-

croplate reader (BIOTEK).
Fluidized bioresctor axperiments

Biorsactor experiments lasting for 24 hours were car-
ried out 24 hours, 7, and 14 days after the bead forma-
tion and static culture. The bioreactor setup comsisted of
tha bioreactor, prepared from sutoclevable polycarbonate
(8.6 mm internal diametar and 50 mm length), medium
resarvoir, and perstaltic pump (lsmatec), as shown in the
Figure 1 (7). The wolume of alginate beads within the
bioreactor was 1 mL, and the total volume of the circuit
was 16 mL. Al wbing made of silicons was sutoclavabils.
The bioreactor was perfused with MEM culture medium
at a flow rata of 3 mlfmin.

Statistical analysis

Results were expressed Bs mean + standard deviation,
Statistical comparisons were made with the Student’s
tent. P «0.06 was considered statistically significant.

RESULTS

The alginate beads wera formed using 2 methods:
alectrostatic and extrusion. The electrostatic method,

342

198



Kinasiewicz et af

B, £ anar ;rmpufsmmm G 7 after 14 days of statk: cultuge.
{Lght microsoopy. Otfecive magniicatin: k.

which gives more a homogenous fraction of the beads,
was applied for long-term culture of hapatic cells within
alginate beads. The type of alginate used in the sxper
mants performed did not influence the cell viability, Tha
mean hapatic cedl viability messured using fuorescence
staining did not differ between alginates and produce
80.1% + 4.19% viable cells after the encapsulation
process for LY alginate, wersus 93.1% + 089 for MY
alginate,

The slginste beads hosting CIA hepatic cells wers cul-
turad im MEM for the subseguent 2 weeks, During the
culture the bead dismeter did not change significantly, in-
dicating the stability of beads composed of either LY or
MV algimate for 2-weak culture. Albumin concentration in
the medium was measured in the samples of culture. A
significant increase in albumin synthesis was obsarved in
long-tarm culture, The velues of albumin concentration
measured in the medium are summarized in Figure 2,

The formation of 2 types of multicellular structures was
obsarved in long-term culture, The first wes cheracterzed

Fig. 4 - Fluorescence Miorascapy pleiues of DAPY. Satmed call mi-
ol In J-dimensional cufture o hepstc: C34 oalls WEthin Me sigineis
beadk, and schemelic drawings of calf nicldl. A Chemal-ke
stuchvwes fumed n medium vEoosly siginete: ©, 0} sahartal a5
eEgates formed I low Wscosly aiimate.

es regular spherical aggregatas (Fig. 3B, C}, whareas the
other had & channal-like structure (Fig. 3E. F). Two distin-
puisheble cell growth types were observed in the follow-
ing days after bead formation. The channel-like structures
were observed much more fraquently in the alginats
beads formed using MY alginate, whereas they were al-
most sbeent in beads formed wsing LY alginats (Fig. 38,
F). The relative frequency of channel-like structures in LY
slginats was 4.48% + 9.16% of the frequency of chanmel-
like structures in the MV alginats (p<0.01; n=20).

The cell proliferation process within the alginats beads
composed of 2 types of alginate (L¥ and MV) iz summa-
rized in Figure 4. The initial cell distribution within the al-
ginate beads produced from both types of alginets was
similar (Fig. 24, D; LV and MV alginats, respectively]. The
hapatic C3A cells proliferating in the MY alginate formed
muiticeliular chennal-like structures, Picturas of the prolif-
amting cell nuclei stained with DAP and comesponding
schematic drawings of the cells in the aggregates are
preaentad in Figura 4. In the channel-like structures the
calls began to proliferata first in the empty space of the
alginate bead and subsequently divided in the filled chan-
nal, whereas aggreqgats sphercids wers formed with Fnmit-
ed free volume (Fig. 4).

Experimeants with the beads formed with glass beads
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o C3A Clls grown In the chanmel, (Light
gniticaton 4.

ware parformed to observe whether formation of the
channels in the alginete beads is related to lving particles
amd if the particles’ size influences formation of the chan-
nels, The glass beads with a diameter ranged from 10 to
G0 {m wene encapsulated in the alginate beads preparad
from LW and MV alginats, The formation of visible chan-
nels in the aiginate beads was obsarved mainky in MV al-
ginats and wes characteristic of the small [10-Jm) glass
beads (Fig. 6B).

The multiceliular aggregates formed by the growing he-
patic C3A cells were fived after cultivation and released
from the beads to observe their structures under SEM.
The multicelfiular structuras were oheerved, and detailed
cell surfaces were visible. The SEM pictures indicated
that human C3A hepatoma cells cultured in the slginate
beads form surface modifications which function as mi-
crowilli in normal hepatocytes (Fig. 6C). The presence of
the cell surface extensions was found on the spherical
and channel-like structures (Fig. 6C, D).

After static cultivation for 24 hours, 7, and 14 days, the
fluidized bioreactor experiments were performed. Albu-
min production was assessed, As shown in Figure 7, pro-
longed cultivation of CIA cells within the alginate beads
in both types of alginates caused significant increases in
albumin production. Seven days after encapsulation, al-
bumin production rose to the level of 761 + 102 ng'h per
10F calls for LY alginate, whereas after 14 days of cultiva-
tion, production of albumin by C3A cells in the fluidized
bioreactor reached the valus of 2,060 + BBE ng/24 howrs
per 10F calls, We did not observe any differences in albu-
min production by C3A cells encapsulatad within the algi-
nate beads in the fluidized biomactor, betwean the 2
types of alginatas (LY and MV) used.

DISCUSSION

Thers are many typas of 3-dimemsicnal cultures of cells
{13). One of the approaches to these types of culture is
encapsulation of cells within alginats hydrogel {12). Using
the droplst generation method, microbeads of slginate
may be gellad in a bath of calcium chioride (or other diva-
lent caticns) forming 3-dimensional hydrogel structures
for the cells. The advantage of such a8 culture system is
that mass trensfer between the medium and the cells
within the microbeads is faciliteted, and the mutrition of
tha cells is enhanced (14).

As previously described, hepstic cells cultured and
growen in alginats 30 conditions may be used &8 a cal-
lular compenent of a bicartificial liver device for pa-
tients suffering from lver failure. The calls in the biore-
Bctor are expectad to perform liver-specific functions
{especially synthetic) with high efficiency. Improvemeant
of tha functioning of human hapatoma C3A cells may
be camied out in 3D culture in alginete microbeads be-
fore bioartificial liver perfusion (4). In the clinical appli-
cation of hepatoma cells, leakage of these tumor cells
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Aburmin production by hepatic C3Acells in
fluidized bioreactor

albumin producticn (ngriial 10" cois)
8. g B

!

ELL il T

Fig. T - Comparson of albumin groduction by fepelic
e Muidlzed Dioreacior canied oot [asing for 24 hous,
after 1, 7. and 74 days of stalic colture V- low viscosty siginats,
=3 MV:- medium Wiscosty siginats, n-3}.

into the patient’s blood remains a8 major concam (16).

QOur sxpariments were performad with human he-
patoma CIA cells which were encapsulated in the mi-
crobeads produced from 2 types of sodium algimata: ow
and medium viscosity. The experiments proved that the
process and compaosition of the alginates microbeads that
were formed influenced the type of growth of hepatic
calls within the beads. Channel-like structures were char-
actaristic for MV alginate (Fig. 30, E, F), whersas regular
spherical aggregetes dominated in the LV elginats (Fig.
3A, B, C). The process of empty channel formation is
caused presumably by movemant of the particles (cells)
during bead formation in the gellification bath (Fig. BA). To
assess the cell growth process, the cell nuclei were
stained during the cultura, The formation of channel-like
structures was forced by the chanmels onginated from a
singla particle (cell movemant (16). The empty channel
facilitatad multiplication of cells and formation of the
elomgated structure, whersas the sphercal structuras
were formed by cells dividing in the same place with lim-
ited space for 30 structure developmeant. The phenoms-
non of channel formation depends on the mannuronic to
guiuronic ratio and the molecular weight of the slginate
{17). In our experimants with gless beads with a diamster
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of 10 to 50 pm, the channels wers formed only with the
small diameter beads (10 pm), indicating the influsnce of
particle size on the ability of the channel formation,

The SEM pictures taken after bead degellification indicat-
ed that the human C3A hepatic cell surfaces wene undulat-
ing, and the structures formed were functioning as exten-
sions of the surface area charactenistic for differantiated ep-
ithelial cels (18). The shape of the call surface may bs influ-
enced by the presence of the hydrogel that hampers the
free movement and formation of normal microvilli. We did
ot observe significant difersnces in the cell surfaces of the
aggregates in the form of spheres or the channel-like struc-
tres, The presence of suface extensions similar to mi-
crovilli, which is characteristic for differentiated cells, did
rot differ betwesan the 2 types of human hepatic C3A cell
aggregates, indicating that alginate typs does not influence
hepatic cell surface morphology.

Alburmnin production significantly increassd over tims in
long-term static culture in both typss of beads: those
composed of W or MV alginates. Using Student’s t-test,
o significant differsnces in albumin production were ob-
sarved bstwean LV and MV alginates, although a tandan-
cy to higher albumin production was observed for cells
encapsulated in LV algimate. That might be caused by the
malecular mass of alginats as a result of shorter polysac-
charide chains.

CONCLUSIONS

Cultivation of hepatic C3A cells within alginate mi-
crobeads significantly improved bioreactor effectiveness
in albumin production. Formation of 2 types of 3-dimen-
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