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Sommario

I notevoli progressi nel campo dei biomateriali hanno reso possibile I’'impiego di
polimeri sintetici e naturali in svariate applicazioni dell’ingegneria tissutale e della
medicina rigenerativa.

Il microambiente tridimensionale che circonda le cellule in vivo esercita un ruolo
fondamentale nei processi di rigenerazione, mantenimento e riparazione tissutale,
pertanto una dettagliata conoscenza a livello strutturale e funzionale del tessuto di
interesse € fondamentale per un efficente contributo dell’ingegneria tissutale.

Un approccio interessante nell’ambito della medicina rigenerativa € rappresentato
dall’uso di diversi biomateriali, costituiti da componenti biologiche, sintetiche, o da
entrambre, capaci di agire come “materiali instruttivi” simulando e ricreando il naturale
microambiente cellulare.  L’impiego delle membrane polimeriche nell’ambito
dell’ingegneria tissutale, grazie alle loro caratteristiche di stabilita, biocompatibilita
nonché di permeabilita selettiva, suscita notevole interesse e si rivela particolarmente
promettente.

Il vantaggio fornito dalle membrane polimeriche consiste infatti, nella capacita di
simulare la matrice extracellulare, consentendo e promuovendo il ripristino di una
citoarchitettura tridimensionale ed il trasporto selettivo di metaboliti e nutrienti verso il
compartimento cellulare e I’allontanamento dei cataboliti dallo stesso.

E importante sottolineare come, nell’ambito delle applicazioni dell’ingegneria tissutale,
il tipo di membrana polimerica da adoperare dipende strettamente dalle proprieta e
caratteristiche istologiche, fisiologiche e biomeccaniche possedute dal tessuto da
ingegnerizzare. Le membrane polimeriche semipermeabili forniscono un adeguato
supporto meccanico e chimico, capace di modulare i processi fondamentali alla base
della rigenerazione tissutale quali I’adesione, la proliferazione e la differenziazione
cellulare; esse infatti, agendo come barriere selettive, garantiscono un trasferimento
altamente controllato di materia, da e verso il compartimento cellulare, ricreando un
microambiente in vitro le cui caratteristiche riproducono la peculiarita del
microambiente presente in vivo.

All’interno del nostro corpo le cellule sono naturalmente circondate dalla matrice

extracellulare, la quale fornisce al tessuto, mediante segnali chimici e topografici,
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I’idoneo supporto fisico e meccanico per il mantenimento di un’architettura
tridimensionale; pertanto, riproducendo il ruolo svolto dalla matrice extracellulare, le
membrane polimeriche possono fornire alle cellule gli stessi segnali chimici, fisici e
topografici forniti in vivo dalla complessa matrice extracellulare. Cio che rende ancora
piu vantaggioso I’impiego delle membrane polimeriche é la possibilita di modificare ed
ingegnerizzare le loro superfici mediante legame di sequenze peptidiche, proteine e
specifici fattori di riconoscimento, al fine di migliorare I’interazione cellula-substrato,
elicitando cosi le specifiche risposte cellulari, con conseguente mantenimento delle
integre funzionalita del distretto tissutale. Il punto focale delle applicazioni a lungo
termine di ingegneria tissutale e medicina rigenerativa &, quindi, lo sviluppo di nuovi
biomateriali capaci di consentire il differenziamento cellulare cosi come di evocare
specifiche risposte cellulari.

Le acquisite e sempre crescenti conoscenze nell’ambito delle tecniche di preparazione
delle membrane polimeriche e la capacita di monitorare e variare le loro caratteristiche
in funzione del tipo di applicazione hanno reso possibile la realizzazione di nuove
membrane da impiegare per I’allestimento di colture cellulari in sistemi bioibridi a
membrana; tali dispositivi, definiti biobridi perché costituiti da una componente
biologica quali le cellule, ed una sintetica, cioé la membrana, possono essere utilizzati
per fini terapeutici, 0 come ottime piattaforme in vitro per studiare I’effetto di diversi
farmaci e sostanze xenobiotiche sul metabolismo cellulare.

Sulla base delle precedenti considerazioni il principale obiettivo di questa tesi € stato lo
sviluppo di diversi sistemi bioibridi a membrana per applicazioni nel campo
dell’ingegneria tissutale epatica e nel campo delle neurobiotecnologie. Come
componente cellulare sono stati usati rispettivamente progenitori epatici e cellule
neuronali, allo scopo di sottolineare I’ampio spettro di applicazione e il grande
contributo dato dai sistemi a membrana nel campo della medicina rigenerativa.

Nella prima parte del lavoro sperimentale (capitoli 4 e 5), sono stati impiegati diversi
tipi di membrane per I’espansione e la differenziazione di progenitori epatici, mentre
nella seconda parte (capitolo 6) é stato realizzato un sistema bioibrido a membrana, in
due diverse configurazioni, per la crescita ed il mantenimento in coltura di neuroni
piramidali isolati dall’ippocampo. Per la realizzazione del sistema bioibrido riguardante

I’impiego di progenitori epatici, sono state utilizzate cellule embrionali di ratto (RLC-
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18) come modello di studio alternativo all’impiego di cellule progenitrici umane il cui
utilizzo avrebbe sollevato problematiche dal punto di vista etico. Il primo stadio della
strategia sperimentale e stato focalizzato all’espansione e differenziazione di cellule
epatiche embrionali di ratto su membrane polimeriche di nuova sintesi. In particolare, €
stata adoperata una membrana bioattiva sviluppata a partire da un blend di soluzione
polimerica costituita dal polietereterchetone modificato (PEEK-WC) e Poliuretano
(PU). L’impiego di questa membrana & doppiamente vantaggioso grazie alla
combinazione delle ottime proprieta dei polimeri utilizzati (biocompatibilita, resistenza
termica e meccanica, elasticita) con quelle intrinseche delle stesse membrane
(permeabilita, selettivita e geometria ben definita).

Poiché i progenitori epatici sono cellule ancoraggio-dipendenti e, pertanto, altamente
sensibili al milieu fornito dalla matrice extracellulare, & stata messa a punto una
modifica della superficie della suddetta membrana al fine di migliorare I’adesione
cellulare e, conseguentemente la vitalita. In letteratura sono riportate diverse tecniche
per la modifica delle superfici delle membrane; esse spaziano dal semplice coating con
proteine della matrice extracellulare, alla coniugazione di molecole peptidiche o
galattosio, fino al grafting superficiale con specifici gruppi funzionali.

In questo studio, la superfice della membrana di PEEK-WC-PU e stata funzionalizzata
con un coating stabile di gruppi NH3; mediante tecnica di deposizione al plasma, al fine
di investigare se la biofunzionalizzazione della mebrana potesse elicitare I’espansione, il
differenziamento e, pertanto I’acquisizione delle funzionalita specifiche tipiche delle
cellule epatiche adulte. Tra le varie modifiche di membrana la funzionalizzazione
mediante gruppi NHj3, consente di aumentare la polarita della superfice e di avere su di
essa e quindi a diretto contatto con le cellule in coltura, gruppi chimici, tipici delle
proteine, capaci di favorire I’adesione e le funzioni cellulari. La membrana di PEEK-
WC-PU modificata e non modicata, & stata utilizzata su scala di laboratorio in un
bioreattore piano permeabile all’ossigeno al fine di valutare la morfologia e le
specifiche attivita funzionali delle cellule epatiche una volta a contatto con le diverse
membrane. Per testare la validita delle due membrane nel mantenere cellule adese e
vitali.sono stati effettuati la quantizzazione della lattato deidrogenasi (LDH), e I’analisi

al microscopio a scansione elettronica (SEM).
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L acquisita capacita delle cellule progenitrici di svolgere specifiche funzioni tipiche del
tessuto epatico € stata investigata in termini di produzione di aloumina e sintesi di urea.
Al fine di valutare se i progenitori epatici abbiano effettivamente raggiunto un fenotipo
prossimo a quello delle cellule epatiche mature é stata investigata I’espressione genica
dell’alfafetoproteina (AFP) e dell’albumina. L’effetto del nuovo microambiente,
rappresentato dalla membrana, & stato ulteriormente approfondito mediante la
valutazione della senescenza e dell” invecchiamento cellulare attraverso monitoraggio
dell’attivita telomerasica, mentre I’influenza esercitata sulla proliferazione e stata
valutata mediante analisi del ciclo cellulare (FACS). Tutte le operazioni sperimentali
sono state parallelamente condotte su substrati di riferimento, quali il collagene e le
tradizionali piastre di polistirene. | dati ottenuti in questa prima parte, hanno evidenziato
che i bioreattori adoperanti sia la membrana nativa che quella funzionalizzata sono
capaci di supportare I’espansione dei progenitori epatici e soprattutto di indurre e
sostenere la loro integrita funzionale. Le cellule hanno mostrato un incremento
dell’attivita telomerasica su entrambe le membrane, acquisendo peculiari caratteristiche
delle cellule epatiche come evidenziato dai livelli di produzione di albumina e sintesi di
urea. Inoltre, [I’analisi dell’espressione genica ha evidenziato un incremento
dell’espressione del gene dell’albumina parallelamente ad un decremento osservato per
I’AFP, indicando chiaramente I’acquisizione di un fenotipo diffrenziato durante il
periodo di coltura.

Nelle moderne applicazioni dell’ingegneria tissutale, i polimeri biocompatibili e,
soprattutto, biodegradabili sono stati proposti come materiali innovativi capaci di
promuovere e supportare la crescita e la differenziazione cellulare, contribuendo,
auspicabilmente, alla realizzazione di un costrutto epatico ingegnerizzato da impiegare
in applicazioni cliniche e farmaceutiche. A tale scopo durante questo lavoro di tesi, e
stata realizzata una membrana biodegradabile di chitosano. In particolare & stata
investigata e messa a confronto la capacita delle membrane di chitosano e PEEK-WC di
agire come materiale “instruttivo”, che fornendo alle cellulle embrionali di ratto gli
idonei stimoli chimici e fisici, ne sostiene I’espansione e ne guida la diffrenziazione
funzionale. Il collagene e le tradizionali piastre di polistirene sono stati utilizzati come
substrati di riferimento. Il chitosano & composto da residui di N-acetilglucosammina

uniti tra di loro da legami B-1,4; si tratta di un polisaccaride naturale sintetizzato da
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diversi organismi viventi (lo si ritrova per esempio nell” esoscheletro dei crostacei) ed e
naturalmente degradato dagli enzimi del nostro corpo. Questo biopolimero € stato
ampiamente utilizzato nel campo delle applicazioni biomedicali per le sue
caratteristiche di biocompatibilita, rivelandosi particolarmente vantaggioso per la
coltura di cellule epatiche grazie alla sua similarita strutturale con i
glicosamminoglicani, componenti fondamentali della matrice extracellulare epatica. Le
membrane di chitosano e di PEEK-WC hanno subito una caratterizzazione chimico
fisica; lo swelling e il grado di dissoluzione sono state parallelamente analizzati poiche
queste due proprieta sono di fondamentale importanza per una buona performance a
lungo termine di un costrutto ingegnerizzato.

Per il mantenimento di cellule in coltura vitali e funzionalmente attive & necessario che
esse mantengano una morfologia simile a quella posseduta in vivo ed, a tal fine, i
cambiamenti morfologici delle cellule in coltura sono stati monitorati mediante
microscopia a scansione elettronica (SEM) e, piu approfonditamente mediante
microscopia confocale (LCSM) in seguito ad immunofissazione di proteine del
citoscheletro e della matrice extracellulare (ECM). Gli effetti dei diversi substrati sono
stati anche analizzati in termini di incidenza sulla proliferazione cellulare, tramite
analisi quantitativa della stessa. Attraverso la determinazione della produzione di
albumina e sintesi di urea é stata valuata I’acquisizione della differenziazione funzionale
da parte delle cellule progenitrici epatiche. Poiche il fegato él’organo deputato alla
detosifficazione delle sostanze xenobiotiche, come ulteriore funzione specializzata e
stata indagata la capacita delle cellule di metabolizzare il Diazepam; a tal fine le cellule
sono state incubate con Diazepam (10 ug/ml) in diverse fasi della coltura, e
successivamente ne é stata valutata I’eliminzione e la formazione dei suoi metaboliti.
La differenziazione funzionale € stata ulteriormente investigata attraverso tecnica di
Western Blot che ha consentito di identificare il profilo di espressione proteico di alcuni
markers epatici, come I’albumina, espressa dagli epatociti maturi, I’alfafetoproteina
(AFP) che e tipicamente espressa dagli epatoblasti, ed infine la citocheratina 18 (CK18)
una proteina espressa in diverse cellule del tessuto epatico. Dalla conduzione di questi
esperimenti sono stati ottenuti risultati promettenti come si evince dall’osservazione
della ricreazione di una citoarchitettura ben organizzata e dal mantenimento di una

morfologia cellulare simile a quella del parenchima epatico; le cellule hanno esibito
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infatti, una morfologia poligonale tipicamente posseduta dagli epatoci in vivo. Tali
evidenze sottolineano che le membrane impiegate hanno fornito ai progenitori un ottimo
microambiente nel quale riorganizzarsi secondo una morfologia consona al
mantenimento della funzionalita cellulare. L’elevata attivita metabolica in termini di
produzione di albumina e sintesi di urea, osservabile specialmente sulla membrana di
chitosano, ha indicato inoltre come questa membrana abbia effettivamente indirizzato le
cellule verso la differenziazione. Tale evidenza e stata avvalorata dall’abilita delle
cellule di metabolizzare il diazepam; € bene evidenziare come solo le cellule piastrate su
chitosano e su collagene, il substrato naturale delle cellule epatiche, siano state capaci di
formare I’intero pool di metaboliti del diazepam sin dalla prima somministrazione.
L’ulteriore conferma dell’acquisite funzionalita specifiche del tessuto epatico, € stata
dimostrat dalla forte espressione, evidenziata mediante western blot, della proteina
albumina. Negli ultimi anni la ricerca nel campo della bio-ingegneria si e concentrata
sulla realizzazione di sistemi artificiali costituiti da scaffold e cellule, da impiegare in
fenomeni altamenti complessi come la riparazione e rigenerazione neuronale.

L’ultima fase del lavoro sperimentale e consistito nella realizzazione di un sistema
bioibrido a membrana per applicazioni nel campo delle neurobiotecnologie. Le
membrane polimeriche semipermeabili giocano un ruolo fondamentale in questo settore
poiché che costituiscono un valido supporto per le cellule all’interno del sistema
bioibrido. Esse contribuiscono, quindi, in maniera sostanziale alla realizzazione di
dispositivi per la ricostruzione in vitro di un network neuronale che esibira le tipiche
caratteristiche morfologiche e funzionali delle cellule neuronali e potra essere utilizzato
come modello per lo studio della fisiologia neuronale. E in questo contesto che si
inserisce la fase finale del lavoro sperimentale, che mira, pertanto, alla realizzazione di
un sistema bioibrido a membrana per la coltura di neuroni piramidali isolati
dall’ippocampo, regione cerebrale coinvolta in importanti funzioni neurofisiologiche,
quali I’apprendimento e la memoria. L’utilizzo di membrane in configuarazione
differente ha permesso di confrontare in vitro la crescita assonale e la ricostruzione di
un network neuronale in sistemi bidimensionali (membrane piane) e tridimensionali
(membrane in configurazione a fibra cava, HF ) e di confrontare lo sviluppo e la
direzionalita dei processi neuritici nei due sistemi. Le membrane sia in configurazione

piana che a fibra cava sono state realizzate attraverso la tecnica dell’inversione di fase a
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partire da due differenti polimeri: il poliacrilonitrile (PAN) e il polietereterchetone
modificato (PEEK-WC). Le membrane cosi realizzate sono state caratterizzate allo
scopo di valutare le loro proprieta morfologiche, chimico-fisiche e di trasporto, e previo
piastramento cellulare, sono state modificate con un coating di poli-L-lisina (PLL) allo
scopo di favorire I’adesione cellulare e ricreare superfici aventi gli stessi gruppi
funzionali a contatto con le cellule. Per valutare la validita del sistema bioibrido a
membrana e paragonare gli effetti del sistema bidimensionale e tridimensionale, sono
stati investigati lo sviluppo, il differenziamento e I’attivita metabolica dei neuroni
ippocampali isolati. Lo sviluppo ed il differenziamento delle cellule in coltura sono stati
valutati attraverso I’osservazione dei possibili cambiamenti morfologici. L’analisi al
microscopio a scansione elettronica ed al microscopio confocale all’ottavo e dodicesimo
giorno di coltura, ha fornito importanti informazioni sui meccanismi di adesione al
substrato, cosi come sull’organizzazione spaziale delle cellule in coltura. L’adeguato
sviluppo del network neuronale € stato monitorato mediante localizzazione,
distribuzione e quantizzazione di marcatori strutturali come la B-tubulina IlI, una
proteina associata al citoscheletro e presente nel soma e in tutti i peolungamenti
neuronali, e la GAP43, una proteina specifica dei prolungamenti assonali. La
valutazione della morfologia & stata completata mediante analisi morfometrica per
quantizzare la lunghezza assonale e dendritica e valutare la I’area della membrana
ricoperta dalle cellule. La vitalia ed il metabolismo cellulare é stato indagato in termini
di consumo di glucosio e produzione di lattato nel mezzo di coltura; la specifica attivita
funzionale e stata studiata mediante quantizzazione della secrezione di un fattore
neurotrofico specifico, quale il Brain Derived Neurotrophic Factor (BDNF). Infine
mediante real time PCR ¢ stato studiato il profilo di espressione genica della MAP2
(microtubule-associate protein) e del GluR2 (glutammate receptor subtype 2), la cui
regolazione e altamente critica per lo sviluppo dei neuroni ippocampali, intervenendo
nel corretto sviluppo citoscheletrico e nel processo di formazione sinaptica
rispettivamente.

| risultati conclusivi di questo lavoro evidenziano come sia le membrane in
configurazione che a fibra cava sono in grado di supportare I’adesione e la crescita dei
neuroni ippocampali, inducendone la loro differenziazione e polarizzazione. In

particolare i migliori risultati sono stati ottenuti utilizzando la membrana di PAN a

Vil



Sommario

configurazione tubulare; le prestazioni superiori del PAN HF, rispetto alle altre
membrana in configurazione piana sono probabilmente da addurre alla sua geometria
tridimensionale. A parita di conformazione, il PAN HF é risultato superiore al PEEK-
WC HF, per la sua maggiore permeabilita, caratteristica, questa, che favorisce lo
scambio e la diffusione di metaboliti e cataboliti, promuovendo I’adesione e la crescita
delle cellule piramidali.

Un innovativo approccio nel campo delle neurobiotecnologie e basato sull’introduzione
di specifiche modifiche strutturali al fine di ricreare un microambiente che possa
fornire gli adeguati stimoli topografici, promuovendo I|’adesione, la crescita e la
polarizzazione dei neuroni. Poiché i neuroni in coltura sono capaci di modulare la loro
risposta al variare dello stimolo topografico fornito, nell’ultima parte del lavoro
sperimentale (capitolo 7) e’ stato indagato il comportamento di neuroni piramidali
ippocampali coltivati su membrane di acido polilattico le quali presentano sulla
superficie specifici e ripetuti micropattern strutturali. La citoarchitettura e I’attivita
metabolica dei neuroni e’ stata esaminata e messa a confronto sia coltivando le cellule
su membrane strutturalmente modificate sia su membrane non modificate, utilizzando il
polistirene come substrato di riferimento. L’acido polilattico e’ un polimero
biodegradabile, ampiamente utilizzato per le applicazioni biomedicali grazie alla sua
comprovata biocompatibilita. Le membrane strutturalmente non modificate esibiscono
una superfice piane, quelle invece modificate possiedono una superficie tridimensionale
in seguito alla presenza di unita strutturali ripetute sulla loro superficie, quali canali e
righe canali interconnessi. La morfologia e I’adesione cellulare e’ risultata essere
particolarmente suscettibile ed influenzabile dalla forma della ripetizione strutturale
presente sulle diverse superfici di membrana. Infatti, sui substrati strutturalmente
omogenei e, quindi piani, non si osserva una specifica direzionalita dei neuriti, che
invece risultano omogeneamente distribuiti su tutta la superficie, al contrario, sui
substrati strutturalmente modificati i neuriti si distribuiscono linearmente lungo le
scalanature presenti sulla superfice. Questa differenza é essenzialmente dovuta alla
presenza dei ripetuti microelementi sotto forma di canali, solchi e righe e canali
interconnessi, che in seguito alla loro presenza riduco I’area di adesione cellulare e
inducono il preciso orientamento dei microtubuli e dei filamenti di actina, direzionando

lo sviluppo dei prolungamenti neuronali. L’organizzazione spaziale e I’area ricoperta
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dalle cellule sui diversi substrati e’ stata investigata mediante microscopia confocale e
microscopio a scansione elettronico, rivelando una significativa crescita con il
progredire dei giorni di coltura. La localizzazione e quantizzazione della GAP 43, uno
specifico marker assonale, ha consentito di valutare la crescita assonale. La vitalita e la
funzionalita cellulare é stata investigata in termini di consumo di glucosio, produzione
di lattato e secrezione della neurotrofina BDNF. | risultati ottenuti, stabiliscono il
prominente ruolo svolto dalle unita microstrutturali ripetute presenti sulle membrane
nell’indurre un preciso orientamento neuronale lungo le suddette, indicando che queste
membrane sono capaci di ricreare in vitro una matrice neuronale altamente ordinata.

Alla luce delle considerazioni riportate, si evince il vantaggio dell’impiego dei sistemi
a membrana ed il potenziale contributo che questi sistemi possono offrire nella
risoluzione di diversi problemi di interesse nel campo della tissue engineering e della

medicina rigenerativa.



Summary

Summary

In recent years, rapid progress has been made in the field of the biomaterials, which utilize
both natural and synthetic polymers in a variety of application in tissue engineering and
regenerative medicine.

It became clear over the years that functional tissue engineering requires detailed knowledge
on the structure and function of the tissue of interest at various length scales varying from the
subcellular (nm-dJm) to the tissue (mm-cm) level. In particular, the importance of the three-
dimensional (3D) microenvironment of the cells is emphasized nowadays as key-regulator of
tissue generation, maintenance and repair.

A promising approach for the in vitro re-creation of the cell-niche can be achieved by using
different biomaterials, composed of either biological compounds, synthetic polymer, or a
combination thereof, that acts as “INSTRUCTIVE MATERIAL”, inspired by the nature.
Among polymeric materials, membranes are the most attractive in the use of bioartificial
systems for their characteristics of stability, biocompatibility and selective permeability.
Polymeric membranes could mimic the extracellular matrix with which cells interact allowing
the organization of the cells into a three-dimensional architecture, and the selective transport
of metabolites and nutrients to cells and the removal of catabolites and specific products
from cells.

The suitability of polymeric membranes for tissue engineering purposes is highly dependent
on the histological, physiological and biomechanical properties of the tissue that needs to be
engineered. The membranes would be able to modulate the adhesion, proliferation and
differentiation of cells, which are fundamental processes for tissue regeneration by governing
the mass transfer of molecules that generate a precisely controlled microenvironment that
mimic the specific features of in vivo environments.

In vivo cells are surrounded by the extracellular matrix (ECM) that provides physical
architecture and mechanical strength to the tissue through patterns of chemistry and
topography from macroscale to nanoscale. Bioactive membranes should provide to the cells
chemical, physical and topographical features similar to those of the complex in vivo ECM. In

addition, the membrane surface can be tailored with proteins, peptides and cell-specific
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recognition factors by modification processes in order to stimulate specific cell responses and
maintain differentiated functions.

The development of new biomaterials able to activate specific response of the cells and to
maintain cell differentiation for long time is one of the most pertinent issues in the field of
tissue engineering and regenerative medicine. Progress in polymeric membrane preparation
and in the understanding and control of their properties make possible the design of novel
membranes to be used for cell culture in biohybrid systems such as therapeutic device or as in
vitro model systems for studying the effects of various drugs and chemicals on cell
metabolism.

On the basis of these considerations, the main objective of this thesis is the development of
membrane bio-hybrid systems for the realization of tissue engineered constructs by using
progenitor liver cells and neuronal cells, demonstrating the wide range of applications of
membrane systems, as well as their contribution, in the field of tissue engineering and
regenerative medicine. In particular, in the first part, two different kinds of membrane
approaches were used for the expansion and differentiation of progenitor liver cells, while in
the second part, a membrane bio-hybrid system in two different configurations was used for
the maintenance and growth of neuronal cells isolated from hippocampus.

As a first step of the experimental work, the expansion and differentiation of rat embryonic
liver cells on novel bioactive membranes was carried out. Rat embryonic liver cells (17 day
embryos) (RLC-18) were used in this study as an alternative model of human liver progenitor
cells, since using cells from the foetal human liver is limited by major ethical issues.

A novel bioactive membrane has been developed from a polymeric blend of modified
polyetheretherketone (PEEK-WC) and polyurethane (PU) as support for liver cell culture.
This membrane combines advantageous properties of both polymers (biocompatibility,
thermal and mechanical resistance, elasticity) with those of membranes (permeability,
selectivity and well defined geometry).

Since the progenitor liver cells are anchorage-dependent cells and are highly sensitive to the
Extra Cellular Matrix (ECM) milieu, a modification of the membrane surface with specific
functional groups have been used to improve cell adhesion and viability. Several surface
modification techniques have been proposed to optimize specific interactions between cells

and substrates including coating substrates with ECM proteins (e.g., collagen, laminin,
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fibronectin), conjugation with peptide or galactose moieties, or grafting with functional
groups.

For this study PEEK-WC-PU membranes were modified with an NH3 glow discharge
plasma, aiming to graft nitrogenated functionalities at their surface, in order to investigate
whether the biofunctionalized membrane could elicit the expansion as well as to induce and
maintain the differentiated specific function of the progenitor liver cells. Among several
surface modification strategies, grafting of N-containing functional groups allows to increase
the polarity of the surface and to have chemical groups typical also of proteins that could
support cell adhesion and functions.

Both native and plasma-grafted membranes were used in a small-scale gas-permeable flat
membrane bioreactor in order to compare the morphological behavior and specific functions
of the liver cells on the modified and unmodified membranes. LDH assay and SEM analyses
were used to verify if the membranes were useful for the maintenance of viable cells attached
to the membranes. In particular, the ability of the progenitor cells of gaining the ability to
perform their specific liver functions was investigated in terms of albumin production and
urea synthesis. To further investigate if the cells were able to reach a differentiated state,
losing their progenitor phenotype, alpha-fetoprotein (AFP) and albumin gene expressions of
cells, expanded in the different investigated systems, was also carried out. The effect of the
new microenvironment provided by the membranes on cellular behaviour was further
investigated. The cellular senescence and aging, that are critical for cell viability, were
measured through the evaluation of the telomerase activity of embryonic liver cells,
employing a PCR-ELISA technique; finally the ability of the substrate to influence cell
proliferation was evaluated by means of cell cycle analysis. In this work all the evaluations
have been done in parallel with conventional substrates such as collagen and polystyrene
culture dishes (PSCD) representing the reference substrates.

The complete pool of the obtained data, in this first part, showed that the bioreactors with the
native and plasma grafted PEEK-WC-PU membranes were able to support the expansion of
the progenitor liver cells and above all to induce and sustain their differentiated functional
integrity. In fact, the cells displayed an increased telomerase activity on both membranes as
well as a the gain of different liver features, as showed by the levels of albumin synthesis and

urea production. Furthermore, the increased gene expression of albumin and the decresead of
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AFP ones, proved that on the membranes, the progenitor liver cells were able to acquire a
differentiated phenotype during the investigated culture time.

Nowadays biocompatible and biodegradable materials have been proposed to support cells
and promote their differentiation, and proliferation towards the formation of an engineered
liver tissue is desired in clinical and in pharmaceutical applications. To match this demand in
this thesis a new biodegradable membrane made up of chitosan was realized. The ability of
chitosan and PEEK-WC membranes to promote the expansion and functional differentiation
of rat embryonic liver cells was investigated; these two membranes, providing the right
physical and chemical signals can act as instructive material. Also in this case traditional
systems such as polystyrene culture dishes (PSCD) and natural substrate were used as
references.

Chitosan is the N- deacetylated derivative of chitin, a cationic polysaccharide composed of
glucosamine and N-acetylglucosamine residues with 1,4-B-linkage, that is a component of the
shell of crustacean, such as crab, shrimp, cuttlefish and is naturally degraded by the body
enzymes.

Due to its excellent biocompatibility and bioadsorbility, chitosan has been used in biomedical
applications (e.g., artificial skin, drug delivery vehicles, hemodialysis, nerve), and therefore
membranes prepared from chitosan can be advantageous for liver tissue engineering because
of their similar structure of glycosaminoglycans, which are components of the liver
extracellular matrix. Furthermore, chitosan’s positive surface charge and biocompatibility
enable it to effectively support the cell growth.

For the pivotal role played by the cell-membrane interaction, both membranes were fully
characterized in terms of chemical and physical properties; the swelling behaviour and the
degree of dissolution of the chitosan membrane were also evaluated since these parameters
are crucial to achieve an efficient long-term performance of tissue-engineered construct. It is
well established that the maintenance of a cell morphology similar to that in vivo is of
primary importance for the development, expression and maintenance of hepatic
differentiated functions, therefore the structural and morphological changes of the cells were
monitored by SEM images and more deeply by LCSM after cytoskeleton and ECM protein
immunostaining. The effect of the different substrates was also determined by quantitative
analysis of cell proliferation. In order to determine if both chitosan and PEEK-WC

membranes could commit the functional differentiation of the rat embryonic liver cells, liver-
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specific functions were investigated in terms of albumin production and urea synthesis. The
ability of the cells to perform drug biotransformation was evaluated after providing them
diazepam (10 PJg/ml), and evaluating its elimination and the formation of its metabolites over
time. The functional differentiation of the progenitor liver cells was further assessed by
Western Blot analysis, through the study of the expression pattern profile of some different
specific proteins such as albumin, that is a typical marker of mature hepatocytes, the AFP, a
marker of hepatoblast that are bipotent cells, and the CK18 a marker expressed by several
liver cell type.

From these experiments promising results were obtained; indeed, the tissue architecture
distribution and the maintenance of a parenchimal cell morphology with a polygonal shape
typical of the hepatocytes in vivo, underlining that the membranes provided an optimal
microenvironment to the progenitor liver cells. The high rate of metabolic activity of the
specific liver functions performed by the cells, showed that the intrinsec characteristics of the
chitosan membrane favoured and guided the cells towards the differentiations. This evidence
is strongly supported by the ability of the cells to biotrasform the diazepam; moreover, this
latter is worth to note that only the cells cultured on the chitosan membrane and on collagen,
which is the natural hepatocytes substrate, were able to produce the complete pool of the
diazepam metabolites from the first administration. The urea synthesis and albumin
production was maintained at high levels, especially on the chitosan membrane. The
functional differentiation is further confirmed by the strong immunodetection of albumin,
that is a key features of the hepatic differentiation.

In the second part of the thesis the use of membrane system as a tool for neurobiotechnology
application is proposed and developed. At present a great deal of attention is given towards
the possibility of replacing or restoring the structural organization of damaged neural regions
by developing artificial systems based on biomaterials scaffold and cells. In this context, once
again the polymeric semi-permeable membrane could be the right support for the maintenance
of the cell growth in a bio-hybrid system, representing also a valuable tool to be used as a
physiological model in neuronal study. With this aim, taking into account, the highly
structural anatomical organization in the nervous system, in this thesis the attention has been
focused on the potential value of this biotechnological approach to a functionally key region
of the brain such as the hippocampus, that is involved in several important neurophysiologic

functions, such as learning and memory. Therefore, a membrane bio-hybrid system,
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constituted of isolated pyramidal neurons and membranes, has been developed. New
polymeric membranes in different configurations have been used in two- and three-
dimensional culture systems in order to compare their performance in favouring and
enhancing the reconstruction of a highly branched neuronal network as well as in inducing
their orientation and the neuronal outgrowth. The membranes were prepared through the
phase inversion technique by using two different polymer solutions made of the modified
polyetheretherketone (PEEK-WC) and polyacrilonitrile (PAN) membranes, in both flat and
hollow fiber configurations. These membranes were characterized evaluating the
morphological, physico-chemical and transport properties, and were modified by coating with
poly-L-lysine (PLL), in order to have the same functional groups interacting with the cells. In
order to evaluate the suitability of the membrane bio-hybrid system for the reconstruction of
the neuronal network and to compare the performance of the bidimensional and
threedimensional system, the growth and the differentiation as well as the specific metabolic
functions of the hippocampal neurons were investigated. The determination of structural and
functional cell features have been carried out through the observation of possible
morphological changes. Indeed, the electronical microscopy analysis gave interesting
information on both the adhesion mechanisms to the substratum and space organization of
neuronal cells. The morphological behaviour of hippocampal neurons was evaluated by SEM
and confocal microscopy after 8 and 12 days of culture. The correct and stable hippocampal
neuronal formation was supported by the evaluation, distribution and quantification, through
LCSM analysis, of specific structural markers, such as GAP-43 and B-III tubulin. To further
explore cell morphological features was performed a morphometric analysis in order to
establish the axonal length as well as evaluating the membrane surface covered by the cells.
The viability and metabolic functions were evaluated in quantitative terms via the
determination of glucose consumption and lactate production. As specific differentiated
activity was traced the secretion of the brain derived neurotrophic factor (BDNF), a
neurotrophin that is an important indicator of the survival and differentiation of specific
neuronal populations. Finally, through qRT-PCR, the expression of microtubule-associated
protein (MAP2) and glutamate receptor subtype 2 (GluR2) gene expression were evaluated,
which are known to be critically regulated for hippocampal neurons during the development

of cytoskeleton and synaptic formations, respectively.
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As a result from this study, it is possible to conclude that both 2D and 3D membranes support
the adhesion and growth of hippocampal neurons, enhancing as well the neuronal
differentiation and neurite alignment. In particular the best results were obtained by using the
3D PAN HF; this is probably due both to its geometry, with respect to the 2D membrane,
and its higher permeability, with respect to the PEEK-WC HF membrane, that favours the
diffusive exchange of metabolites and catabolites, enhancing the adhesion and outgrowth of
the pyramidal cells.

Recent developments in biomaterial modifications are aimed to stimulate the
microenvironment in which cells are cultured, in order to promote neuron adhesion, growth
and especially polarization. The neurons have the ability to respond to topographical stimuli,
and a particular application is represented by nano- and microtopographical features that can
be incorporated into tissue-engineering design strategies to provide contact guidance for nerve
regeneration. In the last part of the thesis, the behavior of hippocampal neuronal cells in terms
of polarization and orientation on nonpatterned and micro-patterned biodegradable poly (.-
lactic acid) (PLLA) membranes was investigated. The PLLA is a biocompatible and
biodegradable polymer, widely used in biomedical application thanks to its adjustable
degradation rate that can match that one of the tissue formation. The non patterned
membranes exhibit a flat structure, whereas the patterned membranes have a tree-dimensional
one with channels plus ridge and bricks. Changes in morphological and functional behaviors
of cells were evaluated and compared on both patterned and non patterned surface as well as
on the traditional polystyrene culture dishes (PSCD) used as reference systems. The shape of
the membrane pattern strongly affected the morphology and the adhesion of the cells as
showed by SEM and LCSM analyses. Neurites on all investigated patterned membranes
linearly extended along the grooves of micropatterns whereas no guidance of neurite
outgrowths was observed on PSCD and on non patterned membranes. These differences are
determined by the presence of the channel an the ridge that limits the adhesion area available
for the cells and establish a precise direction towards the microtubules and act in filaments
can accumulate and orient the filopodia.

The spatial organization of the cells on the different substrates was further investigated by
confocal microscopy analysis quantifying the fluorescence average intensity of stained
cytoskeletal protein and nucleic acid. The use of SEM images after 8 and 12 days of culture

allowed to measure the area covered by the cells that increased significantly with time. The
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staining of a specific axonal marker, GAP 43, allowed to measure the axonal length over the
entire culture period. The metabolic activity was evaluated in terms of glucose consumption,
lactate production and BDNF secretion, in order to obtain information about the viable status
of the hippocampal cells on the different substrates. The results obtained strongly showed that
the neuronal orientation follows the patterned surface of the PLLA membrane, indicating
that this membrane is able to recreate in vitro and highly ordered neuronal cell matrix.

Concluding it is clear how the overall strategy of the work, therefore, was performed in order
to highlight the important advantages of each of these membrane systems that might help in
solving different problems of interest in the field of tissue engineering and regenerative

medicine.
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1.1 INTRODUCTION

Tissue loss or end-stage organ failure caused by injury or other types of damage is one
of the most devastating and costly problems in human health care.

Surgical strategies that have been developed to deal with these problems include organ
transplantation from one individual to another, tissue transfer from a healthy site to the
diseased site in the same individual, and replacement by using mechanical devices such
as joint prosthesis or dialysis machines.

Although significant advances have been achieved in terms of health care by these
therapeutic options, many limitations and unsolved issues remain [1]

Organ transplantation is extremely limited by a critical donor shortage and the
necessity of lifelong immunosuppression, in addition of requiring complex surgical
intervention. The difficulties encountered in repairing or replacing severely damaged
tissue may be resolved through a new promising field called tissue engineering [2].

Tissue engineering is “an interdisciplinary field that applies the principles of
engineering and of life science towards the development of biological substitutes that
restore, maintain or improve tissue or organ function” [3].

There are three general strategies for the application of tissue engineering: (i) use of an
instructive environment (eg. bioactive material) to recruit and guide host cells to
regenerate a tissue, (ii) delivery of repair cells and/or bioactive factors into the damaged
area and (iii) cultivation of cells on or within biomaterial matrices in a culture system
(bioreactor), under conditions designed to engineer a functional tissue [4].

All these strategies have the common and fundamental goal of reproducing an
engineered environment that is able to recreate the structure and function of a specific
tissue.

Currently, tissue engineering allows for several exciting possibilities, including the
following three: (i) to create functional grafts for implantation and repair of failing
tissues, (ii) to study the behavior and developmental processes of stem cells in the
context of controllable three-dimensional (3D) models of engineered tissues, and (iii) to
employ engineered tissues as models for physiology and disease studies [5—6].

The recreation of an experimental platform as a model system for studying biological

mechanisms and testing the efficacy of potential therapies is a very promising
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application that involves the in vitro seeding and attachment of cells. These cells then
proliferate, migrate, and differentiate into the specific tissue while secreting the
extracellular matrix (ECM) components required to create the tissue. It is evident,
therefore, that the choice of the material is essential for the development and replication
of an appropriate microenvironment for controlling and directing the cellular behaviour

and promoting specific cell interactions.

1.2 IMPORTANCE OF CELL-MATRIX INTERACTION

Cells are inherently sensitive to physical, biochemical and chemical stimuli from their
surrounding. In vivo, the local cell environment or “niche” provides specific
environmental cues that determine cell-specific recruitment, migration, proliferation,
differentiation and the production of the numerous proteins needed for hierarchical
tissue organisation.

As a consequence, tissue dynamics, that is, tissue formation, function and regeneration
after damage, as well as its function in pathology, is the result of an intricate temporal
and spatial coordination of numerous individual cell fate processes, each of which is
induced by a myriad of signals originating from the extracellular microenvironment.
The growth and differentiation of most cell types is regulated by the interplay of
different major signaling, environmental stress and physical cues from the biological
matrix which surrounds the «cells in vivo. In particular the extracellular
microenvironment is a highly hydrated network hosting three different main effectors:
(1) insoluble hydrated macromolecules (fibrillar proteins like collagens, noncollagenous
glycoproteins such as elastin, laminin or fibronectin, and hydrophilic proteoglycans
with large glycosaminoglycan (GAG) side chains) called physical signals (Figure 1.1),
(i1) soluble macromolecules (growth factors, chemokines and cytokines), and (iii)
proteins on the surfaces of the neighboring cells that establish the cell-cell interaction
[7].

The biological response is influenced by multiple cellular interactions with the
individual and specific ECM molecules and often with multiple sites within the same
molecule as well as by a highly dynamic and complex array of biophysical an
biochemical properties of the ECM. The cells are able to receive the external signals

through different cell surface receptor of the integrin family and integrate it by an
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intracellular signaling pathway that affect the cellular response in terms of gene
expression, ultimately establishing the cell phenotype.

Thus, the final decision of a cell to differentiate, proliferate, migrate, apoptose, or
perform other specific functions is a coordinated response to the molecular interactions
with these ECM effectors [8]. It is worth to note that the flow of information between
cells and their ECM is highly bidirectional, as, for example, observed in processes
involving ECM degradation and remodeling. It is evident how native ECM exhibits
macroscale to nanoscale patterns of chemistry and topography [9], and it is therefore
somewhat unsurprising that cells respond to these various scales of chemically and/or

topographically patterned features.
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Figure 1.1 The behavior of individual cells and the dynamic state of multicellular
tissues is regulated by intricate reciprocal molecular interactions between cells and their
surroundings. This extracellular microenvironment is a hydrated protein and
proteoglycan-based gel network comprising soluble and physically bound signals as
well as signals arising from cell-cell interactions. Adapted from : M P Lutolf and J A
Hubbell Nature Biotechnology 2005; 23 (19), 47-55 [7].
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However, when cells are cultured in vitro or when materials are implanted into the
body, cells encounter very different, unfamiliar surfaces and environments.

Since the ECM is the optimized milieu that nature has been developed for maintaining
homeostasis and directing tissue development, a great effort has been made to mimic
the ECM to guide morphogenesis in regenerative medicine. In this context the
biomaterials play a pivotal role in the field of tissue engineering as designable
biophysical and biochemical enviromental conditions that direct cellular behaviour and
functions [10-11].

The guidance provided by biomaterials may facilitate restoration of the structure and
function of damaged or dysfunctional tissues. Such materials should provide a
provisional three dimensional (3D) support for a biomolecular interaction with cells to
control their function, guiding the spatially and temporally complex multicellular
processes of tissue formation and regeneration.

Different biomaterials have been proposed to support cells and promote their
differentiation and proliferation toward the formation of a new tissue. Clearly, the
design and selection of a biomaterial is of critical importance in the development of a
construct for tissue engineering application.

An appropriate biomaterial must exhibit good biocompatibility with extremely low
inflammatory, immunogenic, and cytotoxic responses, promoting favourable cellular
connection and tissue development. In addition, it should be biodegradable and
bioresorbable with the ideal rate of the new tissue formation, having at the same time
good mechanical and chemical properties in order to promote an adequate cell-substrate
interactions. Figure 1.2 shows the various characteristics desired for an ideal scaffold
for tissue regeneration [12]. All these requirements can be achieved by innovative
nanotechnology approaches, which allow the design and the modification of suitable
biomaterials controlling and directing the cellular behaviour. Therefore, the
development of biomaterials currently does, and will continue to, impose significant

challenges in the field and history of tissue engineering
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Figure 1.2 Ideal properties of scaffold. Adapted by Subramanian et al. [12].

1.3 BIOMATERIALS IN TISSUE ENGINEERING APPLICATION

The early or first-generation of biomedical materials, during the 1960s and 1970s, were
developed for use inside the human body with a common feature of biological
“inertness” for reducing the immune response to the foreign body to the minimum
possible. The original goal was to obtain a suitable combination of physical properties
that match those of the replaced tissue.

With the second-generation of biomaterials the field began to shift from achieving a
bioinert tissue responses to instead producing bioactive components that could elicit a
controlled action and reaction in the physiological environment. By the mid-1980s,
bioactive materials had reached clinical use in a variety of different applications. A
further improvements in this second generation was the development of resorbable
biomaterials exhibiting clinically relevant, controlled chemical breakdown and
resorption. In this manner, the interface problem is resolved, because the foreign
material is ultimately replaced by regenerating tissue, and eventually there is no

discernable difference between the implant site and the host tissue [13].
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Improvements of first- and second—generation biomaterials are limited in part because
all man-made biomaterials used for repair or restoration of the body represent a
compromise. In fact, living tissue can respond to changing physiological loads or
biochemical stimuli, a property not shared by synthetic materials. This limits the
lifetime of artificial body parts, motivating the introduction of more biologically based
method for the repair and regeneration of tissue: the third generation of biomaterials
The third—generation of biomaterials are being designed to stimulate specific cellular
responses at the molecular level, for instance activating genes that stimulate the
regeneration of living tissue. The separate concepts of bioactive materials and
resorbable materials have converged; resorbable materials are being made bioactive.
Molecular modifications of resorbable polymer systems elicit specific interaction with
cell integrins and thereby direct cell proliferation, differentiation, and extracellular
matrix production and organization.

Polymeric materials have greatly contributed to the development of bioactive and
biodegradable scaffold that can enhance tissue regeneration. Several classes of polymer
have proved to be most useful in biomedical applications, but to select appropriate
polymers for tissue engineering, it is necessary to understand the influence of the
polymer in cell viability, growth and function.

Cell interaction with polymers are usually studied using cell culture techniques. Cells
in culture are planted over a polymer surface and the extension of cell adhesion and
spreading on the surface is evaluated. The maintenance of the cell culture for long
periods is strongly influenced by the nature of the substrate that influence cell viability,
function and motility. Most tissue-derived cells are anchorage-dependent and require
attachment to a solid surface or viability and growth are compromised. For this reason,
the initial events that occur when a cell approaches a surface are of fundamental
interest. In tissue engineering cell-substrate adhesion is a multistep process that
involves, in sequence: adsorption of an ECM onto the surface; recognition of the ECM
components by cell receptors; cytoskeletal rearrangement. The proper accomplishment
of these phases, leads the cells to gain the differentiated functions of the specific
district with the subsequent tissue formation.

The biomaterials used for enhancement of tissue regeneration can be classified as

natural, synthetic, and semi-synthetic materials.
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Natural polymers can be considered as the first biodegradable biomaterials used
clinically, possessing several properties that make them attractive for tissue engineering
application. Natural materials such as collagen, gelatin, elastin, fibronectin, the linear
glycosaminoglycan hyaluronic acid (HA), as well as carbohydrate polymers like
chitosan, have been used for tissue engineering and as vehicles for cell delivery. Since
ECM plays an instructive role in cell activities, such biomolecules would mantain the
biological information and other physico-chemical features; exhibiting similar
properties to the tissue replaced by them. Natural ECM polymers possess several
inherent advantages such as bioactivity, the ability to present receptor-binding ligands
to cells and the susceptibility to cell-triggered proteolytic degradation and natural
remodeling.

Plant, animal, and insects components have also been explored to develop natural
biomaterials such as silk, chitosan, alginate and matrigel. These polymers possess
several properties that make them attractive for tissue engineering applications; for
instance the chitosan is a natural biopolymer that consists of glucosamine and N-
acetylglucosamine with a structure similar to GAGs which are components of the liver
ECM consequently is a biomaterial with promising aplications in liver tissue
engineering [14].

However, the rate of in vivo degradation of these natural and therefore enzymatically
degradable polymers varies significantly with the site of implantation depending on the
availability and concentration of the enzymes. Chemical modification of these polymers
also can significantly affect their rate of degradation. The inherent bioactivity of these
natural polymers has its own downsides. Natural materials, depending of the extraction
methodology and tha batch characteristics, may induce immunological and
inflammatory responses due to undefined factors and pathogens, which may still be
present, even after purification [15].

Synthetic biomaterials on the other hand are generally biologically inert, they have
more predictable properties, batch-to-batch uniformity, high reproducibility and the
unique advantage of having property profiles tailored for specific applications, devoid
of many of the disadvantages of natural polymers. Clearly, synthetic biodegradable
polymers are preferable to nonbiodegradable polymers because of the advantage of

avoiding a second surgery to remove the device.
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At the present the most common biodegradable polymers in use or being studied
include polylactic acid (PLA), poly-L-lactic acid (PLLA), polyglycolic acid (PGA),
polycaprolactones (PCL) and polycarbonates [16-17]. Another group of synthetic
polymers attracting attention in the field of regenerative medicine is polyurethanes.
These are one of the most broadly used polymers in implantable biomedical devices
such cardiac pacemakers and structural tissue replacements. The greatest disadvantage
of synthetic material, however is the lack of cell recognition signals, resulting therefore
in few cellular interaction. To overcome this limitation many researchers are focusing
their efforts on the creation of semi-synthetic biomaterials by modifying the synthetic

biomaterials with cell recognition sites such as incorporating cell adhesion petides.

1.3.1 Design Criteria of Biomaterials
Current interest has been focused on attempts to find new biomaterials suitable for
realizing novel designs of engineered tissue. There are key parameters in selecting and
engineering biomaterials such us the bulk and the surface properties. Bulk material
selection is the first consideration of a matrix design, from biological effect to
processability. Several properties of bulk materials for new biomaterials design have to
be taken into consideration, including biocompatibility, wettability, transparency,
biodegradability, and other mechanical properties. As mentioned before, a critical and
important parameter that must be considered is the biocompatibility of the bulk
material, because it determines the ability of materials to perform their desired functions
with appropriate cellular or host responses. The degree of biocompatibility can vary
from the lack of toxicity with respect to cell culture to the lack of immunological
systemic response of human body. The strictest requirements are applied to implantable
scaffold for avoiding undesired responses, such as a strong immune reaction or fibrous
encapsulation. Ideally, the body should be able to metabolize the degraded substance;
obviously, natural materials tend to show better biocompatibility than synthetic
materials. A more relaxed definition of biocompatibility is applied to devices or
substrates that will be used ex vivo, but the more complex the cellular system is, the
more stringent the compatibility requirements are. Because natural ECM is a fully
hydrated gel, wettability is a key consideration [18]. Indeed, materials with more

hydrophilic chemistry are better at mimicking the aqueous in vivo environment.
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Transparency of bulk material is another important parameter for in vitro modelling
application in which cellular behaviours within the new matrix require microscopic
detection. Thus, transparent materials are advantageous for a better monitoring and
evaluation of the cell state during the culture period.

Controlled biodegradability is an essential requirement for implantable matrix and
scaffold because the ideal tissue engineered construct is generally designed to disappear
through degradation at the rate that in-growing tissue replaces it. Generally, synthetic
materials degrade hydrolytically, and natural materials undergo an enzymatic
degradation process. Hydrolytic degradation is more predictable and adjustable than
enzymatic degradation. For example, the degradation profile of a poly (lactic-co-
glycolic acid) (PLGA) matrix can be manipulated by adjusting the composition and the
molecular weight of poly(lactic acid) (PLA) and poly(glycolic acid) (PGA) polymers.
On the other hand, enzymatic degradation of natural materials is more dependent on the
local enzyme concentration secreted from cells. As a consequence the degradation
profile and mechanism under physiological conditions for the engineered construct
materials, as well as the implantation site and desired function, need to be carefully
considered during the design of a new implantable device [19]. Mechanical properties
of bulk materials represent an important set of characteristics to consider in a
biomaterial design or in choosing the right one. Bulk materials are fundamental
contributors to the mechanical integrity of the matrix structure. In addition, the
microscale mechanical properties are critical for determining the cell behaviour,
including directing stem cell differentiation, cell migration and tissue growth, therefore,
the new tissue construct should have mechanical properties resembling those of healthy
tissue over the period of tissue regeneration. Cells not only adhere to surfaces, but also
“pull” on the surface substrate and adjacent cells. The bulk mechanical properties
directly shape the mechanical properties of the surface, such as stiffness or elasticity,
which elicit clear cellular response. The relative substrate resistance encountered by the
cells activates various mechanotransduction and cellular pathways, which in turn trigger
gene expression. In vivo micromechanical stimuli are important environmental cues that
enable cell attachment, migration and organogenesis. Matching the mechanical surface
properties of the engineered tissue to the particular mechanical characteristics of the

specific tissue site is therefore vital for controlling the cell behaviour. Cells on 2D
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cultures initially recognize adhesive proteins on the substrate through the
transmembrane integrin receptor receiving mechanical signals, which activate actin-
filament polymerization and promote focal adhesion formation. Later, cells apply
traction forces to pull the ligands from a substrate and sense the surface stiffness. For
instance, it has been demonstrated that human mesenchymal stem cells (hMSCs) have a
different phenotypic response on supports with different grades of elasticity. Human
mesenchymal stem cells displayed a phenotype neurogenic lineage on the softest
substrate, a myogenic phenotype on moderately stiff matrices, and an osteogenic
phenotype on the stiffest substrates [20]. These results provide valuable informations
for new biomaterial design introducing novel strategies suitable for many tissue
regeneration applications.

Surface properties are also crucial in controlling the interaction between cells and a
substrate. Although surface properties are often derived from the bulk properties of the
materials, the bulk materials do not entirely define them, because the used substrates
are coated with proteins almost immediately after implantation in the body or
immersion in culture media. Surface chemistry and topography determine the identity,
quantity, and conformational change of these adsorbed proteins. Surface properties
include stiffness, charge, polarity, and chemistry, among a multitude of others. For
example, the surface charge density determines the amount of protein adsorption and
resultant cell adhesion. Greater surface charge brings a greater density of protein

coating, which leads to better cell adhesion.

1.3.2 Surface Modification

When cells are cultured in vitro or when materials are implanted into the body, cells
encounter very different and unfamiliar surfaces and environments. Several approaches
have been introduced for modifying these unfamiliar substrates to promote desirable
cell responses.

Surface modification of biomaterials, with the intent to improve not only
biocompatibility but also the response of the target cell and/or tissue has been
extensively studied to recreate the native tissue structure and to do it in the shortest
time possible. Modifying material surface structures to mimic aspect of the ECM in

order to provide the tissue-specific cues to direct cell behaviour and trigger tissue
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regeneration, is an important aspect of many tissue-engineering strategies. Controlling
the surface chemistry of materials enable, to some extent, to dictate the rate of protein
absorption, the functionality of adsorbed proteins and subsequent cell adhesion.

The degree of biofunctional specificity exhibited on the material surface depends on the
level and complexity of the surface-modification approach utilised [21].

One of the first approaches involves hybridizing natural and synthetic materials to
improve the biological and physical properties of the substrate. For instance, limited
bioactivity can be improved by covalently incorporating multifunctional ligands from
natural materials, such as fibronectin, vitronectin, and laminin, onto synthetic polymers.
Another technique involves chemical modification of the polymer, confering charged
end-groups to its surface that may lead to protein adsorption and structural
rearrangements via electrostatic interaction. Indeed, the surface of biomaterials can be
modified via chemical reactions, to confer upon the material precise surface energy,
charge or functional groups and tailor their levels of interaction with proteins and cells.
For example, the radiation grafting of chemical group such as —OH, -COOH and NH,
onto the surface of relatively inert polymers has been used extensively to modify the
surface of biomaterials. Energy sources like ionising radiation sources, ultraviolet
radiation and high-energy electron beams are used to break the chemical bonds at the
surface of the material to be grafted, allowing the formation of free radicals and other
reactive species. The surface is then exposed to, and reacts with, molecules that will
form the surface functional coating of the material.

Increasing biofunctionality can be achieved by attaching specific peptide motifs such
as enzymes peptides, proteins which can bind to cell receptors inducing a “firm” cell
anchorage. These biomolecules can be simply adsorbed onto the surface of the material,
or covalently linked via chemical groups previously created on the surface. The
biological response following the surface biomodification depends on structural
parameter. The functionalisation of a material surface via absorption or chemical
binding of other ECM elements is a common approach utilised to promote cell
adhesion. For example a popular research strategy employed to improve the blood
compatibility properties of vascular grafts comprises seeding endothelial cells onto their
surface [22]. The complete coverage of the surface of the biomaterial by these cells

(endothelialisation) inhibits thrombosis, prevents intimal hyperplasia, and thereby
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increases the patency of vascular grafts. Furthermore, another example of mimickinng
the natural ECM of surface modification is given by the incorporation of signal peptide
such as RGD (Arg-Gly-Asp) which is found in many adhesion proteins and binds to
many integrin receptors, modulating cell adhesion, and inducing cell migration. Finally,
another approach is the incorporation of soluble signaling molecules within the scaffold,
such as growth factor and deoxyribonicleic acid (DNA). For example, a larger
biologically relevant protein can be produced using recombinant DNA technology
incorporating the encoding sequence into the support.

On the basis of these important considerations it can be pointed out that the
development of new biomaterials able to activate specific responses of the cells and to
maintain cell differentiation for a long time is one of the most pertinent issues in the
field of tissue engineering and regenerative medicine. Nowadays, it has been
demonstrated that the suitability of polymers for tissue-engineering purposes is highly
dependent on the tissue that needs to be engineered. The histological, physiological, and
biomechanical properties of each tissue determine the success of the regenerative

process, therefore restricting the choice of materials suitable for the specific application.

1.4 SEMIPERMEABLE POLYMERIC MEMBRANE AS A BIOMATERIAL

Among the biomaterials applied in the field of tissue engineering and regenerative
medicine, polymeric semi-permeable membranes could provide the mechanical support
required for the regulation of cell growth in bio-hybrid systems (Figure 1.3). The
ultimate goal of this technique might be very well achieved by appropriate bio-
interaction of desired cell responses which lead to the fabrication of the tissue structure.
The realization of such bio-hybrid systems have a great impact in tissue engineering
application since represent a key approach for studying both physiological and
pathogenic states of the of the specific cells and tissue site as well as for the
development of appropriate bio-molecules for therapeutic purposes. With the purpose of
simulating in vitro biological phenomena, scientists have begun to construct artificial
membranes that may be handled in both industrial and medical application. Artificial
lungs (blood oxygenation) and kidneys (hemodialysis) are just the two oldest examples.

The use of polymeric semi-permeable membranes with different physico-chemical and
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transport properties is an appealing approach in the tissue and bio-artificial organ
engineering field, since these bio-membranes share specific features such as the
selective transport of molecules, resistance and protection. Furthermore, synthetic
membranes are easily and readily produced in copious amount so that their
morphological and physical-chemical properties can be modulated for numerous and
specific application. This is of particular importance and augment the suitability of
polymeric membranes for tissue engineering purpose because the membrane features
can be adapted to the histological, physiological and biomechanical properties of the
tissue that needs to be engineered. Indeed, the polymeric membrane are attractive for
their characteristics of selectivity, stability and biocompatibility in the use of bio-hybrid
systems for cell culture and therefore suitable a for the realization of an efficient in vitro
model. They can act as support for cell adhesion of anchorage dependent cells and allow
the specific transport of metabolites and nutrients to cells and the removal of catabolites
and specific products. The surface and transport properties of the membranes play an
important role in the promotion of cell adhesion, proliferation and viability. The
material surface properties of the membrane, such as chemical composition,
hydrophilicity/hydrophobicity, charge, free energy, and roughness, affect cell adhesion
through the modulation of proteins secreted by cells or contained in the physiological
liquids. In the next section particular attention is given to the specific membrane
properties that need to be considered and achieved for polymeric semipermeable

membrane used in bio-hybrid systems.
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Figure 1.3 Different applications of semipermeable polymeric membrane for cell
growth in bio-hybrid systems.

1.4.1 Membrane properties in a bio-hybrid system
When designing a membrane, special attention should be paid to the acquisition of well-
defined morphology (pore size, porosity, roughness, thickness, etc.) together with
desirable mass transfer properties. Various possible transport mechanisms and their
combinations in real systems (from adsorption-diffusion transport in dense membranes
to molecular sieving transport, Knudsen diffusion transport, selective surface
adsorption, etc.) have been studied to describe the selectivity and permeability in dense
and microporous polymeric membranes. In membrane bio-artificial organs using
isolated cells as biological component, semi-permeable membranes carry out several
functions: they act as immune-selective barriers for the transport of metabolites and
nutrients from the medium to the cell compartment and of metabolites and specific

products from the cell to the medium compartment. As a consequence, the membranes
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act as a physical and chemical support for cell adhesion, providing a large area for cell
attachment, and also as a means of cell oxygenation [23, 24]. The transport of a
chemical species across the membrane is a result of chemical potential differences
(difference in temperature, pressure, concentration or combination of all these
variables), which act on the various components of the system [25]. In accordance with
the phenomenological approach of irreversible thermodynamics, the transport equations
of solvent and solute can be expressed as the following:

Jv=Lp (AP - o Am) (Eq. 1.1)

Js=cs(l-6)Jv+oAn (Eq.1.2)

Transport across a membrane is described by three parameters: hydraulic permeability
Lp, solute permeability o, and the reflection coefficient ¢ (eqs. 1.1 and 1.2). All these
parameters are experimentally determined. The reflection coefficient is a measure of
membrane selectivity and varies from 0 to 1 for a solute freely permeating and
completely rejected by the membrane, respectively. The solute permeability coefficient
is related to membrane solute diffusivity and thickness. In the absence of solutes, the
equation becomes the following:

Jv=Lp AP (Eq.1.3)

Lp is determined by measuring the solvent flux through the membrane under
transmembrane hydrostatic pressure differences. Lp is related to membrane properties
such as pore size and the distribution of the different pore size, as well as pore
geometry, thickness, and tortuosity. In porous membranes the transport of chemical
compounds depends not only on the trans-membrane pressure gradient but also on the
size and shape of the solutes related to the pore size in the membrane. The porous
membranes used in bio-artificial organs are generally micro-filtration and ultra-filtration
membranes: the pore sizes of micro-filtration membranes range from 10 to 0.05 pum,
whereas ultra-filtration is typically used to retain macromolecules from a solution, since
its lower limit consists of solutes with a molecular weight of a few thousand Dalton.
When the hydrostatic pressure difference is zero the transport of a chemical species
through the membrane occurs across a concentration gradient according to the following

formula:
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Js=wAC (Eq.1.4)

where o = Deff

As a result, the transport of solutes is obtained as a difference in diffusion rates across
the membrane arising from differences in molecular size. Overall, the size range and
physico-chemical properties of solutes, which must be transported through a membrane
in bio-artificial organs, are extremely variable. Small solutes such as electrolytes,
oxygen and high MW proteins (70,000 Da) must be efficiently transported through the
membrane as well as both hydrophilic molecules dissolved in the plasma and
hydrophobicmolecules. Hence, the transport of molecules across membranes depends
not only on the size and physico-chemical properties of the molecules related to the
pore size of the membranes, but also on the interactions between solute and membrane.
In a tissue engineered neuronal construct, membranes can be used in a flat or hollow
fiber (HF) configuration. In this case, hollow fiber membranes provide a wide area of
cell adhesion in a small volume and a three-dimensional organization reminiscent of the
tubular configuration of nerves (Figure 1.4). Microporous polyethersulfone HF
membranes with 0.2 pm interconnecting pores, in fact, have been recently used as a
scaffold to support the growth of human cells [26].

Flat membranes with a micro-porous structure are used not only for the adhesion of
anchorage-dependent cells (e.g., neurons, endothelial cells, hepatocytes) but also for the
transport of metabolites. On the other hand, dense membranes are useful to provide the
cells with gas because of their permeability to oxygen, carbon dioxide and aqueous
vapor (Figure 1.5). In these systems, cells come into contact with the membrane surface
and this greatly influences the response of cell behavior towards the type of membrane
used. For this reason, membranes should be chosen not only on the basis of their
separation properties but also on the basis of physico-chemical and morphological
surface properties. Cell-membrane interactions have to be closely investigated so that
where it is possible membrane physico-chemical and morphological surface properties

can be improved [27-28].
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Figure 1.4 Scanning electron micrographs of polyethersulphone hollow fiber
membrane: a) outside surface, b) cross section of the membrane. Scale bars: (a) 100
um, detail 2 um; (b) 100 pm.

b)

Figure 1.5 Scanning electron micrographs of flat membrane surfaces: a)
polytethrafluoroethylene dense membrane; b) polyethersulphone microporous
membrane. Scale bars: 1um (a); 5 um (b).
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It has been shown that the morphology of a cell tightly adhering to its substrate changes
in relation to the properties of the substrate. As a consequence, the maintenance of cell
morphology, in the same manner as that of in vivo conditions, is functionally vital to
cells. In particular, the roughness and pore size of polymeric membranes seem to play
an important role since they have been shown to influence the viability and metabolic
rates of cells such as isolated hepatocytes [28]. The wettability of the membrane surface
has proved to be another factor that affects the growth of neurons from PC-12 cells [29].
Although the basis for this difference is still poorly understood, this effect may be, in
part, is due to the modification of the native substrate that anchors these cells, since the
amounts and conformation of adhesion proteins contained in the culture medium vary.
Currently, the contact angle is often used as a physical parameter indicative only of the
wettability surface, but it allows more quantitative information concerning the energy
parameters of the final surface material to be obtained [30]. The contact angle can be
applied to characterize surface free energy parameters, the free energy of interfacial
interactions in polymeric substrates. These measurements might be a predictive index of
their cyto-compatibility and/or tissue biocompatibility. Therefore pre-treatment of
surface material might enable the adaptation of its surface free energy to biological
requirements. Modifications of surface membrane with the addition of well-defined
molecules that are able to mimic the external cell environment shows great promise for
the in vitro reconstruction of engineered tissues. Biomaterials are being designed to
maintain specific cellular functions at the molecular level [31]. By immobilizing
specific proteins, peptides, and other bio-molecules on a material, it is possible to mimic
the extra-cellular matrix (ECM) environment thus providing a multifunctional cell-

adhesive surface [32-33].
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EXPERIMENTAL DESIGN AND AIM OF THE WORK

The main focus of this work is to design and to realize membrane bioartificial systems
for liver and neuronal tissue engineering constructs. To this purpose, different
membrane systems have been considered in order to find adequate solutions to
prominent problems and discover new insights in the area of tissue engineering. Several
experiments have been designed, specifically targeted to highlight the advantages of
each of the membrane bio-hybrid systems under consideration such as liver and
neuronal tissue engineered alternative models.

Due to the increased requirements of new therapies for acute and chronic liver disease
and the need to find an unlimited source of cells for transplantation therapy, in the first
part of the experimental design, rat progenitor liver cells were used as alternative model
of undifferentiated cells in a membrane system, in order to favor their expansion and
functional differentiation. The use of polymeric semipermeable membranes with
different physico-chemical and transport properties, is an appealing approach in bio-
artificial organ systems since these bio-membranes share specific features, such as the
selective transport of molecules, resistance and protection, recreating in vitro the
peculiar microenvironment of the tissue that needs to be engineered. It should be
feasible to design polymeric materials that elicit specific interaction with cell integrins
and thereby direct cell prolifearation, differentiation and extracellular matrix production
and organization. Taking into account these fundamental prerequisites, as culture
substrate of the embryonic liver cells two different polymeric membranes made
respectively of PEEK-WC-PU (a polymeric blend of modified polyetheretherketone and
polyurethane) and chitosan have been used. The choice of employing the PEEK-WC-
PU membrane was strictly related to the ability of this membrane to induce specific
cellular response. To further improve cell-substrate interactions the membrane surface
was functionalized with NH; groups. Cell morphology and adhesion of rat embryonic
liver cells, as well as their capacity to perform specific liver functions were deeply
analyzed since they are key points in the case of organ replacement or regeneration. A
potential advantage offered by biodegradable materials is the disappearance from the
implant site once regeneration has been completed. In this work a new chitosan film is
proposed and used; chitosan is one of the most promising biomaterials in tissue

engineering because it offers a distinct set of advantageous biological properties. The
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ability of the chitosan membrane to recreate and provide a suitable microenviroment for
enhancing and guiding functional differentiation of rat embryonic liver cells was
validated by using the biohybrid system constituted by the progenitor liver cells and the
chitosan membrane in culture for 21 days. The obtained data strongly demonstrates the
role of the chitosan membrane in supporting the differentiation process of the rat
embryonic liver cells that could be effectively used in liver tissue engineering and
pharmaceutical application.

The second part of the thesis focuses on developing neural bio-hybrid systems as tools
capable of regenerating a neuronal network, yielding an efficient approach for studying
the behavior of neuronal populations in some of most common neurodegenerative
disease such Parkinson’s, or Alzheimer’s or as an in vitro system for drug testing
toxicology.

Engineering neural tissue is one of the most challenging goals of the tissue engineering.
Neural tissue is highly complex and possesses an organized three-dimensional
distribution that is essential for tissue function. An optimal scaffold for tissue
engineering has to provide this distribution until the cells are able to activate their
normal functions and develop neural connection.

Polyetheretherketone (PEEK-WC) and Polyacrilonitrile (PAN) in flat and hollow fiber
configuration have been realized and employed for supporting the growth of
hippocampal neuronal cells. The polymeric substrates were evaluated for their capacity
to promote hippocampal neuronal cell adhesion and direct axon outsprouting as well as
for the capacity to maintain cells metabolically active. These bioartificial systems
produced a large number of neurite processes organized in a very complex network.

The incorporation of microscale and submicroscale topographies on biomaterial
surfaces may enhance the biomaterials ability to modulate neuronal development and
regeneration. To explore the effect of specific tographic signal on neuronal behavior in
the last part of the experimental work, nonpatterned and micro-patterned biodegradable
poly(L-lactic acid) (PLLA) membranes were used to study the response of the neurons
to specific geometric features. New understanding of the neuronal behavior on
topography in the early developmental stages may aid in designing surfaces for

neuronal application, such as neural networks and advanced nerve guidance channel.
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CHAPTER 2

MEMBRANE APPROACHES FOR LIVER TISSUE
ENGINEERING: STATE OF THE ART
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2.1 INTRODUCTION

The liver carries out a range of functions essential for bodily homeostasis. The
impairment of liver functions has serious implications and is responsible for high rates
of patient morbidity and mortality. Presently, liver transplantation remains the treatment
of choice for patient with end-stage liver disease but is limited by both the high cost and
severe shortage of donor organs; furthermore liver transplantation requires years of
immunosuppression, which can cause long term to both the liver and Kidneys. These
limitations have urgently increased the requirements for new therapies, for acute and
chronic liver disease. With this aim, tissue engineering and regenerative medicine
approaches, for the reconstruction of functional liver tissue, are being widely
investigated and considerable work has been done over many years to develop effective
liver-support devices. Various non biological approaches, represented by the classical
extracorporeal detoxification system based purely on physical separation of toxins from
the patient’s blood , such as hemodialysis, hemoperfusion, and plasmapheresis, have
limited success because considering the multiple and complex functions that liver
performs [1-2]. On the other hand, extracorporeal biological treatment, including whole-
liver perfusion, liver-slice perfusion, and cross-hemodialysis, have shown some
beneficial results, but they are difficult to implement in a clinical setting [3]. Since the
onset of liver failure is potentially reversible, many researchers have looked for an
alternative option leading to development of external liver support devices known as
Bioartificial livers (BALS). Generally, a BAL system consists of functional liver cells
supported by an artificial cell culture material. In particular, it incorporates hepatocytes
into a bioreactor in which the cells are immobilized, cultured, and induced to perform
the hepatic functions by processing the blood or plasma of liver-failure patients. The
BAL system acts as a bridge for the patients until a donor organ is available for
transplantation or until liver regeneration [4]. In addition to cell therapeutic approaches,
another important aspect of human liver cell biology is the testing and safe development

of new drugs, as the liver plays a central role in the metabolism of the majority of drugs.
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2.2 HEPATIC STRUCTURE AND FUNCTION: BAL ISSUES DESIGN

The development of constructs with metabolic functions equivalent to those of the liver,
poses technical challenges for the complexity of liver cell physical-chemical
requirements. The liver is a highly metabolic, complex array of vasculature, endothelial
cells and parenchymal cells that performs many functions in the body. The bulk of the
liver is primarily composed of parenchymal cells such as hepatocytes, hepatocyte
precursor cells (oval cells or Ito cells), stellate cells, kuppfer cells, epithelial cells,
sinusoidal epithelial cells, biliary epithelial cells, and fibroblasts [5,6]. The liver is
involved in functions that remove toxins and provide metabolic activity such as
cytochrome P-450 activity, glycogen storage, urea production, and release of proteins,
carbohydrates, lipids, and metabolic wastes. The hepatocytes, composing 60% of the
liver, primarily exhibit the characteristic hepatic functions and are widely studied in
tissue engineering research. In addition, these cells clear the body of toxins and
synthesis proteins such as albumin, alpha-fetoprotein (AFP), and transferrin. The
hepatocytes used for tissue engineering purposes must be able to perform these basic
functions. Hepatic cells are arranged in a highly intricate manner, allowing for optimal
communication and attachment between cells. Communication through cellular
junctions, gap junctions, chemical signals, and extracellular matrix (ECM) signals allow
the cells to differentiate, grow, function, and apoptos [7-8]. Factors affecting the
cellular environment control the size, shape and population of the colony. Structurally,
hepatic cells are attached to a basal membrane composed of laminin and type 1V
collagen. They are connected to other cells through homotypic or heterotypic cellular
junctions, alerted by the cell adhesion molecules (CAMS) binding to receptors, and
surrounded by an extracellular matrix (ECM) that includes fibronectin and type | and 111
collagen [7-9-10]. Furthermore, hepatocytes exhibit a striking polarity that is expressed
at multiple levels, in overall cell shape, distribution of the cytoskeleton and organelles,
and in the division of the plasma membrane into three functionally and compositionally
distinct domains: basolateral, canalicular, and lateral. At the basal surface the transport
of small molecules across membranes and the exchange of metabolites with blood take
place, whereas the secretion of bile acids and detoxification products occurs on the
apical domain. Thus, the ability to modulate hepatocytes polarity and multicellular

organization is important in developing an efficient in vitro system designed to perform
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liver functions, and the development of a BAL system involves many design
considerations. It must provide: (1) an adhesion support to the cells; (2) adequate mass
transfer of oxygen, nutrients, and toxic substances from blood or plasma of patients to
the cell compartments and proteins, catabolites, and other specific compounds produced
by cells from the cell compartment to the blood or plasma; (3) immunoprotection of
cells; and (4) biocompatibility. Attaining adequate cell seeding, nutrient and oxygen
supply to cells , and control of biochemical signals gradients and concentrations in large
scaffolds is not easily achievable. BAL devices are classified on the basis of cell
source, type of culture system for the hepatocytes seeding, and on the basis of

bioreactor configuration and operations.

2.2.1 Cell Source
In the field of liver therapeutic tissue engineering the choice of cell type and cell source
is a key point, since the cellular component plays a critical role in the performance of a
BAL device. The cells inside the BAL must retain their differentiated functions. Due to
a lack of human-organ availability, one of main source of hepatocytes for bioartificial
systems is xenogeneic material. Primary porcine hepatocytes, for example, which can
be obtained in large quantities, have been widely used as the cell source for hybrid
artificial livers. Porcine hepatocytes exhibit biotransformation functions, synthesis of
urea, albumin, and other proteins, and are activated by growth factors that also activate
human cells [11]. Although these cells are easily obtained in large quantities and
demonstrate the same qualities and therapeutic effects of human hepatocytes, this type
of cell source carries the risk of xenogeneic infections and and since they are not of
human origin, they are not genetically matched, resulting in immune rejection by the
patient [12]. An alternative approach is to use an immortalized hepatoblast carcinoma
line which have the necessary functional and survival characteristics. The advantages of
using established cell lines include the ability to culture large quantities of cells for an
extended period of time and the ability to control the degree of hepatocyte function that
is displayed [13-14]. However, because these cells are cancerous in nature, it is
important to maintain safe handling practices when considering the possibility of using
these cells clinically. Primary hepatocytes are harvested via perfusion and are the

precursor cells to mature hepatocytes. Furthermore, primary human hepatocytes are
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very difficult to culture, and human cells that are obtained via perfusion do not survive
beyond several divisions. In addition, not only are human hepatocytes difficult to
maintain in culture, they also do not perform normal functions or undergo
differentiation [15]. Current attention is focused on finding a reliable sources of human
hepatocytes. Stem cells have been suggested as interesting cell sources. These cells,
found in sources such as bone marrow, are the most flexible cells in terms of being
undetermined in their pathway and expressing a remarkable ability to differentiate into a
desired cell type. Factors that contribute to a particular cell signalling pathway are
currently being researched. These includes growth factor, cellular signalling within the
interstitial fluid and extracellular matrix, and cues from other cells of either the same or
different cell types. Hepatic progenitor cells (oval or Ito cells) found within the liver
have already begun to differentiate, but still have several options before becoming
destined to a specific cell line. These cells, will not necessarily become mature
hepatocytes but could differentiate into other functional cells of the liver [16]. The
generation of hepatic endoderm from pluripotent stem cells is now being identified as
one resource to meet the big demand of functional human hepatocytes. Human
embryonic stem cells are derived from the inner cell mass of preimplantation embryos
and possess the ability to self-renew and differentiate to all cell types. These attributes
in theory give them the potential to provide an unlimited supply of replacement cells for
regenerative medicine [17]. Although the human embryonic stem cells could potentially
provide an infinite source of hepatocytes, stem cells and somatic cells generally have
limited function without the specialized tissue microenvironment. Thus, the recreation
of a such niche is of primary importance for the development of scalable and high
fidelity resources for drug testing or BAL reconstruction.

2.3 CULTURE SYSTEM

A successful BAL device requires a favourable culture model for the hepatocytes to
maintain their viability and differentiated functions. Hepatocytes are involved in many
important liver functions: blood detoxification; bile secretion; protein, steroid, or fat
metabolism; and vitamin, iron, or sugar storage. This multifunctionality implies a great
number of biological parameters, which are difficult to reproduce in vitro to maintain all

the functionalities of the hepatocytes. Moreover, primary cultured hepatocytes rapidly
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lose liver-specific functions when maintained under standard in vitro culture conditions.
To overcome such limitations, several different culture models for maintenance of
hepatocytes in vitro have been developed. As mentioned before, stationary suspension
culture of isolated hepatocytes is ineffective, since in this circumstance hepatocytes lose
differentiated function within hours. An alternative technique resulting in improved cell
viability and functional activity is attachment culture. One example is given by the use
of an overlying layer of collagen gel developed by Dunn et al., this culture model is
described as a “collagen sandwich colture”. In this model cells are spread on a
monolayer and then covered with another collagen layer [18]. It has become
increasingly clear that three dimensional rather than monolayer growth is particularly
important for maintaining differentiated hepatocyte function in culture. One means of
establishing three dimensional hepatocyte growth is the creation of multicellular
spheroid aggregates. Early methods utilising stationary culture techniques had the
disadvantage of requiring several days for spheroid formation [19], rendering this
approach impractical for clinical use. More easily and rapidly hepatocyte spheroids-
usually with diameters of 50-500 mm-can be formed from suspended isolated cells by
spinner or rotational flask [20-21] or by incubation with a small number of collagen-
coated dextran, polystyrene or glass microcarriers as a nidus for cell aggregation[22].
This induced hepatocytes aggregates maintain their specific functions and a their
peculiar ultrastructure resembling that of a normal liver.

Another method of hepatocytes immaobilization is the cell encapsulation within alginate-
polylysine, polyacrylate or cellulose acetate also favours the development of three
dimensional hepatocyte growth. The potential for three dimensional structure formation
can be further enhanced by enriching the solution with natural extracellular matrix
proteins prior to encapsulation or can include supplementation of factors in the culture
medium and the co-cultivation of hepatocytes with other type of cells, the so called
“feeder cells” [23]. With this technique cells are protected from mechanical damage,
and additionally, immunoisolation from xenogenic cells, should be possible. In vivo
studies have demonstrated that encapsulated hepatocytes transplanted in Gunn rats
restored liver function without immunosuppression [24]. Between the technique for
maintaining hepatocellular function there is also the use of artificial spherical bodies

called microcarriers, that ensure a larger surface for cell adhesion. For instance cellulose
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multiporous microcarrieers (MCs) are capable of immobilizing isolated cells in their
micropores and thus they are a suitable extracellular matrix for maintenance of cellular
function [25]. An example is given by Wu et al. that, by using chitosan as raw materials,
fabricated a suitable size of porous microcarrier in which rat hepatocytes were cultured.
The microcarrier was modified with lactose and maltose. The cells were able to
maintain a morphologic structure similar to that in vivo and showed an higher
metabolic activities on lactose-modified microcarriers [26]. Co-culture with non
parenchymal cells significantly enhances hepatocytes viability and function, possibly
due to the mixed effects of autocrine and paracrine stimulation by growth factors
derived from the non parenchymal cells and the reproduction of extracellular matrix. In
the liver, hepatocytes and endothelial cells are closely associated but separated by the
extracellular matrix of the space of Disse. To establish the heterotypic cell-cell
interaction that is essential for the maintenance of the proper liver function, Jindal et al.
recreated an in vitro coculture system able to provide native cues, consisting of
hepatocytes, collagen, and an overlaying endothelial monolayer. The authors
demonstrated that this culture configuration induces the early recovery of hepoatocytes
following cell isolation as evidenced by the increased albumin and fibrinogen protein
secretion as well as gene expression [27].

Another study regarding the coculture system was carried out in order to maintain the
differentiated status by means of hepatic stellate cells (HSCs), their soluble and
particulate factors and lipid extracts. The central question of the study was to underlying
that HSCs maintained hepatocytes functions and structure by multiple signals,
preferentially cell bound, pointing in particular to non soluble membranous ligands
contacts, showing once again the pivotal role played by the surrounding
microenvironment for the maintenance of differentiated hepatocytes [28].

2.4 BIOREACTOR

Considering the several functions that the liver performs a hybrid liver-support device
is one of the most complex bioreactors. Therefore, its design is optimized in order to
ensure: the rapid detoxification of neural and hepatic toxins; the return of liver-specific
hepatotrophic factors, as well as liver-specific coagulation factors, back into the

patient’s blood; and the maintenance of liver-cell detoxification and synthetic functions
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until liver tissue regeneration or organ transplantation. On the basis of these
considerations, an efficient culture device must be designed considering the following
important design criteria: i) to use a sufficient number of differentiated hepatocytes that
can maintain the long-term functions; ii) to reduce mass transfer resistances and
eliminate substrate limitations so that the device can function at maximum efficiency;
iii) to minimize the dead volume in the device thereby reducing plasma dilution effects
in the patient. The ideal bioreactor design would maximize mass transfer to the
hepatocytes thereby allowing nutrients, including oxygen, and toxins from the patient’s
blood or plasma to reach the hepatocytes. The treated blood or plasma, including
metabolites and synthetic products, would then be returned to the patient’s circulation.
To achieve this task a large surface area is important for cell adhesion. An ideal device
should integrate efficient mass transport, scalability, and maintenance of hepatocyte
functions. One of the most promising bioreactors is the membrane bioreactors.
Membranes with suitable molecular weight cut-off (MWCO) have been proven to
provide an effective immunoisolation barrier to immunocompetent species present in
the patient’s blood. Thus, xenogenic or allogenic implants may be used without need of
immunosuppression therapy. Membranes permit also the transport of nutrients and
metabolites to cells and the transport of catabolites and specific metabolic products to
blood. In the case of anchorage-dependent cells, they offer high surface area available
for cell attachment and culture. In these bioreactor designs mass transfer is determined
by the molecular weight cut-off (MWCOQO) or pore diameter and occurs by diffusion
and/or convection in response to existing transmembrane concentration or pressure
gradients. Some bioreactors use membranes with MWCO ranging from 70 to 100 kDa
that allow the transport of serum albumin but exclude proteins with high MW such as
immunoglobulins and cells. The advantage to use these membranes is that to provide
immunoprotection. Other bioreactors use microporous membranes with large pore
diameter (0.2 um) that allow the free passage of plasma proteins, toxins and clotting
factors between blood or plasma and cells but they exclude the passage of cells. The
advantage to use a membrane with large pore diameter is to increase the fluid
convection in order to improve mass transfer conditions. Polymeric membranes with
different morphology and chemical-physical properties have been used in BAL devices

[29]. The majority of extracorporeal BAL have used cellulose and polysulfone
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derivatives (Table 2.1 and Table 2.2). Morphological properties (e.g., pore size, pore
size distribution and roughness) and physico-chemical properties (e.g., surface charge,
wettability, surface free energy) affect all the adhesion and metabolic functions of
hepatocytes [30-31]. However, most of the commercial membranes used for liver cell
culture are developed for haemodialysis, which are optimised to be inert with blood
proteins and cells. As a result membranes express poor properties regarding cell
interactions and functions. Thus, the development of membranes that are able to favour
the adhesion and the expression of liver specific functions is quite important for the
design of a tissue-engineered liver bioreactor.

Another important issue in bioartificial liver design is the maintenance of sufficient
oxygen supply to the hepatocytes. Since hepatocytes are highly metabolic with high
oxygen uptake rates, in order to oxygenate the circulating blood or plasma some devices
incorporate an oxygenator in the bioreactor, while other uses an inline oxygenator in
the extracorporeal perfusion circuit. The modern bioreactor design should simulate the
complex physiologic environments in vivo, such as physicochemical parameters (e.g.
pH, temperature, concentration of nutrients and metabolites), mass transfer rates and
biomechanical conditions. Various bioreactors have been designed to meet these
demands. They range from rather simple hollow-fibre systems or semipermeable
dialysers to more complex bioreactors that try to mimic the architecture of the liver.
However, most of these systems have their limitations, either in that they offer a
suboptimal environment for cell growth or their function is poorly reproducible.
Hepatocytes have been cultured in membrane bioreactors in different configurations
(Figure 2.1): (a) between flat-sheet membranes in a sandwich configuration; (b) in the
lumen of hollow fibre membranes entrapped in a collagen layer; (c) in the shell of
hollow fibre membranes in monolayer, (d) aggregate or spheroid structure and (e)
attached to micro-carriers; (f) in a network of hollow fibre membranes with different
functions; (g) in a spirally wound device in which hollow fibres are used to provide
oxygen to the cells; (h) in multibore capillaries; (i) microencapsulated and (j) in a
oxygen permeable membrane rotating system under microgravity conditions. In all of
these bioreactor configurations, hepatocytes are cultured in contact with the membranes
so that membranes with adequate surface and structural properties have to be used into
the bioreactor [32].
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Figure 2.1 — Configuration of membrane bioreactors using hepatocytes cultured (a) between flat-sheet
membranes; (b) entrapped in a three-dimensional contracted gel matrix inside of hollow fibre membranes;
(c) outside of hollow fibre membranes in monolayer; (d) outside of hollow fibre membranes organised in
organoids; (e) outside of hollow fibre membranes attached to microcarriers; (f) in a network formed by four
capillary membranes with different functions; (g) in a spirally wound non-woven polyester matrix inside of
hollow fibres; (h) in the intraluminal compartment of a multibore fibre bioreactor; (i) in microcapsules and
(j) in a rotating-wall gas-permeable membrane system.
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2.4.1 Membrane Bio-Hybrid Artificial Liver (BAL) Systems In Clinical Evaluation
Currently, several BAL devices are in various stage of clinical evaluation and are listed
in Table 2.1. Many of these devices use hollow fibre membranes as supports the
cultured hepatocytes and as immunoselective barriers between the plasma of patients
and the hepatocytes used in the bioreactor [33]. In 1987 Matsumura et al., reported an
early clinical trial of bioartificial liver [34]. The device was developed on the principle
of hemodialysis against a suspension of functioning hepatocytes. The liver suspension
was placed in a dialysate compartment on one side of a cellulosic semipermeable
membrane. The blood flows through a compartment on the opposite side of the
membrane. Afterwards, one of the first large clinical studies was performed by
Margulis et al. in which 20 ml capsules filled with pig hepatocytes in suspension were
used [35].

Since the 1990 several BALs were proposed. Sussman and colleagues developed an
extracorporeal liver-assist device (ELAD) in which human hepatocyte cell line C3A,
which is derived from hepatoblastoma cell line (HepG2) are located outside the hollow
fibre and blood flows through the lumen of hollow fibres. A portion of the patient’s
plasma is ultrafiltrated through a cellulose acetate membrane (70kDa) and is in direct
contact with the C3A cells [36]. This device is commercialized by the Amphioxus Cell
Technology. A hollow fibre device that uses cryopreserved porcine hepatocytes
attached to a collagen-coated dextran microcarriers that is called Hepatic Assist was
developed by Demetriou and coworkers. In this system hepatocytes are loaded into the
extracapillary space and patient plasma flows through the capillary lumina of
membranes with pore size of 0.2 um. This size is sufficiently small to block the passage
of whole cells [37]. Plasma first passes through an activated charcoal column and flows
through the lumen of the hollow fibres. A more complex system was proposed by
Gerlach et al. The Liver Support System (LSS) or Modular Extracorporeal Liver System
(MELYS) consists of a bioreactor with four interwoven independent capillary membrane
systems that serve different functions. The cells are cultured outer surface and among
the capillaries. Each fibre type exhibits a different function: Silastic membranes for
oxygen supply and removal of carbon dioxide, polyamide fibre for the plasma inflow,
polyethersulfone fibre for the plasma outflow and hydrophilic polypropylene

membranes for the sinusoidal endothelial co-culture [38]. With this capillary array
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decentralised metabolite and gas exchange with small gradients are possible. Due to the
independent plasma inflow and plasma outflow compartments, decentralised perfusion
of cells between these capillaries is achieved. Additional functions could be integrated
into the module.

The bioartificial liver support system (BLSS) is a hollow fibre device that uses porcine
hepatocytes embedded in a collagen matrix. This system uses cellulose acetate hollow
fibres with a 100 kDa MWCO containing greater than 70 g of primary porcine
hepatocytes embedded in a collagen matrix. The patient” s blood is perfused through the
capillary lumina [39]. In the circuit a flowing nutrient stream directly perfuses the
hepatocytes providing specific nutrients. The Academic Medical Center Bioartificial
Liver (AMC-BAL) developed by Flendrig and coworkers uses a three dimensional,
spirally wound, non-woven polyester matrix for hepatocyte attachment with integrated
hollow fibres for oxygen delivery to the cells [40]. In contrast with the other systems,
the AMC-BAL uses direct contact between the patient’s plasma and the matrix attached
hepatocyte to improve bidirectional mass transfer.

Another BAL system that is currently in clinical testing is a bioreactor from TECA
Corp. in which a polysulfone membrane with MWCO of 100 kDa compartimentalize

pig hepatocytes [41].
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Table 2.1 — Characteristics of membrane BAL systems in clinical evaluation

References Bioartificial Bioreactor Membrane Cell Cell Culture Cell position Level of
System Configuration Source capacity | technique P development
Matsumara Kiil dyalizer . . . -
TP Cellulose Primary rabbit 10 . Dalysate First clinical
etal., 1987 bioartificial liver Plate (MWCO 20 kDa) hepatocytes 1x10 suspension compartment report
Margulis et . . . Porcine . Phase 11
al., 1089 Cartridge Polyvinyl chloride hepatocytes 45107 suspension Shell clinical trials
Sussman et ELAD
al.1992 Amphioxus cell Hollow Eibre Cellulose acetate (MWCO=70 Human cell line 2x10™ Aqaregates Shell Phase |
Technology kDa) (C3A) ggreq clinical trial
Demetriou et Hepat Assist Crvopreserved 5x10° | Microcarrier
al 1995 _mepat . . Polysulphone membranes yopre: attached Phase I1/111
Circe Biomedical Hollow Fibre . porcine . Shell e .
(Pore size 0.2 um) hepatocvtes irregular clinical trial
patocy aggregates
Gerlach et al. Polyamide (MWCO=100 kDa)
1994 LLS Polyethersulfone (MWCO=80 . 2.5x10°
Charite, Humboldt . kDa) Pig Primary
Univ 'German Hollow Fibre Silastic hepatocytes - Aggregates Shell Phase |
y endothelial cells
Polypropylene (0.2 um pore
size)
Patzer et al BLSS . . 70-120g
. . Cellulose acetate Porcine Primary Collagen gel phase /11
2002 Excorp Medical Inc. Hollow Fibre (MWCO=100kDa) hepatocytes entrapped Shell clinical trials
Flendrig et al AMC-BAL Non woven polyester matrix, Pid primarv liver 1x10™ small Shell/on
1997 Univ. Amsterdam Spirally wound | polypropylene membranes (pore gp I y the non-woven Phase |
size 0.2 um) cetls aggregates Polyester matrix
- 10
Dlnz%ggal., BAL TECA Corp. Hollow Fibre Polysulfone (MWCO=100 kDa) | Swine hepatocytes 1x10 Aggregates shell Phase 0
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2.4.2 Membrane BAL system in preclinical and in vitro evaluation
Several BAL systems have been evaluated preclinically in vitro experiments and in
large animal models of liver failure.
In the Liverx2000 system of Hu and coworkers, the hepatocytes are suspended in a
collagen gel and injected into the lumen of hollow fibre with a MWCO of 100kDa and
the extracapillary compartment is perfused with a recirculating medium A media flow
through the luminal space provides hepatocyte nutrients [42] (Table 2.2). A bioartificial
liver support system consisting of hollow fibre cartridge using encapsulated
multicellular spheroids of rat hepatocytes was developed by Shiraha et al. The
spheroids, formed in a positively charged polystyrene dish were encapsulated into
microdroplets of agarose that contained about 9 x 107 rat hepatocytes. The medium was
circulated in a closed circuit in which the cartridge was inserted [43].
Several alternative device configurations have advanced to the stage of large animal,
preclinical evaluation. Naka et al. have developed a system using primary porcine
hepatocytes that is similar to the BLSS. The differences are in the use of microporous
polysulphone hollow fibre membranes in the hepatocyte bioreactor and perfusion of
plasma through the bioreactor. The system has shown some efficacy in support of
ischemic pig liver failure model [44].
The flat membrane bioreactor (FMB) developed by De Bartolo and coworkers consists
of primary porcine hepatocytes cultured between semipermeable flat membranes. This
is a reproducible model with total hepatectomy in pigs, suitable to test the safety and
efficacy of liver support system. lIsolated hepatocytes were cultured within an
extracellular matrix between oxygen-permeable flat-sheet membranes in the FMB. In
particular both sides of the outside shell are constituted of PTFE membranes permeable
to oxygen, carbon dioxide and aqueous vapour, which allow direct oxygenation of the
cells, adhered to the surface and of the medium overlying the cells. Porcine hepatocytes
are maintained in a three-dimensional co-culture with nonparenchymal cells. A
microporous polycarbonate membrane separates the medium from cell compartment.
The FMB maintained stable cell specific functions and is a safe and efficient device
[45].
Nagaki and co-workers developed a hybrid liver support system which consists of

plasma perfusion through porous hollow fibre modules inoculated with 10 billion of
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porcine hepatocytes entrapped in a basement membrane matrix, Engelbreth-Holm-
Swarm (EHS) gel. This system was applied to pigs with ischemic liver failure. It was
demonstrated that the use of a BAL support device in combination with a hollow fibre
module and hepatocytes entrapped in EHS gel has potential advantages for clinical use
in patients with hepatic failure [46].
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Table 2.2 Membrane BAL systems in vitro and preclinical tests

Bioartificial Bioreactor Membrane material Cell Bioreactor Culture Cell position
References System Configuration Source cell capacity Technique P
Huetal, 1997 Liver x2000 Hollow fibre Polysulfone (MWCO 100 kDa) h Porcine 1x10° Gel Lumen
epatocytes entrapment
Shiraha et al., BAL Hollow fibre Polysulfone (po_re size 0.2 um). Rat hepatocytes, 9x107 Multlcel_lular Extrafibre
1996 Agarose microcapsule HepG2 spheroids space
Naka et al Porcine Extrafibre
1999 N BLSS Hollow fibre Polyethylene (Plasma Flo) (0.3 um pore size) hepatocytes 5.4x10° Entrapment space
De Bartolo et Polyterafluoroethylene . 10 . Between flat
al., 2000 FMB-BAL Flat and Polycarbonate (pore size 0.2 um) Pig hepatocytes 1x10 Sandwich membranes
Nagaki et al., Hollow fibre - . Rat hepatocytes, 7 Extrafibre
2001 BAL bioreactor polyolefin fibre 0.4um pore size Hep G2 2x10 Entrapment space
Roy etal, Flat-plate Mlgrochannel polyurethane membrane dense Rat hepatocytes 2x10° Monolayer Over the
2001 bioreactor surface
Jasmund et Oxy-HFB Crosswise hollow Polyethylene (pore size 0.2 pm) Pig liver cells 1-5x10° Aggregate Extrafibre
al., 2002 fibre polypropylene space
Mizumoto LLS Hollow fibre polyethylene coated with EVAL hollow fibre Porcine Organoids Extrafibre
and Funatsu, L . 0.5-100 g .
2004 HALLS Multicapillary polyurethane foam and capillary hepatocytes Spheroids space
Curcio etal., RWMS Flat Fluorocarbon dense membrane Rat hepatocytes 7.5-9x10° Spheroids Over the
2007 surface
Schmtmeier s Porcine 6 Over the
et al.. 2006 Minibioreactor Flat polyterafluoroethylene membrane dense hepatocytes 6 x10 Monolayer surface
Sauer et al., Slide reactor Hollow fibre polyethersulfone membranes (pore size 0.2 Human hepatoma 8x10° Aggregates Betwqen
2004 um) cells hollow fibres
Pless et al., Microchannel Flat-plate 5 Over the
2006 bioreactor Polyurethane membrane dense Rat hepatocytes 2x10 Monolayer surface
Ostrovidov et PDMS polydimethylsiloxane and polyester membrane 5 Over the
al., 2004 microbioreactor flat (pore size 0.4 um) Rat hepatocytes 5x10 Monolayer surface
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De Bartolo et | Multibore fibre Multibore - . Human 6 Small

al.. 2007 bioreactor capillary Modified polyethersulfone (pore size 0.2 um) hepatocytes 7.5x10 Aggregates Lumen

Luzgggl., PVDEB?SHOW Extrgg:géllary polyvinylidene difluoride (pore size 0.5 um) Rat hepatocytes 5x10’ Aggregates Ex;rz;;z;églar
Memoli et al., Membrane Flat Galactosylated polyethersulfone (pore size 0.1 Human 4.7 %107 Small Over the

2007 bioreactor um) hepatocytes ' aggregates surface
modified polyetheretherketone (MWCO 190
De Bartolo et C_:rossed hollow Extracapillary kDa) Human 6 Small Extracapillar
fibre membrane 15 x10
hepatocytes aggregates | y space

al. 2009

bioreactor

space

polyethersulfone (pore size 0.2 um)
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An oxygenating hollow fibre bioreactor (OXY-HFB) BAL system was developed by
Jasmund and coworkers and consists of oxygenating and integral heat exchange fibres
with a simple design [47]. Primary liver cells are seeded on the surface of the fibres in
the extrafibre space. Oxygen requirements are supplied and temperature is controlled
via the fibres. Plasma from patient is perfused through an extrafibre space and brought
into direct hepatocellular contact.

The liver lobule-like structure module (LLS) BAL system, has many hollow fibres that
act as a blood capillary and are regularly arranged close to each other [48]. Hepatocytes
are inoculated by a centrifugal force in the outer space of the hollow fibres.

The multicapillary polyurethane foam module (PUF) used as BAL system consists of a
cylindrical PUF block with many capillaries in a triangular arrangement to form a flow
channel [49]. The hepatocytes in the foam pores formed spheroids with a diameter of
100-150 um. Based on the use of a gas permeable membrane a rotating-wall gas-
permeable membrane system was developed by Curcio et al., and used for the formation
and culture of hepatocyte spheroids. Microgravity conditions were obtained in rotating-
wall systems in which hepatocyte aggregates were formed by cells protected from
gravitational forces and acceleration. Owing to the high O, permeability of the rotating-
wall membrane system the viability and functions of cells improved with respect to a
polystyrene rotating wall system [50]. Schmitmeier and co-workers developed a new
small-scale bioreactor with the hepatic sandwich model. It is of the same dimension as
the conventional 24-well cell cultivation plate where the bottom is replaced by the gas-
permeable polytetrafluorethylene (PTFE) membrane. Compared to hepatocytes cultured
in conventional systems, primary porcine hepatocytes exhibited stronger liver-specific
capacity and remained in a differentiated state in the small-scale bioreactor over a
cultivation period of 17 days. This in vitro model could serve as a tool to predict the
liver response to newly developed drugs [51]. Pless and co-workers evaluated the
primary human liver cells in bioreactor cultures for extracorporeal liver support on the
basis of urea production. In particular the long-term course of 47 bioreactor cultures of
hepatocytes over a culture period of 21 days was investigated. The bioreactors based on
the design developed by Gerlach et al. consist of three interwoven hollow fibre capillary
boundless, forming four compartments, and integrated into a polyurethane housing.

Two of the boundless are made of hydrophilic polyethersulfone membrane with a pore
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size of 0.5um, serving for medium supply during stand-by or for plasma perfusion
during clinical application. The third bundle consists of hydrophobic multilaminate
hollow fibre membranes and was perfused with a mixture of air and CO, supplying the
cells with oxygen and carbon dioxide [52].

A simple hollow fibre based bioreactor that is suitable for light microscopy was
developed by Sauer et al., to evaluate cell-cell and cell-membrane interactions [53]. The
SlideReactor offers a cell compartment separated from a medium inflow and outflow
compartment. Due to its simple design and the use of materials available in most
laboratories, SlideReactor is a simple valuable tool to evaluate the cell-to-cell and cell-
to-hollow fibre interaction and enables the comparison of different types or arrangement
of hollow fibres, e.g., for use in bioreactor-based extracorporeal liver assist devices, or
analysis of the influence of medium supplements on the cell viability and tissue
integrity.

Flat plate microchannel bioreactor with an internal membrane oxygenator was designed
to improve the oxygen supply to the cells. The hepatocytes are attached to a glass
substrate and are in direct contact with the perfusing medium. A polyurethane gas
permeable membrane separates the liquid compartment from the oxygenating gas
compartment. This design allows oxygen delivery to the hepatocytes to be decoupled
from the medium flow, thereby allowing oxygen delivery and flow to be studied
independently. Hepatocytes with oxygen dependent functional heterogeneity may
exhibit optimal function into the bioreactor [54]. Ostrovidov and coworkers developed
two types of membrane-incorporating microbioreactors to improve the maintenance of
primary rat hepatocytes: one with a commercially available polyester membrane and the
other with a polydimethylsiloxane (PDMS) membrane. These microbioreactors closely
mimic the in vivo liver architecture and revealed to be promising tools towards future
application in drug screening or liver tissue engineering [55]. Recently, De Bartolo et
al., developed a multibore fibre bioreactor as an in vitro liver tissue model to study
disease, drugs and therapeutic molecules alternatively to animal experimentation [56].
This bioreactor, owing to the membrane configuration, combines the advantage of
having 7 compartments represented by 7 capillaries arranged in one single fibre with
high stability and mechanical resistance. Human hepatocytes were cultured in the

intraluminal compartment of the multibore fibre bioreactor. The morphological,
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physico-chemical and transport properties of the multibore fibre membranes favor cell
adhesion and ensure a sufficient oxygenation process, nutrient feeding, end-product
removal and distribution of fluid molecules inside the cell environment.

Membrane bioreactors using specific adhesive substrates such as galactosylated
membranes were developed in order to improve the adhesion and specific functions of
liver cells. A galactosylated polyvinylidene difluoride hollow fibre bioreactor provided
specific adhesion and showed an enhanced albumin production of rat hepatocytes [57] It
has been shown that a flat bioreactor using galactosylated-polyethersulfone membrane
promoted the long-term maintenance of differentiated functions of human hepatocytes
outside of the body [58]. This human hepatocyte bioreactor was applied to study IL-6
effects on the production of acute phase proteins and gave evidence that IL-6 down-
regulated the gene expression and synthesis of fetuin-A by primary human hepatocytes.
The human hepatocyte bioreactor behaves like the in vivo liver, reproducing the same
hepatic acute-phase response that occurs during the inflammation process. Furthermore
it’s important to notice that in developing a three dimensional tissues, the problems of
oxygen supply must to be addressed, particularly at the core of the construct. With this
aim an engineered solution was proposed by De Bartolo et al. recreating an hollow fibre
membrane bioreactor formed by two fibres set. In this bioreactor the extracapillary
network, provided an high mass exchange through the cross-flow of the culture
medium, mimicking closely the perfusion conditions found in vivo hepatic tissue.
Thanks to this design and its good performance both the viability and the functional
metabolic activity was maintained, addressing the mass transfer limitation currently

seen in liver tissue engineered construct [59].

2.5 MEMBRANES FOR LIVER RECONSTRUCTION

Hepatocytes are anchorage dependent cells that require adhesive substrates for their
functional and phenotypic maintenance. In the last few years, several studies have
clearly estalished that semipermeable synthetic membranes can be used for the
development of biohybrid systems for liver cell cultures [60]. It has been demonstrated
that the morphological and physico-chemical properties of membranes, such as surface
free-energy parameters, affect cell adhesion and specific metabolic functions of

hepatocytes [30].
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De Bartolo et al. developed a new membrane from polymeric blend of modified
polyetheretherketone or PEEK-CW and polyurethane (PU) demonstrating that this
membrane is able to support the long term maintenance of metabolic and
biotransformation functions of human hepatocytes. Consequently, this membrane meets
the criteria of an appropriate substratum for cell culture in a biohybrid system [61].
Furthermore, in the recent past, the in vitro use of membrane biohybrid systems
contributed to provide important information about the effect of various drugs, such as
diclofenac (DIC), rofecoxib and paracetamol , whose effects are not completely known,
on the specific functions of human hepatocytes [62-63].

An interesting appeoach to the design of membrane able to activate specific biological
responses of the cells is the surface-modification technique by biomolecule
immobilization and plasma process. These modifications enhance the cytocompatibility
of the membrane, leaving the bulk properties unaltered. It has been demonstrated that
the immobilization of biomolecules on the membrane surface improves cell adhesion
and the maintenance of differentiated functions [64]. In particular, the RGD amino acid
sequence (arginine-glycine-aspartic acid) stimulate cell adhesion on synthetic surfaces,
since this oligopeptide represents the minimal adhesion domain of the majority of
extracellular matrix proteins ( e.g. fibronectin, vitronectin and collagen ). In the case of
hepatocytes the immobilization of galactose motif on the surface enhances the specific
interaction with cells owing to the specific binding between the galactose moiety and
the asyaloglycoprotein receptor present on the cytoplasmatic membrane [65]. Another
surface modification strategies was investigated in a recent work of Salerno et al. in
which PEEK-WC-PU membranes were modified with an NH3 glow discharge process
to graft N-containing functional groups at their surface in order to improve the
maintenance of human hepatocytes. Indeed the cells reconstituted many of the liver
features active in vivo and when cultured on NH3 plasma-grafted membranes they
displayed higher metabolic activity in terms of albumin synthesis, urea production as

well as for the biotransformation of diazepam as model drug [66].
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2.6 CONCLUDING REMARKS

With the recent advances in the field of biomaterials, particularly in membrane systems,
there is much promise of working toward functional tissue engineered constructs. Many
strategies are being

developed to realize tailored synthetic and biodegradable membrane systems that are
compatible with human cells and tissues. The preclinical development stage of some of
these membrane systems demonstrates their potentiality in the tissue engineering field.
Bioartificial membrane systems could not only have a role in the replacement of injured
organ or tissue but also accelerate the development of new drugs that may cure patients
as an alternative to animal experimentation. Many problems encountered with testing
potential drugs can be overcome and redesigned on a quicker time scale and at lower
cost utilizing a system that can effectively act as a functioning liver.
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CHAPTER 3

MEMBRANE APPROACHES FOR NEURONAL TISSUE

ENGINEERING: STATE OF THE ART
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3.1 INTRODUCTION

In the numerous attempts to integrate tissue engineering concepts to repair all body
parts, neuronal repair stands out. The nervous system consists of the central nervous
system (CNS) which includes the brain and the spinal cord and the peripheral nervous
system (PNS), which is composed of cranial, spinal, and autonomic nerves that connect
to the CNS. The functional unit of the nervous system is the neuron that has a cell body
and dendrites and axons. The dendrites serve as antennae to receive signals from the
surroundings or other neurons whereas the axon that is longer than the dendrite is
engaged in transporting impulses from the cell body to dendrites of other neurons
through synapses. Electrical impulses can also pass from axon to axon, axon to soma, or
from dendrite to dendrite.

In order to study how neuronal attachment and axon guidance can be accomplished
using various surface cues cell line are often used for investigation of the nervous
system due to their relatively low cost and simplicity compared to primary cell material.
However it should be noted that cell lines can only be used as models and often do not
show the same responses as primary material. PC-12 and C6 cell lines originally
derived from neuronal rat tumors are often chosen as model cells for the investigation of
nervous system for their characteristics.

Hippocampal neurons, as primary cells, are good models since they are derived from the
hippocampus, a major component of the brain involved in long term memory and
spatial awareness. The hippocampus, through the complex interaction with other limbic
regions such as the cortex and amygdale is recognized for its highly remarkable
synaptic plasticity. Here, the neuronal network is highly developed, being one of only
few regions in the brain where new neurons continue to be created, furthermore
hippocampal neuronal cell culture is the best characterized model for investigating
polarization that occurs spontaneously during the first days of culture.

The effects of surface chemical cues on neuronal cell attachment, growth, migration and
proliferation have been greatly studied by researchers; here follows a description of

some advances in tissue engineering in the recreation of a neuronal bridging device.
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3.2 NERVOUS SYSTEM: INJURY AND REPAIR

Damage to the nervous system, caused by mechanical, thermal, or ischemic factors, can
impair various nervous system functions such as memory, cognition, language and
voluntary movement. Most often, this is through crash or transaction of nerve tracts.
This results in the interruption of communication between nerve cell bodies and their
targets. However, other types of disruption of the interrelation between neurons and
their supporting cells , and the destruction of the blood-brain barrier. Of all the types of
injury, those to the CNS are among the most likely to result in death or permanent
disability. Only in the United States, more than 3 million cases of traumatic brain injury
are reported annually. These patients include anyone who has fallen, especially
someone older than 64 years; a person who has been in a motor vehicle accident;
someone with a gunshot wound or violence-related injury; or an adolescent or young
adult who has a sports-related injury. Approximately 400 000 Americans suffer from
neurological symptoms associated with multiple sclerosis (MS). Furthermore, over 5
million people in the United States and Europe alone suffer from the dementia
associated with Alzheimer’s disease. About 450 000 people in the United States live
with spinal cord injury (one in 670), and there are about 11 000 new spinal cord injuries
every year (one in 30 000) [1].

Following injury, the PNS and the CNS respond differently. While in the most cases,
the severed axons of the PNS are able to re-extend and re-innervate their targets,
eventually leading to a functional recovery [2], a rare return of damaged structures and
functions is observed following injuries to the CNS. As a result, disorders or injuries of
the CNS are often progressive, accompanied by permanent functional impairment.
Studies have shown that the structural and functional recovery from nervous system
depends upon a variety of factors, both intrinsic and extrinsic to the neurons [3].

In the peripheral nervous system after a nerve is severed, the distal portion begins to
degenerate as a result of protease activity and separation from the metabolic resources
of the nerve cell bodies. The cytoskeleton begins to breakdown, followed by the
dissolution of the cell membrane. The proximal end of the nerve stump swells, but
experiences only minimal damage via retrograde degradation. After the cytoskeleton
and membrane degrade, Schwann cells surrounding the axons in the distal end shed

their myelin lipids. Phagocytotic cells, such as macrophages and Schwann cells, clear
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myelin and axonal debris [4]. In addition to clearing myelin debris, macrophages and
Schwann cells also produce cytokines, which enhance axon growth [5]. Following
debris clearance, regeneration begins at the proximal end and continues toward the
distal stump. New axonal sprouts usually emanate from the nodes of Ranvier,
nonmyelinated areas of axons located between Schwann cells. Functional reinnervation
requires that axons extend until they reach their distal target, and in humans, axon
regeneration occurs at a rate of about 2-5 mm/day; thus significant injuries can take

many months to heal [Figure 3.1].

Proximal to injury Distal to injury

A A
g Nl )

Injury to

\)\_@/i | \perip}fral nerve Sﬁv\ e \_) =

Macrophages
rapidly remove
myelin debris

L
—— 5 = <l

= = <5
° % Axon gowth-
promoting signals

1)

Expression of

growth-related
Growth cone

Regenerated axon Proliferating Schwann
cells promote axon
regeneration

Figure 3.1 Molecular and cellular responses that promote peripheral nerve regeneration.
The Schwann cell is essential for this process. Once the macrophages have cleared the
debries from the degenerating peripheral stump, the Schwan cell proliferate, express
adhesion molecules on their surface, and secrete neurotrophins and other growth
promoting signalling molecules. Adapted from D. Purves, Neuroscience, [6]
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A key difference between the PNS and CNS is the capacity for peripheral nerves to
regenerate; CNS axons do not regenerate appreciably in their native environment.
Several glycoproteins in the native extracellular environment (myelin) of the CNS are
inhibitory for regeneration. The outer myelin membrane contains non-permissive
molecules, such as Nogo and myelin membrane associated glycoprotein (MAG)
produced by the astrocytes and oligodendrocytes. Disruption of myelin following
injury could expose such normally concealed inhibitory proteins to regenerative axons.

The physiological response to injury in the CNS is also different compared to that of the
PNS. After injury in the CNS, macrophages infiltrate the site of injury much more
slowly compared to macrophage infiltration in the PNS, delaying the removal of
inhibitory myelin. This is largely a result of the blood-spine barrier, which limits
macrophage entry into the nerve tissue to just the site of injury, where barrier integrity
is weakened. In addition, cell adhesion molecules in the distal end of the injured spinal
cord are not upregulated appreciably as they are in the PNS, limiting macrophage
recruitment. Finally, astrocytes proliferate in a manner similar to that of Schwann cells
in the PNS, but instead become “reactive astrocytes,” producing glial scars that inhibit
regeneration [Figure 3.2]. The dense scar tissue that forms following injury in the adult
CNS is a formidable barrier to axonal outgrowth due, in part to its dense physical
structure, and the upregulation of inhibitory extracellular matrix molecules secreted by
several cell types within the scar. Thus, comparison between the PNS and the CNS
environment following various lesions revealed that the CNS lacks several factors that
are presented within the PNS. First, as mentioned above, there are Schwann cells in the
PNS, that don’t produce proteins inhibitory to axonal outgrowth and are able to provide
nutrient support, guide and myelinate regenerating axons even after axotomy of
peripheral neurons, and synthesize growth-promoting molecules and growth factors [7].
Second, a unique structure in the PNS called the Bands of Bungner, containing oriented
arrays of Schwann cells and their processes within a basement membrane remains after

axonal and myelin degeneration, which is believed to assist the regeneration process.
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Figure 3.2 Cellular response to injury in the central nervous system. In the absence of a
glia scar, which are particular prominent in the long axon pathways in the brain, there is
a series of local cellular changes at or near an injured site. These include the local
degeneration of myelin as well as other cellular elements, the clearing of this debris by
microglia that act as a phagocytic cell in the CNS, and the local production of inhibitory
factors by reactive astrocytes and microglia. Adapted from D. Purves, Neuroscience [6].

3.2.1 Neurotrophic Factors to Promote Regeneration

The role of neurotrophic factors in neural regeneration has been the focus of extensive
research. The influence of these factors in neural development, survival, outgrowth, and
branching has been explored on various levels, from molecular interactions to
macroscopic tissue responses. One family

of neurotrophic factors, the neurotrophins, has been heavily investigated in nerve
regeneration studies. The neurotrophins include nerve growth factor (NGF), brain
derived neurotrophic factor (BDNF), neurotrophin-3 (NT-3), and neurotrophin-4/5 (NT-
4/5). Outside of the neurotrophin family, other factors of importance are ciliary
neurotrophic factor (CNTF), glial cell line-derived growth factor (GDNF), and acidic
and basic fibroblast growth factor (aFGF, bFGF).

NGF is vital to the development and regeneration of nervous system; this neurotrophin
is expressed at low levels in healthy peripheral nerve and is upregulated in the distal

stump upon injury [8]. On the cellular level NGF promote axonal growth from sensory
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neurons through activation tyrosine kinase, TrKA. BDNF is known to enhance survival
and promote axon growth of motor and sensory neurons and hippocampal neurons via
its receptor TrKB. Has been shown that BDNF plays an important role in regulation of
synapse structure and function.

NT3, like BDNF, promotes motor neuron survival and outgrowth as well as sensory
axon growth. It has also been demonstrated that BDNF and NT-3 significantly influence
axon path-finding, as well as aiding axonal regeneration in rats following spinal cord
injury [9]. Recent studies also provide evidence that basic fibroblast growth factor
(bFGF-2) and glial cell line-derived neurotrophic factor (GDNF) may play a role in
facilitating nerve regeneration in the peripheral nervous system (PNS) and CNS. Both
growth factors have been shown to influence neurons, Schwann cells, and
oligodendrocytes toward axonal growth and remyelination following injury[10,11].
Ciliary neurotrophic factor (CNTF) has been shown to act primarily on neurons as a
survival factor following injury in the PNS [12]. Taking in account the main role
played by the ECM molecules and of the soluble factors (e.g. neurotrophins) in the
maintenance of the integrity of the nervous system, it’s necessary to steer engineering
technique toward creating and modifying biomaterials to mimic the in vivo
environment.

3.3 CLINICAL APPROACHES FOR TREATING PERIPHERAL NERVE
INJURIES

For peripheral nerve injury, one of the current clinical treatments for nerve transaction
is surgical end-to-end reconnection, which involves the suturing of individual fascicles
within the nerve cable. End-to-end repair, however, is only effective if the nerve ends
are directly adjacent and can be reconnected without causing tension. If the injury
creates a gap in the nerve, autologous nerve grafts or autografts are used. For longer
nerve gaps, this approach is not used because any tension introduced in the nerve cable
would inhibit the regeneration while an autologous nerve graft from other donor sites is
used. This technique has the disadvantage of the loss of function at the donor site and
the need for multiple surgeries. There are a few devices that are now Food and Drug
Administration (FDA) approved for relatively short nerve defects, including Integra

Neurosciences Type | collagen tube (NeuraGen Nerve Guide) [13] and SaluMedica’s
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SaluBridge Nerve Cuff [14]. However, these treatments are reserved for small defects
(several millimeters) and do not address larger peripheral verve injuries.

In the PNS the challenge is to find an alternative to autologous nerve graft and thus
eliminate the need for two surgeries and the removal of tissue from the patient,

improving also the recovery rates and functional outcome.

3.4 BIOENGINEERING STRATEGIES FOR NERVE REPAIR

For CNS injury, and particularly spinal cord injury, clinical treatment is less promising.
Unfortunately, there is currently no treatment available to restore nerve function. The
CNS is a greater challenge for new therapies. Already in 1981 was shown that the
regenerative potential of the central neurons seemed to be expressed when the central
nervous system glial environment was changed to that of the peripheral nervous system
[15]. The precise regeneration of a lesioned projection, assuming that neurons survive
of the transaction of their axons, regeneration processes include different events [16].
The damaged axon has to start a spontaneous sprouting, to go into and through the
lesion site with the outgrowth in the correct direction to establish reconnection with
their targets properly reinnervated. Therefore helping regenerating axons cross the
lesion area represents an important step in the early regenerative process in which
bioengineering approach may be effective. One way is to create a growth-permissive
artificial substrate that connect the gap between damaged nerve tracts across the scar.
This substrate works as a “bridge” that fills the lesion site. Owing to the profound
impact of CNS damage, extensive studies have been carried out aimed at facilitating
CNS repair. Many strategies have been developed to facilitate axonal reinnervation and
to direct their outgrowth. Various devices using synthetic and biological substrates are
being developed as biomaterial bridges for peripheral nerve grafts. In particular,
membranes in tubular configuration act as a guidance channel to protect the
regenerating axons in the lumen from the external environment. The membrane reduces
the infiltration of fibrous tissue and provides a conduit for the diffusion of neurotrophic
factors, increase the concentration of endogenous proteins inside the channel and allows
the selective transport of molecules between the lumen and the surrounding

environment [Figure 3.3].
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Lesion site

Figure 3.3 Schematic diagram illustrating the concept of bridging following CNS
injury.

Current attempts are focused on seeking new biomaterials, new cell sources, as well as
novel designs of tissue-engineered neuronal bridging devices, to generate safer and
more efficacious nervous-tissue repairs. Bioengineering efforts are focused on creating
a permissive environment for regeneration and providing a seamless interface between
the CNS and the PNS.

Many researchers are presently focusing efforts on creating physical or chemical
pathways for regenerating axons for in vivo application or as an in vitro model. These
devices include physical or mechanical guidance cues, cellular components, and
biomolecular signals, as reviewed individually below. Future therapies will incorporate
multiple cues into unique devices that more closely mimic native nerve. They will also
be interactive and programmable, and thus capable of seamless communication with

surrounding tissues.

3.4.1 Guidance therapies
For culturing neuronal cells is necessary to take in account that cell growth is strictly
influenced by environmental cues. In particular the growth of cells and tissue is strongly
influenced by environmental cues. In particular, topographical features, such as that
created by cells, matrix proteins, and surface texture on biomaterials, influence cell and
tissue growth. This phenomenon is termed as contact guidance. The physical guidance

of axons is a vital component of nerve repair.
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Since the 1960s, when Millesi et al. [17] pioneered microsurgical techniques to
accurately align nerve fascicles in the direct resection of nerve ends, with improved
functional outcomes, the need for physical guidance has been acknowledged as an
essential element in nerve regeneration. The nerve guides or nerve-guidance channels
serve to direct axons sprouting from the proximal nerve end, provide a conduit for the
diffusion of growth factors secreted by the injured nerve ends, and reduce the
infiltration of scar tissue. Past research in this area has focused either on existing natural
or on synthetic materials; however, none of the materials studied to date have matched
or exceeded the performance of the nerve autograft. As a result, researchers are now
focusing on the combination of materials and desired biomolecules to create new
composite materials that can actively stimulate nerve regeneration. Matrices are
incorporated into the lumen of the guidance channel to enhance the organization of the
regeneration environment and provide topographic-guidance cues via aligned textures,
and biological-guidance cues by patterned biomolecules, to facilitate unidirectional
outgrowth of the regenerating axons [18-19]. Cells [20], ECM molecules [21], or
growth factors [22] can be incorporated into the tube to assist axonal sprouting and
outgrowth. Among the variety of tubular structures used for guidance channels,
semipermeable HFMs appear to be a favourable guide to regenerate neuronal tissue.

The most promising results were observed with a minichannel entubulation device in
which Schwann cells were seeded into a semipermeable nondegradable HFM made of a
random copolymer of acrylonitrile and vinylchloride (PAN-PVC) with an outer
diameter comparable to that of the hemisected part of the right spinal cord [20-23] . A
large number of both myelinated and nonmyelinated regenerating axons were
discovered in the midpoint of the channel and some of the regenerating axons were able
to traverse the bridge-host interface and reenter the host CNS environment. These
axons terminated as button like structures in the gray matter. In order to confirm the
efficacy of the minichannel design on CNS axon regeneration, further evaluations of
functional recovery and synaptic reconnections are necessary. Topographic cues such as
the surface microgeometry of the guidance channels and the morphology of the
intraluminal matrices within the nerve bridging device may represent key elements in

the successful guidance of regenerating axons.
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3.5 TISSUE RESPONSE TO BRIDGING DEVICES

In a tissue-engineered construct, the response of tissue depends on the properties of the
materials and the cells [24]. Material properties, including morphological, structural,
mechanical, physicochemical [25], and electrical properties [26], affect tissue response.
The cells within the construct interact with the material directly via physical contact or
indirectly via the diffusion of cell-secreted soluble factors. In the case of a typical
tissue-engineered neuronal bridging device, the properties of the material components
relevant to the tissue response include the surface microgeometry, the MWCO, possibly
the bioactive factors that are loaded and during the time released through the channel
wall, and the degradation rate for biodegradable materials [27]. One particular
advantage of tissue engineered platform of neural microenvironment is that they can
present several types of cues in a synergistic or competitive manner to elucidate their
relative importance. Axon guidance by concentration gradients of soluble guidance cues
has been extensively studied in vitro. The modification of the surface with neuronal
trophic factors has been found to elicit neuronal regeneration. The patterning of
materials with chemical cues, such as ECM proteins (e.g., laminin, fibronectin, and
RGD peptide), has been evaluated in the neurite outgrowth. Neurons from rat brainstem
and cortices adhered to surfaces coated with laminin. DRG neurite attachment was
found to be dependent on fibronectin strip width (30 mm). Hippocampal neurons
adhered to and extended neurites on the pattern of poly-L-lysine and laminin. Different
studies demonstrated that an applied electric field can accelerate neurite outgrowth and
influence neurite orientation. In fact, the electric fields in the form of voltage gradients
have been observed to polarize the nervous system along the rostral-caudal axis during
the development (5-18mVmm™) and direct nerve growth and accelerate wound healing
in the rat cornea (+40 mV/0.5 mm) [28].

Cues in three-dimension, such as matrigel, collagen, as well as synthetic polymer based
scaffolds, support longer neurites outgrowth than in bidimensional culture systems.
Surface topography provides spatial and physical cues to the growth cone, influencing
their regeneration and obviating the need for a cell-adhesive surface. Neurons have the
capacity, in fact , to respond to topographical features in their microenviroments, and

they have been shown to adhere, migrate, and orient their axons to navigate surface
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features such as grooves in substrates in the micro- and nanoscales. Topographic
guidance of neurite outgrowth has been explored in vitro with culture substrates that
contained well defined micropatterned features such as etches, microchannels,
nanotubes or microgrooves .

Mahoney et al. [29] studied the effects of polyimide microchannels in a range between
20-60 um in width and 11 um in depth on PC12 cell culture. Neurites were directed
along the axis of the grooves with microchannel of 20-30 um being the most effective at
neurite direction.

More recently Morelli et al. [30] explored the polarization and orientation of
hippocampal neuronal cells on nonpatterned and micro-patterned biodegradable poly(L-
lactic acid) (PLLA) membranes, The micro-patterned membranes have a
threedimensional structure consisting of channels plus ridges and bricks whereas the
nonpatterned membranes have a flat surface. The most oriented neurons were observed
specially on the patterned porous membranes with channel width of 20 um and ridges of
17 um, in which an higher frequency of neuronal orientations between -10° and 10° was
observed too. These results demonstrated once again that the patterned microstructure is
able to guide and enhance neurite extension and orientation.

Gomez et al. [31] studied the combined effect of NGF and microtopography of
microchannels on axon initiation, polarization and elongation of hippocampal neurons.
They observed that topography had a stronger effect on polarization but no effect on
elongation, whereas NGF, and particularly a synergy of immobilized NGF plus
topography, dominated axon length. These results revealed the synergies between the
topographical and molecular cues, suggesting that both are required for maximal neurite
growth.

Surface microgeometry of a nerve guidance channel affects the morphological patterns
of neural regeneration. Aebischer et al. [32] demonstrated that varying only the luminal
surface texture of otherwise identical guidance channels, the outcome of regeneration
varies significantly. Smooth-walled tubes support the regeneration of a nerve cable
containing numerous myelinated axons grouped into micro fascicles within an
organized fibrin matrix. In contrast, rough-walled tube contain only a loose connective

tissue stroma and few or no myelinated axons.
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De Bartolo et al. [33] showed that hippocampal neurons exhibited a different
morphology in response to varying the properties of the membrane surface. Indeed,
cells grown on the smoother surfaces such as fluorocarbon (FC) and polyethersulfone
(PES) membranes displayed a large number of neurites with consequent formation of
bundles and a highly branched axonal network. When rougher membranes, as in the
case the PEEK-WC, was used the neural cells formed aggregates and most of the
processes were developed inside the pores of the membranes. Taken together these
results suggest the pivotal role played by membrane surface properties in the adhesion
and growth of the hippocampal neurons, which must be considered in the development
of tailored membranes for neural tissue engineering.

Another approache to increase the efficiency of the guidance channel is the one
proposed by Zhang et al.[34] that used highly aligned grooves on the inner surface of
semipermeable HFMs produced from both nondegradable and biodegradable natural
and synthetic polymers. In particular aromatic polyether based polyurethane (PU) was
used as nondegradable and poly-p,-lactide-coglycolide (PLGA) was employed as a
degradable polymer. The studies using in vitro dorsal root ganglion (DRG) regeneration
assay showed that both the alignment and the outgrowth rate of regenerating axons
increased significantly in HFMs with aligned textures, more than those in HFMs with
smooth inner surface.

Both surface and transport properties of the membranes play an important role in
neuronal regeneration: the surface microgeometry of the membrane inner wall affects
the orientation of the axonal growth, and the MWCO of the membrane affects axonal
regeneration by governing the mass transfer of molecules between the controlled
regenerating environment within the channel lumen and the external environment [35].
In Table 3.1, the main studies with neuronal cells using membrane systems for in vitro

study are reported.
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Table 3. 1 — Characteristics of membranes for in vitro neuronal regeneration study

MEMBRANE
REFERENCE MEMBRANE CONFIGURATION MATRICES PROPERTIES CELLS EFFECT
Polyacrylonitrile Macroporous Eeccz:gtih-dgrﬁ)g Cell proliferation,
Lietal., 1999 polyvinylchloride Hollow fiber cellulosic Hydrogel C2C12 CgNTF dopa and CNTF
copolymer microcarriers - secretion
secreting
Contact anle Dorsal root Cell proliferation on
Manwaring et Glass, CA, PES, PAN- Flat i ranain fron% 35 ganglion and CA, PAN-PVC,
al., 2001 PVC, PS, PP, PEVAC g tog95° cerebellar granule PEVAC and glass
neurons
Copolymer of : Proliferation and
Broadhead etal., acrylonitrile and Hollow fiber - Cut-off 40,150 PC12 maintanance of
2002 ; . kDa S
vinylchloride viability
- Longer neurites on
Lee et al., 2003 polyethylene flat Corona treated V\_/ettabﬂny PC-12 surface with contact
gradient surfaces o
angle of 55
Aromatic polyether Grooves on the
poly . lumen of width High rate of neurite
Zhang et al., based polyurethane, . Poly-L-lysine and . Dorsal root
. Hollow fiber L width of 38.5-91 . outgrowth on textured
2005 Poly DL-lactide- laminin ganglion .
. pum inner surface
coglicolide
Young et al., Polyvinyl alcohol gnd Cerebral cortical Differentiation in
polyethylene-co-vinyl flat - Dense structure neurons/strocytes and
2005 stem cells ; g
alcohol proliferation
Flat The modification of
Lopez et al., silicon Laminin and Pore size ranging PC-12 collagen increase cell
2006 collagen from 20 to 50 nm survival and
functionality
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ChaggoeYt al., Polyethyleneimine- flat ) Contact angle Rat cerebellar Increased cell viability
polyethylenevinylalcohol 23.2-84.9° granule neurons on surface with 57.8°

Eluorocarbon Surface with Ra up to

’ Roughness . 50 nm favoured the

De Bartolo et al., polyethersulfone, . . Hippocampal .
2008 modifiednolvetheretherk flat Poly-L-lysine ranging from 6 to NeUrons formation of longer
POty 200 nm neurites and BDNF
etone, .
secretion
. Spontaneous cell
Brayefield et al. Polyethersulfone Hollow Fiber Laminin Zatrt](we rg'(;?nve\zltlgr] PC12 and NPCs process growth into
2008 y H h ' | the channels of the
channets. scaffold.
He et al Hiooocampal Adhesion and cellular
' Chitosan Flat and Hollw fiber Poly-L-lysine Biodegradable PP P growth. Expression of
2009 neurons e .
specific proteins.

Patterned membrane

Morelli et. al PolyL-lactic acid Elat PoIv-L-Ivsine Micro-Patterned Hippocampal improved guidance
2010 (PLLA) y-y Non-patterned neurons and extension of the

neurite.
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Young et al. [36] studied the effect of different membranes made of polyvinyl alcohol
(PVA) and poly (ethylene-co-vinyl alcohol) (EVAL) on the proliferation and
differentiation of neural stem cells isolated from embryonic cerebral cortex. Single
neural stem cells seemed to remain dormant on the EVAL. Conversely, the
development of cell clusters (neurospheres) was in a density-dependent manner on
EVAL. Neurospheres proliferated under high-density culture condition, but
differentiated into neurons and astrocytes under low-density culture condition.
However, regardless of single cells or neurospheres, cultured cells could not survive on
the PVA. These in vitro results are very encouraging since this information should be
useful for the development of strategies in the biomaterial field for regulating the
preservation, proliferation and differentiation of neural stem cells. The use of HFMs
was employed by Yamazoe et al. [37] to induce the differentiation in dopaminergic
neurons from mouse embryonic stem (ES) cells enclosed in hollow fibers using
conditioning medium from PAG cells, the stromal cells derived from skull bone marrow.
With this system, dopaminergic neurons were efficiently obtained in HFMs and the
dopamine release was observed; at the same time, hollow fibers membranes offered a
protection to the dopaminergic neurons from mechanical disturbances and attacks by
the host immune system. Although there are many issues that have to be addressed, this
study showed that the differentiation of ES cells within hollow fibers is one of the most
promising approach so that cell therapy of Parkinson’s desease can be realized.
Controllable 3-D neuronal networks in vitro, provide tools for studying neurobiological
events. On this purpose, Brayefield et al. [38] recreated a scaffold constituted of
polyethersulphone (PES) microporous hollow fibers ablated with excimer laser in order
to generate specially designed channels. Such modification, was made in order to
compartmentalize growth of neuronal cell body from their axonal processes and further
facilitate directed process growth into the 3-D space of the fiber lumens. These laser-
created channels within the PES fiber walls appear to enhance PC12 cell adhesion as
well as able to sustain the growth of rat adult neural progenitor cells (NPC).
Compartmentalization of neuronal cell bodies from their axons allowed a direct method
for analyzing neurite outgrowth within a 3-D space at high densities that more

accurately mimics the in vivo environment.

70



Membrane approaches for neuronal tissue engineering: state of the art

The physico-chemical properties of the membrane surface are also important in the
interactions with cells. Manwaring et al. cultured cells derived from meningeal tissue on
surfaces with different wettability: poly(vinylchloride)-poly(acrylonitrile) (PAN-PVC),
polyethylene vinyl acetate (PEVAC), polypropylene (PP), polystyrene (PS), and
Tecoflex (TECO). The hydrophilic materials supported the highest level of cell
attachment while the hydrophobic materials supported less cell adhesion [39].Surface
wettability plays an important role for neurite formation on the polymer surfaces for
axon regeneration as demonstred by other studies in which PC- 12 cells exhibited a
differentiated neuronal phenotype with a long neurite on polyethylene surface with
moderate wettability [40].

Chang et al. [41] have investigated the effect of blending polyethyleneimine (PEI) with
polyethylene vinyl alcohol (EVAL) on the granule neuronal cell behaviour. The
addition of PEI at increasing concentration resulted in a change in wettability properties
of the membranes with contact angle ranging from 23 to 85°. An increased cell viability
was observed on membrane surface at 57.8°. In understanding the interactions between
microfabricated synthetic interfaces and cells, Lopez et al. investigated microfabricated
nanoporous silicon membranes modified with collagen and laminin on the survival,
proliferation, and differentiation of PC- 12 cells. The modification of the membrane
with collagen was important to improve the adhesion of cells [42]. The tubular
membrane can be engineered to allow adsorption of the bioactive factors to the channel
walls during the fabrication process, which could be released within the lumen to favour
nerve regeneration.

A previous study reported enhanced nerve regeneration in vivo by using collagen
tubules filled with BDNF-enriched collagen gel. The obtained results appeared to be at
least as good as autologous nerve grafts for bridging short facial nerve gaps.

Both nonbiodegradable materials, such as silicon, polyester (PE), Polyvinyl Cloride
(PVC), polyvinylidene Difluoride ( PVDF), and polytetrafluoroethylene (PTFE), and
biodegradable materials, such as collagen, chitosan, polycaprolactone (PCL), and
polyglycolic acid (PGA), have been used to realize tube as nerve-guidance channels for
repairing transected nerves.

Asymmetric HFMs of polyacrilonitrile an polyvinylchloride copolymer (PAN-PVC)
were used as a method of controlling proliferation and delivering therapeutic molecules
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within a dose range. The method entails encapsulation into a hollow fiber device of
discrete numbers of cell-containing microcarriers. Ability to control dose released over
a several-fold range was demonstrated with encapsulated PC-12 cells delivering
neurotransmitters (L-dopa and dopamine) and C2C12 mouse myoblast cells delivering
neurotrophic factors (CNTF) [43].

As mentioned previously, the MWCO of the the guidance channel affects the cellular
behaviour by governing the mass transfer of molecules as evidenced also by Broadhead
et al.[44]. The objective of their study was to evaluate the influence of HFM
permeability on several biological parameters using a model cell line. The PC 12 were
encapsulated within PAN-PVC HFM with widely different transport properties. The
encapsulated cell biomass, the number of proliferating cells, and the quantity of
dopamine released increased as a function of increasing HFM diffusive permeability. In
this respect, membrane permeability plays a dual role by regulating the size of the cell
mass that generates the product and by being able to restrict the diffusion of the product
across the membrane into the surrounding environment. The percentage of viable cells
and the overall appearance of the biomass architecture were not significantly influenced
by differences in HFM permeability.

The use of biodegradable materials in guidance channels offers the advantage of timely
disappearance from the implantation site without an additional surgical intervention
once the regeneration process is completed and further allows connection of the
regenerated axons with the host circuitry. The important characteristics of a
biodegradable guidance channel include minimal tissue response following
implantation, in vivo degradation at a rate that matches with the regeneration process,
non-toxic and readily excreted degradation products, and the absence of toxic residual
chemicals that may be contained in their preparation [27].

Between the biodegradable polymer, chitosan has proved to have good in vitro
biocompatibility with peripheral nerve cells or tissue and can serve as a promising nerve
conduit material to promote peripheral nerve regeneration. He et al [45] confirmed that
chitosan is biocompatible to primary culture of hippocampal neurons. They prepared a
substrate made up of chitosan fibers or membrane, and it was found to support the
survival and growth of the attached hippocampal neurons without citotoxic effects on

cell phenotype and functions.
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Other biodegradable material are well tolerated in the CNS, such as polylactic,
polyglycolic acid, and their various copolymers [46], for these polymer the tissue
inflammatory response generally becomes stabilized and resolved as a function of
material degradation. Biodegradable materials are often formulated into microspheres;

this design is aimed for controlling drug delivery at a CNS tissue site.

3.5 MEMBRANES USED IN IN VIVO NEURONAL REGENERATION

Semipermeable membranes are also used for the cell encapsulation in order to
immunoisolate the cells from the host by being permeable to molecules smaller than
certain sizes, but restricting the passage of larger molecules, such as antibodies and
complement components, from entering the membrane lumen and interacting directly
with the encapsulated cells [47]. One of the applications of HFMs with encapsulated
cells is with regard to implantation in the CNS for treatment of Parkinson’s disease.
Parkinson’s disease is a neurological disease characterized by the progressive

loss of dopaminergic neurons, in the substantia nigra pars compacta, which are
important to motor control. A treatment strategy under development involves the
implantation of encapsulate dopamine-secreting cells, with the purpose being to
alleviate at least some of the symptoms of Parkinson’s disease through the targeted
delivery of dopamine.

There are also other nervous system disorders where the delivery of missing factor(s),
for example, neurotransmitters, neurotrophic factors, or enzymes, might compensate for
a disease-caused deficiency and thus alleviate symptoms. Although approaches such as
the use of pumps or slow-release polymer systems could be employed, the use of
encapsulated secretory cells is a particularly attractive one for chronic implant therapies
since the supply will last as long as the cells survive. There are two methods of
encapsulation: micro- and macroencapsulation [47]. For macroencapsulation, cells are
usually suspended in a matrix within an HFM. The open ends of the hollow fiber are
sealed, thereby forming a capsule within which cells reside. In this case, the relatively
thick fiber membrane represents a large diffusion distance for the release of
catecholamine. This limit can be overcome by microcapsules. The thin membrane and

spherical shape result in a high surface-to-volume ratio that facilitates transmembrane
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diffusion and enhances cell viability. A disadvantage of the microcapsules is that they
are fragile and cannot be retrieved easily. One of the first studies concerning the
implantation of HFMs was that of Benveniste, who implanted a Diaflo HFM
microdialysis tube in the rat hippocampus and studied the cellular reaction.
Hypertrophic astrocyte processes invaded the spongy fiber wall 3 days after and late
collagen deposits and occasional granuloma were formed. This study represents an
initial attempt toward understanding the CNS tissue response to an HFM device [48].
Later, Winn et al. [49] encapsulated cells in a PAN-PVC HFM implanted into an adult
male rat’s right parietal cortex. A layer of reactive astrocytes mixed with other
inflammatory cells including macrophages and microglia enveloped the membrane with
some of the cells penetrating into the fiber wall. However, the response was benign due
to a consistent absence of necrosis at or around the implant-brain interface over time.
Semipermeable polysulfone tubular membranes with MWCO ranging from 100 to 1000
kDa were used in transacted hamster sciatic nerve model to support nerve regeneration
in the absence of a distal nerve stump by Aebischer et al. [35]. The MWCO of the
tubular membrane affected the outcome of regeneration. Only membranes with MWCO
of 100 kDa supported the regeneration of well-differentiated peripheral nervous tissue
containing a significant number of myelinated axons. In Table 3.2, several studies in
vivo with neuronal cells using membrane systems are reported.

Li et al. [43] used asymmetric hollow fiber membranes of PAN-PVC copolymer to
encapsulate PC-12 cells secreting L-dopa and dopamine attached to macroporous
cellulosic microcarriers. PC-12 cells on microcarriers were embedded in polyethylene
oxide (PEO) or agarose within hollow fiber devices. Devices were implanted into rodent
striatum for 4 weeks and assayed for catecholamine release. Proliferation control is
attained by embedding cell containing microcarriers in nonmitogenic hydrogels.
Glial-cell line derived neurotrophic factor (GDNF) was encapsulated in HFMs of
Polyethersulfone (PES) previously filled with Polyvinyl Alcohol (PVA) cylindrical
matrix and the fiber ends sealed with acrylic-based glue. The implantation of
encapsulated cells by PES fibers in animal models of Parkinson’s disease [50] leads to
improvement of movement associated with striatal reinnervation of dopaminergic
fibers. Microcapsules made of alginate—polylysine—alginate have been used by Xue et

al. [51], to encapsulate bovine chromaffin cells that have been implanted into the brain

74



Membrane approaches for neuronal tissue engineering: state of the art

of hemiparkinsonian rats. The results of this study show great promise in the application
of adrenal autograft tissue for the treatment of Parkinson’s disease. Bovine chromaffin
cells have also been encapsulated in microcapsules of alginate with 100-300 mm
diameter covered by poly-L-lysine and implanted in the subarachnoid space of rats. The
microcapsules reduced the symptoms of pain. The cells were morphologically normal
and retained their functionality [52].

When a spinal cord injury (SCI) occurs, the primary mechanical damage is followed by
a complex process of secondary damage due to inflammation, ischemia, free radical
production, and apoptosis, among other processes. Because the pathophysiology of SCI
is complex and involves many distructive processes, combination strategies have begun
to be pursued and include the provision of cellular scaffolds to replace necrotic tissue,
the delivery of neuroprotective agents to limit secondary injury, and the delivery of
biomolecules to limit and neutralize the inhibitory environment present after injury.

The three-dimensional structure of biomaterial scaffold plays a significant role in
neuron adhesion, as well as neurite outgrowth. As result, nerve guidance channels
(NGCs), such as hollow fiber membrane, have been the subject of rigorous research
aimed at promoting nerve regeneration in both the PNS an CNS.

Transplantation of porous tubes in poly(2-hydroxyethyl methacrylate-co-methyl
methacrylate) was performed by Reynolds et al. [53]. The purpose of the study was to
determine the effect of the surgical implantation of a porous tube into the lesion cavity
following a complete spinal cord transaction on the weight and oxidative potential of
muscles, and locomotor activity. The result suggested that the use of a biomaterial
guidance transplantation can have a positive effects improving locomotor functions in
the treated rats. While the initial strategy of developing NGCs was to bridge long gaps
between nerve stumps, there is increasing evidence that suggests filling NGCs with
growth factors or seeding with support (and/or stem) cells can promote superior axon
growth into these channels for potential application in spinal cord repair. Recent studies
have shown that neural stem/progenitor cells (NSPCs) delivered within a chitosan NGC
can promote regeneration of a thick tissue bridge in a rat after a complete spinal cord
injury[54,55]. Prior to culturing the NSPCs, chitosan tubes were coated with laminin to
improve cell adhesion; in vivo these NGCs enhance cell survival (which is normally

very poor when cells are delivered alone) and facilitate differentiation predominantly to
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oligodendrocytes and astrocytes. Hence, NGCs not only serve as a support bridge
between the two stumps of the spinal cord, but also protect the transplanted cells from
the hostile environment following spinal cord injury. In this study, differentiated NPSCs
may have secreted factors that attract host tissue and axons into the construct although
this was not quantified. Moreover, recent findings also indicate that resident precursor
cells proliferate and differentiate into oligodendrocytes and astrocytes following CNS
injury to promote tissue repair [56]. An alternative nerve repair strategy is proposed by
Clements et al [57] that utilized an internal scaffolding of polysulfone membrane to
promote and enhance nerve repair. Using a 14mm tibial nerve gap model in rats, the
regenerative potential of 1-film guidance channels, containing a single aligned thin-
film, was compared to that of a 3-film design. Significantly greater regeneration was
observed in the 1-film channel; furthermore regenerated nerve cables through the 1-film
channels were structurally more akin to normal nerve in terms of patterns of cellular
distribution and alignment. Thus, by providing minimal, yet appropriate topographic
cues, a guidance channels ability to bridge critically sized nerve defects may be
significantly enhanced.
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Table 3.2 - Characteristics of membranes for in vivo neuronal regeneration study

CONFIGUR MEMBRANE
REFERENCE MEMBRANE MATRICES CELLS EFFECT
ATION PROPERTIES
Benveniste et al., 1987 Diaflo Mlcrgjdblglysm - 50 kDa Cellular reaction to implant
Winn et al., 1989 PAN-PVC Capsules - Giant cells Immunoisolation form
xenograft
Regeneration of peripheral
Aebischer et al., 1989 Polysulfone Tubes - MWCOkl[g)aand 100 Sciatic nerve nerve with 10 kDa MW cut-off
membrane
Polyacrylonitrile Macroporous sPeCc%eztilF]-dgrrl)g Cell proliferation in vitro and in
Lietal., 1999 polyvinylchloride Hollow fiber celulosic hydrogel 9 vivo and release of L-dopa and
. . C2C12 CNTF
copolymer microcarriers - CNTF
secreting
. . . Inner diameter 500 MDX12 Regeneration of nigrostrial
Sajadi et al., 2006 Polyethersulfone Fiber Polyvinylalcohol um secreting GDNF dopaminergic fibers
Poly-2-hydroxyethyl Improvement of locomotion
Reynolds et al., 2008 methacrylate-co-methyl Tube - Dense structure P . .
function after spinal transection
methacrylate
Xue et al., 2001 Algmate-polylysme- Microcapsule Polylysine Diameter 100- Bovine Reversion _of be_hawo_ral deficits
alginate S 300um chromaffin cells in hemiparkinsonian rats
Diameter 100- Maintenance of cell viability
Kim et al., 2004 alginate Microcapsule Poly-L-lysine Chromaffin cells | after implantationand analgesic
300um
effect
4.1mm in outer Many surviving transplanted
Nomura et al.2008 Chitosan Channels Laminin diameter. Wall NSPCs y g P
. cells and host axons.
thickness 0,2mm.
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3.6 CONCLUDING REMARKS

The principal goal of regenerative medicine is to promote tissue regeneration and
healing after injury or disease. This can be achieved through the delivery of cells and/or
factors in a tissue engineered scaffold designed to provide a biomimetic
microenvironment conducive to cell adhesion, proliferation, differentiation, and host
tissue regeneration. Most biomaterial scaffolds are biodegradable, biocompatible, and
provide a temporary niche for cell-replacement strategies. The bioartificial recreation of
such niche can be tailored for neuronal tissue engineering with different strategies
previously described in this chapter and in particular for maximizing the extent of
regeneration and functional recovery of the damaged axons it is necessary a combined
and synergistic interaction of different cues. With the recent advances in the field of
biomaterials, particularly in membrane systems there is much promise of working
toward neural functional tissue-engineered construct. Bioartificial membrane systems
represent a valuable model to investigate the regenerative mechanism in a well-
controlled microenvironment in which the high branched neuronal network can be
recreated. Finally, a neural biohybrid system may offer an in vitro platform for the
study of new strategies for delaying axonal degeneration or neuronal loss of activity in

neurodegenerative disorders as well as the fundamental processes in neurobiology.
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Biomaterials can potentially influence stem and progenitor cell proliferation and differentiation in both
a positive and a negative way. Herein, we report on the expansion and differentiation of rat embryonic
(E17) liver (RLC-18) cells on new bioactive membrane made of PEEK-WC-PU, whose surface was grafted
with nitrogen functionalities by means of NH3; glow discharges. The performance of the developed
membrane was evaluated by analyzing the expression of the liver specific functions of cells cultured in
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exhibited higher functional activities compared to those cultured on conventional culture dishes as
demonstrated by higher albumin and urea production. They showed gene expression of alpha-fetopro-
tein and albumin in a time-dependent manner of the hepatic differentiation process. LDH assay and SEM
analyses revealed that a high number of viable liver stem cells attached to the membranes. Unexpectedly,
liver progenitors cultured on membranes had higher telomerase activity than ones in the plates, pre-
venting cell senescence. Thus, membranes are able to sustain in vitro the same in vivo liver functions and
to allow the expansion of progenitor cells.
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In the case of anchorage-dependent cells (e.g., hepatocytes) that
are highly sensitive to the Extra Cellular Matrix (ECM) milieu, the

1. Introduction

Biomaterials are used in tissue engineering with the aim to
repair or reconstruct tissues and organs. They can potentially
influence stem cell proliferation and differentiation in both a posi-
tive and a negative way; their characteristics have been applied to
attract or repel stem cells in a niche-like microenvironment [1].
Advances in biomaterials engineering and scaffold fabrication
enabled the development of ex vivo cell expansion systems. In
addition to delivering biochemical cues, various technologies have
been developed to introduce micro- and/or nano-scale features
onto culture surfaces to enable the study of stem cell responses to
materials with different physico-chemical properties.

* Corresponding author. Tel.: +49 341 9731354; fax: +49 341 9731359.
E-mail address: sanja.pavlica@bbz.uni-leipzig.de (S. Pavlica).

0142-9612/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.biomaterials.2009.08.024

modification of surface with specific molecules or functional
groups could be used to improve cell adhesion and viability. Several
surface modification techniques have been proposed to optimize
specific interactions between cells and substrates including coating
substrates with ECM proteins (e.g., collagen, laminin, fibronectin),
conjugation with peptide or galactose moieties, or grafting with
functional groups [2-6].

A polymeric membrane made of modified polyetheretherketone
(PEEK-WC) and polyurethane (PU) has been developed as potential
biomaterial to be used for liver tissue engineering [7]. Such PEEK-
WC-PU membrane was also tested with primary human hepatocytes
after being surface-modified with plasma-grafted nitrogen groups;
this modification increased the surface energy and reactivity of the
membrane resulting in improved interactions with cells [8].

Etching, deposition and grafting plasma processes are often
used to modify the surface of biomaterials, including membranes,
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with tunable density of surface functional groups, without altering
their bulk [9,10], in solvent-less dry procedures.

Plasma grafting with NHs or N, feeds, and plasma deposition
processes with N-containing monomer feeds (e.g., allylamine), can
provide polymer surfaces with N-containing functional groups,
whose distribution and density can be tuned with the plasma
parameters, and depend also on ageing processes (hydrophobic
recovery, surface oxidation, etc.). Polar O- and N-groups generated
on polymer surfaces are pursued to confer and improve “biological
activity” and cell adhesion to materials [11].

Herein, we examine the expansion of rat embryonic (E17) liver
cells and the expression of their differentiated functions on PEEK-
WC-PU membranes plasma-grafted in NH3 radiofrequency (RF,
13.56 MHz) glow discharges. This cell line was used in this study as
a model of liver progenitor cells since using cells from the fetal
human liver is ethically problematic and great difficulties in
obtaining such cells are expected. We hypothesize that nitrogen
functionalities grafted over the surface of the membrane control
adhesion, proliferation and differentiation of embryonic liver cells.
Membranes were first plasma pre-treated in a H, RF glow discharge
to cross-link and stabilize the surface of the membrane before
performing the plasma-grafting of nitrogen groups in a NH3 RF
glow discharge [12]. The pre-treatment is needed to reduce the
hydrophobic recovery ageing of the final surface.

Liver specific functions such as the synthesis of albumin and
urea were investigated on cells cultured in a 6-well oxygen
permeable bioreactor developed in our group [13]. The ability of the
substrate membranes to influence cell proliferation was evaluated
by means of cell cycle analyses and by measuring their telomerase
activity. Gene expression for alpha-fetoprotein (AFP) and albumin
was also established. Conventional substrates such as collagen and
polystyrene culture dishes (PSCD) were used as reference
substrates.

2. Materials and methods
2.1. RF glow discharge plasma processes

Plasma pre-treatments (H,, crosslinking) and treatment (NHs, grafting
N-groups) modification processes of the PEEK-WC-PU membranes were performed
in a pyrex glass “parallel plate” plasma reactor, described elsewhere [8,14], equipped
with two internal steel electrodes. The H; pre-treatment is needed to control the
ageing of the N-grafted membranes. Discharges were ignited between the upper
electrode, connected to a radiofrequency (RF, 13.56 MHz, ENI-ACG-10) power supply
through an impedance matching network, and the flat lower internal electrode 7 cm
far (ground, substrate holder). H, (generated with a HG200 Claind Hydrogen
Generator) and NH3 (Air Liquid) were fed trough electronic MKS mass flowmeters.
The pressure, kept constant at 200 mTorr with a rotary pump, was controlled with
a MKS baratron. Plasma Hj pre-treatment and NH3 treatment processes were per-
formed in sequence, without opening the reactor in between, as follows: 10 sccm Hy
flow rate, 30 Watt RF power, 1 min for pre-treatments; 10 sccm NHj3 flow rate,
20 Watt RF power, 1 min for treatments.

Plasma parameters were optimized in both processes to maximize the extent of
grafting of N-groups, measured by the surface N/C ratio of the modified PEEK-WC-
PU membrane, and to slow down its ageing by hydrophobic recovery [12]. Modified
membranes were immediately stored in polystyrene boxes and used for cell culture
experiments within 8 days.

2.2. Surface characterization

The surface chemical composition of unmodified and modified membranes was
determined by means of X-ray Photoelectron Spectroscopy (XPS). A Thermo VG
Scientific XPS instrument was used (monochromatic AlKa, X-rays, 1486.6 eV, 100 W,
400 um spot size). Membranes were examined within 1 h after being plasma pro-
cessed and 7-15 days after. XPS measurements were performed at a take-off angle
(TOA) of 37° with respect to the normal to the sample surface (6 -2 nm sampling
depth). Survey (0-1100 eV of Binding Energy, BE) and high resolution C1s, N1s, and
O1s spectra were recorded.

Water Contact Angle (WCA) measurements were performed in static mode with
a CAM 200 instrument equipped with a photocamera. 2 ml drops of double distilled
water were used. WCA values were measured within 1 h after the surface modifi-
cation process, and many times during 2-3 weeks, to evaluate the ageing of the

treated surfaces. The CAM software of the instrument was utilized to fit the shape of
the drop and determine the WCA tangent with the Young-Laplace equation.

2.3. Preparation for SEM investigations

Investigations of the membrane geometry and the cell morphology were done
by high resolution scanning electron microscopy (SEM) using a Quanta 3D FEG
instrument (FEI Company). Sample preparation procedure prior SEM investigation
consists of five main steps. At the end of the culture period, the cells on the collagen
coated cover slips and membranes were fixed with 2.5% gluthardialdehyde (Sigma-
Aldrich, Taufkirchen, Germany) in PBS for at least 12 h. After rinsing the samples in
PBS (ccpro, Germany) they were stained using 2% osmium tetroxide (ROTH,
Karlsruhe, Germany) for a period of 45 min. Before starting dehydration, the samples
were washed three times with PBS. The dehydration of the samples was realised by
stepwise incubation in a rising series of ethanol solutions (10-100%, 10 min each).
Afterwards, the samples were dried during three step incubation in hexame-
thyldisilazane (Sigma, Taufkirchen, Germany) solutions in ethanol (33%, 66%, 100%,
15 min each). At the end of this series the samples were air dried and placed on
a SEM sample holder using carbon glue. The last step contains the coating of the
samples with a thin layer of platinum made by magnetron sputtering (HVD,
Dresden, Germany) to achieve a conducting surface.

2.4. Membrane bioreactor

Semipermeable membranes (PEEK-WC-PU) were prepared from modified poly-
etheretherketone (PEEK-WC), provided by Institute of Applied Chemistry, Chang-
chun, China, and polyurethane (PU) in flat configuration; the phase inversion
technique was used, as previously reported [7,8]. Native and plasma-grafted
membranes were used in a small-scale gas-permeable flat membrane bioreactor,
developed after [13,15]. The bioreactor consists of a polycarbonate six well shell,
a six-hole silicon seal and metal base, a fluorocarbon gas-permeable (CO3, O, and
H,0 vapour) bioFolie membrane fluorocarbon foil (IVSS GmbH, Germany) and the
PEEK-WC-PU membrane.

2.5. Cell culture

The rat embryonic liver (E-17) cell line (RLC-18) commercially available (ACC
332) was utilized. This line is nontumorigenic in nude mice liver (Ref. [25]). Cells
were maintained in RPMI medium containing 5% FCS (Biochrom AG, Berlin,
Germany), I-glutamine, penicillin and streptomycin (Biochrom AG, Berlin, Germany)
at 37 °C in a humidified CO, incubator (95% air, 5% CO;) and subcultured twice
a week by using trypsin (0.05%)/EDTA (0.025%) solution (Sigma-Aldrich, Munich,
Germany). The cells were cultured for up to 4 days at 10-14 passages on native and
modified PEEK-WC-PU membranes, collagen I (BD Biosciences, Germany) and
PSCDs.

2.6. Biochemical assays

The rate of albumin secretion by hepatocytes was measured with an enzyme-
linked immunosorbent assay (ELISA) previously described [15,16]. Urea concentra-
tion was assayed by the enzymatic urease method (Sigma-Aldrich, Munich,
Germany). The lactate concentration was measured with an YSI 7100 MBS Analyzer
(YSI Incorporated, Yellow Springs, OH, USA). All chemicals were of analytical grade
and obtained from reputable sources.

2.7. Determination of telomerase activity

To measure and compare telomerase activities of cells grown on different
substrates we used the Telomerase ELISA Assay Kit TeloTAGGG (Roche Applied
Science, Cat. No. 11854666910). This photometric enzyme immunoassay utilizes the
Telomeric Repeat Amplification Protocol (TRAP). After cultivation of cells on plates
and membranes for 4 days, they were lysed and their telomerase activities deter-
mined according to manufacturer’s instructions.

2.8. FACS analysis of cell cycle

To assess the percentage of cells in the G1, S+ G2-M or sub-G1 phase (cell
death), cell-cycle analysis was performed. During expansion at different plates and
membranes, cultured cells frequently underwent cytofluorimetric analysis. DNA
content/cell cycle analysis was performed by detecting propidium iodide (PI)-
stained RLC-18 cell nuclei [17,18]. Nuclei were prepared by lysing 1 x 10° cells in
250 pL of hypotonic lysis buffer (0.1% sodium citrate, 0.1%Triton X-100, and 50 pg/mL
PI) and were subsequently analysed by flow cytometry, using a FACScan (Becton
Dickinson, Heidelberg,Germany). The sample flow rate during analysis did not
exceed 500-600 cells/s. For data analysis and correction of the background noise
histograms were processed with the ModFit LT software (Verity, Turramurra,
Australia).
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2.9. RT-PCR analysis of hepatocyte-specific markers

RNA was isolated from cells, 3 days after seeding, with the RNAeasy-Kit (Quia-
gen). cDNA was transcripted from RNA with MLV transcriptase (Promega), random
primers and dNTP mix. Realtime PCR was performed with 5 pug cDNA, prepared from
three independent isolations. TagMan gene expression assays (fluorescent labeled,
Applied Biosystems) were used with the following cDNA-specific primers and
probes: alb (Rn01413932_m1) and AFP (Rn01413978_m1). The TagMan gene
expression assay was used as reference (endogenous control) for the eukaryotic
18sDNA.

2.10. Statistical analysis

For statistical determinations, three wells were usually examined per sample
and the values were averaged. Data shown represent mean values 4 SD of 3-6
independent experiments done with triplicate determinations. The results of the
LDH, albumin and urea assays were analyzed using appropriate analysis of variance
(two-way ANOVA; SigmaStat software package, Jandel Corp., San Rafael, CA) fol-
lowed by Tukey test for multiple comparisons with substrate (different plates/
membranes) and time (1-4 days) as two factors. One way ANOVA was used only to
analyze data on cell cycle and telomerase activity. The paired Student’s t-test was
utilized to assess the significance of differences between substrates observed in
RT-PCRs. (*P < 0.05).

3. Results
3.1. Plasma processes on PEEK-WC-PU membranes

An H; plasma pre-treatment was performed in order to cross-
link and stabilize the surface of PEEK-WC-PU membranes before
grafting N-groups, thus reducing their hydrophobic recovery
ageing [12]. Pre-treatments in Ar discharges were also per-
formed, but they were found less efficient than Hy discharges
where UV emission is stronger, and affects deeper layers of the
membrane.

Native PEEK-WC-PU membranes exhibited WCA values of
80+ 12° and the following XPS composition: C% 80.9 +4.0; 0%
17.0 +1.0; N% 2.1 +0.1; N/C 0.026 + 0.003. The large WCA error bar
is likely due to pore size distribution, roughness and surface
chemical composition (e.g., due to uneven surface segregation of
PU) of the membrane. Nitrogen atoms are found at the surface of
the untreated membrane since PU is present in the PEEK-WC-PU
composition.

Within 1 h after the Hy/NH3 plasma process WCA values of
41 +9° were measured on modified membranes, and the following
XPS composition: C% 67.2 +3.4; 0% 12.9 +£0.6; N% 19.9 +1.0; N/C
0.296 + 0.030. Lowered WCA value, increased N% and increased N/C
ratio attest clearly for the increased hydrophilic character of the
modified membrane, due to the grafting of polar N-groups. 8 days
of ageing in air result in stabilized WCA values of 61 &3°, and XPS
composition C% 67.5+3.4; 0% 123+0.6; N% 17.5+0.9; N/C
0.259 + 0.026 (slightly lowered N% and N/C ratio), for the hydro-
phobic recovery of the uppermost moieties of the membrane. These
values remain stable with time and represent the surface of the
membrane where cells were grown in the bioreactor.

It is worth to stress here that the H, plasma pre-treatment is
really useful to reduce the ageing of the membrane; NH3 processed
membranes with no pre-treatment exhibited leads almost to the
complete recovery of its original surface properties, with WCA
values of 51 43¢ increasing to 75 =4 3° after 8 days. A more detailed
description of surface analysis data, including Time-of Flight
Secondary lon Mass Spectrometry (ToF-SIMS) results are presented
in our previous papers [8,19].

3.2. Cell viability, metabolic activity and morphology of embryonic
liver cells cultured on different substrates

The high viability of rat embryonic liver cells cultured on native
and NH3-modified PEEK-WC-PU membranes as well as on collagen

and PS culture dishes is presented in Fig. 1A. Results of LDH assay
revealed a high number of viable liver cells attached to both
membranes, both of which express excellent cell-growth condi-
tions. As shown by SEM micrographs, cells easily adhered to the
membranes, then proliferated during a 4 day culture period and
spread to a confluent layer covering the membrane surface (Fig. 2A
and B). After saturation of the space available cells tend to form
cord-like structures formed by aggregates as a result of cell prolif-
eration. On plasma-grafted membranes cells adhered and prolif-
erated showing a polyhedral shape and a low spreading degree
with respect to native substrate (Fig. 2C and D). Cells exhibited also
a three-dimensional cell growth and tight cell-cell contact struc-
ture, very similar to what is found in the native liver. A different
organization was displayed by cells cultured on collagen where
spreading was observed and a two-dimensional surface layer was
formed (Fig. 2E and F). As on the collagen, cells grown on traditional
PSCD cells formed similar two-dimensional layers (data not
shown).

Further, cells displayed enhanced metabolic activity which was
maintained at high levels over the culture period. In particular, the
liver-specific functions expressed in terms of urea synthesis
(Fig. 1B) and albumin production (Fig. 1C) were maintained for 4
days. Interestingly, embryonic liver cells grown on modified
membranes exhibited somewhat higher differentiated functional
activities compared to those cultured on the other substrates as
demonstrated by higher albumin and urea production. These
findings demonstrate that PEEK-WC-PU membranes are able to
support the differentiation of rat liver progenitors particularly
when they are plasma grafted with nitrogen functionalities.

3.3. Gene expression in rat embryonic liver cells cultured
on different substrates

Since albumin production rate is a crucial parameter of the liver
function, in addition to the investigation of the capacity of albumin
production of embryonic liver cells on different substrates, it was
also our interest to examine their gene expression by means of RT-
PCR analysis (Fig. 3A). The cells showed gene expression of albumin
in a time-dependent manner of the hepatic differentiation process.
High albumin gene expression was found on both native and
plasma-grafted membranes, particularly on the last ones. These
results correlate well with the enhanced albumin secretion of cells
grown on modified PEEK-WC-PU membranes (Fig. 1C). Cells
reached a differentiated state, as confirmed by the down-regulated
expression of gene for AFP with respect to other substrates (Fig. 3B).
On the other hand, positive gene expression for alpha-fetoprotein
indicates the maintenance of the progenitor phenotype on PSCDs in
contrast to the membranes where an AFP down-regulation was
observed. So, cultivation of embryonic liver cells on PEEK-WC-PU
membranes leads to their differentiation losing their progenitor
phenotype. On the contrary, an up-regulation of AFP gene expres-
sion was maintained on PSCD substrates, demonstrating that cells
were not still in a well-differentiated state.

3.4. Telomerase and cell cycle-proliferation capability

Since cellular senescence and aging are critically influenced by
telomerase, which elongates telomeres, we measured telomerase
activity of embryonic liver cells with a PCR-ELISA technique
(Fig. 4A). Unexpectedly, the telomerase activities of rat liver
progenitors grown in membrane bioreactors were significantly
enhanced, exerting values similarly as in the positive control, in
contrast to low values of telomerase activities of cells grown on
collagen and PSCD, expressing similar values as in the negative
control. In order to determine whether increased proliferation was



6517

S. Pavlica et al. / Biomaterials 30 (2009) 6514-6521

%

7

vz A4 native

I PSCD
collagen

ez NH3

<

(lw/n) AnAnoe HA

4d

3d

2d

1d

culture day

. PSCD

pzzZ collagen
| |EZA native
BEzZZ NH3

3

(1p/Bw) uonesuda2U0D BAIN

4d

3d

2d

culture day

native
NH3

ez collagen

. PSCD

Z
72

6
3
0,0 -

¢ (jw/Bousiw) uonesyuaduod uiwng|y

4d

3d

2d

1d

culture day
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<0.001) was found only in albumin assay. All pairwise multiple comparison procedures

were done by Tukey test (at significance level 0.05). These findings showed a significant difference in cell viability, urea and albumin levels among cells grown on NH3 vs. PSCD, NH3

vs. collagen, native vs. PSCD groups. Interestingly, only in albumin assay the significant differences were observed between NHs vs. native and collagen vs. PSCD groups.

days) and support (P

Interestingly, a statistically significant interaction between time (

independently on the substrate, as result of their increase in size.

involved in the augmentation of telomerase activity of embryonic
liver cells grown in membrane bioreactors, FACS analyses were
performed to see the differences in cell-cycle distribution (Fig. 4B).

40-45% of cells were found in S-phase and only few cells were
found in G2-phase and in the apoptotic state. On native and

modified membranes, the percentage of cells in G1-phase was

After 4 days of culture, most cells were found in G1-phase
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Fig. 2. SEM micrographs at different magnifications of embryonic liver cells grown on: (A,B) native PEEK-WC-PU membrane; (C,D) NH3 plasma-grafted PEEK-WC-PU membranes;

(E,F) collagen, each after 4 days of culture.

found higher with respect to collagen and PSCD. Coherently the
telomerase activity increased on membranes.

4. Discussion

Proliferation, differentiation and morphology of liver cells on
the different substrates were investigated in this study. We repor-
ted on the expansion of rat embryonic liver cells cultured on native
and on NH3z plasma -grafted PEEK-WC-PU membranes, to be
possibly used in tissue engineering. We used RLC-18 rat embryonic
liver cells that have been isolated and characterized by Takaoka
et al. [20], who found activities of pyruvate kinase, glucose-6-
phosphate dehydrogenase, hexokinase, gluco-kinase and catalase

corresponding to values typical of liver tissues of rat embryos in the
later stage of pregnancy.

Differences of cell adhesion and organization properties
between embryonic liver cells cultured on native and N-grafted
PEEK-WC-PU membranes surface, and on collagen, a natural ECM
moiety were found. As expected, cells cultured on the collagen,
proliferate and appear with flat and spread morphology. On the
contrary, native membranes promote the continuous proliferation
of cells that leads to the saturation area suitable for adhesion. As
a result, cells tend to form aggregates in a cord-like structure
although the cell spreading is also clearly visible on such
membranes. It is well known that the morphology of cells adhering
to a substrate is highly dependent on its physical structure and on
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chemical properties. Surface properties of (bio)materials, in fact,
influence the adsorption of proteins (e.g., from the culture medium)
at its surface thus, at last, drives the complex organization of cell-
(protein)-substrate interactions and recognition processes to
which cultured cells react with their morphological and physio-
logical behaviour [21]. The formation of three-dimensional cord-
like structure and cell spreading observed on native membranes is
due to the physico-chemical properties of the surface that modu-
late the interactions with cells through protein adhesion and
integrin receptors. Differently the grafted N-groups (amino-,
amido-, cyano-, imino-groups) on modified membranes enhance
the polarity of the membrane and boost the initial cell-membrane
interactions through a direct interaction between the -NH; groups

for example and the carboxylic groups of the pericellular compo-
nents and proteins. Hence, cells exhibit a more polygonal shape and
regular distribution in hepatic plates all over the whole surface of
the membranes. Such organization can be considered an index of
balanced cell-surface interactions that leads to form a 3D “liver-
like” structure more easily than spread cells. Therefore, the cells
cultured in the 3D are in tight contact with each other and their
microenvironment resulting in a better communication and inte-
gration of gene expression [22].

We have shown that most cells grown on native and modified
membranes are in the G1-phase, in agreement with the increase of
their telomerase activity. A relationship seems to hold between the
up-regulation of telomerase activity and the cell cycle progression.
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Fig. 4. (A) Telomerase activity of embryonic liver cells measured 3 days after seeding
on PSCD, collagen, native and NH; plasma-grafted PEEK-WC-PU membranes. The
values are the mean of three independent experiments + standard deviation. One way
analysis of variance (ANOVA) detected that the differences in the median values among
the treatment groups are greater than would be expected by chance; there is
a statistically significant difference (P=0.010). Further, all Pairwise Multiple
Comparison Procedures made by Tukey Test (at significance level 0.05) revealed only
a significant difference between positive and negative controls, while not significant
differences was found between 4 substrates used in this study. (B) Cell cycle analyses of
embryonic liver cells cultivated on different supports for 3 days. Apoptotic, hypodip-
loid nuclei were measured as described in materials and methods and analyzed by
flow cytometry. The values are the mean of four separate experiments + standard
deviation. One way ANOVA test was performed to analyze data of cell cycle analysis.
The differences in the mean values among the substrate groups are greater than would
be expected by chance; there is a statistically significant difference (P = <0.001) for G1,
G2 and S phase, while P=0.013 for apoptosis. Multiple Comparisons versus Control
Group (Dunnett’s Method, a significance level 0.05) revealed a significant difference
between native vs. collagen and native vs. PSCD groups for G1, G2 and S phases. Very
interestingly, Dunnett’s test revealed only in apoptotic phase a significant difference
(P < 0.050) between native vs. NH; group in contrast to other three phases where no
difference between native and NH3 group was observed.

Telomerase is well activated during the G1-phase, a phenomenon
already observed during liver regeneration after partial hepatec-
tomy [23]. Although the reason why telomerase should be activated
during the process of normal liver regeneration is still unclear, the
telomere dysfunction is associated with the defects in liver regen-
eration while it also accelerates the development of liver cirrhosis
in response to chronic liver injury [24]. The up-regulation of the
telomerase activity in regenerating hepatocytes may therefore play
an important role in the maintenance of liver functions. In our

study the high telomerase activity that was found on native and
modified membranes with respect to other substrates reveals that
cells reached a well differentiated state.

This is confirmed also by the different AFP and albumin gene
expressions of cells expanded in the different investigated systems.
Albumin-production is one of the main functions of the liver; at day
12 (E12) of the rat embryonic development the albumin-mRNA and
AFP-mRNA, as well as their corresponding proteins, are expressed
[25]. Ref. [26] demonstrated that in the developing liver AFP-mRNA
reaches a peak at E16 and then decreases, while albumin-mRNA
peaks at E18 and persists in the following adult stage [26]. We
demonstrated that the synthesis of albumin (Fig. 1C) was low as
found for other liver embryonic and fetal cells, significantly lower
than in mature rat hepatocytes (data not shown).

NH3; plasma-modification of PEEK-WC-PU membranes up-
regulated and down-regulated the albumin and AFP gene expres-
sion respectively as result of their enhanced differentiation in
contrast to the other substrates used. We can, thus, expect that the
differentiation in vitro of liver progenitors grown on NHs plasma-
grafted membranes, before being transplanted in vivo, would avoid
spontaneous differentiation into undesired lineages at the trans-
plantation site, as well as reduce the risk of teratoma formation, in
the case of embryonic stem cells. We believe that the best condition
to maintain a good bioactivity of the cells is an environment the
closest possible similar to in vivo conditions, which the N-grafted
PEEK-WC-PU membranes clearly seem to provide as a novel func-
tional biomaterial. Therefore, the outcome of this study supports
that this biomaterial enables cell expansion of embryonic liver cell
model and might offer promising features as conduit additive in
regard to liver regeneration according to its physiological proper-
ties and responsibilities during genesis and liver repair in vivo.

5. Conclusion

These results demonstrated that native and plasma-grafted
PEEK-WC-PU membranes allow the expansion and differentiation
of rat embryonic liver cells. Most of the cells grown on membranes
as demonstrated by the increase of their telomerase activity and
undergone a differentiation process. High albumin and low AFP
gene expressions were found on both native and plasma-grafted
membranes, particularly on the last ones. Similarly, the liver
specific functions in terms of urea synthesis and albumin secretion
were performed at high levels particularly on plasma-grafted
membranes. Herein, we showed that plasma-grafted membranes
are able to support the expansion and differentiation of embryonic
liver cells. Further analysis of liver progenitor and stem cells (as
well as of mature hepatocytes) by using the new bioactive
membranes will aid new insights in the development of tissue
engineered implantable liver systems.
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The insufficient availability of donor organs for orthotopic liver transplantation worldwide has urgently
increased the requirement for new therapies for acute and chronic liver disease. The creation of an unlim-
ited source of donor cells for hepatocyte transplantation therapy and pharmaceutical applications may be
the isolation and expansion of liver progenitor cells or stem cells. Here we report the expansion and func-
tional differentiation of rat embryonic liver cells on biodegradable and synthetic polymeric membranes
in comparison with traditional substrates, such as collagen and polystyrene culture dishes. Membranes

ﬁgf;"ggf{es prepared from chitosan and modified polyetheretherketone were used for the culture of liver progenitor
Embryonic liver cells cells derived from rat embryonic liver. Cells proliferated, with a significant increase in their number
Expansion within 8-11 days. The cells displayed functional differentiation showing urea synthesis, albumin produc-

tion and diazepam biotransformation on all substrates investigated. In particular, on a chitosan mem-
brane liver-specific functions were expressed at significantly higher levels for prolonged times
compared with other synthetic membranes, utilizing traditional substrates (collagen and PSCD) as refer-
ences. These results demonstrate that chitosan membranes offer cells favourable conditions to promote
the expansion and functional differentiation of embryonic liver cells that could be effectively used in liver
tissue engineering and in pharmaceutical applications.

Functional differentiation
Tissue engineering

© 2010 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Liver disease is the eighth most frequent disease worldwide.
Many patients die annually from liver disease. Many of those in
need of a transplant suffer from full hepatic failure caused by dis-
ease, genetic complications or adverse drug reactions [1]. The
European Liver Transplant Registry (ELTR) has accumulated data
on 85,446 transplantations in 76,818 patients from 143 centres
in 25 countries from May 1968 to December 2008 (<http://
www.eltr.org>). In the USA 30,000 people die each year of end-
stage liver disease [2]. Currently there are 105,328 patients on
the waiting list for a donor organ, of whom 16,482 are candidates
awaiting a liver transplant (United Network for Organ Sharing at
<http://www.unos.org>). In 2006, 6649 liver transplants were per-
formed in the USA and 1935 died while waiting for a liver trans-
plant because of the shortage of organs (<http://www.unos.org>).

* Corresponding author. Tel.: +39 0984 492036; fax: +39 0984 402103.
E-mail addresses: l.debartolo@itm.cnr.it, loredana.debartolo@cnr.it (L.D. Bartolo).

Insufficient donor organs for orthotopic liver transplantation
worldwide have made the development of new therapies for acute
and chronic liver disease an urgent requirement.

The ability to expand hepatic stem cells or embryonic liver cells
is desirable to generate cells for liver tissue engineering in clinical
and pharmaceutical applications. Conventional methods for
expanding hepatic stem cells or progenitor cells comprise polysty-
rene culture dishes and components of the extracellular matrix
(ECM) such as collagen [3]. Alternatively, biocompatible and biode-
gradable materials have been proposed to support cells in culture
and promote their differentiation and proliferation towards the
formation of liver tissue [4].

Natural polymers such as chitosan are advantageous for liver
tissue engineering because of their structural similarity to glycos-
aminoglycans, which are components of the liver ECM. Chitosan
is an N-deacetylated derivative of chitin and is naturally degraded
by body enzymes. In addition, its reactive amino and hydroxyl
groups provide many possibilities for covalent and ionic modifica-
tion, which allows extensive adjustment of the mechanical and
biological properties. Due to its excellent biocompatibility and
bioadsorbility chitosan has been used in several biomedical

1742-7061/$ - see front matter © 2010 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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applications (e.g. skin, bone, cartilage, blood vessels, haemodialy-
sis, nervous system and liver) [5-10]. Scaffolds constituted of
chitosan cross-linked with other biomolecules have been applied
in the culture of a liver cell line and primary hepatocytes [11,12].
Chitosan membranes modified with biomolecules have been used
for the culture of a fibroblast cell line and, in the form of a galac-
tosylated scaffold, chitosan has been used to induce the formation
of rat hepatocyte aggregates [13,14].

Membranes prepared from chitosan could act as a synthetic
ECM combining the advantageous properties of the polymer (i.e.
biocompatibility, biodegradability and biofunctionality) with those
of membranes, such as permeability, selectivity and a well-defined
geometry [15,16]. Membranes would allow the organization of
cells into a three-dimensional architecture, providing mechanical
integrity and a space for the diffusion of nutrients and metabolites
to and from the cells [17,18].

Synthetic polymeric membranes can also be used in the devel-
opment of in vitro engineered constructs to reproduce a physiolog-
ical tissue model for studying drugs and metabolic diseases.
Modified polyetheretherketone (PEEK-WC) membranes have good
stability, permeability and biocompatibility, as previous studies
with rat hepatocyte cultures have demonstrated [19]. They can
easily be mass produced with modified morphological and phys-
ico-chemical properties for specific applications, but are not
degradable and so can be used only in in vitro systems.

In this study we have investigated the ability of chitosan and
PEEK-WC membranes to promote the expansion and functional
differentiation of rat embryonic liver cells, utilizing traditional sub-
strates such as collagen and polystyrene culture dishes (PSCD) as
references. The goal was to evaluate whether membranes could
provide the cells with the necessary signals, derived from the bio-
functional, biochemical and physical properties of the materials, to
commit them to differentiation. Rat embryonic liver cells (17 day
embryos) were used in this study as an alternative model of human
liver progenitor cells [20,21], since using cells from the foetal hu-
man liver is limited by major ethical issues. Embryonic liver cells
have many advantages over primary hepatocytes for proliferation
in vitro and transplantation in vivo [22].

2. Materials and methods
2.1. Membrane preparation

Chitosan membranes were prepared by dissolving 4% (w/v)
chitosan (Sigma, Milan, Italy) in acetic acid solution 2% (v/v). Then
polyethylene glycol (PEG) with a molecular weight of 6000 Da
(Merck-Schuchardt, Hohenbrunn, Germany) was added to the
chitosan solution at a ratio of 4:1 and stirred for 2 h. The solution
was cast on a glass plate using a commercial applicator (Adjustable
Bird Applicator 0-250 pum, Elcometer) and dried at room tempera-
ture. The membrane was immersed in a solution of 1% NaOH after
drying. Finally, the membrane was washed in deionised distilled
water for the test.

Synthetic membranes were prepared from PEEK-WC or poly(oxa-
1,4-phenylene-oxo-1,4-phenylene-oxa-1,4-phenylene-3,3-(isoben-
zofurane-1,3-dihydro-1-oxo)-diyl-1,4-phenylene) (patented by
Zhang et al. [23] and provided by the Institute of Applied Chemistry,
Changchun, China) by the inverse phase technique using the direct
immersion-precipitation method as previously described [19]. The
PEEK-WC was obtained by polycondensation reaction between
4,4-dichlorobenzophenone and phenolphthalein [23].

2.2. Membrane characterization

The wettability properties of all membranes were characterized
using water contact angle (WCA) measurements obtained by the

sessile drop method and water sorption at ambient temperature
using a CAM 200 contact angle meter (KSV Instruments, Helsinki,
Finland). Results are the means of 10 measurements of different re-
gions of the sample surface. All measurements were repeated six
times.

Swelling and dissolution tests were performed on the chitosan
membranes. Membrane samples (1 x 1 mm) were weighed and
then placed in 1 ml of phosphate-buffered saline (PBS) at 37 °C.
Swollen membranes were withdrawn at various times and were
weighed again. The swelling index (SI) was calculated as
%SI = Y- Wi « 100, where W; and W are the sample weights before
and after incubation in PBS, respectively. After drying at 37 °C for
48 h samples were weighed again and the solubility percentage
was calculated as %S = Yiz¥e » 100, where Wy is the dried sample
weight after the dissolution test. Each test consisted of four repli-

cate measurements.
2.3. Cell culture

Rat embryonic liver cells (17 day embryonic liver of Japanese al-
bino rat) (RLC-18), consisting of parenchymal cells [20], were ob-
tained from the DSMZ (Braunschweig, Germany). Cells were
maintained in RPMI medium containing 10% foetal calf serum (Bio-
chrom AG, Berlin, Germany), I-glutamine, penicillin and strepto-
mycin (Biochrom AG) at 37 °C in a humidified CO, incubator
(95% air, 5% CO,) and subcultured twice a week using 0.05% tryp-
sin/0.025% EDTA solution (Carl Roth GmbH, Karlsruhe, Germany
and Sigma-Aldrich, Munich, Germany). The cells were cultured
on the chitosan and PEEK-WC membranes and on collagen I (BD
Biosciences, Germany) and PSCDs at passage 6. Cells were cultured
for up to 24 days. The medium was changed every 48 h.

Experiments were performed in the presence of 10 pgml™'
diazepam in the culture medium to evaluate the ability of the cells
to perform drug biotransformation functions, in particular the
elimination of diazepam and the formation of its metabolites.

The morphology of cells cultured on the different substrates
was assessed by means of scanning electron microscopy (SEM)
and laser confocal scanning microscopy (LCSM).

Liver-specific cellular functions were investigated in terms of
albumin production and urea synthesis.

2.4. Cell fixation for SEM

Cells cultured on membranes, collagen and PSCD were prepared
on days 7 and 16 for SEM analysis by fixation in 3% glutaraldehyde
and 1% formaldehyde in PBS, followed by post-fixation in 1% os-
mium tetroxide and progressive ethanol dehydration.

2.5. Cell staining for LCSM

The morphological behaviour of embryonic liver cells cultured
on the substrates examined was investigated after 7 and 16 days
culture by LCSM after cytoskeleton and ECM protein immunostain-
ing. Samples were rinsed with PBS, fixed for 15 min in 3% parafor-
maldehyde in PBS at room temperature (RT), permeabilized for
5 min with 0.5% Triton-X100 and saturated for 15 min with 2% nor-
mal donkey serum.

Vinculin was visualized using a mouse monoclonal antibody
raised against human vinculin (Santa Cruz Biotechnology, Santa
Cruz, CA) with Cy3™-conjugated AffiniPure donkey anti-mouse
IgG (Jackson ImmunoResearch Europe, Cambridge, UK) as the sec-
ondary antibody. Actin was stained with Alexa 488-conjugated
phalloidin (Molecular Probes, Eugene, OR). All primary and second-
ary antibodies were incubated for 2 and 1.5 h at RT, respectively.
Counterstaining for nuclei was performed with 0.2 ug ml~! DAPI
(Molecular Probes) with incubation for 30 min. Finally, samples
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were rinsed, mounted and observed with a laser confocal scanning
biological microscope (Fluoview FV300, Olympus, Italy).

2.6. Biochemical assays

Samples from the culture medium were collected in pre-chilled
tubes and stored at —20 °C until assayed. Albumin secretion was
measured by ELISA. 96-well plates were coated with 50 g ml™!
chromatographically purified rat albumin (Sigma, Milan, Italy) and
left overnight at 4 °C. After four rinses 100 pul of cell culture superna-
tant was added to the wells and incubated overnight at 4 °C with
100 pl of anti-rat albumin monoclonal antibody conjugated with
horseradish peroxidase (Bethyl Laboratories, Montgomery, TX).
After four rinses the substrate buffer containing tetramethylbenzi-
dine and H,0, (Sigma, Milan, Italy) was added for 7 min and the
reaction was stopped with 100 pl of 8 N H,SO,4. Absorbance was
measured at 450 nm using a Multiskan Ex (Thermo Lab Systems).

The urea concentration was determined with a quantitative
colorimetric urea assay kit QuantiChrom™ (Gentaur, Brussels,
Belgium).

The statistical significance of the experimental results was
established by ANOVA followed by a Bonferroni post hoc test
(P<0.05).

2.7. High performance liquid chromatography (HPLC) analysis of
diazepam and its metabolites

Embryonic liver cells were incubated with 10 pgml~' diaze-
pam. HPLC was used to monitor the biotransformation of diazepam
[24] into its metabolites. Aliquots of the culture medium were
alkalinized with 20% 4 M NaOH, precipitated with isopropanol
(1:10) and extracted with ethyl acetate (5:1) by gentle rocking
for 10 min and subsequent centrifugation at 200 g for 15 min at
RT. The ethyl acetate phase was then evaporated and dried under
vacuum and the pellet dissolved in 96 pl of mobile phase consist-
ing of acetonitrile/methanol/0.04% triethylamine, pH 7.04, in the
proportions 25/35/40. The samples were analysed by HPLC using
a 250 x 4.6 mm C;g-RP Purosphere Star 5 um column equipped
with a precolumn (Merck KGaA, Darmstadt, Germany). The sample
injection volume was 20 pl. The mobile phase was delivered at
0.8 ml min~! and the column was operated at ambient tempera-
ture. Effluents were monitored with a UV detector at 236 nm. Be-
sides diazepam, its metabolites temazepam, oxazepam and
nordiazepam were investigated. For all substances calibration
curves were regularly run for between 10 ng ml~! and 10 pg ml~".

3. Results

The chitosan membrane had a dense structure and a thickness
of 5.5+0.23 um. In contrast, the PEEK-WC membrane had an
asymmetrical structure with a gradient of porosity from one side
to the other. The membrane had a porous surface with a mean pore
size of 55 nm and a thickness of 66 + 0.84 um. Further information
is included in Supplementary Data.

Fig. 1 shows the wettability properties of the chitosan and
PEEK-WC membranes. The chitosan membrane surface displayed
a hydrophilic character, as demonstrated by the time-related
WCA and water sorption measurements (Fig. 1a). WCA decreased
from 53.8 + 5.6°at t =0to 42.17 £ 1.8° at t = 2.88 s, while the water
sorption increased by 19%. The PEEK-WC membrane surface also
showed a hydrophilic character, although the WCA value was high-
er (76 £ 5.1°) compared with chitosan and remained constant over
time (Fig. 1b). The swelling and dissolution behaviour of the chito-
san membrane changed with time (Fig. 2). The swelling index dis-
played a maximum at 3 h (about 366%), while dissolution
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Fig. 1. Time related water contact angle (¢) and water sorption (®) of (a) chitosan

and (b) PEEK-WC membranes. The values are the means of 10 measurements per
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Fig. 2. Swelling (#) and dissolution (M) behaviour of chitosan membrane as a
function of time. The values are the means of 10 measurements per sample + SD.

increased with increasing time, reaching a value of 69.7% after
48 h.

As shown by SEM, cells readily adhered to the chitosan mem-
brane, then proliferated during the first days of culture and spread
to form a confluent layer covering the membrane surface (Fig. 3a).
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After complete coverage of the available space cells tended to form
cord-like structures comprised of aggregates as result of cell
proliferation (Fig. 3b). On PEEK-WC membranes cells adhered
and proliferated, showing a polyhedral shape and a low degree of
aggregation with respect to the chitosan membranes (Fig. 3¢ and
d). The cells exhibited a cell growth morphology and tight cell-cell
contact. A similar organization was displayed by cells cultured on
collagen, on which the formation of cord-like structures was ob-
served after 16 days culture (Fig. 3f). As on the collagen, cells
grown on traditional PSCD formed similar two-dimensional layers
(Fig. 3g and h). Further morphological investigations were per-
formed by LCSM after 7 and 16 days culture (Fig. 4). Staining for ac-
tin and vinculin demonstrated the overall morphology of the cells

100 pm

50 pm

cultured on chitosan and PEEK-WC membranes and the organiza-
tion of the cytoskeletal proteins. After 7 days cells were found to
typically have a distinct circumferential bundle of actin filaments
immediately behind the free edges of lamellae, while straight, thin
bundles of filaments were observed in the central regions of the
cells (Fig. 4a). Numerous focal adhesions were observed under
the circumferential bundles of actin and at the ends of the straight
bundles of actin filaments (Fig. 4a, c, e and g). Cells grown on the
chitosan (Fig. 4a) and PEEK-WC membranes (Fig. 4c) appeared well
spread, with the typical polyhedral shape of parenchymal cells.
After 16 days culture cells maintained the organisation of actin fi-
bres radially oriented in the area of cell-cell contact and focal
adhesion complexes (Fig. 4b, d, f and h).

50 pm

50 um

Fig. 3. SEM images of rat embryonic liver cells after 7 days (a, c, e, g) and 16 days (b, d, f, h) culture on: (a and b) chitosan membrane; (c and d) PEEK-WC membrane; (e and f)

collagen; (g and h) PSCD. Images are at different magnifications.
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Fig. 4. Confocal images of rat embryonic liver cells after 7 days (a, c, e, g) and 16 days (b, d, f, h) culture on: (a and b) chitosan membrane; (c and d) PEEK-WC membrane; (e
and f) collagen; (g and h) PSCD. Cells were stained for actin (green), vinculin (red) and nuclei (blue).
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A quantitative analysis of cell proliferation is given in Fig. 5,
which depicts the growth curves of rat embryonic liver cells on
the different substrates. First observation of the cells was on day
4, at which time point about 5 x 10* and 10 x 10* cell cm~2 were
present on the chitosan membrane and on collagen, respectively.
Cell numbers on the collagen and chitosan membranes were the
same by day 8 and cell expansion with time was quite similar for
the two substrates. On the PEEK-WC membrane and PSCD the cul-
tures reached saturation with values of 13 x 10 cell cm~2 on day
11, whereas maximum counts on the chitosan membrane and col-
lagen were reached on day 16. At this time the number of cells ap-
proached 25 x 10*cellcm 2 on the chitosan membrane and
22 x 10* cell cm~ on collagen. After 16 days culture on the differ-
ent substrates cells were slowly lost to the medium due to com-
plete coverage of the available space for adhesion.

Interestingly, the cells exhibited functional differentiation dur-
ing culture, leading to the expression of liver-specific functions,
such as albumin production, urea synthesis and drug biotransfor-
mation. Early during culture albumin production increased, reach-
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Fig. 6. Liver-specific functions of rat embryonic liver cells on chitosan membrane (full bar), PEEK-WC membrane (white bar), collagen (grey bar) and PSCD (dashed bar). (a)
Albumin synthesis. The values are the means of six experiments + SD. *P < 0.05 vs. collagen; %P < 0.05 vs. PEEK-WC, collagen and PSCD; P < 0.05 vs. collagen and PSCD;
P < 0.05 vs. collagen; **P < 0.05 vs. chitosan, collagen and PSCD; ?P < 0.05 vs. PEEK-WC and collagen. (b) Urea synthesis. The values are the means of six experiments + SD.
*P < 0.05 vs. CS, PEEK-WC and PSCD; *P < 0.05 vs. PSCD; P < 0.05 vs. CS and PEEK-WC; $P < 0.05 vs. PEEK-WC; **P < 0.05 vs. collagen and PSCD.
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Fig. 7. Diazepam metabolite formation of rat embryonic liver cells after (a) 7 and
(b) 16 days culture on membranes, collagen and PSCD. Full bar, oxazepam; white
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experiments * SD.

ing values of 0.543 ng ml~! per day on the chitosan membrane by
day 6, after which secretion of albumin decreased up to 10-14 days
on all substrates (Fig. 6a), although cells on the chitosan membrane
continued to synthesise albumin at a higher rate (0.2 ng ml~! per -
day) compared with the other substrates. However, the level of
albumin was lower compared with that produced by primary
hepatocytes isolated from adult rats on collagen, which showed
values of from 4.22+0.15 (day 1) to 96+0.7 pgml~' per day
(day 14).

Expression of mature hepatocyte markers such as albumin and
cytokeratin 18 (CK18), as well as the hepatoblast marker o-feto-
protein (AFP), was detected by Western blotting. The initial cell
suspension before seeding, which consisted of parenchymal cells,
was AFP-positive, while only a faint band appeared for albumin.
After 14 days culture on the different substrates the AFP band
had disappeared, while distinct bands for albumin and CK18 ap-
peared as a result of cell differentiation, especially on the mem-
branes where more intensive and thicker bands were observed
for albumin. Further information is included in Supplementary
Data.

Urea was synthesised at rates that increased with time on all
substrates (Fig. 6b). Cells on collagen displayed higher levels of
urea synthesis from day 6 to day 10 and then remained stable,
whereas on the chitosan membrane the synthesis of urea reached
its highest value on day 20. At this time urea was synthesised at a
rate 6-fold higher than the rate measured on day 4. Significant dif-
ferences were observed for urea synthesis by primary rat hepato-
cytes, which exhibited values ranging from 219 +2.55 (day 1) to
138 + 0.4 pg ml~! per day (day 24).

Biotransformation functions were tested by incubating cells
with diazepam at a concentration of 10 ug ml~! on days 7 and 16
of culture (Fig. 7). Diazepam metabolites due to phase I reactions,
including oxazepam, nordiazepam and temazepam, were detected.
Differences were observed for metabolite formation by embryonic
liver cells cultured on different substrates.

On collagen the rate of temazepam formation was higher com-
pared with the other metabolites on both day 7 (Fig. 7a) and day 16
(Fig. 7b) with values of 1325.75 and 1895.50 ng ml~! per day,
respectively.

Cells cultured on the chitosan membrane display an ability to
biotransform diazepam, with the formation of all the metabolites
involved in the pathways leading to its clearance.

In particular, the clearance of diazepam on the chitosan mem-
brane occurred with the formation of a greater amount of the
metabolite temazepam compared with oxazepam and nordiaze-
pam, with values of 1340.99 on day 7 and 1737.19 ng ml~! per day
on day 16.

Diazepam was also completely metabolized by cells cultured on
PSCD after 16 days, whereas on the PEEK-WC membrane only one
metabolite was detected. After the first administration the com-
plete pool of metabolites was only obtained using the chitosan
membrane and the natural substrate collagen, suggesting good
performance of the chitosan membrane in maintaining cell func-
tional integrity.

4. Discussion

A great deal of attention has been focused on liver progenitor
cells for their therapeutic potential and their usefulness in toxico-
logical testing after in vitro differentiation. The suitability of a ma-
trix onto which cells can organise and develop in the proper
environment is a key to the differentiation and maintenance of
the differentiated phenotype at the morphological and functional
level. One of the critical steps in the development of membranes
for liver regeneration is the design and selection of the biomaterial.
The choice of chitosan as a polymer is related to its intrinsic prop-
erties of excellent biocompatibility and biodegradability.

Chitosan membranes may act as a synthetic ECM providing a
structure with a well-defined geometry and suitable physico-
chemical properties. The degradation behaviour of the chitosan
membrane is crucial to the long-term performance of tissue-engi-
neered constructs. We evaluated the swelling behaviour and the
degree of dissolution of chitosan with time (Fig. 2). It can be seen
that the swelling index reached a maximum after 3 h and then de-
creased slowly. A similar swelling profile has been reported by oth-
ers [25-27]. Since chitosan is hydrophilic and the diffusion of
chitosan is fast, the films began to swell prior to degradation. Dur-
ing the initial stages of hydration bond cleavage and degradation of
chitosan occurred, but swelling surpassed degradation [27]. The
decrease in swelling can be attributed to buffer salts, residual ace-
tic acid, etc. [26]. Furthermore, when swelling reached a maximum
continuing degradation led to weight loss and the swelling index
decreased to a value of 209 + 50% at 48 h, while the degree of dis-
solution reached a value of 69.7 + 7%.

The wettability of both membranes due to the presence of polar
groups, particularly on chitosan membranes, promoted cell adhe-
sion and proliferation on these substrates. As confirmed by LCSM
observations on both membranes, cells maintained their polygonal
shape with a clear reorganization in vitro of the cytoskeletal pro-
teins over the entire culture period, forming a parenchyma-like
structure. The adhesion and morphology of cells was strongly af-
fected by the intrinsic physico-chemical properties of the substrate
on which they were seeded, as has been shown in a previous work
that showed a relationship between cell adhesion and membrane



178 A. Piscioneri et al./Acta Biomaterialia 7 (2011) 171-179

surface hydrophilicity [28]. The membrane surface can elicit cell
adhesion and functioning directly by modulating the interaction
with cellular adhesion molecules and/or indirectly by inducing
the secretion of ECM proteins. This is consistent with our experi-
mental results regarding the cellular morphological analysis. Addi-
tionally, the chitosan membrane offers the cells a matrix that is
similar to glycosaminoglycans in the liver ECM and favours the ini-
tial step of cell adhesion due to the presence of protonated amino
groups at physiological pH, which interact with anionic functional
groups on the cellular membrane in the early attachment phase
until the cells have synthesised the ECM proteins that mediate con-
tact with integrins.

Functional differentiation of rat embryonic liver cells on the
chitosan and PEEK-WC membranes, as well as on collagen and tra-
ditional culture dishes, has been evaluated in terms of albumin
production, urea synthesis and diazepam biotransformation. Dif-
ferentiation of embryonic liver cells was traced by determining
the expression of albumin, a typical marker of mature hepatocytes,
of AFP, a marker of hepatoblasts, which are bipotent cells giving
rise to hepatocytes and bile duct epithelial cells, and of CK18, a
marker expressed by several liver cell types, including bile ductal
epithelial cells and hepatocytes [29]. Cells that before seeding ex-
pressed AFP but little albumin and CK18 differentiated into hepa-
tocytes, as demonstrated by the functional markers of mature
hepatocytes CK18 and albumin and the loss of AFP expression,
especially on chitosan membranes [30]. To test whether the cells
possessed liver-specific functions we investigated urea synthesis,
albumin production and diazepam biotransformation during cul-
ture time. It is interesting to note that cells maintained their li-
ver-specific functions for the whole culture period. The rate of
urea synthesis increased with time, with values ranging from 12
(day 4) to 55 ug ml~! per day (day 24). Similar values have been
measured using human mesenchymal stem cells after differentia-
tion [31]. In contrast, the synthesis of albumin was high on day 6
and then decreased concomitant with the increased proliferation
(Fig. 6). The values for albumin produced by the cells in our study
are comparable with those measured by Tai et al. using human
mesenchymal stem cells in a polyelectrolyte fibrous scaffold, who
found about 0.047 and 0.075 ng ml~! per day after 10 and 20 days
culture, respectively [31], and by McClelland et al. using hepatic
stem cells in a collagen substrate, which exhibited values ranging
from about 0.1 to 0.25 ng ml~' per day [3]. However, the measured
values for albumin synthesis were lower compared with those dis-
played by primary adult hepatocytes. This is not completely unex-
pected, because the differentiation process takes longer. In fact,
Freeman et al. have shown that foetal liver cells synthesise albu-
min at a level of 10 ngml~! only after 3 weeks culture and that
albumin synthesis increased by two orders of magnitude only after
6 weeks [32].

The decrease in albumin synthesis that we observed during cell
proliferation was probably due to down-regulation of albumin syn-
thesis during proliferation. The transcription rate of the albumin
gene is regulated by the interaction of a variety of promoter bind-
ing proteins, such as CCAAT/enhancer binding protein (C/EBP)-a, C/
EBP-B. C/EBP-a is abundant in normal liver and is considered to
regulate the expression of many genes and activate the promoter
of the albumin gene. In the non-growing, actively metabolizing
normal adult liver C/EBP-ar expression is high and restricted to
hepatocytes [33], while in rapidly growing cells C/EBP-a expres-
sion is extremely low [34]. Mischoulou et al. demonstrated that
the expression of C/EBP-a is inversely related to the proliferative
state of the cells and this is consistent with a role for C/EBP-o as
a factor that can function to maintain the quiescent state [35]. In
our study we observed a decrease in albumin synthesis during
hepatocyte proliferation that in part recovered when cell prolifer-
ation began to slow down.

Another important result concerns the biotransformation activ-
ity of cells (Fig. 7). Diazepam is metabolised by liver cytochrome
P450s (CYPs) to three major metabolites, N-desmethyldiazepam
or nordiazepam, temazepam and oxazepam. The metabolic path-
way of diazepam involves a variety of CYPs. Neville et al.(1993)
reported that p-hydroxylation, 3-hydroxylation and N-desmethy-
lation are the pathways of diazepam metabolism in rat liver micro-
somes and that they were catalyzed by the P450 isoforms CYP2D1,
CYP3A2 and CYP2C11, respectively [36,37]. The production of all
three metabolites on chitosan membranes, as well as on collagen,
after 7 days culture demonstrated activity of the full range of phase
I CYP isoenzymes was achieved on these substrates, while cells on
PEEK-WC membranes and PSCD secreted only some diazepam
metabolites, probably due to partial expression of the isoenzymes
responsible for metabolism. Cells continued to produce the three
major metabolites of diazepam over the period of culture and after
14 days showed complete biotransformation of diazepam through
phase I reactions on chitosan membranes, as well as on collagen
and PSCD, with a significant increase in the metabolic rates.

5. Conclusions

Here we have investigated the proliferation of rat embryonic li-
ver cells and the expression of differentiated functions on chitosan
and PEEK-WC membranes prepared by the phase inversion tech-
nique in comparison with collagen and PSCD. Cells proliferated,
resulting in a significant increase in cell numbers, and formed a
structure close to that of liver parenchyma. The chitosan mem-
brane provided an optimal microenvironment for embryonic liver
cells, giving them the means to acquire and maintain specific func-
tions in a comparable way to those found in collagen, used as ref-
erence system. Cells underwent functional differentiation, showing
urea synthesis, albumin production and diazepam biotransforma-
tion at significantly high levels, particularly on the chitosan mem-
brane. On the basis of these results we hypothesise that the
chitosan membrane was able to promote the proliferation and
functional differentiation of embryonic liver cells, facilitating their
use in liver tissue engineering applications where the membrane,
thanks to its biofunctional, physico-chemical and degradable prop-
erties, may act as a carrier for the local delivery of cells promoting
their differentiation into the terminal target cell type.
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Appendix A. Figures with essential colour discrimination
Certain figures in this article, particularly Figure4, is difficult to

interpret in black and white. The full colour images can be found in
the on-line version, at doi:10.1016/j.actbio.2010.07.039.

Appendix B. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.actbio.2010.07.039.
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Western Blotting

For western blotting analysis the proteins were extracted according the following procedure. After
14 days of culture on different substrates the rat embryonic liver cells were washed once with cold
PBS and then pelletted by centrifugation. The cell pellets were resuspended in ice-cold lysis buffer
(50 mM Tris-HCIL, 150 mM NaCl, 1% Triton X-100) supplemented with protease and phosphatase
inhibitor cocktails, vortexed and incubated for 40 min at 4°C. During the incubation time, the
samples have been sonicated for 30 s and centrifuged at 10,000 rpm for 20 min at 4 °C. The
supernatants were transferred in new tubes and the protein concentration was determined by using
the QBIT fluorometer (Invitrogen, Paisley, UK).

Western blotting was performed as previously described. Equal amounts of protein (50 pg) were
boiled for 5 minutes, separated under denaturing conditions by SDS-PAGE on 8% polyacrylamide
Tris-glycine gels and electroblotted to nitrocellulose membrane. Non-specific sites were blocked
with 5% non fat dry milk in 0.1% Tween-20 in Tris-buffered saline (TBS-T) for 1 hour at room
temperature and incubated overnight with monoclonal antibody against albumin (Santa Cruz
Biotechnology, 1:500), cytokeratin 18 (CK18) (Santa Cruz Biotechnology 1:200) and Alpha-
fetoprotein (AFP) (Santa Cruz Biotechnology 1:200). The antigen—antibody complex was detected
by incubation of the membranes for 1 h at room temperature with a peroxidase-coupled anti-IgG
antibody (1:3000) (Santa Cruz Biotechnology, Santa Cruz, CA) and revealed using the ECL Plus
Western blotting detection system (Amersham, USA) according to the manufacturer's instruction.

Each membrane was exposed to the film for 1 minutes.
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Western blotting analysis of AFP, albumin and CK18 in the rat embryonic liver cells before seeding
(indicated as cell suspension) and after 14 days of culture on the investigated substrates.
Detection of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) is shown as an
internal loading control. A typical experiment representative of >3 independent
experiments, is shown.
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ABSTRACT

The selection of appropriate biomaterials that promote cellular adhesion and growth is
particularly important for the in vitro reconstruction of neuronal network.

This study focused on the development of new polymeric membranes in 2D and 3D
configurations as novel biomaterials for neuronal outgrowth. Two membrane systems
constituted of modified polyetheretherketone (PEEK-WC) and polyacrylonitrile (PAN)
membranes in flat and hollow fiber (HF) configurations were developed and used for
the culture of hippocampal neurons.

We demonstrated that all investigated membranes supported the adhesion and growth of
hippocampal neurons enhancing neuronal differentiation and and neurite alignment. The
differences in cell behaviours between cells cultured on 2D and 3D membranes were
highlighted by the quantitative analysis of neuronal marker fluorescence intensity,
morphometric analysis, RT-PCR analysis and also by metabolic activity measurements.
In particular, the 3D PAN HF membranes showed ideal growth culture conditions
guarantying good levels of metabolic features.

Primary hippocampal cells cultured on PAN HF membranes were able to recreate in
vitro a 3D neural tissue-like structure that mimicking the hippocampal tissue, could be

used as a tool for the study of natural and pathological neurobiological events.
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6.1 INTRODUCTION

Each year, in the United States of America, more than 1.7 million cases of traumatic
brain injury are reported. Approximately 400 000 Americans suffer from neurological
symptoms associated with multiple sclerosis (MS). Interestingly, more than 5 milion
people in the United States and Europe alone suffer from dementia associated with
Alzheimer's disease. About 450 000 people (approximately 1 out of 670) in the United
States live with spinal cord injury, with about 11 000 new spinal cord injuries being
registered every year (1 out of 30 000) [1]. Owing to the profound impact of central
nervous system (CNS) damage, extensive studies have been carried out in this field with
the scope of discovering better therapeutic approaches aimed at facilitating CNS repair.
Many strategies have been developed to improve, among others, axonal reinnervation
and to direct its outgrowth on more advanced culture media, such as synthetic and
biological substrates as biomaterial bridges [2] and as peripheral nerve grafts [3]. At
date, many attempts have been focused on seeking not only new biomaterials, but also
new cell source as well as novel designs of tissue-engineered neuronal bridging devices
in order to generate safer and more efficacious nervous tissue repairs.

Biomaterials for neuronal bridging devices include polymeric materials for both
non-biodegradable polymers (polyvinylchloride, silicone, polyethylene,
polytetrafluroethylene), and biodegradable polymers (polyglycolic acid, poly(L-lactide-
co-glycolide), alginate, collagen, chitosan). Indeed, recently numerous studies have
demonstrated that polymeric semi-permeable membranes, in fiber and flat
configurations, are excellent biomaterials for successfully in vitro reconstruction of
neuronal tissue [4-5-6-7]. In particular, membranes in tubular configuration act as
guidance channel to protect the lumen of regenerating axons from the external
environment. Surprisingly, among the variety of tubular structures used for guidance
channels, semi-permeable hollow fiber membranes appear to be considered a favorable
guide for the regeneration of neuronal tissue [7-8-9].

In these past years the development of functional neuronal networks using 3D tissue
constructs has become of great importance since it offers the advantage of in vitro
neuronal reconstruction. Compared to traditional 2D culture systems, 3D in vitro
cultures of neuronal cells appear to better mimic in vivo neuronal microenvironments

[10] aside representing a great potential for building 3D neuronal circuits [11] as well as
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for creating tissue-based biosensors [12-13], and for promoting systemic restoration of
severe nerve injuries [14- 15]. In this context, studies aimed toward the determination of
differences between 2D and 3D environments for neuronal function could very well
have great beneficial bearings on neuroengineering applications.

At present, little is known about the possibility of developing an in vitro analogue
of hippocampal tissue as a 3D tissue-engineered model, which could prove to be
essential for a better definition of the molecular basis involved with physiological
learning and memory processes. In addition, the effects of biomaterial configuration on
growth and functional differentiation of primary hippocampal neurons are not yet fully
known. As a consequence it is the aim of this study to evaluate the development of new
polymeric membranes in 2D and 3D configurations as novel biomaterials for
hippocampal neurons outgrowth. 2D membrane systems, constituted of modified
polyetheretherketone (PEEK-WC) and polyacrylonitrile (PAN) membranes in flat and
hollow fiber (HF) configurations with different morphological and permeable properties
were developed and used for hippocampal neuronal culture systems. These neuronal
systems are well known for their plasticity and regeneration properties [16] along with
being considered the best-characterized model for investigating polarization that occurs
spontaneously during the first few days of culture [17-18]. The membranes developed in
the present study were modified by poly-L-lysine (PLL)-coating in order to minimize
the different physico-chemical properties of the surfaces and to have the same
functional groups interacting with the cells, as previously reported [6]. The
morphological (growth and neurite length) and functional (glucose, lactate and
neurotrophic factor production) properties exhibited by hippocampal neurons cultured
on membranes with different configurations in comparison with traditional systems
such as polystyrene culture dishes (PSCD) coated with PLL are discussed in this paper.
Moreover, these morphological and metabolic properties were correlated to the
transcriptional capacities of some developmental markers, such as the microtubule-
associated protein (MAP2) gene, a cytoskeleton dendritic marker, plus glutamate
receptor subtype 2 (GluR2) of acid a-amine-3 hydroxy-5 methyl-4 isoxiazode receptors
(AMPARS).
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6.2 MATERIALS AND METHODS

6.2.1 Preparation of flat and hollow fiber (HF) membranes

PEEK-WC and PAN membranes in flat configuration were prepared by inverse phase
techniques by using the direct immersion precipitation method [19]. PEEK-WC or
poly(oxa-1,4-phenylene-oxo-1,4-phenylene-oxa-1,4-phenylene-3,3(isobenzofurane-1,3-
dihydro-1-oxo0)diyl-1,4-phenylene), is a chemically stable polymer with excellent
thermal and mechanical resistance [20]. PEEK-WC membranes were prepared from
15% (w/w) PEEK-WC polymer, 80% (w/w) poly(vinylpyrrolidone) (PVP) in
dimethylformamide (DMF). After casting, polymeric films were coagulated in a water
bath. The membranes were washed extensively with water and dried at room
temperature. PAN membranes in flat configuration were prepared from a solution of
PAN (15% wt/wt) and PVP (10 % wt/wt) in DMF under continuous stirring at 50 °C for
4h. There after, the polymer solution was cast to a 250- um- thick film and then allowed
to precipitate in water. After their formation, the membranes were rinsed with water for
several hours.

PEEK-WC membranes in HF configuration were prepared according to the well-known
dry-wet spinning method. Polymer solutions with 18% wt/wt of PEEK-WC in
Dimethylacetamide (DMA) were prepared under continuous mechanical stirring at
room temperature as previously described [21]. HF membranes were prepared by
extruding the polymer solution through a spinneret in which dimensions (OD, ID,
needle) were 800, 400 and 200 um respectively. A 50/50 v/v mixture of DMA and pure
water was used as the bore fluid and tap water as the external coagulant. Polymer
solution and bore fluid flow rate were 3.0 and 3.5 g/min respectively. The air gap was
35 cm.

For the preparation of PAN HF membranes, a copolymer containing 92 and 8% wt/wt
of acrylonitrile and vinyl acetate respectively with a viscosity average molecular weight
(My) of 40 000 Da, (Montefibre SpA, Italy) was used. Porous membranes were
prepared by using PVP (K17 by BASF) as the pore forming additive and DMF as the
solvent. The weight ratio was 15/15/70 for PAN, PVP and DMF, respectively. Polymer
solutions were prepared by dispersing the PAN powder in DMF in a glass flask at room
temperature to prevent the formation of large clots and afterwards PVP was added. The

solution was then heated at 70°C under mechanical stirring until a homogeneous

111



2-D and 3-D membrane systems for the reconstruction of hyppocampal neuronal network

solution was obtained. The solution was then loaded onto a thermostated vessel, kept at
70°C. The spinning setup was the same for that used for PEEK-WC HF membranes.
Polymer solution and bore fluid flow rates were 2.2 and 2.7 g/min respectively. For the
bore fluid, a 60/40 v/v mixture of DMF and pure water was used and the air gap was
fixed at 60 cm. The membranes were modified by coating with PLL (MW 30 000-70
000), dissolved in a boric acid/sodium tetraborate solution (1:1) to a final concentration
of 0.Img/mL, in order to have the same functional groups over the surfaces with a
density of 40pg/cm®. The membranes were coated with poly-I-lysine in PBS and
incubated for 3 h and then the excess of PLL solution was removed and dried. Poly-I-

lysine-coated PSCD were used as controls.

6.2.2 Membrane Characterization

The morphological properties of all membranes and precisely mean pore size, pore size
distribution and thickness were characterized by scanning electron microscope (SEM).
Dried membrane samples, in flat and HF configurations, were cut in cross-section,
mounted with double-faced conductive adhesive tape, and analyzed by SEM (ESEM
FEG QUANTA 200, FEI Company, Oregon, and USA) in order to establish cross-
sectional structure and thickness, intra- and extra- lumen morphology and diameters,
shape and sizes of the membrane pores as well as the distribution of pore size.
Measurements of the inner and outer diameter and wall thickness derived from digital
images using NIH Image.

The wettability of the native and modified membranes was characterized by means of
water dynamic contact angle (DCA) measurements. The contact angle of water droplets
was measured at room temperature with a CAM 200 contact angle meter (KSV
Instruments, Ltd., Helsinki, Finland). DCA measurements were performed under
standard conditions, which take into account various parameters (e.g., temperature,
cleanliness of sample, drop volume). The instrument supported by video camera and
software permitted us to obtain precise drop measurements and evolution in time. DCA
measurements were performed on native and PLL-coated membranes. At least 30
measurements on different regions of each membrane sample were averaged for each
DCA value. The permeability properties of HF membranes were characterized by pure

water flux measurements in the absence of solutes and at different trans-membrane

112



2-D and 3-D membrane systems for the reconstruction of hyppocampal neuronal network

pressures (AP™). For each membrane, the hydraulic permeance L, was evaluated
before and after modification process with PLL by applying the following equation (Eq.
6.1) [22]:

L — ‘]Solvent Ea. 6.1
P APTM e q. ©.

This equation provides a linear correlation between water flux and the convective
driving force. FITC labeled PLL (Sigma, Italy) was used for the visualization and
quantification of membrane coating. Imaging of the FITC labeled coated membranes
were obtained by using an Olympus Fluoview FV300 Laser Confocal Scanning
Microscope (LCSM) (Olympus, Italy). Quantitative analysis was performed on different
sample areas for each investigated coated membrane (n=3) by measuring the average
intensity of fluorescence through the application of a Fluoview 5.0 software (Olympus
Corporation). A calibration curve of FITC labeled PLL was obtained by casting known
quantities of the fluorescent protein on defined areas of polystyrene dishes and thereby
calculating the surface concentrations on confocal images of dry samples. The thickness
of the PLL coating resulted to be 1.2 +0.09 um, when measured with FITC labeled PLL
by Z-direction scanning at the LCSM.

6.2.3 Cell isolation and culture
The hippocampus of both hemispheres was dissected from the brain of postnatal days 1-
3 (PND1-3) hamsters (Mesocricetus auratus)(in accordance with the institutional and
national guide for the care and use of laboratory animals), removed and collected in
falcon tubes in Neurobasal medium A (Invitrogen Corporation, Milan, Italy) containing
0.02% BSA (Sigma, Milan, Italy). The tissue was digested in a Neurobasal medium A
containing 0.1% papain (Sigma) and 0.02% BSA (Sigma) for 20 min at 37°C (**Xie et
al., 2000). Ten minutes after digestion, the tubes containing the tissue was mixed and at
the end of digestion, the supernatant containing papain was removed and Neurobasal
medium A supplemented with B27 (2% v/v; Invitrogen Corporation, Milan, Italy)
penicillin-streptomycin (100 U/mL), glutamine 0.5 mM (Biochrom AG), Sng/mL basic
fibroblast growth factor (b-FGF; Sigma) was added to the remaining pellet. Samples
were gently triturated mechanical by using a sterile Pasteur pipette with a wide opening

to dissociate larger aggregates. After sedimentation of the aggregates the supernatant
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was removed and transferred into tubes containing 1% papain inhibitor in Neurobasal
medium A and 1% BSA, as described elsewhere [5]. The samples were centrifuged at
1300 rpm for 10 min at room temperature and cell pellets were gently re-suspended in
Neurobasal medium A containing B27 supplement, penicillin-streptomycin, 0.5 mM
glutamine, 5ng/mL b-FGF. Serum-free B27 supplemented Neurobasal medium A seems
to have a beneficial effect on the growth and differentiation of hippocampal neurons, as
suggested by other researchers [18-24]. The viability of the cells after isolation was
assessed by trypan blue test, which resulted to be 97+2%. Cells were seeded on the
different membrane surfaces at 2.5x10° cell/cm? density. Controls without cells were
prepared for each type of substrate. Cells and controls were incubated at 37°C in an
atmosphere containing 5% CO,. Cultures were fed every 4 days replacing half of the

medium during each feeding interval.

6.2.4 Immunostaining of neuronal cells and quantitative analysis
The morphological behaviour of neurons at 8 and 12 in vitro culture days (DIV8 and
DIV12) on the different membranes were investigated and compared to PSCD as
controls by observing them at a Laser Confocal Scanning Microscopy (LCSM,
Fluoview FV300, Olympus, Milan, Italy) after the immunostaining of neuronal
cytoskeleton and axon markers, BIlI-tubulin and 43 KDa growth-associated protein
(GAP-43), respectively [6]. Six samples for each substrate were analyzed. In particular,
neuronal cells were rinsed with PBS, fixed for 15 min with paraformaldehyde (4%),
permeabilized for 10 min with 0.25% Triton X-100 and subsequently blocked for 30
min with 1% BSA at room temperature. To visualize BIII-tubulin a rabbit polyclonal
anti-BllI-tubulin (1:100; Sigma, Milan, Italy) and a goat anti rabbit IgG FITC-
conjugated (1:100; Invitrogen) were used. To visualize GAP-43, a monoclonal mouse
anti-GAP-43 (1:100; Sigma, Milan, Italy) and a goat anti-mouse IgG TRITC-conjugated
(1:100; Invitrogen) were used. Primary antibodies were incubated overnight at 4°C,
secondary antibodies for 60 min at room temperature. Nucleic acids were counterstained
with DAPI (200 ng/mL; Sigma, Milan Italy). Finally samples were rinsed, mounted and
observed with a LCSM. A quantitative analysis was performed on confocal microscopy
images of neurons at DIV8 and DIV12 by using Fluoview 5.0 software (Olympus
Corporation). The fluorescence average intensity for stained PIII-tubulin and GAP43
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was calculated vs the z axis of acquired images of 0.5 um optical thickness. Confocal

images were also utilized to evaluate the axonal length stained with GAP43.

6.2.5 Sample preparation for SEM
Samples of neurons grown on the different 2D and 3D substrates were prepared for
SEM by fixation in 2.5% glutaraldehyde, pH 7.4 phosphate buffer, followed by post-
fixation in 1% osmium tetroxide and by progressive dehydration in ethanol. Samples
were examined at SEM and representative images displaying both neuronal structural
features and adhesive properties for the different membrane surfaces were obtained at
DIV 8 and DIV 12. NIH-Scion Image software was used in order to perform
quantitative evaluations of the area filled by neurons, expressed as percentage of the

total membrane area for the two different developmental stages.

6.2.6 Metabolic assays
The metabolic activity of neuronal cells was evaluated by assessing glucose, lactate and
the neuronal brain derived neurotrophic factor (BDNF) levels in the culture medium
from 6 different isolations and cultures, previously collected and stored in tubes at -
20°C until assays. The glucose concentration in the medium was detected by using
Accu-Chek Active (Roche Diagnostics, Monza Italy). To assay BDNF secretion, a
sensitive BDNF ELISAs immunoassay (Promega Corporation WI, USA) was carried
out on samples collected at DIV8 and DIV12. BDNF Elisa was performed as follows:
ELISA plates were coated with 100 uL of anti-BDNF monoclonal antibody overnight at
4°C. After washing, 100 pL of cell culture supernatant was added to the wells and left
for 2 h at room temperature. Thereafter the wells were washed five times and incubated
with 100 pL of anti-human BDNF for 2 h at room temperature. After washing, the wells
were covered for 1h with anti-IgY horseradish peroxidase-conjugate and then 100 pl of
Tetramethylbenzidine were added for 10 min. The reaction was blocked with 100 pl of
IN HCI and absorbance was measured at 450 nm using a Multiskan Ex (Thermo Lab
Systems). Lactate content was determined using lactate oxidase enzymatic assay Lactate
Dry-Fast (Sentinel, Milan, Italy) via spectrophotometer analysis. The statistical
significance of all experimental results was established by using ANOVA test followed

by Bonferroni t-test (p <0.05).
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6.2.7 Extraction of total RNA and preparation of cDNA

Total RNA was extracted from hippocampal cells grown on all membrane substrates
considered for this study and on PSCD substrates. All samples processed for RNA
extraction were collected at DIVS and DIV12 and the extraction was carried out by
using Trizol reagent (Invitrogen, Carlsbad, CA), according to the manufacturer’s
instructions for cell suspension. The quality of RNA samples was assessed by
measuring optical density (OD, 260/280) absorption ratio of 1.7 (range 1.62 — 2.1) and
their integrity was verified by the detection of 18S and 28S bands after agarose gel
electrophoresis. Total RNA (2 pg) of each sample was used to synthesize cDNA
according to indications of the High Capacity cDNA Reverse Transcription Kit
(Applied Biosistem, Italy).

6.2.8 Quantitative real time PCR (qPCR)

Quantitative real-time PCR (qPCR) was performed on a Biorad Miniopticon (Biorad,
Italy) single color thermocycler. The primer set used for qPCR analysis were designed
using Primer Premier 3.0 and optimal primers were identified on the basis of the
following parameters: a) robustness, consisting of a successful amplification over a
range of annealing temperatures, b) specificity, since these primers were able to
generate a single significant peak in the melting curve and c) consistency, which
represents an high reproducibility of Quantification Cycle (Cy) values within the
reactions of a triplicate. For the quantitative expression analysis, we selected two target
markers on the basis of their morpho-functional properties in hippocampal cells and
namely MAP2 gene, a cytoskeleton dendritic marker, plus GluR2 that represents a
synaptic marker. The primers used for MAP2 are FW
5’TGACTTTGCACAGATGGCTTC and BW 5’CCACCTTCTCTTTGACTTCTG
while the primers used for GluR2 are FW 5’"GGTCAGCAGATTTAGCCCCTACG and
BW 5° ACCACCACACACCTCCAACAAT.

The length of all PCR products ranged from 150 to 200 bp and the average
amplification efficiency of each primer pair was optimized ranging between 0.95 and
1.00. After checking independent trials of several housekeeping genes, the [-actin

proved to be an optimal housekeeping (HK) gene for brain tissue with respect to other
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tested genes. B-actin reported the most reproducible results across the various cDNAs
and so was selected as normalization gene by using the following primer pair: FW
5’TATCGGCAATGAGCGGTTCC and BW 5’AGCACTGTGTTGGCATAGAG G. An
amplification reaction was prepared in a final volume of 25 pl by adding 12.5 pl of
SYBR-Green Supermix, 0.3 uM of primers for target genes (MAP2 and GluR2) and 0.1
UM of primers for B-actin and 2 ul (10 ng) of cDNA. All reactions were run in triplicate
according to the following cycling parameters: one cycle at 94°C for 3 min, 40 cycles of
denaturation at 94°C for 10 s and annealing-extension at 58°C for 30 s. After the
reaction, the existence of a unique PCR product was confirmed via the melting curve
analysis [25], which was obtained by an increase of 0.5°C every 10 s from 58°C to
95°C. The presence of single PCR product was further verified by 1.5 % agarose gel-
electrophoresis. The results of qPCR were analyzed using Opticon Monitor qPCR
detection system (Biorad), with a program that permits the analysis of the reaction
kinetic. Cycle threshold (C,) values were obtained with Genex software (BIORAD) and
all data were analyzed according to the method of standard curve [26] on the basis of
gene expression levels calculated from three biological replications. Data obtained for
all samples at DIV8 and DIV12 were reported as a proportion of the highest value after
normalization with [-actin. Differences were statistically estimated by one-way
ANOVA followed by a post hoc Bonferroni test when there was a significant p-value <
0.05.

6.3 RESULTS

6.3.1 Membrane properties
SEM micrographs of PEEKWC and PAN membranes in flat (2D) configuration
revealed their morphological structure characterized by the presence of pores with mean
diameter of 68.55 + 9.5 nm and 19.45 £ 1.3 nm, respectively along with a thickness of
110 um for PAN membrane (Figure 6.1a) and of 87 um for PEEK-WC membrane
(Figure 6.1b). The morphological properties of HF membranes are shown in Figure 6.2,
in which it was possible to observe a greater porosity in the PAN HF membrane (Figure
6.2a) as compared to that of the PEEK-WC HF (Figure 6.2d). In particular, PAN

membranes showed an internal and external diameter, respectively, of 688 =5 um and
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910 + 13 um as well as a wall thickness of 107 = 12 um (Figure 6.2 b,c) while PEEK-
WC HF membranes displayed an inner and outer diameter, respectively, of 557 £ 7um
and 747 £ 9 um and a wall thickness of 93 £ 8 um (Figure 6.2¢,f).

The effective coating of the membranes with PLL was detected in the absence of cells
by a quantitative analysis using FITC-labeled PLL. As observed in Figure 6.3, the
amount of PLL on the different membranes determined by measurements of the average
fluorescence intensity was in the range of 40pg/cm’® and this did not prove to
statistically different than the others thus confirming the similar coating level of all
membranes. Interestingly, PLL coating membranes seemed to modify their native
physical and chemical properties as demonstrated by dynamic contact angle
measurements (Figure 6.4). The advancing and receding contact angles of PEEK-WC
and PAN membranes in flat and HF configurations decreased significantly after PLL
coating, which tends to demonstrate the effective changes in surface wettability,
especially the advancing and receding contact angles of PEEK-WC HF membranes as
shown by the decreased values of Badv = 89° + 3.4° and Orec 67° + 3.9° to values of
Oadv =78° + 2.9° and Orec 62° + 4.7°, respectively, after coating (Figure 6.4b). The
native PAN HF membranes have a high hydrophilic surface character and this tends to
improve the advancing contact angle as shown by its lower value (59.54° + 1.76°)
measured on this type of membrane. Also the modified membranes displayed a marked
wettability even if, in this case, it appeared that PLL coating induced a reduction of the
surface hydrophilic character. Conversely, the wettability properties of PAN membranes
in flat configuration decreased after PLL coating as well as for PEEK-WC membranes.
Surprisingly, all membranes exhibited different transport properties. The observed
steady-state hydraulic permanence of the membranes was calculated according to the
slope of the flux J versus the transmembrane pressure (AP™) supplied a straight line,
which resulted to be 0.089 /h*m? for PEEK-WC HF membranes and 0.240 1/h*m? in
the case of PAN HF membranes (Figure 6.5). These results demonstrated that PAN HF
membranes were more permeable with respect to PEEK-WC HF and the PLL coating
thus reducing the hydraulic permanence to about 66% for PEEK-WC HF membranes
(Figure 6.5b) and of about 11% for PAN HF membranes (Figure 6.5a).
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6.3.2 Neuronal morphological and morphometric evaluation

After having obtained well appropriate morphological, physical-chemical and
permeability properties for cell culture purposes, the membranes were used for
hippocampal neurons in vitro culture assays. First of all, we performed SEM analysis to
examine the adhesion and the cell growth of hippocampal neurons on PAN and PEEK-
WC membranes in flat and HF configurations as compared to a PSCD substrate that
was used as control for all experimental assays. In figure 6.6 it was possible to observe
the morphological features of neurons seeded on the various substrates at DIV8 and
DIV12 states. Indeed it seemed that primarily cultured hippocampal neurons were able
to adhere and to grow on the different substrates as displayed by few if any visible cell
differences between neurons grown on 2D and 3D membranes. At DIV8 (Figures
6.6a,c,e,g,1), a mature morphology of the neuronal cells was reached for all substrates,
as demonstrated by the well-developed pyramidal soma along with significantly very
long neuritis and elaborated dendritic arbors. It was evident that during this culture time
period, neuronal cells were distributed uniformly on 2D PAN, 3D PAN HF, 3D PEEK-
WC HF as well as on the control (PSCD), while at DIV12 neurons on 2D PEEK-WC
membranes (Figure 6.6f) tended to aggregate into large groups. However, the density of
axonal network increased after 12 days of culture for each kind of substrate as shown by
a very high complexity with very branched neuritis being reached especially on 2D
PAN, 3D PAN HF and 3D PEEKWC HF (Figure 6.6). It is worthy to note that
hippocampal neurons at DIV12 on 3D membranes showed a very complex dendritic
arborization exhibiting a 3D structure (Figures 6.6h, j). Quantitative analysis confirmed
that the area covered by cells increased with time for all substrates, reaching maximal
percentage values (about 80% ) at DIV12 on 2D and 3D PAN membranes (Figure 6.7).
In contrast, neurons grown on the other membranes adhered to a lesser extend reaching
values within the range of 50-60%.

From confocal microscope analysis it seemed that the neuronal marker B-III tubulin,
which is a cytoskeleton protein distributed in the soma and in all neuronal processes,
and GAP-43, which is a specific protein involved in the regulation of axonal outgrowth,
were consistently expressed by hippocampal neurons cultured on the different substrates
supporting correct neuronal differentiation events (Figure 6.8). In particular, a complex

neuronal network was achieved at DIV12 on 2D PAN, 3D PAN HF and 3D PEEK-WC
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HF membranes (Figures 6.8d,h,e). Of particular interesting is that cells cultured on 3D
PAN HF at this culture time showed very long neuritis extending along these fibers and
producing a three-dimensional structure, as shown by the relative strong green
fluorescence emission signals (Figure 6.8h). Moreover, cells grown on 2D PEEKWC
membranes for the same culture period exhibited a neurite outgrowth with dense
fasciculation compared to the other membranes (Figure 6.8f). As far as the quantities
are concerned it appeared that total B-III tubulin levels on both 2D and 3D membrane
were significantly higher than the values of the PSCD (ANOVA followed by
Bonferroni t-test), which tends to support a good level of polymerization of the
cytoskeletal factors being correlated to the integrity of neuronal projections. From these
results it is possible to suggest the following trends for DIV8: 3D PAN HF > 2D PAN
>3D PEEK-WC HF> 2D PEEKWC>PSCD (Figure 6.9a). Furthermore, the signals of 3-
IIT tubulin increased within time for all substrates and at DIV12 a intensity peak was
registered on 2D PEEKWC, which is tightly related to intense fasciculation processes
observed at confocal microscope (Figure 6.8 f). On the other hand the specific marker
of axonal growth cones, i.e. GAP-43, supplied highest fluorescent intensity values,
independently of culture period, when neurons were cultured on 3D PAN HF
membranes (Figure 6.9b).

In order to further substantiate the quantitative morphological features, axonal length of
hippocampal neurons were determined at DIV8 and DIV12, periods in which the
different neuronal elements and synaptic complexes, respectively, are fully formed. At
DIVS the longest axons (133 + 35 um) resulted to be typical for 3D PAN HF followed
by 2D PAN (120 £ 23 um), while in contrast the values resulted to be similarly lower
(in the range of 92-100 um) for the 3D PEEKWC and for the other 2D substrates. The
axons continued to elongate with time and at DIV12 became significantly longer for 2D
PAN (150 = 14 um) and on 3D PAN HF (147 = 13 um) with respect to those

determined on the other membrane systems.

6.3.3 Neuronal metabolism
Coherently, cells exhibited different metabolic activities (glucose consumption, lactate

production and BDNF secretion) for 2D and 3D membranes. The consumption of
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glucose increased with time for all substrates (Figure 6.11). The highest values were
measured for neurons cultured on 3D PAN HF membranes at DIV 12. During the early
developmental stage (DIV4 and DIVS) there were no appreciable differences in glucose
consumption for the different membranes, while at DIV12 glucose consumption was
significantly higher for 3D PAN HF membranes with respect to the other substrates,
reaching values of 1699 + 21 pg/cell. The lactate production of neurons cultured on the
different membranes was also investigated in order to evaluate cellular catabolism and
anaerobic glycolysis events (Figure 6.12). During the early stages of culture (DIV4) this
metabolic activity was significantly higher for PSCD than the other substrates. Even for
DIVS cells high levels of lactate production resulted for both 3D PAN HF membranes
(197 £ 33 pg/cell) and for controls (258 = 19 pg/cell). At DIV12 the highest value was
obtained for 3D PAN HF substrates, which resulted to be significantly higher with
respect to 2D PAN membranes. The other specific neuronal metabolic indicator
evaluated for primarily hippocampal cells, i.e. the neurotrophin BDNF, which plays a
fundamental role on neuronal outgrowth, differentiation, maintenance and survival
events, supplied contrasting results as shown by higher BDNF levels on DIV4 for 2D
substrates with respect to 3D membranes (Figure 6.13). At DIVS these values increased
for 3D PAN HF membranes reaching values of 5.7 £ 0.7 pg/milioncell, while BDNF
values decreased for the other substrates. On both 2D and 3D PAN membranes, cells
exhibited significantly high level of BDNF on DIV12 especially in the case of 3D PAN
HF substrate where an evident peak of BDNF secretion resulted to be greater (+55%)
with respect to that measured on DIV8. Overall these metabolic activities demonstrated
that neuronal cells were viable and functionally active for all investigated membranes.
Particularly at DIV12, metabolic cellular activities detected for 3D PAN HF membranes
were higher than those reached for all other substrates independent of 2D or 3D
configuration. These results tend to underlie the ability of 3D PAN HF membranes to
assure both neuronal viability and functional activities at least for a 12 days culture

period.

6.3.4 MAP2 and GIluR2 mRNA expression
The morphological and metabolic hippocampal cellular properties were correlated with

the transcriptional capacities of some of their developmental markers, such as MAP2
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and GluR2. First of all, a single PCR product with the desired length was observed for
target genes (MAP2 and GluR2) and the reference -actin, while no band was observed
in the negative control samples without RT (data not shown). The sequencing of these
PCR products permitted us to obtain, for the first time, a partial coding sequence of the
putative MAP2 (GU586150), GIuR2 (GU586153) and p-actin (GU586151) in
Mesocricetus auratus showing a high nucleotidic identity (>85%) to the corresponding
sequence of other rodents such as Rattus norvegicus and Mus musculus [27-28].
However, in order to evaluate potential expression differences of the two target genes
between the different membranes at DIVS and DIV 12, it was necessary to determine the
PCR efficiency and linearity of template amplification via the optimization of standard
curves for MAP2 and GluR2 plus for B-actin. PCR amplification efficiency for each
primer pairs was calculated on the basis of the slope of the standard curve, which in
most cases, was close to —3.4, indicating maximal PCR amplification efficiency with a
highly correlation coefficient of amplification accuracy being within the range of 0.990
to 0.998. After the standardization of qPCR parameters, these optimal conditions were
used to assess expression differences of MAP2 and GluR2, which are known to be
tightly correlated to hippocampal cytoskeleton and synaptic formations, respectively. In
a first result, a consistent expression of MAP2 was reported for neurons grown on 2D
and 3D PAN membranes as well as for PSCD substrates that resulted to be greatly
(p<0.01) increased at DIV8 with respect to the other substrate (PEEK-WC) (Figure
6.14a). At a later developmental stage (DIV12) both 3D PAN HF membranes and
PSCD substrate resulted to be suitable for long-term in vitro growth, as shown by not
only great MAP2 expression levels with respect to 2D and 3D PEEK-WC membranes,
but also for a moderate (p<0.05) increase of this cytoskeletal factor with respect to
neurons plated on 2D PAN membranes (Figure 6.14b). As far as the expression of
GluR2, it was interesting to note that also in this case 3D PAN HF resulted to be the
better substrate allowing neurons commence the formation of a dendritic complex
network at DIVS, in a comparable manner to PSCD substrate. The expression of GluR2
for these two substrates resulted to be greatly enhanced when compared with 2D and 3D
PEEKWC, while a moderate increase was observed with respect to 2D PAN (Figure
6.15a). At DIVI12, when the synaptic complexity and dendritic arborization are
completed, 3D PAN and 2D PAN continued to maintain a moderate GluR2 expression
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level with respect to the other substrates in both flat and HF configuration and this
appeared to occur in a similar manner to that of PSCD substrate that showed a moderate

increase with respect to both 2D and 3D PEEK-WC membranes (Figure 6.15b).

4. DISCUSSION

The present work focused on the development of novel biomaterials in a different
configuration as a potential tool for studying neuronal cell behavior. The in vitro
investigation of hippocampal neuronal network reconstruction was carried out on a 2D
membrane system with respect to that of a 3D. In particular, these two systems were
evaluated in terms of outgrowth and polarization of axonal and dendritic processes as
well as in terms of metabolic activity in order to better characterize the type of
membrane that could be proposed for neuronal tissue engineering approaches. For these
purposes, polymeric membrane structures and physical-chemical properties must be
carefully considered for the designing of both 2D and 3D culture systems. In our study
2D and 3D membranes, prepared from two different polymers PAN and PEEK-WC
exhibited different morphological, physical-chemical and transport properties and were
modified by coating with PLL in order to enhance cell-adhesion as well as assuring
comparable functional groups interacting with the cells. Since it has been well
established that both surface and transport properties of membranes play an important
role on neuronal regeneration [6-29-30-31], it was necessary to determine the changes
of membrane properties after PLL-coating. Indeed, the advancing and receding contact
angles, which are respectively a measure of the apolar and polar domains of the surface,
displayed the different wettability of the native membranes and demonstrated the
significant changes of this feature after PLL-coating. In particular, PLL surface
modification minimized their native different physical-chemical properties, since the
hysteresis, which represents the difference between advancing and receding contact
angle, is maintained after PLL coating even if it results in a reduction, probably due to
the morphological heterogeneity and to the different orientation of chemical groups on
the membrane surface. Moreover, the membranes exhibited different permeability
properties, which are important for membrane transport systems. Indeed, the hydraulic
permanence measurements demonstrated that PAN HFs were more permeable with

respect to PEEK-WC HF and this result is in a good agreement with their more
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hydrophilic and porous character as. Interestingly, PLL coating strongly reduced the
hydraulic permanence for PEEK-WC HF membranes while for PAN HF membranes
this decrease was not appreciable.

Surprisingly this study reports, for the first time, new evidences on neuronal
morphology, axonal outgrowth and metabolic activity of hippocampal neurons cultured
on membranes in 2D and 3D configurations. It is well known that a good biomaterial
for an in vitro study of neuronal survival and developmental properties permits the
adequate condition for normal neuronal differentiation and outgrowth [32]. In this
context, we demonstrated that both 2D and 3D membranes supported the adhesion and
growth of hippocampal neurons enhancing neuronal differentiation and neurites
alignment. At DIVS, cells grown on all substrates displayed long neurite processes
outgrowth with numerous branches reaching a well-defined shape typical of the
hippocampal neurons. This feature resulted to be important for in vivo studies due to
their highly remarkable synaptic plasticity capacity, which proves to be essential for the
induction of some key hippocampal neurophysiological functions such as memory and
learning [33]. As demonstrated by SEM images and confirmed by quantitative analysis
of the heavily covered cellular areas, at a later developmental stage (DIV12), neurons
seeded on the different membranes formed a more complex neuronal network than that
observed at DIV8. This evidence is confirmed by more extensive branching of the
outgrowing neuritis, which are in line with the results reported for other biohybrid
systems such as micro-patterned biodegradable poly(L-lactic acid) membranes [34].
Furthermore, a dense array of neurons connected to each other via their neuritis was
observed along the HF membranes producing a 3D structure. The morphometric
analysis displayed that at DIV12 neurons grown on the 3D PAN HF membranes
adhered to a very high extend compared to the other substrates, reaching the 77% of
coverage on the total membrane area.

It is noteworthy that the distribution of specific structural markers GAP-43 and BIII
tubulin showed cell features along with the organization of neuronal network on
membranes varied with the different configurations. As already pointed out both GAP-
43, which is an axonal protein involved with neuronal outgrowth and synaptic plasticity
of developing and regenerating neurons [35] and BIII tubulin, a cytoskeletal protein

typical of the soma and neuronal processes [36] were expressed in a differential manner.
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In particular, the expression of GAP43 increased during axonal development, so that the
wide distribution of this structural protein on 3D PAN HF membrane suggests how this
specific substrate is able to enhance the formation and arborization of neuronal
processes especially in a 3D structure (Figure 6.8h). Indeed the neuronal network was
highly complex with a lot of neuron-to-neuron connections and this represents a very
important result since neuronal networks produced in cell cultures provide a great
potential for investigation of synapse formation, development, and function [37- 38]. In
addition the differences of cell behavior between 2D and 3D membranes were
confirmed by the quantitative analysis of neuronal marker fluorescence intensity and
axonal length. Moreover, MAP2 and GluR2 qPCR expression analysis and metabolic
activity measurements further corroborate the suitability of 3D configuration for a long-
term survival and differentiation of hippocampal neurons. The quantitative analysis of
GAP-43 fluorescence intensity clearly indicated that the high levels of axonal outgrowth
preferred 3D PAN HF membranes for both DIV8 and DIV12 cultures, which may turn
out to be an essential factor for regulating interaction properties with other signaling
proteins and for the dynamic assembly of synaptic membranes [39]. According to these
morphometric data, DIV8 neurons cultured on 3D PAN HF membranes exhibited very
extensive axons in comparison to those adhered on the other membranes, reaching the
highest value on 3D PAN HF membranes at DIV12, similar to those obtained on 2D
PAN membranes.

The ability of 3D PAN HF membranes to support and promote neuronal network
was also confirmed and substantiated by the expression pattern of MAP2 and GluR2
genes which are, respectively, dendritic [40] and synaptic [41] markers of hippocampal
neurons. MAP2 is the major microtubule associated protein of brain tissue which
promotes microtubule assembly and forms side-arms on microtubules [42] and its
expression during development is considered as a specific marker of neuronal
cytoskeletal integrity [43]. In the case of the other developmental marker, e.g. GluR2, it
represents a major receptor subunit involved with silent synaptic activation, the
formation of hippocampal extrasynaptic spines and dendritic elongating processes [39-
44]. The results of qPCR analysis provided strong evidence of both cytoskeletal
integrity and synaptic activation in hippocampal neurons at different developmental

stages on both 2D and 3D investigated membranes. The more consistent expression of
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MAP2 and GIuR2 genes was obtained for 3D PAN HF membranes, especially at
DIV12, when the dendritic arborization and synaptic complexity were completed,
suggesting that such a substrate resulted to be the more suitable for the realization of
well-developed neuronal network resembling in vivo hippocampal neuronal properties
as already shown for hamster neurons grown on other culture systems [6-34- 39].

In line with this trend, the metabolic activities investigated in terms of glucose
consumption, lactate production and BDNF secretion demonstrated that all the
membranes used for the culture of neuronal cells supported the long-term maintenance
of vital cell functions. Also in this case, the 3D PAN HF membranes continued to show
the ideal growth culture conditions guaranteeing good levels of metabolic features. It is
worthy to note that BDNF secretion is a critical factor for neuron integrity, since this
neurotrophin is essential for neuronal survival and differentiation during development
[45] and for synaptic function and plasticity in the mature brain [46]. As a consequence,
the high values of BDNF secretion obtained in our experiments further confirm the
viability and the differentiation of hippocampal neurons cultured in our 3D membrane
systems. Previous reports have shown that BDNF may act on both presynaptic and
postsynaptic cells [47] demonstrating that this neurotrophin is distributed not only along
dendrites and therefore located postsynaptically but also presynaptically along the axon,
where it induces the delivery of GluR2-containing AMPAR to the synapses [48].
Recently, Geremia et al. found that the immunoneutralization of BDNF resulted in a
down-regulation of GAP-43 and Tal-tubulin mRNA expression in both intact and
injured sensory neurons and consequently a decrease of the intrinsic ability of these
neurons to extend in vitro neurites [49], demonstrating that the endogenous BDNF plays
a role on induction of the regenerative response. In accordance to these authors our
findings suggest a correlation between BDNF secretion, axon length and GAP-43
expression. Indeed, the highest BDNF secretion (Figure 6.13) as well as the greatest
axonal length (Figure 6.10), GAP-43 intensity (Figure 6.9b) and GIluR2 expression
(Figure 6.14) were all detected on 3D PAN HF membranes.

6.5 CONCLUSIONS

Overall in the present study, the performances of hippocampal neuronal processes

grown on different 2D and 3D polymeric membranes permitted us to evaluate
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biocompatible membrane systems with the intention of supplying optimal conditions for
the creation of a biomimetic microenvironment for neural tissue engineering. The
obtained data suggest that all investigated membranes may be useful biomaterials for
the In vitro reconstruction of neuronal network and confirm that the relationship
between the structure of the polymeric membranes and cell features, which is one of the
major issue in biomaterial science and engineering. In this particular case, our study
provided a complete 3D neural tissue-like structure assembled in vitro using primary
hippocampal cells and PAN HF membranes. In particular, we assume that the better
neuronal outgrowth on 3D PAN HF membranes is specifically due to its intrinsic
geometry and the higher hydraulic permanence that enhance the mass transfer of
nutrients and metabolites to the cells and the removal of catabolites. As a consequence,
this advanced model system could allow the mimicking of hippocampal neuronal events
in order to study natural neurobiological properties of these cells, such as memory and
learning processes, or induction of disease pathologies allowing testing of new therapies

on the resolution of these states.
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Figures
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(b)
Figure 6.1 SEM’s images of the cross section of (a) 2D PAN and (b) 2D PEEK-WC

membranes.
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(d)

Figure 6.2 SEM’s images of the cross section of (a) 3D PAN HF and (d) 3D
PEEKWCHHF membranes: (b) outer and (c) inner surface of 3D PAN
HF, (e) outer and (f) inner surface of 3D PEEKWC HF membranes.
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Figure 6.3 Poly-l-lysine (PLL) density measured on the different substrates after coating with
FITC labeled PLL. Data were expressed as pg/cm? + S.EM
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Figure 6.4 Advancing (full bar) and receding (empty bar) contact angle measured on: (a) native

membranes and (b) PLL-coated membranes.
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Figure 6.5 Hydraulic permeation measurements of (a) 3D PAN HF and (b) 3D PEEKWC HF
membranes: (A) native membranes, ([]) PLL-coated membranes. Experimental
values (symbols) represent the average of 10 measurements. The interpolation of
experimental data is reported as a solid line.
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Figure 6.6 SEM’s images of hippocampal neurons at DIVS (a, ¢, e, g and i) and DIV12 (b, d, f, h
and j) on: (a and b) PSCD, (c and d) 2D PAN, (e and f) 2D PEEKWC, (g and h)
3D PAN HF and (i—j) 3D PEEKWC HF membranes.
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Figure 6.7 Percentage of the area covered by hippocampal neurons at DIV8 (full bar) and DIV12
(empty bar) on the different membranes. The data were expressed as an average +
standard deviation and evaluated according to ANOVA followed by Bonferroni t-
test. £p < 0.05 vs PEEK-WC HF and PSCD at DIV 12. Data statistically significant
according to Student’s t-test: *p<0.001; Tp<0.05.
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Figure 6.8 Confocal laser micrographs of representative hippocampal neurons traced during the
entire culture period at DIVS (a, c, e, g and 1) and DIV12 (b, d, f, h and j) on: (a
and b) PSCD, (c and d) 2D PAN, (e and f) 2D PEEK-WC, (g and h) 3D PAN HF
and (i—j) 3D PEEK-WC HF membranes. Cells were stained with BIII-tubulin
(green), axonal marker GAP-43 (red) and nuclei (blue).
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Figure 6.9 Fluorescence average intensity for stained PBIII-tubulin (a) and GAP43 (b) of
hippocampal neurons at DIV8 (full bar) and DIV12 (empty bar) on the different
membranes. Data statistically significant according to ANOVA followed
Bonferroni and t-test. {p < 0.05 vs PSCD at DIVS; $p<0.05 vs PSCD at DIV 12
and PAN at DIV12; 0p<0.05 vs PSCD at DIV12; §p<0.05 vs PSCD at DIVS, PAN
at DIV 8 and PEEK-WC HF at DIVS; #p<0.05 vs PSCD, PAN and PEEK-WC HF
at DIV 12. Data statistically significant according to Student’s t-test: Tp<0.05 vs
the same substrate at DIVS; *p<0.001 vs the same substrate at DIVS.
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Figure 6.10 Axon length of hippocampal neurons at DIV8 (full bar) and DIV12 (empty bar) for
the different membranes. The values were expressed as average + standard deviation.
Data statistically significant according to ANOVA followed Bonferroni t-test and T-
Student’s test. p < 0.05 vs PSCD, PEEK-WC and PEEK-WC HF at DIVS8; #p<0.05
vs PSCD at DIVS; 0p<0.05 vs PSCD at DIV12, PEEK-WC DIV12 and PEEK-WC
HF at DIV12; § p<0.05 vs PSCD, PEEK-WC and PEEK-WC HF at DIV 12; 1p<0.05
vs the same substrate at DIVS. Data statistically significant according to Student’s t-
test: *p<0.001 vs the same substrate at DIVS.
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Figure 6.11 Glucose consumption of hippocampal neurons at DIV4 (white bar), DIVS8 (grey bar)
and DIV12 (black bar) for the different membranes. The values expressed as
average * standard deviation are the mean of 6 experiments and evaluated
according to ANOVA followed by Bonferroni t-test. #p<0.05 vs PSCD, PAN and
PEEK-WC HF at DIV4; 0p<0.05 vs PAN at DIV4; p < 0.05 vs PAN and PEEK-
WC HF at DIVS; ip < 0.05 vs PAN, PEEK-WC and PEEK-WC HF at DIVS;
§p<0.05 vs PAN at DIV12; *p<0.05 vs the same substrate at DIV4 and DIVS;
*#p<0.05 vs the same substrate at DIV4.
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Figure 6.12 Lactate production of hippocampal neurons at DIV4 (white bar), DIV8 (grey bar) and
DIV12 (black bar) for the different membranes. The values expressed as average +
standard deviation are the mean of 6 experiments and evaluated according to
ANOVA followed by Bonferroni t-test. ¥p < 0.05 vs PAN, PAN HF, PEEK-WC
and PEEK-WC HF at DIV4; §p<0.05 vs PAN, PEEK-WC, PEEK-WC HF at
DIVS; §p<0.05 vs PEEK-WC at DIVS; fp < 0.05 vs PAN at DIV12; *p<0.05 vs
the same substrate at DIV4 and DIVS; **p<0.05 vs the same substrate at DIV4.
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Figure 6.13 BDNF secretion of hippocampal neurons at DIV4 (white bar), DIV8 (grey bar) and
DIV12 (black bar) for the different membranes. The values expressed as average +
standard deviation are the mean of 6 experiments and evaluated according to
ANOVA followed by Bonferroni t-test. p <0.05 vs PAN HF at DIV4; §p<0.05 vs
PSCD and PEEK-WC HF at DIV8; §p<0.05 vs PSCD, PEEK-WC and PEEK-WC
HF at DIV 12; Ip < 0.05 vs PSCD, PEEK-WC and PEEK-WC HF at DIV12;
*p<0.05 vs the same substrate at DIV8 and DIV12; **p<0.05 vs the same substrate
at DIVS; 0p<0.05 vs the same substrate at DIV12.
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Figure 6.14 MAP2 mRNA expression of hippocampal neurons at DIVS (a) and DIV 12 (b) for
the different membranes. The mRNA levels at A) 8 days and B) 12 days were
evaluated in PSCD, PAN, PEEKWC, PAN HF and PEEKWC HF by qPCR. The
results are expressed as a proportion of the highest value after normalization with
respect to P-actin expression levels and represent the means + s.e.m. of three
independent biological replicates. Data were evaluated by a one-way ANOVA
followed by Bonferroni test. a) **p<0.01 vs PEEKWC and PEEKWC HF; b)
*p<0.05 vs PAN, **p<0.01 vs PEEKWC and PEEKWC HF.
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Figure 6.15 GluR2 mRNA expression of hippocampal neurons at DIV (a) and DIV 12 (b) for
the different membranes. The mRNA levels at A) 8 days and B) 12 days were
evaluated on PSCD, PAN, PEEKWC, PAN HF and PEEKWC HF by qPCR. The
results are expressed as a proportion of the highest value after normalization with
respect to P-actin expression levels and represent the means + s.e.m. of three
independent biological replicates. Data were evaluated by a one-way ANOVA
followed by Bonferroni test. a) *p<0.05 vs PAN, **p<0.01 vs PEEKWC and
PEEKWC HF; b) *p<0.05 vs PEEKWC and PEEKWC HF.
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In neuronal tissue engineering many efforts are focused on creating biomaterials with physical and
chemical pathways for controlling cellular proliferation and orientation. Neurons have the ability to
respond to topographical features in their microenvironment causing among others, axons to proliferate
along surface features such as substrate grooves in micro-and nanoscales. As a consequence these
neuronal elements are able to correctly adhere, migrate and orient within their new environment during

I:;Zy words: | growth. Here we explored the polarization and orientation of hippocampal neuronal cells on non-
N;E;(;C;;T;a neurons patterned and micro-patterned biodegradable poly(i-lactic acid) (PLLA) membranes with highly selective
Orientation permeable properties. Dense and porous nonpatterned and micro-patterned membranes were prepared

from PLLA by Phase Separation Micromolding. The micro-patterned membranes have a three-dimen-
sional structure consisting of channels and ridges and of bricks of different widths. Nonpatterned and
patterned membranes were used for hippocampal neuronal cultures isolated from postnatal days 1—3
hamsters and the neurite length, orientation and specific functions of cells were investigated up to 12
days of culture. Neurite outgrowth, length plus orientation tightly overlapped the pattern of the
membrane surface. Cell distribution occurred only in correspondence to membrane grooves character-
ized by continuous channels whereas on membranes with interconnected channels, cells not only
adhered to and elongated their cellular processes in the grooves but also in the breaking points. High
orientation degrees of cells were determined particularly on the patterned porous membranes with
channel width of 20 pm and ridges of 17 um whereas on dense nonpatterned membranes as well as on
polystyrene culture dish (PSCD) controls, a larger number of primary developed neurites were distrib-
uted. Based on these results, PLLA patterned membranes may directly improve the guidance of neurite
extension and thereby enhancing their orientation with a consequently highly ordered neuronal cell
matrix, which may have strong bearings on the elucidation of regeneration mechanisms.

© 2010 Elsevier Ltd. All rights reserved.

Micropatterning
Neurite growth

1. Introduction

In neuronal network formation, neurite outgrowth and the
orientation of cellular growth are two important processes that can
be facilitated by designing a well-defined cellular pattern. The
control of a neuronal network architecture can be utilized not only
to reproduce structural features and signaling of the brain but also
to study alterations of circuitry patterns. Neuronal microscale

* Corresponding author. Tel.: +39 0984 492036; fax: +39 0984 402103.
E-mail addresses: l.debartolo@itm.cnr.it, loredana.debartolo@cnr.it (L. De Bartolo).
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0142-9612/$ — see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.biomaterials.2010.05.079

patterns have been shown to be useful in applications ranging from
drug screening or tissue engineering, biosensors to neuronal
culture platform serving basic research interests.

Neurons have the capacity of responding to topographical
features in their microenvironment and they have been shown to
adhere, migrate, and orient their axons in the same direction of
surface features. Artificial substrates with microstructures (e.g.,
microchannels, ridges and grooves) have been designed in an
attempt to mimic the natural physical cues of CNS elements rep-
resented by fibrous proteins, cell bodies and cell processes that
direct the growth of developing neurites. To this purpose, recently
several methods have been introduced with the intent of gener-
ating structural surfaces such as microfabrication technology,
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photolithography and microcontact printing [1-3]. These
approaches have successfully guaranteed neuronal growth on
laminin, lysine, growth factor and other adhesive molecules
patterned surfaces [4—7].

It is worthy to note that a wide range of patterns have been
explored in the culture of neuronal cells. Mahoney studying the
effects of polyimide microchannels of 20 and 60 um in width and
11 pm in depth on PC-12 cells displayed that neurites were directed
along the axis of the grooves [8]. In addition, micro-patterned
polystyrene modified with grooves width of 16 pm and grooves
spacing of 13 pm directed growth and differentiation of neural
progenitor cells [9]. Similarly, polylactic acid in configuration of
thin films guided PC-12 and chick sympathetic neurites by unidi-
rectional grooves in 1 and 2 pm in width and 100 nm in height [10]
and as nanofiber scaffold supported the growth and the alignment
of dorsal root ganglion neurons (DRG) primary sensory neurons
and E 15 primary motor neurons [11]. Another matrix and precisely
protein micro-patterns of various widths have been applied to
affect the outgrowth rates of DRG [12]. Moreover, combinations of
topographical (e.g., microchannels) and molecular cues (e.g., NGF,
laminin) proved to synergically effect neuronal polarization and
neurite growth [9,13,14].

Aside the usual physical and biochemical cues, some specific
physical parameters of the biomaterial such as permeability must
be taken into consideration when designing a substrate to be used
in tissue engineering. Among the recommended biomaterials that
are used for neuronal regeneration, membranes with selective
permeable properties have shown to be particularly advantageous
because of the diffusion of nutrients and molecules, which are
important for cell growth besides offering a large surface area for
cell attachment. Previously we showed that synthetic polymeric
membranes were able to support the axonal outgrowth and
differentiation of neuronal cells [15,16]. Here we explored the
polarization and orientation of hippocampal neuronal cells on
nonpatterned and micro-patterned biodegradable poly(L-lactic
acid) (PLLA) membranes, which are developed by Phase Separation
Micromolding [17]. The micro-patterned membranes have a three-
dimensional structure consisting of channels plus ridges and bricks
whereas the nonpatterned membranes have a flat surface. This
polymer offers distinct advantages in that its bio-compatibility as
well as its sterilization procedures have been widely documented
[18—20]. Furthermore, its degradation rate can be designed so that
it matches that of the new neuronal tissue formation. In order to
study these micro-patterned membranes, hippocampal neuronal
cells were selected as our experimental model because they are the
most common and best characterized model for investigating
polarization events that usually occurs spontaneously during the
first 48—72 h of culture [21,22]. Neurite length, orientation and
specific functions of hippocampal cells were investigated on micro-
patterned membranes with ridges and channels of different width
and with bricks up to 12 days of culture. Changes in morphological
and functional behaviours of cells were compared on the one hand
with those of cells cultured on nonpatterned membranes charac-
terized by porous and dense surfaces and on the other hand with
polystyrene culture dish (PSCD) as a reference substrate.

2. Materials and methods
2.1. Preparation of patterned and nonpatterned membranes

The membranes were cast from poly(t-lactic acid) (PLLA) of My, = 1.6 x 10° g/mol.
Both porous and dense membranes were manufactured. The porous PLLA films were
cast from a 5 wt% PLLA in 1,4-dioxane solution using ethanol as nonsolvent at 3—4 °C.
A 10 wt% PLLA in chloroform solution was used to prepare dense PLLA membranes. In
fact, there the chloroform was allowed to evaporate for 30—60 s and then the
membranes were immersed in ethanol bath.

For patterned membranes the initial casting thicknesses was 225 pum, whereas
for nonpatterned ones it was 150 pm. The membranes were kept in a nonsolvent
bath for 1 day and subsequently washed for 5—8 h in Milli-Q water, which was
replaced 2—3 times. Finally, they were dried in a controlled atmosphere
(T =18-21 °C). All solvents and nonsolvent were purchased from Merck (Germany).

Samples were cut from the sheets to fit the specific well-plates. Sterilization was
accomplished by samples being immersed in a 70% ethanol solution for 20—30 min,
then the ethanol was allowed to evaporate and the samples were placed in well-
plates. Isopropanol (70%) was sprayed on the samples within a laminar flow cabinet
and left to evaporate. To ensure complete wetting of the sheets, the samples were
kept in PBS for at least 4—8 h in an incubator (37 °C, humid atmosphere with 5%
COy).

2.2. Membrane characterization

For the patterned membranes, 2 molds were used with distinct patterns. One
pattern consisted of 30 x 20 x 20 pum channels (channel width x ridge
width x channel dept). The second pattern consisted of interconnected channels
with dimensions of 20 x 10 x 15 um; every 100 um the ridges are interrupted for
10 pum to create the interconnected pattern. Scanning electron microscopy (SEM,
JEOL 5600LV) was used to visualize the sheet’s pattern, dimensions and porosity.
Prior to imaging, the samples were sputter-coated with a nm-thin gold layer. It is
important to point out that during casting and phase separation the membranes
shrunk and so the dimensions of these patterns resulted to be slightly smaller that
the dimensions of the mold. Nonetheless, shrinkage is reproducible and uniform and
is therefore taken into account with mold design.

The investigated membranes were identified on the basis of their characteris-
tics: dense nonpatterned (d-np) and porous nonpatterned (p-np). The patterned
membranes were distinguished on the basis of the measured channel width and
ridge width (Table 1) in: d-p 20/25, p-p 20/17 and ic-p 17/7. FITC labelled Poly-1-
lysine (PLL) (Sigma) was used for the visualization and quantification of the
membrane coating. Imaging of the FITC labelled coated membranes were obtained
by using an Olympus Fluoview FV300 Laser Confocal Scanning Microscope (LCSM)
(Olympus Italia). Quantitative analysis was performed on the different areas of 3
samples of investigated coated membranes using Fluoview 5.0 software (Olympus
Corporation) by measuring the fluorescence average intensity. A calibration curve of
FITC labelled PLL was obtained by casting known quantities of the fluorescent
protein on defined areas of polystyrene dishes calculating the surface concentrations
and capturing confocal images of the dry samples. The thickness of the PLL coating
resulted to be 1.2 4 0.09 um, as measured with FITC labelled PLL by Z-direction
scanning at the LCSM.

2.3. Cell isolation and culture

The hippocampus of both hemispheres was dissected from the brain of postnatal
days 1-3 (PND1-3) hamsters (Mesocricetus auratus), removed and collected in falcon
tubes in Neurobasal medium A (Invitrogen Corporation, Milan, Italy) containing
0.02% BSA (Sigma, Milan, Italy). The tissue was digested in a Neurobasal medium A
containing 0.1% papain (Sigma) and 0.02% BSA (Sigma) for 20 min at 37 °C [23]. Ten
minutes after digestion, the tube containing the tissue was mixed and at the end of
digestion, the supernatant containing papain was removed and Neurobasal medium
A supplemented with B27 (2% v/v; Invitrogen Corporation, Milan, Italy) pen-
icillin—streptomycin (100 U/mL), glutamine 0.5 mm (Biochrom AG), 5 ng/mL basic
fibroblast growth factor (b-FGF; Sigma) was added to the remaining pellet. Samples
were gently triturated mechanically by using a sterile Pasteur pipette with a wide
opening to dissociate larger aggregates. After sedimentation of the aggregates the
supernatant was removed and transferred into tubes containing 1% papain inhibitor
in Neurobasal medium A and 1% BSA, as described elsewhere [15,16]. The samples
were centrifuged at 1300 rpm for 10 min at room temperature and cell pellets were
gently re-suspended in Neurobasal medium A containing B27 supplement, pen-
icillin—streptomycin, 0.5 ™ glutamine, 5 ng/mL b-FGF. Serum-free B27

Table 1
Specificities of the micro-patterned polymer sheet replicas.
Channel Ridge width Channel Remarks
width (pm)  (um) height (um)
d-np = = = Dense
nonpatterned
p-np = = = Porous
nonpatterned
d-p 20/25 20 25 20 Dense continuous
channels
p-p 20/17 20 17 17 Porous continuous
channels
ic-p 17/7 17 7 7 Interconnected
channels
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supplemented Neurobasal medium A seems to have a beneficial effect on the growth
and differentiation of hippocampal neurons, as suggested by other researchers
[24,25]. The viability of the cells after this isolation procedure was assessed by
trypan blue test and resulted to be 97 + 2%. Cells were seeded on the different
membrane surfaces at 2.5 x 10° cell/cm? density. Controls without cells were
prepared for each kind of substrate. Cells and controls were incubated at 37 °C in an
atmosphere containing 5% CO,. Cultures were fed every 4 days replacing half of the
medium at each feeding.

2.4. Immunostaining of neuronal cells

The morphological behaviour of neurons after 8 and 12 culture days of culture
on the different membranes were investigated and compared to PSCD as controls
with Laser Confocal Scanning Microscopy (LCSM, Fluoview FV300, Olympus, Milan,
Italy) after the immunostaining of the neuronal cytoskeletric marker, plll-tubulin,
and axon marker, growth-associated protein-43 (GAP 43) [15]. Six samples for each
substrate were analyzed. Specifically, the neuronal cells were rinsed with PBS, fixed
for 15 min with paraformaldehyde (4%), permeabilized for 10 min with 0.25% Triton
X-100 and subsequently blocked for 30 min with 1% BSA at room temperature. To
visualize BllI-tubulin a rabbit polyclonal anti-BIlI-tubulin (1:100; Sigma, Milan, Italy)
and a goat anti rabbit IgG FITC-conjugated (1:100; Invitrogen) were used. To visu-
alize GAP 43 a monoclonal mouse anti-GAP 43 (1:100; Sigma, Milan, Italy) and a goat
anti mouse IgG TRICT-conjugated (1:100; Invitrogen) were used. Primary antibodies
were incubated overnight at 4 °C, secondary antibodies for 60 min at room
temperature. Nucleic acids were counterstained with DAPI (200 ng/mL; Sigma,
Milan Italy). Finally samples were rinsed, mounted and observed with LCSM.

2.5. Sample preparation for SEM

Hippocampal neurons after 8 and 12 days of cultures on investigated surfaces
were examined with scanning electron microscopy (SEM) (Quanta 200F ESM, FEI,
USA). Samples were prepared by fixation for 30 min in 2.5% glutaraldehyde and 1%
formaldehyde pH 7.4 phosphate buffer followed by post-fixation for 30 min in 1%
osmium tetroxide and by progressive ethanol dehydration.

2.6. Neuronal morphology features of the different membranes

Representative images by LCSM displaying the distribution of BllI-tubulin and
GAP 43 in hippocampal cell growth and by SEM displaying both neuronal structural
features and adhesive properties on the different membrane surfaces were utilized
for morphometric analysis at 8 and 12 days, periods in which the different neuronal
elements and synaptic complexes respectively are fully formed. In particular SEM
images were utilized to analyze the percentage of area surface covered by cells on
different substrates by using Scion Image for Windows (National Institutes of Health,
USA,) and for the identification of the number of primary neuritis emerging per cell.
LSCM images were used to measure the axonal lengths, the neurite orientation and
the cell location on different substrates. In particular the axonal lengths were
measured on the neurons stained with the axon marker GAP 43 from the soma to the
end of each axon by using Fluoview 5.0 software (Olympus Corporation) and aver-
aged. Neurite orientation was defined as the angle of neuritis relative to the pattern
direction calculated by using Geogebra-Dynamic Mathematics for Everyone (Inter-
national GeoGebra Institutes): the direction of micropattern was represented as 0°,
hence, the values between —10° and +10° represented highly oriented neurite
outgrowth whereas values greater than 50° represent random neurite out growth
[12]. To visualize cell location on different patterned and nonpatterned membranes
a quantitative analysis was performed on acquired images by confocal microscopy of
neurons after 8 days of culture and by using Fluoview 5.0 software (Olympus
Corporation). The fluorescence average intensity for stained BIlI-tubulin, GAP43 and
DAPI was calculated on in series designated rectangular areas along a 200 um wide
range of the xy axis vs the z axis of acquired images of 0.5 um optical thickness. For
images of neurons cultured on PSCD and on nonpatterned membranes, a designed
rectangle size of 10 x 145 pm was used. For micro-patterned membranes the rect-
angular areas were designed following the patterning of the different investigated
samples according the size of the channels and ridges: for dense membranes with
channel and ridges widths of 20 pm and 25 pm respectively, the rectangle sizes were
alternatively 20 x 145 pm and 25 x 145 um; for porous membranes with channel
and ridges widths of 20 um and 17 pm respectively, were alternatively 20 x 145 pum
and 17 x 145 pm; for 17 pm wide interconnected channels membrane were alter-
natively 17 x 145 um and 7 x 145 pm, respectively.

2.7. Metabolic assays

The metabolic activity of neuronal cells was determined by evaluating
glucose, lactate and BDNF levels on neuronal cell medium previously collected
and stored in tubes at —80 °C until assays from 6 different isolations and cultures
on the different membranes of the two models systems. The glucose concentra-
tion was detected by using Accu-Chek Active (Roche Diagnostics, Monza Italy).
Lactate content was determined using lactate oxidase enzymatic assay Lactate
Dry-Fast (Sentinel, Milan, Italy) via spectrophotometer analysis. To assay the

neuronal brain derived neurotrophic factor (BDNF) secretion (mammalian neu-
rotrophin belonging to a family of structurally related dimeric proteins) a sensi-
tive BDNF ELISA immunoassay (Promega Corporation, WI, USA) was carried out on
samples collected from 6 different isolations. Ninety-six well plates were coated
with 100 pL of anti-BDNF monoclonal antibody overnight at 4 °C. After 1 rinse,
100 pL of cell culture supernatant was added to the wells and incubated by
shaking for 2 h at room temperature. After 5 rinses 100 pL of anti-human BDNF
antibody were added to the wells and incubated with shaking for 2 h at room
temperature. After 5 rinses, the wells were incubated by shaking with 100 pL of
anti IgY horseradish peroxidase conjugated antibody for 1 h at room temperature
and finally, after 5 additional rinses, were incubated with 100 pl of the enzymatic
substrate Tetramethylbenzidine for 10 min. The reaction was blocked with 100 pl
of 1 N HCl and absorbance was measured at 450 nm using a Multiskan Ex
(Thermo Lab Systems).

The values of the different experimental tests were evaluated by using ANOVA
followed, where appropriate by Bonferroni t-test (p < 0.05) according to the
Student’s t-test.

3. Results

Morphological behaviour of hippocampal neurons was evalu-
ated by SEM and confocal microscopy after 8 and 12 days of culture
on patterned, nonpatterned membranes and on PSCD (Figs. 1-3).
After 8 days of culture, neuron cell bodies appeared slightly flat-
tened and displayed a tight adhesion to the different substrates.
Cells cultured on patterned membranes appeared to be localized in
grooves whereas cells cultured on nonpatterned membranes and
on PSCD distributed homogeneously and randomly on surface
areas. Neurite outgrowth and polarization of the hippocampal
neurons occurred on all investigated surfaces within the first 8 days
of culture (Figs. 1 and 3). Active growth cones with filopodia and
lamellipodia were observed and cells cultured on patterned
membranes appeared to establish many contacts with the grooves
(Fig. 1d’-f).

Neurites on all investigated patterned membranes linearly
extended along the grooves of micro-patterns whereas no guidance
of neurite outgrowths was observed on PSCD and on dense and
porous nonpatterned membranes (Fig. 3). In particular hippo-
campal neurons grown on porous membranes with 20 and 17 um
channel and ridge width (p-p 20/17) after 8 days of culture
exhibited highly elongated processes oriented parallel to the
grooves of the patterned channels and not in communication with
cells of adjacent grooves (Fig. 3e). On d-p 20/25 membranes with
20 um and 25 channel and ridges width, respectively, hippocampal
neurons appeared highly branched with numerous neuritis
emerging and bridging also on ridges and in contact with cells of
adjacent grooves of the patterned channels (Fig. 3d). Regarding
interconnected channel membranes, the elongation of neuronal
processes and the formation of synaptic communication between
cells followed the typical topography and brick’s geometry of
interconnected channels (Fig. 3f). After 12 days of culture the
neurons, displaying the typical bundle like arrangement, came into
contact with each other and forming a complex network on all
investigated substrates. In particular, on patterned membranes
many bridging synaptic contacts were observed while the orien-
tation of hippocampal neurons along patterned channels was
maintained (Fig. 3a’-f).

In order to examine the neurite outgrowth orientation of
hippocampal neurons cultured on patterned membranes, the angle
between the wall pattern and neurite was measured and the
frequency of each angle calculated (Fig. 4). Higher frequency of
neuron orientation (35%) within +10° was observed for hippo-
campal neurons cultured on p-p 20/17 membranes whereas for
those cultured on d-p 20/25 membranes lesser frequencies of
neuron orientation (25%) within +10° was found. In contrast, the
frequency profile of neurons cultured on 17 pm wide inter-
connected channel membranes exhibited lower frequencies of
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Fig. 1. SEM’s images of hippocampal neurons after 8 days of culture on: (a, a’) PSCD, (b, b’) d-np, (c, ¢’) p-np, (d, d’) d-p 20/25, (e, e’) 20/17 p-p and (f, f') ic-p 17/7 membranes.

neuronal orientation (20%) within +10° and a more flat distribution
within £90° representing a more random growth.

A quantitative analysis of cell location on different patterned
and nonpatterned membranes was performed on neurons after 8
days of culture by confocal microscopy. As reported in Fig. 5 on
PSCD and on nonpatterned membranes, an average intensity of
Blll-tubulin, GAP43 and DAPI were detected randomly along
a 200 pm wide range on the xy axis (Fig. 5a—c). On the contrary,
the fluorescence average intensity of stained proteins and acid
nucleic were distributed according to the pattern fidelity with
alternating high and low values in correspondence of channels
and ridges, respectively, on micro-patterned membranes
(Fig. 5d—f). It is interesting to note that on 20 um wide channel

porous membranes, the low values were distributed in a restricted
range of average intensity, and namely: between 453.63 and
899.39 for BlII-tubulin, 1539.55 and 1915.04 for GAP43, 524.57 and
1020.81 for DAPI (Fig. 5e). On the other patterned membranes, the
low values were distributed in a more complete range of average
intensity. In particular, the fluorescence average intensity for BIII-
tubulin ranged between 592.01 and 3193.51 on dense patterned
membranes with continuous channels (d-p 20/25) and between
1205.59 and 3573.76 on wide interconnected channel membrane
(ic-p 17/7) (Fig. 5d and f).

The percentage of covered area by hippocampal neurons
cultured on different membranes at day 8 and 12 was evaluated on
SEM images at different magnifications (Fig. 6). On day 8, neurons
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100 pm

Fig. 1. (continued).

on PSCD adhered and covered a significantly higher surface area
(61.5%) with respect to the nonpatterned and patterned
membranes. Also neurons cultured on nonpatterned membranes
(54.5%) covered larger surface area with respect to the patterned
ones. The area covered by cells on all investigated surfaces
increased significantly (p < 0.01) with time. An increase of a 19.3%
was found on PSCD while on dense and porous nonpatterned
membranes of a 30.1 and 29.3%, respectively. In the case of
patterned membranes with continuous channels, the percentage of
neuronal enriched area increased to about 18% whereas on
membranes with interconnected channels increased to about 26.8%
and this proved to be significantly higher with respect to the
continuous channel patterned membranes. Even the number of
primary neurites emerging per cell changed on the basis of the

surface topography. As is reported in Table 2, the average neurite
numbers per neurons ranged between 2.8 + 0.79 and 3.12 + 0.8
within the first 8 days of culture on all investigated micro-
patterned membranes whereas a significant increase of the
primary neurite number was found on neurons cultured on both
PSCD (429 + 11) and on dense nonpatterned membranes
(4.25 + 0.91).

Axonal length was evaluated on neurons stained with its specific
protein (GAP43) involved with the regulation of axonal outgrowth
on different acquired confocal images (Fig. 7). On day 8 of culture,
all the hippocampal neurons exhibited an axonal growth without
any significant differences on the different surfaces considered.
After 12 days of culture, axonal growth continued at a moderately
high significantly level (p < 0.05) for PSCD and porous
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Fig. 2. SEM’s images of hippocampal neurons after 12 days of culture on: (a, a’) PSCD, (b, b’) d-np, (c, ¢’) p-np, (d, d’) d-p 20/25, (e, e’) 20/17 p-p, (f, £) and ic-p 17/7 membranes.

nonpatterned membranes, while a higher (p < 0.01) level was
obtained for dense nonpatterned and all patterned membranes.
The longest axons (164.1 + 32 um) were observed in neurons
cultured on interconnected channel pattern, similarly to the
neurons cultured on the other investigated surfaces, with the
exception of neurons cultured on porous nonpatterned membrane
that exhibited lower axonal growth.

When the metabolic activities of hippocampal neurons were
evaluated after 4, 8 and 12 days of culture, it was possible to
observe a comparable activity in all substrates considered with
respect to PSCD. A significant increase of glucose consumption was
shown to occur with time for the hippocampal neurons cultured
on the membranes, with the exception of neurons cultured on
continuous (p-p 20/17) and interconnected channel (ic-p 17/7)

patterns (Fig. 8). The higher rates of glucose consumption were
measured in neurons cultured on PSCD at day 8 and 12. Even
lactate production increased with time at high rates for all the
investigated surfaces (Fig. 9). Of noteworthy is the fact that
neurons on PSCD and on porous nonpatterned membranes
produced lactate to a larger extent with respect to the other
surfaces on day 8, while lactate production only significantly
increased on day 12 of patterned and dense nonpatterned
membranes. In the case of BDNF secretion, the elevated levels of
this factor appeared to be mostly typical of hippocampal neurons
for all culture periods with the exception of 12 days of culture
(Fig. 10). For the other substrates, significantly high levels were
reached by neurons on day 4 and 8 of culture for only PSCD and
interconnected channel patterns.
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4. Discussion

The results of the present study favourably indicate that the
spatial features of the micro-patterned PLLA membranes have
profoundly different effects on cell morphology and adhesion
features of cultured neurons. When presented as surface patterns,
however, the channels, ridges and bricks induced cellular
morphological changes that are determined by the shape of the
pattern. Moreover, the quantitative analysis of branching patterns
of newly formed axons demonstrated that neurons plated on
micro-patterned membranes exhibited highly anisotropic
outgrowth strongly based on the nature of the growth permissive
surface pattern. The steering, turning and path findings of a growth
cone seemed to be driven by filopodia protrusion and retraction as
shown by cells growing on the membranes.

(continued).

The advancing neurite filopodia and lamellipodia that emerged
from the growth cone tend to exhibit an “exploring type” of reac-
tion toward the surrounding extracellular environment including
along with the vertical ridge wall. Consequently, the channel
pattern is recognised by the cells in which cytoskeleton structures
generate traction forces that push and pull the neurite forward. The
direction of neurite extension is determined by the strength of the
traction force exerted by a filopodia that depends on the ease in
which the microtubules and actin filaments within the cytoskel-
eton structures can accumulate assemble and orient in the direc-
tion of a cell protrusion [26]. When cells were cultured on
nonpatterned membranes, the strength of the traction force did not
seem to rely on the angle at which the protrusion emerged from the
cell soma, while neurites tended to emerge uniformly in all direc-
tions. When cells were cultured on patterned membranes with
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Fig. 3. Laser confocal micrographs of hippocampal neurons after 8 (a—f) and 12 (g—1) days of culture on: (a, a’) PSCD, (b, b’) d-np, (c, ') p-np, (d, d’) d-p 20/25, (e, e’) p-p 20/17 and
(f, £) ic-p 17/7 membranes. Cells were stained for Blll-tubulin (green), GAP43 (red) and nuclei (blue).

channels and ridges, the height of the ridges limited their adhesion
area and the directions over which the microtubules and actin
filaments accumulated and oriented the filopodia. As a result,
neuronal processes developed in the channels of the patterned
membranes and cells at the end appeared to cover a lower
membrane area.

Interestingly, micro-patterned membranes induced cell organi-
zation and outgrowth in a restricted area of the grooves of the

membranes and as a consequence the complexity of neuronal
architecture was reduced. In this case, cell distribution occurred only
in correspondence to channels for the membranes with continuous
channels whereas on membranes with interconnected channels,
cells adhered and elongated their cellular processes not only at the
grooves but also at the breaking points. Large channels allowed
neurites to advance in a direction parallel to the wall as in the case of
patterned membranes with 20 pm wide channels. A higher
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Fig. 3. (continued).

frequency of neurons orientation between —10° and 10° was found
in the p-p 20/17 membranes. Hence, it is likely that the groove width
plays an important role in the cell orientation as also shown by
Miller et al. [27] on Schwann cells that established an optimal
alignment by using poly(p,L-lactic acid) substrates with grooves in
the same range. In the case of interconnected channels with a width
of 17 um cells, this parameter tends to extend neurites in the
breaking points perpendicular to the short channels, thus reaching
the neuronal processes of the cells located within the closer

channels. In such cases, the outgrowth of neurites does not seem to
be inhibited upon contact with the channel wall. Additionally, the
smaller vertical wall (7 pm) of the bricks seems to also play a role on
the orientation of neurite growth on these membranes, which is in
agreement with other culture systems such as polystyrene and
silicon [9,28]. The presence of microstructures and spatial features
over the surface tend to strongly affect not only the orientation and
emerging of primary neurites but also their direction of extension.
We observed a larger number of primary neuritis cultured on dense
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Fig. 4. Orientation frequency distribution of hippocampal neurons after 8 days of
culture on d-p 20/25 (grey line), p-p 20/17 (black line) and ic-p 17/7 (dashed line)
membranes.
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nonpatterned membranes as well as on PSCD. It is possible that cells
find the adequate amount of physical space to protrude from the
soma neurite on these substrates with respect to patterned
membranes where the presence of microchannels may be constraint
and as aresultonly alower number of neurites are able to spread out.
At the same time even the presence of pores over the membrane
surface appears to influence neurite outgrowth and thereby limiting
the number of neuronal processes that emerge from the cell soma
plus axonal extension on porous nonpatterned membranes. For such
membranes, the number of primary emerging neurites and axonal
outgrowth are significantly lower with respect to other investigated
substrates. As a result, the neuronal network appears to be less
developed with respect to the dense nonpatterned surface (Fig. 1b, c,
and b’, ¢’). This is in agreement with results obtained in a previous
work that demonstrated a preference of cells to develop longer and
highly branched neuritis on smooth membrane surfaces [15].
Otherwise, the observed preference in the orientation of neurite
outgrowth on micro-patterned membranes and simplification of the
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Fig. 5. Fluorescence average intensity for stained BllI-tubulin ( ), GAP43 (), and DAPI (@ ) of hippocampal neurons after 8 days of culture on: (a) PSCD, (b) d-np, (c) p-np, (d) d-p

20/25, (e) p-p 20/17 and (f) ic-p 17/7 membranes.
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Fig. 6. Percentage extension of covered hippocampal neuronal areas after 8 (grey bar)
and 12 (full bar) days of culture on the investigated substrates. Values, expressed as
average + standard deviation were evaluated by ANOVA followed, when appropriate
by Bonferroni t-test (p < 0.05): (§) vs all substrates, (O) vs p-np, d-p 20/25, p-p 20/17
and ic-p 17/7 membranes, (1) vs d-p 20/25, p-p 20/17 and ic-p 17/7 membranes, ({) vs
d-p 20/25 and p-p 20/17 membranes. Data statistically significant according Student’s
t-test: (*) p < 0.01.

Table 2

Number of primary emerging neurites after 8 days of culture on all investigated
substrates. Values, expressed as average+standard deviation were evaluated by
ANOVA followed, where appropriate by Bonferroni t-test (p < 0.05), (§) vs all.

N° primary emerging neurites

PSCD 4.29 + 1.10 (§)
d-np 4.25 £ 091 (§)
p-np 2.39 + 061
d-p 20/25 3.12 £ 0.81
p-p 20/17 2.8 +£0.79
ic-p 17/7 3.1 +£0.74

cellular morphology indicates that spatial constraints exerted by the
limited adhesion area of growth-guiding pattern serve as a primary
factor in determining the morphology of neurons.

In addition, also the evaluation of the metabolic activity of
neurons on membranes corroborated a functionally active cellular
event that is prevalently specific for neurons grown for 12 days.
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Fig. 7. Axonal length of hippocampal neurons after 8 (empty bar) and 12 (grey bar)
days of culture were determined on the different substrates. The values are expressed
as average + standard deviation. Values, expressed as average + standard deviation
were evaluated by ANOVA followed, where appropriate by Bonferroni t-test (p < 0.05):
(§) vs p-np membrane. Data statistically significant according Student’s t-test: (*)
p < 0.05, (**)p < 0.01.
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Fig. 8. Glucose consumption of hippocampal neurons after 4 (full bar), 8 (grey bar) and
12 (empty bar) days of culture were determined on the different substrates. The values
were expressed as average 4 standard deviation. Data statistically significant according
to ANOVA followed by Bonferroni t-test (p < 0.05): (§) vs all substrates, (O) vs d-p 20/
25, (1) vs p-p 20/17 and ic-p 17/7, (1) vs ic-p 17/7, (*) vs 4 and (**) vs 4 and 8 days of
culture.
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Fig. 9. Lactate production of hippocampal neurons after 4 (full bar), 8 (grey bar) and 12
(empty bar) days of culture were determined on the different substrates. The values
are expressed as average + standard deviation. Data statistically significant according
to ANOVA followed by Bonferroni t-test (p < 0.05): (§) vs d-np and, d-p 20/25, p-p 20/
17 and ic-p 17/7 membranes, (O) vs PSCD, (1) vs PSCD and p-np, (1) vs PSCD, d-p 20/25

and ic-p 17/7, (*) vs 4 and (**) vs 4 and 8 days of culture.
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Fig. 10. BDNF secretion of hippocampal neurons after 4 (full bar), 8 (grey bar) and 12
(empty bar) days of culture were determined on the different substrates. Values,
expressed as average + standard deviation were evaluated by ANOVA followed, where
appropriate by Bonferroni t-test (p < 0.05): (1) vs d-p 20/25, (§) vs d-np, d-p 20/25, p-p
20/17, (*) vs 4 and 8 days of culture, (**) vs 8 and 12 days of culture.
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Indeed, during this period, glucose consumption and lactate
production increased with time for most of the substrates investi-
gated, especially for the high consumption of glucose supplied by
cells grown on PSCD. In this context the secretion of BDNF tends to
further underlie the viable status of hippocampal neurons despite
a decrease in the late phase of neuronal development for all
investigated substrates. This neurotrophin plays an important role
in establishing synaptic connections and neuronal maturation. The
high levels of BDNF observed during the first days of culture are
related to the outgrowth of neurites and to the expression of
synaptic proteins, which are required for establishing synaptic
connections or functions during the development stage [29].

5. Conclusions

We have investigated the orientation and neurite outgrowth of
hippocampal cells on the micro-patterned PLLA membranes that
potentially can be applied in neuronal tissue engineering. Neuronal
cells responded to the patterned and nonpatterned membrane
surface as demonstrated by the variations of their morphology,
neurite outgrowth and orientation. We found that the number of
emerging neurites plus their direction and extension appeared to be
tightly correlated to the topographical features of these new types of
membranes. Neurons on PLLA membranes exhibited a preference
for the orientation of neurite outgrowth following the pattern
surface. Surprisingly, it seems that this morphological parameter
also relies on both the width of channels and on the height of ridges
such as the pattern continuity. Highly oriented neurons were
observed specially on the patterned porous membranes with
channel width of 20 um and ridges of 17 um, where a higher
frequency of neuronal orientations between —10° and 10° were
observed. The induced cell orientation was maintained in time with
anincrease of neuronal bundle arrangements. Based on these results
the PLLA patterned membranes may guide the neurite extension and
enhance their orientation creating a highly ordered neuronal cell
matrix, which may provide useful indications for studying regen-
eration processes of the different neurological disorders.

Appendix

Figure with essential color discrimination. Fig. 3 in this article
is difficult to interpret in black and white. The full color image can
be found in the on-line version, at doi:10.1016/j.biomaterials.2010.
05.079.
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Conclusions

Biomaterials in tissue engineering and regenerative medicine should provide the
necessary support for cell proliferation and the maintenance of their differentiated
functions. This thesis showed how polymeric semipermeable membranes with different
properties can be applied in tissue engineering and artificial organs. An important
challenge in the field of regenerative medicine is to develop bioartificial systems that
favor the reconstruction of tissues and modulate the behavior of cells. Therefore, the
main goal of this thesis was the realization of different types of membrane biohybrid
systems, through the use of synthetic and biodegradable membranes, for the growth and
the differentiation of two different cell types, namely the progenitor liver cells and
hippocampal neurons, giving rise to two specific applications in liver and neural tissue
engineering.

The development of new culture models, such as these membrane biohybrid systems,
made it possible to maintain cells perfectly vital for several days in a microenvironment
that simulates in vivo conditions, thereby overcoming the limitations of the traditional
culture systems.

It is very important to take into account that the use of membranes in tissue engineering
and medical fields requires materials with high biocompatibility and bio-stability
properties. With this aim, as the first step of the experimental design, a novel membrane
of PEEK-WC-PU was realized and used for the cultivation of the progenitor liver cells.
In order to enhance the cell-membrane interaction, the PEEK-WC-PU membrane was
grafted with nitrogen functionalities by means of NH3 glow discharges. Native and
plasma grafted membranes, used in a small scale gas permeable bioreactor, clearly
supported the cell expansion and differentiation as evidenced by the results obtained.
The cells cultured on the native and modified membranes exhibited a balanced cell-
surface interaction exhibiting a three-dimensional spatial organization as revealed by
the morphological analysis. The evaluation of the specific liver activity, in terms of urea
synthesis and albumin production revealed that the highest metabolic rate was obtained
by the cells cultured on the modified and unmodified with respect to the traditional
culture system. High albumin and low AFP gene expression were found in the cells

cultivated in both membranes. The analyses of cell cycle progression revealed that the
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most of the cells grew on the membranes, exhibiting also the highest telomerase
activity. From the combination of these results it is possible to conclude that the
modified and unmodified membranes gave support to the expansion of rat embryonic
liver cells and were able to guide the cells towards the acquisition of the functional
differentiation as well.

The advantage of using a membrane biohybrid system rather than the traditional culture
system consists in providing a threedimensional structure and template upon which the
tissue-specific cells can attach, proliferate and produce ECM. A good strategy when
designing these systems is the use of materials with controlled biodegradability or
bioresorbability so that tissue will eventually replace the scaffold. With this purpose in
mind, new membranes made of chitosan, a natural biodegradable material, were
proposed. Therefore, membranes prepared from chitosan and modified
polyetheretherketone were used for testing their ability to promote the expansion and
functional differentiation of rat embryonic liver cells. The structural similarity of the
chitosan to the glycosamminoglycans enhanced cell adhesion and proliferation with a
complete coverage of the available space and the formation a cord-like structure typical
of the liver parenchyma. Also on the PEEK-WC membrane the cells appeared well
spread with the formation of tight cell-cell contact. The staining for actin and vinculin
confirmed a maintenance of cell morphology similar to that in vivo, demonstrating that
the membranes provide good microenvironments for the cells. The analyses of the
specific liver metabolic activity assessed the suitability of the membranes, in particular
of the chitosan, to commit the cell differentiation. In fact, the cells cultured on this
membrane were able to perform urea synthesis, aloumin production and to biotrasform
the diazepam. Furthermore, the detection of the albumin protein through western blot
analysis gave additional proof that the cells underwent to differentiation acquiring the
main specific features of the mature liver cells.

To further asses the useful application of the membrane biohybrid systems in tissue
engineering applications, membrane bio-hybrid systems of neuronal cells isolated from
hippocampus and semipermeable membrase in flat (2D) and hollow fiber (3D)
configurations were developed. In such neurobiotechnology application the membranes
favor the adhesion and compartimentalization of cells and the regeneration of a highly

branched neuronal network. On both bidimensional systems as well as on the reference

165



Conclusions

system, the cells were able to recreate the neuronal network, that appear more complex
during the entire culture period. Concerning the use of bidimensional systems, the
highest values of neurites length as well as of the area covered by the cells were
obtained by using the PAN membranes. Moreover, the evaluation of the metabolic
activity increased in a time dependent manner, showing that the systems supported the
long term cells viability and the specific functionality. The use of hollow fiber
membranes allowed the recreation of a three-dimensional system capable of mimicking
in vitro the ultrastructural organization of the Nervous System. The morphological
analysis showed that the threedimensional system strongly contributed to the recreation
of a highly branched neural network especially on PAN HF. Also the highest rate of
metabolic activity was observed on PAN HF membrane with respect to the PEEK-WC
HF. Indeed, neuronal cells adhered outside HF membranes surface and developed a
typical well defined shape, with a primary apical axon and many branched dendrites
developing synaptic contacts.

Concluding, both 2D and 3D systems were able to support the cell adhesion and neurite
outgrowth and alignment and the differences revealed in these two systems are strictly
related to the intrinsic characteristics of the membranes in terms of transport and
conformational properties.

Several studies in literature focus on investigating the behavior of neurons to specific
topographical features for creating new biomaterials able to provoke particular cell
responses.

In the last part of the experimental work neuronal hippocampal cells have been cultured
on micropatterned and non patterned PLLA membranes, in order to evaluate the effect
of different topographic features on neuron polarization, axon length, axon alignment
and cell morphology.

The hippocampal neurons responded differently to topographies of different size and
shape, and neurites on all investigated patterned membranes linearly extended along the
grooves of micro-patterns whereas on the non patterned membrane were more randomly
distributed.

The highest orientation degree was observed on the patterned porous membranes with
channel width of 20 um and ridges of 17 um where the highest frequency of neuronal

orientation was observed. In all the investigated patterned membranes the induced
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orientation was maintained accompanied by an increasing number of synaptic contacts
as shown shown by the confocal images.

The ability of the PLLA patterned membranes to induce the neuronal alignment
determines the creation of an ordered neuronal cell matrix showing that specific
biomaterials features can act at the interface cell-substrate modulating the cellular
behavior. The role played by the topographic features might be used in providing new
insight in the study of the regeneration process.

The main outcome of the whole experimental design was the ability to recreate different
biohybrid systems to be used as in vitro models for testing new drugs as alternative to
animal experimentation or as a platform for the study of pathophysiological events that
may occur in tissue disease, representing a valuable tool for liver and neuronal tissue

engineering applications and regenerative medicine.
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PEEK-WC-PU membranes were modified with an NH3 glow discharge process to graft N-containing
functional groups at their surface in order to improve the maintenance of human hepatocytes. Native and
modified membrane surfaces were characterized with XPS, ToF-SIMS and WCA measurements. We have
investigated morphological behaviour and specific functions of primary human hepatocytes on native
and modified PEEK-WC-PU membranes in a small-scale gas-permeable bioreactor. N-containing groups

Keywords: grafted at the surface of the membranes improved the initial steps of adhesion and the maintenance of
Human hepatocytes . . . . .
NH; plasma phenotype and differentiated functions of cells. Confocal microscopy of cell morphology evidenced

human hepatocytes exhibiting a polygonal shape and organizing a 3D structure. The presence of CK19
positive cells, a marker of biliary duct epithelium, was also found on native and modified membranes.
Liver specific functions, investigated in terms of urea production, albumin synthesis and diazepam
biotransformation, were maintained at high levels up to 19 days, particularly on surface-modified

Liver specific functions
Cell morphology
Membranes

membranes.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Biomaterials in tissue engineering and regenerative medicine
should provide the necessary support for cell proliferation and
maintenance of their differentiated functions. It is well known
that cells interact in vivo among each other and with their
microenvironment, e.g., with the proteins of the extracellular
matrix (ECM), through receptors present over their membrane.
This communication integrates and coordinates the various gene
expression patterns that are crucial for tissue function and
homeostasis. Various natural and synthetic materials have been
used for culture of anchorage-dependent cells such as hepato-
cytes. Natural materials including components purified by ECM
such as proteoglycan, fibronectin, laminin and collagens have been
proposed as substrates for hepatocyte adhesion [1-3]. These
materials have the advantages to favour interactions with cells

* Corresponding author. Tel.: +39 0984 492036; fax: +39 0984 402103.
E-mail addresses: l.debartolo@itm.cnr.it, loredana.debartolo@cnr.it (L. De
Bartolo).

0142-9612/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.biomaterials.2009.04.052

through the integrins, but on the other hand their availability is
limited, their costs are high and their composition is variable from
batch to batch.

Synthetic polymeric materials are attractive because of their
reproducible composition and their well defined and characterized
nano and micro-structure. Polymeric semipermeable membranes
with different physico-chemical and transport properties are
appealing in tissue engineering and bioartificial organs since they
share similarities with biomembranes, such as selective molecules
transport, resistances and protection [4]. Furthermore, synthetic
membranes can easily be mass produced with modulated
morphological and physico-chemical properties for specific appli-
cations. We have developed a membrane from a polymeric blend of
modified polyetheretherketone (PEEK-WC) and polyurethane (PU)
as support for hepatocyte culture [5]. This membrane combines
advantageous properties of both polymers (biocompatibility,
thermal and mechanical resistance, elasticity) with those of
membranes (permeability, selectivity and well defined geometry).
Human hepatocytes cultured on such PEEK-WC-PU membranes
showed adhesion efficiency comparable with that of cells cultured
on natural substrates such as collagen [5].
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For this study we have modified PEEK-WC-PU membranes with
an NHs glow discharge plasma aiming to graft nitrogenated func-
tionalities at their surface, in order to investigate whether the
maintenance of differentiated functions of human hepatocytes
could be enhanced. Among several surface modification strategies,
grafting of N-containing functional groups allows to increase the
polarity of the surface and to have chemical groups typical also of
proteins that could support cell adhesion and functions.

Low-temperature plasma modification (etching, deposition and
grafting) processes are widely used to modify the surface of
biomaterials, including membranes, with tunable density of surface
functional groups, without altering their bulk [6,7]. Plasma treat-
ments (grafting) with NH3 or N, feeds and plasma deposition
processes with N-containing monomer feeds (e.g., allylamine), can
provide polymer surfaces with N-containing functional groups,
whose distribution and density can be tuned with the plasma
parameters, and depend also on ageing processes (hydrophobic
recovery, surface oxidation, etc.). The surface density of -NH;
groups plasma-grafted on polyethylene, for example, can be tuned
among all other N-groups by changing NHs/H, feed ratio, power
input, sample position (glow-afterglow) and process duration [8].
Polar O- and N-groups generated on polymer surfaces are pursued
to confer and improve “biological activity” and cell adhesion to
materials [9-15].

We have plasma-grafted N-groups at the surface of PEEK-WC-
PU membranes to improve adhesion and functions of human
hepatocytes. Cell morphology and adhesion of hepatocytes were
investigated on native and modified PEEK-WC-PU membranes, as
well as cell phenotype and liver functions relevant in the case of
organ replacement or regeneration.

2. Materials and methods
2.1. Membrane preparation

Native membranes were prepared from a blend of modified PEEK-WC (patented
by Zhang et al. [16] and provided by the Institute of Applied Chemistry, Changchun,
China) ie., poly(oxa-14-phenylene-oxo-1,4-phenylene-oxa-1,4-phenylene-3,3-
(isobenzofurane-1,3-dihydro-1-oxo0)-diyl-1,4-phenylene) and PU by means of the
inverse phase technique by using the direct immersion-precipitation method as
previously described [5]. The PEEK-WC is obtained by polycondensation reaction
between 4,4-dichlorobenzophenone and phenolphthalein [16].

2.2. Membrane modification

2.2.1. Plasma processes

Plasma pre-treatments with H, and treatments with NH3 processes were per-
formed in a pyrex plasma reactor, described in detail elsewhere [17], equipped with
two internal steel electrodes in parallel plate configuration. The H, pre-treatment
was found efficient to slow down the ageing of the modified membranes after the N-
grafting process, as it will be explained in the next. Discharges were ignited between
the radiofrequency (RF, 13.56 MHz; ENI-ACG-10 generator, and impedance matching
network) driven upper electrode and the flat lower internal electrode, 7 cm far,
ground, used as substrate holder. H, generated with a HG200 Claind Hydrogen
Generator and 99.999 % purity NH3 (Air Liquide) was fed trough electronic MKS mass
flowmeters. A rotative pump was used to keep the pressure constant during the
processes (base pressure 107> Torr); the pressure was controlled with an MKS
baratron. The two plasma processes were performed in sequence, without opening
the reactor in between, in the following experimental conditions: pre-treatment:
10 sccm H; flow rate; 200 m Torr pressure; 30 W power; 1 min; treatment 10 sccm
NH3 flow rate; 200 m Torr pressure; 20 W power; 1 min.

Plasma parameters of both processes were optimized in order to maximize the
grafting extent of N-groups, measured by the N/C ratio of the modified PEEK-WC-PU
surface, and to slow down the hydrophobic recovery of the modified polymer and
retain with time the surface properties gained [17]. Soon after the plasma modifi-
cation, processed membranes were stored in polystyrene boxes and used for cell
culture experiments within 8 days.

2.2.2. Surface characterization

The surface composition of the membranes was examined within 1 h after the
plasma process and 7-15 days after by means of X-ray photoelectron spectroscopy
(XPS), in order to evaluate their ageing. A Thermo VG Scientific XPS instrument

(monochromatic AlKa. X-rays source; 1486.6 eV, 100 W, 400 pm spot size) was used,
at a take-off angle of 53° with respect to the normal to the sample surface (sampling
depth 6 + 2 nm). Survey (0-1100 eV Binding Energy, BE) and high-resolution spectra
(C1s, N1s, O1s) were recorded. Error bars resulted from measurements performed
on 3-5 different spots on the same substrate, on 3-5 substrates of the same kind. C1s
spectra were best-fitted with 6 components: CO (BE 285.0 + 0.2 eV, reference; C-C,
C-H); C1 (BE 286.4 + 0.2 eV; C-0-C, C-OH, C-N); C2 (BE 287.6 +- 0.2 eV; C=0, 0-C-
0, N-C=0); C3 (BE 289.2 + 0.2 eV; COOH, COOR, O-CONH); C4 (BE 289.9 +0.2 eV;
shake up, aromatic structures) and C5 (BE 291.8 + 0.2 eV; shake up, C=0).

Sessile drop water contact angle (WCA) measurements were performed in static
mode with a CAM 200 contact angle instrument (KSV Instruments LTD, Helsinki,
Finland) equipped with a photocamera. 2 ml drops of double distilled water were
used. WCA values were measured within 1 h after the surface modification process,
and many times during 2-3 weeks. The CAM software of the instrument was utilized
to fit the shape of the drop and determine the WCA tangent with the Young-Laplace
equation. Error bars resulted from measurements performed on 3-5 different spots
per substrate, on 2-4 substrates of the same kind.

ToF-SIMS analysis was performed with an ION-TOF (IV) ToF-SIMS system
equipped with a 25 keV cluster metal ion source operating with Bi>* primary ions.
Spectral analyses have been obtained from 250 x 250 um? spots in high mass
resolution burst mode (resolution M/AM > 6000). The total ion beam dose was
limited to less than 1 x 10'? ions/cm?, within the static SIMS regime.

2.3. Human hepatocytes culture

Primary human hepatocytes (Lonza Sales Ltd, Basel, Switzerland) isolated from
non-transplantable tissue of young single donors were used for cell culture exper-
iments. The purity of isolated hepatocytes is 95% and nonparenchymal cells are
present in a very low percentage (5%). Cryopreserved human hepatocytes were
quickly thawed in a 37 °C water bath with gentle shaking. Then, the cell suspension
was transferred slowly into a tube containing 30 ml of cold hepatocyte culture
medium (HCM™, Lonza Sales Ltd, Basel, Switzerland), and centrifuged at 50g at 4 °C
for 5 min. The HCM™ is constituted of hepatocyte basal medium (HBM™, Lonza
Sales Ltd, Basel, Switzerland) together with all the components provided in HCM™
bulletkit® (Lonza Sales Ltd, Basel, Switzerland): epidermal growth factors, insulin,
ascorbic acid, transferrin, hydrocortisone 21-hemosuccinate, bovine serum
albumin-fat acid free 2% (BSA-FAF) and gentamicin sulphate 50 pg/ml amphotericin
B 50 ng/ml. The cell pellet was suspended in HCM™ and tested for the cell viability
by Trypan blue exclusion.

Human hepatocytes were seeded at a final concentration of 2.5 x 10° cells/cm?
on native and plasma-grafted PEEK-WC-PU membranes previously conditioned
with hepatocyte culture medium supplemented with bovine serum albumin-fat
acid free 2% (BSA-FAF), in a small-scale gas-permeable bioreactor system [18].
Native and modified membranes were located in tight contact with the gas-
permeable membrane of the bioreactor, to ensure optimal transfer of CO,, O, and
H,0 vapour in the culture chamber. Cells were incubated at 37 °Cin a 5% CO5; 20% O
atmosphere (v/v) with 95% relative humidity in hepatocyte culture medium con-
taining 2% BSA-FAF for the first 24 h, thereafter under serum-free conditions for the
total culture time. Experiments were performed in the presence of diazepam 10 pg/
ml in the culture medium to evaluate the ability of cells to perform drug biotrans-
formation functions, in particular the elimination of diazepam and the formation of
its metabolites.

The morphology of the cells cultured on native and modified membranes was
assessed by means of Scanning Electron Microscopy (SEM) and Laser Confocal
Scanning Microscopy (LCSM).

Liver specific cellular functions were investigated in terms of albumin produc-
tion and urea synthesis.

2.4. Hepatocyte fixation for SEM

Cells cultured for 19 days on native and modified membranes were prepared for
SEM analysis by fixation in 3% glutaraldehyde and 1% formaldehyde in PBS, followed
by post-fixation in 1% osmium tetroxide and progressive ethanol dehydration.

2.5. Hepatocyte staining for LCSM

The morphological behaviour of human hepatocytes cultured on native and
modified membranes was investigated at 7, 13 and 19 days of culture with Laser
Confocal Scanning Microscopy (LCSM) after cytoskeleton and ECM protein immu-
nostaining. Samples were rinsed with PBS, fixed for 15 min in 3% paraformaldehyde
in PBS at room temperature (RT), permeabilized for 5 min with 0.5 % Triton-X100
and saturated for 15 min with 2% Normal Donkey Serum (NDS).

To visualize vinculin, a mouse monoclonal antibody raised against human vin-
culin (Santa Cruz Biotechnology, Santa Cruz, CA) and a Cy™3-conjugated AffiniPure
donkey anti-mouse IgG (Jackson ImmunoResearch Europe Ltd, Cambridge, UK) was
used. Actin was stained with phalloidin Alexa 488 conjugated (Molecular Probes,
Inc, Eugene, OR). To visualize laminin a rabbit polyclonal antibody raised against
laminin o-4 of human origin (Santa Cruz Biotechnology, Santa Cruz, CA) and a Cy™2-
conjugated AffiniPure donkey anti-rabbit IgG (Jackson ImmunoResearch Europe Ltd,
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Fig. 1. Cl1s spectra of the PEEK-WC-PU membrane (a) native, (b) just after the H,/NH3
plasma process and (c) after 8 days of ageing in air.

Cambridge, UK) was used. To visualize fibronectin a mouse monoclonal antibody
raised against human fibronectin (Santa Cruz Biotechnology, Santa Cruz, CA) and
a Cy™3-conjugated AffiniPure donkey anti-mouse IgG (Jackson ImmunoResearch
Europe Ltd, Cambridge, UK) was used.

The hepatic bile duct marker Cytokeratin 19 (CK19) was stained with a goat
polyclonal antibody raised against human CK19 (Santa Cruz Biotechnology, Santa
Cruz, CA) and Cy™5-conjugated AffiniPure donkey anti-goat IgG (Jackson Immu-
noResearch Europe Ltd, Cambridge, UK). All primary and secondary antibodies were
incubated for 2 and 1.5 h at RT, respectively. Counterstaining for nuclei was per-
formed with DAPI 0.2 ug/ml (Molecular Probes Inc, Eugene, OR) incubated for
30 min. Finally samples were rinsed, mounted and observed with a Laser Confocal
Scanning Biological Microscope (Fluoview FV300, Olympus Italia).

2.6. Biochemical assays
Samples from the culture medium were collected in pre-chilled tubes and stored

at —20 °C until assayed. Albumin secretion was measured with the immunoenzy-
matic ELISA method. 96 well plates were coated with chromatographically purified

Table 1

human albumin (Sigma, Milan, Italy) 50 pg/ml and left overnight at 4 °C. After 4
rinses, 100 ul of cell culture supernatant were added to the wells and incubated
overnight at 4 °C with 100 pl of anti human albumin monoclonal antibody conju-
gated with horseradish peroxidase (Bethyl Laboratories, Inc., USA). After 4 rinses, the
substrate buffer containing Tetramethylbenzidine and H,0, (Sigma, Milan, Italy)
was added for 7 min and the reaction was stopped with 100 pl of 8 N H,SO4.
Absorbance was measured at 450 nm using a Multiskan Ex (Thermo Lab Systems).

The urea concentration was determined by the quantitative colorimetric urea
assay kit QuantiChrom™ (Gentaur, Brussels, Belgium).

The statistical significance of the experimental results was established according
to the Unpaired Statistical Student’s t-test (p < 0.05).

2.7. HPLC analysis of diazepam and metabolites

Hepatocytes were incubated with 10 pg/ml diazepam; HPLC was used to
monitor the biotransformation of diazepam [19] in its metabolites. Aliquots of the
culture medium were alkalinized with 20% of 4 m NaOH, precipitated with iso-
propanol (1:10) and extracted with ethyl acetate (5:1) by gentle rocking for 10 min
and subsequent centrifugation at 200g for 15 min at RT. The ethyl acetate phase was
then evaporated and dried under vacuum, and the pellet dissolved in 96 ul mobile
phase consisting of acetonitrile/methanol/0.04%triethylamine pH 7.04 at proportion
of 25/35/40 respectively. The samples were HPLC analysed using a Cyg-RP Puro-
sphere Star 5 pm, 250 x 4,6 mm column, equipped with a precolumn (Merck KGaA,
Darmstadt, Germany). The sample injection volume was 20 pl. The mobile phase was
delivered at 0.8 ml/min and the column was operated at room temperature. Efflu-
ents were monitored with a UV detector at 236 nm. Besides diazepam its metabo-
lites temazepam, oxazepam and nordiazepam were detected. For all substances
calibration curves were regularly run between 10 ng/ml and 10 pg/ml.

3. Results

PEEK-WC-PU membranes were pre-treated in a Hy glow
discharge in order to cross-link and stabilize the surface of the
membrane before grafting the N-groups, and reduce their hydro-
phobic recovery ageing [17]; soon after the membranes were
plasma-treated in an NH3 discharge in order to graft N-containing
functionalities at their surfaces.

XPS spectra and compositional data in Fig. 1 and Table 1 show
the surface composition evolution of the PEEK-WC-PU membranes
after the Hy/NH3 plasma-process and after 8 days of ageing in air.
Since PU is part of the PEEK-WC-PU blend, nitrogen was found at
the surface of the native membrane. After the plasma process both
the percentage of N surface atoms and the N/C surface ratio
increased remarkably, due to the grafting of N-containing active
species from the NH3 plasma. Tof-SIMS and WCA data, shown in the
next, are in agreement with this finding. After 8 days of ageing
a slightly lower density of N-groups was stabilized at the surface of
the membranes, that remained stable with time. These last data are
representative of the membrane surface utilized in contact with
cells during the biological experiments.

Cls spectra in Fig. 1 refer to the PEEK-WC-PU membrane (a)
native; (b) within 1 h after the H,/NH3 plasma process; and (c) after
8 days of ageing in air. Spectra were best-fitted with the C0-C5
components described in the Materials and methods section. In
spectrum (a) component CO refers to aromatic carbon atoms in
PEEK-WC; C1 to ether groups in PEEK-WC and PU; C2 to carbonyl
moieties in PEEK-WC; C3 to carboxyl groups in PEEK-WC and to
urethane in PU; C4 and C5 shake-up structures are related to
aromatic structures and C=0 double bonds. Fragmentation and
recombination plasma reactions generate several nitrogen species
in the NH3 discharge (NH radicals and N, molecule were detected,

XPS atomic percentages and relative percentages of the CO-C6 components (see Materials and methods section for the assignments) to each Cl1s signal. The error

estimated is within £10%.

PEEK-WC-PU C% 0% N% o/C N/C Cco C1 Cc2 c3 C4 c5
Native 80.9+4.0 170+ 1.0 21+0.1 0.21 £0.02 0.026 + 0.003 773 121 7.0 13 16 0.7
Within 1 h after the process 67.2+3.4 129 £ 0.6 199+ 1.0 0.19 £ 0.02 0.296 + 0.030 64.8 18.3 11.6 53 - -
8 days after the process 675+3.4 123 +0.6 17.5+0.9 0.18 +£0.02 0.259 +0.026 67.5 17.2 13.8 1.5 = -
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for examples, by Favia et al. [8]), that react with the polymers
exposed and generate N-containing groups at their surface. Surface
amine, imide, cyano and other functional groups can be produced
in this way, whose distribution is highly dependent on the nature of
the polymer and on the conditions of the discharge. Interactions
with air modify further the surface of the treated polymer through
oxidation reactions (e.g., formation of amides, and of O-containing
functionalities) and hydrophobic recovery (grafted N-polar groups
tend to rotate underneath, untreated polymer chains tend to rotate
toward the polymer-air interface [9,17]). The composition of the
final surface of the material can be stabilized and tailored after
careful optimization of the experimental parameters. After the
plasma process (Fig. 1b), nitrogen groups are grafted and, at the
same time, the aromatic structures are fragmented at the surface of
the membrane, due to the chemical action of the species present in
the plasma, and to the positive ion bombardment associated to the
plasma process. As a consequence, components Cl, C2 and C3,
which grafted nitrogen- (amine, amide, etc.) and oxygen- (ether,
carbonyl, alcohol, etc.) containing groups contribute to, become
more important in trace (b) respect to trace (a), and the shake-up
signals C4 and C5 disappear. The ageing after 8 days induces some
lowering of peak components C1, C2 and C3, as evident in Fig. 1c,
and the overall N/C and O/C surface ratios results only slightly
lowered (see Table 1) compared to trace (b), thus attesting that
grafted polar groups are still present at the surface of the processed
material after 8 days, at the moment of the cell culture experi-
ments. The situation does not change (data not shown) after 15
days of ageing.

The grafting of N-containing polar groups is confirmed also by
ToF-SIMS analysis, as reported in Fig. 2, where a comparison of the
positive ion SIMS spectra of native and H/NH3 plasma-processed
and aged PEEK-WC-PU membrane is shown between 10 and 50 m/z
units. New and more intense mass peaks appear at 18 (NH%), 28
(CHzN™), and 30 (CH4N") m/z on the modified surface. WCA values
of 80 + 8° were measured on native membrane, the large error bar
is likely due to pore size distribution and roughness of the
membrane surface, as well as of its surface composition (e.g.,
uneven surface segregation of PU). Much lower values were found
after the plasma modification, 41 4+-9°, attesting for the grafting of
polar groups. After 8 days of ageing in air, during which the
hydrophobic recovery took place to some extent, WCA values were
found stabilized at 61 +3°. WCA values of 51 & 5° were measured,
instead, for membranes modified without the H; pre-treatment;
after 8 days such substrates recovered WCA values of 754 3°,
almost the original WCA value of the native surface.

Primary human hepatocytes were cultured on native and on
modified PEEK-WC-PU membranes in the gas-permeable biore-
actor system. After the seeding cells adhered rapidly on both kind
of membranes, reaching a confluent layer with the establishment of
cell-cell contacts. Morphological SEM and LCSM observations show
human hepatocytes slightly flattened and spread at the surface of
the membrane, where cell-material contacts were established
(Figs. 3 and 4). Cells exhibited several tight junctions with neigh-
bour cells, and assumed a polygonal shape on both native and
processed membranes. Several cells tended to develop pseudo-
podia which were anchored in the pores of the membrane (Fig. 3d).
The surface of the plasma-processed membrane, in particular,
appeared completely covered by cells with a more homogeneous
surface distribution (Fig. 3c) with respect to the native membranes
(Fig. 3a-b). Further structural morphological investigations were
performed with LCSM after cytoskeleton and ECM protein immu-
nostaining, at 7, 13 and 19 days of culture. The staining for actin
displayed the overall morphology of cells cultured on native and N-
grafted membranes, and the organization of their cytoskeleton
actin. Cells on both membranes appeared well spread, with typical

longitudinal actin fibres developed (Fig. 4a-b). After 19 days of
culture thin filament bundles of actin were observed radially
oriented in the area of cell-cell contact, likely to establish concave
active arcs along the expanding contacts. Spreading cells were
detected in the basal level very close to the membranes, showing
that adhesion occurred. In particular, after 19 days, cells grown on
modified membranes developed only a limited number of longi-
tudinal stress fibers, and displayed an evident polyhedral shape
(Fig. 4b).

Fluorescence staining for vinculin revealed the formation of
focal adhesion complexes with a dot-like distribution (Fig. 4a-b).
The formation of lumen-like structures is also visible, where
surrounding cells were positive for the biliar duct marker CK19
(Fig. 4a-b). Confocal images demonstrated the presence of secreted
ECM proteins such as laminin and fibronectin on both membrane
surfaces (Fig. 5a-b).

The ability of human hepatocytes to perform their specific
functions was investigated up to 19 days of culture. The rate of
albumin synthesis was maintained for all culture times with values
ranging from 1.50 £ 0.29 to 4.11 +£1.20 ng/hx10° cells (Fig. 6). A
remarkable difference was observed for albumin produced on
modified with respect to native membranes, which was statistically
significant on days 7 and 9 (p < 0.05), on day 13 (p < 0.01) and on
day 17 of culture (p < 0.01).

Human hepatocytes cultured on native membrane were able to
synthesize urea with a rate ranging from 197+0.12 to
5.52 +£1.01 ug/hx 108 cells (Fig. 7); their metabolic activity was
found improved on modified membranes. Statistically significant
differences (p < 0.05) were observed on days 5 and 7.

The ability of the cells to perform drug biotransformation was
evaluated after providing 10 pg/ml of diazepam over the whole
culture time, and evaluating its elimination and the formation of its
metabolites over time. Also the liver biotransformation functions of
primary human hepatocytes were maintained for all culture time.
The rate of diazepam elimination ranged between 156.8 + 14.15
and 332.46 + 55.47 ng/hx 10° cells (data not shown). The diazepam
metabolites of the phase I reactions that include oxazepam, nor-
diazepam and temazepam were detected. Statistically significant
differences were observed for the rate of metabolite formation from
hepatocytes cultured on plasma-modified membranes with respect
to those cultured on native ones (Fig. 8), particularly for temazepam
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Fig. 2. Positive ion SIMS spectra of (a) native and (b) Hy/NH; plasma-processed and
aged PEEK-WC-PU membrane in the 10-50 m/z region.
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Fig. 3. SEM images of primary human hepatocytes after 19 days of culture on native (a,b) and plasma-processed (c,d) PEEK-WC-PU membranes at different magnification.

formation on days 11 and 13 (p < 0.05) and on days 7, 15 and 17
(p <0.01), for nordiazepam on days 7 and 15 (p <0.01) and for
oxazepam on day 5 (p < 0.01) (Fig. 8b). Independently on the type
of membranes on which cells were cultured, the clearance of
diazepam occurred with the formation of temazepam metabolite to
a larger extent with respect to oxazepam and nordiazepam. In
particular, an average of 71.2% of temazepam was produced with
respect to 7.6% of oxazepam and 21.1% of nordiazepam on modified
membranes.

4. Discussion

PEEK-WC-PU membranes plasma-grafted with N-groups were
investigated in order to improve the adhesion of human hepato-
cytes and the maintenance of their differentiated functions. Beside
grafting N-groups (amines, imines, cyano, etc.), NH3 plasma-treat-
ments, are known to leave polymer surfaces prone to oxidation
upon exposure to air due to long-living free radicals; so, as a general
effect, the surface of NH3; plasma-treated polymers is usually
enriched of both N- and O-containing chemical groups [8,20], all
responsible for increasing wettability and improving cell adhesion.
Such groups likely influence positively the adsorption of proteins
(enhanced and/or selective adsorption, favorable conformation of
adsorbed proteins, etc.) from the culture medium first, then the
interactions of adhering cells with the adsorbed protein layer.
Surface -NH2 groups for example, known to be grafted on NH3-
plasma-treated polymers [8], could easily be ionized at physiolog-
ical pH, and bind negatively charged proteins.

The ageing of plasma-treated polymer surfaces is often crucial
for applications. When polar groups are covalently bound to surface

chains (0-2 nm below the interface) of a hydrophobic polymer,
a dynamic polymer/air interface is created which experiences, at
different extents, the so called hydrophobic recovery of the original
moieties of the polymer underneath. Rotational/translational
motions, when permitted, allow the original hydrophobic
polymer moieties to emerge at the interface to minimize the air-
polymer interfacial energy, while polar groups are rotated below.
As a consequence, the WCA polymer value lowered by the plasma
treatment increases back toward its original value loosing, partially
or totally, the properties conferred by the process [17,21-25].

For this work PEEK-WC-PU membranes were first pre-treated in
a Hp, then in an NH3 RF glow discharge; the pre-treatment cross-
links and stabilizes the surface of the membrane before grafting N-
groups [17], so the hydrophobic recovery of the final surface is
reduced. Ar discharge pre-treatments were also performed, but
they were found less efficient in reducing the ageing of N-grafted
PEEK-WC-PU. Very likely, the better performance of Hy with
respect to Ar is due to the higher UV emission of Hy plasmas, that
cross-links deeper layers of the membrane.

Morphology and liver specific functions of primary human
hepatocytes were investigated in a small-scale gas-permeable
membrane bioreactor, with cells cultured on native and on NH3
plasma-grafted PEEK-WC-PU membranes. Due to the high O;
dependence of primary hepatocytes in long-term cultures, mostly
for cell attachment and spreading activities, oxygenating supports
offer beneficial culture conditions, close to physiologic ones [26,27].
A membrane permeable to O,, CO, and water vapor was used to
provide oxygen to adherent cells directly, not only through the
medium. As shown in previous works, this bioreactor allows to
preserve the differentiated state of primary porcine and human
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Fig. 4. Confocal images of primary human hepatocytes after 19 days of culture on native (a) and modified (b) PEEK-WC-PU membranes. Cells were stained for actin (green), vinculin
(red), CK19 (violet) and nuclei (blue).

hepatocytes, as well to maintain their liver specific functions of Our NHj3 plasma-treatment grafted surface polar N-groups at the
albumin synthesis, urea synthesis and drug biotransformation [27- PEEK-WC-PU membrane, amines among them, that not only
29]. The direct delivery of O, was particularly helpful for main- increase its hydrophilicity, but probably also boost the initial
taining metabolic functions of mouse hepatocyte spheroids [30]. protein-mediated cell-membrane interactions and adhesion
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Fig. 5. Confocal images of primary human hepatocytes after 19 days of culture on native (a) and modified (b) PEEK-WC-PU membranes. Cells were stained for laminin (green),

fibronectin (red) and nuclei (blue).

through improved protein adsorption. Cell-substrate adhesion is
a multistep process that involves, in sequence: adsorption of ECM
proteins onto the surface; recognition of ECM components by cell
receptors; cytoskeletal rearrangements; cell spreading [31,32]. N-
groups grafted over the membrane trigger initial adhesion until
cells synthesize ECM proteins able of mediating the contact with the
membranes through integrins. Amino groups, for example, posi-
tively charged at physiological pH, probably interact with negatively
charged carboxylated groups of medium proteins in the early-
attachment phase, and/or with proteoglycans of the pericellular
membranes. These receptors are involved in signal transduction
pathways for activating kinases, growth factors, protein synthesis
genes, cell proliferation and cytoskeleton organization. ECM
proteins interacting with specific cell receptors could, thus, improve
cell adhesion at substrates, and support long-term cultures with
maintained differentiated functions.

Albumin synthesis
[ng/h*108 cells]
N

0 T T T T T T T T 1
3 5 7 9 11 13 15 17 19

Time [days]

Fig. 6. Albumin synthesis of primary human hepatocytes on native (shade bar) and on
plasma-processed (full bar) PEEK-WC-PU membranes. The values are the mean of six
experiments =+ standard deviation. Data statistically significant with respect to native
membranes: *(p < 0.05),  (p <0.01), § (p < 0.001).

SEM revealed hepatocytes adhering on both native and modi-
fied membranes (Fig. 3). In particular, many cells were imaged to
adhere and spread on modified membranes through direct inter-
actions with the material, with pseudopodia protruded to find
anchor points on the membrane surface, probably to activate cell
migration (Fig. 3b).

LCSM observations confirmed that cells on native and modified
membranes are engaged in secreting ECM proteins such as laminin
and fibronectin, which are both involved in cell adhesion processes
through interactions with integrins [33,34].

Further LCSM investigations (Fig. 4) clearly show reorganized
cytoskeleton proteins up to 19 days of culture, with the presence of
concave active arcs of thin longitudinal actin filament bundles. This
arc-like span conformation with bundles of actin filaments radially
oriented is usually formed at the edge of expanding cell-cell
contacts, while circumferential bundles become discontinuous
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Fig. 7. Urea synthesis of primary human hepatocytes on native (shade bar) and
plasma-processed (full bar) PEEK-WC-PU membranes. The values are the mean of six
experiments =+ standard deviation. Data statistically significant with respect to native
membranes: *(p < 0.05).
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Fig. 8. Diazepam metabolite formation of primary human hepatocytes on native (a)
and on plasma-processed (b) PEEK-WC-PU membranes. The values are the mean of six
experiments + standard deviation. Data statistically significant with respect to native
membranes: *(p < 0.05), § (p <0.001).

[35]. Hepatocytes cultured on modified membranes appeared
slightly flattened with more condensed and circumferentially
organized actin with typical polyhedral shape with respect to those
cultured on native membranes. This cytoskeletal organization
could be due to the more hydrophilic character of the modified
membranes, as found also by Krasteva et al. [36] for human C3A
hepatoblastoma cells cultured on polyacrylonitrile-N-vinyl-
pyrrolidone and polyvinylidendifluoride.

Hepatocytes developed enough focal adhesions on both
membranes. Vinculin is associated with focal adhesion and regu-
lates both cell-cell and cell-matrix junctions, and binds adhesion
complexes to the actin cytoskeleton. Dot-like adhesion foci were
evidenced by a punctuate distribution of vinculin staining on
hepatocytes cultured on both membranes. The punctuate vinculin
distribution could be due to membrane pores where cell protru-
sions are inserted [3].

LCSM images evidenced also many CK19 epithelial cells dis-
playing reorganized histological architecture with lumen-like
structures (Fig. 4). Such cells indicate the formation of biliary ducts,
expression of the histological architecture of the liver [37]. The
small percentage (5%) of contaminant nonparenchymal cells in the
cell suspension obtained during the isolation process would help
hepatocytes to organize a characteristic and differentiated histo-
logic architecture; Michalopoulos et al. [38] demonstrated the
possibility of phenotypic transition of hepatocytes to biliary
epithelial cells in organoid cultures of only hepatocytes in the
presence of hepatocyte (HGF) and epidermal (EGF) growth factors
[39,40]. Finding CK19 positive cells in our study confirmed that the

membranes support, like in the liver, the formation of highly
differentiated structures.

Urea synthesis and albumin production were maintained at high
levels up to 19 days; in particular hepatocytes cultured on modified
membranes expressed such liver specific functions at significantly
higher levels with respect to those on native ones (Figs. 6 and 7).
Also biotransformation functions were probed; cells were able to
clear diazepam up to 19 days of culture, at a larger extent on
modified with respect to native membranes (Fig. 8). Diazepam is
metabolised in human through 3-hydroxylation by CYP2C19, 3A4
and 3A5 to temazepam and trough N-demethylation by CYP2B6,
2C8, 2C9, 2C18, 2C19, 3A4 and 3A5 to nordiazepam [41,42]. These
first generation metabolites are then N-demethylated by CYP2B6,
2C8, 2C9, 2C19, 3A4 and 3A5 and 3-hydroxylated by CYP2C19, 3A4
and 3A5 respectively to the final metabolite oxazepam [42]. Cell
dedifferentiation that may occur in unfavorable culture conditions
is accompanied by the loss of some liver specific enzymes, espe-
cially cytochrome P450 monooxygenases, affecting the biotrans-
formation capacity of the system [27,43]. The production of all three
metabolites on both kind of membranes demonstrated the activity
and inducibility maintenance of the phase I CYP isoenzymes ach-
ieved in these culture conditions. Our findings are in agreement
with those of other authors that observed the improvement of the
initial osteoblast functions on titanium surfaces functionalized
with amino groups [44]. The presence of positively charged amino
groups allowed to significantly improve the initial steps of cellular
contacts of the osteoblasts at the surface of the material. Also in our
case an improvement of the adhesion process of human hepato-
cytes and of their following cell organization at the surface of the
membrane results in improved maintenance of liver cell functions.

5. Conclusions

Plasma grafting of N-groups on PEEK-WC-PU membranes has
increased their hydrophilicity and improved interactions with
adhering human hepatocytes, probably through improved
adsorption of proteins from the culture medium. Specific metabolic
functions were sustained at all investigated culture times, thus
demonstrating the maintenance of functional integrity of hepato-
cytes in the membrane bioreactor used. Tissue architecture and
parenchymal cell morphology reflected the maintenance of the
functional differentiation of hepatocytes cultured on both native
and plasma-treated membranes. Cells reconstituted many of the
liver features active in vivo; when cultured on NH3 plasma-grafted
membranes they displayed higher metabolic activity in terms of
albumin synthesis, urea production as well as for the biotransfor-
mation of diazepam as model drug.
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Appendix

Figures with essential colour discrimination. Figs. 4 and 5 in this
article are difficult to interpret in black and white. The full colour
images can be found in the on-line version, at doi:10.1016/j.
biomaterials.2009.04.052.
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H,/NH; Plasma-Grafting of PEEK-WC-PU
Membrane to Improve their cyto-Compatibility
with Hepatocytes

Stefania Laera,” Linda C. Lopez, Loredana De Bartolo, Sabrina Morelli,
Simona Salerno, Antonella Piscioneri, Marina Nardulli, Roberto Gristina,
Riccardo d’Agostino, Pietro Favia

Plasma treatments in H, and NH; RF (13.56 MHz) glow discharges have been used for
modifying the surface of PEEK-WC-PU membranes. Water contact angle (WCA) and X-Ray
photoelectron spectroscopy (XPS) analyses were performed to study the compositional
changes of PEEK-WC-PU membranes after grafting. Cell culture experiments with human
hepatocytes clearly show that grafting N-containing groups improves the cyto-compatibility

of the membranes.

Introduction

Low-temperature plasma modification (etching, deposi-
tion, and grafting) processes are extensively used in bio-
medical applications™ ) to modify the surface of materials
with tunable density of surface functional groups without
altering their bulk. In particular, plasma treatment
(grafting) processes with non-depositing gas feeds such
as H,, O,, NH;, N,/H,, and others enhance the surface
density of N- and/or O-containing functional groups (e. g.
—NH,, COOH, OH) which might confer “biological activity”
to the material, ie. improved protein adhesion and
improved adhesion, spreading and growth of cells.*”]
In particular, some authors reported that surface N-
containing groups may affect the cyto-compatibility of
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materials by adjusting the surface hydrophilicity and
through interactions with cell peptides.!®~2°!

In this study we have investigated the grafting of N-
groups from NH; fed RF glow discharges as surface
modification strategy on a new polymer membrane to
improve its cyto-compatibility. Among several biomater-
ials that may be used for improving cell adhesion, new
membranes made of modified polyetheretherketone
(PEEK-WC) and polyurethane (PU) revealed to be suitable
substrates for the adhesion and growth of liver cells,*"
e.g., in bioreactor applications. Such membranes combine
many advantageous properties of polymers (biocompat-
ibility, thermal and mechanical resistance, elasticity, etc.)
with those of membranes (permeability, selectivity, well-
defined geometry, etc.). It has been shown that human
hepatocytes cultured on PEEK-WC-PU exhibit synthetic and
detoxification functions comparable to those expressed by
cells on natural substrates such as collagen.!

PEEK-WC-PU membranes were first plasma pre-treated
in a H, RF glow discharge, and then in a NH; RF glow
discharge. H, plasma pre-treatments were used to cross-
link and stabilize the surface of the membranes before the
plasma-grafting of N-groups, in order to reduce their
hydrophobic recovery ageing.*?! After surface character-
ization, native and modified membranes were used as
substrates to culture in vitro human hepatocytes.

60, SwILEY .
*’ InterScience*
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Experimental Part

Plasma Processes

PEEK-WC-PU membranes prepared with the phase inversion
techniquel*” were used as substrates. Plasma pre-treatments (H,)
and treatment (NH3) processes were performed in a Pyrex glass
plasma reactor, described elsewhere,**! equipped with two
internal “parallel plate” steel electrodes. Discharges were ignited
between the upper electrode, connected to a radiofrequency (RF,
13.56 MHz) generator (ENI-ACG-10) through an impedance
matching network, and the flat lower internal electrode, 7 cm
far, ground, used as a substrate holder. H, was generated with a
HG200 Claind Hydrogen Generator, 99.999% purity NH; (Air
Liquide) was used. The gases were fed into the chamber through
electronic MKS mass flowmeters. A rotative pump was used to
keep the pressure constant during the processes; the pressure was
controlled with a MKS baratron. A base pressure of 10> Torr was
obtained. Plasma pre-treatment and treatment processes were
performed in sequence, without opening the reactor in between,
in the following conditions:

— pre — treatment(H,): 10 sccm flow rate;
200 mTorr pressure;
30 Watt power;
1 min.

—treatment(NH;): 10 sccm flow rate;
200 mTorr pressure;
20 Watt power;
1 min.

Plasma parameters above were previously optimized (data not
shown) to maximize the extent of grafting of N-groups, measured
with the XPS N/C ratio of the modified PEEK-WC-PU surface, and to
minimize their hydrophobic recovery ageing, probed with WCA
measurements.

Surface Characterization

The chemical composition of unmodified and modified surfaces
was determined with a Thermo VG Scientific XPS instrument,
using monochromatic AlKa X-rays radiation (1486.6 eV, 100 W),
with a spot size of 400 pm. A take-off angle of 53° was used with
respect to the normal to the sample surface, for a sampling depth
of about 6 + 2 nm. Survey (0-1100 eV of Binding Energy, BE) and
high resolution spectra (Cls, N1s, Ols) were recorded. Error bars
resulted from measurements on 3-5 different spots of the same
substrate, on 3-5 substrates of the same kind. C1s spectra were
best-fitted with six components: CO (BE 285.0 4 0.2 eV, reference,
C-C, C-H); C1 (BE 286.4+0.2 eV, C-O—C, C—OH, C-N); C2 (BE
287.6 +£0.2 eV,C=0, 0—C—0, N—C=0); C3 (BE 289.2 +- 0.2 eV, COOH,
COOR, O—CONH); C4 (BE 289.9+0.2 eV, shake up, aromatic
structures); and C5 (BE 291.8 +0.2 eV, shake up, C=0).

NH; plasma treatments, besides grafting N-groups, leave the
treated polymer surface more reactive to oxidation (oxygen
uptake) after exposure to air due to long-living surface free
radicals; so, as a general effect, the surface of NH; plasma-treated
polymers is generally found to be rich both in Nitrogen- and
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Oxygen-containing chemical groups.***%! H, plasma treatments

were selected, among possible others (e.g., Ar), to cross-link the
membrane before the grafting of the N-groups. This happens
through the UV emission of H, plasmas that penetrates deep and
causes bond cleavage and rearrangements in polymers, as well as
through other mechanisms (abstraction of species by H atoms, ion
bombardment, rearrangements).2>1>%] Exposing H, plasma-
treated membranes to air (before the NHs-process) resulted in
massive surface oxidation and limited N-groups grafting (after
the NH; process), so it was decided to perform the two treatments
in sequence, without opening the reactor.

Sessile drop WCA measurements were performed in a static
mode with a CAM 200 contact angle instrument equipped with a
photo camera. Two milliliter drops of double distilled water were
used. The CAM software of the instrument was utilized to fit the
shape of the drop and determine the WCA tangent with the
Young-Laplace equation. Measurements were performed on 3-5
different spots per substrate, on 2—4 substrates of the same kind.

Cell Culture

Cryopreserved primary human hepatocytes (BD Bioscience, Milan,
Italy) with 95-98% viability, assessed by Trypan blue exclusion,
were cultured on native and modified membranes in William'’s
medium E (Sigma-Aldrich, Milan, Italy) supplemented with
prednisolone 0.762 pg-ml ', glucagone 0.133 pg-ml ', and
insulin 0.18 U-ml™* (Sigma—Aldrich, Milan, Italy), i-glutammine
54 mM and penicillin/streptomycin 272 pg-ml™* (Biochrom,
Berlin, Germany).'”! The maintenance of liver specific functions
was evaluated in terms of urea synthesis. The concentration of
urea in the culture medium was assayed with the enzymatic
urease method (Sentinel, Milan, Italy).

Results and discussion

A WCA value of 80+8° was measured on native
membranes. The quite high deviation of WCA values is
due to non-homogeneity of porosity and roughness of the
membrane, as well as of surface chemical composition
(e.g., due to uneven surface segregation of PU). Soon after
the H,/NH; plasma modification, a much lower WCA value
of 41+9° was found, attesting for the grafting of polar
groups. After 8 days of ageing in air, during which the
hydrophobic recovery of the material takes place to some
extent, the WCA value of the samples reaches a stable
value of 61+3°. A WCA value of 51+5° was found,
instead, for NHs-treated membranes, without any pre-
treatment; after 8 days such substrates recovered almost
completely the WCA value of the unprocessed surface,
with WCA values of 75+ 3°.

The grafting of N-containing groups on H,/NH; plasma
processed PEEK-WC-PU membranes is evident after XPS
analysis (within one day after the process), as shown in
Table 1. Nitrogen atoms are found at the surface of the
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B 7able 1. XPS analysis of PEEK-WC-PU plasma-processed in H, (pre-treatment) and NH, (treatment) RF Glow discharges.

PEEK-WC-PU C% 0%

N% o/c N/C

80.9£4.0
67.2+t34

As received
After H,/NHj; grafting

C4-C5 c3

17.0+£1.0
129+0.6

PEEK-WC-PU co C1 2 [ox) C4 Ccs

a) As received 713 12.1 7.0 1.3 1.6 0.7

b) After HyNH,

. 64.8 183 11.6 5.3
grafiing

21+01
199+1.0

0.21£0.02
0.19+£0.02

0.026 £0.003
0.296 +£0.030

a) shake-up signals C4 and C5 disappear. It
is not straightforward at all to quantify
exactly the distribution of grafted N-
groups on PEEK-WC-PU due to the
complexity of the substrate and the
overlap of N-groups contributions
(-NH,, —CN, —C=NH, —CONH, etc) in
286—-288 eV BE region of the C1s spectra,

b) so accurate best-fitting procedures were
not attempted in this sense, neither
derivatization procedures.

Primary human hepatocytes were
cultured on membranes within 8 days
after the treatment; cells adhered on

native and modified membranes. No

294 292 290 288

Figure 1. C1s spectra of the PEEK-WC-PU membrane (a) untreated, (b) after the H,/NH,
plasma process. The inset reports the relative percent of the Co—C5 components (see
experimental section for assignments) in each Cis signal. The error estimated is with-

in+10%.

untreated membrane due to the presence of PU in PEEK-
WC-PU; after the H,/NH; plasma process both the percent
of N surface atoms and the N/C surface ratio increase
remarkably, in agreement with the increased wettability
of the modified membranes. After 8 days of ageinga ~15%
reduction of the N/C ratio was recorded, also in agreement
with the wettability data.

The C1s spectra of the untreated and H,/NH; plasma
processed PEEK-WC-PU membrane are shown in Figure 1.
Spectra have been best-fitted with the CO—C5 components
listed in the experimental section. The Cls spectrum
(a) refers to untreated PEEK-WC-PU; in detail, the CO
component refers to aromatic carbons in PEEK and WC, C1
to ether groups in PEEK and PU, C2 to carbonyl moieties in
PEEK, C3 to carboxyl groups in WC and to urethane groups
in PU, C4 and C5 shake-up structures are related to
aromatic structures and to C=0 double bonds. Nitrogen
groups are grafted after the H,/NH; plasma process
(spectrum b), at the same time the aromatic surface
structures of the membrane are fragmented, due to the
positive-ion bombardment associated to the plasma
process. In fact components C1, C2, and C3, which grafted
N- (amine, imine, nitrile, amide, etc) and O- (ether,
carbonyl, alcohol, etc.) containing groups contribute to,
become more important with respect to trace a), and the
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morphological differences were found
among cells cultured on the two differ-
ent surfaces. Cells, though, were found
to exhibit slightly different liver specific
functions in terms of urea synthesis;
quantitative results normalized per cell
density are shown in Figure 2 as a
function of culture time. It is interesting to note that cells
cultured on N-grafted membranes synthesize at all times
urea at higher level with respect to native membranes.
Statistically significant differences (p < 0.05), in particular,
were observed on day 5 and 7. Also, the normalized
synthesis of total proteins was found increased of 22%[*®!
on the modified membranes on day 5.

Grafted N-groups at the membrane surface, likely
coupled with increased wettability, clearly induced an

10 4
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Figure 2. Rate of urea synthesis of human hepatocytes cultured
on native (full bar) and modified (empty bar) PEEK-WC-PU mem-
branes. The values are expressed as pg/h 10° cell & standard
deviation, and evaluated according to t-test. “p < 0.05.
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enhancement of the cell metabolic functions due to
peculiar surface-cell interactions, whose nature needs to
be clarified. These are probably related to the increased
surface polarity of the membranes (WCA =61 + 3°) as well
as to specific interactions between N-grafted groups,
proteins in the culture medium, and cell receptors. This
is not completely unexpected considering that several
evidence in literature shows that cells adhere well on
moderately wettable surfaces due to the adsorption of
adhesive proteins present in the culture medium and/or
secreted by cells.[*2°]

Conclusions

H,/NH; glow discharges were found to graft N-containing
groups at the surface of PEEK-WC-PU membranes and to
increase their wettability; H, pre-treatments were found
to improve the efficiency of the grafting process, and to
slow down the hydrophobic recovery of the membranes.
Surface modified membranes improved the in vitro growth
of primary human hepatocytes, as it was checked by
measuring their urea and total protein synthesis;
likely, H,/NH;3 plasma treatments turned membranes
more susceptible to positive interactions with proteins and
cell membranes, resulting in a positive cell response and
improved cell metabolic functions.
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An important challenge in liver tissue engineering is the development of bioartificial systems that are
able to favour the liver reconstruction and to modulate liver cell behaviour.
A crossed hollow fiber membrane bioreactor was developed to support the long-term maintenance and
differentiation of human hepatocytes. The bioreactor consists of two types of hollow fiber (HF)
membranes with different molecular weight cut-off (MWCO) and physico-chemical properties cross-
assembled in alternating manner: modified polyetheretherketone (PEEK-WC) and polyethersulfone
(PES), used for the medium inflow and outflow, respectively. The combination of these two fiber set
produces an extracapillary network for the adhesion of cells and a high mass exchange through the
cross-flow of culture medium. The transport of liver specific products such as albumin and urea together
with the transport of drug such as diazepam was modelled and compared with the experimental
metabolic data. The theoretical metabolite concentration differed 7.5% for albumin and 5% for urea with
respect to experimental data. The optimised perfusion conditions of the bioreactor allowed the main-
tenance of liver functions in terms of urea synthesis, albumin secretion and diazepam biotransformation
up to 18 days of culture. In particular the good performance of the bioreactor was confirmed by the high
rate of urea synthesis (28.7 pg/h 10° cells) and diazepam biotransformation. In the bioreactor human
hepatocytes expressed at high levels the individual cytochrome P450 isoenzymes involved in the diaz-
epam metabolism. The results demonstrated that crossed HF membrane bioreactor is able to support the
maintenance of primary human hepatocytes preserving their liver specific functions for all investigated
period. This device may be a potential tool in the liver tissue engineering for drug metabolism/toxicity
testing and study of disease pathogenesis alternatively to animal experimentation.

© 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

Liver tissue constructs consisting of functional cells and arti-
ficial materials are being greatly studied for their applications in
the clinical field for organ replacement and in the in vitro studies
for drug development and metabolic diseases. The impact will be
increasing for the coming decade in the design of in vitro physio-
logical models to study disease pathogenesis and in the devel-
opment of molecular therapeutics alternatively to animal
experimentation. Animal models suffer from serious shortcomings
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regarding the prediction for a human situation as significant
species differences in enzyme expression exist between man
and animals. Isolated hepatocytes represent a good model of
liver metabolism because they are able to perform the full range
of known in vivo biotransformation, synthetic and detoxification
functions [1,2]. However, hepatocytes rapidly lose their liver
specific functions when maintained under standard in vitro
culture conditions. In fact, static culture methods are character-
ized by an unstirred medium layer overlying cells attached to a
gas impermeable substratum and are exposed to changes of
nutrient concentration and catabolite accumulation on time. For
liver cells, which are highly perfused in vivo, such conditions are
susceptible to oxygen and nutrient limitations with consequent
reduction of cell viability and functionality. A variety of culture
methods have been developed to foster retention of hepatocyte
functions including co-culture with nonparenchymal cells [3],
culture in a sandwich collagen gel [4], synthetic extracellular
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matrix [5], in three-dimensional systems in spheroids [6,7] or
scaffolds [8], and in a variety of dynamic systems such as bio-
reactors [9-13]. Bioreactors allow the culture of cells under tissue
specific mechanical forces (e.g., pressure, shear stress and inter-
stitial flow) augmenting the gas and nutrient exchange under
complete fluid dynamics control that ensure the long-term
maintenance of cell viability and functions [14,15]. Various
bioreactor configurations have been explored for hepatocyte
culture including membrane bioreactors (hollow fiber, flat, fiber
network, spiral) [16-21] and by using several adhesive substrates
[22-26]. Among the bioreactors hollow fiber membrane bioreac-
tors meet the main requirements for cell culture: wide area for
cell adhesion, oxygen and nutrient transfer, removal of catabolites
and protection from shear stress [14,15]. Furthermore, hollow
fiber membranes may serve as scaffolding material guiding the
spatial organisation and microarchitecture of the liver tissue.
Critical issues in the hollow fiber (HF) membrane bioreactors are
the configuration of the bioreactor, the fluid dynamics and the
membrane properties which depend on the cell adhesion and

mass transport. Mass transfer across the membrane occurs by
diffusion and/or convection in response to existing trans-
membrane concentration or pressure gradients. Both mechanisms
of transport should be taken into account in the design of HF
membrane bioreactors [14]. In the case of hepatocytes which are
anchorage-dependent cells the membrane properties are critical
not only for the transport but also for their interaction with cells.
Surface properties favouring the cell functional and phenotypic
maintenance [27-29] are required. Previously we have developed
modified polyetheretherketone (PEEK-WC) membranes in flat
configuration for hepatocyte culture [30]. This polymer owing to
the presence of an isobenzofurane-1,3-dihydro-1-oxo- group in
the polymer chain is soluble in common solvents and it can be
used for preparing membranes with different properties by an
inexpensive and flexible method [31]. Our studies demonstrated
that PEEK-WC flat membranes are able to support the adhesion
and metabolic functions of hepatocytes. PEEK-WC in hollow
fiber (HF) configuration has been used also for lymphocytes
culture [32].
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Fig. 1. Membrane bioreactor: (a) photograph. (b) Vertical section scheme of the crossed hollow fiber membrane bioreactor.
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Fig. 2. Representative Scanning Electron Micrographs of (a) cross-section, (b) wall thickness and (c) external surface of polyether-sulphone (PES) hollow fiber membranes.

We hypothesize that the differentiated functions of primary
human hepatocytes can be maintained in a crossed HF membrane
bioreactor in which cells are cultured in the extraluminal
compartment among different kinds of fibers. The bioreactor is
based on the use of two types of HF membranes with different
molecular weight cut-off (MWCO) and physico-chemical properties
cross-assembled in alternating manner: PEEK-WC and poly-
ethersulfone (PES). The different HF membranes in the bioreactor
have different functions: PEEK-WC HFs are devoted to provide the
cells oxygenated medium containing nutrients and metabolites
while PES HFs are devoted to remove from cell compartment
catabolites and cell specific products. In this way the two HF
membrane systems mimic the in vivo arterious and venous blood
vessels. Mass transport through each type of fiber is evaluated and
modelled and the fluid dynamics of the bioreactor is optimised.

2. Materials and methods
2.1. Crossed HF membrane bioreactor

The bioreactor consists of crossed membrane system of 40 independent PEEK-
WC HF and 40 PES HF membranes used for the medium inflow and outflow,
respectively. The two fiber systems were assembled in alternating manner and
potted with polyurethane adhesive (Polaris Polymers, OH, USA) within glass housing
(Fig. 1). The fibers were potted at each end in order to establish three separate
compartments: two intraluminal compartments within the PEEK-WC and PES fibers,
and an extraluminal compartment or shell outside of the fibers. The intraluminal
and extraluminal compartments communicate through the pores in the fiber wall.
Fig. 1a illustrates the bioreactor (volume: 40 ml) that is connected to the perfusion
circuit consisting of micro-peristaltic pump, gas-permeable silicone tubing, reser-
voir of medium and glass medium waste.

The oxygenated medium enters from the reservoir to the membrane bioreactor
with a flow rate Qs of 1.5 ml/min that was set on the basis of average retention time.
Fresh medium was perfused in single-pass and the stream leaving the bioreactor

Fig. 3. Representative Scanning Electron Micrographs of (a) cross-section, (b) wall thickness and (c) external surface of modified polyetheretherketone (PEEK-WC) hollow fiber

membranes.
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Table 1
Morphological and physico-chemical properties of PEEK-WC and PES HF
membranes.

PEEK-WC HF PES HF
Inner diameter 572 +6 um 300 + 40 pm
Wall thickness 51 + 10 um 100 + 25 um
Mean pore size - 0.2 um
MWCO 190 kDa -
J [L/m? h mbar] 0.758 15.2
Contact angle 69.7 +£2.7° 43 +3.5°

Qout Was collected as waste until approaching the steady state. When the system
reached the steady state, the stream leaving the bioreactor was recycled (Q;) in order
to obtain the accumulation of products.

2.2. RTD characterization

Residence time distribution (RTD) was investigated through the introduction of
tracer (step input) at the entrance of PEEK-WC fibers and recording it in time at the
exit of the PES fibers. The tracer, consisting in a solution of Williams’ medium E, was
sent to the bioreactor with flow rate of 1.5 ml/min and continuously monitored by
online spectrophotometer (UV Cord Pharmacia, Uppsala, Sweden).

The fluid dynamics was characterized without the cells by tracer experiments
using Williams’ medium E. The bioreactor was challenged by changing the tracer
concentration stepwise in the feed stream (Cj,) and the outlet concentration (Coyt)
was continuously monitored by online spectrophotometer (UV Cord Pharmacia,
Uppsala, Sweden). The fluid dynamics of the bioreactor was characterized in terms
of the cumulative residence time distribution (RTD) to step inputs:

F(t) = Cout/Cin (1)

where t is the actual time. The theoretical mean retention time was calculated as:

T == (2)
where Q is the perfusion flow rate and V is the volume of the bioreactor [33].
2.3. PEEK-WC HF membrane preparation

PEEK-WC HF membranes were prepared according to the well-known dry-wet
spinning method. In order to prepare highly porous membranes, poly-
(vinylpyrrolidone) (PVP K17 by BASF) was used as a pore forming additive.
Membranes were prepared from solutions of PEEK-WC and PVP both at 15 wt.% in
dimetylformamide (DMF) under continuous mechanical stirring at room tempera-
ture as described elsewhere [32].
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Fig. 5. SEM images of human hepatocytes after 18 days of culture in the crossed HF
membrane bioreactor; a) and b) different magnifications.

2.4. Characterization of membrane properties

Dried PEEK-WC HF membranes were cut in cross-section, mounted with double-
faced conductive adhesive tape, and analysed by Scanning Electron Microscope
(SEM) (ESEM FEG QUANTA 200, FEI Company, Oregon, and USA) in order to obtain
information about the cross-sectional structure and thickness, intra- and
extra-lumen morphology and diameters, and the shape and size of the membrane
pores.

The hydrophobic/hydrophilic character of the investigated membranes was
estimated by contact angle technique. Water contact angles were measured using
the sessile drop method at ambient temperature by CAM 200 contact angle meter
(KSV Instruments LTD, Helsinki, Finland), depositing the liquid on the membrane
surface using an automatic microsyringe.

For the characterization of mass transport properties, the membranes were
potted inside glass modules (length: 20 cm, inner diameter: 1.5 cm) that allowed
access to both the intraluminal and extraluminal compartments [14]. A peristaltic
pump (ISMATEC, General Control, Milan, Italy) circulated the metabolite solution by
pumping the fluid (feed) from the reservoir into the inlet port of the module.
Pressures were monitored at inlet and outlet of the module by online manometers
(Allemano, accuracy +0.98 mbar). Inlet pressures were varied in order to obtain
transmembrane pressures (AP™) from 0 to 80 mbar. The extraluminal flow
(permeate) was measured continuously, and the concentration of the metabolite
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Vinculin

Fig. 6. Confocal Laser Scanning Micrographs of hepatocytes after 18 days of culture in the crossed HF membrane bioreactor. Hepatocytes were immunostained for actin (green) and

vinculin (red). DAPI (blue) counterstaining was used to detect nuclei.

permeating through the membranes was monitored by an online UV-spectropho-
tometer (LKB Uvicord SII, Pharmacia). Diffusive transport of albumin and urea from
the fiber lumen to the shell of PES HF membranes was evaluated by assessing the
concentration changes of metabolites in the shell with time. Diffusive transport of
diazepam from the lumen to the shell of PEEK-WC HF membranes was also evalu-
ated by the same procedure. Albumin (MW 67 kDa) (Sigma), urea (MW 60.06 Da)
(Sigma) and diazepam (MW 284.74 Da) (Sigma) solutions were prepared by dis-
solving separately 0.5 mg/ml for albumin, 50 pg/ml for urea and diazepam 10 pg/ml
in phosphate buffer at pH 7.4.

The PEEK-WC and PES HF membrane modules were initially fed with water to
evaluate the hydraulic permeance, and then it was filled with metabolite solutions
for solute permeation measurements. For each type of metabolite a new module was
used. In order to ensure a high reproducibility of permeance data, transmembrane
flux (J) vs. transmembrane pressure (AP™) was evaluated on four modules and the
average hydraulic permeance was reported.

2.5. The human hepatocytes

Cryopreserved primary human hepatocytes (BD Bioscience, Milan, Italy), iso-
lated from human tissue, were thawed in a 37 °C water bath with gentle shaking.
Cell suspension was slowly transferred into pre-heat 50 ml of isolation media from
the One Step Purification Kit (BD Bioscience), and centrifuged at 50g RT for 5 min.
the cell pellet was then suspended in the Williams’ medium E (Sigma Aldrich, Milan,
Italy) supplemented with prednisolone 0.762 pug/ml, glucagone 0.133 pg/ml and
insulin 0.18 U/ml (Sigma Aldrich, Milan, Italy), .-glutammine 5.4 mwm and penicillin/
streptomycin 272 pg/ml (Biochrom, Berlin, Germany). The viability of the hepato-
cytes (assessed by Trypan blue exclusion) ranged between 95 and 98%.

The human hepatocytes were then seeded in the extralumen compartment of
the bioreactor on the outer surface of and between the HF membranes. After the
liver cells adhered, the bioreactor was perfused with oxygenated medium.

Hepatocytes were cultured also in batch system on collagen. This latter was used
as reference substratum. Collagen from calf skin (Sigma, Milan, Italy) was dissolved
with sterile acetic acid (0.1 m) to the final concentration of 1 mg/ml. Solution of
collagen gel was added to obtain a coating density of 10 pg/cm?. Cells and controls
were incubated at 37 °C in a 5% CO;; 20% O, atmosphere (v/v) with 95% relative
humidity for the duration of the experiments.

2.6. Sample preparation for SEM

Specimens of cell cultures were prepared for Scanning Electron Microscopy
(SEM) by fixation in 2.5% glutaraldehyde, pH 7.4 phosphate buffer, followed by post-
fixation in 1% osmium tetroxide and by progressive dehydration in ethanol.

2.7. Hepatocyte staining for Laser Confocal Scanning Microscopy

The morphological behaviour of human hepatocytes cultured in the membrane
bioreactor was investigated after 48 h of culture by Laser Confocal Scanning
Microscopy (LCSM). Samples were washed with PBS, fixed for 15 min in 3% para-
formaldehyde in PBS at room temperature, permeabilized for 5min with 0.5%
Triton-X100 and saturated for 15 min with 2% Normal Goat Serum (NGS). To visu-
alize vinculin, a specific monoclonal anti-vinculin antibody (Sigma, St. Louis, MO,
USA), diluted 1:50 in 1% NGS, was incubated for 30 min at room temperature [23].
Then samples were washed twice in PBS and incubated for 30 min with goat anti-
mouse IgG TRITC conjugated (Sigma, Milan, Italy), diluted 1:100 in PBS. To visualize
the actin, the samples were incubated in phalloidin conjugated with FITC (50 pg/ml)
(Fluka, Milan, Italy) in PBS. Then samples were washed twice in PBS and incubated
for 20 min with DAPI (Sigma, Milan, Italy) to visualize nucleic acid. Finally, the
samples were washed, mounted and viewed with Laser Confocal Scanning Biological
Microscope (Fluoview FV300, Olympus, Milan, Italy).

2.8. Biochemical and ELISA assays

Samples of the culture medium were collected from the bioreactor in pre-chilled
tubes and stored at —80 °C until assayed. The protein content in the samples was
determined by protein assay using bicinchoninic acid solution (Sigma, Milan, Italy)
by spectrophotometer analysis. The urea concentration was assayed by the enzy-
matic urease method (Sentinel, Milan, Italy).

Albumin production in the samples was measured by the immunometric
method (ELISA) using antibodies against human albumin (Sigma, St. Louis, MO,
USA). ELISA assays were done from cells of six different isolations. Chromato-
graphically purified human albumin and the monoclonal antibody for human
albumin were from Bethyl (Bethyl Laboratories Inc., USA). Ninety-six well plates
were coated with 50 pug/ml of albumin and left overnight at 4 °C. After washing the
plate 4 times, 100 pul of cell culture supernatant was added to the wells and incu-
bated with 100 ul of anti-human albumin antibody conjugated with horseradish
peroxidase (Bethyl Laboratories, Inc.). After 24 h at 4 °C, the substrate buffer con-
taining tetramethylbenzidine and H,0; (Sigma, St. Louis, MO, USA) was added for
7 min. The reaction was stopped with 50 pul of 8 N H,SO4. Absorbance was measured
at 450 nm using a Multiskan Ex (Thermo Lab Systems).

2.9. HPLC analysis of diazepam and metabolites

Diazepam analysis was performed as reported previously [34]. HPLC was used to
assess the diazepam and metabolite concentrations in medium samples [35]. The
samples from the culture medium were alkalinized with 20% of 4 m NaOH, precip-
itated with isopropanol (1:10) and extracted with ethyl acetate (5:1) by gentle
rocking for 10 min and subsequent centrifugation at 200g for 15 min at RT. There-
after the ethyl acetate phase was evaporated and exsiccated under vacuum condi-
tion and the pellet was dissolved in 96 ul mobile phase consisting of acetonitrile/
methanol/0.04%triethylamine pH 7.04 at proportion of 25/35/40 respectively. Then
samples were HPLC analysed using a Cyg-RP Purospher Star 5 pum, 250 x 4.6 mm
column, equipped with a precolumn (Merck KGaA, Darmstadt, Germany). The
sample injection volume was 20 pl. The mobile phase was delivered at 0.8 ml/min
and the column was operated at ambient temperature. The effluents were moni-
tored with a UV detector at 236 nm. Besides diazepam its metabolites temazepam,
oxazepam and N-desmethyl-diazepam were detected. For all substances calibration
curves were regularly run between 10 ng/ml and 10 pg/ml. Diazepam biotransfor-
mation was followed by the formation of the metabolites temazepam, oxazepam
and N-desmethyl-diazepam. Diazepam elimination and its metabolite formation
were assessed by incubating hepatocytes with 10 pg/ml diazepam.

2.10. Modelling

The purpose of the modelling study is to verify the performance of the proposed
bioreactor device in terms of metabolites/catabolites mass transport (diffusion/
perfusion), by determining the concentration profiles of albumin and urea (synthe-
sized by hepatocyte) and diazepam (fed to the cells) in the extraluminal region of the
central body of the bioreactor, where PEEK-WC and PES HFs cross-each other.

In order to decrease the geometrical and computational complexity of the
system and to improve the clarity of the modelling output, the simulation space was
divided in three-dimensional unit elements, each one representing the extraluminal
region between two adjacent PEEK-WC fibers and two adjacent PES fibers.
According to momentum and continuity equations, the analytical solutions for the
velocity profiles in a single fiber of PEEK-WC are:

20 Qp x r2

ax = m(l ‘@z) (" %) 3
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Fig. 7. a) Simulated distribution profile of albumin concentration (ng/ml) after 2 days; b) simulated concentration profile of albumin along the longitudinal direction between PES

fibers (axis x’) at day 2.

The validity of Equations (3) and (4), when written along the axial coordinate y, is
extended to PES fibers.

Focussing on the extraluminal space, the mass balance equation for the generic
i-th component - written under the assumption that both density and diffusion
coefficient D; are constant - is:

6 .
S (G) = Div2G + W ()

The reaction term ¥; was assumed negative for the consumption of diazepam, and
positive for the production of albumin and urea. Equation (5) was solved for the
following boundary conditions:

¢j(t = 0) = 0 throughout the whole element (6a)

—DiVC; + VaqialGi = Jj at the membrane/extralumen interfacies,
where J; is the transmembrane flux (6b)
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Fig. 8. Rate of albumin synthesis of human hepatocytes cultured in the crossed HF
membrane bioreactor. The values are expressed as ng/h 10° cells + s.e.m. and are the
mean of 6 experiments.

Vc¢; = 0 in the remaining boundary surfaces (6¢)

Due to the relatively low hydraulic permeance of PEEK-WC HFs (2.1 x10~7 m/s
mbar), the transport of diazepam (MW = 284.74 Da) was prevalently diffusive at the
low working transmembrane pressure (<2 mbar). On the other hand, the measured
hydraulic permeance of 4.2 x 10~® m/s mbar through PES HFs was 20 folds higher
(more permeable HF membranes were used in order to assure an efficient removal of
catabolites for the cellular compartment), thus determining a significant contribu-
tion of the convective transport mechanism.

The set of differential equations was numerically integrated by COMSOL MUL-
TIPHYSICS® v3.3 Chemical Engineering Module, using a finite element method (FEM).
Each simulation element in the extraluminal compartment was discretized into
23,266 nodes gradually thicker towards the hollow fibers and boundary surfaces.
Because of the intensive memory request of the time-dependent computational
process, the theoretical analysis has been protracted from the beginning until the
second day of culture, and results compared to the corresponding experimentally
measured data. On a 1.8 GHz Intel Personal Computer running under Windows XP v.
2000, the problem solution was reached - on average — within 30 min.

3. Results

Fig. 1 shows the crossed HF membrane bioreactor used for the
hepatocyte culture. The bioreactor consists of two separate bundles
of hollow fibers assembled in perpendicular at 250 um distance each
other. The four ends of the bioreactor are sealed by polyurethane
potting. The medium entering the bioreactor via PEEK-WC perme-
ates into the extracapillary space where cells are seeded before
leaving the bioreactor via PES membranes, which exhibit high
permeability and hydrophilicity. The structure and morphology of
PES and PEEK-WC HF membranes are shown in Figs. 2 and 3
respectively. The PES HF membranes appeared to have an external
porous structure, an internal diameter and wall thickness respec-
tively of 300 + 40 um and 100 + 25 um. Differently the PEEK-WC HF
membranes have an external surface less porous, an internal
diameter and wall thickness respectively of 572 4+6 um and
51 410 um. This membrane has a moderate wettability although has
a contact angle value higher with respect to the PES HF (Table 1).

The combination of these two fiber set produces and extrac-
apillary network for the adhesion of cells and a high mass exchange
through the cross-flow of culture medium.

Tracer experiments were performed in order to investigate the
bioreactor fluid dynamics. According to the cumulative density
function F, illustrated in the right-up corner of Fig. 4, the response
of the system reached a uniform condition after 60 min; then
remained constant throughout the duration of the experiment at
operating flow rate Qr of 1.5 ml/min.

The residence time distribution function E, providing the age
distribution of the non-ideal flow in the reactor, has been mathe-
matically derived as:

dF
E=""— 7
dar (7)
For comparative purposes, the dimensionless variable # has been
defined as the ratio between the fluid residence time (t) and the

mean retention time (7), and:
E,g = 1E (8)

In order to describe the deviation from ideality of the bioreactor
(presumably caused by the existence of dead zones in the edge of
the device and of active zones where PES and PEEK-WC fibers
intersect each others), it has been assumed a model consisting in
a continuous stirred tank reactor (CSTR) with active volume Vi,
connected to a tank with volume Vg4 under stagnant flow.

The response of this model in terms of Eg is [33]:

Ey = L e=(V/Vlt (9a)
m

where:

V = Vi + Vy (9b)

The good agreement of the RTD response curve with that resulting
from the model (Equations (9a) and (9b)), obtained assuming V/
V=3, can be deduced from Fig. 4. Under the chosen operating
conditions, the bioreactor can be considered well mixed in the
central part of its body, where hepatocytes are cultured in the
extra-lumen side of crossing fibers.

After fluid dynamics characterization, the bioreactor was used
for human hepatocyte culture.

Hepatocytes were cultured in the bioreactor in the medium
containing serum only for the first 24 h thereafter they were
cultured throughout the period with serum free medium. The
appearance of the hepatocytes after 18 days of culture in the
bioreactor was examined by SEM. Apparently the membranes
induced a high level of cell adhesion as we can see in Fig. 5: a dense
layer of cells was observed on the fibers. Hepatocytes appeared to
be mostly polygonal in shape and surrounded by an extracellular
matrix-like structure. Confocal images show the localization and
organisation of two cytoskeleton proteins such as actin (green) and
vinculin (red), which are major cytoskeletal proteins involved in
integrin-mediated signaling and cell spreading. The cells appeared
to establish cell-cell contacts and actin microfilaments are clearly
displayed in hepatocytes adhered to the HF membranes. In Fig. 6
the staining for vinculin (red) shows a localization of the protein at
the sites of cell-cell contact and cell membrane adhesion.

Functional maintenance of hepatocytes is crucial in assessing
the performance of the crossed HF membrane bioreactor. The
transport of liver specific products such as albumin and urea
together with the transport of drug such as diazepam was modelled
and compared with the experimental metabolic data.

The graphical output of FEM simulation at day 2 for the
concentration profile of albumin in the extraluminar space
comprised between PES and PEEK-WC fibers is shown in Fig. 7a. As
expected, albumin concentration (produced by hepatocytes
cultured in the shell of the bioreactor) increases at higher distance
from PES fibers. A difference of 75% was predicted between the
value of albumin concentration in the core of the simulated
element and at the interface of the extraction fibers; this value
confirms the interesting ability of the cross-fibers configuration to
efficiently transfer this protein from the cell compartment to the
medium compartment.
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Fig. 9. a) Simulated distribution profile of urea concentration (pg/ml) after 2 days; b) simulated concentration profile of urea along the longitudinal direction between PES fibers

(axis x') at day 2.

The concentration profile along the longitudinal direction
between PES fibers (axis x’ in Fig. 7a) appears symmetric and
parabolic, as reported in Fig. 7b, reaching a maximum value of
36.5 ng/ml in the middle of the compartment. According to reac-
tion kinetic measurements, over the first 4 days albumin is
synthesized by hepatocyte cells cultured in the bioreactor with an
average rate of 7.2 + 2.7 ng/h 108 cells. This value then decreases to

2.4+ 0.3 ng/h 10° cells at day 6 and remains almost constant over
the entire second week (Fig. 8).

Interesting it is to note that the human hepatocytes maintained
their differentiated functions with respect to the albumin secretion
up to 18 days although they expressed a low activity of albumin
synthesis. This is probably due to the use of cryopreserved human
hepatocytes.
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Fig. 10. Rate of urea synthesis of human hepatocytes cultured in the crossed HF
membrane bioreactor. The values are expressed as pg/h 10° cells + s.e.m. and are the
mean of 6 experiments.

In order to validate the model, the predicted value of metabolite
concentration in correspondence of the PES fiber was compared to
the experimental value read in the intraluminal solution. For
albumin, the theoretical value at day 2 (20.82 ng/ml, read at coor-
dinates +0.75 mm in Fig. 7b) differed by 7.5% with respect to the
experimental one (19.25 ng/ml), thus confirming the good consis-
tency of the FEM model.

The theoretical concentration gradients of urea in the extra-
luminal space of the bioreactor appears quite smooth, as shown in
Fig. 9a, with a difference between the core of the cellular
compartment and the interface at PES fibers of about 5%. This
behaviour is determined by both kinetic and diffusion aspects. The
observed production rate of urea is more than 3 orders of magni-
tude higher than the production rate of albumin (Fig. 10), and from
the value of 21.0 + 3.9 pg/h 108 cells measured at day 2 it decreases
down to an average value of 9.9 + 3.3 ug/h 10° cells observed from
day 4 to day 5. In addition, the diffusional rate of urea is one order of
magnitude higher than albumin, as a result of ~1000-times lower
MW. The synthesis rate increased to ~16 pg/h 108 cells in the
subsequent days, scattering around this average value by +15%.
Also for urea, the concentration value predicted at day 2 (56.56 g/
ml, read at coordinates +0.75 mm in Fig. 9b) well agreed with the
experimentally observed one (53.43 pg/ml, difference of 5.8%).

The liver is the most important organ concerning biotransforma-
tion of xenobiotics. Benzodiazepine biotransformation was evaluated
by use of the synthetic compound diazepam. The modelled concen-
tration profile at day 2 of diazepam, fed through PEEK-WC fibers
(~10 ug/ml in the medium), metabolised by hepatocyte cells and
removed through PES fibers is shown in Fig. 11. Diazepam is consumed
with steadily decreasing reaction rate, from 4.88 = 2.42 ug/h 10° cells
measured at day 2 to 1.65 - 0.75 pg/h 10° cells measured at day 5; this
behaviour has been also observed, with regularity after changing
medium, in the successive days of culture (Fig. 12a).

The concentration profile along the longitudinal direction
between PEEK-WC fibers (axis y’ in Fig. 11a) reaches the minimum
value in proximity of the central part of the extraluminal space
(2.66 pg/ml), corresponding to a reduction of 73% with respect to
the diazepam concentration in the feed (Fig. 11).

Fig. 12a displays the comparison between the diazepam
concentration present in the inlet culture medium and in the outlet
medium after incubation with cells into the bioreactor. The meta-
bolic pathway of diazepam includes the metabolites temazepam,
oxazepam and N-desmethyl-diazepam; all these metabolites were
generated in the bioreactor, as shown in Fig. 12b.

In particular, the synthesis rate of temazepam was bigger than
production rates experimentally observed for the other metabo-
lites, passing from 373.5+73.4ng/h 10° cells (day 2) to
182.8 +94.3 ng/h 10° cells (day 18) through a maximum of
731.4 + 91 ng/h 10° cells at day 6. N-desmethyl-diazepam and
oxazepam were produced for all culture time at averaged rates of
about 17 ng/h 10° cells and 11.3 ng/h 108 cells respectively.

According to Fig. 12a, the agreement between theoretical
concentration of diazepam at day 2 (1.80 pg/ml) and the experi-
mentally observed one (1.56 & 0.33 ug/ml) is satisfactory. More-
over, the model results can be extended over the first 5 days of
culture with reasonable accuracy, thus representing a powerful
predictive tool for evaluating the performance of the crossed fibers
membrane bioreactor.

The results of the theoretical analysis examined in terms of the
squared observed Thiele modulus ¢§bs, defined as the ratio
between the observed chemical reaction rate (rops) to the rate of
diffusion in the extraluminar space (Deff):

B = g (1) (10)

Degtcpy

show the different impact of diffusional phenomena and reaction
kinetics [33]. In Equation (10), ¢, is the bulk concentration of the
metabolite or drug, and [ the packing distance of fibers.

For albumin, the value of ¢, within the first 4 days is around
0.1, thus evidencing a moderate prevalence of the production rate
over the transport rate. For urea, the squared observed Thiele
modulus is 0.006, confirming a tendency towards a kinetic control
due to the higher diffusional rate of this catabolite (MW = 60.06 Da,
Deff = 8.6 x 1074 mm?/s) with respect to albumin (MW = 60.6 kDa,
Defr= 6.4 x 10~> mm?/s). An analogous result (¢Z, = 0.011) was
found for diazepam, having a molecular weight (284.74 Da) closer
to urea.

4. Discussion

Optimization of culture conditions for maintenance of hepato-
cyte function and phenotype is necessary for the development of
clinical device or in vitro cell-based tissue construct. Several
researchers have shown that the substrate, neighbouring cells,
nutrients and oxygen transfer can influence the viability and
functions of hepatocytes [36-38]. The substrate where cells are
cultured not only provide a surface for cell adhesion but also have
profound influence on modulating the cell shape and gene
expression relevant to cell growth and liver specific functions [39].

In this study we describe the morphological and functional
maintenance of human hepatocytes in a crossed HF bioreactor whose
configuration and fluid dynamics were optimised in order to ensure
an adequate mass transfer of nutrients and drug to the cell
compartment and a removal of specific products and catabolites from
the cell compartment. The two-fiber system with different morpho-
logical and physico-chemical properties has a constant distance of
250 um inside the bioreactor. This geometry allows achieving
a homogeneous and small size cell aggregates, which facilitate mass
transfer and therefore the perfusion of cells cultured inside the
network of the fibers and the necessary turnover of the medium in the
cell compartment. Both for nutrient supply and waste elimination,
mass transfer to and from cells is a critical issue in any bioreactor
design especially when cells are cultured in three-dimensional
multicellular aggregates where mass transfer limitation of oxygen
and metabolism may occur in the core of aggregates [6]. In the case of
the design of bioartificial liver besides the catabolites (e.g., lactate,
ammonium, carbon dioxide) removal, the accumulation of toxins and
toxic metabolites produced by drug biotransformation must be
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Fig. 11. a) Simulated distribution profile of diazepam concentration (pg/ml) after 2 days; b) simulated concentration profile of diazepam along the longitudinal direction between

PEEK-WC fibers (axis y') at day 2.

avoided in order to maintain viable and functional cells inside the
bioreactor environment. Furthermore, the delivery of plasma proteins
as well as large MW proteins (e.g., clotting factors) and drug metab-
olites must be ensured in both clinical and in vitro devices.

The efficient mass transfer of nutrients, metabolites and toxins
appear to be a key point in all bioreactor designs varied from
classical (hemodyalisers) to more complicated geometry. In this
paper the transport phenomena related to diffusion and reaction of
liver metabolites such as albumin and urea and of diazepam are
mathematically described and experimentally verified.

Differently from the most of papers present in literature that
reported the morphological and functional changes of rat liver cells,
pig hepatocytes, hepatoma cell lines or immortalized cell lines
[8,11-13,24,40], we investigated the liver specific and biotransfor-
mation functions of primary human hepatocytes in a crossed HF
bioreactor. It is well-known, in fact, that hepatoma cells, although
easier to culture, have important functional differences: they may
express only a set of hepatic functions and at levels different from
those exhibited by normal hepatocytes, as compared to primary
hepatocytes [41,42]. Hepatocytes isolated from animals have
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different drug metabolising enzymes especially those related to
cytochrome P450. Thus, results obtained from other cells cannot be
directly transferred to humans. Primary human hepatocytes are
preferred particularly in drug metabolism studies since they are the
closest model to the human liver and therefore reflect its func-
tionality in vivo [43].

As reported in literature, important shortcomings in the use of
hollow fiber membrane reactors related the limitation to the mass
transport of nutrients and metabolites, were faced by arranging
fibers in cell plates with sinusoidal structures located on both sides.
A particularly interesting approach was undertaken by Gerlach
et al. [17] by using a multicompartment bioreactor with four
different capillary membranes, each one serving a specific function:
a) plasma inflow, b) plasma outflow, c) decentralised oxygen supply
and carbon dioxide removal, and d) sinusoidal endothelial co-
culture. This complex geometry was proven to ensure adequate
perfusion of cells with medium/plasma, oxygen and removal of
catabolites and liver specific products.

In our work, the two different kinds of HF membranes used to
facilitate the mass exchanges between medium/cells compart-
ments, mimic the in vivo arterious and venous blood vessels.
Moreover, this approach reduces the complexity of the bioreactor

analysis, thus obtaining a satisfactory control of the operational
parameters (including fluid dynamics optimization) and of the
system performance, as confirmed by the good correspondence
between the experimental results and simulation data.

The ability to support cell metabolic functions using PEEK-WC
hollow fibers (190 kDa MWCO), by supplying nutrients and drugs
contained in the medium according to a transport mechanism prev-
alently diffusive, has been demonstrated in previous studies [32].

PES HF membranes, because of their high pore size (0.2 pm),
show high permeability and provide unhindered transport of
molecules which result in a facilitated and efficient removal of
molecules from cell compartments through a predominantly
convective mechanism. These benefits are particularly evident for
albumin, a high MW macromolecule: according to simulation
results, the concentration at PES fiber interface is reduced by 75%
with respect to the concentration in the bulk of the bioreactor.

The long-term stability of human liver cells in a biohybrid
system is required for in vitro and clinical applications. Perfusion
bioreactor conditions allowed the maintenance of human hepato-
cytes into the bioreactor. The liver specific functions expressed in
terms of urea synthesis and albumin production were maintained
at high levels for 18 days (Figs. 8 and 10). Also the
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biotransformation functions were performed by cells in the biore-
actor for all culture time (Fig. 12).

In particular, the good performance of the reactor in terms of
detoxification functions is confirmed by the high urea synthesis
rate, that reaches the maximum value of 28.7 pg/h 10° cells at day
15, remarkably higher with respect to the values of: 3.8 ug/h 10°
cells reported in literature by Gerlach in a hybrid liver support
system [44], 1.7 ug/h 108 cells found by Flendrig et al. using
a spirally wound nonwoven polyester matrix [16], ~2.5 ug/h 108
cells reported by Mizumoto et al. for hepatocyte (from Wistar rat)
organoids cultured in the lumen of highly permeable hollow fibers
[45], 6.0 pg/h 10° cells determined by Jasmund et al. in a oxygen-
ating hollow fiber bioreactor cultivated with primary porcine
hepatocytes [46]; ~3 ug/h 108 cells observed by Lu et al. in a gal-
actosylated poly(vinylidene difluoride) hollow fiber bioreactor
[24]; 9.2 ug/h 10° cells measured by Park and colleagues (2008) in
a stacked microfabricated grooved-substrate bioreactor [11].

Also the biotransformation functions were performed by cells in
the bioreactor for all culture time. Diazepam is metabolised by
cytochrome P450 activities. In the bioreactor about 87% of the
administered diazepam was metabolised during the first days of
culture. Diazepam in human is metabolised through 3-hydroxyl-
ation to temazepam and N-desmethylation to N-desmethyldiaze-
pam, Both metabolites are then hydroxylated to oxazepam the
main metabolite found in the urine as a glucuronide. Diazepam 3-
hydroxylation activity is catalysed mostly by CYP3A4 enzyme
whereas the diazepam N-desmethylation is catalysed by both
CYP3A4 and 2C19 and partly by the S-mephenytoin hydroxylase.
Oxazepam is formed either by Cyp 3A4 or to a lesser extent by CYP
2C19 and 3A5 via the 3-hydroxylation of N-desmethyldiazepam or
via the N-demethylation of temazepam [47]. We have shown
previously that human polarized hepatocytes in vitro can form
phase Il metabolites such as sulfonation and glucuronidation [48].
Such metabolites are end products of biotransformation following
initial phase I biotransformation. Out of the 3 diazepam CYP450
phase I metabolites the phase Il glucuronidation has been reported
also previously [49]. In the recirculating mode of the bioreactor we
could measure daily metabolic activity and used the available
standards of these metabolites for validation.

Our results indicate that temazepam is produced to a larger
extent with respect to N-desmethyldiazepam and oxazepam. The
high cell specific activity found in this study and the high synthesis
rate of the all diazepam metabolites is a clear proof for the work-
ability of the device concept. As a term of comparison, the synthesis
rate of oxazepam measured by De Bartolo et al. in a flat membrane
bioreactor using porcine hepatocytes [21] was found almost
constant during 18 days of culture time, with values lower, ranging
within 0.58 and 0.62 ng/h 10° cells.

The cross-fiber reactor is able to sustain the diazepam meta-
bolism through the formation of intermediates desmethyldiazepam
and temazepam and the subsequent conversion to the final
metabolite. For primary porcine hepatocytes cultivated in an
oxygenating HF bioreactor, Jasmund et al. [46] observed a lower
production of diazepam metabolites (estimated synthesis rate for
oxazepam ~0.2 ng/h 108 cells, for desmethyldiazepam ~0.5 ng/h
108 cells, for temazepam ~1 ng/h 10° cells) with respect to our
experimental results, due to the specific differences in the rate of
metabolism and expression of enzymes involved in the drug
metabolism between animal and humans.

These results demonstrate that the diazepam is completely
metabolised as occur in humans where each of metabolites is
finally converted to oxazepam. In the bioreactor the human hepa-
tocytes expressed at high levels the individual CYP isoforms
involved in the diazepam biotransformation. These enzymes are
among the most sensitive and fragile found in hepatocytes,

responding quickly by loss of activities to unfavourable culture
conditions. The high cell specific activity found in this study
demonstrates the good performance of the bioreactor to maintain
viable and functional integrity of human hepatocytes.

5. Conclusions

We described the functional behaviour of human hepatocytes
cultured in a crossed HF membrane bioreactor. In this device cells
were cultured in an extracapillary network formed by two fiber set
that allow a high mass exchange through the cross-flow of culture
medium. The fluid dynamics and mass transport of metabolites
through the fibers were characterized and optimised in order to
closely mimic the perfusion conditions found in vivo hepatic tissue.
The transport phenomena related to diffusion and reaction of liver
metabolites such as albumin, urea and diazepam, which were
mathematically described, was in good agreement with experi-
mental metabolic data. As a result of the adequate perfusion
conditions, human hepatocytes maintained their metabolic func-
tions for all investigated period. Diazepam was completely
metabolised as occur in vivo where each of metabolites is finally
converted to oxazepam. The crossed HF membrane bioreactor can
potentially be used to address the mass transfer limitations
currently seen in liver tissue engineered constructs.
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Appendix

Figures with essential colour discrimination. Certain figures in
this article, in particular Figs. 6, 7, 9 and 11, are difficult to interpret
in black and white. The full colour images can be found in the
online version, at doi:10.1016/j.biomaterials.2009.01.011.
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of symbols

concentration, pg/ml

RTD function, -

RTD cumulative function, -
transmembrane flux, pg/(mm)*min
Distance between fibers, mm
fiber length, mm

number of fibers, -

flowrate, ml/min

radial coordinate, —

fiber radius, mm

time, min

velocity, mm/min

volume, ml

x-axis coordinate

y-axis coordinate

z-axis coordinate

Greek symbols

T mean retention time, min
0: dimensionless time, —

Wi reaction term, pg/ml min
Subscripts

ax: axial

b: bulk

d: dead (volume)

f feed

in: inlet

eff: effective

m: active (volume)

obs: observed

out: outlet

p: permeate

r recycle

rad: radial

Acronyms

CSTR: Continuous stirred tank reactor
DMF: Dimetylformamide

FEM: Finite element method

HF: Hollow Fiber

MWCO: Molecular weight cut-off
PEEK-WC: Polyetheretherketone with cardo group
PES: Polyethersulfone

PVP: Polyvinylpyrrolidone

RTD: Residence time distribution
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Membranes have become of great interest for tissue engineering application, since they offer the advantage
of developing neuronal tissue that may be used in implantable or in vitro hybrid systems for the simulation
of brain function. The behaviour of neurons isolated from the hippocampus on membranes with different
surface properties was investigated.

The different membranes used as substrates for cell adhesion consisted of polyester (PE), modified
polyetheretherketone (PEEK-WC), fluorocarbon (FC) and polyethersulfone (PES), all of which coated with

:fl?p; ;Vgcrg:r:npal neurons poly-L-lysine (PLL) in order to have the same functional groups interacting with cells. The membranes
Membranes exhibited different morphological surface properties in terms of pore size, porosity and roughness.

Roughness Hippocampal neurons exhibited a different morphology in response to varying the properties of the
Morphology membrane surface. Indeed, cells grown on the smoother membranes and namely FC and PES membranes

BDNF secretion displayed a large number of neurites with consequent formation of bundles. As a consequence while
a very complex network was formed on these membranes, cells tend to, instead, form aggregates and
most of the processes are developed inside the pores of the membranes when rougher PEEK-WC surfaces
were used. In addition, the secretion of brain-derived neurotrophic factor (BDNF) was expressed at high
levels in neurons grown on FC membranes with respect to the other membranes. Taken together these
results suggest the pivotal role played by membrane surface properties in the adhesion and growth of the
hippocampal neurons, which must be considered in the development of tailored membranes for neural
tissue engineering.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Advances in neural tissue engineering require a comprehen-
sive understanding of neuronal behaviour on biomaterials, which
provide mechanical support and guide cell growth in a new tis-
sue or organ. Current interest is focused on attempts to find new
biomaterials and new cell sources as well as novel designs of
tissue-engineered neuronal devices to generate healthy and more
efficacious recovered neuronal elements [1,2]. Among the bioma-
terials that have been successfully applied in the manufacture of
neuronal tissue, polymeric semi-permeable membranes can be
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used as support for the adhesion of neurons and as a selective bar-
rier for the transport of nutrients to the cells and for the removal of
catabolism waste products in implantable or in vitro hybrid system
[3]. Advances in polymer chemistry have facilitated the engineer-
ing of synthetic membranes that can be specifically manipulated
with regard to their physical and mechanical characteristics, which
may affect the interactions with cells.

In particular, surface properties of polymeric membranes such
as surface free energy parameters, roughness and pore size seem to
play an important role since they have been shown to influence the
viability and metabolic rates of other cells such as isolated hepato-
cytes [4,5]. With respect to the neural engineering applications, the
wettability of the membrane surface has proved to be a factor that
affects the growth of neurons from PC-12 cells and meningeal cells
[6,7], modulating the adsorption of adhesion proteins contained in
the culture medium or secreted by cells that mediate the adhesion
of cells to the substrate. The influence of topographical features
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on neuronal cell adhesion and differentiation has been studied
by using patterned adhesive areas that provide only a fraction of
the surface for cell adhesion while the rest is cell-repellent or by
using contact guidance cues in combination with also nerve growth
factors or electric field [8-10]. Topographic guidance of neuritis
outgrowth has been explored in vitro with culture substrate con-
taining etches, microchannels, nanotubes or microgrooves [11-15].
Although the topographical influence on the neuronal adhesion
and orientation has been investigated by using designed artificial
substrates, the effect of microporous membrane surface properties
on the growth of primary hippocampal neurons has not still been
studied.

In this paper we describe our efforts to investigate how the
membrane surface properties influence the behaviour of neuronal
cells. We used neurons isolated from hippocampus, which is an
important brain area owing to its vital role in the consolidation
of several forms of learning and memory and especially during
the formation of declarative memories [16,17]. Hippocampal neu-
rons, which are well known for their plasticity and regeneration
properties [18], are the best-characterised model for investigat-
ing polarization that occurs spontaneously during the first days of
culture [19-21].

Polymeric membranes consisted of polyester (PE), modified
polyetheretherketone (PEEK-WC), fluorocarbon (FC) and polyether-
sulfone (PES), with different morphological properties (e.g., pore
size, pore size distribution, porosity and roughness) were coated
with poly-L-lysine (PLL), in order to have surfaces with the same
functional groups but with different morphological properties. PLL
was chosen for coating because is the substrate that allows the in
vitro growth of neuronal cells [22]. The membranes were tested to
compare neuronal growth and metabolic behaviour of cells aimed
to establish the membrane properties capable of reconstructing the
neural network in vitro.

In this context, the quantification of brain-derived neuronal
factor (BDNF) secretion in these bio-hybrid systems constitutes a
key functional marker for developmental hippocampal properties,
since this neurotrophic factor with specific cytoskeletal functions
appeared to be also responsible for pre-synaptic dendritic arboriza-
tion of embryonic hippocampal neurons [23]. The properties of
membrane surface could be important elements for the application
of the membrane bio-hybrid system in neuronal tissue engineering
for in vitro investigation of in vivo environment. The membrane bio-
hybrid systems could be potential valuable tools aimed to study and
understand cellular mechanisms of neurodegenerative processes
and for drug testing.

2. Experimental
2.1. Membranes

Among the available commercial membranes we have chosen
those membranes that were tested previously for culture of other
anchorage-dependent cells [5]. Commercial microporous mem-
branes such as PE (Osmonics, USA) and PES (Pall, USA) were used
together with dense membranes such as FC (In Vitro Systems & Ser-
vices, Germany) membranes permeable to oxygen, carbon dioxide
and aqueous vapour.

Membranes were also prepared from PEEK-WC or
poly(oxa-1,4-phenylene-oxo-1,4-phenylene-oxa-1,4-phenylene-
3,3(isobenzofurane-1,3-dihydro-1-oxo)diyl-1,4-phenylene) by
inverse phase techniques using the direct immersion precip-
itation method [24]. PEEK-WC is a chemically stable polymer
with excellent thermal and mechanical resistance [25]. PEEK-WC
membranes were prepared from 10% (w/w) PEEK-WC polymer,

24% (w/w) PEG (w/w) in dimethylformamide (DMF). After casting,
the polymeric films were coagulated in a water bath at T=40°C.
The membranes were washed extensively with water and dried at
room temperature [26].

The membranes were modified by coating with PLL (MW
30,000-70,000), dissolved in a boric acid/sodium tetraborate solu-
tion (1:1) to a final concentration of 0.1 mg/mL, in order to have
the same functional groups over the surfaces with a density of
40 pg/cm?. The membranes were coated with poly-L-lysine in
PBS and incubated for 3h and then the excess of PLL solution
was removed and dried. Poly-L-lysine-coated polystyrene culture
dishes (PSCD) were used as controls. FITC-labelled PLL (Sigma)
was used for the visualization and quantification of the membrane
coating. Imaging of the FITC-labelled coated membranes were
obtained by using an Olympus Fluoview FV300 laser confocal scan-
ning microscope (LCSM) (Olympus Italia). Quantitative analysis
was performed on different area of three samples of each inves-
tigated coated membrane using Fluoview 5.0 software (Olympus
Corporation) by measuring the average intensity of fluorescence.
A calibration curve of FITC-labelled PLL was obtained by casting
known quantities of the fluorescent protein on defined areas of
polystyrene dishes calculating the surface concentrations and cap-
turing confocal images of the dry samples. The thickness of the
PLL coating resulted to be 1.2 +0.09 pm, as measured with FITC-
labelled PLL by Z-direction scanning at the LCSM.

2.2. Membrane characterisation

The morphological properties of the membranes were charac-
terised in terms of mean pore size, pore size distribution, thickness
and roughness.

Dried membrane samples were cut and mounted with double-
faced conductive adhesive tape and analyzed by environmental
scanning electron microscope (Quanta 200F ESEM, FEI, USA). From
some selected representative images it was possible to observe the
typical morphology of the membranes and namely, the shape and
size of membrane pores as well as the pore size distribution.

The roughness of the membrane surfaces after PLL coating was
evaluated by using atomic force microscopy (AFM), Nanoscope III
(Digital Instruments, VEECO Metrology Group). Tapping Mode™
AFM operated by scanning a tip attached to the end of an oscillating
cantilever across the sample surface. The cantilever was oscillated
at or near its resonance frequency with amplitude ranging typically
from 20 to 100 nm. Silicon probes were used. Surface roughness
was estimated with respect to the mean absolute value difference,
Ra, and the root mean squared difference, RMS, between the actual
surface height and that of the line dividing the surface of the inves-
tigated profile into two equal areas. The reported roughness values
are the average of 20 measurements on different membrane sam-
ples.

The wettability of the membrane, which is an important param-
eter for cell adhesion, was characterised by means of water dynamic
contact angle (DCA) measurements. The contact angle of water
droplets was measured at room temperature with a CAM 200 con-
tact angle meter (KSV Instruments, Ltd., Helsinki, Finland). DCA
measurements were performed under standardised conditions,
which take into account various parameters (e.g., temperature,
cleanliness of sample, drop volume). The instrument supported by
video camera and software permits precise drop measurements
and evolution in time. DCA measurements were performed on
native and PLL-coated membranes. At least 30 measurements on
different regions of each membrane sample were averaged for each
DCA value. Standard deviations are indicated as error bars.

The permeability properties of the membranes were charac-
terised by pure water flux measurements in the absence of solutes
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and at different transmembrane pressure (AP™). For each mem-
brane the hydraulic permeance L,, was evaluated before and after
modification process with PLL by the following equation [27]:

Lp = (]Solvent)
’ AP™ Ac=0

This equation assumes a linear correlation between water flux and
the convective driving force.

2.3. Cellisolation and culture

The hippocampus of both hemispheres was dissected from the
brain of postnatal days 1-3 (PND1-3) hamsters (Mesocricetus aura-
tus), removed and collected in falcon tubes in Neurobasal medium A
(Invitrogen Corporation, Milan, Italy) containing 0.02% BSA (Sigma,
Milan, Italy). The tissue was digested in a Neurobasal medium A
containing 0.1% papain (Sigma) and 0.02% BSA (Sigma) for 20 min
at 37°C [28]. Ten minutes after digestion, the tube containing the
tissue was mixed and at the end of digestion, the supernatant
containing papain was removed and Neurobasal medium A sup-
plemented with B27 (2%, v/v; Invitrogen Corporation, Milan, Italy)
penicillin-streptomycin (100 U/mL), glutamine 0.5 mM (Biochrom
AG), 5ng/mL basic fibroblast growth factor (b-FGF; Sigma) was
added to the remaining pellet. Samples were gently triturated
mechanical by using a sterile Pasteur pipette with a wide opening
to dissociate larger aggregates. After sedimentation of the aggre-
gates the supernatant was removed and transferred into tubes
containing 1% papain inhibitor in Neurobasal medium A and 1%
BSA, as described elsewhere [29]. The samples were centrifuged
at 1300 rpm for 10 min at room temperature and cell pellets were
gently re-suspended in Neurobasal medium A containing B27
supplement, penicillin-streptomycin, 0.5 mM glutamine, 5ng/mL
b-FGF. Serum-free B27 supplemented Neurobasal medium A seems
to have a beneficial effect on the growth and differentiation of hip-
pocampal neurons, as suggested by other researchers [22,30]. The
viability of the cells after this isolation procedure was assessed by
trypan blue test and resulted to be 97 + 2%. Cells were seeded on
the different membrane surfaces at 2.5 x 10° cell/cm? density. Con-
trols without cells were prepared for each kind of substrate. Cells
and controls were incubated at 37 °C in an atmosphere containing
5% CO,. Cultures were fed every 4 days replacing half of the medium
at each feeding.

2.4. Immunofluorescence of neuronal cell cultures

The morphological behaviour of neurons cultured on the dif-
ferent membranes were investigated and compared to PSCD as
controls. Representative images of 4 and 16 culture days dis-
playing the distribution of the neuronal cytoskeletric marker,
BllI-tubulin, and axon marker, growth-associated protein-43 (GAP-
43) that were observed in vitro by a LCSM (Fluoview FV300,
Olympus, Milan, Italy). Six samples for each substrate were
analyzed.

The immunofluorescence method specific for hippocampal cell
cultures was conducted by using primary anti-BllI-tubulin fol-
lowed by secondary antibody conjugated with FITC fluorochrome
on samples previously fixed and permeabilized [21,29]. Specifically,
the neuronal cells were fixed in paraformaldehyde (4%) for 15 min.
Fixed cells were permeabilized with 0.25% Triton X-100 in PBS for
10 min and subsequently blocked with 1% BSA for 30 min at room
temperature. The cultures were then rinsed three times with PBS
and incubated with the monoclonal antibodies anti-BIlI-tubulin
(1:100; Sigma, Milan, Italy) and anti-GAP-43 (1:100; Sigma, Milan,
Italy) overnight at 4°C. Afterwards, neuronal cells were rinsed
with PBS and incubated with fluorescently labelled secondary anti-

bodies FITC-conjugated (1:100; Invitrogen) and TRICT-conjugated
(1:100; Invitrogen) in PBS for 60 min at room temperature. The cells
were counterstained with DAPI (200 ng/mL; Sigma, Milan, Italy),
mounted by using a fluorescent mounting medium and observed
at LCSM.

2.5. Neuronal morphology features of the different membranes

The immunofluorescence samples displaying the distribution
of BIllI-tubulin and GAP-43 in hippocampal cells grown on the
different membranes were used in order to analyze in vitro
some morphological parameters such as the area filled by neu-
rons and axonal length especially at 4 and 16 days, periods in
which the different neuronal elements and synaptic complexes,
respectively, are fully formed. Quantitative evaluations of these
morphological parameters were determined for distinct cell fields
(100 wm x 100 pm)at the two different developmental stages. NIH-
Scion Image software was used in order to quantify the area filled
by neurons, expressed as percentage of the total membrane area,
and the axonal length (pm + S.E.M.).

2.6. Sample preparation for SEM

Samples of cell cultures were prepared for scanning electron
microscopy (SEM) (Quanta 200F ESEM, FEI, USA) by fixation in 2.5%
glutaraldehyde, pH 7.4 phosphate buffer, followed by post-fixation
in 1% osmium tetroxide and by progressive dehydration in ethanol.
Samples were examined at SEM and representative images display-
ing both neuronal structural features and adhesive properties on
the different membrane surfaces were obtained at 8 days in vitro.

2.7. Biochemical assays

Neuronal medium was collected from the different cell culture
membranes in pre-chilled tubes at critical developmental in vitro
stages and stored at —80 °C until assays.

The glucose concentration in the medium was detected by using
Accu-Chek Active (Roche Diagnostics, Monza, Italy). To assay the
neuronal brain-derived neurothrophic factor (BDNF) secretion, a
sensitive BDNF ELISAs immunoassay (Promega Corporation, WI,
USA) was carried out on samples collected from six different iso-
lations. BDNF Elisa was performed as follows: ELISA plates were
coated with 100 L of anti-BDNF monoclonal antibody overnight at
4°C. After washing, 100 p.L of cell culture supernatant was added to
the wells and left for 2 h at room temperature. Thereafter the wells
were washed five times and incubated with 100 L of anti-human
BDNF for 2 h at room temperature. After washing five times the
wells were covered for 1h with anti-BDNF antibody horseradish
peroxidase conjugate and then 100 pL of tetramethylbenzidine
were added for 10 min. The reaction was blocked with 100 pL of
1N HCl and absorbance was measured at 450 nm using a Multiskan
Ex (Thermo Lab Systems).

The statistical significance of the experimental results was
established according to the ANOVA test followed by Bonferroni
t-test (p<0.05).

3. Results

The membranes displayed a different surface morphology as
Fig. 1 shows. All membrane parameters are reported in Table 1.
FC membrane exhibits a dense structure without any pore (Fig. 1a).
This membrane is permeable to oxygen, carbon dioxide and aque-
ous vapour. PES membrane surface shows pores with mean size
of 0.1 pm (Fig. 1b) and with homogeneous pore distribution.
The membrane has a porosity of 74.44+1.6% and a thickness of
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Native membranes

Fig. 1. Scanning electron micrographs of native (a-d) and modified (e-h) membrane surfaces: (a, e) FC, (b, f) PES, (c, g) PE and (d, h) PEEK-WC.

Table 1
Properties of the investigated membranes

Membrane Pore diameter Porosity (%) Thickness (um) Ra (nm) Hydraulic permeance (L/(m? hmbar))
Native Modified

FC - - 47 £ 6.5 6.26 + 0.91 - -

PES 0.1 744 + 1.6 140 + 0.5 4938 + 115 6.48 (R*=0.99) 6.3 (R?=0.99)

PE 0.1 79.6 £+ 3.6 23.86 + 2.5 87.22 + 1.25 126.9 (R2=0.98) 452 (R2=0.98)

PEEK-WC 0.2 712 £ 31 44 £2.0 199.21 + 1.05 4.0 (R?=0.97) 3.2 (R*=0.98)

140+ 0.5 um (Table 1). Pores with round shape and mean diameter
of 0.1 wm are regularly distributed over the PE membrane surface
(Fig. 1c). These membranes are very thin as evidenced by the thick-
ness value (Table 1). On the other hand PEEK-WC membranes have
pores with an elongated shape and mean size of 0.2 wm (Fig. 1d).
The porosity of this membrane is also similar to that of the PES
membrane. Membrane surfaces seem to maintain their morpho-
logical features after coating with poly-L-lysine as we can see from
the SEM'’s images (Fig. 1e-h).

The effective coating of the membranes with PLL was evaluated
in the absence of cells by a quantitative analysis using FITC-labelled
PLL for detection purposes only. As observed in Fig. 2, the amount
of PLL on the different membranes determined by measurements
of the average fluorescence intensity was in the range of 40 p.g/cm?

50 -
40 4
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20 +
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PLL coating density [pglcmz]

o

PSCD FC PES PE PEEK-WC

Fig. 2. Poly-L-lysine (PLL) density measured on the different substrates after coating
with FITC labeled PLL. The values were expressed as p.g/cm? + S.E.M. and determined
with respect to the fluorescence average intensity measured on PLL-coated PSCD.
Data were expressed as pg/cm? +S.E.M.

and not statistically different among them confirming the similar
coating level of all membranes with PLL.

The PLL coating of the membranes modified their native
physico-chemical properties as expected (Fig. 3). The advanc-
ing and receding contact angles for native FC membranes and
PEEK-WC decreased after PLL coating to values, respectively, of
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Fig. 3. Advancing (full bar) and receding (empty bar) contact angle measured on:
(a) native membranes and (b) PLL-coated membranes.
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Fig. 4. AFM micrographs of the modified membrane surfaces: (a) FC, (b) PES, (c¢) PE and (d) PEEK-WC.

Oaqy=64.3£4.1° and Orec 36.9+6.4° for FC and 6,4, =71.3 £ 6.1°
and Orec 40.2 £7.5° for PEEK-WC. Native PES membranes have a
very high hydrophilic surface character in fact the water contact
angle measured on this membrane was 30.6 & 1.2°. Also the modi-
fied membranes display a marked wettability even if, in this case,
the PLL coating induced a reduction in the surface hydrophilic
character. The wettability of the PE membranes did not change
significantly after PLL coating as show the values of water contact
angles.

The topographical images of the modified membranes show
surfaces with nanostructures, which confer rougher profile to the
surfaces (Fig. 4). The FC (Fig. 4a) and PEEK-WC membranes (Fig. 4d)
appeared to be respectively smoother and rougher with respect
to the other membranes. The evaluation of the average roughness
reported in Table 1 confirmed the rougher profiles of the AFM
images: in fact membranes have different values of average rough-
ness ranging from 6 to 200 nm.

The membranes exhibited also different permeability proper-
ties, which are important for the transport through the membranes
(Table 1). The observed steady-state hydraulic permeance of the
investigated membranes was calculated accordingly as the slope
of the flux J versus the transmembrane pressure (AP™) straight
line. PE membrane was more permeable with respect to PES and
PEEK-WC membranes. This result is in a good agreement with
the small value of membrane thickness that for porous mem-
branes is inversely related to the water flux. The coating reduced
the hydraulic permeance of 64% for PE membranes and 20% for
PEEK-WC membranes. No significant changes were observed in the
hydraulic permeance of the PES membranes after coating.

After characterization of morphological and permeability prop-
erties, the membranes were used for cell culture experiments. It is

particular interesting to note that the isolated hippocampal neu-
rons adhered successfully to the different surfaces. In Figs. 5 and 6
are reported the micrographs of hippocampal neurons on FC mem-
branes and on PSCD (control). Both substrates have characteristics
of transparency therefore permitted the online observation of the
cells with time by an inverse light microscope. During the first
hours of culture a flattening of the cells was observed as well as
minor processes starting to emerge from several sites along the
circumference of the cells (Figs. 5a and 6a ). With the progress of
their growth period (Figs. 5b and 6b), the tiny neuronal filaments
begin to acquire the definite characteristics of dendrites and axons
and subsequently the formation of synaptic contacts develop into
a rich neuronal network (Figs. 5¢ and 6c¢). The complexity of the
neuronal network increased with time: dendrites emerging from
the cell body became highly branched (Figs. 5d and 6d).

Fig. 7 shows the adhesion of the isolated hippocampal neurons
to the different surfaces. On day 4 of culture the area covered by
cells was moderately (p <0.05) higher for FC, PES membranes as
well as PSCD, whereas neurons grown on PE and PEEK-WC sub-
strates adhered to a lesser extent than that of the other membranes.
Neurons on the FC membranes (Fig. 8b) as well as on PSCD (con-
trol) (Fig. 8a) developed axons and highly branched dendrites and
formed a complex network of neurite bundles. A similar morphol-
ogy was also displayed by cells on PES membranes: the cells formed
an axonal network at high density and highly branched processes
plus the development of large neurite bundles (Fig. 8c). On the
PE membrane surface, cells adhered forming processes over the
membrane surface that established intercellular contacts (Fig. 8d).
Conversely, on the PEEK-WC membranes cells developed short neu-
rites with the tendency to grow into the pores of the membrane
surface (Fig. 8e). The area covered by cells increased with time
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Fig. 5. Micrographs of hippocampal neurons on FC membrane after: (a) 4 h, (b) 3 days, (c) 8 days and (d) 16 days of culture. The arrows in (a) indicate the emerging processes
from the cell circumference; the arrows in (b) indicate the axon (black) and the dendrites (white).

and after 16 days the FC and PES membranes similarly to PSCD
supported the growth of hippocampal neurons (Fig. 7).

The confocal images of the neurons on the different surfaces
showed the localization of BllI-tubulin (green) in the neuronal net-
work (Fig. 9). This cytoskeletal protein was present in the soma

and in all neuronal processes, while the axonal growth cones were
visualized through the localization of GAP-43 (red), a specific pro-
tein involved in the regulation of axonal outgrowth. On FC (Fig. 9c
and d) and PES membranes (Fig. 9e and f) cells tended to show a
somatic morphology that was comparable to that of neurons grown

Fig. 6. Micrographs of hippocampal neurons on PSCD after: (a) 4 h, (b) 3 days, (c) 8 days and (d) 16 days of culture. The arrows in (a) indicate the emerging processes from
the cell circumference; the arrows in (b) indicate the axon (black) and the dendrites (white).
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Fig. 7. Area covered by hippocampal neurons after 4 days (full bar) and 16 days
(empty bar) of culture on the different surfaces. The data normalised with respect
to the value of PSCD were expressed as average + S.E.M. and evaluated according to
ANOVA followed by Bonferroni t-test. *p < 0.05 versus PE and PEEK-WC membranes;
p<0.05 versus PEEK-WC membranes.

on PSCD substrates in spite of longer axons developed at 4 days of
culture (Fig. 9a and e). Quantitative analysis confirmed that hip-
pocampal axons were moderately longer on FC and PES membranes
along with PSCD than those developed on the other two substrates
after 4 days (Fig. 10). Interestingly axonal growth continued in
time above all for smooth surfaces as demonstrated by moderately
longer axons with respect to rougher substrates after 16 days of cul-
ture (Fig. 10). A complex neuronal network was achieved after 16
days of culture, as demonstrated by moderately longer axons mea-
sured on smoother membranes with respect to rougher substrates
(Fig. 9d and f). In the case of PE (Ra=87.2 nm), neuronal formations
only developed above the membrane surface and the cells exhib-
ited a good neurite outgrowth but a lower degree of fasciculation
with respect to FC and PES membranes (Fig. 9g and h). Conversely,
in the case of PEEK-WC membranes (Ra =200 nm), the smaller cells
with respect to other membranes tended to aggregate and develop
their processes into the pores of the membrane surface (Fig. 9i-1).

It is worthy to note that the altered levels of some of the major
metabolic activities and namely glucose consumption and BDNF
secretion support the conservation of vital cell function at differ-
ent growth periods (Fig. 11a and b). A comparison of the glucose
consumption of cells among the membranes showed high level of
glucose consumption on day 4 of in vitro culture on FC, PES and
PE membranes as well as on PSCD. Cells on PEEK-WC displayed
low rate of glucose consumption. The glucose uptake decreased
with time for all substrates reaching on day 16 values of 256
and 242 p.g/mL millioncell on FC and PES membranes respectively
(Fig. 11a). The evaluation of the metabolic activity showed that
cells maintained their function in terms of BDNF secretion at dif-
ferent levels throughout the entire culture period, depending on
the membrane surface (Fig. 11b). The production of cellular BDNF
was detected up to 16 days of culture. On FC membranes as well as
on PSCD, cells exhibited significantly high levels of BDNF on days 4
and 8 of in vitro culture. The synthesis of BDNF on PSCD decreased
from 51.8 pg/mL millioncell (day 4) to 3.9 pg/mL millioncell (day 16)
whereas on FC the secretion of BDNF on day 16 was 17.55 pg/mL
millioncell on day 16 of culture (Fig. 11b).

4. Discussion

The main objective of this study was to compare the adhesion
and growth of primary neurons isolated from the hippocampus
on membranes with different surface properties. The membranes
were modified by coating with PLL in order to minimize their
native different physico-chemical properties and to have the same

functional groups interacting with cells. Membranes after coating
displayed different morphology in terms of pore size, porosity and
roughness.

The dynamic contact angles of the native membranes evidenced
the different physico-chemical properties of these substrates. As
the advancing and receding contact angles are respectively a mea-
sure of the apolar and polar aspect of the surfaces, it is interesting
to note the difference of these properties among the investigated
membranes. The PLL coating led significant changes in the wetta-
bilities of the membranes yielding more homogenous surfaces with
respect to their native character. An appreciable hysteresis was also
observed on the membrane surface, which is caused by the surface
roughness, microporosity, the heterogeneous distribution of polar
and apolar domains over the surface as well as reorientation of
groups in the surface under the influence of the liquid phase.

The results of the membrane characterisation displayed the
effective PLL coating performed on all investigated surfaces that
shown a similar PLL density (Fig. 2).

Neurons shown the capacity to respond to the different mem-
branes, they adhered, polarised and developed neurites differently
on the basis of the topographical characteristics of the surface.
Neurons are unpolarised cells after isolation they polarised and
establish axons and dendrites during the first days of culture
(Figs. 5 and 6). Neuronal cells on the different membranes used
in the present study displayed the typical morphology of hip-
pocampal neurons that included a primary apical dendrite with
multiple ramifications, very thin axons plus a discretely flattened
soma. On membranes with surface roughness of 6-50nm such
as FC (Ra=6.26 nm) and PES membranes (Ra=49.38 nm), neurons
reached a well-developed state as shown by their large soma and
ramification of their extending processes (Figs. 8b and ¢ and 9c-f).
The density of axonal network increases the neuritis become more
elaborate and highly branched on the smooth surfaces. In the case
of PE and PEEK-WC membranes, the neurons were less developed
as demonstrated by the round-shaped soma and poorly branched
processes. Therefore the smooth membranes seem to be more sup-
portive of neurite outgrowth modulating the development process
of the neurons. Probably the roughness of the surface may either
influence cell motility or hinder the extension and ramification of
neuronal processes that emerge from the cell soma or guide the
adsorption of adhesion proteins necessary for the interaction with
membrane surfaces. Other studies in vitro support the importance
of topography in the nerve growth and regeneration [31,32]. Neu-
rons have been shown to adhere, migrate and orient their axons
to navigate surface features such as grooves in substrates in the
micro- and nano-scales [33]. Aebischer et al. [34] observed that
smooth inner walls of polymeric channels induced the formation
of discrete nerve cables with a number of myelinated axons within
an organized fibrin matrix in contrast with rough inner walls that
elicited the formation of scattered nerve fascicles in an organized
fibrin matrix. Other authors found an optimal surface with rough-
ness in the range of 50 nm for the attachment of primary neurons
isolated from the substantia nigra [35]. Our results obtained with
hippocampal cells show an improved neuronal growth on smooth
surfaces such as FC and PES membranes.

The correct and stable hippocampal neuronal formation is sup-
ported by the evaluation of some major cytoskeletal markers such
as PBllI-tubulin and GAP-43. Indeed, the constantly intense distri-
bution of BllI-tubulin, specific for neuronal processes and soma, up
to 16 days of culture, underlies the strong capability of FC and PES
membranes to assure well defined plus, above all, orderly struc-
tured neuronal networks for a greater period of time more than
that supplied by other substrates [36]. This constant expression of
BIII-tubulin turns out to be very important since like others have
reported cytoskeletal proteins are involved in basic cellular activi-



146 L. De Bartolo et al. / Journal of Membrane Science 325 (2008) 139-149

Fig. 8. SEM'’s images of hippocampal neurons on: (a) PSCD, (b) FC, (c) PES, (d) PE and (e) PEEK-WC after 8 days of culture.

ties that include cell-cell interaction, cell adhesion and migration
and any eventual damage may lead to the total degradation of neu-
ronal processes [37,38]. It is worthy to note that even the axonal
marker GAP-43, noted for the stabilization of actin in both long
axons as well as the growth cone [39], resulted to be very intensely
and specifically distributed in the axon along with its growth cone,
which further confirms its highly application value.

The evaluation of the metabolic activity of neurons on mem-
branes demonstrated that cells adhered on the membranes are
functionally active for 16 days of culture. Differences in cell
metabolism in terms of glucose consumption and BDNF secretion
were measured among the investigated membranes. Notable levels

of glucose consumption considered throughout the entire culture
period in this study, demonstrate that the cells adhering to the
membranes are also functionally active. A low ability to uptake glu-
cose was measured on PEEK-WC membrane on days 4 and 8 of in
vitro culture. Indeed, both at the beginning of neuronal growth (day
4) and at the later phases (day 16), cells on FC, PES and PE mem-
branes exhibited high glucose consumption. In this context the
secretion of BDNF, mammalian neurotrophin belonging to a family
of structurally related dimeric proteins, is a further confirmation of
the viable status of hippocampal neurons throughout the culture
period. Hippocampal neurons exhibited high levels of BDNF secre-
tion on FC membranes where cells formed highly branched neurites
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20 pm
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50 pm

Fig. 9. Confocal laser micrographs of hippocampal neurons traced for entire culture period and from representative images after 4 days (a, ¢, e, g and i) and 16 days (b, d, f, h
and 1) of culture it was possible to evaluate the distribution of BIlI-tubulin (green) and the axonal marker GAP-43 (red) on: (a and b) PSCD, (c and d) FC, (e and f) PES (g and
h) PE and (i-1) PEEK-WC membranes. Cell nuclei were labeled with DAPI (blue). (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of the article.)
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Fig. 10. Axonal length of hippocampal neurons after 4 (full bar) and 16 days (empty
bar) of culture on the different surfaces. Data were expressed as wm = S.E.M. and
evaluated according to ANOVA followed by Bonferroni t-test. $p<0.05 versus PE
and PEEK-WC membranes; fp <0.05 versus PE and PEEK-WC membranes; ‘p <0.05
versus all.

and a more complex network. The secretion of BDNF was high up
to 8 days of culture, which corresponds to the maturation stage of
hippocampal cells. It is widely known that this class of mammalian
neurotrophins expressed at the central nervous system level plays
a critical role in the survival, differentiation and maintenance of
specific neuronal populations [40]. As a consequence, the elevated
production of such a cellular protein at the brain level accounts for
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Fig. 11. Metabolic activity of hippocampal neurons cultured on the different
membranes. (a) Glucose consumption of hippocampal neurons on the different
membranes on day 4 (black bar), day 8 (white bar) and day 16 (grey bar) of culture.
The values expressed as pg/mL millioncell = S.E.M. are the mean of 6 experiments
and evaluated according to ANOVA followed by Bonferroni t-test. *p <0.05 versus
PEEK-WC; {p<0.05 versus PES and PEEK-WC;8p <0.05 versus PEEK-WC. (b) BDNF
secretion of hippocampal neurons on the different membranes on day 4 (full bar),
day 8 (empty bar) and day 16 (grey bar) of culture. Data were expressed as pg/mL
L millioncell & S.E.M. and evaluated according to ANOVA followed by Bonferroni t-
test. *p <0.05 versus PE and PEEK-WC; fp < 0.05 versus PES, PE and PEEK-WC; 'p < 0.05
versus PE and PEEK-WC; §p <0.05 versus PSCD, PES and PEEK-WC.

its involvement in processes such as the enhancement of synaptic
transmission and the expression of other neurotrophins [41]. More-
over this neurotrophin is distributed not only along dendrites and
therefore located postsynaptically but also presynaptically along
the axon.

5. Conclusions

This study reports the effect of the membrane surface proper-
ties on the development of neurons isolated from hippocampus
and on the potentiality of applying membrane bio-hybrid sys-
tem in neural tissue engineering. Neuronal cells respond to the
different membrane surface by changing their morphology and
neurite outgrowth. Smooth membranes tend to strongly favor the
formation of well-polarised neuronal structures as confirmed by
BllI-tubulin immunoreactivity, which specifically points to the
unaltered cytoskeletal features of cells throughout their devel-
opment processes. In agreement with morphologically integral
neurons, the specific metabolic functions as displayed by the
elevated secretion of BDNF corroborate the high expression of
neurotrophin secretion on a smoother membrane surface up to
maturation stage of hippocampal cells (8 days). The main finding
of this study encourages the development of a membrane engi-
neering system of hippocampal neurons, which is able to remodel
and regenerate neural tissue in a well-controlled microenviron-
ment. From a future perspective view, the surface characteristics of
the membrane to be used in a neural tissue engineered construct
have to be precisely engineered to combine physical and chemical
stimuli aimed to develop neuronal network.
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