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Sommario

Sommario

L’enorme progresso delle conoscenze nel campo ddilngia cellulare e delle
biotecnologie ha consentito, negli ultimi anwi,siviluppo di tecnologie mirate alla
coltivazione ed alla ricostruzione vitro di tessuti od organi, definendo una nuova
branca di scienze biomediche conosciuta con iliterrdi “ingegneria dei tessuti”.
Questa tecnologia permette di poter far crescetkileeautologheex vivo e
riutilizzarle nella riparazione di lesioni e rigeaeione di tessuti mediante coltura in
matrici polimeriche biocompatibili tridimensionalModulando opportunamente le
caratteristich chimiche, meccaniche e fisiche di tali matrici ¢ possibile teoricamente
rigeneraren vitro tipi diversi di tessuti. Queste strutture bioactdli rappresentano
la seconda generazione di sistemi di sostituzion®rgani e tessuti. La prima
generazioa era essenzialmente costituita da organi artificiali tradizionali (reni,
macchina cuore-polmoni, protesi valvolari cardiache, pacemakers cardiaci protesi di
articolazione ileo-femorale e ginocchio), la cui alternativa clinica ¢ il trapianto di
organi umai ottenuti da donatori. L’ingegneria tessutale rappresenta un’evoluzione

di tali interventi terapeutici consentendo la possibilita di associare la potenzialita del
trapianto di cellule viventi con la tecnologia degirgani artificiali per la
realizzazione di strutture funzionali. Tale stradeighplica lo studio sia delle strutture
dei costrutti e delle forze fisiche che su quegise@ono, sia dei fattori biochimici e
molecolari della crescita e del differenziamenttiedeellule e dei tessuti. | prodotti
dell’ingegneria dei tessuti derivano direttamerdegdeste ricerche ed hanno lo scopo
di condurre a dispositivi che associano le strattartificiali con quelle viventi,

rendendone disponibili le importanti funzioni.

Lo studio dei materiali utilizzati nell'ingegnertassutale rappresenta un importante

settore di ricerca. | materiali naturali hannossaeil vantaggio di contenere nella
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loro struttura, in particolarisequenze segnalénformazioni atte a promuovere
I'adesione delle cellule e a mantenerne le funzibDialtra parte i materiali di sintesi,
nonostante permettano la riproducibilita delle pohae di produzione ed un preciso
controllo di alcuni parametri (ad esempio, pesoanolare, tempi di degradazione,
idrofilicita o idrofobicita della superficie di ctatto), possono talvolta interagire in
maniera indesiderata con le cellule. Quando | naiteati sintesi si fondono con i
materiali naturali, si realizzano materiali dotdtelevate caratteristiche e prestazioni

denominati biomateriali innovativi.

Tra le diverse aree di ricerca che concorrono endoe le competenze in questo
campo un ruolo fondamentale, € quello svolto dhbitzdogia cellulare. E* infatti,
sempre piu necessario comprendere nei dettagli dcamésmi che regolano la
crescita e la differenziazione cellulare e le mibaalttraverso le quali i componenti
della matrice extracellulare interagiscono con uezfoni cellulari. La cellula e,
infatti, 'unita strutturale e funzionale comunetuwdti gli organismi viventi e ne
possiede tutte le caratteristiche. L’'organismo umaon fa eccezioni ed e costituito

da miliardi di cellule organizzate tra loro perrf@re tessuti, organi ed apparati.

Grande importanza in questa organizzazione latonesle membrane cellulari che,
oltre a compartimentare l'interno della cellulaarivestire i diversi organuli, ne
regolano le complesse interazioni con l'ambientéeras. Le membrane sono
strutture dinamiche e complesse che regolano, idomestremamente selettivo, il
traffico di molecole dall'esterno verso, linterndella cellula e viceversa. La
permeabilita altamente selettiva nei confronti @lus polari consente di regolare e
mantenere una determinata concentrazione ionicantalho della cellula. Le
membrane non sono strutture statiche ed inerticoaltrario, esse rappresentano
sistemi complessi nei quali molecole di tipo dseesi associano tra loro costituendo
una struttura ordinata. [l ruolo complesso delle mnene cellulari diventa
particolarmente evidente negli organismi pluridelty per i quali i rapporti ed |

contatti non si limitano esclusivamente all’ambe&enésterno, come avviene
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nell’organismo unicellulare, ma interessano anehaltre cellule che compongono i
tessuti ed i diversi organi. Grazie alle membrdaesellule possono comunicare tra
loro e scambiarsi messaggi che consentono di amxerd le attivita da svolgere in
modo correlato. Le comunicazioni tra cellule poss@vvenire in modo diretto
oppure per mezzo di impulsi elettrici o di messaggaimici altamente specifici che
generano risposte altrettanto specifiche, legd¢ecalratteristiche della membrana. II
messaggio ormonale, ad esempio, consiste nellazgece, da parte di una ghiandola
opportuna, di particolari messaggeri chimici cinenessi, nel flusso sanguigno, sono
recepiti in modo altamente specifico e selettivopdaticolari strutture denominate
recettori presenti sulla membrana delle cellule bersagliaterazione tra ormone e
recettore provoca una modificazione strutturaldedekoteine di membrana con
conseguenti modificazioni dell’attivita metaboliceellulare. In particolare, é
importante sottolineare come la membrana costausstruttura di riconoscimento e

di contatto tra cellule e biomateriali.

Per la grande importanza che rivestono le memlralhgari la scelta d’elezione nel
campo dei biomateriali innovativi, sono le meant® polimeriche che per
definizione costituiscono una barriera selettiva ¢t@ capacita di garantire scambi
controllati di nutrienti, di ossigeno e di prodotli scarto tra il microambiente

cellulare e I'esterno.

Lo scopo di questa tesi e la neomorfogenesi deaauto. Perché la neomorfogenesi
in vitro abbia successo, € necessario creare un ambiemevale nel quale le

cellule siano in grado non solo di riprodursi, melee di entrare in contatto ed
organizzarsi tra loro in modo da formare il nuogsstuto. Questo lavoro di tesi si
concentrato sulla possibilita di rigenerare il tégsnervoso ed epatico. | materiali
usati sono polimeri biodegradabili. | polimeri bemgadabili possono essere naturali
0 sintetici. Il criterio generale di selezione deolimeri per le applicazioni

biomediche e di unire le proprieta meccaniche etkritpo di degenerazione alle

necessita del tipo di impiego. Il polimero ideakve: 1) avere proprieta meccaniche
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che siano compatibili con il tipo di applicaziorrestando inalterato per il tempo
necessario al tessuto circostante per ripararsi;n@) evocare una risposta
inflammatoria o tossica; 3) essere metabolizzateal@o non appena ha raggiunto il
Suo scopo, senza lasciare traccia; 4) essere fudm maneggevole per |l

raggiungimento del prodotto finale; 5) essere faeiite sterilizzabile.

| materiali utilizzati sono stati il chitosano, @amino polisaccaride ( poli 1,4 D-
glicosamino), un derivato parzialmente deacetilaella chitina, il polimero
strutturale primario nell’esoscheletro degli artvdp il policaprolattone, un polimero
sintetico biodegradabile e il poliuretano, largateenonosciuto ed utilizzato nel

campo biomedicale.

L’innovazione di questa tesi e stata quella diz#édre tecniche ampiamente utilizzate
come l'inversione di fase, per la creazione di meanb microstrutturate e altamente

specializzate per la crescita e lo sviluppo diugss vitro.
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Restoration and replacement of damaged tissue Igmeatly progressed and
contributed significantly to surgery in the tweftitiecentury. Especially, tissue
reconstruction is still one field of important raseh, since the goal of producing
perfect artificial tissue has not been achievede Tifficulties encountered in
repairing or replacing severely damaged tissue b®ayesolved through a process
called tissue engineering. Tissue engineering isa@dly emerging field that
combines the established disciplines of enginegebigogy, and medicine with the
goal of fabricating biological substitutes thattoegs, maintain, or improve tissue
function. It has the potential to produce a bidiarél organ and tissue substitutes that
can grow with the patient. This should lead to em@ment solution to the damaged
organ or tissue without the need for supplementagyapies, thus making it a cost-
effective treatment in the long term. Although imliyy targeted for applications in
regenerative medicine, a novel application of teishnology has been to generate
experimental model systems for studying biologicachanisms and testing the
efficacy of potential therapies. In particular,stivery promising technique involves
the in vitro seeding and attachment of human a#ll® a material. These cells then
proliferate, migrate, and differentiate into theegfic tissue while secreting the
extracellular matrix (ECM) components required teate the tissue. It is evident,
therefore, that the choice of material is crucalenable the cells to behave in the
required manner to produce specific tissues anansigDifferent materials have been
proposed to support cells and promote their diffeagéion and proliferation toward

the formation of a new tissue.

The design and selection of a biomaterial is acatitstep in the development of
scaffolds for tissue engineering. Generally, thealdiomaterial should be nontoxic,
biocompatible, promoting favorable cellular intd¢raes and tissue development,

while possessing adequate mechanical and physicpégies. In addition, it should
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be biodegradable and bioresorbable to support ébenstruction of a new tissue

without inflammation.

During the 1960s and the 1970s, a first generatfanaterials was developed for use
inside the human body. These early biomaterialst inage been used to achieve a
suitable combination of physical properties thatainahose of the replaced tissue
with a minimal toxic response in the host. In 198@¢re were more than 50
implanted devices in clinical use made from 40 edéht materials. A common

feature of most of the materials was their biolaginertness.

By the mid-1980s bioactive materials which had lme¢m be clinically used in a
variety of orthopedic and dental applications wdexeloped. Another advance in
these bioactive materials was the development sbrbable biomaterials that
exhibited clinically relevant controlled chemicalreekdown and resorption.
Improvements in these bioinert, bioactive, and neelole biomaterials are limited
because all biomaterials used for repair or restraof the body represent a
compromise — living tissue can respond to changphysiological loads or
biochemical stimuli, but synthetic materials cann®his limits the lifetime of
artificial body parts. Recently, the next third-gestion biomaterials were designed
to stimulate specific cellular response at the culke level. The separate concepts of
bioactive materials and resorbable materials wereerged. Molecular modification
of resorbable polymer systems elicits specific rext@ons with cell integrins and
thereby direct cell proliferation, differentiationand ECM production and

organization.

Polymeric materials have greatly contributed to de¥elopment of bioactive and
biodegradable materials. Progress in both membaadecell culture technology has
also greatly contributed to the success of ardligi engineered tissue. It was
demonstrated that polymeric membranes are atteadtv their characteristics of
selectivity, stability, and biocompatibility in these of biohybrid systems for cell

culture. In particular, semipermeable membranesadupports for the adhesion of
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anchorage-dependent cells and allow the specifosport of metabolites and
nutrients to cells and the removal of catabolited specific products.

In tissue-engineered constructs, the surface angport properties of the membranes
play an important role in the promotion of cell adion, proliferation, and viability.
The material surface properties, such as chemioahposition, hydrophilicity/
hydrophobicity, charge, free energy, and roughnaf$sct cell adhesion through the
modulation of proteins secreted by cells or comaim the physio- logical liquids.

Recently, the advantages of both natural and siiothelymers have been combined
In strategies whereby critical amino acid sequeifroes natural polymers are grafted
onto syntethic polymers. Polymeric membranes piicgsis another key issue.
Many implants are made of composite materials ghllgi organized structures;
methods of manufacturing such implants reproduciliigy be crucial to their

SUcCcCess.

The aim of this work is to make a new generatiorpofymeric membranes with
precisely engineered surfaces and properties willubed to provide the desired

biological responsm vivo

or to act as biodegradable scaffold for tissue sipiantation, by well known

technique as phase inversion.
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Chapter I

Tissue engineering

1.1 Introduction

The loss or failure of an organ or tissue is auesd, devastating, and costly problem
in health care, occurring in millions of patientgery year. Organ or tissue loss is
currently treated by transplanting organs from andividual to another or
performing surgical recostruction by transferringstie from one location in the
human body to the diseased site. Although thesaples have saved and improved

millions of lives, they remain imperfect solutions.

Tissue engineering represents a new, emergingdiatgplinary field applying a set
of tools at the interface of the biomedical an aagring sciences that use living cells
or attract endogenous cells to aid tissue formatiormmegeneration [1] to restore,

maintain, or improve tissue function.

Engineered tissues using the patient’'s own (autalsy cells or immunologically
inactive allogeneic or xenogeneic cells offer tlmteptial to overcome the current
problems of replacing lost tissue function and fovite new therapeutic options for

diseases such as metabolic deficiencies.

1.2. Structure and function of normal tissue.

Biological tissue is composed of three basic compts : cells, intercellular

substances, especially extracellular matrix, antbua body fluids. In all tissue, cells
are assembled during embryonic development int@rarit groupings by virtue of

specific cell-cell and cell-matrix interactions. dbatype of tissue has a distinctive
pattern of structural organization adapted to &gipular function, which is strongly

influenced by metabolic [2] and /or mechanical das{3;4].

1.2.1 Basic Tissues
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Humans have more than 100 distincly different sypecells variously allocated to

four types of basic tissues. (Table 1).

Basic Tissues

Examples

EPITHELIAL TISSUE
SURFACE
GLANDULAR
SPECIAL
CONNECTIVE TISSUE
CONNECTIVE TISSUE PROPER
Loose
DENSE (REGULAR, IRREGULAR)
SPECIAL
HEMOPOIETIC TISSUE, BLOOD AND LYMPH
SUPPORTIVE TISSUE
MUSCLE TISSUE
SMOOTH
SKELETAL
CARDIAC MUSCLE
NERVE TISSUE

SKIN EPIDERMIS, GUT MUCOSA
THYROID FOLLICLES, PANCREATIC ACINI
RETINAL OR OLFATTORY EPITHELIUM

SKIN DERMIS

PERICARDIUM, TENDON
ADIPOSE TISSUE

BONE MARROW, BLOOD CELLS

CARTILAGE, BONE

ARTERIAL OR GUT SMOOTH MUSCLE
LIMB MUSCOLATURE, DIAPHRAM
HEART

BRAIN CELLS, PERIPHERAL NERVE

TABLE 1: THE BASIC TISSUES: CLASSIFICATION AND EXAMPLES.

(FROM BIOMATERIALS SCIENCE: AN INTRODUCTION TO MATERIALSIN MEDICINE, 2° EDITION 2004)

The basic tissues play specific functional rolesl dave distinctive microscopic

appearances.

They have their origins in embryological developmesarly events include the

formation of a tube with a three layers in its wéll) an outer layer of ectoderm, (2)
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an inner layers of endoderm, and (3) a middle lagérmesoderm (Fig.l).

E'ndnm w b I " I = |
v RS R =,
| ] i'}}:r:il [ - |$|
= TL_L. --*- o T = ) -'T
L Ectoderm — L -
[Emternal Laper) -

hé m Encodenm
L] |Laynr) {Inbetrnl Liger)

FIGURE1: EARLY PHASE OF EMBRYOLOGICAL DEVELOPMENT (HTTP://CREATIONWIKI.ORG/PRENATAL_DEVELOPMENT).

Epithelium covers the internal and external bodsfames. It provides a protective
barrier (e.g., skin epidermis) on an absorptivdfaser (e.g., gut lining), and can
generate internal and external secretions (e.gdoa@me and sweat glands,
respectively). Epithelium derives mostly from eaod and endoderm, but also from

mesoderm.

Epithelia accommodate diverse functions. An epidhesurface can be (1) a
protective dry, cutaneous membrane; (2) a moistas® membrane, lubricated by
glandular secretions; (3) a moist, membrane linethbsothelium, lubricated by fluid
that derives from blood plasma; and (4) the inmand) of the circulatory system,
called endothelium. Epithelial cells play fundanantoles in the directional
movement of ions, water, and macromolecules betwmelngical compartments,

including absorption, secretion, and exchange.
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Supporting the other tissues of the body, connedissue arises from mesenchyme,
a derivative of mesoderm. Connective tissue alseeseas a scaffold for the nerves
and blood vessels that support the various epathiedisue. Other types of tissue with
varying functions are also mesenchymal origin. €hewlude dense connective
tissue, adipose tissue, cartilage and bone,andulaimg cells, as well as

inflammatory cells that defend the body againstetibns organism and other foreign

agents.

Muscle cells develop from mesoderm and are higiplgcglized for contraction.
They have the contractile proteins actin and myasinvarying amounts and
configurations, depending on cell function. Musctdls are of three types: smooth
muscle, skeletal muscle, and cardiac muscle. Thierlawo have a striated
microscopic appearance, owing to their discretedas of actin and myosin
organized into sarcomers. Smooth muscle cells, whave a less compact
arrangement of myofilaments, are prevalent in tlaiswof blood vessels and the
gastrointestinal tract. Their slow, nonvoluntaryntaction regulates blood vessel

calibre and proper movement of food and solid wastpectively.

Nerve tissue, which derives from ectoderm, is higbpecialized with respect to
irritability and conduction. Nerve cells not onlpave cell membranes that generate
electrical signals called action potentials, busoalsecrete neurotransmitters,
molecules that trigger adjacent nerve or musclis ¢eleither transmit an impulse or

to contract.

1.2.2. Extracellular Matrix
Extracellular matrix (ECM) comprises the biologicahterials produced by, residing
between, and supporting cells. ECM, cells, andlleay@s are physically integrated in
functional tissue. The ECM holds cells togethempbyviding physical support and a
matrix to which cells can adhere, signal each othrd interact. ECM consists of
large molecules synthesized by cells,exported ¢oinltercellular space and linked

together into a structurally supportive composE€M is composed of (1) fibers
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(collagen and elastin) and (2) a largely amorphimsrfibrillary matrix (mainly
proteoglycans, noncollagenous cell-binding adheggseoproteins, solutes, and

water). The principal functions of the ECM are:

Mechanical support for cell anchorage

Determination of cell orientation

Control of cell growth

Maintenance of cell differentiation

Scaffolding for orderly tissue renewal

Establishment of tissue microenvironment

Sequestration, storage, and presentation of sotagldatory molecules.

ECM consists of large molecules interlinked to faanneticulum that schematically
resembles a fiber- reinforced composite; in reali¢M forms an expansible glyco-
protein-water gel held in dynamic equilibrium bybrillar proteins. The key
constituents of ECM include fibrillar proteins sudcks collagen and elastin,
amorphous matrix components exemplified by glycasagilycans (GAGs) and

proteoglycans, and adhesive proteins such as fstomand laminin.

Collagen comprised a family of closed related bemegically, biochemically, and
functionally distinct molecules, which are respobiesifor tissue tensile strength. The
most common protein in the animal world, collagemvples the extracellular

framework for all multicellular organism.

Amorphous intercellular substances contain carbatgdbound to protein. The
carbohydrate is in the form of longchained polysacdes called

glycosaminoglycans (GAGs). When GAGs are covalebtiynd to proteins, the
molecules are called proteoglycans. GAGs are highlgrged (usually sulphated)
polysaccharide chain up to 200 sugars long, congpaderepeating unbranched
disaccharide units (one of which is always an amsugar- hence the name
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glycosaminoglycan). GAGs are divided into four nmmaggooups on the basis of their

sugar residues:

Hyaluronic acid: a component of loose connectigsue and of joint fluid, where it

acts as a lubrificant

Chondroitin sulfate and dermatan sulfate
Heparan sulfate and heparin

Keratin sulfate

Adhesive proteins, including fibronectin, laminand entactin permit the attachment

and movement of cells within the ECM.

Fibronectin is a ubiquitous, multidomain glycopintpossessing binding sites for a
wide variety of other ECM components, includinglagén, heparins A and B, fibrin,
and chondroitin sulfate. Fibronectin’s adhesiverabgr also makes it a crucial
component of blood clotting and of pathways followiey migrating cells. Thus,
fibronectin rich pathways guide and promote theratign of many kinds of cells

during embryonic development and wound healing.

Laminin is a n extremely abundant component of liasal lamina, a tough, thin,
sheet like substratum on which cells sit. This @rotis important for cell

differentiation and tissue remodelling [5].

1.3 Tissue engineering as an approach to reptestdissue or organ function

In the most frequent paradigm of tissue engineeiswated living cells are used to
develop biological substitutes for the restoratmnreplacement of tissue or organ
function. Generally, cells are seeded on bioadsidebscaffolds, a tissue is matured
in vitro, and the construct is implanted in the appropratatomic location as a
prothesis. Cells used in tissue engineering mayecémmm a variety of sources
including application-specific differentiated cellsom the patients themselves
(autologous), human donors (allogeneic) or animalrees (xenogeneic), or

undifferentiated cells comprising progenitor omsteells. The use of isolated cells or
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cell aggregates allows the manipulation prior tglamtion, e.g., transfection of
genetic material or modulation of the cell surface order to prevent

immunorecognition. Three general strategies hawen laelopted for the creation of
new tissue including cell injection, closed or flowvought systems, and tissue

engineering using biodegradable scaffolds.

1.3.1 Cell injection Method
The cell injection method avoids the complicatiaofs surgery by allowing the
replacement of only those cells that supply thededdunction. Isolated, dissociated

cells are injected into the bloodstream or a smecarhan of the recipient.

The transplanted cells will use the vascular su@pigl the stroma provided by the
host tissue as a matrix for attachment and reczgon [6]. This method offers
opportunities for a number of applications in replg metabolic functions as occurs
in liver disease, for example [7]. However, cell smasufficient to replace lost
metabolic functions is difficult to achieve and #pplication for replacing functions
of structural tissue such as heart valves or egsilis rather limited. Several cells
types may be used for injection, such as bone macadls, blood-derived progenitor

cells, and muscle satellite cells.

Whole bone marrow contains multipotent mesenchysteh cells (marrow stromal

cells) that are derived from mesoderm and are wawin the self maintenance and
repair of various mesenchymal tissue. These catisbe inducedh vitro andin vivo

to differentiate into cells of mesenchymal lineagejuding fat, cartilage and bone,
and cardiac and skeletal muscle. The first sucokssfogenic bone marrow

transplant in a human was carried out in 1968. Mbea 40,000 transplant (from
bone-marrow, peripheral blood, or umbilical corddd) were carried out worldwide

in 2000 (www.ibmtr.org/newsletter/pdf/2002Feb.pdf).

1.3.2 Closed-system method
Closed system can be either implanted or used @acexporeal devices. In this

approach, cells are isolated from the body by aEenmmeable membrane that allows
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diffusion of nutrients and the secreted cell prdasglit prevents large entities such as
antibodies, complement factors, or other immunocetent cells from destroying the
isolated cells. Protection is also provided to trexipient when potentially
pathological (e.g. tumorigenic) cells are transmdn Implantable systems
(encapsulation systems) come in a variety of comfiions, basically consisting of a
matrix that protects the cells and supports thaivigsal and function through a

surrounding porous membrane (Fig. 2).

FIG.2. THERE ARE THREE COMMON CLOSED-SYSTEM CONFIGURATIONS FOR CELL TRANSPLANT DEVICE [8].

In vascular —type designs the transplanted segregis are housed in a chamber
around a vascular conduit separated from the btomsls by a semipermeable
membrane. As blood flows through, it can absorbstnres secreted by the
therapeutic cells while the blood provides oxygem anutrients to the cells. In
macroencapsulation systems, a semipermeable meenimamsed to encapsulate a
relatively large (up to 50-100 million per unit) mber of transplanted cells.
Microcapsules are far more durable than microca&pdubplets and can be designed
to be refillable in the body. Moreover, they canre&ieved, providing opportunities

for more control than microcapsules.
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Their main limitation is the number of cells thegncaccommodate. In animal
experiments, implantable closed-system configunatiobave been successfully used
for the treatment of Parkinson’s disease as wellliabetes mellitus [9-11]. Major
drawbacks of these systems are fibrous tissue owmetly and resultant impaired
diffusion of metabolic products, nutrients and \eastas well as the induction of a
foreign-body reaction with macrophage activatiosuteng in destruction of the

transplanted cells within the capsule [12].

In extracorporeal systems (vascular or flow-throudgsigns) cells are usually
separated from the bloodstream. Great progressingbmade in the development of

extracorporeal liver assist devices for suppogatfents with acute liver failure.

1.3.3. Tissue engineering using biomaterial scaffolds.

Open systems of cells transplantation with cellswdpalirect contact to the host
organism aim to provide a permanent solution taédpéacement of living tissue. The
rationale behind the use of open systems is basedmnopirical observations:
dissociated cells tend to reform their originaistures when is given the appropriate
environmental conditions in cell culture. For exdmpcapillary endothelial cells
from tubular structures and mammary epithelialsc&lrm acini that secrete milk on
the proper substrata vitro [13]. Although isolated cells have the capacitydform
their respective tissue structure, they can do whah a limited degree since they
have no intrinsic tissue organization and are hiedldy the lack of a template for
guiding the reconstruction. Moreover, tissue cafr@transplanted in large volumes
because diffusion limitations restrict interactiovith the host environment for
nutrients, gas exchange, and elimination of wastedyxcts. Therefore, the implanted
cells will survive poorly more than a few hundreetimons from the nearest capillary
or other source of nourishment [14]. With theseeobgtions in mind, an approach
has been developed to regenerate tissue by attgiclollated cells to biomaterials that
serve as a guiding structures for initial tissugetigpment. Ideally, these scaffold
materials are biocompatible, biodegradable into tamoa products, and

manufacturable [15]. Natural materials used in ttuatext are usually composed of
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extracellular matrix components (e.g., collagebyifi) or complete decellularized
matrices. Synthetic polymer materials are advamiagen that their chemistry and
material properties (biodegradable profile, mianostiure) can be well controlled. In
general, these concepts involve harvesting of tppropriate cell types and

expanding themn vitro, followed by seeding and culturing them on theypwr
matrices.
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Chapter II

Polymeric membranes as biomaterials

2.1Introduction
For the new therapeutic strategy, it is indispelesab provide cells with a local
environment that enhances and regulates theirf@ratlion and differentiation for

cell-based tissue regeneration.
Biomaterials plays an important role in the creatd this cell environment[1].

At the dawn of 2% century, biomaterials are widely used throughoetditine,
dentistry and biotechnology. Just 50 years ago &ierals as we think of them today

did not exist. The word “biomaterials” was not used

A definition of “biomaterial” endorsed by a consesa®f expert in the field, is :
A biomaterial is a nonviable material used in a fcatldevice, intended to interact with biologicgktem.[2]

If the word “nonviable” is removed, the definitidoecomes even more general and
can address many new tissue-engineering and hwbtificial organ applications

where living cells are used.

Indeed, a complementary definition essential fataratanding the goal (i.e., specific

and applications) of biomaterials science is tlidbimcompatibily”.

Biocompatibility is the ability of a material to germ with an appropriate host response in a specif

application[2].
This general concept of biocompatibility has beerterded recently in the approach
of “tissue engineering” in whichn vitro andin vivo pathopysiological processes are
harnessed by careful selection of cells, materaatsl, metabolic and biomechanical

conditions to regenerate functional tissues.
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The design and selection of a biomaterial is dacatitstep in the development of
scaffolds for tissue engineering. Generally, thealdiomaterial should be nontoxic,
biocompatible, promoting favorable cellular intdrags and tissue development,
while possessing adequate mechanical and physiopégies. In addition, it should
be biodegradable and bioresorbable to support ébenstruction of a new tissue

without inflammation [3].

Biomaterials can be divided into four major claseésnaterials: polymers, metals,

ceramic

(including carbons, glass-ceramics, and glasses), ratural materials (including
from both plants and animals). Sometimes two dffierclasses of materials are
combined together into a composite material. Sumnposites are a fifth class of

biomaterials.

New materials have been designgégl novospecifically for medical use, such as

biodegradable polymers and bioactive ceramics.

The word “biodegradation” is defined to be the plraenon where a material is
degraded or water solubilised by any process irbthey to disappear from the site
implanted. There are two ways of materials disagyeze. First, the main chain of
the material is hydrolysed or enzymatically digdste decrease the molecular
weight, and finally disappears. Second, the mdtesiachemically cross-linked to
form a hydrogel insoluble in water. When the crinsking bond is degraded to
generate water-soluble fragments, the fragmentswashed out from the site
implanted, resulting in the disappearance of materSynthetic polymers are
generally degraded by simple hydrolysis while ratpolymers are mainly degraded

enzymatically.

Some are derived from existing materials fabricatgtd new technologies, such as
polyester fibers that are knit or woven in the fayhtubes for use as vascular grafts,
or cellulose acetate plastic that is processeduaslles of hollow fibers for use in

artificial kidney dialysers. Some materials arerfowed” from unexpected sources
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such as pyrolytic carbons or titanium alloys thed bbeen developed for use in air and
space technology. And other materials are modifeegrovide special biological

properties, such as immobilization of heparin fati-aoagulant surfaces.

The field of biomaterials is in the midst of a reumnary change in which the life
sciences are becoming equal in importance to naégescience and engineering as
the foundation of the field. Simultaneously, adwnin engineering (for example
nanotechnology) are greatly increasing the soaitstin with which biomaterials are
designed and have allowed fabrication of materiaith increasingly complex
functions. Such sophisticated materials are oftesigthed to mimic a subset of the
physicochemical properties of natural materialsrdasingly, nature inspires not only
the materials themselves but also the means byhwthiy are madénspiration for
the design of new biomaterials has been derivad Styucture—function analysis on
various length scales of the extracellular materitlat cells use to organize

themselves into tissues [4].

2.2Polymers

Polymers represent the largest and most promisiags cof biomaterials. This is
attested by their widespread use in various medipplications. A large number of
polymeric biomaterials have been developed and dewelopments continue to

appear in both open and patent literatures [5].

Many types of polymers are widely used in biomeldidavices that include

orthopedic, dental, soft tissue, and cardiovasauaiptants.

The key of success of polymer-based biomaterialsagelative easy of preparation
coupled with low cost with which they can be systhed with wide range of

properties and functionality [6].
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The choice of a material for a specific applicati® mainly based on its
physicochemical, interfacial and biomimetic promet although traditional
mechanical properties such as impact strengthti@tgsand permeability are also

essential for specific applications [7].

Indeed, the choice of the polymer is primarily gosal by the end use of the
biomaterial and involves selection not only on tesis of physical and chemical
properties but also on extensive biochemical charaation followed by specific

preclinical testing of the chosen material [8,9].

Polymer may be derived from natural sources, omfsynthetic organic processes.
Naturally derived polymers are abundant and usuatigegradable. Their principal
disadvantage lies the development of reproducildeyction methods, because their
structural complexity often makes modification anaurification difficult.
Additionally, significant batch-to-batch variationsccur because of their “bio

preparation” in living organism (plants, crustac®an

Synthetic polymers are available in a wide variefycompositions with readily
adjusted properties. Processing, copolymerizatmahtdending provide simultaneous
means for optimizing a polymer’s mechanical chamastics and its diffusive and

biological properties (Table 2).

Both natural and synthetic polymers are long-clmaatecules that consist of a large
number of a small repeating units. Polymers can eitber amorphous or
semycristalline. They can never be completely afiiae owing to lattice defects that
form disordered, amorphous regions. The tendencg pblymer to crystallize is
enhanced by the small side groups and chain reguldhe presence of crystallites
in the polymer usually leads to enhanced mechamoaperties, unique thermal

behaviour, and increased fatigue strength.

These properties make semicrystalline polymersefofteferred to simply as

crystalline polymers) desiderable materials fomimealical applications.
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The state of polymer is very important relativetsomechanical, chemical, thermal
and permeation properties. In the liquid or metétest a non-crystalline polymer
possesses enough thermal energy for long segménémob polymer to move
randomly (Brownian motion). As the melt is cooled temperature is eventually
reached at which all long-range segmental moti@seeThis is the glass transition
temperature (J), and it varies from polymer to polymer. Polymased below their
T, tend to be hard and glassy, while polymers usexeltheir T, are rubbery.
Polymers with any crystallinity will also exhibitraelting temperature ¢J) owing to

melting of the crystalline phase.

MODULUS

C+
C

A A+ \
Tg =
TEMPERATURE ————

FIG.3 TENSILE MODULUS AS A FUNCTION OF THE TEMPERATURE FOR GENERIC POLYMER. A = AMORPHOUS POLYMER; A+ = AMORPHOUS
POLYMER, HIGH MOLECULAR WEIGHT; C = CRYSTALLINE POLYMER; C+ = CRYSTALLINE POLYMER, HIGHER DEGREE OF CRYSTALLINITY.

Two regions can be distinguished in figure 3 obepletely amorphous polymer: the
glassy state with a high modulus and the rubbextg stith a modulus, which is often
three to four orders of magnitude lower. The mopiif the polymeric chains is very
restricted in the glassy state, since the segnuamisot rotate freely around the main
chain bonds. On increasing the temperature, som&msocan occur in the side
chains or in a few segments of the main chain. Hewethese are only marginal
changes with the density of the polymer decreasirgylimited extend (or conversely
the specific volume increasing a little). At thasg transition temperature the thermal

energy is just sufficient to overcome the intexacsi between the chains. For this
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reason, important parameters which determine tiséipo of the glass transition are
chain flexibility and chain interaction. In the hdry state the segments can rotate
freely along the main chain bonds, implying a hideggree of rubbery state is
discontinuous. In addition to the glass tempegatanother important parameter, the
degree of crystallinity, also determines the staftéhe polymer. The influence of
crystallinity on the tensile modulus is depictedfigure 3, curves C and C+. In the
glassy state the mechanical properties are litflaenced by presence of crystallites.
On passing through the glass transition temperatigeamorphous glassy state is
transformed into rubbery state but the crystaljph@se remains unchanged, i.e. the
chains remain in the crystal lattice which maingaits rigidity until the melting
temperature has been reached. Hence, for a perfgstalline polymer (100%
crystallinity) changes in the modulus are mostljike the melting temperature {I
rather than the glass transition temperaturg. (& large number of polymers are
semi-crystalline. In such polymers the glassy phadabits the same mechanical
properties as for a completely amorphous polymervéver, in the rubbery state the
mechanical properties will depend on the crystallicontent of the polymer.
Generally the modulus of a semi-crystalline polyndeicreases as a function of
temperature (curve C). This figure also depicts thedulus of a completely
crystalline polymer (curve C+) indicating that nabbery state is observed in this

case and that the modulus only decreases dragtatdtie melting point [6,10].
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TABLE 2:

Materials frequently used in soft tissue engineering applications

Origin Polymer (family)
Collagen (component of the extra cellular matrix-ECM)
Fibrin

Natural Gelatin

Poly(hydroxybutyrate)
Polysaccharides (most common are hyaluronic acid,
chitosan, starch and alginates)

Poly(esters) (most common are poly(a-hydroxy acids):

poly(lactic acid) (PLA) and poly(glycolic acid) (PGA))
Synthetic Poly(e-caprolactones)

Poly(propylene fumarates)

Poly(anhydrides)

Poly(orthoesters)

2.3Polymeric Membrane
Basically, all polymers can be used for preparirgmioranes but the chemical and

physical properties differ so much that only a tedinumber will be used in practice.

Membrane technology is of major importance in maldapplications, in particular in
a number of life saving treatment methods. Memisaae used in drug delivery,
artificial organs, tissue regeneration, diagnostavices, as coatings for medical
devices, bioseparations, etc. Only in the US foaneple, the medical membrane
market approaches 1.5 billion dollars per years gnogvs steadily. The biggest part
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of the medical market involves membranes in drubjveley, hemodialysis, other

artificial organs (oxygenators, pancreas, etc.)testie engineering.

Generally, biomaterial-based membranes that areomact with biological fluids
should prevent any type of infection and immungoese, blood clotting and other
biological responses that could affect the propsrof the fluid and, therefore, the
patient. For this reason, it is important to knosththostandmaterial responséor a
certain biomaterial. The host response is usualgted to inflammation, fibrosis,
coagulation and hemodialysis. The material respdoseses on fracture, wear,

corrosion, dissolution, swelling and leaching.

A wide range of natural and synthetic materialsused in biomedical membrane
applications. Biocompatible polymers can be dividei several categories, based
upon changes in host response [11]: (i) inert btenms that exhibit little or no host

response; (ii) interactive biomaterials that aresigleed to trigger specific and
beneficial responses such as cell growth, adhedion;viable materials that at

implantation, for instance, incorporate or attringihg cells that are considered as
normal tissues by the host and are actively resblyethe system; and (iv) replant

biomaterials that consist of vitro cultured tissue from the patient’s cells [12].

Erosion (degradability) is also a key parametemfiaterials that are used as implants
and/or in tissue regeneration. Swelling and leaghesult from diffusion. Swelling
involves transport of ions or fluid from the tissuao the biomaterial. As a
consequence of swelling, the elastic limit of a enat can be reduced leading to
static fatigue or crazing [11]. Leaching takes pldcfor instance, one component of
the biomaterial dissolves into the surroundingdiyohase. This can cause local
biological reactions to the released products, cedufracture strength and elastic
modulus of the material. The dissolution varies ahgling on the nature of the
polymer (hydrophilic/hydrophobic). Hydrophobic polgrs, for example, dissolve
preferably in the amorphous regions, which resultgicreased area, integrity loss

and release of small particles. Bioresorbable pehgnare designed to degrade within
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the body and be adsorbed naturally when its fundtas been accomplished [13].
These degradation characteristics differ from p@yto polymer, and can vary from
swelling to dissolution by hydrolysis, for instanaghen being exposed to body
fluids. Bioresorbable materials degrade productd #re normal metabolites of the
body. Some examples of degradable polymers arelaotiye, polyglycolide,

polycaprolactone and polyhyaluronic acid esterd, &lso natural polymers like

collagen, chitosan.

2.3.1. Fabrication methods.
A great variety of well-known membrane fabricatimthniques are used in tissue
engineering applications. Several fabrication méshbased on polymer casting are
frequently applied to produce tissue engineeringhbrane, e.g. liquid induced phase
separation (LIPS, immersion precipitation)[14-16hermally induced phase
separation (TIPS)[17-20], and evaporation [21-Z24]ese methods can be used for
pure polymers as well as for composites of polyj2gy.

Phase inversion is a process whereby a polymeansformed in a controlled manner
from liquid to a solid state. The process of sdilkdition is very often initiated by the
transition from one liquid state into two liquidgj(id-liquid demixing). At a certain

stage during demixing , one of the liquid phasée figh polymer concentration
phase) will solidify so that a solid matrix is foeoh By controlling the initial stage of
phase transition the membrane morphology can b&alladl, i.e. porous as well as

nonporous membranes can be prepared.

Evaporation —induced phase separation (EISP)

The most simple technique for preparing phase siwermembranes is precipitation
by solvent evaporation. In this method, a polynsedissolved in a solvent and the
polymer solution is cast on a suitable support, a.glass plate or another kind of
support, which be porous (e.g. nonwoven polyesiemionporous (metal, glass or

polymer such as polymethylmethacrylate or Teflone solvent is allowed to
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evaporate in an inert (e.g. nitrogen) atmospher@rder to exclude water vapour,
allowing a dense homogeneous membrane to be obtdm&ead of casting is also
possible to deposit the polymer solution on a sabsty dip coating or by spraying,

followed by evaporation.

Vapor- induced phase separation (VIPS)

A cast film, consisting of a polymer and a solvesitplaced in a vapour atmosphere
where the vapour phase consists of a nonsolveatasatl with a solvent. The high
solvent concentration in the vapour phase previngsvaporation of solvent from
the cast film. Membrane formation occurs becausthefpenetration (diffusion) of

non solvent into the cast film.

Thermally induced phase separation (TIPS)

A solution of polymer in a mixed or single solveist cooled to enable phase
separation to occur. Evaporation of the solvenerofallows the formation of a

skinned membrane.

Non-solvent induced phase separation (NIPS)

Most commercially available membranes are prephyetsinmersion precipitation: a
polymer solution (polymer plus solvent) is castaosuitable support and immersed in
a coagulation bath containing a non solvent. Piatipn occurs because of the
exchange of solvent and non solvent. The membranetgre ultimately obtained

results from a combination of mass transfer ané@lsaparation.

All phase inversion processes are based on the shemmnodynamically stable

solution which is subjected to demixing.

The basic parameter describing the miscibilityvad br more components is the free

enthalpy of mixing
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where AH_is the enthalpy of mixing andiy is the entropy of mixing. Two
components (polymer/solvent or polymer/polymer) wiix spontaneously if the free

enthalpy of mixing is negativeaf; . <1).

The solubility behaviour of polymer solutions difecompletely from that of a
solution containing low molecular weight compondmgause the entropy of mixing
of the long polymeric chains is much lower. FlorydaHuggins [26] used a lattice
model to describe the entropy of mixing of (polyijnsolutions, but it will be not

considered here.

2.3.2. Characterisation of membranes
Before describing the membrane characterizatiorhoakst available and the purpose
for which they can be employed, it is importantctassify the membranes in two

main groups:
porous and non porous membranes.

Characterisation data for porous membranes oftemngge to misunderstandings and
misinterpretations. It is not unreasonable thas itmainly the size of pore in these
membranes that determines which solute can pasich will be retained. Hence
many characterisation methods essentially onlyrdete the pore size and the pore
size distributions determined properly, in actugparation processes the membrane
performance is mainly controlled by other facterg,. concentration, polarisation and
fouling. One important, but often not clearly defihvariable in the characterisation

of porous membranes, is the shape of the pors getimetry.

Transport through non porous membranes occursdwojusion-diffusion mechanism
and separation is achieved either the differencesolubility and/or diffusivity.
Hence such membranes cannot be characterised bgnéttfeods used for porous

membranes.
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The determination of the physical properties relate the chemical structure is
important for both classes of membranes and itossiple by other methods that

allow the determination of surface properties atheiophysical properties.

Contact angle methods

A drop of liquid sitting on a solid surface repnetsea powerful, but simple, method
to probe surface properties. The phenomenon atdahtact angle can be explained as
a balance between the force with which the molecafethe liquid (in the drop) are
being attracted to each other (a cohesive forcel) the attraction of the liquid
molecules for the molecules that make up the serf@n adhesive force). An
equilibrium is established between these forces,ehergy minimum (fig.4). The

force balance between the liquid-vapor surfaceiteng. jof a liquid drop and the
interfacial tension between a solid and the droj, manifested through the contact
angle (#) of the drop with the surface, can be used quaivils to characterize the

energy of the surface, }. The basic relationship describing this force betsis :

st = ysl + ylv COSG

The energy of the surface, which is directly redate its wettability, is a useful

parameter that has often correlated strongly witogical interaction [27-30].

FIGURE 4: THE FORCES INVOLVED IN THE CONTACT ANGLE MEASUREMENT.
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Scanning Electron Microscopy

Scanning electron microscopy (SEM) images of seddtave great resolution and
depth of field, with a three-dimensional qualityeN functions by focusing and

rastering a relatively high-energy electron begicély,5-100 keV) on a specimen.

Low-energy secondary electrons are emitted fromh egmot where the focused
electron beam impacts. The measured intensityeosdtondary electron emission is
a function of the atomic composition of the sanguhel the geometry of the features
under observation. SEM images surfaces by spatiattgnstructing on a phosphor
screen the intensity of the secondary electron ®ams Because of the shallow
penetration depth of the low-energy secondary eest produced by the primary
electron beam, only secondary electrons generaadthe surface can escape from

bulk and be detected. Consequently, SEM is a stidaalysis method.

Infrared spectroscopy

Infrared spectroscopy (IR) provides information the vibrations of atomic and
molecular species. It is a standard analytical oeetithat can reveal information on
specific chemistry and the orientation of strucsuréhe attenuance total reflectance
(ATR) mode of sampling has been used most oftebiamaterials studies. The
penetration in depth into the sample isi¥b Therefore, ATR is not highly surface

sensitive, but observes a broad region near thacsur

Thermal property

Differential scanning calorimetru (DSC) is a metiHod probing thermal transitions

of polymers. A sample cell and a reference cellsaigplied energy to varying rates
so that the temperatures of two cells remain edUia® temperature is increased,
typically at a rate of 10-20 degrees/min over thege of interest, and the energy
input required to maintain equality of temperaturéwo cells is recorded. Plots of

energy supplied versus average temperature alltevrdmation of T, crystallization

temperature (J, and T, T4 is taken as the temperature at which one half hiaage
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in heat capacityac_, has occurred. The areas under the peaks canangitgtively

related to enthalpic changes.

Cryuisiization

Hea Elow (i)

50 100 150 00 250

Femperature ("C)

FIGURE 5: DIFFERENTIAL SCANNING CALORIMETRY THERMOGRAM OF A GENERIC POLYMER, SHOWING THE GLASS TANSITION TEMPERATURE,
THE CRYSTALLIZATION TEMPERATURE, AND THE MELTING TEMPERATURE OF THE POLYMER SAMPLE.
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Chapter III

Membrane Approaches for Liver and Neuronal Tissue Engineering

3.1 Introduction

Progress in both membrane and cell culture teclgydias also greatly contributed to
the success of artificially engineered tissue. #swdemonstrated that polymeric
membranes are attractive for their characterisb€sselectivity, stability, and
biocompatibility in the use of biohybrid systemsr feell culture. In particular,
semipermeable membranes act as supports for tresiadhof anchorage-dependent
cells and allow the specific transport of metalesliand nutrients to cells and the

removal of catabolites and specific products [1-3].

In tissue-engineered constructs, the surface amdport properties of the membranes
play an important role in the promotion of cell adion, proliferation, and viability.
The material surface properties, such as chemioahposition, hydrophilicity/
hydrophobicity, charge, free energy, and roughnaf$sct cell adhesion through the

modulation of proteins secreted by cells or comaim the physio- logical liquids.

Novel strategies aimed at improving cell- biomaterinteractions have been
proposed: the development of new biocompatible @tdcompatible materials and
modification of surface chemistry including gragirof functional groups, and

Immobilization of molecules leaving the bulk projpes unaltered.

In this chapter, we review the membrane bioarafi@ystems developed for tissue
engineering. Particular attention is given to tleeent achievements in liver and

neuronal tissue engineering.
3.2 Membrane for liver tissue regeneration

Each year 30.000 people die of end-stage liveradisen the United States, with an

estimated annual cost of 9 billion dollars [4]. &rvtransplantation is the only
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established successful treatment for end-stage dlisease, and currently there are
100.524 on the waiting list for a donor organ ahthose there are 16.005 candidates
awaiting a liver transplant (based on United Nekw&or Organ Sharing Organ
Procurement and transplantation Network, UNOS OPd#&ta as of November 6,
2008). In 2006, there were 6.649 liver transpladgformed in United States and
1.935 died while waiting for a liver transplant hase of the organ shortage [5]. The
European Liver Transplant Registry (ELTR) has cwated data concerning 75,530
transplantations in 67,848 patients from 136 cenine23 countries from May 1968
to June 2007 [6]. Cirrhosis is the most frequentidation for transplantation in
Europe, followed by cholestatic disease, primawgrlitumours and acute hepatic
failure [7].

Liver failure is potentially reversible because b¥ver regeneration [8], so
considerable work has been done over many yeatsuelop effective liver support
devices. Various non-biological approaches, suchaasnodialysis, hemoperfusion,
and plasmapheresis have a limited success becatlse iasufficient replacement of
the synthetic and metabolic functions of the liuerthese systems [9-10]. On the
other hand, extracorporeal biological treatmenluiicg whole-liver perfusion, liver
slice perfusion and cross haemodialysis, have slsmnre beneficial results, but they
are difficult to implement in a clinical setting Il For these reasons, many
researchers have developed various extracorporeddybrid artificial liver (BAL)
systems. Generally, a BAL system consists of faneti liver cells supported by an
artificial cell culture material. In particular, incorporates hepatocytes into a
bioreactor in which the cells are immobilized, av#d and induced to perform the
hepatic functions by processing the blood or plasihéiver failure patients. The
BAL system acts as a bridge for the patients umtilonor organ can available for
transplantation or until their liver regeneratiol?]. The development of a BAL
system involves many design considerations. It mpustide: 1) an adhesion support

to the cells; 2) an adequate mass transfer of axygetrients and toxic substances
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from blood or plasma of patients to the cell comypants and of proteins, catabolites
and other specific compounds produced by cells ftbencell compartment to the
blood or plasma; 3) immunoprotection of cells andobcompatibility. The BAL
devices are classified by the cell source, the tgpeculture system for the

hepatocytes, and the configuration of the bioreactomn Table 1.
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References Bioartificial Bioreactor Membrane Cdl Céll capacity Culture cell position Levd of
System Configuration Source technique P development
Matsumara et Kiil dyalizer . . . -
A Cellulose Primary rabbit 0 . Dalysate First clinical
al.[,4 17?87 bioartificial liver Plate (MWCO 20 kDa) hepatocytes 1x10* suspension compartment report
Margulis et . . . Porcine . Phase Il
al., 1989 [48] Cartridge Polyvinyl chloride hepatocytes 410 suspension Shell clinical trials
Sussman et ELAD
al.1992 Amphioxus cell Hollow Eiber Cellulose acetate Human cell line 2x10" Agaregates Shell Phase | clinical
[49] Technology (MWCO=70 kDa) (C3A) ggreg trial
Degitgrg); et Hepat Assist Polysulphone Cryopreserved 5x10 M!;;Zzﬁg:jer Phase II/1II
Circe Biomedical Hollow Fiber membranes porcine . Shell o :
[50] Pore size 0.am) hepatocytes irregular clinical trial
( 2 P aggregates
Gerlach et al. Polyamide
1994 LLS (MWCO=100 kDa) 2.5x10
[51] . Polyethersulfone Pig Primary
Charite, Humboldt . MWCO=80 kD
Univ Germany Hollow Fiber ( O=8 a) hepatoc_:ytes - Aggregates Shell Phase |
Silastic endothelial cells
Polypropylene (0.2am
pore size)
Patzer et al BLSS . . 70-120g
) . Cellulose acetate Porcine Primary Collagen gel phase I/l
2{;);)}2 Excorp Medical Inc.| - Hollow Fiber (MWCO=100kDa) hepatocytes entrapped Shell clinical trials
Flendrig et al Non woven polyester 1x10*
1997 UnivAXr(r;?eAr\laam Spirally wound matrix, polypropylene | - Pig primary liver Small theSr::)er:l—/\/(\)/gven Phase |
[53] ' pirally membranes (pore size cells aggregates !
Polyester matrix
0.2um)
Ding et al., 1x10*
2003 BAL TECA Corp. . Polysulfone . |
[54] Hollow Fiber (MWCO=100 kDa) Swine hepatocytes Aggregates shell Phase 0
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3.2.1 Cell Source

The choice of the cellular component plays a @aitiole in the performance of a
BAL device. Cells inside must retain their diffeiated functions. Primary

xenogeneic hepatocytes and human cell lines hase bged in the development of
BAL.

In particular, do to a lack of human organ avallgbthe current main source of
hepatocytes for bioartificial systems is xenogeneiaterial. Primary porcine
hepatocytes, for example, which can be obtaindarge quantities, have been widely
used as the cell source for hybrid artificial liserPorcine hepatocytes exhibit
biotransformation functions, synthesis of ureapuailm, and other proteins, and are

activated by growth factors that also activate huieells [13].

Although the cells are easily obtained in largergias and demonstrate the same
gualities and therapeutic effects of human hep&tscyhis type of cell sources carry
the risk of xenogeneic infections and lack of metigbcompatibility [14]. An
alternative approach is to use human immortalizgghtocyte cell lines which have
the necessary functional and survival charactesistb-16]. The advantages to using
established cell lines include the ability to crdtdarge quantities of cells for an
extended period of time and the ability to contie degree of hepatocyte function
that is displayed [17-18]. However, because thetls are of cancerous nature it is
important to maintain safe handling practices whensidering the possibility of

using these cells clinically.

Stem cells have been suggested as interestingaaites. The stem cells, found in
sources such as bone marrow, are the most flexdbles in terms that are
undetermined in their pathway and express a rerbflability to differentiate into a
desired cell type. Hepatic progenitor cells that iarthe liver are often distinguished
as primary or small hepatocytes. These cells cHarentiate into other functional
cells of the liver. Primary hepatocytes are haeestia perfusion and are the
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precursor cells to mature hepatocytes. Primary Inunegpatocytes are very difficult
to culture and human cells that are obtained vibup®n do not survive past several
divisions [19]. In addition, not only human hepaties are difficult to maintain in
culture, but also do not perform normal fun]. caor undergo differentiation [20].
To sum up, the problems are the limitations ingbpply of human hepatocytes, the
possible infection in porcine hepatocytes, and tugenesis in cell lines and gene-
transferred hepatocytes. A preservation metho@eessary when using human liver
cells as the cell source for a bioartificial liv@he preference for progressive freezing
Is indicated by a report that compared stepwisezfrg with progressive freezing as
the freezing method following precultivation of #diver cells separated from the

removed liver [21].
3.2.2 Culture System

Hepatocytes are involved in many important livendtions: blood detoxification,
bile secretion, protein, steroid or fat metabolismtamin, iron or sugar storage. This
multifunctionality implies a great number of biologl parameters, which are
difficult to reproduce in vitro to keep full funoctalities of the hepatocytes.
Moreover, primary cultured hepatocytes rapidly ldgser specific functions when
maintained under standard in vitro culture condgioTo overcome such limitations
in hepatocyte in vitro culture, many strategiesestore and maintain normal hepatic
structure and function have been developed, sutheasse of protein coated culture
dishes [22], collagen sandwich [23], co-culturethwather liver-derived or non-liver
types of cells [24]. Implantable systems utilizingcrocarriers, microcapsules or
aggregates have also been developed. Other ek@blmulture models have also
been able to promote prolonged hepatocyte surandl metabolic function in vitro.
These models include the use of porous membranadlat configuration, such as
the modified polyetheretherketone (PEEK-WC) membér@2b], polyvinyl formal
(PVF) resin [26], and poly(D,L-glycolic-co-lacticcid) PGLA foam [27], hepatic

multicellular aggregates (spheroids) in suspensigliture [28], in microstructured
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scaffolds [29] and in pores of porous matrices pké/urethane foam [30] as well as

entrapment of hepatic cells in coated alginate $¢2d.
3.2.3 Bioreactor

A hybrid liver support device is one of the mosinpbex bioreactor, considering the
several functions that liver performs. Its designad ensure: the rapid detoxification
of neural and hepatic toxins; the return of liveedfic hepatotrophic factors, as well
as liver specific coagulation factors, back intdigrg’s blood; the maintenance of
liver cell detoxification and synthetic functionstil liver tissue regeneration. On the
basis of these considerations, an efficient cultdevice must be designed
considering the following important design critenjato use a sufficient number of
differentiated hepatocytes that can maintain thegit@rm functions; ii) to reduce
mass transfer resistances and eliminate substmaitiations so that the device can
function at maximum efficiency; iii) to minimize ¢hdead volume in the device
thereby reducing plasma dilution effects in theigrdat The ideal bioreactor design
would maximize mass transfer to the hepatocyteseliye allowing nutrients,
including oxygen, and toxins from the patient’s ddoor plasma to reach the
hepatocytes. The treated blood or plasma, includmgtabolites and synthetic
products, would then be returned to the patientsutation. To achieve this task a
large surface area is important for cell adhesfm.ideal device should integrate
efficient mass transport, scalability, and mainte@aof hepatocyte functions. One of
the most promising bioreactors is the membraneehimiors. Membranes with
suitable molecular weight cut-off (MWCO) have bgeaven to provide an effective
Immunoisolation barrier to immunocompetent spepiesent in the patient’s blood.
Thus, xenogenic or allogenic implants may be usedhowt need of
iImmunosuppression therapy. Membranes permit alsardmsport of nutrients and
metabolites to cells and the transport of catad®@nd specific metabolic products to
blood. In the case of anchorage-dependent cedly,dffer high surface area available

for cell attachment and culture. In these bioreaalesigns mass transfer is
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determined by the molecular weight cut-off or pdi@meter and occurs by diffusion
and/or convection in response to existing transman® concentration or pressure
gradients. Some bioreactors use membranes with MWLQing from 70 to 100
kDa that allow the transport of serum albumin bxdlede proteins with high MW
such as immunoglobulins and cells (Table 1). Theaathge to use these membranes
Is that to provide immunoprotection. Other bioreestuse microporous membranes
with large pore diameter (0.2m) that allow the free passage of plasma proteins,
toxins and clotting factors between blood or plasand cells but they exclude the
passage of cells (Table 1). The advantage to usenabrane with large pore diameter
Is to increase the fluid convection in order to foye mass transfer conditions.
Polymeric membranes with different morphology ahémical-physical properties
have been used in BAL devices [32]. The majoritextracorporeal BAL have used
cellulose and polysulfone derivatives (Table 1 ahdMorphological properties (e.g.,
pore size, pore size distribution and roughness)pdaysico-chemical properties (e.g.,
surface charge, wettability, surface free enerdfgctaall the adhesion and metabolic

functions of hepatocytes [2,33].

However, most of the commercial membranes usedlif@r cell culture are
developed for haemodialysis, which are optimisedaanert with blood proteins and
cells. As a result membranes express poor proparigarding cell interactions and
functions. Thus, the development of membranesdbaable to favour the adhesion
and the expression of liver specific functions uste€ important for the design of a
tissue-engineered liver bioreactor. Several straselyjave been proposed to improve
the cytocompatibility of membranes including thevelepment of new membranes
and surface modification by grafting of functiomgbups (e.g., COOH, N} or by
immobilization of biomolecules such as RGD peptidegalactose that interact with

cell receptors [34,35].

Another important issue in bioartificial liver dgsiis the maintenance of sufficient

oxygen supply to the hepatocytes. Since hepatoareesighly metabolic with high
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oxygen uptake rates, in order to oxygenate theulating blood or plasma some
devices incorporate an oxygenator in the bioreactdile other uses an inline

oxygenator in the extracorporeal perfusion circuit.
3.2.4 Membrane Bio-Hybrid Artificial Liver (BALpystems In Clinical Evaluation

Currently, several BAL devices are in various stafelinical evaluation and are
listed in Table 1. Many of these devices use holiilm@r membranes as supports the
cultured hepatocytes and as immunoselective barbietween the plasma of patients

and the hepatocytes used in the bioreactor [36].

In 1987 Matsumura et al., reported an early clintoal of bioartificial liver [37].
The device was developed on the principle of healgsis against a suspension of
functioning hepatocytes. The liver suspension wasaal in a dialysate compartment
on one side of a cellulosic semipermeable membr&he. blood flows through a
compartment on the opposite side of the membraabl€Tl). Afterwards, one of the
first large clinical studies was performed by Mdiget al. in which 20 ml capsules

filled with pig hepatocytes in suspension were y8&ql

Since the 1990 several BALs were proposed. Sussmdrcolleagues developed an
extracorporeal liver-assist device (ELAD) in whichman hepatocyte cell line C3A,
which is derived from hepatoblastoma cell line (B&p are located outside the
hollow fiber and blood flows through the lumen dallow fibers. A portion of the
patient’s plasma is ultrafiltrated through a celkd acetate membrane (70kDa) and is
in direct contact with the C3A cells [39]. This ds¥ is commercialized by the
Amphioxus Cell Technology.

A hollow fiber device that uses cryopreserved pwrchepatocytes attached to a
collagen-coated dextran microcarriers that is datlepatic Assist was developed by
Demetriou and coworkers. In this system hepatocydes loaded into the
extracapillary space and patient plasma flows thinodhe capillary lumina of
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membranes with pore size of Ou@n. This size is sufficiently small to block the
passage of whole cells [40]. Plasma first passesi¢in an activated charcoal column

and flows through the lumen of the hollow fibers.

A more complex system was proposed by Gerlach. €klhed Liver Support System
(LSS) or Modular Extracorporeal Liver System (MELconsists of a bioreactor with
four interwoven independent capillary membrane ewst that serve different
functions. The cells are cultured outer surface amdng the capillaries. Each fiber
type exhibits a different function: Silastic memea for oxygen supply and removal
of carbon dioxide, polyamide fiber for the plasméow, polyethersulfone fiber for
the plasma outflow and hydrophilic polypropylene nnreanes for the sinusoidal
endothelial co-culture [41]. With this capillaryray decentralised metabolite and gas
exchange with small gradients are possible. Duthéoindependent plasma inflow
and plasma outflow compartments, decentraliseduperfi of cells between these

capillaries is achieved. Additional functions cobkelintegrated into the module.

The bioartificial liver support system (BLSS) ishallow fiber device that uses
porcine hepatocytes embedded in a collagen mafils system uses cellulose
acetate hollow fibers with a 100 kDa MWCO contagngreater than 70 g of primary
porcine hepatocytes embedded in a collagen mdtn&. patient’ s blood is perfused
through the capillary lumina [42]. In the circuitflawing nutrient stream directly

perfuses the hepatocytes providing specific nuisien

The Academic Medical Center Bioartificial Liver (ABABAL) developed by
Flendrig and coworkers uses a three dimensionarallsp wound, non-woven
polyester matrix for hepatocyte attachment witlegnated hollow fibers for oxygen
delivery to the cells [43]. In contrast with thehet systems, the AMC-BAL uses
direct contact between the patient’'s plasma andnhbgix attached hepatocyte to

improve bidirectional mass transfer.
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Another BAL system that is currently in clinicaksteng is a bioreactor from TECA
Corp. in which a polysulfone membrane with MWCO160 kDa compartimentalize
pig hepatocytes [44].

3.2.5 Membrane BAL system in preclinical and in vitro evaluation
Several BAL systems have been evaluated preclipicalvitro experiments and in

large animal models of liver failure.

In the Liverx2000 system of Hu and coworkers, tlepdiocytes are suspended in a
collagen gel and injected into the lumen of hollbeer with a MWCO of 100kDa
and the extracapillary compartment is perfused witkcirculating medium A media

flow through the luminal space provides hepatooytiients [45] (Table 2).
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. e Bioreactor . Cdl Bioreactor cell Culture .
References Bioartificial System Configuration Membrane material Source capacity Technique Cell position
Hu egsaél], 1997 Liver x2000 Hollow fiber Polysulfone (MWCO 100 kDa) Porcinegagocytes 110 Gel entrapment Lumen
Shiraha et al., BAL Hollow fiber Polysulfone (pore size Ojam). Rat hepatocytes, 9x10’ Multicellular Extrafiber space
1996 [56] Agarose microcapsule HepG2 spheroids P
l\llglgze[ts%l., BLSS Hollow fiber Polyethylene (Plasma Flo) (OuBn pore size) Porcine hepatocytes 5.4x10 Entrapment Extrafiber space
De Bartolo et FMB-BAL Flat Polyterafluoroethylene Pig hepatocytes 1x16 Sandwich Between flat
al., 2000 [11] and Polycarbonate (pore size i) membranes
Nagaki et al., BAL Hollow fiber N . Rat hepatocytes, 2x10 )
2001 [58] bioreactor polyolefin fiber 0.44m pore size Hep G2 Entrapment Extrafiber spacg
Roy et al., 2001 Flat-plate Mlgrochannel polyurethane membrane dense Rat hepatocytes 210 Monolayer Over the surface
[64] bioreactor
Jasmund et al., Oxy-HFB Crosswise hollow Polyethylene (pore size Op@n) - 1-5x10 ) L
2002 [59] fiber nolypropylene Pig liver cells Aggregate Extrafiber space
Mizumoto and LLS ' . ' .
Funatsu, 2004 HALLS HOIH.OW ﬂber polyethylene coated with EVAL hollow fiber polydnane Porcine hepatocytes 0.5-100 g Organo!ds Extrafiber space
[61] Multicapillary foam and capillary Spheroids
CIZJ(;%I;) FGtZ?I” RWMS Flat Fluorocarbon dense membrane Rat hepatocyte 7.5-9x16 Spheroids Over the surfage
Schmtmeier et Minibioreactor .
al., 2006 [63] Flat polyterafluoroethylene membrane dense Poluapatocytes 6 x10 Monolayer Over the surface
Sauer et al., Slide reactor ) . Between hollow
2004 [65] Hollow fiber polyethersulfone membranes (pore size|01) Human hepatoma cellg 8x10' Aggregates fibers
Pless et al., 2004 Mlqrochannel Flat-plate Polyurethane membrane dense Rat hepatocytes 2x10 Monolayer Over the surface
[66] bioreactor
Ostrovidov et PDMS . : .
al., 2004 [67] microbioreactor flat polydimethylsiloxane and E;I;/ester membrane (pize 8.4 Rat hepatocytes 5 x10° Monolayer Over the surface
Ye et al., 2006 LSS Hollow fiber cellulose acetate membrane PMB-30 modified (MWCO 1( RTH33 cell line 2516 Monolayer Extracapillary
[68] kDa) space
De Bartolo et Multibore fiber Small
al., 2007 bioreactor Multibore capillary Modified polyethersulfone (pore size Quéh) Human hepatocytes 7.5x1¢ A Lumen
[69] ggregates
Lu et al., 2005 ' ) - . . . Extracapillary
[70] PVDF-hollow fiber Hollow fiber polyvinylidene difluoride (pore size 015n) Rat hepatocytes 5 x1d Aggregates space
Memoli et al., | Membrane bioreacto . Small
2007 [71] Flat Galactosylated polyethersulfone (pore size 0r) Human hepatocytes 4.7 x1d aggregates Over the surface
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A Dbioatrtificial liver support system consisting dfllow fiber cartridge using
encapsulated multicellular spheroids of rat hepaéscwas developed by Shiraha et
al. The spheroids, formed in a positively chargelysiyrene dish were encapsulated
into microdroplets of agarose that contained albut 10 rat hepatocytes. The

medium was circulated in a closed circuit in whilkch cartridge was inserted [46].

Several alternative device configurations have aded to the stage of large animal,
preclinical evaluation. Naka et al. have developeslystem using primary porcine
hepatocytes that is similar to the BLSS. The déifees are in the use of microporous
polysulphone hollow fiber membranes in the hepamdbyoreactor and perfusion of
plasma through the bioreactor. The system has slsmnre efficacy in support of

ischemic pig liver failure model [47].

The flat membrane bioreactor (FMB) developed by Betolo and coworkers

consists of primary porcine hepatocytes culturedwben semipermeable flat
membranes. This is a reproducible model with tbegatectomy in pigs, suitable to
test the safety and efficacy of liver support systdsolated hepatocytes were
cultured within an extracellular matrix between g&g-permeable flat-sheet
membranes in the FMB. In particular both sideshefdutside shell are constituted of
PTFE membranes permeable to oxygen, carbon di@ideagueous vapour, which
allow direct oxygenation of the cells, adhered lte surface and of the medium
overlying the cells. Porcine hepatocytes are maiath in a three-dimensional
coculture with nonparenchymal cells. A microporopslycarbonate membrane
separates the medium from cell compartment. The FhBntained stable cell

specific functions and is a safe and efficient deyi].

Nagaki and coworkers developed a hybrid liver suppgstem which consists of
plasma perfusion through porous hollow fiber moduteculated with 10 billion of
porcine hepatocytes entrapped in a basement meelonatrix, Engelbreth-Holm-
Swarm (EHS) gel. This system was applied to pigh vschemic liver failure. It was

demonstrated that the use of a BAL support dewiceombination with a hollow
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fiber module and hepatocytes entrapped in EHS gsl potential advantages for

clinical use in patients with hepatic failure [48].

An oxygenating hollow fiber bioreactor (OXY-HFB) BAsystem was developed by
Jasmund and coworkers and consists of oxygenatmagitegral heat exchange
fibers with a simple design [49]. Primary liver Isehre seeded on the surface of the
fibers in the extrafiber space. Oxygen requiremanéssupplied and temperature is
controlled via the fibers. Plasma from patientesfpsed through an extrafiber space

and brought into direct hepatocellular contact.

The liver lobule-like structure module (LLS) BAL st¢m, has many hollow fibers
that act as a blood capillary and are regularhareged close to each other [50].
Hepatocytes are inoculated by a centrifugal forcéhe outer space of the hollow

fibers.

The multicapillary polyurethane foam module (PUBgd as BAL system consists of
a cylindrical PUF block with many capillaries intreangular arrangement to form a
flow channel [51]. The hepatocytes in the foam pofermed spheroids with a
diameter of 100-15Qm.

Based on the use of a gas permeable membrane tngetall gas-permeable
membrane system was developed by Curcio et al.,uaed for the formation and
culture of hepatocyte spheroids. Microgravity cdiedis were obtained in rotating-
wall systems in which hepatocyte aggregates wemadd by cells protected from
gravitational forces and acceleration. Owing to thigh O permeability of the

rotating-wall membrane system the viability anddiimns of cells improved with

respect to a polystyrene rotating wall system [52].

Schmitmeier and coworkers developed a new smalk-dmareactor with the hepatic
sandwich model. It is of the same dimension as dbeventional 24-well cell
cultivation plate where the bottom is replaced ble t gas-permeable

polytetrafluorethylene (PTFE) membrane. Comparedhépatocytes cultured in
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conventional systems, primary porcine hepatocykdsbeéed stronger liver-specific
capacity and remained in a differentiated statéhan small-scale bioreactor over a
cultivation period of 17 days. This in vitro mod®uld serve as a tool to predict the

liver response to newly developed drugs [53].

Pless and coworkers evaluated the primary humaan bells in bioreactor cultures
for extracorporeal liver support on the basis @auproduction. In particular the long-
term course of 47 bioreactor cultures of hepatacyieer a culture period of 21 days
was investigated. The bioreactors based on thegune®veloped by Gerlach et al.
consist of three interwoven hollow fiber capillatyoundless, forming four
compartments, and integrated into a polyurethamsihg. Two of the boundless are
made of hydrophilic polyethersulfone membrane waithore size of 0/5m, serving
for medium supply during stand-by or for plasma fyon during clinical
application. The third bundle consists of hydrogholmultilaminate hollow fiber
membranes and was perfused with a mixture of alr@02 supplying the cells with

oxygen and carbon dioxide [54].

A simple hollow fiber based bioreactor that is abié for light microscopy was

developed by Sauer et al., to evaluate cell-call @ll-membrane interactions [55].
The SlideReactor offers a cell compartment separfitem a medium inflow and

outflow compartment. Due to its simple design amel ise of materials available in
most laboratories, SlideReactor is a simple vakiabbl to evaluate the cell-to-cell
and cell-to-hollow fiber interaction and enables ttomparison of different types or
arrangement of hollow fibers, e.qg., for use in bamtor-based extracorporeal liver
assist devices, or analysis of the influence of immadsupplements on the cell

viability and tissue integrity.

Flat plate microchannel bioreactor with an intermaémbrane oxygenator was
designed to improve the oxygen supply to the c&h® hepatocytes are attached to a
glass substrate and are in direct contact withpgréusing medium. A polyurethane

gas permeable membrane separates the liquid cangrarfrom the oxygenating gas
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compartment. This design allows oxygen deliverthis hepatocytes to be decoupled
from the medium flow, thereby allowing oxygen deliy and flow to be studied
independently. Hepatocytes with oxygen dependenttional heterogeneity may

exhibit optimal function into the bioreactor [56].

Ostrovidov and coworkers developed two types of brame-incorporating
microbioreactors to improve the maintenance of arninrat hepatocytes: one with a
commercially available polyester membrane and thehero with a
polydimethylsiloxane (PDMS) membrane. These miaodactors closely mimic the
in vivo liver architecture and revealed to be pring tools towards future

application in drug screening or liver tissue eegiing [57].

Ye and coworkers presented a bifunctional cellulasetate (CA) hollow fiber
membrane  (HFM)  bioreactor = modified with  2-methacybxyethyl
phosphorylcholine (MPC) copolymers (PMB30(MPC-cbutyl methacrylate)
(BMA) and PMA30 (MPC-co-methacrylic) for preparignovel liver assist HFM
bioreactor. A CA/PMB-PMA30 HFM modified asymmetiigaon the inner and
outer surface with PMB30 and PMA30 was prepareccessfully. The modified
HFM has good hemocompatibility and antifouling pedyp on the other surface due

to the modification effect of the MPC copolymer [58

De Bartolo et al., developed a multibore fiber bawtor as an in vitro liver tissue
model to study disease, drugs and therapeutic mieecalternatively to animal
experimentation [59]. This bioreactor, owing to tmeembrane configuration,
combines the advantage of having 7 compartmentsegepted by 7 capillaries
arranged in one single fiber with high stabilitydamechanical resistance. Human
hepatocytes were cultured in the intraluminal cormpant of the multibore fiber
bioreactor. The morphological, physico-chemical d@rehsport properties of the
multibore fiber membranes favor cell adhesion ansuege a sufficient oxygenation
process, nutrient feeding, end-product removal distribution of fluid molecules

inside the cell environment.
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Membrane bioreactors using specific adhesive saflestrsuch as galactosylated
membranes were developed in order to improve thesadn and specific functions
of liver cells. A galactosylated polyvinylidene Idibride hollow fiber bioreactor
provided specific adhesion and showed an enhantt®dnen production of rat
hepatocytes [60]. Recently a flat bioreactor usgaactosylated-polyethersulfone
membrane promoted the long-term maintenance dadréffitiated functions of human
hepatocytes outside of the body [61]. This humgmataryte bioreactor was applied
to study IL-6 effects on the production of acutegd proteins and gave evidence that
IL-6 down-regulated the gene expression and syigtoédetuin-A by primary human
hepatocytes. The human hepatocyte bioreactor bshbke the in vivo liver,
reproducing the same hepatic acute-phase respdmeste occurs during the

inflammation process.
3.2.5 Novel Membrane Bio-Hybrid System for Livergeeeration

During the last years several studies demonstrdtatl semipermeable synthetic
membranes can be used for the development of kbaehpystems for liver cell
cultures. We demonstrated that the morphologicdl@rysic-chemical properties of
membranes, such as surface free energy paramaffexd, cell adhesion and specific
metabolic functions of hepatocytes [62, 2]. Polyimenembranes are able to support
the long-term maintenance of metabolic and biotansation functions of isolated
human hepatocytes in a bio-hybrid system [63, Rijreover surface modification
by plasma process and the immobilization of biomale, such as RGD and
galactose, on membrane surface improve cell adhesiml the maintenance of
differentiated functions [34-35, 64-69].

In the last years the in vitro use of membrane yhoid systems including bioreactor
systems contributed to give important informatitnowat the effect of various drugs,
such as diclofenac, rofecoxib, paracetamol whid¢aces are not completely known,
on the specific functions of human hepatocytes1¥059, 61]. A novel bio-hybrid
system constituted by a modified polyethertherketGPEEK-WC) and polyurethane
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(PU) membrane and human hepatocytes was develop&k [Bartolo et al., as in
vitro system able to reproduce all liver functialesbe used for drug testing and
toxicity alternatively to animal experimentatiom this system human hepatocytes
shown polygonal shape and intercellular junctionish whe neighbouring cells

forming a structure that is closely the in vivoeiharchitecture (Fig.1).

Figure 1 Confocal image of human hepatocytes on PEEK-WC-PU membranes immunostained for actin (green). DAPI (blue) counterstaining was

used to detect nuclei. Scale bar 20@m.

This system was used to investigate the effect toiterpene, ursolic acid (UA), on
the specific metabolic functions of human hepategytA is a pentacyclic triterpene
acid which is widely distributed in medical herbsdaplants [72] and it possesses

anti-bacterial, antiviral, hepatroprotective, immuamodulatory activity [73]. In
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particular, the protective effects on the liver Igelin the presence of toxic
concentration of drug were investigated. Membramexe prepared from a polymeric
blend of PEEK-WC or poly(oxa-1,4-phenylene-oxo-fpl¥enylene-oxa-1,4-
phenylene-3,3-(isobenzofurane-1,3-dihydro-1-oxg)-tli4-phenylene) and
polyurethane (PU) by inverse phase technique bwygus$he direct immersion-
precipitation method. Therefore to obtain inforraatebout the mechanism whereby
UA reduces drug toxicity, we investigated the dff@icUA on the specific functions
of human hepatocytes cultured on PEEK-WC-PU menasram presence of the anti-
inflammatory drug Diclofenac (DIC) at a concenwat(700uM) that is known to be
toxic. The hepatoprotective effect of UA was evéddeon the liver specific functions
such as urea synthesis by using DIC at toxic canagon (700uM) in the presence
of UA (100 pg/ml) (Fig. 2). The ability of human hepatocytesiuted on the PEEK-
WC-PU membrane system to synthesize urea was nmedtéor the whole culture
period of 24 days. In presence of DIC the ureal®gis decreased dramatically
whereas the administration of the DIC together With show less drastic effects on
the metabolic functions. It is interesting to ndbat when the two substances are
simultaneously supplied, hepatocytes synthesiza with a rate which is between

each treatment alone.
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Figure 2 Urea synthesis of human hepatocytes cultured in biohybrid PEEK-WC-PU system for 24 days and treated with: (¢) Ursolic Acid (UA)
[100 Eg ml™]; (m) Diclofenac (DIC) [700 BM]; ( ) Ursolic Acid-Diclofenac association (UA+DIC). The values are the mean of six
experiments * standard deviation. On 4" day of culture: * p<0.05 versus DIC; § p<0.05 versus DIC. On 6" day of culture: * p<0.05
versus DIG®ON 8" day of culture: * p<0.05 versus DIC; § p<0.05 versus DIC. On 10" day of culture: * p<0.05 versus DIC; § p<0.05
versus DIC; f p<0.05 versus UA+DIC. On 12" day of culture: * p<0.05 versus DIC;  p<0.05 versus UA+DIC. On 16™ day of culture: *

p<0.05 versus DIC.

These results demonstrated that the biohybrid PREKPU system is able to
reproduce in vitro the liver functions and therefdrcan be used as model system for
drug testing and toxicity as well as for studyirfgreetabolic diseases and therapeutic

molecules.
3.3 MEMBRANES FOR NEURONAL TISSUE REGENERATION

In the tissue engineering strategies to repaibadly part neuronal repair stands out.
The nervous system consists of central nervoussy$CNS) which includes the
brain and the spinal cord and the peripheral nexveystem (PNS), which is
composed of cranial spinal and autonomic nerves ¢banect to the CNS. The

functional unit of the nervous system is the neuhat has a cell body and dendrites
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and axons. The dendrites serve as antenna to eedbw signals from the
surroundings or other neurons whereas the axon ish&dnger than dendrite is
engaged in transporting impulses from the cell btwylendrites of other neurons
through synapses [74]. Electrical impulses can pesss from axon to axon, axon to
soma, or from dendrite to dendrite. Injury to theruous system caused by
mechanical, thermal, or ischemic factors can impafious nervous system functions
such as memory, cognition language and voluntaryement. The CNS injury may

result in death or permanent disability.

In the United States alone, more than 3 millionesasf traumatic brain injury are
reported annually. These patients include anyone has fallen, especially someone
older than 64 years; a person who has been in armehicle accident; someone with
a gunshot wound or violence-related injury; or dolascent or young adult who has
a sports-related injury. Approximately 400,000 Amans suffer from the
neurological symptoms associated with multiple edis (MS). Furthermore, over 5
million people in the US and Europe alone suffenfrthe dementia associated with
Alzheimer's disease. About 450,000 people in theedrStates live with spinal cord
injury (one in 670), and there are about 11,000 spwmal cord injuries every year
(one in 30,000) [75].

While in the PNS injury the several axons can resc and re-innervate with a
functional recovery a rare return of damages strest and functions is observed

following injuries to the CNS.

Owing to the profound impact of CNS damage, extenstudies have been carried
out aimed at facilitating CNS repair. Many stragsgihave been developed to
facilitate the axonal reinnervation and to dirdwir outgrowth. Various devices
using synthetic and biological substrate are bdegeloped as biomaterial bridges as
peripheral nerve grafts. In particular membranegubular configuration act as
guidance channel to protect the regenerating axoitise lumen from the external

environment. The membrane reduces the infiltratibfibrous tissue and provides a

Ph.D. Thesis-University of Calabria — AA 2009-2010 - Carla Campana 58



Chapter III Membrane approaches for liver and neuronal tissue engineering

conduit for the diffusion of neurotrophic factonsdaallows the selective transport of

molecules between the lumen and the surroundingaemaent.

Current attempts are focused on seeking new bigrakstenew cell source as well as
novel designs of tissue-engineered neuronal briddevices, to generate safer and

more efficacious nervous tissue repairs.
3.3.1 Clinical Approaches for Treating Nerve Ing#i

For peripheral nerve injury, one of the currentnicil treatments for nerve
transaction is surgical end-to-end reconnectionjchvhinvolves the suturing of
individual fascicles within the nerve cable. Eneetad repair, however, is only
effective if the nerve ends are directly adjacemd @an be reconnected without
causing tension. If the injury creates a gap inriaeve, autologous nerve grafts or
autografts are used. For longer nerve gaps thisoapp is not used because any
tension introduced in the nerve cable would inhithe regeneration while an
autologous nerve graft from other donor sites isdusThis technique has the
disadvantage of the loss of function at the dontg and the need for multiple
surgeries. There are a few devices that are now Bpgxoved for relatively short
nerve defects, including Integra Neurosciences Tym®llagen tube (NeuraGen
Nerve Guide) [76] and SaluMedica’s SaluBridge Ne@udf [77]. However, these
treatments are reserved for small defects (sewveilimeters) and do not address

larger peripheral nerve injuries.

For CNS injury, and particularly spinal cord injurglinical treatment is less
promising. If bone fragments exist near the siteinpdiry, then surgery may be
performed to reduce any risk of secondary injurgitiAnflammatory drugs, such as
methylprednisone, are often also administered thuge swelling and secondary
injury [78]. Unfortunately, there is currently neeatment available to restore nerve

function.

3.3.2 Bioengineering Strategies for\eRepair
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Bioengineering efforts are focused on creating amgssive environment for

regeneration and providing a seamless interfacedsgt the CNS and PNS.

Many researchers are presently focusing effortscraating physical or chemical
pathways for regenerating axons. These devicesidacbhysical or mechanical
guidance cues, cellular components, and biomolecsignals, as reviewed
individually below. Future therapies will incorpteamultiple cues into unique device

that more closely mimic native nerve. They willaals

be interactive and programmable, and thus capdldeamless communication with

surrounding tissues.
3.3.3 Guidance therapies

The growth of cells and tissue is strongly influeticby environmental cues. In
particular, topographical features, such as thedted by cells, matrix proteins, and
surface texture on biomaterials, influence cell assle growth. This phenomenon is
termed contact guidance. The physical guidancexohsis a vital component of
nerve repair. Since 1960s when Millesi pioneerearosurgical techniques to
accurately align nerve fascicles in the direct ceea of nerve ends, with improved
functional outcomes [79] that is acknowledged tkechfor physical guidance as an
essential element in nerve regeneration. The “ngwees” or “nerve guidance
channels” serve to direct axons sprouting from ghaximal nerve end, provide a
conduit for the diffusion of growth factors seccktey the injured nerve ends, and
reduce the infiltration of scar tissue. Past redean this area has focused either on
existing natural or synthetic materials; howevene of the materials studied to date
have matched or exceeded the performance of thee ramutograft. As a result,
researchers are now focusing on the combinationmafterials and desired
biomolecules to create new composite materials ¢that actively stimulate nerve
regeneration. Matrices are incorporated into theel of the guidance channel to

enhance the organization of the regeneration emviemt and provide topographic
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guidance cues via aligned textures, and biologgadance cues by patterned
biomolecules, to facilitate unidirectional outgrbvdf the regenerating axons [80-86].
Cells [87], ECM molecules [88], or growth facto®&9] can be incorporated into the
tube to assist the axonal sprouting and outgrowthong the variety of tubular
structures used for guidance channels, semipereeabllow fiber membranes
appear to be a favorable guide to regenerate nautmsue. The most promising
results were observed with minichannel entubulatiewice in which Schwann cells
were seeded into a semipermeable nondegradablerkikdd of a random copolymer
of acrylonitrile and vinylchloride (PAN-PVC) withnaouter diameter comparable to
that of the hemisected part of the right spinatid8i7,90-91]. A large number of both
myelinated and non-myelinated regenerating axong wiscovered in the midpoint
of the channel and some of the regenerating ax@mns able to traverse the bridge—
host interface and renter the host CNS environm&hese axons terminated as
button like structures in the grey matter. In orderconfirm the efficacy of the
minichannel design on CNS axon regeneration furénaluations of functional

recovery and synaptic reconnections are necessary.

Topographic cues such as the surface microgeoroétilye guidance channels, the
morphology of the intraluminal matrices within therve-bridging device may
represent a key element in successful guidanceegénerating axons. In fact,

unoriented extracellular matrix materials allowlditnerve regeneration [92].
3.3.4 Tissue response to bridging devices

In a tissue-engineered construct the response sstidi is dependent upon the
properties of the materials and the cells [93]. tevial properties including

morphological, structural, mechanical, physico-cioain [94], and electrical

properties [95], affect the tissue response. Tlis wathin the construct interact with

the material directly via physical contact or imditly via the diffusion of cell-

secreted soluble factors.
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In the case of a typical tissue-engineered neurbndging device the properties of
the material components relevant to the tissue oresp include the surface
microgeometry [96], the molecular weight cut-of[9the electrical properties [98],
possibly the bioactive factors that are loaded sustainedly released through the

channel wall, and the degradation rate for biod#gjsbe materials [99].

Axon guidance by concentration gradients of solugledance cues has been
extensively studied in vitro. The modification efrtace with neuronal trophic factors
has been found to elicit neuronal regeneration. paterning of materials with
chemical cues such as ECM proteins (e.g., lamiiilbmonectin, RGD peptide has
been evaluated in the neurite outgrowth. Neuroasfrat brain stem and cortices
adhered to surfaces coated with laminin. DRG newattachment was found to be
dependent on fibronectin strip width (gén). Hippocampal neurons adhered to and
extended neuritis on the pattern of poly-L-lysim& daminin. Electric fields in the
form of voltage gradients have been observed tar{g@ the nervous system along
the rostral-caudal axis during the development §5aiV/mm) and direct nerve
growth and accelerate wound healing in the ratemi#40 mV/0.5mm) [100]. Cues
in three-dimensions such as matrigel, collagenyelsas polymer synthetic polymer-
based scaffolds support longer neuritis than ininfeesional culture systems.
Topographical cues influence nerve growth and regdgimon. The influence of
topographical features on neuronal cell adhesiahdiffierentiation has been studied
by using patterned adhesive areas that provide amigction of the surface for cell
adhesion while the rest is cell-repellent or byngsicontact guidance cues in
combination with also nerve growth factors or gledield [101-103]. Neurons have
the ability to respond to topographical featureshieir microenvironment and they
have been shown to adhere, migrate, and orient thens to navigate surface
features such as grooves in substrates and the-amck nanoscales. Topographical
guidance of neurite outgrowth has been exploredvitro with well defined

micropatterned substrates. Topographic guidanceeunfritis outgrowth has been
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explored in vitro with culture substrate containitghes, microchannels, nanotubes
or microgrooves [104-108]. Mahoney et al., studieel effects of microchannels of
20 to 60um in width and 1Jum in depth on PC12 cell cultures [109]. Neuritesave
directed along the axis of the grooves with miceoutels of 20 to 3im being most
effective at neurite directions. Other Authors fduan optimal surface with
roughness in the range of 50 nm for the attachmieptimary neurons isolated from
the substantia nigra [110].

De Bartolo et al., shown that hippocampal neurotisb&ed a different morphology
in response to varying the properties of the membrsurface [111]. Indeed, cells
grown on the smoother membranes and namely Fludroca (FC) and

polyethersulfone (PES) membranes displayed a lamgmber of neurites with
consequent formation of bundles. The density ofnakaetwork increases the

neuritis become more elaborate and highly branchiedthe smoother surfaces
(Fig.3).

Spo WD Mag HFW X: 7.2 mm | Sig —10. Opm%

M-PTFE-8d V| 3.6 [12.0 mm|5000x|54.08 ym|Y: 17.5 mm|BS| M-PTFE-8d

Figure 3 Micrographs of hippocampal neurons aftefa@s of culture on modified
fluorocarbon membrane (FC); a) and b) different miagation.
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As a consequence while a very complex network fwased on these membranes,
cells tend to, instead, form aggregates and moteoprocesses are developed inside
the pores of the membranes when rougher PEEK-Wfacas were used. Aebischer
et al., [96] observed that smooth inner walls ofypwric channels induced the
formation of discrete nerve cables with a numbemyklinated axons within an
organized fibrin matrix in contrast with rough imnealls that elicited the formation

of scattered nerve fascicles in an organized fibratrix.

Zhang et al., have fabricated HFMs with unidirectibaligned grooves parallel to the
hollow fiber long axis on the inner surfaces fromotlb nondegradable and
biodegradable natural and synthetic polymers. HklMance channels with aligned
grooves on the inner surfaces may allow enhanceéehtation and directional

outgrowth of regenerating axons [112]. Both surfand transport properties of the
membranes play an important role in the neurongemeration: the surface
microgeometry of the membrane inner wall affects trientation of the axonal

growth; the molecular weight cut-off of the memlwaifects the axonal regeneration
by governing the mass transfer of molecules betwencontrolled regenerating
environment within the channel lumen and the exeemvironment [97]. In table 3

are reported the main studies with neuronal ceilsgumembrane systems.
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REFERENCE MEMBRANE CONFIGURATION MATRICES MEMBRANE CELLS EFFECT
PROPERTIES
Lietal., 1999 Polyacrylonitrile polyvinylchloride Hollow fiber Macroporous cellulosic Hydrogel PC12 L-dopa Cell proliferation, dopa and
[129] copolymer microcarriers secreting and C2C12 CNTF secretion
CNTF secreting
Manwaring et al., Glass, CA, PES, PAN-PVC, PS Flat - Contact angle ranging fromp Dorsal root ganglion| Cell proliferation on CA, PAN-
2001 PP, PEVAC 35 to 95° and cerebellar PVC, PEVAC and glass
[124] granule neurons
Broadhead et al., Copolymer of acrylonitrile and Hollow fiber - Cut-off 40,150 kDa PC12 Proliferati@and maintanance
2002 vinylchloride of viability
[130]
Lee et al., 2003 polyethylene flat Corona treated Wettability gradisurfaces PC-12 Longer neurites on surface With
[125] contact angle of 55°
Zhang et al., 2005 Aromatic polyether based Hollow fiber Poly-L-lysine and Grooves on the lumen of [ Dorsal root ganglion High rate of neurite outgrowth
[122] polyurethane, laminin width width of 38.5-9Jum on textured inner surface
Poly DL-lactide-coglicolide
Young et al., 2005 Polyvinyl alcohol and flat - Dense structure Cerebral cortical Differentiation in
[123] polyethylene-co-vinyl alcohol stem cells neurons/strocytes and
porlifertaion
Lopez et al., 2006 silicon flat Laminin and collagen Pore size ranging from@Q PC-12 The modification of collagen
[127] 50 nm increase cell survival and
functionality
Chang et al., 2007 Polyethyleneimine- flat - Contact angle 23.2-84.9° Rat cerebellar Increased cell viability on
[126] polyethylenevinylalcohol granule neurons surface with 57.8°
De Bartolo et al., Fluorocarbon, polyethersulfone, flat Poly-L-lysine Roughness ranging from 6 to  Hippocampal Surface with Ra up to 50 nm
2008 modified polyetheretherketone, 200 nm neurons favoured the formation of
[121] longer neurites and BDNF

secretion
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The molecular weight cut-off of the membrane caratgisted to allow diffusion of
nutrients, waste products, and the external humimebrs that are beneficial to
regeneration across the membrane— tissue interiaduding the transport of
immunocompetent species and molecules. Polyvinytoral (PVA) and
polyethylene-co-vinylalcohol (EVAL) membranes warsed for culture of neural
stem cells isolated from embryonic cerebral corfargle neural stem cells seemed
to remain dormant on the EVAL. Conversely the depeient of cell clusters at low
density allowed the differentiation of cells inteurons and astrocytes [113]. The
physico-chemical properties of the membrane surfaee also important in the
interactions with cells. Manwaring et al., culturesls derived from meningeal tissue
on surfaces with different wettability: PAN-PVC, Ipethylene vinyl acetate
(PEVAC), polypropylene (PP) polystyrene (PS) andcoflex (TECO). The
hydrophilic materials supported the highest levélcell attachment while the
hydrophobic materials supported less cell adhgdibd]. Other studies demonstrated
that PC-12 cells are a differentiated neuronal phgie with a long neurite on

polyethylene surface with moderate wettability [L15

Chang et al., studied the effect of membranes nw@fda polymeric blend of
polyethyleneimine (PEI) and EVAL with different amentration of PEI on the
behaviour of granule neuronal cells. The additibf?&l at increasing concentration
resulted in a change of wettability properties ltg membranes with contact angle
ranging from 23 to 85°.An increased cell viabilityas observed on membrane
surface with 57.8° [116].

In the understanding the interactions between rfabracated synthetic interfaces
and cells Lopez et al., investigated microfabridab@noporous silicon membranes
modified with collagen and laminin on the surviviaipliferation and differentiation

of PC-12 cells. The modification of the membran¢hwiollagen was important to
improve the adhesion of cells [117].
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The tubular membrane can be engineered to allonatls®rption of the bioactive
factors to the channel walls during the fabricafmwacess, which could be released
within the lumen to favour the nerve regeneratiéfievious studies reported
enhanced nerve regeneration in vivo under the teftdc growth factors or

neurotrophic factors released from the walls ofghiglance channels [118].

Both non biodegradable such as silicon, polyethgjlerpolyvinylchloride,
polyvinylidenedifluoride, polytetrafluoroethylenend biodegradable materials as
collagen, chitosan, polycaprolactone, polyglycaloed have been used to realize tube
as nerve guidance channels for repairing of traedemerves. Particularly
semipermeable hollow fiber membranes seeded wigh $pinal cord cells have been
shown to markedly promote axonal growth across @ igaadult rat spinal cord.
Zhang et al., used semipermeable hollow fiber mamdés with highly aligned
textures on the inner surface in order to promdte torsal root ganglion
regeneration. Aromatic polyether polyurethane wsexdias non degradable and poly-
DL-lactide-coglycolide was emplyoed as a degradadmémer. The presence of
groove with heights of 38.5 to QIm allowed the regeneration of neuritis that were

aligned and parallel to the direction of the graoj&6].

Asymmetric hollow fiber membranes of polyacryloidtrand polyvinylchloride

(PAN-PVC) used to encapsulate PC12 cells secradogp and C2C12 secreting
ciliar neurotrophic factor (CNTF) supported the lipevation of cells and the

secretion of specific factors [119]. PAN-PVC menm@s with structural properties
have been used for the PC12 cells by Broadheal Ei28]. The encapsulated cell
biomass, the number of proliferating cells, and guantity of dopamine released
increased as a function of increasing hollow fibmmbrane diffusive permeability.
In this respect the membrane permeability playsa ble by regulating the size of
the cell mass that generates the product and abili$y to restrict the diffusion of the
product across the membrane into the surroundimgamment. Unlike biomass size

the percentage of viable cells was independenth@membrane permeability.
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The use of biodegradable materials in guidancereflaroffer the advantage timely
to disappear from the implantation site without additional surgical intervention
once the regeneration process is completed aruefuatiowing the connection of the
regenerated axons with host circuitry. Importanarebteristics of a biodegradable
guidance channel include minimal tissue responiewimg implantation, in vivo

degradation at a rate that matches with the reggaerprocess, to non-toxic and
readily excreted degradation products, and thenaesef toxic residual chemicals

that may be contained in their preparation [99].

For most of the biodegradable materials that aré telerated in the CNS, such as
polylactic, polyglycolic acid, and their variouspmymers [121-123], polyanhydrides
[124], hydrogels [125], and poly(phosphoester) [12the tissue inflammatory
response generally becomes stabilized and reschgedh function of material
degradation. Biodegradable materials formulateadl microspheres were designed for
controlled drug delivery at a CNS tissue site.

3.3.5 Membranes Used In Vivo Neuronal Regeneration

Synthetic hollow fiber membranes can be used tairefne nerve transaction.
Transplantation of porous tubes in poly(2hydroxyetimethacrylate-co-methyl
methacrylate) was performed by Reynolds et allpfohg a spinal cord transaction

surgery in order to improve locomotor functionsan[127] (table 4).
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REFERENCE MEMBRANE CONFIGURATION MATRICES MEMBRANE CELLS EFFECT
PROPERTIES
Benvensite et al., 198 Diaflo Microdialysis tube - 50 kDa Cellular reamito implant
[139]
Winn et al., 1989 PAN-PVC Capsules - Giant cells Immunoisolatiomforenograft
[140]
Aebischer et al., 1989 Polysulfone Tubes - MWCO 10 and 100 kD Sciativeer Regeneration of peripheral nervI
[107] with 10 kDa MW cut-off membran
Lietal., 1999 Polyacrylonitrile Hollow fiber Macroporous cellulosid hydrogel PC12 L-dopa Cell proliferation in vitro and in
[129] polyvinylchloride copolymer microcarriers secreting and vivo and release of L-dopa and
C2C12 CNTF CNTF
secreting
Sajadi et al., 2006 Polyethersulfone Fiber Polyvinylalcohol Inner diameter 50Qm MDX12 secreting Regeneration of nigrostrial
[141] GDNF dopaminergic fibers
Reynolds et al., 2008 Poly-2-hydroxyethyl Tube - Dense structure Improvement of locomotion
[137] methacrylate-co-methyl function after spinal transection
methacrylate
Xue et al., 2001 Alginate-polylysine-alginate Microcapsules Polytysi Diameter 100-300m Bovine chromaffin| Reversion of behavioral deficits in
[142] cells hemiparkinsonian rats
Kim et al., 2004 alginate Microcapsule Poly-L-lysine Diameter 100-300m Chromaffin cells Maintenance of cell viability afte
[143] implantationand analgesic effect
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Semipermeable membranes are also used for theewelipsulation in order to
immunoisolate the cells from the host by being Eabie to molecules smaller than
certain sizes, but restricting the passage of tangaecules such as antibodies and
complement components from entering the membramenuand interacting directly
with the encapsulated cells [128]. One of the aapilbns of hollow fiber membranes
with encapsulated cells regards the implantationthe CNS for treatment of
Parkinson ’'s disease. Parkinson's disease is alogigal disease characterised by
the progressive loss of dopaminergic neurons insthestantia nigra pars compacta,
which are important to motor control. A treatmemtategy under development
involves the implantation of encapsulated dopamseeeting cells, with the purpose
being to alleviate at least some of the symptomBarkinson's disease through the
targeted delivery of dopamine. There also are atleevous system disorders where
the delivery of a missing factor(s), e.g., neunwdraitters, neurotrophic factors, or
enzymes, might compensate for a disease-causedietielf and thus alleviate
symptoms. Although approaches such as the usemppwr slow-release polymer
systems could be employed, the use of encapsutataetory cells is a particularly
attractive one for chronic implant therapies sittfee supply will last as long as the
cells survive. There are two methods of encapsulaticro-and macroencapsulation
[128]. For macroencapsulation, cells are usuallgpeaded in a matrix within a
hollow fiber membrane. The open ends of the holiber are sealed thereby forming
a capsule within which cells reside. In this cdse relatively thick fiber membrane
represents a large diffusion distance for the selaz catecholamine. This limit can
be overcome by microcapsule. The thin membranespheérical shape result in a
high surface-to-volume ratio that facilitates traesnbrane diffusion and enhances
cell viability. A disadvantage of the microcapsuileshat they are fragile and cannot

be retrieved easily.

One of the first studies concerning the implantatd hollow fiber membranes is that

of Benvensite, which implanted a Diaflo hollow flomembrane microdialysis tube
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in the rat hippocampus and studied the cellulactr@a Hypertrophic astrocyte
processes invaded the spongy fiber wall three aftgs and late collagen deposits
and occasional granuloma were formed. This stuglyesents an initial attempt
toward understanding the CNS tissue response téF\h device [129]. Afterwards,
Winn et al. [130], encapsulated cells in a PAN-PNEM implanted into the adult
male rat right parietal cortex. A layer of reaetiastrocytes mixed with other
inflammatory cells including macrophages and miteognveloped the membrane
with some of the cells penetrated into the fibetl.wdowever, the response was
benign due to a consistent absence of necrosisr araund the implant—brain

interface over time.

Semipermeable polysulfone tubular membranes with dMvénging from 100 to
1000 kDa were used in transacted hamster sciatice n@odel to support nerve
regeneration in the absence of a distal nerve stoynpebischer et al. [97]. The
MWCO of the tubular membrane affect the outcomeregeneration. Only the
membranes with MWCO of 100 kDa supported the regdiom of well

differentiated peripheral nervous tissue contairargygnificant number of myleinated

axons.

Li et al., [119] used asymmetric hollow fibers meares of polyacrylonitrile and
polyvinyl chloride copolymer (PAN-PVC) to encapdeld®C-12 cells secreting L-
dopa and dopamine attached to macroporous celtutoisirocarriers. PC-12 cells on
microcarriers were embedded in PEO or agarosemiitbilow fiber devices. Devices
were implanted into rodent striatum for 4 weeks @sdayed for catecholamine
release. Proliferation control is attained by endoegl cell containing microcarriers

In nonmitogenic hydrogels.

Glial cell line derived neurotrophic factor haveeheencapsulated in hollow fiber
membranes of polyethersulfone previously filledhagt polyvinylacohol cylindrical
matrix and the fiber ends sealed with acrylic baghte. The implantation of

encapsulated cells by PES fibers in animal modeaockinson’s disease [131] leads
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to improvement of movement associated with straratanervation of dopaminergic

fibers.

Microcapsules made of Alginate-polylysine-alginaieve been used by Xue et al.
[132], to encapsulate bovine chromaffin cells thate been implanted into the brain
of hemiparkinsonian rats. The results of this stigihypw great promise in the
application adrenal autograft tissue for the treatimof Parkinson’s disease. Bovine
chromaffin cells have been also encapsulated imorépsule of alginate with 100-
300 ['m diameter covered by poly-L-lysine and implantedgubarachnoid space of
rats. The microcapsules reduced the symptoms oh. pdihe cells were

morphologically normal and retained their functiloiyg133].
3.4 CONCLUSIONS

With the recent advances in the field of biomatsrzarticularly in the membrane
systems there is much promise of working towardsretional tissue engineered
constructs. Many strategies are being developeteatize tailored synthetic and
biodegradable membrane systems that are compatitiiehuman cells and tissues.
The preclinical development stage of some of tmesebranes systems demonstrates
their potentiality in the tissue engineering fidBioartificial membrane systems could
have a role not only in the replacement of injupegian or tissue but could accelerate
the development of new drugs that may cure patiaitsrnatively to animal
experimentation. Many problems encountered withirtgspotential drugs can be
overcome and redesigned on a quicker time scaletlogdver cost utilizing a system
that can effectively act as a functioning liver. nSmlering the multidisciplinary
nature of the tissue engineering it is important ¢bnicians, basic scientists and
engineers to collaborate and to explore all aréa®ssibilities in order to realize the

new advancements towards the creation of an esrtgyan.
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Chapter IV

Biodegradable and synthetic membranes for the expansion and functional

differentiation of rat embryonic liver cells

4.1 Introduction

The ability to expand hepatic stem cells or embiydwer cells is desired to generate
cells for liver tissue engineering in clinical armharmaceutical applications.
Conventional methods for expanding hepatic stets oelprogenitor cells comprised
polystyrene culture dishes and component of exitdae matrix such as collagen
[1]. Alternatively biocompatible and biodegradablaterials have been proposed to
support cells and promote their differentiation apdbliferation towards the

formation of a liver tissue [2].

Natural polymers such as chitosan are advantag&wuBver tissue engineering
because of their similar structure of glycosamigoghs, which are components of
the liver extracellular matrix. Chitosan is the Badetylated derivative of chitin and
Is naturally degraded by body enzymes. In addititsnreactive amino and hydroxyl
groups provides many possibilities for covalent awrdc modifications which allow
extensive adjustment of mechanical and biologicaperties. Due to its excellent
biocompatibility and bioadsorbility chitosan hasebeused in several biomedical
applications (e.g., skin, bone, cartilage, bloosisets, haemaodialysis, nerve and liver)
[3-8]. Scaffolds constituted of chitosan crosslahkeith other biomolecules have
been applied in the culture of liver cell line gmimary hepatocytes [9-10]. Chitosan
In membrane configuration modified with biomoleauleve been used for culture of
fibroblast cell line and in the form of galactosgid scaffold has been applied to

induce the formation of rat hepatocyte aggregdi#sip].
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Membranes prepared from chitosan could act as sfatlextracellular matrix
combining the advantageous properties of the palyifie. biocompatibility,

biodegradability and biofunctionalities) with thosef membranes such as
permeability, selectivity and well-defined geomef{d3-14]. In fact membranes
would allow the organization of the cells into aetrdimensional architecture,
providing mechanical integrity and a space for thfusion of nutrients and

metabolites to and from cells [15-16].

Synthetic polymeric membranes can be used alstn@ndevelopment of in vitro
engineered constructs to reproduce a physiologiestie model for studying drugs
and metabolic diseases. Modified polyetherethenet¢PEEK-WC) membranes
have good stability, permeability and biocompaitipiproperties, as previous studies
with rat hepatocyte culture demonstrated [17]. Thap easily be mass produced
with  modulated morphological and physico-chemicaioperties for specific
applications but are not degradable and for thisbsaused only in vitro systems.

Herein we examine the expansion and the express$idifferentiated functions of rat
embryonic liver cells on chitosan and PEEK-WC meamles in comparison with
traditional substrates such as collagen and pabyséy culture dishes (PSCD). Rat
embryonic liver cells (17 day embryo) was usechis study as alternative model of
human liver progenitor cells [18-19] since usingscéom the foetal human liver is
limited by a major ethical issue. Embryonic livealls have many advantages over

primary hepatocytes for proliferation in vitro tamsplantation in vivo [20].

4.2 Materials and methods
4.2.1 Membrane preparation

Chitosan membranes were prepared by dissolvingvt8 ©f chitosan (Sigma Co.,
Milan Italy) in acetic acid solution (2%, v/v). Tingolyethylene glycol (PEG) with
MW of 6000 D (Merck- Schuchardt) was added to thgosan solution in 4:1 ratio
and stirred for 2 h. The solution was cast onglalate by means of commercial

knife (Elcometer, Adjustable Bird Appl 0-25@m) and dried at room temperature.
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The membrane was immersed in a solution of 1% Na@ét drying. Finally, the

membrane was washed in deionised distilled watathiotest.

Synthetic membranes were prepared from the modiRIEEEK-WC or poly(oxa-1,4-
phenylene-oxo-1,4-phenylene-oxa-1,4-phenylenei8@:énzofurane-1,3-dihydro-1-
oxo0)-diyl-1,4-phenylene) (patented by Zhang efZl] and provided by the Institute
of Applied Chemistry, Cancun, China) by means @f ithverse phase technique by
using the direct immersion-precipitation methodpasviously described [17]. The
PEEK-WC is obtained by polycondensation reaction tween 4,4-

dichlorobenzophenone and phenolphthalein [22].

4.2.2 Membrane Characterization
The membranes were characterised by Fourier Trametb Infrared Radiation (FT-
IR) analysis in order to identify the specific cheah groups of the polymers. The

spectra were recorded on a Perkin Elmer 1300 speeter.

The wettability properties of all membranes werareakterised by using the water
contact angle measurements by sessile drop methatisvater sorption at ambient
temperature by using CAM 200 contact angle meteB\(Kinstruments LTD,

Helsinki, Finland). Results are the mean of tensueaments of different regions of

the sample surface. All measurements were repéatasdk times.

Swelling and dissolution tests were performed fotosan membranes. Membrane
samples (1 mmx1 mm) were weighted and then putnm ghosphate buffered saline
(PBS) at 37°C. Swollen membranes were drawn abwariimes and were weighted
| = Ws-Wi

. - %S —x100 _
again. The swelling index (SlI) was calculated as: Wi where Wi and

Ws are the sample weights before and after inooibati PBS respectively. After

drying at 37°C for 48 h samples were weighted agaith the solubility percentage

e Wi-Wd
%S = —x100 _ . :
was calculated as: Wi where Wd is the dried sample weights after

dissolution test. Each test consisted of four ogpi measurements.
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4.2.3 Cell culture
The rat embryonic liver cells (17 days embryomnetiof Japanese albino rat) (RLC-
18) were obtained from the DSMZ (Braunschweig, Gary). Cells were maintained
in RPMI medium containing 10% FCS (Biochrom AG, IBer Germany), I-
glutamine, penicillin and streptomycin (Biochrom ABerlin, Germany) at 37 °C in
a humidified CQ incubator (95% air 5% C{and subcultured twice a week by using
trypsin (0.05 %)/EDTA (0.025 %) solution (Carl Ra#@mbH, Karlsruhe, Germany)
(Sigma-Aldrich, Munich, Germany). The cells werdtared at 6 passages on the
chitosan and PEEK-WC membranes, and on collag&DIRiosciences, Germany)
and PSCDs. Cells were cultured for up to 24 ddesntedium was changed every 48
h.

Experiments were performed in presence of Diazeg@mig/ml in the culture
medium to evaluate the ability of cells to perfadnug biotransformation functions,
in particular the elimination of diazepam and tbenfation of its metabolites.

The morphology of the cells cultured on the difféarsubstrates was assessed by
means of Scanning Electron Microscopy (SEM) andetaSonfocal Scanning
Microscopy (LCSM).

Liver-specific cellular functions were investigatedterms of albumin production

and urea synthesis.

4.2.4 Cell fixation for SEM
Cells cultured on membranes, collagen and PSCD preygared on day 7 and 16 for
SEM analysis by fixation in 3% glutaraldehyde arfb formaldehyde in PBS,
followed by post-fixation in 1% osmium tetroxide danprogressive ethanol
dehydration.

4.2.5 Cell staining for LCSM
The morphological behaviour of embryonic cells ardd on the investigated

substrates was investigated at 7 and 16 days tfreulith Laser Confocal Scanning
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Microscopy (LCSM) after cytoskeleton and ECM prote@nmunostaining. Samples
were rinsed with PBS, fixed for 15 min in 3% parafaldehyde in PBS at room
temperature (RT), permeabilized for 5 min with @5Triton-X100 and saturated for
15 min with 2% Normal Donkey Serum (NDS).

To visualize vinculin, a mouse monoclonal antibedised against human vinculin
(Santa Cruz Biotechnology, Santa Cruz, CA) and &"8yonjugated AffiniPure
donkey anti-mouse IgG (Jackson ImmunoResearch Eurtey Cambridge, UK) was
used. Actin was stained with phalloidin Alexa 48#hjgated (Molecular Probes,
Inc, Eugene, OR). All primary and secondary antibsdvere incubated for 2 and 1.5
hours at RT, respectively. Counterstaining for aualas performed with DAPI 0.2
ng/ml (Molecular Probes Inc, Eugene, OR) incubated fom80. Finally samples
were rinsed, mounted and observed with a Laser dcahfScanning Biological
Microscope (Fluoview FV300, Olympus ltalia).

4.2.6 Biochemical assays
Samples from the culture medium were collectedrezghilled tubes and stored at -
20°C until assayed. Albumin secretion was measuvild the immunoenzymatic
ELISA method. 96 well plates were coated with chabsgraphically purified rat
albumin (Sigma, Milan, Italy) 5Qg/ml and left overnight at 4°C. After 4 rinses, 100
pl of cell culture supernatant were added to thisveand incubated overnight at 4°C
with 100 pl of anti rat albumin monoclonal antibodgnjugated with horseradish
peroxidase (Bethyl Laboratories, Inc., USA). Af#rrinses, the substrate buffer
containing Tetramethylbenzidine and® (Sigma, Milan, Italy) was added for 7 min
and the reaction was stopped with 100 pl of 8 )S®. Absorbance was measured at

450 nm using a Multiskan Ex (Thermo Lab Systems).

The urea concentration was determined by the gafiwé colorimetric urea assay kit

QuantiChrom" (Gentaur, Brussels, Belgium).
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The statistical significance of the experimentautess was established according to
the ANOVA followed by Bonferroni, as post hoc tgst< 0.05).

4.2.7 HPL C analysis of diazepam and metabolites
Embryonic cells were incubated with 1§/ml diazepam; HPLC was used to monitor
the biotransformation of diazepam [23] in its melébs. Aliquots of the culture
medium were alkalinized with 20% of 4 M NaOH, ppetated with isopropanol
(1:10) and extracted with ethyl acetate (5:1) bwytigerocking for 10 min and
subsequent centrifugation at 2@@r 15 min at RT. The ethyl acetate phase was then
evaporated and dried under vacuum, and the pedistlgded in 964l mobile phase
consisting of acetonitrile/methanol/0.04%triethylaen pH 7.04 at proportion of
25/35/40 respectively. The samples were HPLC amdlysing a ¢s-RP Purosphere
Star 5 um, 250x4,6 mm column, equipped with a precolumn r@deKGaA,
Darmstadt, Germany). The sample injection volumes ®@ul. The mobile phase
was delivered at 0.8 ml/min and the column was ateer at ambient temperature.
Effluents were monitored with a UV detector at 28@8. Besides diazepam its
metabolites temazepam, oxazepam and nordiazepam were deteEtd.all

substances calibration curves were regularly ruwdsen 10 ng/ml and 10g/ml.

4.2.8 Western Blot
Cells were pelletted by centrifugation and the @rs extracted using the phenol
extraction method described by Wang et al. [24].

The final pellet was dried and dissolved in Laemisdimple buffer for 1 DE
separation. For 1 D separation we used the alrpaabasted gels from BIO-RAD (4-
20% polyacrylamide).

The pellet was incubated overnight in loading buffdter denaturation at 95°C for 3
min, proteins were resolved under constant 120% BIO-RAD mini protean tetra

system (BIO RAD) until bromophenol blue reachedlib&om of the gel.
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1 DE (mono-dimensional) gels were processed fotemedlots and then the protein
blots were blocked overnight with 3% bovine serdbumin in TBST buffer (20 mM
Tris-HCL, pH 7.6, 0.8% NaCl, 0.1% Tween 20) anduinated with monoclonal
antibody against albumin (Santa Cruz Biotechnoldg§00), cytokeratin 18 (CK18)
(Santa Cruz Biotechnology 1:200) and Alpha-fetogrot (AFP) (Santa Cruz
Biotechnology 1:200) [25].

Blots were washed and incubated with a goat antismdhorseradish peroxidase-
conjugated antibody (1:1500, BIO-RAD). The detettwas performed with Opti-4
CN (4-chloro-1 naphtol) substrate and detectios (81O-RAD).

4.3 Results
The chitosan membrane has a dense structure amickandss of 5.5+0.23im
(Fig.1la-b).

Figure 1
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Figure 1. SEM’s images of (a-b) chitosan and (BEHEK-WC membranes; a) and c)

membrane surfaces; b) and d) membrane cross section

Differently PEEK-WC membrane has an asymmetriacstre with a gradient of
porosity from one side to the other one (fig.1lc-tlhe membrane has a porous

surface with a mean pore size of 55 nm and a tegkof 66+0.84m.

An IR spectrum of chitosan is shown in Fig. 2a.
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Figure 2: FITR spectra of a) chitosan and b) PEER-W

membranes
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A sharp band at 3367 ¢hhas been attributed to -Ntnd —OH group stretching
vibration. Further, in the C-H stretch region oflIRTspectrum, the higher intensity
peak at 2876 cihis assigned to the symmetric modes of,CHh addition, the
presence of one peak at 14207cinat was assigned to unsaturated carbon- carbon
double bonds is observed in the spectrum. The paalk$54, 1585 and 1151 ctm
could be assigned to strong N-H bending vibratibpromary and secondary amide
and C-O stretching vibration of ether linkage oftatan backbone, respectively.
From Fig.2b the typical chemical groups of PEEK-Wi€mbranes were identified. A
large band centred at 1768 tmorresponding to superimposed ketonic and esteric

C=0 stretching modes, was observed in the PEEK-VE@Ibnane spectrum.

Fig.3 shows the wettability properties of the cban and PEEK-WC membranes.
Chitosan membrane surface displays hydrophilicaittar as demonstrated by time-

related WCA and water sorption measurements (Fig3a)
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Figure 3: Time related water contact ang#®)(and water sorption®) of a)
chitosan and b) PEEK-WC membranes. The values hee mean of 10

measurements per samplstandard deviation.

WCA decreased from 53.8+5.6° at t=0 to 42.17+£118=2.88 s and consistently the
water sorption increased of 19%. Also the PEEK-W@mhrane surface shows a
hydrophilic character although the WCA value ishaig(76+5.1°) with respect to the
chitosan and remained constant with time (Fig.3B)velling and dissolution
behaviour of chitosan membranes changed with tige4).
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Figure 4: Swelling ¥) and dissolution ) behaviour of chitosan membrane as a

function of time. The values are the mean of 10sueaEments per samptestandard

deviation.

The swelling index displayed a maximum at 3 h (al866%) while the dissolution

increased with increasing time reaching a valugd8b after 48 h.

As shown by SEM, cells easily adhered to the chitanembranes, then proliferated

during the first days of culture and spread toloent layer covering the membrane
surface (Fig.5a).
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Figure 5: SEM images of rat embryonic liver celiea7 days (a,c,e,g) and 16 days
(b,d,f,h) of culture on: a-b) chitosan membranal) PEEK-WC membrane; e-f)
collagen and g-h) PSCD at different magnification.
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After saturation of the available space cells teandform cord-like structures
constituted of aggregates as result of cell pndifen (Fig.5b). On PEEK-WC
membranes cells adhered and proliferated showipglghedral shape and a low
aggregation degree with respect the chitosan marabrérigs.5c-d). Cells exhibited
a cell growth and tight cell-cell contact structur® similar organization was
displayed by cells cultured on collagen where tvengtion of cord-like structure
was observed after 16 days of culture (Figs. 5§.0A the collagen, cells grown on
traditional PSCD and formed similar two-dimensiofalers (Figs. 5g-h). Further
structural morphological investigations were parfed with LCSM at 7 and 16 days

of culture (Figs. 6).
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Figure 6: Confocal images of rat embryonic livellscafter 7 days (a,c,e,g) and 16 days
(b,d,f,h) of culture on a-b) chitosan membrane; REEK-WC membrane; e-f) collagen

and g-h) PSCD. Cells were stained for actin (greangulin (red) and nuclei (blue).
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The staining for actin and vinculin displayed themll morphology of cells cultured
on chitosan and PEEK-WC membranes, and the orgamzaf the cytoskeleton
proteins. After 7 days cells were found to typigdilave a distinct circumferential
bundle of actin filaments immediately behind theefredges of lamellae while
straight, thin bundles of filaments were observedhie central regions of the cells
(Fig.6a). The presence of numerous focal adhesibssrved under circumferential
bundles of actin and at the ends of the straightdlas of actin filaments was
detected. Cells on chitosan (Figs.6a) and PEEK-W&inbmanes (Figs.6¢) appeared
well spread, with typical polyhedral shape of patemal cells. After 16 days of
culture cells maintained the organisation of aibres radially oriented in the area of
cell-cell contact and the focal adhesion compldkess.6b,d,f,h).
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Figure 7: Proliferation of rat embryonic liver celbn chitosan membrane
(full bar), PEEK-WC membrane (white bar), collaggrey bar) and PSCD
(dashed bar). The values are the mean of six ewxpats + standard
deviation. *p<0.05 vs all; §p<0.05 vs PEEK-WC andd®; tp<0.05 vs

PEEK-WC.

Quantitative analysis of the cell proliferatiorgisen in Fig. 7 that depicts the growth
curves of the rat embryonic cells on the differembstrates. The first observation of
the cells occurs by day 4 in which about 5%&6d 10x16 cell/cnf are present on
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chitosan membrane and on collagen respectivelydd@y8 on collagen and chitosan
membranes cell number is the same. On PEEK-WC nmrmeband PSCD the
cultures reached saturation with values of 13x&éll/cnf on day 11 whereas
maximum counts on chitosan membrane and collagerheel on day 16. At this time
cells approached 25xi@ell/cnf on chitosan membranes and 22%tell/cnf on
collagen. After 16 days of culture the cells on thierent substrates were slowly
losing cells into the medium.

The expansion of cells in the long-term culture evparalleled by changes of the
expression of specific proteins such as albumimmasker of mature hepatocytes,
CK18 as marker mature liver cells and AFP as mapkdrepatoblasts. Western blot
at day 12 of culture demonstrated that besideptbeuction of aloumin and CK18

on the investigated substrates also the AFP waptén the culture medium (Fig.8).

L Collagen PSCD PEEE-WC

Cs Collagen PSCD PEEE-WC

_ CKI18
¥ h.-«w‘l il M
PEEE-WC Collagen PSCD Cs
AFP
——

Figure 8: Western blot analysis of albumin, CK1&l akFP in the rat embryonic
liver cells after 12 days of culture on the invgated substrates.
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Interestingly cells exhibited during culture timéuactional differentiation that led to
the expression of liver specific functions such alsumin production and urea
synthesis and drug biotransformation functions.imuthe first days of culture the
albumin production increased reaching values o#3.Bg/mixday on chitosan
membrane at day 6, then the secretion of albumanedsed at days 10-14 on all
substrates (Fig.9a) although on chitosan membrae#ls continued to synthesize

albumin with higher rate (0.2 ng/mixday) with resp® the other substrates.
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Figure 9: Liver specific functions of rat embryotiier cells on chitosan membrane
(full bar), PEEK-WC membrane (white bar), collaggrey bar) and PSCD (dashed
bar).

a) Albumin synthesis. The values are the mean of speements = standard
deviation. *p<0.05 vs collagen; 8p<0.05 vs PEEK-We€hllagen and PSCD;
Tp<0.05 vs collagen and PSCD; $p<0.05 vs collatfgrs0.05 vs chitosan, collagen
and PSCD; zp<0.05 vs PEEK-WC and collagen.

b) Urea synthesis. The values are the mean of sixriexgets + standard deviation.
*p<0.05 vs CS, PEEK-WC and PSCD; $p<0.05 vs PS@R0105 vsCS and PEEK-
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WC; §p<0.05 vs PEEK-WC; **p<0.05 vs collagen andJES

Urea was synthesised with rates that increased twith on all substrates (Fig.9b).
Cells on collagen displayed higher levels of ungatlsesis from day 6 to 10 and then
remained stable whereas on chitosan membrane tiieesys of urea reached highest
values on day 20. At this time urea was synthdsmién a rate that is 6 fold higher

with respect to the rate measured on day 4.

Biotransformation functions were tested by incul@tcells with diazepam at the

concentration of 1Qig/ml on day 7 and 16 of culture (Fig.10).
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Figure 10: Diazepam metabolite formation of rat grohic liver cells after 7 (a) and
16 days (b) of culture on membranes, collagen aB@0R Oxazepam (full bar),
nordiazepam (white bar), temazepam (grey bar). Vdlaes are the mean of six
experiments + standard deviation.
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The diazepam metabolites of the phase | reactidreg itnclude oxazepam,
nordiazepam and temazepam were detected. Diffesemeaze observed for the

metabolite formation from embryonic liver cells ttued on different substrates.

On collagen the temazepam formation rate is highigh respect to the other
metabolites both on day 7 (Fig.10a) and on dayFl&.10b) with values of 1325.75
ng/mixday and of 1895,50 ng/mixday respectively.

Also the cells cultured on chitosan membrane dygalahe ability of biotransforming
the diazepam with the formation of all the metatieslinvolved in the pathways that

lead to its clearance.

In particular the clearance of diazepam on chrtosembrane occurred with the
formation of temazepam metabolite to a larger extath respect to oxazepam and
nordiazepam for both administrations, with a vadfied340.99 ng/mixday on day 7
and a value of 1737.19 ng/mixday on day 16.

The diazepam is completely metabolized also byc#ils cultured on PSCD after 16
days whereas on PEEK-WC membrane only one metabolis detected. From the
first administration the complete pool of metaledithave been obtained only using
the chitosan membrane as well as the natural stibstiollagen, suggesting the good

performance of the chitosan membrane for the maamee of functional integrity.

4.4 Discussion

A great deal of attention has been focused to i Iprogenitor cells for the

therapeutic potential and for their usefulnesshatoxicological testing after their in

vitro differentiation. The suitability of a matri@nto which cells can organize and
develop in the proper environment is key for thiéedentiation and the maintenance
of differentiated phenotype at the morphologicatl danctional level. One of the

critical steps in the development of membraneslif@r regeneration is the design
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and the selection of the biomaterial and the chobshitosan as a polymer is related

to its intrinsic properties of excellent biocomjpdtty and biodegradability.

Chitosan membrane may act as a synthetic extréamethatrix providing to the cells
a structure with a well defined geometry and adagpaysico-chemical properties.
The degradation behaviour of the chitosan membpéaes a crucial role on the long-
term performance of the tissue-engineered constiye evaluated the swelling
behaviour and the dissolution degree of the chitosdh time (Fig. 4). It can be
easily seen that the swelling index value reachethamum after 3 hours and then
decreased slowly. Similar profile of swelling hasocabeen reported from other
authors [21-26] Since chitosan is hydrophilic ahd diffusion of chitosan is faster,
the films begin to swell prior to degradation. g the initial stages of hydration
process, bond cleaving and degradation of chit@dan occur, but the swelling
surpasses the degradation [26]. The decrease iirgyvean be attributed to due to
the buffer salts, residual acetic acid etc. [2b]tlRermore when the swelling reached
the maximum the continual degradation led to weighs and the swelling index
decreased to value of 2680% at 48 hours while the dissolution degree re&the

value of 69.%7%.

It is well known that the morphology of cells igaigly affected by the intrinsic
physico-chemical properties of the substrate wileeg are seeded. The adhesion of
cells is related to quantitative expression ofrtt@mbrane surface hydrophilicity, so
the membrane surface can modulate directly theaatien with the cellular adhesion
molecules and/or indirectly through the secretibEGM proteins and consequently
can elicit cell adhesion and functions [27]. Thesconsistent with our experimental
results regarding the cellular morphological analys fact the high wettability of
both chitosan and PEEK-WC membranes allows promotell adhesion and
proliferation on these substrates. As confirmed lager confocal scanning

observations on both membranes, cells kept thelygpoaal shape with a clear
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reorganization in vitro of the cytoskeleton proteifor the entire culture period
forming a parenchyma-like structure (Fig.6). It irgeresting to note how cells
proliferated on chitosan membrane to a large exteitih respect to the other
substrates. Such membrane offers to the cells exnthaat favour the initial step of
cell adhesion due to the presence of protonatedafunctions, at physiological pH,
that interact with the anionic functions of thelglelr membranes in the early-
attachment phase until the cells synthesized tb&eips of ECM that mediate the

contact with integrins.

The functional differentiation of the rat embryoriicer cells on the chitosan and
PEEK-WC membranes as well as on collagen and iwaditculture dishes has been
evaluated in terms of albumin production, urea Isgsis and diazepam
biotransformation. Differentiation of embryonic div cells was traced-up by
determining the expression for albumin, a typicarker for mature hepatocytes;
AFP, a marker of hepatoblasts, which are bipotelt$ giving rise to hepatocytes and
bile-duct epithelial cells; CK18 a marker expresbgdseveral liver cell types, and
including bile ductal epithelial cells and hepatesy[28]. The secretion of albumin,
AFP and CK18, attested the differentiation into tiepatocyte cells [29]. To test
whether the cells possess the liver specific fonstiwe investigated the urea
synthesis, albumin production and diazepam biotoametion functions during the
culture time. It is interesting to note how cellaintain their liver specific functions
for the whole culture time. The rate of urea syaih@creased with time whereas the
synthesis of albumin was expressed at high levetlaya 6 and then a decrease was
observed concomitantly with the increased proltiera(Fig.9). This decrease can be
explained considering the down regulation of albusynthesis during proliferation
process. The transcription rate of albumin geneegulated by the interaction of a
variety of promoter binding proteins, such as CCA&ihancer binding protein
(C/EBP4), C/EBPf. Some literature studies suggested that the esipresof

C/EBP« is inversely related to the proliferative state tbe cells and that is
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consistent with a role of the C/EBPas a factor that can function to maintain the
guiescent state [30]. In our study we observedcaedse of alboumin synthesis during
the proliferation of hepatocytes that in part wasovered when the cell proliferation

beginning to slow down.

Another important result concerns the biotransfdimmaactivity of cells (Fig.10).
Diazepam is metabolised by liver cytochrome P480thtee major metabolites: N-
desmethyldiazepam or nordiazepam, temazepam andepxa@. The metabolic
pathway of diazepam involves a variety of CYReville et al.(1993) reported thpt
hydroxylation, 3-hydroxylation, and N-desmethylatiare the pathways of diazepam
metabolism in rat liver microsomes and that theyeneatalyzed by the respective
P450 isoforms of CYP2D1, CYP3A2 and CYP2CI[BIL,37

The production of all three metabolites on chitosa@mbranes as well as in the
collagen after 7 days of culture demonstrated thlespecificity and activity of the

phase | CYP isoenzymes achieved on these substvetds on PEEK-WC

membranes and PSCD cells secreted only partiadlyegham metabolites probably
due to a partial expression to the isoenzymes rssiple of the metabolic pathway.
Cells continued to synthesize the three major noditals of diazepam with culture
time and after 14 days they shown a complete mstaamation of diazepam through
the phase | reactions on chitosan membranes asaselh collagen an PSCD with a

significant increase of the metabolic reactiongate

4.4 Conclusions

In this study we investigated the expansion of emtbryonic liver cells and the
expression of their differentiated functions ontaban and PEEK-WC membranes
prepared by phase inversion technique in compamgtncollagen and polystyrene
culture dishes (PSCD). Cells proliferated genegatnsignificant increase in cell
number and formed a structure close to liver pdrgma. Chitosan membrane

provided optimal microenvironment conditions for legonic liver cells, granting
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them means to acquire and keep specific functiona comparable way to those
found in the collagen as reference system. Celisegaa functional differentiation
showing the urea synthesis, alboumin production diadepam biotransformation at
significant high levels particularly on chitosan miwane. On the basis of these
results chitosan membrane is able to promote theareston and functional
differentiation of embryonic liver cells facilitaig their use in liver tissue engineering

and in pharmaceutical applications.
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Chapter V

Chitosan biodegradable films for neuronal tissue regeneration

6.1 Introduction

The design and the development of tissue-engingan@alicts have benefited from
many years of clinical utilization of wide rangeoBiegradable polymers. Newly
developed biodegradable polymers and novel modidiceof previously developed

biodegradable polymers have enhanced the tool ablailto create clinically

important tissue engineering applications. The @ased demands placed on
biomaterials for novel sophisticated medical impdasuch as tissue engineering
constructs continues to fuel the interest in imprgvthe performance of existing

medical grade polymer and in developing new syrdipetlymers.

Several biomaterials have been developing in tissogineering application for
support new tissue growth and repair; any biomatéhat is clinically used must
have excellent properties in bulk as well on thdage [1]. Since it is the biomaterial
surface that first comes into contact with thengitissue when the biomaterial is
planted in the body, the initial response of thdybto the biomaterial depends on its
surface properties. Surface properties that caluente biocompatibility include
surface charge, surface topography etc. [2] [3].effactive approach for developing
a clinically applicable biomaterial is to modifyetilsurface of a material that already
has excellent biofunctionality and bulk propertig$]. Widely used surface
modification techniques include coating, oxidatioy low-temperature plasma for
better printing and adhesion. The physical propertif a polymer can also be altered
by introducing a second polymer that improves tloperties of the original polymer,
such hidrophobility [5]. However, blending techngiles with some additives may
cause cytotoxicity; only acceptable additives carubed. In particular hippocampal

neuronal cells for attach to substrate, need ofaegtlular matrix proteins, as
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collagen, laminin, poly-D-lysine, poly-L-lysine, lidgsine-alanin or fibronectin, etc
[6]. For this reason many work are propose diffenface modification for cell
adhesion induce. Micropatterned substrate, whos¢éacgu was modified with
electrodeposition of molecules such as polylysiaminin, or both, is used for cell
adhesion and neurite extension [7] [8]. Lysine-mlanpolymer substrate has been
demonstrated to enhance axon growth of neuronsamnan free medium in vitro [9].
Attachment and network formation of neurons werapced by contact printing of a

peptide PA22-2 onto functionalised silicon oxideface, in other work [10].

Grafted polyethylene glycol surfaces were usedreate poly-D-lysine substrates
permissive to cell attachment and growth, and tewxtension [11]; in other case
embryonic hippocampal neurons are cultured on dpolymers modified with
laminin-derived cell-adhesive peptides [12]. Palyyéene-co-vinyl alcohol (EVAL)
were modified by covalent bonding of lysine to iimype cell behaviour in cultured

neurons [13].

In this study i report on the preparation a chitosarface for promote neuronal cells
growth and neurites outgrowth. The ability to préencell adhesion and neurites
outgrowth was investigated in a modified chitos@$) surface and chitosan coated

with poly-L-lysine (CS-Ply).

Chitosan is a biosynthetic polysaccharide thateigcglated derived of chitin. Chitin
Is a naturally occurring polysaccharide that can dxtracted from crustacean
exokeletons or generated via fungal fermentatioocgsses. Chitosan is a b-1,4
linked polymer of 2-amino-2-deoxy-d-glucose; ti shearries a positive charge from
amine groups [14]. It is hypothesized that the maath for chitin and chitosan
breakdownin vivo is through lysozyme, which acts slowly to depolyise the
polysaccharide. Chemical modification of chitosaodoices materials with a variety
of physical and mechanical properties. For exangié@psan film and fibers can be

formed utilizing cross-linking chemistries and atmptechniques for altering from
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other polysaccarides, such as treatment of amylage. hyaluronic, chitosan is a not

antigenic and is a well-tolerated implanted mat¢tih

Neurons used in this experiment were isolated fngppocampus, which is a part of
the forebrain, located in the medial temporal Idbbelongs to the limbic system and
plays major roles in learning, short term memory][&nd spatial navigation [16].
Hippocampal neurons, which are well-known for thgliasticity and regeneration
properties [17], are the best-characterised moaielinvestigating polarization that

occurs spontaneously during the first days of calfa8] [19].

The status of the cell growth on CS and CS-Plyaserfwas observed at different
days of culture; neuron-surface interactions waayaed over time in terms of size
of cell body (soma), neurite outgrowth (legth) amability. Metabolic behaviour of
cells were compared between both surfaces; thatyalmf both substrates to
reconstruction the neural network vitro was also quantificated by measure of
brain-derived neuronal factor (BDNF) secretion ege bio-hybrid systems. This
neurotrophic factor is product from hippocampals&h the sinapsys connections,
during the development. BDNF support the survivél existing neurons and

encourage the growth and differentiation of newraes and synapses [20].

Mice born without the ability to make BDNF, suffdevelopmental defects in the
brain and sensory nervous system, and usuallyaba after birth, suggesting that

BDNF plays an important role in normal neural depehent [21].

The biocompatibility of CS surface with hippocampalironal cells could be used in
future for some biomedical application as neurodegative disease and for drug

testing.

6.2 Materials and Methods
6.2.1 Membranes preparation
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Membranes were prepared by inverse phase techniggieg the direct immersion
precipitation method [22]. CS membranes can beimddaby casting 4% chitosan
solutions and 1% of PEG 6000 in acetic acid at 2vA concentration at room
temperature. Chitosan was dissolved in 2 % aceiat solution and then PEG was
added to the chitosan solution. The mixing solutwas cast and dried a room
temperature; after drying the membrane was immeirsedsolution of 1 % NaOH.

Finally, the membrane was washed in deionizedliédtwater and dried for test [23].

Some membranes were modified by coating with pelydine (PLL) (MW 30000-
70000), dissolved in a boric acid/sodium tetralerablution (1:1) to a final
concentration of 0.1 mg/mL, in order to have thensdunctional groups over the
surfaces with a density of 4@/cnf [24]. The membranes were coated with poly-L-
lysine in PBS and incubated for 3h and then theegxof poly-L-lysine (PLL)
solution was removed and dried. Poly-L-lysine—cdaRolystyrene culture dishes

(PSCD) were used as a control.

6.2.2 Membrane physiochemical properties
The surface morphologies of CS membranes wereestuging a scanning electron
microscope (SEM) (Quanta 200F ESEM, FEI, USA). sdimples were dried in
vacuum at room temperature. From photographs autaitis possible to observe the

typical morphology of the membrane, as surfaceaiosls section.

The wettability of the membranes was characterigetheans of water contact angle
(WCA) measurements. Contact angle of water droplet® measured (sessile drop)
at room temperature with a CAM 200 contact angléem@SV Instruments LTD,

Helsinki, Finland). The sessile drop was formedad@#mg water onto the membrane
surface with an automatic microsyringe. WCA meas@m@s as a function of the

contact time were performed on all surfaces. Astlé&® measurements on different
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regions of each sample were averaged per each @&.v@tandard deviations are

indicated as error bars.

The water sorption of the membrane surfaces dutlegtime was evaluated by

following the decrease of drop volume in contadhwie surface using the relation:

dropvolume,_, —dropvolume,

surfacewatersorption(%) = 2 %100

dropvolume

6.2.3 Cell isolation and culture

The hippocampus of both hemispheres was dissewsdthe brain of postnatal days
1-3 (PND1-3) hamstersMesocricetus auratus)removed and collected in falcon
tubes in Neurobasal medium A (Invitrogen CorporatiMilan, Italy) containing
0.02% BSA (Sigma, Milan, Italy). The tissue waseditpd in a Neurobasal medium
A containing 0.1% papain (Sigma) and 0.02% BSAf&gfor 20 min at 37°C [25].
Ten minutes after digestion, the tube containirggtibsue was mixed and at the end
of digestion, the supernatant containing papainneasved and Neurobasal medium
A supplemented with B27 (2% v/v; Invitrogen Corpgara, Milan, Italy) penicillin-
streptomycin (100 U/mL), glutamine 0.5 mM (BiochroAG), 5ng/mL basic
fibroblast growth factor (b-FGF; Sigma) was addedhte remaining pellet. Samples
were gently triturated mechanical by using a steRlasteur pipette with a wide
opening to dissociate larger aggregates. Afternsextiation of the aggregates the
supernatant was removed and transferred into tdo@sining 1% papain inhibitor in
Neurobasal medium A and 1% BSA, as described elsen\R6]. The samples were
centrifuged at 1300 rpm for 10 min at room tempamand cell pellets were gently
re-suspended in Neurobasal medium A containing B@gplement, penicillin-
streptomycin, 0.5 mM glutamine, 5ng/mL b-FGF. Seifuee B27 supplemented
Neurobasal medium A seems to have a beneficialcteféem the growth and
differentiation of hippocampal neurons, as suggeste other researchers [27, 28].

The viability of the cells after this isolation mexlure was assessed by trypan blue
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test and resulted to be #26. Cells were seeded on the different membrarfacas
at 2.5x10 cell/cnf density. Controls without cells were prepared factekind of
substrate. Cells and controls were incubated af 37an atmosphere containing 5%

CO.. Cultures were fed every 4 days replacing hathefmedium at each feeding.

6.2.4 Immunofluorescence of neuronal cell cultures
The morphological behaviour of neurons culturedttoa different membranes were
investigated and compared to PSCD as controls.eReptative images of 4h, and 16
culture days displaying the distribution of the romal cytoskeletric marke3lll-
tubulin, and axon marker, growth-associated pred@rfGAP-43) that were observed
in vitro by a LCSM (Fluoview FV300, Olympus, Milan, Italy§. samples for each

substrate were analyzed.

The immunofluorescence method specific for hippquamcell cultures was
conducted by using primary arfdiH-tubulin followed by secondary antibody
conjugated with FITC fluorochrome on samples presip fixed and permeabilized
[21,29]. Specifically, the neuronal cells were tixe paraformaldehyde (4%) for 15
min. Fixed cells were permeabilized with 0.25% dmiX-100 in PBS for 10 min and
subsequently blocked with 1% BSA for 30 min at rommmperature. The cultures
were then rinsed three times with PBS and incubatddthe monoclonal antibodies
anti3lll-tubulin (1:100; Sigma, Milan, Italy) and antiA¥®-43 (1:100; Sigma, Milan,

Italy) overnight at 4°C. Afterwards, neuronal cellgere rinsed with PBS and
incubated with fluorescently labelled secondarybmaties FITC-conjugated (1:100;
Invitrogen) and TRICT-conjugated (1:100; Invitrogen PBS for 60 min at room
temperature. The cells were counterstained with D@B0 ng/mL; Sigma, Milan

Italy), mounted by using a fluorescent mounting medand observed at LCSM [26,
29].

6.2.5 Neuronal morphology CS and CS-Ply membranes
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The immunofluorescence samples displaying the ibigton of Blll-tubulin and
GAP-43 in hippocampal cells grown on the differemgmbranes were used in order
to analyzdan vitro some morphological parameters such as the ated lfily neurons
and axonal length especially at 4 and 16 daysogerlin which the different neuronal
elements and synaptic complexes, respectively, fallg formed. Quantitative
evaluations of these morphological parameters wetermined for distinct cell fields
(10QumXx100um) at the two different developmental stages. Ntib® Image
software was used in order to quantify the ardadfilbby neurons, expressed as

percentage of the total membrane area, and theabbength im + s.e.m.).

6.2.6 Sample preparation for SEM
Samples of cell cultures were prepared for scanelegtron microscopy (SEM)
(Quanta 200F ESM, FEI, USA) by fixation in 2.5%tgialdehyde, pH 7.4 phosphate
buffer, followed by post-fixation in 1% osmium texide and by progressive
dehydration in ethanol. Samples were examined & 8&d representative images
displaying both neuronal structural features andeaive properties on the different
membrane surfaces were obtained at 8 daygro.

6.2.7 Biochemical assays
Neuronal medium was collected from the differenit calture membranes in pre-

chilled tubes at critical developmentalvitro stages and stored at -80°C until assays.

The glucose concentration in the medium was detdayeusing Accu-Chek Active
(Roche Diagnostics, Monza Italy). To assay the owairbrain derived neurothrophic
factor (BDNF) secretion, a sensitive BDNF ELISAs momoassay (Promega
Corporation WI, USA) was carried out on sampleslectéd from 6 different
isolations. BDNF Elisa was performed as follows:I&A plates were coated with

100 uL of anti-BDNF monoclonal antibody overnight at 4°&fter washing, 100 pL
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of cell culture supernatant was added to the wed left for 2 hours at room

temperature. Thereafter the wells were washedtiimes and incubated with 100 pL
of anti-human BDNF for 2 hours at room temperatéfer washing five times the

wells were covered for 1 hour with anti IgY horshsa peroxidase conjugate and
then 100 ul of Tetramethylbenzidine were added f@rmin. The reaction was

blocked with 100 pl of 1IN HCI and absorbance wassueed at 450 nm using a
Multiskan Ex (Thermo Lab Systems).

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

6.3 Results

The quality of the membrane was evaluated by olsierv of SEM images. CS
membranes are characterized by a dense structtlrenwgrofracture, which confer
rougher profile to the surfaces (Fig.1a). The cresstion shows a homogeneous

distribution of polymers in all thickness, withakin layer.

Figure 1 Scanning electron micrographs of CS surface mengbran

In order to have more information about the physicemical properties of the

membranes we investigated the time-related watagiacbangle and water sorption.
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Figure 2: a) Time-related water contact angles meason chitosan membrane
surface. The reported values are the mean of 3@unements of different droplets
on different surface regions of each samplstandard deviation. b) Surface water
sorption percentage of chitosan membrane. The tegperalues are the mean of 30
measurements of different droplets on differenfas@ regions of each sampte

standard deviation.

Fig. 2 shows static water contact angle valuen&bive native membranes measured
at t=0 when the water droplet contacts the membisunéace. Native chitosan
membranes have a hydrophilic surface characteraoh the water contact angle
measured on this membrane was 53t8%5,6° at t=0 s. The water droplet was

absorbed in 1, 2 seconds.

After characterization of morphological and physiemical properties, CS and CS-

Ply membranes were used for cell culture experiment

Primary hippocampal neuronal cells obtained fror@d #lays year’s oldnesocricetus
auratus,can be plated at low density on CS and CS-Ply. liseovation of sequential
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photography, it's possible to identify characteécishorphological changes that occur

in the development of hippocampal neurons in celtur

Substrates have characteristics of transparencyeftre permitted the online
observation of the cells with time by an inverggtimicroscope. In fig. 3a, 4a, after
4h of culture, spherical cells attached to the @8 &@S-Ply and from some sites
“minor processes” develop. At 4 days of culturdapty first, becomes evident, cells
appear polarized, and cell's processes will becttimeeaxon and dendrites . Axons
and dendrites continue to grow at rapid rate, bet temaining minor processes

undergo little net elongation. A small number ohneuronal cells also are present.

With subsequent development, the density of th@alxoetwork increases, dendritic
arbors become more elaborate and highly branchye@dpsic contacts develop in a
large numbers, dendritic spines appear, and speotsrelectrical activity propagates
throughout the neuronal network . Cells increase dlze of cell body and the
diameter of axon and dendritic processes. A compéxonal network was observed
after 16 days of culture. The neuronal maturatisnhighly dependent on cell
interactions with the substrate; pictures demotest@S and CS-Ply membrane

premise the neuronal development (Fig.3).
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HV WD Mag HFW |Sig| VacMode § - fvlaé HFW |[Sig| VacMode ——50.0um
20.0 kV|14.4 mm | 4000x|67.60 um| SE | Low vacuum 20.0 kV[10.9 mm|1600x]0.17 mm | SE | Low vacuum

Figure 3:SEM’s images of hippocampal neurons on: a) CS dftdays of culture

and b) CS-Ply after 8 days of culture

Axons frequently course along the dendrites andligiht microscopy, such axons
cannot be distinguished from the underling denslrifdhese features can be resolved
by intracellular injection of fluorescent dye suak immunocytochemical markers.
The presence of the machinery for protein synthesigendrites, but not in axons,
offers an alternative and complementary methoddistinguishing dendrites from

axons and assessing their differentiation.
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Figure 4:Confocal laser micrographs of hippocampal neurcacet for entire culture
period and from representative images afterl6 dadysulture it was possible to
evaluate the distribution d@lll-tubulin (green) and the axonal marker GAP-48d{r

on: CS membranes. Cell nuclei were labeled with DiRie)

The confocal images of the neurons, showed thdizatian of Blll-tubulin (green)

in the neuronal network (Fig.4). This cytoskelgtadtein was present in the soma and
in all neuronal processes, while the axonal grovathes were visualized through the
localization of GAP-43 (red), a specific proteirvatved in the regulation of axonal

outgrowth.
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Figure 5:Analysis of morphological parameters of hippocangals on CS, CS-Ply and
PSCD surfaces:

a) Area soma of hippocampal neurons after 4, 8, tRl1&ndays of culture on CS and CS-
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Ply surfaces. Data were expresse@m@ast s.e.m. and evaluated according to

b) Axonal length of hippocampal neurons after 4, 8ah@d 16 days of culture on CS and
CS-Ply surfaces. Data were expressedrast std.dev. and evaluated according +test.
§p<0.0001.

To emphasize this important result, the morpholajycells was analyzed, by
measure of size of cellular body and neurites auttr (Fig.5). The soma area is
smaller in CS and CS-Ply respect to PSCD, demdnxirahe absence of cell

spreading (5a). Also neuronal network developedvalitbe membrane surface at
similar levels to PSCD and the cells exhibited adymeurite outgrowth (5b).

Quantitative analysis confirmed that hippocampalrexdeveloped on the other two
substrates similar to PSCD culture.
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Figure 6: Metabolic activity of hippocampal neuroosltured on the different
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membranes.

Glucose consumption of hippocampal neurons on iffiereht membranes on day 4
(black bar), day 8 (white bar) and day 16 (grey) barculture. The values expressed
aspg/mL + std.dev. are the mean of 6 experiments aatlated according tbtest.

* p<0.05; § p<0.001.
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a) Lactate production of hippocampal neurons on tlfler@int membranes on day 4, 8 di

day 12 of culture. The values expressefd@elL + std. dev. are the mean of 6 experiments.
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b) BDNF secretion of hippocampal neurons on the difiemembranes on day 4 (full bar),
day 8 (empty bar) and day 16 (grey bar) of cultirata were expressed as pg/mL + std.

dev. are the mean of 6 experiments.
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There aren’t statistically significant differencas the glucose consumption between
CS, CS-Ply to respect PSCD. The glucose consumpimains constant throughout
the culture period (Fig. 6a). The lactate productiate was lower on CS and CS-Ply
then PSCD throughout the culture period, suggestimyuch better oxygenation of

the cells on both membranes.

The BDNF secretions is higher on CS membranes B&@D, this higher levels of
BDNF is maintained for 16 days of in vitro cultufeéig. 6d). The evaluation of the
metabolic activity showed that cells maintainedirthieinctions at high levels

throughout the entire culture period. This demaistyr CS and CS-Ply support cell

viability and functions.

6.4 Discussion

This study demonstrates the successful adhesiongeswith of primary neurons

isolated from the hippocampus on CS membranes. E@lvhne was prepared with
phase inverse technique and characterized with &kMevaluation of membrane

surface. At SEM’s analysis CS membranes appeardd deinse and homogeneous
structure, particularly interesting for hippocamgalls culture [1]. CS membrane
displayed a wettable membrane surface (Fig.2).

CS membrane bio-hybrid system promotes cell respand cell interactions without
poly-L-lysine Many biomaterials, for promote thehadion and modulate the growth,
are coating with different extracellular matrix. gatbing protein encourage cell
attachment [30-31] with distribution of positivetjharged surface [32]. In this study
its possible demonstrates the important role ofrCiae long-term hippocampal cells

culture in absence of permissive adhesion’s protein

The cell biocompatibility of CS was tested by asalg adhesion and neurite
extension of neurons in culture. Neurons are umigad cells after isolation they

polarized and establish axons and dendrites duhedirst days of culture both on
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CS and CS-Ply membrane (Figs. 3-4). The densitgxohal network increases with
the time, and neurites become more elaborate agllyhbranched on the both

substrates.

Neuronal cells on both membrane, displayed thec&pnorphology of hippocampal
neurons that included a primary apical axon ancerséwvdendrites with multiple
ramifications, developed from cell body (soma). O8 membranes neurons have
shown a smaller soma than PLL while the ramificat their extending processes is
similar. There were no statistically significantffeiences between CS, CS-Ply
membrane and PSCD in the neurites length (Figb)7ahis results demonstrate that
Cs and CS-Ply membranes seem to be more suppastiveeurite outgrowth
modulating the development process of the neurdiesirons have been shown to
adhere, and growth on polymer by surface modifocgtiwith proteins such as
fibronectin a vitronectin [33]. Other Authors foun@oly(D,L-lactic acid)
macroporous guidance scaffolds coated with lamffaams) for neuronal survival,

axonal regeneration were studied [34].

This study shows that hippocampal cells can groartld differentiate, extending

neurites, on biocompatible surfaces without proteating.

The correct and stable hippocampal neuronal foonatis supported by the
evaluation of some major cytoskeletal markers sa€lglll-tubulin and GAP-43.
Indeed, the constantly intense distribution [ifl-tubulin, specific for neuronal

processes and soma, up to 16 days of culture fgteacneuronal networks.

The metabolic functions of neurons on membranes vespressed at high levels
demonstrated that, cells adhered on the membraedaractionally active for 16 days
of culture (Fig. 8). The glucose uptake is simiar CS and PSCD culture, while
lactate production on CS membrane is less to PSfeimonstrated that the cells

adhering on Petri dishes consume nutrients insadesde of oxygenated medium to
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the CS membranes. The results demonstrated that$henembrane improves the
oxygen uptake better than PSCD culture.

BDNF acts on certain neurons of the central nerveystem and the peripheral
nervous system, helping to support the survivaxasting neurons and encourage the
growth and differentiation of new neurons and swesd35]. In the brain, it is active
in the hippocampus, cortex, and basal forebrain-asavéal to learning, memory, and
higher thinking [36]. BDNF itself is important fdong-term memory [37]. BDNF
was the second neurotrophic factor to be charaerafter nerve growth factor
(NGF).Various studies have shown possible linksvbeh low levels of BDNF and
conditions such as depression, schizophrenia, Oilvsesompulsive disorder,

Alzheimer's disease.

The high levels of BDNF on CS and CS-Ply membram&ion the viable status of
hippocampal neurons throughout the culture petiidpocampal neurons exhibited
higher BDNF's secretion on CS membranes than PSQI3; demonstrate that cells
on CS membrane have a maturation stage fasterhippocampal cells on PSCD,

developed highly branched neurites and a more camtwork.

6.5 Conclusions

These results showed that Chitosan promotes slireivd neurite outgrowth of
hippocampal cells in vitro. Neurons in culture o8 @embrane are vitals for 16 days
and they develop neurite outgrowth in absence oteprs that promote of cell
attachment and growth. The unaltered cytoskeletalicttire of soma and
development processes is confirmed3by-tubulin marker. The elevated secretion of
BDNF show specific metabolic functions of maturakeppocampal cells in culture.
Chitosan gels, powders, films and fibers have lfeaned and tested for applications

such as membrane barriers in dynamic cell cultaredgenerate neural tissue in a
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well-controlled microenvironment. Chitosan membraimeild be used for prepare

membranes and matrices suitable for several tissgmeering applications.
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Chapter VI

Biodegradable microstructured membranes as in vitro model of peripheral

nerves

6.1 Introduction

The number of recently developed functional scdfofor tissue engineering and likewise
peripheral nerve regeneration is large. Until nbe ideal physico-chemical compositions of such
materials and the ideal surface structure and immalisation have not yet been found. Although
peripheral nerves show capacity for regeneratiter afijury, the regeneration depends on the type
of the gap and the length of the gap. Nerve reggioer competes with formation of scar tissue,
without appropriate interventions, and results peamanent loss of peripheral nerve regeneration.
The microstructure and architecture of the scaffdether with the surface chemistry exert
profound effects on cell distribution, morphologydaalignment and, importantly, cell proliferation

and differentiation, which underpin correct tissleayelopment [1-3]

The aim of the study was to evaluate and charaetexinovel biodegradable membrane of poly
urethane (PU) and polycapro-lactone (PCL) for geaipl nerve regeneration. Was investigated the
membrane structured surface which could enhandegoith. The membrane-cell interactions

were studied using model cell lines (SH-SY5Y).

In most of their currenapplications, articles fabricated from polyuretharséiow excellent long

term stability in theirmechanical properties and resistance to chemidalkckat The initial

mechanical properties of PUs are also well suitdtlieir usage in a number of bio-medical
devices. The chemical composition of commerciallgilable and experimental PUs varies widely
and this range of chemical structures can be fdaotd in the soft segment, which usually has a
polyether or polyester structure, as well as in hlhed segment, which is composed of a chain
extender and a diisocyanate. PUs intended for kdarakapplications, however, are structurally far

less diverse and are commonly based on polyetlitesesgments [4].

It is noteworthy that poly (ether urethanes) impdahave survived as a commercial products for
decades [5]. Lastly, literature reports have suggesodifying poly(ether)urethanes (PU) in an
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attempt to improve their properties for tissue aegring applications [6]. PU is hydrolytically
stable; however, the presence of ether linkageBUnsoft segments makes them susceptible to
chemical degradation [7,8]. Biodegradation in p¢&ther-urethanes) was observed as severe
localized embrittlement of the surface. The cheimb@anges associated with biodegradation were
observed as localized oxidation of the soft segnaeck hydrolysis of the urethane bonds joining
hard and soft segments [9]. The participation ofemi@ar oxygen in the degradation mechanism is
supported by studies which showed that poly (etinethane) degradatian vitro correlated with
oxygen diffusion into polymer bulk after surfaceda¢ion [10].Model studies have found that PUs
can be degraded oxidatively [10,11], for instangehldrogen peroxide. The polyether segment is
thought to be the structural element that is masteptible to oxidative breakdown while it is
highly resistant to hydrolysis. The details of atigle attack in the biomedical environment have
not yet been elucidated, but it appears reasonabkurmise that the mechanism of oxidative
degradation of the polyether segment involves eddahain reactions similar to those which
degrade other polymers such as polyolefins, andnchkavage. Under normal atmospheric
conditions, PUs are relatively stable towards oaie however, metabolic products present in
biomedical situations, such as peroxides secreted macrophages can have sufficient oxidative
strength greatly to enhance the degradation reec{#)]. Poly-caprolactone) (PCL) is a polymer
demonstrating such long degradation rates. Howelrermechanical strength of PCL is inherently
poor [12]. In our lab, we have developed methodsiaixe PCL films with polyurethane, and thus,
improve the mechanical properties and at the same the biodegradation of components that
promote the peripheral nerve regeneration.

In this study we have investigated the ability @LIPPU and Chitosan (CS) membranes to promote
the expansion of SHSY5Y cells, like a peripheratvaeein vitro model, utilizing traditional

substrates such as PolyStyrene Culture Dishes (P8E€@ferences.

6.2 Materials and Methods

6.2.1 Membrane preparation
The PCL-PUmembranes were prepared by phase inversion teahnidie PU (Pellethane 2363-
80°, Dow Chemical Noderland BV, Deefzijl, Nethedmwas dissolved at 15% (wt/wt) while the
PCL (Sigma-Aldrich) at 28%, both in formic acid 89 and stirred until they became clear. Two

solutions were mixed together at ratio 1:2 in ofdereach the final concentration of solvent around
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80%. The solution was cast on glass plate by mearemmercial knife (Elcometer, Adjustable
Bird Appl 0-250um) and dried at room temperature. The membranemersed in a solution of

1% NaOH after drying. Finally, the membrane washeasn deionised distilled water for the test.

Pellethane 2363-80A

H H H H
((ocraomn @ oD iglo-nopironiDHe).)
O ]
FIG. 1 STRUCTURE OF IMPLANTABLE POLY(ETHER URETHANE).

6.2.2 Membrane characterisation
The membranes were characterised by Fourier Transfb Infrared Radiation (FT-IR) analysis in
order to identify the specific chemical groups bé tpolymers. The spectra were recorded on a

Perkin ElImer 1300 spectrometer.

Differential scanning analysis (DSC) measurementsrewcarried out on DSC2010 (TA
Instruments). The DSC curves were recorded unaér@gen atmosphere by setting a heating rate
at 10°C /min.

The wettability properties of all membranes werarebterised by using the water contact angle
measurements by sessile drop methods and watefosogt ambient temperature by using CAM

200 contact angle meter (KSV Instruments LTD, HedsiFinland). Results are the mean of ten
measurements of different regions of the sampléaser All measurements were repeated for six
times.

Swelling and dissolution tests were performed f@LAPU membranes. Membrane samples (1
mmx1 mm) were weighted and then put in 1 ml photgpbaffered saline (PBS) at 37°C. Swollen

membranes were drawn at various times and werehteglgagain. The swelling index (SI) was

Ws-Wi

Wi

calculated as: %S| =

x100 where Wi and Ws are the sample weights befodeadier

incubation in PBS respectively. After drying at @7/for 48 h samples were weighted again and the
solubility percentage was calculated &6S = WI#\,NdMOO where Wd is the dried sample weights
[

after dissolution test. Each test consisted of fepticate measurements.

6.2.3 Cell culture
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Human neuroblastoma SH-SY5Y cells (Cell Factor-I33enova) were cultured in DMEM
supplemented with 10% FBS, 100 U/ml penicillin, at@d mg/ml streptomycin at 37 °C in a
humidified atmosphere of 5% GCExperiments were performed in presence of RetiAcid (RA)

in the culture medium after 24 h from seeded tdekhtiate SH-SY5Y cells and to promote
extended neuritis. The cells were fed every 3 dayd subcultured once they reached 80-90%

confluence.

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

Liver-specific cellular functions were investigated terms of glucose consumption and lattate

synthesis.

6.2.4 Cell fixation for SEM
Cells cultured on membranes, collagen and PSCD preqgared on day 7 and 16 for SEM analysis
by fixation in 3% glutaraldehyde and 1% formaldedyd PBS, followed by post-fixation in 1%

osmium tetroxide and progressive ethanol dehydratio

6.2.5 Cell staining for LCSM

The morphological behaviour of cells was investgatvith Laser Confocal Scanning Microscopy
(LCSM, Fluoview FV300, Olympus, Milan, Italy) aftethe immunostaining of neuronal
cytoskeleton and axon markeislll-tubulin and 43 KDa growth-associated proteinAf543),
respectively . Six samples for each substrate weatyzed. 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 mithwii% BSA at room temperature. To visualize
Bll-tubulin a rabbit polyclonal ant@lll-tubulin (1:100; Sigma, Milan, Italy) and a goaiti rabbit
lgG FITC-conjugated (1:100; Invitrogen) were usé&d. visualize GAP-43, a monoclonal mouse
anti-GAP-43 (1:100; Sigma, Milan, Italy) and a ga@ati-mouse IgG TRITC-conjugated (1:100;
Invitrogen) were used. Primary antibodies were lrated overnight at 4°C, secondary antibodies
for 60 min at room temperature. Nucleic acids warenterstained with DAPI (200 ng/mL; Sigma,

Milan Italy). Finally samples were rinsed, mounged observed with a LCSM.

6.2.6 Metabolic assay
The metabolic activity of cells was evaluated bgessing glucose, lactate levels in the culture
medium previously collected and stored in tube2@tC until assays. The glucose concentration in

the medium was detected by using Accu-Chek ActiReche Diagnostics, Monza lItaly). Lactate
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content was determined using lactate oxidase enkyrassay Lactate Dry-Fast (Sentinel, Milan,

Italy) via spectrophotometer analysis.

The statistical significance of all experimentabuks was established by using ANOVA test

followed by Bonferroni t-test (p < 0.05).

6.3 Results

The PCL-PU membrane produced by inversion phaskaddtas a complex structure as seen in the
SEM picture (fig.2, 3)

VacMode |Sig| WD Mag HV VacMode |Sig / e — —
20.0 kV| Low vacuum | SE [14.2 mm | 2000x 20.0 kV|Low vacuum|SE [10.1 mm|6000x PCL-PU-cross

Figures 2,3 : SEM picture of PCL/PU membrane s@rfand membrane cross section.

The surface shows a microstructure due the presehdeCL added during fabrication and

spontaneously rise and dominate the surface. The &&d at low molecular weight, concentrated
at the surface after blending homogeneously witholyurethanes. The PCL component on the
surface may confer improved neuronal compatibiidythe polyurethane. This is showed in the

contact angle measurements (fig. 4).
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Figure 4: Water Contact Angle measurement in tine of PCL/PU membrane

The addition of PCL to the PU solution given te thembrane the contact angle value 78,475

like the contact angle value of polylysine, natwatbstrate of neuronal tissue.
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Fig. 5 : ATR spectra of PCL/PU membrane and PU ntand
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Fig.5 presents IR spectra of PCL/PU and PU membramspectively. Several characteristic bands
located at 2943, 1722,1236 and 1187tare belonged to ester groups of PCL. Two typicablsaat
1699 and 1100 crif for ether groups of polyurethane are recorded e@sgely. It can be observed

in Fig. 4 that several clear changes occur in fleetsa of two membranes. Hydrogen bonding exists
in polyurethanes, and involves the amide grouphasdbnor, and the urethane carbonyl, the ether
oxygen, or the carbonyl (in PCL) as the acceptdirthese registered events indicate that there are
possible some interactions among the amin, carb@nd hydroxyl groups of two components
inside the blend membrane. These interactions dhmilattributed to the hydrogen bonds possibly
formed between amino and carboxyl groups, becdwese are no formation of new covalent bonds
observed between PCL and PU chains based on tRespdctra. This result suggests that the
degree of microphase separation in the PCL/PU mamebis the highest in the samples prepared.
ATR result is in good agreement with DSC data @Jig.

e
35

2nd Heating Peak = 50990 °C

| Apeak = 56,663 °C 15t Heating

Area = 520,128 mJ
Delta H = 43.647 J/g

A

Area = F95.726 mJ
Delta H = 57.498 Jig
Onset T 48.992 °C

l
|
l
\

e

Heat Flow Endo Up (1) —— ——

rrrrrrrrrrrrrr

Fig. 6 DSC traces of PCL/PUmbeane

In principle, if two components are well blendeddther and completely miscible each other, only
one new F would be observed between the origingd ®f components in the DSC thermogram of
the blend; if they are partially miscible, the riéisg blends would have twoy$ related to each
component, but these measurgdv@lues corresponding to each component couldfleetafl each
other, depending on the composition ratios [13§ Eipresents DSC thermogram for PCL/PU
membrane. The melting point £l of PCL can be easily around 60°C. A peak near 15most

Ph.D. Thesis-University of Calabria — AA 2009-2010 - Carla Campana 143



Chapter VI Biodegradable microstructured membranes as in vitro model of peripheral nerves

invisible) can be attributed to the PU. PCL and ia&mbrane did not show any features in their
DSC curve with which their J's can be associated. PU is a semi-crystalline palytie to its
strong inter-and intra- molecular hydrogen bondgl meanwhile, it also has a rigid amorphous
phase because of its cyclic uniss a results, when PU is heated within a cermperature range
below its decomposition temperature, the variationsheat capacity related to the change in
specific volume near glare probably too small to be detected by the D&@Brtique. It is known
that the T, of PCL is around -60°C. There is no any therman¢vegistered for thegbf PCL in
fig.6, although the J of PCL is moved to a lower value with a differemsere than 3-4 °C. Thenyl

of PCL component, probably decreases as the weald of PU increases. These trends are

basically in agreement with reported results.
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Figure 7: Pictures of SHSY5Y cells on PCL/PU membg(a, b); on CS membranes(c,d); on
PSCD (e,f).

As shown by pictures, cells readily adhered to Bt&/PU membrane, polarity first, becomes
evident, cells appear polarized, and cell's proeessill become the axon and dendrites (Fig.7).
Axons and dendrites continue to grow at rapid taie the remaining minor processes undergo little
net elongation. The neuronal maturation is higldpehdent on cell interactions with the substrate;

pictures demonstrate PCL/PU membrane premiseetiinal development.

a) b) c)

Figure 8: Laser Confocal Scanning Microscope peguof SHSY5Y on PSCD(a),CS(b) and
PCL/PU(c) membranes.
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The confocal images of the neurons, showed thdizati@an of 311l-tubulin (green) in the neuronal
network (Fig.8). This cytoskeletal protein was présin the soma and in all neuronal processes,
while the axonal growth cones were visualized tgtothe localization of GAP-43 (red), a specific
protein involved in the regulation of axonal outgth.To emphasize this important result, the
morphology of cells was analyzed, by measure o siz cellular body and neurites outgrowth
(Fig.9).
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Figure 9: Average neurite lenght of SH-SY5Y afted&y of culture (DIV3) on membrane CS,
PCL-PU membranes and PSCD. The value are the aiéaaxperiments.

There aren't statistically significant differencas the glucose consumption between PCL/PU, CS
to respect PSCD. The glucose consumption remaimstaat throughout the culture period (Fig.10).
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Figure 10: Glucose consumption of SH-SY5Y cellgera& days of culture(DIV3) on CS, PCL-

PU membranes and PSCD. The values are the meae @xperiments.

The lactate production rate was lower on PCL/PU@8dhen PSCD throughout the culture period,
suggesting a much better oxygenation of the cellsath membranes (Fig.11).
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PSCD CSs PCL-PU

Figure 11: Lactate production of SHSY5Y cells afterday of culture on CS, PCL/PU

membranea and PSCD. The values are the mean @Xpariments.

The evaluation of the metabolic activity showed tells maintained their functions at high levels

throughout the entire culture period. This dematsy PCL/PU support cell viability and functions.

6.4 Discussion

In the last few decades a variety of potential retand synthetic biomaterials with various
molecular designs creating a favourable microemvitent for nervous regeneration have been
proposed to bridge the gap between severed peaiphernve stumps. An appropriate nerve conduit
must be biodegradable and must be exhibit good omgatibility with extremely low
inflammatory, immunogenic, and cytotoxic respongesaddition, the mechanical properties of the
nerve conduit must guarantee that it does not gedladuring the patient’s movements but at the
same time is sufficiently elastic to avoid tensiamshe lesion site.in addition, it is desiderathiat

the conduit present a membrane thet mimics the siates of fiber composing the extracellular

matrix (ECM) of native tissue and organs, beingyp=able to the entry of nutrients into the conduit
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lumen but presenting the necessary barrier to ptetve infiltration of unwanted tissues into the
conduit from outside. These and additional chareties have been recently introduced by
innovative polymeric membranes approaches, whildwathe design and modification of suitable
biomaterials for the scope of nerve cell migratiprgliferation, and differentiation on the injured

site and subsequent nerve regeneration.

Microscale characteristics should be considere wihesigneg scaffolds for tissue engineering.
These microstructural characteristics can seldgtizetivate genes and mosulate cellular behaviour
with regards to proliferation and differentiatiod[15]. However, the influence of the
microstructure on SHSY5Y differentiation remainoopy understood.instead, the development of
biomimetic scaffolds to enhance neuronal differiin has largely focused on altering the
chemical composition rather than the structuralrattaristics of scaffold. For example, the
incorporation of collagen | to polycaprolactone wésund to enhance differentiation of
mesenchymal stem cells [16]. This evidence provitiedrationale behind our efforts to produce a
scaffold that would provide both chemical and biggpbal lieage-specific cues similar to those of
native extracellular matrix. The biophysical cuesvided by the local microstructural environment
rely primarily on interactions between the matmdacell surface receptors, initiating intracellular
signals mediated via cytoskeletal networks [17].

Our results demonstrate the PCL/PU membrane aegt@lpiromotes survival and neurite outgrowth

of human neuroblastoma cells.

The cell biocompatibility of PCL/PU was tested bgunte extension of neurons in culture.
SHSY5Y cells establish axons and dendrites dutegtime of culture both on PCL/PU and CS
membranes. The density of axonal network increasts the time, and neurites become more

elaborate and highly branched on the both substrate

Neuronal cells on both membrane, displayed thec&pnorphology of hippocampal neurons that
included a primary apical axon and several derglmtgh multiple ramifications, developed from
cell body (soma). There were no statistically digant differences between PCL/PU, CS
membranes and PSCD in the neurites length (Fidh®).fesults demonstrate that PCL/PU and CS
membranes seem to be more supportive of neuriggaumth modulating the development process
of the neurons. Neurons have been shown to adlaré, growth on polymer by surface
modification, with proteins such as fibronectinironectin. This study shows that SHSY5Y cells
can growth and differentiate, extending neuritesbmcompatible surfaces without protein coating.

The correct and stable neuronal formation is supgdry the evaluation of some major cytoskeletal
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markers such aglll-tubulin and GAP-43. Indeed, the constantly mge distribution offlll-
tubulin, specific for neuronal processes and sotnactsired neuronal network3he metabolic
functions of neurons on membranes were expresskeiglatevels demonstrated that, cells adhered
on the membranes are functionally active for ertine of culture. The glucose uptake is similar on
PCL/PU and CS to the PSCD culture, while lactatelpction on PCL/PU membranes is less to
PSCD, demonstrated that the cells adhering on Bistnes consume nutrients in a less grade of
oxygenated medium to the PCL/PU membranes. Theltsedemonstrated that the PCL/PU

membrane improves the oxygen uptake better tharbRSGure.

6.5 Conclusion

Human SHSY5Y cell attachment and proliferation ammparable between PCL/PU and CS
membranes. However, glucose comsuption and negrieith are improved on PCL/PU when
compared to CS membranes. These results suppocbtioept of biomimetic scaffold as a novel
strategy to promote proliferation of neuronal cellBese findings are promising and encourage a
mechanistic investigation of the microstructuraamcteristics of PCL/PU membranes and their
effects on peripheral neuron cells, possibly thtoogtoskeletal organization.
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