UNIVERSITA' DEGLI STUDI DI PADOVA

Sede Amministrativa: Universita degli Studi di Paao
Dipartimento di Principi e Impianti di Ingegneridi@ica
SCUOLA DI DOTTORATO DI RICERCA IN INGEGNERIA INDUSRIALE

INDIRIZZO: INGEGNERIA CHIMICA
CICLO XX

TITOLO TESI

ADVANCED TECHNOLOGIES FOR CARDIAC TISSUE ENGINEERIN G

Direttore della Scuola :Ch.mo Prof. Paolo Bariani

Supervisore:Ch.mo Prof. Nicola Elvassore

Dottoranda : Ing. Elisa Figallo

DATA CONSEGNA TESI
31 gennaio 2008



Table of contents

Sommario
Introduzione
Summary
Foreword

I ntroduction

Chapter 1: Cardiac disease and tissue engineering
1.1 Heart disease: clinical need and regenerative medicine
approach
1.2 Physiology of myocardium (cardiac muscle)
1.3 Cardiac tissue engineering
1.3.1 Cardiac related cell source
1.3.2 Biomaterials and scaffold
1.3.3 Functional tissue development
1.4 Engineering issues from 3D culture to functional tissue
1.5 Current limitations. needs for new advanced technologies
1.6 References

Chapter 2: Stem cell differentiation

2.1 Background

2.2 Céll-cdll interactions
2.2.1 Micro-grooved Silicone Membrane for In Vitro
Co-culture of Human Amniotic Fluid Stem Cell and
cardiomyocytes

2.3 Soluble chemical factors
2.3.1 Micro Bioreactor Array for controlling the
cellular microenvironments

2.4 Physical stimulation
2.4.1 Effect of electrode material on ROS expression of
human embryonic stem cell

2.5 References

VII
Xl
X1
XVII

© 00 O 01 U1 W -

10
12

15

15
16

22

23
28

29
32



1 Table of Contents

Chapter 3: Development of functional cardiomyocyte:

single cell analysis 35
3.1 Stemcell functiona differentiation and analysis 35
3.1.1 Electrophysiological recordings 36
3.1.2 Single cell force transducer 37
3.1.3 Optica methods through intracellular molecular
probes 38

3.2 Functional cardiomyocyte analysis through cAMP signalling 40
3.21 Loca diffusivity and intracellular organization
synergy in spatio-tempora cAMP signal transduction in

HEK293 41

3.3 References 51

Chapter 4: 3D cardiac tissue development 55
4.1 Engineering issues in 3D cardiac functiona tissue

devel opment 55
4.1.1 Practical aspects of cardiac tissue engineering with

electrical stimulation 57

4.2 Cardiac functional tissue characterization 59
4.2.1 Design of 3D culture system for electrophysiological

stimulation of cardiac force contractility 57

4.2.2 Imaging analysis of 3D cardiac tissue functionality 64

4.3 References 71

Chapter 5: Cardiac tissue engineering: future perspective 73

5.1 Invivo cardiac tissue engineering 73
51.11In Vivo Application of Collagen scaffold in a
Cryoinjury Rat Heart Model 74

5.1.1 Synthesis and characterization of injectable hyaluronic

acid-photoinitiator conjugate hydrogel for biomedical

application 78
5.2 References 83

Chapter 6: Conclusions 85



Table of Contents Il

Appendix A: Micro-grooved Silicone Membrane for In
Vitro Co-culture of Human Amniotic Fluid Stem Cell and
cardiomyocyte 89

Appendix B: Micro Bioreactor Array for controlling the
cellular microenvironments 103

Appendix C: Effect of electrode material on ROS
expression of human embryonic stem cell 129

Appendix D: Practical aspects of cardiac tissue
engineering with eectrical stimulation 149

Appendix E: Local diffusivity and intracellular
organization synergy in spatio-temporal cAMP signal
transduction in HEK 293 175

Appendix F: Synthesis and characterization of injectable
hydrogel based on photoinitiator-hyaluronic acid conjugate for
biomedical applications

Ringraziamenti 237



Table of Contents




Sommario

L’ingegneria dei tessuti e le terapie a basateisuyliego di cellule staminali sono state
recentemente proposte come metodi di cura per tiealagate all’'infarto del miocardio.
Lo scopo di questa tesi & stato quello di fornietadologie e tecnologie innovative per
un piu razionale sviluppo della ricerca in questtbao. In questa prospettiva, sono stati
sviluppati sistemi avanzati per la coltura e défeziamento di cellule staminali. In
particolare la ricerca e stata focalizzata su kelktaminali umane, quali ad esempio
cellule derivate dal liquido amniotico o embriondlell'intento di voler ottenere un
tessuto biomimetico contrattile, queste tecnolog@no state applicate a colture
bidimensionali e tridimensionali, studiando in dgtito quei parametri per piu
influenzano la stimolazione biofisica cellularepnmad esempio la stimolazione elettrica.
Una valutazione quantitativa della funzionalitadiaca e stata ottenuta a livello cellulare,
con un modello matematico, e a livello di tessudn sensori ad alta sensibilita o analisi
ottiche. Questi risultati sembrano promettenti per sviluppo di tecnologie high-
throughput che permettano lo screening preclimiceitro di nuovi farmaci per la cura
delle cardiopatie, o per la definizione di nuovitaw clinici per la rigenerazione del
tessuto cardiaco.
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Le malattie legate all'infarto sono una comune aadismorte nei paesi sviluppati. In
seguito ad un attacco di cuore, il miocardio subign danno piu 0 meno esteso che
porta alla perdita di funzionalita del muscolo ¢acd e alla formazione di tessuto
fibroso non funzionale. Il graduale assottigliatoetiella parete del muscolo determina
la formazione di un’insufficienza cardiaca croniche attualmente puo essere curata in
modo efficace solo da un trapianto di cuore. Sfatamente questa terapia € resa poco
praticabile da una grave carenza di donatori daorg da problemi legati al rigetto del
cuore trapiantato da parte del paziente. Farmaaviativi per l'insufficienza cardiaca
sono ancora uno dei piu importanti bisogni clinloi.questo contesto l'ingegneria dei
tessuti e terapie basate sull'iniezione localedlliute sono state recentemente proposte
come promettenti alternative.

In questa prospettiva, le cellule, il biomateriadé,stimoli biochimici e biofisici sono
certamente i fattori chiave per la realizzaziongcate di un miocardio funzionale
ingegnerizzato. Anche se i risultati in questa ziloee sono molto promettenti, il
raggiungimento in breve periodo di una terapiacaffe é rallentato dalla mancanza di
metodi quantitativi d'indagine e d’analisi. La meggparte delle attuali tecnologie
impiegate nella ricerca biologica dimostrano unaacaaza di conoscenza dei signaling
specifici e di fattori di trascrizione che regolangrocessi di differenziamento cellulare
e la loro organizzazione in tessuti. Inoltre, pattenzione e di solito rivolta alla
caratterizzazione e al controllo delllambiente ditera a livello cellulare. Recenti
progressi nell’ingegneria dei tessuti hanno choalét necessita di una comprensione
della biologia a livello di sistema. Solo la conexsza dei valori critici, dell'interazione e
dell'evoluzione spazio-temporale dei fattori spegifche influenzano il processo di
formazione del tessuto, permettera di raggiungese successo in tempi brevi
I'obiettivo finale desiderato.

In una prospettiva ingegneristica, queste limitazaffrono la possibilita di applicare le
conoscenze dell’ingegneria allo sviluppo di nuavumenti per rendere la ricerca piu
veloce, piu sensibile e piu efficiente, aumentaidipo e il numero di dati raccolti in
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un esperimento. Lo scopo di questa tesi di dottoeastato quello di fornire metodi
razionali per la ricerca nel campo dell'ingegnelé tessuti cardiaci. Obiettivi specifici
sono stati: 1) lo sviluppo di nuovi strumenti e rdiove tecnologie per studiare il
differenziamento cardiaca di cellule staminali gdatenti, come quelle derivate dal
liquido amniotico o le cellule staminali embrionalimane, controllando il
microambiente cellulare durante la stimolazione chimica o biofisica, 2)
I'individuazione di metodi quantitativi per la vaazionein vitro della funzionalita di
cellule o tessuti, 3) la valutazione della fatitbildi strategie per la rigenerazione del
miocardio correlate al delivery locale di cellutevivo.

La tesi si basa su 6 articoli che sono inclusi ipp@ndice, secondo la lista di
pubblicazioni, che costituiscono il principale ttaio della Ph.D. L'elevata complessita
della ricerca nel campo dell’ingegneria dei tessatdiaca giustifica la focalizzazione
del lavoro progetti di ricerca specifici molto digsema tutti relativi alle principali fasi
di sviluppo dei tessuti funzionali (Figura 1). Ataudi questi progetti hanno affrontato
la progettazione di soluzioni avanzate di sistemléura, altri la definizione di nuovi
metodi di analisi.
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Figure 1 Rappresentazione schematica della struttura della tesi. In grigio scuro sono
segnalate le effettive influenze di un progetto specifico per una fase di sviluppo di un tessuto
cardiaco funzionale. Con il grigio chiaro si segnalano invece le prospettive future individuate
da tali progetti.
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In accordo con quanto detto sopra, questa tesitthéhto € organizzata come segue:

1.

Il Capitolo 1 descrive i progressi recenti nel cantell'ingegneria del tessuto
cardiaco, focalizzando I'attenzione sui fattoriticriche definiscono un tessuto
cardiaco funzionale e le limitazioni maggiori ddtdl’approccio corrente.

Il Capitolo 2 e incentrato sul processo di diffai@amento delle cellule
staminali, dando una visione generale del backgtaiella ricerca. Vengono
dunque proposti un breve riassunto delle motivazonrisultati di tre progetti
inerenti a questo argomento. | testi dettagliatiedeorrispettive pubblicazioni
sono riportati nelle Appendici A-C.

Il Capitolo 3 presenta lo stato dell’arte dei metdidvalutazione della fisiologia
di una singola cellula. In questo contesto, le tgioni sono dedicate alla
descrizione delle ipotesi, dei risultati e delleogpettive future del modello
matematico sviluppato qui per descrivere lo svilupgpazio-temporale del
cAMP intracellulare. Il lavoro completo é riportatoAppendice D.

Il Capitolo 4 tratta lo sviluppo di un tessuto imeénsionale cardiaco fornendo
una descrizione generale dei requisiti e presentdmdvemente un metodo
efficace per la produzione di un tessuto funzionktedescrizione estesa di tale
metodologia € riportata in Appendice E. Il capitado conclude con la
descrizione dei risultati preliminari ottenuti reeBviluppo di due tecnologie per
la misura della contrattilita del tessuto ingegreato.

Il Capitolo 5 presenta l'effettiva applicabilita diue diverse strategie per la
rigenerazione del miocardim vivo, che impiegano un delivery localizzato di
cellule. In particolare, vengono riportati i ristit preliminari ottenutiin vivo
sull'integrazione e vascolarizzazione di uno sddffon collagene e la
caratterizzazione chimico-fisica di un hydrogel ofslimerizzabile.
L’Appendice F descrive in dettaglio tali risultati.

Il Capitolo 6 riassume le conclusioni e delinegltespettive di sviluppo della
ricerca evidenziandone le potenzialita sia tecriolmyche scientifiche e le sfide
piu importanti per la comunita dell’ingegneria cigan in questo settore di

frontiera.
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Summary

Tissue engineering and cell-based therapies have been recently proposed as promising
cure of diseases related to myocardium infarction. Aim of this thesis was to provide
methods for rational approach the research in this field. We developed advanced
systems for stem cell (SC) culture and differentiation. In particular, we focused on
human stem cell, such as fetal amniotic or embryonic. To obtain biomimetic contractile
tissue, these technologies have been applied to 2D and 3D cell cultures, studying in
depth the parameters which influence significant biophysical stimulations, such as the
electrical one. A quantitative evaluation of cardiac functionality was then performed at
the cellular level, with a mathematical model, or at the tissue level, with high sensitive
sensors and imaging analysis. These results seem promising for the development of
high-throughput technologies for preclinical in vitro screening of cardiac drugs or for

the definition of clinical method for cardiac regeneration.
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Diseases related to myocardium infarction are a common cause of death in developed
countries. When myocardium is damaged by injury, such as a heart attack, the
functiona contracting heart muscle dies and is replaced with nonfunctional scar tissue.
Heart transplantation is currently the last resort for end-stage heart falure, but is
hampered by a severe shortage of donor organs and rejection. Tissue engineering and
cell-based therapies have been recently proposed as promising aternative; by the other

side, innovative drugs for heart failureis still amajor unmet clinical need.

In this perspective, cells, biomaterial and scaffold, control of biochemical and
biophysical signaling regulation are certainly the key factors for a efficient engineering
of functional myocardium. Even if exciting progresses have been made in this direction,
they are hindered and slowed down by the lack of quantitative methods of investigation
and analysis. Most of the current technologies for biological research show a lack of
specific knowledge of the signaling pathways and nuclear transcription factors that
regulate the processes of cell differentiation and tissue assembly. Moreover, no attention
is usually given to the characterization and control of the culture environment at the
cellular level. Recent progress in tissue engineering clarify the need of understand
biology at the system level, knowing the interaction of single cues on the cellular
organization and differentiation. Only the understanding of the threshold, the interaction
and the spatio-temporal evolution of the specific factors will open the possibility of
shortening the effort required to successfully replace atissue, and direct cellular activity

and phenotype toward a desired end goal.

From an engineering perspective, these limitations offer the possibility of applying the
knowledge of the engineering on the development of new tools to make the
investigation faster, more sensitive, or more efficient increasing the type and the
number of data collected in an experiment. Aim of this PhD thesis was to provide
methods for rational approach the cardiac tissue engineering research. Specific

objectives were to: 1) develop new tools to study the differentiation toward cardiac
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lineage of pluripotent stem cell, such as amniotic stem cell or human embryonic stem
cell, controlling the cellular microenvironment during biochemical or biophysica
stimulation, 2) develop quantitative methods to evauate the in vitro cell or tissue
functionality, 3) characterize the feasibility of strategies for myocardium regeneration

correlated with localized in vivo delivery of cells.

The thesis is based on 6 included papers, according to the list of publications, which
constitute the main outcome of the Ph.D. study and are reported in Appendix. The high
complexity of the cardiac tissue engineering justifies the focus of the work on more
specific research projects related to the main step of tissue functional development
(Figure 1). Some of the projects were focused on the design of advanced culture system,

other on the definition of new methods of analysis.
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Figure 1 Schematic representation of the thesis template. The dark grey bars show the actual
influence of the specific project on the development of functional cardiac tissue, whereas the
light grey gives the future perspectives.

According to this, the PhD thesisis organized as follows:
1. Chapter 1 reviews the recent progress in cardiac tissue engineering, describing
the general requirements for a functional cardiac tissue and the main limitation

of the current approach.
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2. Chapter 2 deals with stem cell differentiation process giving a general overview
of the research background. The motivation and results of three projects, which
were developed on thisfield, are briefly summarized, even if the manuscripts are
reported in Appendix (A-C).

3. Chapter 3 presents the state of art of the evaluation of cardiac physiology at the
cellular level. In this context, the chapter ends with the description of
hypothesis, results and future perspective of a mathematica model for a
quantitative evaluation of the intracellular cCAMP signaling. The manuscript is
reported in Appendix D.

4. Chapter 4 deals with the development of the 3D cardiac tissue giving a general
overview of the requirements and presenting briefly an effective method for the
functional tissue fabrication. The extensive version of it is reported in Appendix
E. The chapter ends with the description of the development and the preliminary
results of two methods for cardiac functionality assessment.

5. Chapter 5 reports the evauation of two different in vivo strategies for
myocardium regeneration correlated with localized delivery of cells. In
particular it summarizes the preliminary results on in vivo integration and
vascularization of the collagen scaffold and the chemical-physica
characterization of a promising photocrosslinkable hydrogel. The Appendix F
shows the compl ete description of these last results.

6. Chapter 6 draws the conclusions of the thesis project and discusses the future
perspective of the cardiac tissue engineering underlining the most promising
source for scientific and technological innovation and the challenges for the

chemical engineering community in this border-line field.
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Chapter 1

Cardiac disease and tissue
engineering

This chapter reviews the recent progress in carttaoe engineering, outlining
on the clinical and scientific justification to theresent work, the general
requirements and the main areas of research indalaethe development of an
in vitro cardiac functional tissue. The chapter concludesciibing briefly the

main processes for the functional tissue fabricatfocusing on those where a

chemical engineer could give a better contribution.

1.1 Heart disease: clinical need and regenerative

medicine approach

Heart failure (HF) developed from ischemic heasedse, hypertension, and myocardial
infarction is a common cause of death in develammdhtries. In Europe, the estimated
frequency of HF patients is 0.4-2%, and the inaéeimcreases with age, reaching a
range between 6-10% in the population >65 yeaegef(Kaye and Krum 2007). HF is

responsible for a large number of prolonged andrreat hospitalizations, representing
1-2% of global health care costs (Roman-Sanchezth€ceet al. 2005).

The initiation and evolution of cardiac failure @epls on the accumulation of old,
poorly contracting cells and the formation of sitssue. Heart failure after a myocardial

infarction (MI) is often progressive. When heartsdle is damaged by injury such as a
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heart attack, heart muscle cells, known as cardomytges, die. Macrophages,
monocytes, and neutrophils migrate into the infaneta, initiating the inflammatory
response (Christman and Lee 2006). Infarct expartsien begins to occur because of
the activation of matrix metalloproteases (MMPshickh degrade the extracellular
matrix and result in myocyte slippage. This weakgrof the collagen scaffold results
in wall thinning and ventricular dilation. Afterghnitial inflammatory phase, there is an
increase in fibrillar, cross-linked collagen depiosi, which resists deformation and
rupture (Sun and Weber 2000). Thus, during thi<gse of ventricular remodeling,
functional contracting tissue is replaced with nmmtional scar tissues diminishing

heart pumping ability.

Current therapeutic strategies to treat heart railare limited to pharmacological
therapies (Goldstein 2000), surgical transplantati@iniati and Robbins 2002) and
mechanical cardiac support (Stevenson and Kormdil)20The pharmacological
therapies with diuretics, inotropes, vasolidatofsCE inhibitors, B-blockers, and
antiarhythmic drugs have demonstrated to reducedtients mortality, relieving and
stabilizing symptoms and preventing the progressain myocardial dysfunction
(Zimmermann and Eschenhagen 2003). However, poognpsis and shorter life
expectancy of heart disease patients clearly itelitee need for alternative techniques
to complement the present therapies. Mechanicaulaitory support devices, such as
left ventricular assist devices (LVADs), are cuthgrused as a bridge to cardiac
transplantation. Current limitations of these supjpevices include thromobogenicity,
infections, device size and weight, and power trassion. (Stevenson and Kormos
2001). Currently, heart transplantation is the @mugcessful and definitive treatment for
heart failure, however it is hampered by a sevdmertage of organs donors and

rejection (Stevenson, Warner et al. 1994).

In this context, cellular transplantation and tesgmgineering approaches have emerged
as promising alternatives to heart transplantatibhe concept of myocardial
regeneration may be divided into four different @gghes (Giraud, Armbruster et al.
2007). The first one is the induction or stimulatiof endogenous repair mechanisms,
such as progenitor cells. Recent works have shbwrevidences of their existence in
the heart (Garry and Martin 2004; Laugwitz, Morettial. 2005; Parmacek and Epstein
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2005). However, the triggers, as well as the ekaatbrs or mediators involved in the
tissue repair process, remain only partially ideedi (Virag and Murry 2003).

The second approach involves the transplantatiosotdted cells directly in the injury.
Various types of cells have been considered fordpair of damaged myocardial tissue
such as fetal cardiomyocytes, embryonic stem cetiage marrow derived stromal and
mesenchymal stem cells, skeletal myoblasts, andtkelial precursor stem cells
(Laflamme and Murry 2005; Dimmeler, Burchfield ekt 2007). However, cell
transplantation has several disadvantages, induslibstantial cell death soon after the
injection of cells. In addition, cell orientatiomé electromechanical connections after

cell engraftment are only partially controllable.

A third approach to cardiac regeneration couldhgenyocardial implantation of tissue
createdn vitro (Eschenhagen, Fink et al. 1997; Radisic, Park &04l4) The aim of an
engineered cardiac graft is to provide a large @of viable donor cells to repopulate
the myocardium or to provide directly a contractiigsue to replace an injured
myocardial area. However, the high mechanical strepresented by the permanent
cardiac contraction/relaxation cycle, as well as #tectric integration of the tissue
within the native cardiac muscle, add to the coxiple of myocardial tissue
engineering. Thesa vitro 3D models of the cardiac muscle could be applisd asin
vitro model for cardiac research or drug testing, reprtasg a more physiological

organization of cells in a complex 3-D lattice.

Finally, the fourth approach focuses on the desigemart biomaterials. Such method
function for example, by organizing nanoscale asdes of nanofibers, controlling
space and orientation of specific cell-adhesivarids on the biomaterials, and allowing

release of proteins or gene delivery (Davis, Hgieal. 2005).

1.2 Physiology of myocardium (cardiac muscle)

The essential function of the heart, as musculgamris to pump blood to various parts
of the body. The mammalian heart has four chambigist and left atria (upper) and
right and left ventricles (lower). The two atriat as collecting reservoirs for blood
returning to the heart while the two ventricles astpumps to eject the blood to the
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body. The heart muscle is a "syncytium,” meaningeawork of muscle cells, called
cardiac myocytes, interconnected by contiguouspigsmic bridges (connection disc).
Under normal circumstances, a wave of electricatitetion is originated by the
pacemaker cells and spread to neighboring cellsimg@a coordinated atrial-ventricular

rhythmic contraction. This process does not netassdf nerve stimulation.

The intact myocardium is composed of a complexyawh muscle cells that are
distributed in a series of discrete, overlappinuta layers. Within each layer of cell,
the cardiac myocyte are roughly cylindrical andribsited in parallel along a common
axis. The biochemical basis of muscle activityekted to the enzymatic and physical
properties of actin, myosin, and the accessoryeprst(troponin and tropomyosin) that
constitute the thin and thick filaments in the ¢amgyocyte cytoplasm. Adjacent cell
layers are interconnected by an elaborate netwbdoltagen fibrils. Endothelial cells
(ECs) and fibroblasts (Fs) complete the 3D musdleicaire with a total cell
concentration of approximately 100 million cellsfcrBue to this extremely high cell
density, and high respiration rates of the cel® tardiac muscle consumes large
amounts of oxygen and is characterized by a ridcuature. However ECs and Fs
cells are not only necessary for nutrition and @uygransportation, constituting the
main cell type in a blood vessel, but secrete glsavth factors and cytokines that are

important for heart function (Shu 2007).

The ventricular wall of rat heart, range from 1-8wrand contains a rich vasculature. In
a rested, non-contracting muscle, a myocardialledl a negative membrane potential.
When the muscles is excited above a threshold y#heéevoltage-gated ion channels
opens with a flood of cations into the cell [depiaation]. When the cytosolic calcium
increases, the myosin binding sites on actin becavadable, an actomyosin complex
is formed, followed by the sequential dissociat@nPi and ADP with conversion of
myosin to its low-energy conformational state. hes/ents are accompanied by
simultaneous translocation of the attached thianfént toward the sarcomere, that
gives the contraction. After a delay (the absotefeactory period), potassium channels
reopen and the resulting flow of K+ out of the amdlises repolarization to the resting
state.
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1.3 Cardiactissue engineering

Tissue engineering has been defined first as Yaardisciplinary field that applies the
principles of engineering and the life sciencesamivthe development of biological
substitutes that restore, maintain, or improveugsfunction” (Langer and Vacanti
1993). In the 2001 the European Commission on Heaftd Consumer Protection
defined tissue engineering as “the persuasionhefliody to heal itself through the
delivery, to the appropriate site, independentlynasynergy, of cells, biomolecules and

supporting structures” (European, Commission £2@01).

Cardiac tissue engineering focuses on the in uvietonstruction of heart muscle,
developing three main areas of research: cell sayrscaffold design and functional

tissue development (Hecker and Birla 2007).

1.3.1 Cardiac related cell source

Selecting the type of cells and creating a suitebdronment in which cells can grow
and organize themselves in a functional way arenieally and biologically important
problems. Numerous studies have experimentallyessed the potential of different
types of stem cells to differentiate in contracttdls. Stem cells are self-renewing and
undifferentiated primitive cells that develop iftnctional, differentiated cells. After
differentiation, these cells should integrate bfathctionally and structurally into the
surrounding viable myocardium and develop a netwadrkapillaries and larger size
blood vessels for supply of oxygen and nutrienthé&oinjured region.

The most promising cell sources for regenerativdionee are human stem cells (hSCs)
capable of differentiation toward cardiac lineagech as: (1) human embryonic stem
cells (hES), (2) Cardiac Stem Cell (3), Bone Marigtem Cells (BMCs); (4) Skeletal

myoblasts (SMs); 5) Fetal Amniotic Stem Cell anyl $5em Cell derived from adipose

(fat) tissue (Fukuda and Yuasa 2006).

MSCs seem to be an exciting source for cell therbpgause they can differentiate
vitro into nerve cells, skeletal muscle cells, vascutatothelial cells (Jiang, Jahagirdar
et al. 2002), and into cells with cardiomyocytetfieas (Makino, Fukuda et al. 1999;
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Rangappa, Entwistle et al. 200Fjurthermore, after differentiation, these celle ar
positive for specific cardiac protein, suchfasyosin heavy chain, cardiac troponin T,
a-cardiac actin and desmin, they prove functionalitth C&* transients, several types
of action potentials (Orlic, Kajstura et al. 20@ittenger and Martin 2004; Xu, Wani et
al. 2004) and respond tox and B adrenergic stimulation with an increase in
contractility, phosphorylation of ERK1/2 and anrie&se in cAMP (Li, Yu et al. 2007).

Although studies have shown some improvement imiaarperformance after cell

transplantation in patients, the cardiomyogenicciefficy of these cells is still very

limited (0.02%) (Haider and Ashraf 2005).

In general, Embryonic stem (ES) cells, derived frdime inner cell mass of the
blastocyst, (Kehat, Kenyagin-Karsenti et al. 20@dne E. Bishop, Buttery et al. 2002)
and Cardiac Stem Cell, harvested from endomyodashasy of patients (Messina, De
Angelis et al. 2004), seem to be the best promisimgrces for cardiac regeneration
therapy because they differentiate into beatinds ogith a cardiomyocyte phenotype
and they can also be expandeditro to generate large quantities of cells. In parécul
Embryonic stem (ES) cells can spontaneously organefter differentiation, a
functional syncitium with action potential propagat (Margaret V. Westfall, Pasyk et
al. 1997; Kehat, Gepstein et al. 2002; Wah Siu, idaa al. 2007).

1.3.2 Biomaterials and scaffold

Biomaterials are used to provide structural supploring the initial stages of tissue
formation. The cells utilize the biomaterial as wport for initial attachment and
remodeling, but then slowly begin to generate tbein ECM components. Production
of new ECM is often concurrent with controlled dedgmtion of the biomaterial; the rate
of formation of the new ECM and the degradatiothef old ECM being equal. Several
strategies have been described by the literatur@rigineering 3-D cardiac tissue

vitro: (1) utilizing polymeric scaffolding material as support matrix (Rebecca L.
Carrier, Papadaki et al. 1999; Papadaki, Bursad. 2001), (2) incorporating cardiac
myocytes within biodegradable gels (Eschenhagerk €t al. 1997; Guo, Zhao et al.
2006), or (3) utilizing overlapping of cellular doactile sheets (Shimizu, Yamato et al.
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2002; Ishii, Shin et al. 2005k all these methods, the choice of the most apjatap
biomaterial is a key issue.

Natural and synthetic scaffolds have both been fechyocardial tissue engineering.
Due to the contraction/relaxation cycle, typicaf tle muscle tissue, the governing
factors for the choice of a scaffold are not onlye tbiodegradability and

biocompatibility of matrices, but also the mechahjroperties, above all elasticity and
strength. The key advantages of synthetic mateinalsde the possibility of designing

their mechanical properties, controlling the chehiproperties without variations

inherent to the production of biomaterials, definihe size and morphology of pores
(Zimmermann and Eschenhagen 2003) . In additioamatal functional groups that

induce tissue growth can be added to the polymdestina and Hutmacher 2007).
Major classes of polymers, such as polyester pwigtit and polylactic acid (PGA,

PLA), and their copolymers and polycaprolactone L(PBave been tested in clinical
applications as synthetic biodegradable materiBlswever the biodegradation of
synthetic polymers can induce inflammatory respsnte the original material or

byproducts of its degradation (Babensee, Andersah &#998).

In this perspective natural materiagjch as hyaluronic acid, collagen and gelatin
matrices, are preferred because they provide goechamical support during tissue
growth, a compliant environment allowing prolifecst and migration of cells, the
integration with the native tissue, and finally yh@rovide the incorporation of growth
factors. In addition to its structural role, thelld®omaterial interaction plays a
physiological role by influencing the expressiorr@gulation of the cellular phenotype.
In line with this, a natural material will mimic tter the properties of the extracellular
matrix (Christman and Lee 2006).

The main advantage given by the use of a polymsraiffold is to provide a stable
mechanical support to the tissue formation withoatlled structure, pore size, and
polymer fiber orientations. An alternative techreqto preformed matrices is the
utilization of solubilized scaffold material. Gglgte structures of natural scaffold, like
injectable polymers, have been considered becheyeptrovide good bonding to tissues
and can be more easily shaped or cast to a comgplaxetry than porous scaffolds and
foams. In particular liquid mixture of collagen héa matrigel, has been mixed to the
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cells, which are quickly trapped in the 3D spacemduthe gelification process. The
environment is then rapidly remodeled by the cardglls.

An alternative strategy based on the productiorBDftissue by the overlapping of
contractile sheets of cells has also been expldetl-culture dishes have been coated
with temperature- responsive polymer or with migtwf fiborinogen monomers and
thrombin. The culture of cardiomyocyte providesheet of contractile cells that are
detached from the dish surface by reducing the ¢eatpre to less than 20°C (Sekiya,
Shimizu et al. 2006) or using intrinsic proteasgedtion of the fibrin layer(Itabashi,
Miyoshi et al. 2005). The overlapping of these sheets established inhelare gap
junctions; the cells were also able to beat synubumely and to integrate with the host

animalin vivo (Furuta, Miyoshi et al. 2006).

1.3.3 Functional tissue development

The choice of the right cells and biocompatibleenats highlights the need of physical

conditioning of the cells or the engineered tissnegrder to ensure its physiological

Functional
tissue

compatibility and function.

3D
tissue

FaI

Stem cell Differentiation to 3D cell Development of 3D
differentiation functional cell culture functional tissue
> > >—>
Change in cell Expression of 3D template Cell-cell
morphology mature interaction
[72] N . o
£ cardiac markers | Efficient mass L
< Expression of transport Exutatu?n-
early-stage Cell contractility contratftlon
cardiac markers coupling
Biological: Viability Metabolic: Glucose uptake, | Biological: morphology, Metabolic:
» (live/dead), proliferation fatty acid oxidation... cell distribution (histology, | Glucose uptake, fatty
i (MTT), morphology confocal microscope) acid oxidation...
> (microscopic observation) | Regulatory:, expression
g of mature cardiac marker, | Regulatory: expression of Functional: microforce
< Regulatory: expression of | Ca?* measurement, FRET... | cardiac marker tranducer
cardiac marker Immunohistochemistry,
(Immunohistochemistry, Functional: microforce RT-PCR, cytofluorimeter
RT-PCR, cytofluorimeter...) | tranducer, MEA...

Figure 1 Development of a functional cardiac engineered tissue:

main phases.
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Figure 1 summarizes the intermediate processesssmge to a functional tissue
fabrication. At the cell level, that mainly inclugléhe differentiation of stem cell toward
cardiac lineage and the control of its maturatignto expression of mature cardiac
markers and cell functionality. At the tissue lewhEe process continues with the culture
of cell in three dimensional scaffold and its matiom to functional tissue through
physical and electrical stimulation. The followisgction reviews the most common

methods to assess these phases and the mainibnstat

1.4 Engineering issues from 3D culture to functional
tissue

The growing a functional heart tissue is relateddweral critical issues, some of which
apply to all complex tissues and some which areerspecific to the heart. The generic
issues focus on the problem of growing a 3D cowstiith multiple cell types, which
should homogenously populate the scaffold, be gianld keep the proper phenotype
for a long period. Connected to those aims, weidiniduate the problem of supplying
cells deep within the construct with nutrients aed the culture parameters to permit

the cell-cell communication.

Moreover we need to add problems related to thetimmal requirements. First of all it
IS necessary to obtain large quantity of maturdioaryocytes, which should reproduce
the physiological functionality of native musclellcdn addition, it's necessary to
control cell function in three-dimensional engiregkttissues. This is a requirement in
order to promote appropriate tissue developmentitro toward a physiological

functionality.

In the 3D template, the cells need then to fornerg®llular connections and matrix
arrangements to functionally coordinate and dirdet beating. The alignment of
myocytes and the proper formation of distinctiveoldgical structures between
myocytes (such as the intercalated disks) are @iioal in enabling electrical pulses
and force transmission between myocytes. The tissgeires an uniform and well-
coordinated contraction that generates the requpeder. In addition, the heart
contains specialized cells that participate in #dectrical conduction routes found
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throughout the heart (e.g., the sino-atrial (SAjiléothe atrio-ventricular (AV) node,
and Purkinje fibers). These specialized cells aseial to the coordination of the heart's
contractile effort, and substituting their functionvitro during the biosynthetic tissue
culture may be critical. Thus key issues to a aaltifeature of a heart is both its

morphology and the complexity of the electrical doction pathways.

A variety of strategies have been developed toexehthese ends, including the use of
bioreactors to enhance the mass transport, asawéfie application of biochemical and
mechanical stimulation to control and improve tk# function. However, there is still
a long way to go from the small number of cardiooye-like cells beating in 3D
scaffold to the complex architecture of the myorard and the duplication of its

nonlinear viscoelastic properties.

1.5 Current limitations. needs for new advanced

technologies

Despite of the good perspective of the cardiaci¢éisngineering, several issue still need
to be addressed to reach a safe clinical technBjoenedical scientists have recognized
that living systems can be studied not only in ®&mh their mechanistic, molecular-
level components but also in terms of many of tlemultaneously. In addition, the
biologic progress show a lack of specific knowlediethe signaling pathways and
nuclear transcription factors that regulate thecpsses of cell differentiation and tissue
assembly. However the collaboration between these $cience fields is often
complicated by the lack of a common methodology Emdjuage and the ability to
generate novel technology requires training in ipldtdisciplines.

In order to understand biology at the system lewel,must examine the structure and
dynamics of cellular and tissue function, rathemtlthe characteristics of isolated parts
of a cell or tissue. New high-throughput technolaigyelopment is therefore a crucial
need to predict the quantitative behavior of a dgaal process, including the
knowledge and control of process components, tim@ractions, realistic values of
their concentrations and time-spatial evolutionr EBaample it is well known that

electrical stimulation is an important modulator oll physiology, and there is
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significant evidence that physical factors may kBeduto improve or accelerate tissue
regeneration and repain vitro. However, more needs to be clarified about how the
electrical stimulation acts on cell and tissue lewvathin native and artificial
extracellular matrices. Knowing the signals which activate by electrical stimulation
may shorten the iterations required to successf@place a tissue, besides directing

cellular activity and phenotype toward a desired goal.

Once implanted, tissue-engineered constructs wilslibjected to significant loads and
deformationsin vivo. Moreover, given the variety of electrical condoctrelated
diseases in a normal myocardium, there is goodrets suspect that slight un-match
with heart muscle properties will determine thduia of the cure. Standards must be
set when evaluating the electrophysiological anamigichanical properties of native
tissues, and new and improved technology mustkasdeveloped for collection of data
on physiological function of tissue. This technolaghould combine high-throughput
assay techniques to tissue physiology in vitrongigunctional engineered tissues for
basic biology as well as pharmacology/toxicologypmses. Continued development of
novel molecular imaging technologies, such as #@soence resonance energy transfer
(FRET), increases speed of data acquisition antlaspasolution defining intracellular
mapping of small molecules and protein. Couplings texperimental data with
computational description of specific process cobklp on the development and

application of quantitative models of physiologi@atction.
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Chapter 2

Stem cell differentiation

This Chapter focuses on methods for studying steth differentiation and
presents the relevant parameters that influence tinigsprocess. Three different
aspects have been investigated in term of: 1) agbing thein vivo cardiac
microenvironment to study the amniotic stem ceffedentiation during co-
culture, 2) controlling the cellular microenvironnteduring culture in a high
throughput manner and 3) verifying the effect @ogidical stimulation on human
embryonic stem cell differentiation. The brief d@stion of each aspect is

followed by a discussion of results.

2.1 Background

A stem cell is a cell that can self-renew as welfeve rise to daughter cells with more
specialized function. To identify stem cells, s@epecific phenotypic markers are
usually used, such as cell surface proteins, trgotemal factors, and cytoplasmatic
proteins. For example human Embryonic Stem CeES@®s) have enhanced telomerase
activity and express a variety of markers for seffewal, such as transcription factor
Oct-3/4, the protein Nanog, and the surface ma(B&EA)-3/4 (Hwang, Ryu et al.
2004; Stewart, Stojkovic et al. 2006; Biswas andtcHins 2007). The stem cell
differentiation toward cardiac lineage is a compbeacess. In an early stage it is proved
by the expression of cardiac-related proteins (@tpskeletal proteifs-myosin heavy
chain, cardiac troponin-T) and transcription fast(e.g. Nkx2.5, GATA4) (Lev, Kehat
et al. 2005). The physiological activity is evakatby functional assays, including

extracellular and intracellular electrophysiologicacordings of second messengers,
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biochemical species involved in the signal transidacof functional activity, and cell

response to pharmacological stimulation (Gepstei62

Stem cell differentiation is influenced by threeimaategories of factors: Tell-cell
interactions, 2) biochemical cues and 3) biophys&@Emulations. All these act
conditioning the cellular microenvironment and geging the specific biochemical

signal transduction pathways (Huang, Lee et al7200

The following sections will be organized with adirdescription of the state of the art
of each method followed by the summary of the dmwedl research. Extensive
description of the research activities are reportetippendix (Table 1).

Table 1. Summary of the three relevant categories of factors which influence the stem cell
differentiation and the aim research activity developed during this Ph:D. thesis.

Ca.tegorlgsof Aim of theresear ch activity
stimulation
Development of new tools and methodology for perfgmn
Cell-cell interaction co-culture of stem cell on aligned cardiomyocytes

(Appendix A)

Development of new method of high-throughput cell
Biochemical cues culture on microscale to study and control growtt a
differentiation of different cell type (Appendix B)

Developing of a standard method for electrical atation

Biophysical stimulation of stem cells (Appendix C)

2.2 Cdl-cdl interactions

Extracellular matrix and cell-cell interaction seerto play an important role in
myocardium remodeling during growth and developmast well as upon ischemic
injury during myocardial infarction (Matsushita, &yada et al. 1999; Goldsmith and
Borg 2002). This suggests that the introductiorafappropriate extracellular matrix
molecules withirin vitro culture could enhance the directed differentiabbstem cells

into the cardiomyogenic lineage. For example hE8tamtain pluripotency on MEF

feeder layer, whereas, when cultured on matrix teates in absence of MEF, they

loose self-renewal and begin to differentiate (Tkom Itskovitz-Eldor et al. 1998). The
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optimal substrate for stem cell attachment, pradiien, and differentiation may differ

between various types of stem cells.

Not only the biochemical composition but also thatmm topography and mechanical
properties of the substrate direct cell organizatad differentiation (Nygren, Jovinge
et al. 2004; Ying J. Li, Chung et al. 2008he stiffness of ECM has been shown to
regulate many aspects of cellular functions (Geidagrshadsky et al. 2001). For
example, cells tend to migrate toward more-rigidastes, and cells on soft matrix have
a low rate of deoxyribonucleic acid synthesis arwuih. Engler et al. (2004) examined
the effect of substrate stiffness on myoblast bemabut recent studies suggest that
nano-scale and microscale matrix topography walb affect the differentiation of stem
cells. If the stem cell are culture with a differecell population, this cellular

organization could influence the cell-cell talkimgpdulating the differentiation process.

Differentiation of ES cells into the cardiomyogetiiteage was enhanced by coculture
with visceral endoderm-like cells (Mummery, Wardiv®ostwaard et al. 2003). A
number of studies have also reported transdiffexeom of adult stem cell into the
cardiomyogenic lineage when coculture with primazgrdiomyocytes (Badorff,
Brandes et al. 2003; Heng, Haider et al. 2004).

The aim of this study is to investigate the effeatin vitro differentiation toward
cardiac lineage of human and rat amniotic fluidnstéAFS) cells co-culture with
aligned rat neonatal cardiomyocytes (rCM). The madivantage of the co-culture
systems resides in the direct biophysical and leogbal contact between the two
cellular types; in particular stem cell - cardiorytes interactions are mediate by
cellular transduction process and electromechanjoaktions with neighboring
cardiomyocytes (lijima, Nagai et al. 2003). In gawtile tissues such as myocardium,
the cardiomyocytes orientation and elongation isticat for the proper
electromechanical coupling of cells, and for stiatmg the transmission of contraction
over the cell length scale (Nianzhen Li, Anna Taskaia et al. 2003). The structural
template of aligned cells seem a critical conditioroptimizing the cell differentiation

invitro.

The following work aims to integrate these concepith the differentiation study of

human amniotic fluid stem (hAFS) cells toward tledtac lineage. The objective of

17
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this part of the thesis was the development of rnewls and methodology for
performing co-culture of stem cell with aligned arfdnctional differentiated
cardiomyocytes. A specific aim was to design a &ngnd reproducible method to
provide topographical stimulation with micrometricesolution promoting
cardiomyocytes alignment. The hypothesis was taecd with structural tissue-like
template the cell-cell interaction and cross-tajkifne. biochemical and biophysical
signal transduction). The system was designed ltmwathe identification of each

individual cell with common optical method of ansiky.

2.2.1 Micro-grooved Silicone Membrane for In Vitro Co-
culture of Human Amniotic Fluid Stem Cel and
cardiomyocytes

Amniotic fluid stem cells are a subpopulation of raotic fluid cells isolated by
immunosorting for the expression of c-kit antig&ecent study has shown that AFS
cells could represent a new source for cellularraiye applications, since they
demonstrate the capability of differentiating toltimle lineages (De Coppi, Bartsch et
al. 2007).

Recently soft-lithographic methods and micro-contpnting approach have been
proposed to create a micro-patterned supports ttialy organized layers of
cardiomyocytes (Todd C. McDevitt, Angello et al. 020 Todd C. McDeuvitt,
Woodhouse et al. 2003; Elisa Cimetta, Sara Pizeatal. submitted). It has been
previously demonstrated that monolayer culturespafterned cardiomyocytes can
mimic morphologic features of mature ventriculasstie when cultured on micro-
contact-printed protein patternéll these techniques guarantee the accurate and
micrometric reproduction of the selected designyéner biomaterials deformation or
degradation often produce undesirable effects Ithmat the practice of these methods
and the duration of the experiment. In order torceme this limitations, two different
approaches have been tested to obtain cell patt@molayer during the co-culture:
micro-structured non-biodegradable biopolymer (debtide acid) or

polydimethylsiloxane (PDMS) membranes.
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Figure 1 GFP positive rat AFS cells and cardiomyocyte co-culture on PLA membrane. (A)
Bright field picture of the micro-patterned membrane (20x) (B) Fuorescence image (20x) of
troponin I staining (in red) after 4 days of co-culture. Positive cells present a macroscopic
alignment on stripes. (C) Overlapping of bright field and fluorescence image (20x) after 4
days of co-culture. In the picture are clearly visible round cells, characteristic of non adhesive
cells, and rat AFS cells in green homogenously distributed.

The co-culture was performed on 30n PLA membranes, which were developed
through a soft-lithographic method, as reportediterature (Elisa Figallo , Marina

Flaibani et al. 2007; Luisa Boldrin , Nicola Elgase et al. 2007). The micropattern on
the membrane, shown in Figure 1A, consisted of b® wide polymeric stripes

connected every 200m by 10um lateral bridges. As visible in Figure 1B some rCM
attached to the polymer and aligned following stsip Nevertheless, most the cell
present after 4 days of culture still present andoshape, suggesting a low affinity of

these cells with the polymeric surface (Figure 1C).

These results proved the significant influence wface topography on rCM and AFS
cells alignment and suggested the idea of repe#ii@agame experiment with a more
appropriate substrate material. The use of stlfs@ate micro-grooved surface, such as

glass, as cell seeding support was proved to deleegation and organization of
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cardiomyocytes (Bursac, Parker et al. 2002; TinguHoi , Cheng et al. 2007). PDMS
IS a non-toxic elastomer that was already testeth wifferent cell cultures (Desali,
Deutsch et al. 1999; Motlagh, Senyo et al. 2008}.tkis propose we designed a simple
method to create micro-patterned PDMS membraneusbke environment for the
AFS-rCM co-culture. Due to fluid-like gas diffustyi (oxygen diffusion coefficient of
3.55 cnf/s) and rubber elastic modulus (Young’s module 83 kPa) of PDMS, these
membranes could be used as cell culture growthtsubsfor specific studies that
requires the application of mechanical stretch ontlled oxygen concentration.
Micro-grooved surface of a 2 cm length polycarberatbe and we used as template for
PDMS mold fabrication. The fabricated frame fits tile commercially available

multiwells dish and presents ajbsfl thickness membrane on the middle.

Both rCM alone and rCM together with AFS were selede silicon membranes. The
response of a rCM culture to the PDMS substrate avedyzed investigating: 1) the
morphology, 2) the expression of specific cardiaarkars and 3) the metabolic
response. The most common substrate for cell eyl®etri dish, was used as control.
The percentage of differentiation was evaluatedntopunofluorescence after 6 and 12
days by the expression of the structural cardiacosaeric protein, troponin T. Further

details about the material and methods used irptioject can be found in Appendix A.
Results and discussion

Two different lapping papers, with grain size of&@@d 200um respectively, have been
used in the preliminary experiments to producentiero-grooves onto the surface of
different templates and optimize the cell alignmdite PDMS surfaces with 174fin
micro-grooves exhibited the strongest effect onnaga rat cardiomyocyte elongation
and orientation, whereas the other micro-grooveedsions still allow the formation of
cell colonies (Figure 2). The metabolic responser®@M on silicone surface is
comparable with the result obtained on substrateasfventional Petri dish (poly-
styrene). This method allows the formation of a enphysiological arrangement of
cardiac myocytes, which are aligned and contragttsywnously up to 15 days, whereas

on the common Petri dish surface the cells formmiels with random orientation.
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Figure 2 rCM culture on silicone micro-patterned membrane obtained by micro-grooved
polycarbonate templates with characteristic dimension of: (A) 200 um and (B) 8o um.

The culture on micro-grooved PDMS membranes imptdy@h rCM and AFS seeding
and alignmentn vitro, allowing to achieve better spatial organizationtted AFS co-
culture respect to the Petri dish. These findinggsst that the topographic stimulation
improves close interactions between the two cellptgpulation and intracellular cross-
talk (Figure 3). The use of cardiomyocytes, taggath green fluorescent protein
(GFP), allows the immediate individuation of thediac cell in the culture mixture.
Immunohistochemical analysis after 6 days revealeohe hAFS, seeded on PDMS
membrane positive for the expression of the carglamyte marker troponin T. A

complete and detailed description of the resultsreported in Appendix A.

Figure 3 rCm and gfp positive rAFS co-culture on 2D silicone micro-grooved membrane. (a)
merge of bright field and GFP signal of the co-cultured cells, rAFS in green, magnification
20X; (b) and (¢): immunostaining at 6 days of culture for cardiac troponin T (TnT, in red)
and for GFP (in green), TnT-positive rat cardiomyocyte in red and GFP-positive rat AFS in
green, magnification 20 and 40X.
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Conclusions and future perspectives

In this paper we present a simple method to obtagro-grooved PDMS membranes
for cell culture. Compared with the culture on centional Petri dish, the topographical
cues given by the PDMS membranes pattern significaifect the cardiac myocyte

architecture and attachment, influencing the catlulmicroenvironment. The

improvements on cell-cell interaction obtained whis method were tested with a co-
culture of hAFS cells and cardiomyocytes. The tssseem promising to assess the
capability of differentiating in cardiac myocyte eav if more efforts are needed to

analyze AFS cardiomyocyte differentiating potential

2.3 Soluble chemical factors

Several works in literature report the increaseyiefd of the cardiovascular cell types,
after the addition of soluble chemical cues diregtioward cardiac lineage (Czyz and
Wobus 2001; Huang, Lee et al. 2007). Following teample of embryonic
development stimulation, signaling molecules sushcgokines and growth factors,
have been shown interacting with specific intradall pathways and modulating the
vitro andin vivo differentiation of embryonic and adult stem celvard cardiovascular
lineage (Boheler, Czyz et al. 2002; Agapios, Bestdal. 2003).These chemicals
include TGFB1 family, insulin-like growth factor I, platelet-deed growth factor,
fibroblast growth factor, oxytocin and erythropaie¢Schuldiner, Yanuka et al. 2000).
Furthermore a number of synthetic chemical compswuth as 5-azacytidine, ascorbic
acid, retinoic acid, dimethyl sulfoxide (DMSQO) adgnorphin B have also been shown
to promote cardiomyogenic differentiation vitro (Boon Chin, Husnain Kh et al.
2004). The advantage on using synthetic chemicaslead of protein-based cytokines
and growth factors is in their longer active hé#-in solution and better structural and
chemical definition. The main limitations of theastlard culture system for the
determination of optimal protocols to direct théfetientiation into a specific cell type
can be assesses on: 1) the capability of contgothe cellular microenvironment, also
termed a “cell niche”, which regulates stem cetefa?) the dimensions of standard

culture system which allow the study of only fewtare conditions each time.
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The objective of the following study was to over@rthese current limitations
developing a new system for 2D-3D cell culture ircnoscale to study and control
growth and differentiation of different cell typéncluded hESCs. The general
advantages of small scale technology is clear: \mlumes reduce consumption of
samples and reagents and can be handled more. ddsilgover more samples can be
processed per time unit in parallel. For a moreirezeging approach, the aim of the
following work was to integrate the advantages odticed by high-throughput
technologies with quantitative methods of analysisrder to improve the knowledge

and the control of the process.

2.3.1Micro Bioreactor Array for controlling cellular
microenviroments

Stem cell biology is increasingly relying on advaddechnologies that provide better
cell culture microenvironments and enable contv@ranultiple molecular and physical
regulatory signals. These technologies are of pddr interest to hESCs, because of the
complexity of their regulatory pathways, and uncolted variables associated with
traditional culture methods. Human embryonic stetishESCs) hold vast promise in
science and medicine because of their potentiatepdicate indefinitely and their
capability to differentiate to any cell type foumdthe adult. Due to the high sensitivity
of stem cells, in particular of embryonic stem cdhe determination of optimal
protocols to direct the differentiation into a sifiecell type requires a better control of
cell culture microenvironment and the testing ekay large number of combinations of
cell culture conditions, which is reason of a hugmount of time and money
consumption. Soft lithography techniques have beaenently applied to the
development of high-throughput technology to perfoin microfluidic systems
biological assays (Tokuyama, Fujii et al. 2005ufid, Hashimoto et al. 2006), cell
culture array (Bhatia, Yarmush et al. 1997; Scmddi Yanuka et al. 2000; Chin,
Taupin et al. 2004) and biomaterials testing (Asder Levenberg et al. 2004; Flaim,
Chien et al. 2005).
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In this work we propose a Micro Bioreactor Array B¥) designed to perform the
simultaneous cell culture in 12 small (3.5 mm cérdeter) independent chambers,

combining the advantages of microarrays with thafSeioreactors.

A

Inlet

Figure 4 Micro Bioreactor Array (MBA) design. (A) The micro-bioreactor wells (3.5 mm in
diameter) are arranged in a 4x3 array (8 mm vertical and 7 mm horizontal center-to-center
spacing). The microfluidic channels are 100 um wide by 100 um high and deliver between 0.1 -
2.0 ml of medium per day per bioreactor well. Each of three inlets delivers medium (red)
through the flow transducers to four wells (orange) via microfluidic channels. Waste medium
exits each bioreactor via a separate set of channels (yellow). The devices are assembled from
layers of PDMS and glass, attached via plasma treatment of both surfaces. (B,) Two
configurations were used. A bottom inlet/outlet (BIO) configuration (left) consists of a glass
slide, a microfluidic layer, and a gas permeable membrane cover. A middle inlet/outlet (MIO)
configuration (right) has an additional layer of PDMS with an array of wells inserted between
the microfluidic layer and the slide. The BIO and MIO configuration accommodate the 2d
cultivation of cells attached to a substrate (glass with or without additional coating); a thin
layer of a photopolymerizable hydrogel in the base of MIO configuration wells allows 3D
cultivation.

The design requirements for the MBA were: (1) higlbughput experimentation
with independent conditions for each bioreactor Iwahd low consumption of
reagents and cells; (2) cultivation of cells in lbdhe 2D setting (attached to a
substrate) and three dimensional (3D) setting (eswiated in hydrogel); (3)
reproducible steady-state conditions in terms df @density, medium composition,
levels of oxygen and pH, flow regime, hydrodynamitear and transport rates; (4)
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accurate spatial-temporal control of the cell eomment; (5)in situ quantitative
analysis of cell proliferation and differentiatioby automated image analysis of
differentiation markers. Further design constraiodsinected with those included:
the ability to precisely control flow rate througime microchannels, a cheap
disposable surface for irreversible cell adhesad an optical transparency for the
observation an microscope.

To validate the utility of the MBA for controlledtuglies of cell growth and
differentiation, we selected three model systemat thre representative of the
envisioned applications of this device: C2C12 mgseblcell line (middle inlet/outlet
(MIO), bottom inlet/outlet (BIO)), primary cardianyocytes derived from neonatal rat
hearts (MIO, BIO), and hESCs (MIO, BIO).

Results and discussion

The devices are fabricated in a multilayer fashiamd the size is that of a
microscope slide (26 x 76 mm). Two different configtions of the MBA were
developed based on computational fluid dynamic rfingdeand analysis of mass
transport in order to compare the effect on difftision of a regime controllely
diffusion with a regime controlled by convectionidére 4). In order to develop
reliable and flexible MBA, the design was optimizedsolve specific issues linked to
the propose of this work and to the micro scalthefprocess, such those summarized in

the following list (See Appendix B for details).

1. Integrate elements such as pumps and reservoirs for liquid handling
The Tygon tubing (0.8 mm ID) was connected to tyrenge needle through a
commercial Luer lock, which fit onto the end ofiketl syringe. Small lengths
of stainless steel tubing (21 gauge, 10 mm leng#re used to connect MBA
ports to atoxic soft Tygon tubing (0.8 mm ID), wihikeep the flexibility after
thermal treatment in autoclave.

2. Guarantee the physiological pH during the culture
A gas exchanger was added after the inlet portl@ingth of the exchanger was
calculated comparing the retention time of mediuithihe time necessary to
reach the equilibrium.

3. Assurethe sterility in the chambers during the culture
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An aluminum frame was used to close the culturéesydy compression. All
the materials used were autoclavable.

Solve the problems arising from air bubbles formations

A gas permeable membrane seals each of the MBA ladxamwhich are kept in
slight depression.

Define the optimal well shape to obtain a more homogenous velocity profile in
the chamber

The flow rate of culture medium in the micro-biactas was controlled through
a syringe pump, with an accuracy of Quil/min. The hydrodynamic shear and
mass transport was characterized by computatioatiods.

Solve the problems arising from small particles clogging microchannels

The bioreactor channels were tested and washed widter before the

experiment.

. Assure the independent and equal culture conditions in the wells of a same

column

Because of the small size of microchannels, flowlimsost always laminar The
flow rate within a microchannel is given ky= AP/R, whereQ is the flow rate,
AP is the pressure drop across the channelRasdhe channel resistance. For a
rectangular microchannel with a low aspect ratie.(w = h), the resistance is
proportional to the channel length(Beebe, Mensing et al. 2002). In order to
guarantee the same pressure drop in all the cterthelr length was designed
identical.

Improve the homogeneity on surface coating and cell seeding in the chambers

The culture chambers can be directly accessedpipttte to apply coatings and
uniformly seed the cells. In order to improve themogeneity of the collagen
coating he glass surface of each MBA chamber weetdd with a solution of
4% of 3-aminopropyltrimethoxysilane (Sigma-Aldriclgt. Louis, MO) in

acetone for 15 min.

. Avoid the growth factors degradation during the culture

The culture medium was kept at 4 °C before fluxing in the bioreactor.
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Figure 5 Phase contrast images showing the influence of MBA fluid-dynamic regime on hESC
morphology configuration after 4 days culture in (A) middle inlet/outlet (MIO) or (B) bottom
inlet/outlet (BIO).

Through simple manipulation of flow rate, chambeeight, and inlet/outlet
configuration, a wide range of mass transport regirare attainable and significant
effect is determined on the cell morphology (FigGjeand differentiation. The fluid
dynamic simulations show that both configuratiopemate at very low-shear, but
with clear differences (two orders of magnitude)}he values of fluid velocity and
hydrodynamic shear.

A system for automateich situ image analysis of the expression of cell diffeiadn
markers was developed and used to investigate ftaete of cell density and flow

regime on vascular differentiation of hESCs (sepeXulix B for further details).
Conclusions and future perspectives

This work presents a new technology for 2D and 3@hhhroughput culture of
cells, that we called Micro Bioreactor Array (MBAJo demonstrate operation of
the MBA, we cultured C2C12 cells, rat cardiac mytesyand hESCs within the
system. Taken together, these studies demonsttatgdooth MBA configurations
(BIO, MIO, Figure 1) support the growth and diffetiation of healthy and viable
cells. Changing slightly the design of the bioreacit’s possible to control the mass
transport regimes in the well and the cellular tieac This device hold the potential

to be used as a tool for studying hESCs in theeodrdf their environment.
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2.4 Physical stimulation

The literature shows that physical stimuli, in tbem of electrical pulses or mechanical
stretch, could play an important role in cardiomsogsis, mimicking then vivo
stimulation of cells in the heart (Kenneth R. Ranin 2003; Heng, Haider et al. 2004).
Application of contractile stretch stimulation teanatal cardiomyocytes up-regulates
myosin heavy chain expression and induced cardiogtgoorganization into parallel
arrays. However, the effect on stem cell differatmin into cardiovascular lineages of
uniaxial strain has only recently been exploredtipaarly with SMCs and hESC.
Strained Embryoid Bodies, for example, significgnihcrease the number of
spontaneously contracting cardiac foci and areagred with cardiac muscle (Li,
Stouffs et al. 2006; Schmelter, Ateghang et al. 6200

In line with the propose of mimicking the in sittingulation, electrical stimulation
also need to be taken in account. Since the musdet is rhythmically excited by
ion transfer, it is likely that electrical stimulah could play an important role in
cardiomyogenic differentiation in vivo. Electricatimulation has already been
reported to be beneficial to primary cardiomyocytafured in vitro and to enhance
the differentiation toward cardiac lineage of mo&®C (Sauer, Rahimi et al. 2000).
When a metallic electrode is placed inside a pHggical culture medium the
central process that occurs at the electrode/elgter interface is a transduction of
charge carriers from electrons in the metal el@rto ions in the electrolyte. This
transduction is due to two primary mechanisms ofargh transfer at the
electrode/electrolyte interface: Faradaic and nare#aic reactions.

Non-Faradaic reactions include the polarizatiorletctrolyte due to a redistribution
of charged chemical species. Due to this phenom#m,initial linear decay of
electrical potential changes quickly profile up tbe equilibrium. The stable
condition is characterized by the complete shigdai charges on the electrodes
surface and by the decay of the electrical poténtiaa very narrow interphase
region, called Debye length.

The second mechanism is a Faradaic reaction, irchwklectrons are transferred
between the electrode and electrolyte, resultingeduction or oxidation of chemical
species in the electrolyte. The presence of Facadzactions, the steady state is
characterized by constant current in the electeolfiuring current flow, a potential
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gradient exists in the electrolyte, generally mangers of magnitude smaller than at
the interface.

From a biological point of view it will be reallyieresting to understand if and how
the exogenous electrical stimulation influences ted differentiation. However
uncertainties about the type and magnitude of firelike difficult the individuation
of the biophysical and biochemical mechanisms attid on the considered
biological system. For the engineering perspectiite,is still unclear which
parameters of the system are more critical for voimg the stem cell
differentiation.

The objective of this study was to describe a ratlanethod to provide an efficient
electrophysiological stimulation to stem cell cuduClearly, stimulation efficiency
is determined by the ability to attain a desireggblogical response with minimal
damage to the biological element. However the pration of the cellular
response to such fields is usually complicatedriadequate characterization of the
system used for stimulation. In particular this wavants to show the effect of
electrode material on specific cellular responsehsas production reactive oxygen

species (ROS) or stem cell differentiation.

2.4.1 Effect of electrode material on ROS expression of
human embryonic stem cell

The presence of endogenous electric field duriregémbryonic development and
the effects of exogenous one for different kinccells have been already reported in
several studies (Jaffe and Nuccitelli 1977; Nudki@003). However uncertainties
about the type and magnitude of field make difficthe individuation of the
biophysical and biochemical mechanisms activatedtlen considered biological
system. The mechanisms of electrical stimulatioa sirongly dependent on the
electrode geometry and material properties. Indgmal applications, the material
selection for electrodes is a complex issue. Thealidmaterial for use as a
stimulating electrode must be biocompatible, hatadble characteristics during the
stimulation and acceptable electrode degradatidraomful byproducts.
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In this work we aim to develop a new technology andthodology to test the
effectiveness of the electrode material has beatuated through the expression of
intracellular ROS in hESCs of different developnatstage.

EBs were electrically stimulated within bioreacthraracterized by 4 indipendent
rows of 4 wells built in poly(dimethylsiloxane) (RLC5) and glass. A

stereolithographic method was used to develop th@dnfor the bioreactor.

Electrodes of 2 mm of diameter can be inserted athbsides of each row.

Independent stimulation is guaranteed by the PDN&ulation between different

rows.

The electrode-electrolyte interface has been madéle Randle-type equivalent
circuit, evaluating from electrochemical impedanspectroscopy (EIS) the
capacitance and polarization resistance of Titanilitanium Nitride and Stainless
Steel electrodes. The EIS results were useful @mluewe the correlation between
duration of a stimulation and ROS expression on &ufBs, which was evaluated
monitoring the expression of DCF fluorescence fOrrdin. The evolution of the

stimulation has been monitored measuring currethensystem.
Results and discussion

The EIS data show mainly differences between ebelets on polarization resistance
(Rp) value, which is much lower for Stainless Steal.agreement with this result,
the potential-time plot for stainless steel is kiptonstant value of 0.4 mA by the
presence of reactions on its surface during thewétion. For titanium and titanium
nitride we have instead an initial increasing oé ghotential followed by a rapid
decrease up to a value close to zero due to theripation of the medium and the

shielding of charges on the electrode.

The applied electric field lead to generation otracellular ROS in human

embryonic stem cells. In agreement with these tesuhe use Stainless Steel
electrodes and the increasing of stimulation daragnhance the intracellular ROS
expression. This value was higher in EB of 4 daygsrespect 6 or 8 days old. The
decay ROS generation may suggest the higher presliisggn of the hESC to a

cardiac differentiation and a more efficacious #&ieal stimulation at earlier stage
of development
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This hypothesis is confirmed by the measure ofgbecentage of beating 19 days-
old EBs. EB start beating with higher percentagesekded at earlier stage of
differentiation and if stimulated at 5 V/cm for @ The complete manuscript is

reported in Appendix C.
Conclusions and future perspective

The dependence of the biological response fromelketrode material proves the
extreme importance of a complete characterizatioth® system before performing
a electrophysiological stimulation. Even if thegadf ROS in the cardiac lineage
differentiation in human embryonic stem cell ha#l siot been investigated, these
results seems promising in the final propose of ameing the number of
differentiated human embryonic stem cell throughc#ic stimulation. From the
engineering perspective, the knowledge of the sysdé the cellular level suggests
the opportunity of understand and explaining withmathematical model the

mechanism of stem cell differentiation.
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Chapter 3

Development of functional

cardiomyocyte: single cell analysis

This chapter deals with the methods iforvitro characterization of single cell
physiology, in order to evaluate the mature diffeigtion of stem cell toward

cardiac lineage and to investigate the cellulapoase to biochemical or
biophysical stimulation. In this prospective, a haahatical model has been
developed to describe the spatio-temporal dynarhianoimportant secondary
messanger, the cAMP, involved on the cardiac cotitra The chapter presents

the idea and main results of this work.

3.1 Stem cell functional differentiation and analysis

During the early stage of differentiation, only madl fraction of the total stem cells
become functional cardiomyocytes. The completeedkfitiation to cardiomyocyte is
characterized not only by the expression of mataeliac markers, such as MHC,
actinin, desmin, ANP, troponin but also by the éxion of spontaneous and rhythmic
contractions. Moreover, they should show the mdécuand ultrastructural
characteristics of cardiac myocytes with a normallta sarcomeric structure,
intercalated discs with desmosomes, and gap jurgti®everal assays have been
developed to measure the cell functionality, inolgdi) extracellular and intracellular
electrophysiological recordings (patch clamp or tirelectrodes array); ii) single cell
force transducer; iii) intracellular optical imagin(voltage or calcium imaging,

molecular probe FRET) of biochemical and pharmagiold response.
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3.1.1 Electrophysiological recordings

The classical electrophysiology technique tradalbnuses a glass pipette with an open
tip diameter of about one micrometer, known as a&clp clamp electrode” (Sakmann
and Neher 1984; Hamill OP, Marty A et al. 1981)isTélectrodes is pressed against a
cell membrane and sealed to it. The electricalmng is accessed filling the interior of
the pipette with different isotonic solutions comgmito the intracellular fluid. A metal
electrode in contact with this solution conducts ¢fectrical changes to a voltage clamp
amplifier. The composition of the filling solutiaran be changed or drugs can be added
to study the ion channels under different condgioBven if this method offers high
information on the specificity of drug action, itsin disadvantage is on the possibility
of measuring only the response of a single celly®@ecently, promising results have
shown an automation of this technique toward magh throughput analysis (Falconer,
Smith et al. 2002; Klauke, Smith et al. 2006). Hoere the research is still far from
totally replacing manual patch clamp with automapadgch clamp systems. Presently
available patch clamp robots do not support, faneple, all variants of the method,
and recording from native cells and from singlersteds is not routinely implemented
yet (Meyer, Sartipy et al. 2007).

In addition to the patch clamp technique, a miaoebde array (MEA) has been
developed to allow the stimulation of tissues oftiple cells in parallel and record
simultaneously the single electrical activitiesamarrangement of several (typically 60)
electrodes (A. Stett, U. Egert et al. 2003). Ornzt tells are plated onto an MEA, the
recorded waveform depends on the signal sourcegdioenetry of the extracellular
space, and the distance of the signal source teldwrode. The advantage respect to
patch clamp experiments is on its capacity of examgithe activities of whole cells
rather than single receptors and in the possilitpomparing the activities of multiple
cells under similar experimental conditions, insiag the throughput of the experiment
(Natarajan, Molnar et al. 2006). This techniques baen used to demonstrate the
presence of a functional syncytium with stable $poeous pacemaking activity and
synchronous action-potential propagation in comingcareas dissected from the EBs
(Schwanke, Wunderlich et al. 2006).
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3.1.2 Single cell forcetransducer

Mechanical measurements on single cardiac myocyeidractile force have been
carried out with a variety of transducer designgsthly optical, which showed a
maximal isometric forces of about 12 uN (Tarr, kath al. 1983; Vannier, Chevassus
et al. 1996). The first approach is based on theling of cantilevers such as optical
fibers (Tung L. 1986), suction pipettes (Cecchidbm et al. 1992), glass needles
(Canaday and Fay 1976), steel foil and microfabetgolysilicone beams (MEMS)
(Yi Zhao, Lim et al. 2007; Lin, Palmer et al. 20pAMEMS technology offers the
ability to shrink the force transducer down to aescomparable to that of a cardiac
myocyte. The cantilevers are calibrated with a is@esoptical methods to determine a
correlation between the degree and direction oflt@eding and the magnitude and
direction of the force. The technique to deteetdeflection of the cantilever is the key
element of this type of force transducer. Some @sthave used strain gauges; others
have measured the displacement of the cantilever dy video analysis,
optoelectronically, or with a laser beam that pctgd the image of a slit or the
blackened glass needle onto a differential phottaligrasche, Meyhofer et al. 1999).
Moreover, this technical approaches involve celhipalations with probes, gluing, and
clamping, which may have some unknown effect ondbié ends and their function
(Brady 1991).

A different optical technique for force measurersehais been developed attaching
magnetic beads on one end of the myocyte and posij them between two
electromagnets in a magnetic field (Yin, ZhangleR@05). Video microscopy and edge
detection are used to monitor small movements @fnticrosphere under generation of
magnetic force. An automatic control system adjuiie current through the
electromagnets to keep the microsphere in conttoflesition. The magnitude of
specimen-generated force equals to the magnitudemaf@netic force on the
microsphere. Thus, the specimen-generated forcebeaderived by calculating the
magnetic force on the microsphere via the magrfetid intensity and properties of
magnetic microsphere. This method could measurestidwgonary force generated by
specimen, similar to isometric muscle contractiblowever, to study physiological
contractile properties (isometric and isotonic)cafdiac myocytes, one would need to

know the contractile force during the myocyte cadtion and relaxation processes.
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Due to the movement of specimen (i.e., cardiac )¢ this method cannot be
applied.

Viscous loading has been studied to investigatéractile properties of cells immersed
in liquids of different viscosity (Kent, Mann et dl989). Different viscous loading can
be realized also by changing the concentratiomsiofospheres added to the liquid. The
major advantages of this approach are: 1) it ieranvasive/minimal invasive approach
due to the soft contact between the cell and sadiog liquid medium; 2) the control

of the external loading force by changing the viscdoading. However, due to the
sophisticated nature of fluid movement, it is vdifficult to calculate the exact value of
viscous loading force. This method may provide ta@e relationships between the
contractile properties and viscous loadings (sushtle relationship between the
velocity of shortening and relative resistive laaHpwever it is difficult to provide

exact value of contractile force (Yin, Zhang et24l05).

Finally, a force measurement of cardiac myocyte lbarobtained using atomic force
microscopy (AFM) (Wojcikiewicz EP, Zhang X et aD@). Most AFM sensors utilize

small rugged steel and tungsten cantilever beantis éimensions in the range of
several micrometers. With the appropriate detectigstem (i.e., laser beam deflection,
tunneling current, interferometer), these sens@ms each nanoNewton resolution.
Despite these excellent properties, a complex tnéngceive setup is required and in
agueous medium where cells survive, the reflecéind refraction of the transmitted
light make the accuracy of cellular force measurgrpeoblematic.

3.1.3 Optical methods through intracellular molecular probes

Since the contractility is related to a high-dgngiiward current via voltage-activated
channels, calcium ions or membrane-potential-seesiluorescent dyes have been
used as basis for another group of electrophysicdbg@ssays (Waggoner 1979; Baxter,
Kirk et al. 2002). The most preferred method foragimg the intracellular calcium

spikes and quantify its concentration involves tise of a ratiometric fluorescent dye
(Fura-2) which binds to free intracellular calciyifakahashi, Camacho et al. 1999).
Fura-2 is excited at 340 nm and 380 nm of light #re ratio of the emissions at those

wavelengths is directly correlated to the amount iatracellular calcium. The
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ratiometric analysis are demonstrated to be ind#genfrom a myriad of experimental
parameters, such as dye concentration, autofluemeédsackground, focus drift and

ambient light.

A indirect measure of the membrane potential canob&ined with a fluorescent
voltage-sensitive dyes (ANEP) (Fast VG 2000; Efimdikolski et al. 2004). The dyes
are essentially nonfluorescent in water and becqguoige strongly fluorescent upon
binding to membranes. Furthermore, these dyes eal@nges in membrane voltage to
a conformational change displaying a potential-ddpat shift in their excitation
spectra. The optical response is sufficiently tastletect transient potential changes,
which can be quantified using excitation ratio meesents. High throughput and low
costs per data point are the main advantages ®fagsay. However, the correlation to
the traditional standard (manual patch clamp)nmstéd.

An indirect quantitative measure of the local in&lular concentration of a selected
molecule can be optically obtained through Fluczese Resonance Energy Transfer
(FRET) technique. The benefit of FRET technologwrisits excellent resolution (van
Rheenen, Langeslag et al. 2004). This method issaful tool to quantify the time and
space molecular dynamics of a biochemical proces#ssh produce local changes on
protein conformation or molecular composition. Ttashnique measures the changing
on energy emission due the reducing of the recgirdistance between two different
fluorescent molecules (fluorophores), which areetut proteins of interest. When the
donor and acceptor fluorophores are in proximid@Lnm), the donor transfers some
of its energy to the acceptor due to the interactbthe two moleculesThe result is
that the donor emits less energy than it normalbuld and this difference can be

measured.

This technique was used for a fast and sensitivasare of the membrane voltage
changes. The mechanism is based on hydrophobicefioent anions that rapidly
redistribute from one face of the plasma membrartée other according to the Nernst
equation, reducing the probability of energy treangiGonzalez and Tsien 1999he
regulatory mechanisms correlated to the cardiac contraction have been investigated by
other FRET-based biosensors, which allow the observation of intracellular cAMP. The
fluorescence ratio imaging of cAMP in living cells obtain by the reaction of this
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secondary messenger with a fluorescent dye-taggednee, such as PKA or Epac
(Mongillo, McSorley et al. 2004).

3.2 Functional cardiomyocyte analysis through cAMP
signalling

The mechanism of decoding external signals, suadaaboactive hormones and drugs,
is a crucial and open question for cardiac celldgy. The literature suggests the central
role of CAMP signaling compartmentation on cardiaactional regulation, attributing
the specificity of the response to spatial and t@mpcontrol of signaling molecules.
After hormone stimulationf-AR could be activated and couples with Gs, which
activates adenylyl cyclase. The consequent incréaseAMP concentration may
activate, in cardiac cells, PKA (cAMP-dependentt@iro kinase or protein kinase A).
PKA phosphorylates a many proteins important fordiee function including:
metabolic enzymes (McCullough and Walsh 1979),sception factors of the CREB
family (Muller, Neumann et al. 2000), and key comeots of cardiac excitation—
contraction coupling (L-type Gachannels (Kamp and Hell 2000), ryanodine receptors
(Marx, Reiken et al. 2000), phospholamban (Simmerm@wad Jones 1998), troponin |
(Sulakhe and Vo 1995) and myosin-binding proteifk@nst, Kress et al. 2000). The
consequent regulation of calcium-related proteigsPiKA leads to increased €a
transient and increased contractility in resporms¢he stimulation. At the other end,
CcAMP actions are counterbalanced by PDEs (phospktatases), which catalyse the
hydrolysis of the phosphodiester bond in cyclic laatdes cAMP or cGMP. PDEs
constitute a highly diversified class of enzymasydivided into 11 families (Lugnier

2006), and at least four are expressed in the.heart

The mechanisms that create highly specialized cAfiffaaling compartments is still
unclear. Experimental evidences suggest an immitatf caveolae, cholesterol-rich
invaginations as regulators in GPCR signaling, tangaa local environment that can
bring receptors, G proteins, AC and kinase anclgoproteins (AKAPS) in close

proximity. Furthermore, AKAP can assemble signalognplexes including PKA and

PDE. However, a better understanding of cCAMP siggain the heart could lead to
more effective therapeutics for cardiac failureeThathematical modeling offers the
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opportunity to analyze efficiently several hypot®®n the cCAMP signaling dynamics
and isolate the relative influence of differenttéas such as structural organization of
enzymes, protein kinase A (PKA) and phosphodieste(@DE), or non-homogenous

intracellular diffusivity.

The aim of this part of the thesis is to develafiffusion-reaction mathematical model

to describe the intracellular dynamic of the cAMghaling to be used for:

1) validation of biological hypothesis about the fuocal development, the

physiology and the physio-pathology of the cardigen cell derived myocytes;

2) designing of experiment and investigation of molac mechanisms in the

physiology of healthy cardiomyocytes and diseases;

3) tools to rationally assist the screening of newrptaeeutical compounds and
their effect on the functional activity of cardisiem cell derived myocytes.

3.2.1 Local diffusivity and intracellular organization synergy
in  spatio-temporal cAMP signal transduction in
HEK 293

The biochemistry of cAMP signaling has been pdytia@lucidated with several
analytical models developed on different types alf. tHowever most of these models
consider only the time course of cAMP close tortteanbrane: 1) describing the cAMP
production and degradation, and the opening of mangbchannel as effect of the high
concentration of cAMP (Goldbeter 1996), 2) intemrgt cCAMP production and
degradation in different signaling pathways (Bhaltal Ravi lyengar 1999; Saucerman,
Brunton et al. 2003) 3) underlining the role of PKRAPDE activation on cAMP
degradation (Golbunova Y.V. 2002; Gorbunova andizepi2002; Rich, Xin et al.
2007). Even though these models were kineticaligplete, no attention has been given
to cCAMP intracellular spatial distribution, fundamal for the activation of specific
targets. Rich et al. (2001) tried to combined tlezliremical description of the process
with a physical compartmentalization of the spddee cell was modeled assuming the
existence of two compartments separated by a membthe membrane-localized

microdomain and the bulk cytosol. The diffusion samificantly impeded between the
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two domains, whereas inside each compartment itasasmed so rapid that any spatial
difference was abolished.

Huang et al. (1991) shows the importance of thiugidn and the rate of hydrolysis on
the kinetic of N& current dependent by the intracellular concemratof cAMP.

However the model simulates a simplified systemhwiee and isotropical CAMP
diffusion in an infinite cytosol and incomplete ahieal description of the signaling.
The activation of PDE or the binding with PKA are fact not considered. In this
direction the models developed by Bhalla (2004) leolgdenko et al. (2003) are
particularly interesting because they describeetfect of diffusion limited regime on
the signal intracellular distribution, even if tepecific description of CAMP spatio-

temporal distribution is not investigated.

A quantitative diffusion-reaction model has beemplemented in this work to simulate
the spatio-temporal evolution of the cAMP signdlirassuming that the intracellular
organization of cell, in proximity to the cAMP tatg, directs and amplifies the
biological effects of the highly diffusible secomgamessenger, localizing its
concentration. The mathematical model was validataparing the simulation results
with experimental variation of FRET measured witBOHprobe on HEK 293 after
stimulation with PGEL1.

Figure 1 Schematic representation of the H30 conformational change phenomena due to the
CAMP reaction.
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The H30 probes are based on genetically modifiean@e nucleotide Exchange Factor
(GEF), Epacl, which are directly triggered by cAMEpacl is characterized by two
domains with catalytic and regulatory function. Heeond domain contains the binding
site for cCAMP and is linked to the membrane. Thebpr was developed modifying
these domains with two fluorophores, cyan (CFP) wetbw (YFP), which generate
FRET at low concentration of CAMP. When the concatian of CAMP increases, the
secondary messanger reacts with the regulatory n#uG&P determining a
conformational change of Epac 1 and the dissaciati C-YFP, which abolishes the
FRET (Figure 1).

Model framework

When a stimulus binds at the cell surface to apterea sequence of events begins near
the membrane determining a spike of cAMP concantrdtmited in space and time.
The arising cAMP concentration into the cell proasotits cleavage through the
activation of protein kinase A (PKA) and phosphoestase isoforms (PDE). Thus, the
intracellular concentration of cCAMP is regulated thy antagonist actions of AC and
PDE (Alberts, Johnson et al. 2002), which deterntingee-dependent spikes of the
secondary messenger inside the cell. The celldamwe is assumed to be divided in
three subdomains with characteristic dimensions:sitlbbmembrane volume (SM, 10%
of the total volume) (Peters R. 1984), the cytdg€nl 70% of the total volume) and
nucleus (N, 20% of the total volume) (Kozer N. 2004

Even if the reactions occurring in sub-membrane @riosol domain, are the same, the
values of free diffusivity could be really diffetefFigure 2). We give here a brief

description of the reactions involved in the celfulomains.
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Figure 2 Schematic representation of the three intracellular domains and of the chemical
reactions occurring in each of them.

At the membrane, the receptd®) (binds to the ligandL() (R 3.1) and reacts with G
protein (Reaction 3.2). This process activates ddenylate cyclase increasing the
production of cAMP (Reaction 3.3). The network @actions that describes this system

is well represented by the following reactions:
L+RU M LR (3.1)
LR+Gaﬁy g% G0/—GTP +Gﬁy (32)

G, cmw J ﬁﬁ CAMP+G,_opp 3.3)
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As shown in Figure 3, the receptor stimulation datees a sharp increasing on the
CAMP production rate up to reaching a plateau i@ %econds. Increasing the
concentration of ligand over does not cause sicamfi changes in the cCAMP production

rate.

Eac (uM/s)

012 | 4
0.10 o'/
0.08 .

0.06 7

0.04

Time (s)

Figure 3 cAMP production rate profiles as function of time and ligand concentration [L].

Since over 100 nM, there is not significant influenof L concentration on the
production rate at plateau, its value set for tleaswilations was always ofM, which

was the most frequently used in the experimentakwo

Two are the chemical species that influence mod#iRAspace-time dynamics: PKA
and PDE. The PKA has the ability to bind to thio tregulatory subunits four cAMP
units (Reactions 3.4 - 3.7) and catalyze the PDfvamn through two catalytic
subunits (Reaction 3.10). The activated PDE hydedycAMP (Reaction 3.11). Since
CAMP signalling mainly involves three PDE isofornriBDE4D, PDE4B and PDE3
(Alberts, Johnson et al. 2002), and reactions 240 3.11 need to be specifically
written for each of this form. Assuming that th8Hprobe, which is used to measure
the concentration of experimental cAMP, is unifoyndistributed in the cell, the

reaction 3.12 describes its binding with one cAM&lauule.
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R,C, +cAMP U cAMPRC, (3.4.)
CAMPR,C, +cAMP U (§ cAMP,RC, (3.5.)
cAMP,R,C, + cAMP U (F cAMP,RC, (3.6.)
cAMP,R,C, + cAMP Ui cAMP,RC, (3.7)
cAMP,R.C, Ui cAMPRC+C (3.8
cAMP,R,C Ui cAMP,R,+C (3.9.)
C+PDE, U PDE’ (3.10.)
cAMP + PDE" [ AMP + PP (3.11))
H 30+ cAMP U g H 30-cAMP (3.12))

Although all the compartments include the same tr@as, in the nucleus the
concentration of PKA and PDE are assumed negligible

Results

Figure 4 shows a representative profile of FRETngea due to variation on cAMP
concentration. Point A identifies the baseline algmhen the stimulus is added. Point B
defines the point where the maximum FRET is reaciwbdde C shows the value

measured just after the peak, when the signal esaglstationary value.

Point D identifies the baseline signal when thehitbr is added and E is the FRET
value reached at steady state. The time-courséneofsignal at the membrane was

evaluated defining two reference parameters:
1) the time,Tnax When the signal reaches its maximum variation,

2) the ratio,Peak Depth, between variation of CAMP concentrationTatx and during
the steady state after the peak (Equation 1).
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B-A4)-(C-4)

Peak Dept =
eak Dep B =4

(3.13)

The compartmentalization is quantified by the ratb the variation of cAMP

concentration at Tmax between the membrane anadutieus (Compart Ratio).

(B - A)membr - (B - A)nucleus
(B - A)membr

Compart Ratio = (3.14)

15 E

|
° —

| v'ﬁ\. o D, r';
Al N
w—y

09

u} 100 200 300 400 500 G000 o0

time >(s)

Figure 4 Representative profile of FRET intensity changes after PGE1 stimulation followed by
inhibition.

Sensitivity analysis is commonly used method torati@rize the effects of parameter
perturbations on model output. Thus, the paramdtes influence most the cAMP
signalling dynamic were determined by local sewijtianalysis (Saltelli et al., 2000).
The study of local sensitivity was assessed foih ga&rameter of the model. Each
simulation was conducted by altering 1 parametea &itne and fixing all remaining
parameter values. The partial derivative of modetpot ) with respect to the

perturbed parametex) provides a measure of the model sensitivity thgsrameter.

)
s=3%Y

(3.1
y 0%

An approximation of the previous value can obtaibgdhe following equation:
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~ _Iny-Iny,
3 Inx —Inx,

Whereb indicate the reference value. This approach isilié&a when changes around

(3.16)

the reference are enough small to assume a lioeglation between input and output.
Sometimes the percentage of perturbation can beahmee for all variables (£ 5% for
Falls et al., 1989). In this work a 1% perturbatiwas used. All simulations were

performed using Matlab.

Qualitatively, assuming homogenous intracellulancamtrations of PKA and PDE and
ubiquitous cAMP diffusivity of 13Am?s, the simulations agree with the experimental
results showing a transient peak of cAMP after B@E1 stimulation. However to
deeper quantitative analysis, under these hypathes® one of the reference
experimental parameters are reproduced by the aiatibrofiles, eithelax or Peak

Depth, that are significantly higher, eith€ompart Ratio, that is much lower (Figure 5).

180y 19 @  Experimental
xperimenta
1ED 1 DB ] Il Simulated
140 0.7 4
~ 120 4 0.6 A
L
GEJ 100 + 0.5 4
= 580 0.4 4
B0 - 0.3 4
A0 0.2 -
20 0.1
0 0 .
Tmax Peak Depth Compart Ratio

Figure 5 Comparison of Tma, Peak Depth, and Compart Ratio between the experimental
reference and the cAMP profile simulated assuming homogenous intracellular concentrations
of PKA and PDE and ubiquitous cAMP diffusivity of 130umz2/s.
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Figure 6 shows the results of the local sensitifotythe 32 parameters of the model as
function of time. The parameters of investigatioerevselected according to the range
of values available in the literature. These rasalhphasize the great influence of the
coefficient of diffusion of cCAMP, whose action ertls throughout the time interval

examined. Quite sensitive are also the kinetid3E and PKA.
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Figure 6 Results of the sensitivity analysis. The value of sensitivity of the studied parameters,
which are listed in the x axis, is reported as _function of time (y axis). The colours close to blue
represent low influence of the parameter on the model in a particular moment, whereas the a
relevant influence on compartmentalisation is expressed by red colours.

According to that, the reduction of the local d#ifeity of CAMP of one order of
magnitude has a terrific effect in term of concation profile development enhancing
the compartimentalization and decreasing the pegithd Our results show that the
simple competition between reactions and diffusisenough to justify the presence of
self-organized dissipative spatio-temporal strieguEven if the localization of specific
enzymes doesn’t influence significantly the proébgpression of secondary messangers,
value of diffusivity of 6um?/s is enough to show a relevant effect on the dethalar
structural order. These simulations agrees with #werimental observations
demonstrating the biological importance of maintagnprecise control of PDE4D
distribution within the cell whatever is the cAMRffdsivity at the submembrane

domain. A complete description of the results moréed in Appendix D.
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Conclusion and future perspective

This paper shows how self-organized dissipativeig@mporal structures, such those
related to the cAMP signalling, can be explaineduasng chemical reactions and
diffusion competition. A quantitative diffusion-rg®on model has been implemented
here, proving the active role of the intracellularganization on directing and
amplifying the biological response of the highlyfusible secondary messenger. The
simulated results quantitatively reproduce the erpental data from literature and
giving a rational explanation to biological evidescIn a future perspective, it would be
interesting to use this new tool for the desigmeiv experiment or for the definition of

innovative cardiac drugs.



Development of functional cardiomyocytes. single cell analysis 51

3.3 References

A. Stett, U. Egert, et al. (2003). "Biological appltion of microelectrode arrays in drug
discovery and basic research.” Anal. Bioanal. Ch8@7(3): 486—495.

Alberts, B., A. Johnson, et al. (2002). MoleculaolBgy of the Cell Garland Science.

Baxter, D. F., M. Kirk, et al. (2002). "A Novel Mdirane Potential-Sensitive
Fluorescent Dye Improves Cell-Based Assays for G@imannels."_J Biomol
Screen/(1): 79-85.

Bhalla and Ravi lyengar, U. S. (1999). "Emergermperties of Networks of Biological
Signaling Pathways." Scien283(5400): 381-387.

Brady, A. J. (1991). "Mechanical properties of &ell cardiac myocytes." Physiol.
Rev.71(2): 413-428.

Canaday, P. G. and F. S. Fay (1976). "An ultraseasisometric force transducer for
single smooth muscle cell mechanics.” J Appl Phyi(?): 243-246.

Cecchi, G., F. Colomo, et al. (1992). "The stimulmserval-tension relation in
enzymatically isolated single myocytes of the freart." J Physiod48(1): 275-
291.

Efimov, I. R., V. P. Nikolski, et al. (2004). "Optl Imaging of the Heart." Circ Res
95(1): 21-33.

Falconer, M., F. Smith, et al. (2002). "High-Thrbpgt Screening for lon Channel
Modulators." J Biomol Screef(5): 460-465.

Fast VG, I. R. (2000). "Simultaneous optical magpa transmembrane potential and
intracellular calcium in myocyte cultures.” J Candisc Electrophysioll1(5):
547-56.

Golbunova Y.V., S. N. C. (2002). "Dynamic interacts of cyclic cCAMP transient and
spontaneous Ca2+ spikes."” Natdi8: 93-96.

Goldbeter (1996). Biochemical oscillations andual rhythms: the molecular bases of
periodical and chaotic behaviour

Gonzalez, J. E. and R. Y. Tsien (1995). "Voltagess®) by fluorescence resonance
energy transfer in single cells." Biophys69(4): 1272-1280.

Gorbunova, Y. V. and N. C. Spitzer (2002). "Dynanmmteractions of cyclic AMP
transients and spontaneous Ca2+ spikes.” Ndi#@®893): 93-96.

Hamill OP, Marty A, et al. ( 1981). "Improved patclamp techniques for high-
resolution current recording from cells and ceflefr membrane patches.”
Pflugers Arch391(2): 85-100.

Huang R.-C., G. R. (1991). "Kinetic analysis of cRMctivated Na+ current in the
molluscan neuron." J. Gen. Physi8t 835-848.

Kamp, T. J. and J. W. Hell (2000). "Regulation @rdlac L-Type Calcium Channels
by Protein Kinase A and Protein Kinase C." Circ BA42): 1095-1102.

Kent, R. L., D. L. Mann, et al. (1989). "Contraetifunction of isolated feline
cardiocytes in response to viscous loading.” Amhysil Heart Circ Physiol
257(5): H1717-1727.

Klauke, N., G. L. Smith, et al. (2006). "Extracédiu Recordings of Field Potentials
from Single Cardiomyocytes." Biophys.QL(7): 2543-2551.

Kozer N., S. G. (2004). "Effect of Crowding on Rot-Protein Association Rates:
Fundamental Differences between Low and High Massvding Agents.” J.
Mol. Biol. 336: 763—-774.




52 Chapter 3

Kunst, G., K. R. Kress, et al. (2000). "Myosin Bimgl Protein C, a Phosphorylation-
Dependent Force Regulator in Muscle That ContimdsAttachment of Myosin
Heads by Its Interaction With Myosin S2." Circ FBé§1): 51-58.

Lin, G., R. E. Palmer, et al. ( 2001 ). " Miniatuneart cell force transducer system
implemented in MEMS technology.” IEEE Transactions Biomedical
Engineering48(9): 996-1006.

Lugnier, C. (2006). "Cyclic nucleotide phosphodéease (PDE) superfamily: A new
target for the development of specific therapeuatyents.”" Pharmacology &
Therapeutic409(3): 366-398.

Marx, S. O., S. Reiken, et al. (2000). "PKA Phosptation Dissociates FKBP12.6
from the Calcium Release Channel (Ryanodine Repeefective Regulation
in Failing Hearts." Cell01(4): 365-376.

McCullough, T. E. and D. A. Walsh (1979). "Phospitation and dephosphorylation of
phosphorylase kinase in the perfused rat hearBial. Chem.254(15): 7345-
7352.

Meyer, T., P. Sartipy, et al. (2007). "New cell retsdand assays in cardiac safety
profiling." Expert Opinion on Drug Metabolism & Twology 3(4): 507-517.

Mongillo, M., T. McSorley, et al. (2004). "Fluorestwe Resonance Energy Transfer-
Based Analysis of cAMP Dynamics in Live Neonatalt Rardiac Myocytes
Reveals Distinct Functions of Compartmentalizeddphodiesterases.” Circ Res
95(1): 67-75.

Mdller, F. U., J. Neumann, et al. (2000). "Trangtdnal regulation by cAMP in the
heart." Molecular and Cellular Biochemis22$2(1): 11-17.

Natarajan, A., P. Molnar, et al. (2006). "Microdlede array recordings of cardiac
action potentials as a high throughput method taluate pesticide toxicity."
Toxicology in Vitro20(3): 375-381.

Peters R. (1984). "Nucleo-cytoplasmic flux andangilular mobility in single

hepatocytes measured by fluorescence microphosdly§ihe EMBO JournaB(8):
1831-1836.

Rich T., F. K. A,, Tse T. E., Schaack J., CooperMD, Karpen J. W. (2001). "A
uniform extracellular stimulus triggers distinct MR signals in different
compartments of a simple cell.” PNAS8: 13049-13054.

Rich, T. C., W. Xin, et al. (2007). "Cellular mecisms underlying prostaglandin-
induced transient cCAMP signals near the plasma mamebof HEK-293 cells."
Am J Physiol Cell Physid92(1): C319-331.

Sakmann, B. and E. Neher (1984). "Patch Clamp Tigabs for Studying lonic
Channels in Excitable Membranes.” Annual ReviewPhysiology46(1): 455-
472.

Saucerman, J. J., L. L. Brunton, et al. (2003). delmg {beta}-Adrenergic Control of
Cardiac Myocyte Contractility in Silico.” J. BiaChem.278(48): 47997-48003.

Schwanke, K., S. Wunderlich, et al. (2006). "Genhemaand Characterization of
Functional Cardiomyocytes from Rhesus Monkey Embigy&tem Cells.” Stem
Cells24(6): 1423-1432.

Simmerman, H. K. B. and L. R. Jones (1998). "Phokghban: Protein Structure,
Mechanism of Action, and Role in Cardiac Functidlysiol. Rev78(4): 921-
947.

Sulakhe, P. V. and X. T. Vo (1995). "Regulation p¥fospholamban and troponin-I
phosphorylation in the intact rat cardiomyocytesaolyenergic and cholinergic




Development of functional cardiomyocytes. single cell analysis 53

stimuli: roles of cyclic nucleotides, calcium, ot kinases and phosphatases
and depolarization." Molecular and Cellular Biochsmny 149(1): 103-126.

Takahashi, A., P. Camacho, et al. (1999). "Measargnof Intracellular Calcium."
Physiol. Rev79(4): 1089-1125.

Tarr, M., J. W. Trank, et al. (1983). "Effect oftesnal force on relaxation kinetics in
single frog atrial cardiac cells." Circ R&%(2): 161-169.

Tasche, C., E. Meyhofer, et al. (1999). "A forcansducer for measuring mechanical
properties of single cardiac myocytes.”" Am J Phydeart Circ PhysioP77(6):
H2400-2408.

Tung L. (1986). "An ultrasensitive transducer foeaaurement of isometric contractile
force from single heart cells.” Pflugers Arch407(1): 109-15.

van Rheenen, J., M. Langeslag, et al. (2004). '&timg Confocal Acquisition to
Optimize Imaging of Fluorescence Resonance Enemgysfer by Sensitized
Emission." Biophys. B6(4): 2517-2529.

Vannier, C., H. Chevassus, et al. (1996). "Ca-ddeece of isometric force kinetics in
single skinned ventricular cardiomyocytes from .faardiovascular research
32(3): 580-586.

Waggoner, A. S. (1979). "Dye Indicators of Membrd&taential." Annual Review of
Biophysics and Bioengineerirgfl): 47-68.

Wojcikiewicz EP, Zhang X, et al. (2004). "Force a@dmpliance Measurements on
Living Cells Using Atomic Force Microscopy (AFM)Biol Proced Onlines(1-
9)).

Yi Zhao, C. C. Lim, et al. (2007). "Simultaneousieatation and cellular force
measurements in adult cardiac myocytes using ttireensional polymeric
microstructures.” Cell Motility and the Cytoskelet4(9): 718-725.

Yin, S., X. Zhang, et al. (2005). "Measuring Sin@lardiac Myocyte Contractile Force
via Moving a Magnetic Bead." Biophys.8B(2): 1489-1495.




Chapter 3




Chapter 4

3D cardiac tissue development

This Chapter discusses the methods for achieviegltare of cardiomyocytes
organized in a 3D cardiac functional tissue. As thiopose, the requirements and
the most common issues connected with this goal bel highlighted and
discussed. Particular attention has been givehdceffect of exogenous electric
filed as strong physiological stimuli leading ton@dional tissue differentiation.
The chapter ends presenting two methods designed dawveloped for the
evaluation of the cardiac tissue functionality: rmgchanical measurement of
strength contraction; b) imaging analysis of opticdservation of tissue

contractions.

4.1 Engineering issues in 3D cardiac functional tissue
development

Even if two-dimensional culture can be very usébulstudying and monitoring the cell
behavior in a specific environment, in such cowdisi the cells may lose relevant
morphological characteristics and specialized fonst Culturing cells in 3D versus 2D
environments dramatically affects {i) vivo-like cell shape, (ii) intercellular crosstalk
and (iii) development of a complex extracellulartrixamimicking the native specific
microenvironment, integrin/ligand, cell contractioand associated intracellular
signaling (Roskelley, Desprez et al. 1994; Knigho@). The 3D matrix both affects
solute diffusion and binds many effector protesisgsh as growth factors and enzymes,
thereby establishing solute concentration gradjepteserving the natural cellular

microenvironment, the specific function and phepety(Griffith and Swartz 2006).



56 Chapter 4

Even if the cell seeding and culture condition &vpd to be dependent on the type of
scaffold used, static culture usually determinestalsle and inhomogeneous cellular
microenvironment, allowing the viability of cellsly for about 100um thick outer
layer of a tissue construct (Rebecca L. Carriepritik et al. 2002). On the other hand,
the interior remains relatively acellularized ocbmes necrotic due to hypoxia, lack of
nutrients or poor waste removal. Thus, seeding lyemeity and appropriate cell
density in 3D scaffolds play an important role fubsequent tissue development
(Ayelet Dar, Leor et al. 2002).

In this perspective, the next stage toward a vitibgeie deals with general requirements
for a 3D culture: 1) the homogeneous colonizatibthe scaffold within the entire 3D
domain; 2) the viability of the cells within theagfold during the culture process; 3) the
ability of the cells to functionally interact witlthe biomaterial and maintain
differentiated phenotype; 4) the control of medicomposition, pH and oxygen levels
via gas and medium exchange. These issues cansbssad only implementing the
culture in new specialized devices, called bior@actdesigned to culture cells under

strictly controlled conditions.

Compared to static cell cultivation, recent studiase evidenced the positive impact of
dynamic cell culture conditions in a bioreactor gnowth and survival of cells due to
better transfer of nutrients and gasses by contisumedium convection (Figallo,
Flaibani et al. 2007). Different types of bioreastbave been developed in this sense,
such as scaffold floating bioreactors or fixed-wabhreactors, which are characterized
by different level of shear stress on cell (Bilodead Mantovani 2006). This feature is
really important because shear stresses as lowlaBalare sufficient to harm cardiac
myocytes, so it is necessary to obtain stressamdr0.001 Pa, which is possible only
with a laminar flow (Cynthia M. Begley 2000).

The efficient mass transport during the cultureneavever only necessary but not
sufficient condition to obtain a functional tissue.order to guide the development of
cardiac engineered tissue toward the expressioneshanical and electrical properties
similar to those of the native myocardium, the éamtor need to be designed to solve
some critical issues related to its functionallty:the promotion of a uniform and high
density cellularization of porous biomaterials taon compact tissue and promote cell-
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cell interactions, 2) the assessment of controbégttro—mechanical stimulation to

guide cell phenotype to promote excitation-contoarctell coupling.

In either case, it is essential that the cells berelectromechanically coupled and
capable of synchronously responding to electrieging signals, rather than contracting
spontaneously. Recent works have shown the eftécstrain or electrical stimulation
on cell organization and physiology (Ralf Sodiaenike et al. 2001; Zimmermann,
Schneiderbanger et al. 2002). Stretched cellsgxample, align in the direction of the
applied strain, and express a longer and wider hwdogy with a more uniform
distribution in the scaffold. By the other side uky electrical stimulation of
cardiomyocytes enhances cellular organization, rmachl properties and calcium

transients when compared to quiescent myocytesigRaBark et al. 2004).

These evidences of the electrical stimulation pasieffects on tissue organization,

motivated the interests for a deeper investigatiorthis field. Since the methodology

reported in literature, for functional cardiac tissfabrication by electrophysiological

stimulation, was often imprecise and hardly repoille, the objective of this thesis

work was to clarify the critical aspect of this pegs, developing a detailed and efficient
method. The full description of the resulting masry# is reported in Appendix E.

4.1.1 Practical aspects of cardiac tissue engineering with
electrical stimulation

To induce synchronous contractions of culturedieardonstructs, we applied electrical
stimulation to collagen scaffolds of cardiomyocysegded with Matrigel. The electrical
signals were designed to mimic those orchestratmegsynchronous contractions of
cells in native heart. In this work, the protocéloardiac functional tissue production
was optimized considering the following criticabues: 1) cells seeding composition

and density, 2) electrical stimulation and 3) &ddffunctional characterization.

1) Cells seeding composition and density
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Heart cells are obtained from 2-day old neonatab@pe Dawley rats, using a protocol
approved by our Committee on Animal Care. The maitovas optimized to obtained
almost 80% of viable cell with high percentage afdiomyocytes. The cell mixture
was seeded with high density (1.35 »® t@lls/cn?), with a drop by drop technique

which enhances the cell attachment on the scaffold.

2) Electrical Stimulation

To perform a reproducible stimulation, it is deBleato maintain the scaffolds in a
stable position with respect to the direction o glectric field gradient, without at the
same time restricting the contractions of the gssonstruct or the ability to observe the
constructs with a microscope. We accomplish thek tesing stainless-steel pins, held in
place by a thin layer of PDMS at the bottom of &iRksh.

The objective of electrical stimulation is to delinenough current to cells to depolarize
membrane and elicit an action potential. Sincestiraulation efficiency is influenced
by the geometry and material of electrodes, deteanti to attain a desired charge-
transfer at the electrode-electrolyte interfacesubliggical with minimal damage to the
surrounding tissue, a complete characterizatiothefelectrodes was performed using
electrochemical impedance spectroscopy (EIS). fethod allows the assessment of
the relative influence of three different chargansfer mechanisms: (i) non-faradaic
charging/discharging of the electrochemical douldger, (i) reversible faradaic
reactions, and (iii) non-reversible faradaic reatsi The optimal material should show
high constant phase eleme@PE) to increase charge injection, and high polarorati

resistanceR,) to reduce harmful reactions.
3) Functional characterization of the tissue

The functiorality of engineered cardiac constructs was evaluatedndgsuring contractile
activity in response to electrical field stimulatioElectric field stimulation may be
delivered from a commercially-available stimulator through custom-designed
hardware controlled by a computer. Although corapabntrolled stimulation allows
additional flexibility, it requires some expertisa circuit design and software
programming. Since the cardiac contractility isngfigantly influenced by temperature
(Giovangrandi, Gilchrist et al. 2006), the temperatof the Petri dish was kept at 37 °C

using heating tape fixed to the bottom of the R#ish and connected to a temperature
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controller. Two parameters have been chosen tauatalthe contractile behavior in
response to electrical stimulation: excitation shw@d, ET (the minimum voltage of
electrical stimulation required to elicit sustainsgnchronous contractions of tissue
constructs at a frequency of 60 bpm) and maximuptuca rate, MCR (maximum
frequency of sustained synchronous contractionsdi@a be achieved at a stimulation
voltage corresponding to 1ET). However this method is still very limited by theed
of constant observation of the sample during theegrment by a user, which introduces

an error on the resulting data.
Conclusion and per spective

In this paper we presented a detailed methodologthe fabrication of a functional 3D
cardiac engineered tissue through efficient el@tiysiological stimulation. The
resulting tissue is characterized by significantntcactility and good cellular
organization. However more need to be done to ingtbe tissue homogeneity and the
next step in this sense requires the integratiahede findings on electrical stimulation
in a dynamic system for tissue culture. Better il tools need to be designed to
evaluate automatically the response to the elettingpulses.

4.2 Cardiac functional tissue char acterization

Functional tests often requiren vitro assessment of electromechanical and
histological/biological (gene/protein expressiond adistribution) properties. The
measure of a single cell behavior in certain cooditould be useful tool for cardiac
pharmacology (Hillier and Bunton 2007). Howeverptoperly assess the functionality
of engineered muscle is necessary to measure gseopbgical performance of the 3D
construct contractility, where cell organizatiordanteraction play an important role.
Since the twitching tension in an engineered tisan@ounted to 0.34+0.03 mN
(Zimmermann, Didie et al. 2002), the measure of thediac functional response
requires very sensitive sensors. Three types ofdhacers (Bérangere, Philippe et al.
2004) can be defined according to physical prirgmn which they are based: 1) strain
gauges based on changing on electrical resistaRaek,( Ryu et al. 2005; Kubo,

Shimizu et al. 2007), 2) transducer measuring #mation of magnetic field for Hall
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effect (Peterson and Otis 1983; Bérangere, Philippal. 2004) 3) optical strain-
measuring system (Kazusuke Yamane 1997).

In this scenario, the objective of this thesis warks to design and develop different
methodologies for the automatio vitro measure of the muscle contractility. In
particular, two approaches were followed considgfilme use of: 1) a piezoresistive
sensor, 2) an automated system of imaging analysesfollowing sections summarized
the hypotheses, the design and the preliminaryltsesoming out from these two

research activities.

4.2.1 Design of 3D culture system for electrophysiological
stimulation of cardiac force contractility

In order to assess the functionality of the engegecardiac tissue, it is necessary to
measure the force and amplitude of contractility #re response to a pharmacological
stimulation. Our previous work (Appendix E) haseally clarified the need of an

automatic methodology for an on line definitiontloé cardiac contractility evaluation.

Aim of this study was to design a small devicet integrates the culture of a three-
dimensional electrically stimulated cardiac tissuwegh the online measure of
contractile force during culture. The possibilitfy @aecoupling the observation of the
sample from the measure of contractility is reachmsthg a piezoelectric sensor
(AE801, MemsCap), which registers the changingtetad resistance of a material due
to applied mechanical stress. This type of senasrldeen proposed for ex-vivo studies
on muscle strips with sensitivity between 25 and 10OV/mN (0.25-1.0 mV/mg)
(Hanley and Loiselle 1998; Wu, Haystead et al. 1988ker, Redfern et al. 2001;
Shimizu, Yamato et al. 2002). Although moderatefgile, these sensing elements are
small and relatively inexpensive. The output of #emsing element may be recorded
automatically by and amplified by a small amplifraounted on a support block with

the element.

Force transducer system design

The device was fabricated curing poly(dimethylsilog) (PDMS) in a polycarbonate
mold (Figure 2). The 10:1 mixture of PDMS and miitir (Dow Corning, MI) was
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poured in the mold where the plastic cube of 1aea@and 20 mm height was already

inserted in specific holes.

The sensor elements (Figure 1A) consist of two npairts, the silicon cantilever beam
itself and the header to which the beam is mourited.beam is made of single crystal
N-type silicon and has one ion-implanted P-typestes on each side. The surface of
the beam is passivated with thermally grown silidooxide. In order to obtain a creep
free mounting of the beam, an alloying techniqus been developed for joining the
four pins of the header to contact areas on thenb@aus the four pins of the header

serve both as mechanical mount as well as electocmections for the resistors.

A
Header
I Resistor
. )
. o Silicon Beam
-._L‘ -
1
- L] .
B AL Diffused resistor area
L | _l_
 — — e S .,;_t_d
| Y | nF
E : Modulus of elasticity = 1.8 10 kp/mm for silicon
I : Moment of inertia of beam crossection =
E mar : Max siran in the beam

Figure 1 Sensor element (A) Magnification showing the main parts and dimensions (B)
Schematic representation of the cantilever beam deflection, after single force loading.

The sensor element has two resistors, one on &elofsthe beam. When the tip of the

beam is deflected, the areas where the resister®eated will be set under mechanical
stress. Because of the piezoresistive effect icosi] the resistors will hereby change in
value. The resistor on the compressed side willedese in value, and the resistor on the
other side will increase. The change in resistasaetermined by various parameters
such as deflection and beam dimensions.

Loading of the sensor element by adding a forceatPthe tip. The deflection d is

calculated as:
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P13 2 12

d=7r3 = 38maxy

(4.1)

Where | and h are given in the Figure 1B. The ayemstrain can be calculated by the
following equation:

[ —Al/2

Em = Smaxf (4.2)

And the relative resistance is given by:

(4.3)

Figure 2 Force transducer bioreactor. (A) Schematic 3D view of bioreactor. The bioreactor is
constituted by a frame in polycarbonate (A1,A4) and by a central part in PDMS A2 (well 8x16
mm 20omm height) and glass A3. The devices are assembled from layers of PDMS and glass,
attached via plasma treatment of both surfaces. (B) Side view of the bioreactor. The electrical
stimulation is guarantee during the culture by 2 carbon rods (8mm length, 2mm diameter) set
in the central well. The sensor is inserted in the 2mm diameter hole made in the top part of the
polycarbonate frame. (C) Image of the assembled bioreactor.

When the active resistors are made part of a Wineetridge, the unbalance potential

(AV) of the bridge due to a deflection d is given by:

AV = VAR (4.4)
~ "2R '
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The mold has been designed to couple the straigegauth the sample during the
culture and keep always the header dry and stable.

The bioreactor is characterized by a well of 16x8amd 20mm high, where the tissue
is cultured, as showed in Figure 2. The PDMS weeltrieversibly bonded to glass slide
after treatment with vacuum gas plasma for 45 sO(&tmbar and 50 W) (Harrick

Scientific, Pleasantville NY). The central PDMSAgawell is held in place by

mechanical compression via a frame consisting af pelycarbonate slides, and four
thumbscrews. The top one is characterized by a (2ohen diameter) where the sensor
is introduced. The beam is coupled to the tissughbyintroduction of the beam in the
eye of a needle (0.8mm diameter). A really thinceile membrane keeps apart the

sensor to the culture medium.

Carbon rods of 2 mm diameter and 8mm length caindseted in both sides of the well
in order to guarantee a stable electrical stimmfatin this way heart tissue can be
electrically stimulated within bioreactor while thecontractility is measured. A

Labview program has been implemented in order torce automatically the sensors

signals during the experimentation and generatarsquave stimulation.
Conclusions and future perspectives

The preliminary research activities ended with sluecessfully realization of device

prototype (Figure 2C) which was responding to ystesm specifications such as:

easy manipulation and sterilization of the cultsystem;
electrical stimulation of sample during the culture

small dimensions;

>
>
>
» high sensitivity of the measure and sensor stgpilit
» isolation of the sensor from the culture medium;
» easy coupling of the sensor with the tissue;

>

easy connection to the labview board.

Preliminary experiments on cardiac artificial tissy produced accordingly to the
method previous described (Appendix E) or provideyl the research lab of

Eschenhagen, give a quite convincing proof of cphoéthe device. On the other hand,
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to fully optimize the device and characterize tbearmtissue behavior, more work needs
to be done on: 1) calibration of the transducenalg)through application of increasing
external force while the transducer output is rdedr 2) evaluating the contractility of
heart muscle strips in normal medium and in medronditioned with insulin; 3)
coupling this sensor with engineered tissue to tstded the influence of electrical
stimulation or seeding protocol on tissue contli&gti The high potential of the
proposed device is in the possibility of scale up thumber of simultaneous
experiments through an automated analysis of skesanaples during the culture. From
an engineering perspective, this could help on eemational experimental design for
the definition of the physiological response tonoh@cological stimulation.

4.2.2 Imaging analysis of 3D cardiac tissue functionality

The possibility of extrapolating automatically ned@t physiological information about
the cell or tissue contraction from optical anaysffers an interesting and sensitive
tool to measure online the cardiac functionalitgafe extraction or segmentation from
images is one of the most challenging task in Cdsrpuision.

Previous works showed the limitation of a shap@gadion technique based only on
low level features, such as gradients and edgectdeste neglecting the priori
knowledge of the system. The Active Contours tegiiwas developed to support the
visual interpretation of shape through the influmpta priori shape expectation (Kass,
Witkin et al. 1987). Active Contour techniques, eafiatively called Snake, is a
technique extensively used by Computer Vision andde Processing to detects and
tracks object boundaries in single frames or owaet The seminal paper on Snakes
was written by Kass et al. in 1987 (Kass, Witkinaét 1987). Many variations and
extensions of the method have been proposed byiténature including the use of
Fourier parameterisation (Scott 1987), the incapon of hard constraints (Amini,
Tehrani et al. 1988) or explicit dynamics (Terzopsuand Waters 1990; Terzopoulos
and Szeliski 1992), the realisation of snakes usirgplines (Blake and Cipolla 1990;
Menet, Saint-Marc et al. 1990) combined with Lagian dynamics (Curwen, Blake et
al. 1991). B-splines used in this way are a forrffiafte element”, a standard technique
for the numerical solution of differential equatso(Zinkiewicz and Morgan 1983). In

1995, Black and Yacoob used the visual motion faldr a region to track and identify
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movement. Particularly oriented to biological imagPatrick Brigger and co-workers
(Patrick Brigger, Jeff Hoeg et al. 2000) showed th&-Spline Cubic Interpolation can
be used as a tool for fast and intuitive contoutimng without any loss of generality.

Applying this tool to brain scan images (PET), thpsoved that this kind of

interpolation provides robustness and fast alganithl performance time. Chenyang
Xu and Jerry L. Prince (1997) developed a new fo@madient Vector Flow (GVF), to

deal with noisy images. In order to recognize @i Ventricle, they applied Gradient
Vector Flow-Active Contour to magnetic resonanceges of the human heart. The
model was further improved by Chenyang Xu and Jerrigrince (1998) to overcome
some of the difficulties with GVF, namely very tigiegion of the image and very high

noise areas.

The objective of this research work was to develdpol based on imaging analysis of
optical observation, to evaluate and characteree functional activity of artificial
cardiac tissues. In particular we provided an edifiramework to obtain complete set
of functional data in term of contraction displaeshand frequency associated with
external electrical stimulation. At the core ba$e¢hts idea there is an Active Contour
based tracking algorithm. This project was devedope collaboration with Alberto
Silletti and Angelo Cenedese (Department of Engingeand Information, Universita
di Padova). This part of the thesis deals withgiediminary evaluation of the feasibility
of the proposed technique, which is briefly dessdlilm what follows.

Methodology Definition

A Snake can be thought as an elastic ribbon whitis #0 detect the shapes of interest
in an image. The nature of its elastic energy isentw less strongly attracted to certain
preferred configurations. The final rest shapéhefelastic ribbon depends thus not only
on the intensity of the image data, but also orettpected shape configurations.

Formally an Active Contours is a cun@(s) sJ[01] , closednot, whose internal

energy can be calculated by the following equation:

£(s) = S(s) + P(s) (4.5)
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Where ¢ is the Total Energy of the curve (more generaifythe n-dimensional

hypersurface) whileS(s) andP(s) are respectively therihatleand External Energy.
C(s) evolves in time in order to minimize the energydumonal, stopping its evolution
at local minimum. The energy profid¢s) determines ¢lielution of the shape and its
steady position. As general guideline we can say3{s) imposed the smoothness
conditions to the Active Contours, whi§s)  gives heghevel information on the

shape. Human beings are particularly able to ekphoid to use these kind of

informations during common visual and pattern redtgn processes.

Internal and External energy have the form:

2

92C
= ds (4.6)

+B(s) 35

S(s) = §a(s)

a_c
0s

P(s) = $F(1(C(9))) ds (4.7)

respectively, where. andf are scalar values, function of the curve paranzetiéon,
that describe the smoothness and stiffness of uhneecA high value ofx encourages
smooth curves, without spikes or peaks, while d higlue of f enforces a straight

curve. In literature most authors uge 1 andf5=0.1.

I (C(s)) represents data from image sensor evaluated ab@olocation, while F(I)
is a function of the image describing the resporfsth® Contour to dataF(l) is

tightly application dependent and its formulatienain implementation detail: it could
reflect image edges, gray values, texture eneyelation with a pattern and so on. A

common general base is to take a feature iR&p ahkedge detector and to treat

- F(r) as a “landscape” on which the snake can slithigu(g 3).
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Figure 3 Process of edge detection starting from a still frame of a video sequence (left
picture). The processed image is shown at the right.

According to the variational principles, the minimwf a functional is equal to the

zeros of the derivative, hence:

0 0° 9°C) _
—-OF(1(C(9)) + zg(a(s) a—j - Zg(ﬂ(s) e J =0 (4.8)

If one assumex(s) and £(s) constant over the entire Contour, the minimumthet
form
0°C 0

5 2P

_OF(1(C(9)) + 20 if -0 (4.9)

£(s)is generally a function with a high dimensional gam sCOR?,d >>1. For a well-

designed functional(s) the same local minima will bacteed with several methods,

depending on the descending algorithm.

Initialization is provided giving a loose fittingghich surrounds the structure of interest.
The reaching of a rest position, by means of a @rad/ector Flow (GVF) Contour in
a pseudo-time, provides us a good starting pointife successive video tracking. As

reference frame we used the first frame of the widequence. The designexs)

showed to be robust, proving the ability of recavgrfrom bad initialization or bad
video condition, such as blur or defocus. This aspe particularly important in long
video sequence, in which the probability of lostreck grows geometrically with video
length.
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Figure 4 Cell segmentation process: prove of &(s) effectiveness. The algorithm showed the &(s)
ability recovering from bad initialization. The left picture shows the initial fitting of a single
cell whereas the right picture presents the final rest snake position.

Video Tracking

In order to obtain a tracking of the biological sdenin the video sequence, the
segmentation problem was iterated multiple timeaigiit frames. Due to the temporal
coherence of the images, each frame is similané@tevious one and the movement of
the structure of interest is in general boundedsdye physical constraints. Thus, the
rest position of a each frame was considered astdréng position of the successive
one. The same methodology was used to track so®jlemotion (Figure 4) and 3D
cardiac tissue contraction (Figure 5).

Figure 5 shows a representative image of the oytqmiiles obtained by the analysis of
a 3D tissue contraction video. The output datalmaprocessed to calculate geometrical
and biological parameters related to the shapdy asanean curvature, area, perimeter,
central moments, frequency and amplitude of pudsa®ur framework can provide any
kind of information regarding the variation on cefl tissue area. All the information
extracted from videos can be treated as signalyiagpa vast literature of filtering and
manipulation techniques, such us median filtersuigpress noise or low pass filters.
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Raw Video Tracking Enhancement
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Figure 5 Output profile given by the application of Active Contour based tracking algorithm
for the elaboration of video sequence. The figure represents the final data set obtained by the
analysis of an in vitro cardiac engineered patch contraction.

The graphic user interface is ideally subdividetb ithree layers, corresponding to
different level of abstraction of the achieved d#&tgure 6). The first row represent the
stream video and the shape extracted from it, #worsdl row shows geometrical

statistics while the bottom line show biologicalgraeters such as heart pulsation and

frequency.

Snake Tracking Enhencement
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Figure 6 Schematic data layering shown in the grafic user interface.
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Conclusion and future perspectives

In the present work we designed and developed @rgknunified framework for
segmentation and tracking of biological structurs;h as cell or tissue, captured in
video sequences. This technique is particularlyable for the analysis on this field
because it minimizes the physical interactions betwthe sensor and the biological
system. This methodology proved to be enough seadid follow precisely the cell
motion and the contraction of a cardiac engineéisstie. Interesting data on amplitude
and frequency of cardiac physiology can be extchdig the analysis of the video
sequences, suggesting the idea of combining thisl teith a controlled
electrophysiological stimulation system. This dasigill offer the opportunity of
defining the quality of the engineered tissue @r dptimal setting for each engineered
tissue by integrating a feedback system.
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Chapter 5

Cardiac tissue engineering:.

future per spectives

This Chapter deals with the evaluation of two défein vivo strategies for
myocardium regeneration correlated with localizetivery of cells. In this
perspective, we proved of the effective integradod vascularization of the
collagen scaffold, which have been previously uded the in vitro
fabrication of cardiac functional tissue. The Cleaptnds presenting the
chemical-physical characterization of a new phaissiinkable hydrogel to

be used as cell carrier for cell based therapy.

5.1 In vivo cardiac tissue engineering

Even if the advances on treating myocardial ischebyi injection of exogenous non

cardiac-committed stem cells and/or activation wdlcgenous cardiogenic stem cells
have shown promising results, the main limitatibois the development of stem cell

based clinical therapies are still given by thélatin sitularge supply of stem cell and

stable cardiomyocytes (Gage 1998; Semsarian 2002¢,G&’u J et al. 2007). Thus, in

order to guarantee the quick and efficacious apfptio of these techniques, it is
necessary to study and address all the clinicaliregpents and perform an appropriate
selection of the cell source and matrix composjtishich should match with the patho-
physiological profile of the ischemic region. Moveo, the structure and composition of
the matrix should be able to support the growth @ifférentiation of both neo-vessels
and cardiomyocytes (CM) (Kofidis T, Miller-Stahldf al. 2007).
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In particular two strategies have been pursuedhis sense: 1) the use of a three
dimensional scaffold as cell reservoir, 2) the ¢tign of an efficacious biomaterial,
such as an hydrogel, used as cell carrier. Theeptegork aimed to test the feasibility

of these two approaches.

The aim of the first study was to develop a methagipto test the effective capability
of a collagen patch of promoting a myocardial revéarization adequate to the
cardiomyocytes growth. The following sections deéxsethe preliminaryn vivo results

obtained implanting a three dimensional collageaffetd, which was surgically

attached on the external wall of a rat cryoinjunedrt muscle.

The second study aimed to develop a promising mahter regenerate the ischemic
region through a hydrogel injection. This approachild give the advantage of reach
the inner part of the muscle where the necrosigsstdhe section will summarize
briefly the concept and the results obtained by vitro physical-chemical
characterization of a new photo-crosslinkable hgdtoA full detailed description of

the results is reported in Appendix F.

5.1.1In Vivo Application of Collagen scaffold in a Cryoinjury
Rat Heart M odel

In the perspective of using a three dimensiondfaiceas cell reservoir for cell delivery

in acute or chronic ischemia, the first step is itheyivo evaluation biocompatibility,

immune acceptance/tolerance and integration with tlamaged tissue of the
bioengineered constructs. However for a bioactote®a of the biomaterial is necessary
to demonstrate that the material implant stimulate® blood vessel formation and
myocardial regeneration. This neovascularizatioaukh support the viability of the

cardiomyocytes, which populates the tissue. In tustext, we focused on a type |
collagen sponge, provided by Davol (Cranston, RBAY previously used as a 3D
scaffold for engineering cardiac tissue (RadisiarkPet al. 2004). This scaffold has
already demonstrated the capability of evoke a pimlvangiogenetic and arteriogenetic
response in the intact and cryoinjured left veidriof rats. After 60 days from the
implant in the heart, the collagen scaffolds welmoat completely adsorbed and

became populated by new arterioles and capill&@eafiegari, Bollini et al. 2007).
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Aim of this study was to demonstrate the abilitytlod material to provide an adequate
bloody supply for supporting the viability and tgeowth of cardiomyocytes. In this
work we analyzed rat cardiomyocyte gfp positiveation into the patch implanted into
Nude Immunodeficient Rat (rNu) with cryoinjured heplus patch implantation and

inoculation of the injection medium.

All surgical and pharmacological procedures usedhis study were performed in
accordance with regulations expressed in the GlodeCare and Use of Laboratory
Animals prepared by the Institute of Laboratory Aal Resources, National Research
Council, published by the National Academy Presgised 1996 (NIH Publication No.
85-23) and the Italian Health Minister Guidelines Animal Research. The protocol
was approved by the University of Padua Animal C&@nmittee. The surgical
procedures were carried out as previously setteratiure (Callegari, Bollini et al.
2007). rNu rats were anesthetised by i.m. injectibAoletil (4 mg/100 g body weight)
along with atropin (s.c.; 5 uL/1@) and xylazin (i.p.; 0.4 mg/ 100 g).

Cardiomyocytes wild type (wt) and gfp positive (gfpCM) were isolated from
neonatal rats as described in Appendix E and ther® cells/animal gfp+ rCM were
injected in 90ul of DMEM high glucose medium witleges (Gibco) and rNU rats
serum 1:100 solution (injection medium) in the agén patch 15 days after its in vivo
application on the heart cryoinjury. Animals weaersficed at 24 hours, 15 and 30 days
(this last time point only for the stem cells not fCM) after the cells injection.

75
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Figure 1 Gross appearance, histological and immunofluorescence staining of rNU cryoinjured
hearts with wt rCM and gfp+ rCM injection 15 days after patch implantation. (a) gross
appearance of rNu hearts with wt rCM injection: C = cryoinjury area, P = collagen patch; (b)
hematoxilin and eosin staining of rNu hearts, magnification 2,5x : LV = left ventricule; (c)
Masson’s trichrome staining of rNu hearts with wt rCM injection, magnification 2,5x: in blue
the collagen patch and the cryoinjury area, in brown-red intact myocardium. In (d, e, f)
immunostaining for cardiac troponin T (in red) on heart slides in the patchcryoinjury area
with wt rCM injection: intact myocardium and wt rCM stained in red; magnification 20x and
4ox in the inlet in e. In (g, h, i) immunostaining for GFP (in green, g) and cardiac troponin T
(in red, h) and the merged picture (in yellow, i) on hearts slides in the patch-cryoinjury area
with gfp+ rCM: rCm are both green and red for for GFP and TnT expression as seen in merge
in I; magnification 20X and 2X zoom. Both wt or gfp+ rCM (respectively in e, f and on the
right in d and in g, h, 1), injected in the patch on the cryoinjury, were found as disorganized
clusters of cells with no orientation 15 days after the inoculation.
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Eight-micron thick frozen sections were cut fromatie of animals and stained with
hematoxylin-eosin and Masson’s trichrome stain@ther cryosections were processed
by immunofluorescence protocol for cardiac, immuesponse and inflammatory
markers such as anti-cardiac troponin T (TnT molgge, 1:500, Abcam). Briefly,
tissue slides were fixed in PFA 4% for 5 minuteam temperature, and incubated at
37°C for 25 minutes with the appropriate dilutidntlee primary antibody in PBS+1%
bovine serum albumin (Gibco and Sigma). Cells wbken reincubated at 37°C for 25
minutes with the appropriate dilution of the seamydantibody (goat anti-mouse IgG
coniugated with Alexa Fluorescence 564 IgG 1:15Qyledular Probes) PBS+1%
bovine serum albumin with human and rat serum (@):10ell nuclei were stained with
a Hoescht solution diluited 1:5000 in PBS 1X fomBnutes at room temperature.
Observations were made using a Zeiss Axioplan wepiiscence microscope (Zeiss,
Oberkochen, Germany), a Leica TCS SP5 confocal ameope and images were
obtained using a Leica DC300F digital videocam@xatical images were acquired by a

Leica DMR microscope connected to a Leica DC30@aw@mera.

Results and discussion

By gross observation, the cardiac patch was firaitgched to the epicardial surface
independently from the previous cryoinjury (Figuta-c). Both wt and gfp+ rCM
injected into the collagen patch on the cryoinjuleitl ventricle of rNu rats showed to
survive 15 days after the inoculation. rCM werendwas big round of not structured or
integrated with the host counterpart cell clustbath in the patch and the area between
the patch and the cryoinjury zone. This cellulatriibution seemed to be in accord with
the original position achieved through the injectithat is the rCM demonstrated to
remain exactly where they have been grafted, shpwim capacity of migration or

homing in response of the factors released by éineadjed area (Figure 1d-i).

Conclusions

The in vivo implantation of a collagen scaffold in the extémall of the ischemic
muscle gave interesting and promising results. polgmeric matrix works reducing

the wall thinning and promoting a neovascularizatibhis vasculature system seem to
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provide the adequate metabolic condition to guaethe viability of cardiomyocytes.
However what happena vivo at the cellular level is still unknown. The expeemtal
results show that some cells, as the cardiomyocytes’t migrate from the site of
injection, whereas other cell types, such as stelis, show an opposite behavior. What
regulates this mechanism is still unknown and feemengineering perspective it would
be interesting to integrate this methodology withmathematical model that would
explain the phenomena and their evolution over tiereover since the oxygen
concentration is proved to be a determinant fafdorthe stem cell differentiation, it
would be interesting to monitan vivo the punctual values of this parameters the time

evolution during the vasculature formation or tie#dar metabolism.

5.1.2 Synthesis and characterization of injectable hyaluronic
acid-photoinitiator conjugate hydrogel for biomedical
application

The importance of hyaluronic acid (HA), a glycosaaglycan ubiquitous in all tissue,

has been shown in various biological processes {(\W€s and S. 1989; Chen and
Abatangelo 1999; Gerecht, Burdick et al. 2007).t#¢ same time, the research on
tissue engineering and drug delivery has been tigcdocused on a class of

biomaterials, hydrogels, for their excellent phgsichemical and mechanical properties
which are very similar to soft tissues (Anseth, Boam et al. 1996; Hoffman 2002,

Burdick, Chung et al. 2005; Biancamaria 2007; Fedich, Alblas et al. 2007). The

possibility of promoting the neovascolarization thie ischemic tissue through the
integration of natural biomaterials used as drugaell carrier seem promising for the
development of stem cell based clinical therapyri@man, Fang et al. 2005; Silva and
Mooney 2007).

Photopolymerization has several advantages overveomional polymerization
techniques, such as increased spatial and temgamtbl over crosslinking, fast curing
rates and injection of fluid-like biomaterial atysivlogical temperatures (Anseth and
Burdick 2002; Nguyen and West 2002). Moreover, ainmadvantage of
photopolymerization is that hydrogels can be cieatesitu in a minimally invasive

manner (Biancamaria 2006; Tessmar and Gopfericir)2Qdtraviolet (UV) light can
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be used to initiate and propagate the hydrogehpmaization, and it is important to how
UV lamp properties affect the hydrogel charactexsst

The aim of this work was to develop a new injeaaydrogel, HYAFF120, based on
HA derivatives. The formulation was obtained by edfitation of HA with
photoinitiator, thus the resulting solution was igeed to polymerize under UV
exposure. Different concentration of photocros&ohk hydrogel were physico-
chemically characterized, calculating the elastid wiscous modulus, the swelling ratio
and the degradation rate. In this analysis padicattention was focused on the effect

of polymer concentration and UV exposure time.

In order to achieve a better understanding of ktyloif the hydrogel for a futuren vivo
application, the mechanical properties were ingesti by rheological analysis using

polymeric solution before UV exposure and after €iving.

When a viscoelastic material is subjected to assidal varying stress, the resulting
strain is also sinusoidal having the same anguégyuency but retarded in phase by an
angled (Bogdanov, Schacht et al. 1997; Calvet, Wong eR2@04). The strairy and

stressr functions can be written as
Y = Yo-sin(wt) (5.1)
T =1o-SIN(Et + J) (5.2)

wherew is the angle rate ang andz are respectively the maximum strain and stress
amplitude. These two parameters are set up atefiaring of the experiment. Writing
the stress function as a complex quantitwhose real part' o is in phase with the strain

and whose imaginary paft o is 90° out of phase with it:

T* =1 CoSot + i1’ o Sinwt (5.3)

We can use this complex form of the stress functedefine two different dynamic
moduli, both being ratios of stress to strain asalbut having very different molecular
interpretations and macroscopic consequences.iidtef these is the “real,” or elastic
modulusG’, defined as the ratio of the in-phase strége the strairyy The other is the
“imaginary,” or viscous modulu&”, defined as the ratio of the out-of-phase stress t

the strain.
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Furthermore, we investigated the effect of UV expeson HL1 cell line viability and
the possibility of using this material drug or cedirrier supporting the cell proliferation
and growth. The full description of material, methoand results is reported in
Appendix F. In the following part we summarize Hyighe methods used to monitor
the reaction of HYAFF120 production and the optiedzanethodology to perform the
gel injection in the heart tissue, which are notuded in the paper.

Results and discussion

The reaction of HYAFF 120 production was followeg BIPLC (Perkin Helmer,
column Nucleosil C18) analysis of 2 mL of solutievhich were withdrawn at different
times from the volume of reaction. Figure 2 sholes ¢oncentration profiles of reactant
and product as function of time. These values chawgr time up to the reaching of a

plateauin about 25-30 hours.

In order to evaluate the adhesion of material éostinface of the heart and feasibility of
crosslinking through cardiac tissue, some solutiblyaff120 ® were prepared at
concentrations of 10, 20, 30, 40 and 50 mg&and 10QuL of each solution were
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Figure 2 HYAFF 120 syntesis. Concentration profiles of reactant (Bromure of HHMP) and
product (HYAFF120) as function of time.

deposited on the heart surface and exposed foed@ts2 cm of distance. The results

show a significant adherence of solution with coiaions greater than 40 mg/mL.
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Since the light is totally absorbed by the tissties precursor solution was pre-
polymerized in the syringe by 3 sec UV exposures Tifidrogel is then injected in the
heart at the desired depth, other three secontightfexposure (2 cm distant) avoids
any possible leakage of not reticulated hydrogédlictv forms an adherent clot in the

needle hole.

(B)

Figure 3 Ex vivo test of viability for HYAFF 120 hydrogel injection A) Pre-fotopolymerization
in the syringe. After only 3 sec of UV exposure the hydrogel has a more compact appearance
B) Injection of HYAFF 120 in the heart

Conclusions

This study present the development of a new photgaperizable hydrogel formulation

based on hyaluronic acid derivative, HYAFF120®. $tbgl/chemical characterization

of the Hyaffl120® solutions and the Hyaff120® hydetsgghave been performed for
different polymer concentrations and exposure tiniée results, described in detail in
the Appendix F, show the gradual enhancing of irat parameters up to the reaching
of a plateau. From a clinical perspective, the mear of a plateau on these values is
technically important because it disconnect thertgel physico-chemical properties by

the in vivo conditions during the polymerizatiorhi§ characteristic behavior, combined
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with the feasibility of polymerization in vivo witla small UV light dose, make this
material a good candidate fam vivo application as drug or cells carrier. From the
engineering perspective it would be interestingnmdel the delivery of specific drug

included in the hydrogel during the polymerizatpmocess.
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Chapter 6

Conclusions

The social and economica impact of cardiac disease on the western world motivated the
research of new therapies aternative to heart transplantation surgery. Cardiac tissue
engineering ams to address this objective and the propose of this PhD study was to handle,
by an engineering point of view, some of the technological issues related to this research
field.

Despite of promising progress in this direction, four relevant limitations can be still
identified by a critica analysis of the state of the art, defining specificaly a lack of: 1)
information and quantitative knowledge on the critical phenomena of the biologica system,
such as cellular differentiation or organization in the 3D template; 2) technology to get
accurate and repeatable control on experimental conditions at the large scale; 3) advanced
methodology and technology to address an accurate analysis of the cellular and tissue
functionality; 4) non invasive methodology to meet the clinical requirements for in vivo
cardiac regeneration.

This thesis work was guided by a coherent and rational approach to the cardiac tissue
engineering, explicated by the design and development of innovative systems and technical
methods, leading to a more rational progress of the research. Within the genera issues that
belong to cardiac tissue engineering, we focused on fundamental aspects related to in vitro
production and analysis of a functional tissue: the development of technology to control the
differentiation (Chapter 2), the production and physiological evaluation at cell (Chapter 3)
and tissue level (Chapter 4) and the definition of the feasibility of clinical approaches for
the cardiac tissue in vivo regeneration by stem cell delivery (Chapter 5).
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Regarding to the process of stem cell differentiation, we identified the need of high-
throughput technology, in order to study simultaneously different conditions and
individuate interactions between severa factors, reducing time and money consumption for
our research. The lack of such technology was one of the main limitation of a work
developed with AFS cells and cardiomyocytes co-culture on micro-grooved PDMS
membranes. Despite of the promising results on cell organization, interaction and
differentiation, we were not able to individuate a optimal condition which would give a
high yields of contractile cells for cardiac applications as cell source.

From a biological and clinica point of view, more interesting results have been obtained
through the electrical stimulation of hESCs, which shows contractile properties after few
days of cultures. With a proper designed bioreactor, we studied the effect of different
electrode materials on the biological response after the stimulation.

However, cell differentiation is only the first step towards a functional tissue production.
The evaluation of the engineered tissue quality requires analysis of functionality at the cell
and tissue level, especidly in the perspective of considering the contractile response as
discriminatory parameter during innovative drug screening investigation. Biology does not
often meet this need of knowledge of systems, describing the intracellular kinetic by a
qualitative point of view without any sensitivity on characteristic time and length scale of
the process.

In thisthesis, we tested the hypotheses of using an intracellular molecular probes as tool for
quantitative analysis of cellular physiology. In this sense, a kinetic-diffusive mathematical
model was developed to describe the spatio-temporal evolution of the CAMP. It is useful to
emphasize here the importance of CAMP as intermediates for cardiac function evaluation
and for the investigation of the physio-pathology of myocardial and the response to drug
therapies. The obtained results are very promising because they quantitatively reproduce
the experimental data from literature and give a rational explanation to biological
evidences. We strongly believe that a rational approach to the molecular biology through
mathematical modeling are relevant for the design of experiments and development of new
pharmaceutical principle for cardiac related diseases.

The main limitation of this approach is given by the possibility of performing only asingle

cell observation, which may not be representative of the entire tissue. A better testing
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sample in this sense could be given by a three-dimensional tissue, which better reproduces
the complex interactions between cardiac cells. Since the literature evidences the
importance of the eectrical stimulation on the organization of a functiona tissue, we
focused on the definition of a standard method for the in vitro cardiac tissue fabrication.
The results show the importance of a deep characterization of the system in order to
perform an efficient electrophysiological stimulation, and they suggested the possibility of
integrating this knowledge with another important aspect of tissue fabrication, such as the
design of a perfusion bioreactor.

The fabrication of an engineered functiona tissue moved the interest on the development of
methods for a tissue functional evaluation, which was performed in two ways through: 1)
the functional measure of contractile strength and 2) the evaluation of area variation
amplitude due to contraction. The developed sensors were both designed for the analysis of
small tissue samples.

The measurement of the force amplitude associated with the tissue is considered the most
important and complete parameter to define the tissue functionality. However, relevant
technical difficulties were faced related to the use of small and fragile force transducer,
which need to be coupled with the cardiac tissue assuring the sterility in the system.The
second approach is more ssimple because it is based on existing optical technologies, which
were adapted to follow the patch contraction. However, it gives incomplete information
about the contraction, measuring the variation of a flat two-dimensional volume without a
precise knowledge of mechanical resistance given by the scaffold. The main advantage of
this technique is given by the possibility of analyzingthe sensor without requiring any
contact of the sensor with the sample. This techniques is suitable for functional testing
which aims to detect and monitoring contraction frequency rather than the contraction
strength or amplitude. What was presented so far suits perfectly with the objectives of
developing an in vitro artificial tissue to be used as model in the pharmacological research
for drug development and drug screening processes. On the other hand, in a clinica
perspective, it would be critical to develop biomaterials for an efficient delivery of stem
cells in the ischemic region. This propose can be assessed by the use of a scaffold as cell
reservoir or of a hydrogel as cell carrier within the muscle. Despite of the promising results

on neo-vascularization process promoted by the implant of a collagen scaffold on the
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external wall of the ischemic muscle, the hydrogel injection seems particularly interesting
because it requires a less invasive surgery procedure. This research was supported by the
interest and the important contribution of awell known Italian biomaterials company (Fidia
Advanced Biopolymer, FAB, Abano Terme, Italy). The contribution of this thesis work
was on the chemical-physical characterization and in vitro biocompatibility of a new
photocrosslinkable hydrogel .

Looking at these results, because of the high complexity of a biological system, the
definition of advanced technologies for the chemical and physical control of system is
imperative to speed up the innovation in this area. These results exemplify the possible
active role of chemica engineering on the design and development of new tools to support
the biological and biomedical research. The main outcomes of this thesis work represent a
well-recognized progress on cardiac tissue engineering.
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Abstract

It has been previously demonstrated that Amniofigid=Stem (AFS) Cells could
represent a new source for cellular therapy apjbics. AFS are a subpopulation of
amniotic fluid cells isolated by immunosorting fitve expression of c-kit antigen. Stem
cell differentiation seems to be affected by sdvdextors, related to cell-cell
interaction, including matrix topography and rigydi

In this sense, the aim of the present study wadewign an easy and reproducible
method to provide topographical stimulation in thigrometrical range and promote in
this way the cardiomyocyte alignment. The systers designed to obtain cell pattern
monolayer that allows the identification of eackliudual cell with common optical
method of analysis.

Elastic and highly gas-permeable micro-groovect@ile membrane were fabricated,
with straight grooves of 17+9m width. This experimental set up was useful tafyer
the synergic effects, on stem cell differentiatioward cardiac lineage, of chemical and

mechanical stimulation, due to rCM and human Af8raction during cocolture.

The resulting cardiomyocyte patterns on siliconeniogne keep a more synchronous
functionality up to 15 days of culture, while thgsnot visible on polystyrene dishes.
Cell metabolism on the silicone membrane was coetpdo traditional culture on

polystyrene dish. Cells were analyzed by immuna#tsoence for cardiac markers such
as the sarcomeric protein troponin | after 6 andlays of culture. Experimental results
reveal that tissue engineering approaches usinghibotextured membranes improve
both rCM and AFS alignment and co-culture orgamragfter seeding. The results

show an improvement of human AFS differentiationdad cardiac lineage.
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A.1l Introduction

Stem cells therapy has been investigated as a appebach in regenerative medicine
for the treatment of degenerative diseases sucimycardial infarction, diabetic
mellitus, Parkinson’s diseases and skeletal myogmilnsing several types of stem cells
obtained from embryonic or adult tissues (Straut Kornowski 2003; Ariff Bongso
and Richards 2004; Davani, Deschaseaux et al. 200%)is perspective the stem cell
differentiation process has become one of the mlallenging field in cell biology.
Amniotic fluid is known to contain multiple cell pes derived from the developing
fetus. In the past, the cells, which populate theniatic fluid, were only used for
prenatal diagnosis. We have recently describedherfirst time that it is possible to
derive lines of broadly multipotent cells from thmniotic fluid stem cells (AFS cells).
These cells meet a commonly accepted criterionpfaripotent stem cells, without

implying that they can generate every adult tigfeCoppi, Bartsch et al. 2007).

Functional properties of contractile tissues, sashmyocardium, have been proved to
be directly related to the cellular orientation atdngation. Furthermore, many studies
have been done on cardiac regenerative medicingvigothat stem cells can
differentiate in vitro and in vivo into cardiomyocytes (Mathur and Martin 2004).
Concerning to that, different methods have beeruated, including the use of the
metilating agent 5-azacytidine (Fukuda 2003), tmepleyment of cardiomyocyte
conditioned media (Rangappa, Fen et al. 2003)rafridp, soluble factors and cytokines
enriched media (Takahashi, Lord et al. 2003) aimdlly, the direct interaction with
cardiomyocytes by co-culture (Condorelli, Borellbat. 2001; Mummery, Ward-van
Oostwaard et al. 2003; Muller-Borer, Cascio et24804; Nishiyama, Miyoshi et al.
2007). The main advantage of the co-cultivationtesys resides in the possibility of
reproduce at micro scale the interaction betweentwo cellular types, which likely
stimulate some cellular transduction processesuentting environment molecular
signs. Various studies have demonstrated that dostact of two cellular populations
IS necessary to obtain differentiation in cardiatisc In particular, recent studies have
demonstrated that direct cell-to-cell contact iseolf the most important
microenvironment factors for trans-differentiatiohstem cells by co-colture (Badorff,
Brandes et al. 2003; lijima, Nagai et al. 2003; gopa, Entwistle et al. 2003; Xu,
Wani et al. 2004; Wang, Xu et al. 2006). Moreovegarding the tissue engineering
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approaches on in vitro cardiac differentiation. T of this study was to create in
vitro a suitable environment for the AFS-rat neahatardiomyocytes co-culture in

order to promote the cell organization and alignimen

Literature has demonstrated that monolayer cultafesrdiomyocytes can recapitulate
morphologic features of mature ventricular tissukemw cultured on microcontact-
printed protein patterns. Different methods havenbeecently described to achieve the
cardiomyocyte spatial organization and alignmemt. particular soft-lithographic
methods and micro-contact printing approach has @eposed to create a micro-
patterned supports to spatially organized layersapfliomyocytes (Todd C. McDeuvitt,
Angello et al. 2002; Todd C. McDevitt, Woodhouseakt2003). All these techniques
guarantee the precise and micrometrical reproduciiothe selected design; however
stamp deformation and hydrogel degradation oftesdyice undesirable effects that
limit the practice and precision of these techngqué simple method to drive
elongation and organization of cardiomyocytes hasen proposed by employment of
abraded surface, such as glass or polystyrenesllaseeding support (Au, Cheng et al.
2007).

In this perspective we describe here a new in vitethod to produce a silicon micro-
grooved silicone membrane protocol for structurgagdiac cell cultures. The micro-
grooved membranes presented here could be easibblsuas cell culture growth
substrate for specific studies that require theliegioon of mechanical stretch or the

culture in controlled oxygen concentration.

In this work we analyzed first biocompatibility artde viability of the rCM on the
silicone membrane, investigating the cell metalbolig to 6 days of culture. The effect
of topographical stimuli of this scaffold was stedionin vitro differentiation toward
cardiac lineage of GFP-positive rCM (gfp+ rCM) dmdFS co-culture. In this paper we
focused on the engineered aspects of the work,esbethe biological significance of
this research is reported elsewhere (Sveva BoRinD dissertation).
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A.2 Materialsand Methods

rCM isolation

GFP-positive rCM (gfp+ rCM) were obtained by enzyimaligestion of 2-3-days old
wild type and GFP-positive transgenic Sprague Dawlg hearts according to Radisic
et al. 2004 (Radisic, Park et al. 2004). Brieflgalts were taken by torachotomy,
washed in ice cold HBSS buffer, quartered in pieaed digested by an overnight
incubation at 4°C with a trypsin (Gibco) solutiomt6 Ong/ml in HBBS. The tissue
fragments were then processed by several roungyestibn at 37°C for 4 minutes in a
collagenase Type Il solution (Worthington) 1 mg/mLHBBS. Cells were collected by
centrifugation at 1000 rpm for 5 minutes and then-nardiomyocytes where discarded
as the adherent fraction by 1 hour of pre-platingissue culture dishes. rCM were then
seeded on gelatine and fibronectin coated plassiced or on silicone membranes at
100.000 cells/chin Cardiac Growth Medium (CGM, DMEM high glucoséttwL-
glutamine medium modified with 10% FBS, 1% Hepes ff@u 1%

Penicillin/Streptomycin, all Gibco).

AFSisolation

Human AFS (hAFS) were obtained from healthy disedrtback up amniotic fluid
samples between 12 and 20th week of gestationprfienatal diagnosis following
informed consent as reported by De Coppi et al72@& Coppi, Bartsch et al. 2007).
AFS were isolated by immunosorting for the stem kaarckit and cultured at 70%
confluency on plastic dishes (MEEMMedium modified with 15% FBS, 1% L-
glutamine, 1% Penicillin/Streptomycin, from Gibcada20% Chang B8, 2% Chang

C®, Irvine Scientific).

Micro-grooved silicone membrane

Micro-grooved silicone membranes were preparedgupolycarbonate cubes, 20 mm
high, abraded in one direction using lapping papén abrasion grain sizes of §0n.
The mold, with the rough side down, was pressethéncentre of 35 mm well, filled
with 3ml of poly(dimethylsiloxane) (PDMS, Sylgar@4 Silicone Elastomer, Ellsworth
Adhesives, Germantown, WA). The mold was removeer ailicone cross-linking and

the frame/membrane device was sterilized in auwtecfar 20 min. In order to enhance
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cell attachment, the silicone surfaces were in@tat 37°C overnight with 25 mg of
fibronectin (Sigma Aldrich) in 2 mL of 0.02% gelat{Sigma Aldrich) in water. The
observation of the membrane at the microscope atfoavrough measure of the groove
width.

Cell culture on silicone membrane

Neonatal rat cardiomyocyte (rCM) were seeded onratextured gelatin and
fibronectin-coated silicone membrane at 100.00G/eif and analyzed after 6 and 10
days of in vitro culture in Cardiac Growth Mediutduman AFS and gfp positive
neonatal rat cardiomyocyte were seeded togethegedatin and fibronectin-coated
microgrooved silicone membranes in 6-well dishesegpectively 100.000 and 1000 or
4000 cells/crh density in CGM. As control culture gfp+rCM and h®Rvere seeded

together on gelatin and fibronectin-coated stan@anetll plastic dishes.

Uptake of 2-deoxyglucose

Uptake of 2-deoxy-[3H]glucose was measured in caftsr an overnight serum free
medium.Cells were then incubated for an additidnmalr in the absence or presence of
insulin (2 UM). Glucose uptake was determined byriib incubations at 37° C with 2-
deoxy-[3H]glucose (10 UM) in PBS containing (in mBLL CaCl2, 0.1 MgCI2, and 10
HEPES,pH=7.4.

Uptake was terminated by three rapid washes wétcaid PBS.

The cell associated radioactivity was determinedsblubilization in 0.5 M NaOH.
Aliquots of the cell extracts were counted by ldjgicintillation counting and used to

determine protein concentration.

| mmunostaining

rCm seeded on silicone membranes were analyzethitmunofluorescence after 6 and
12 days for the expression of the structural saec@mprotein troponin T, rCm
cocultured with AFS were analyzed after 6 and 1ysdd culture for the expression of
both troponin T and GFP.

Immunostaining analysis on rCM co-cultured with AW&s made both on cells seeded

on silicone membrane and on cellular spots (cytmpobtained from cells detached
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from silicone membranes by trypsinization and tbentrifugated on glass coverslips in
a Shandon cytocentrifuge at 400 rpm for 5 minutes.

Briefly, cells seeded on silicone membranes antlileelspots were fixed in PFA 4%
for 5 minute at room temperature, permeabilizechviitl% Triton/PBS solution and
incubated at 37°C for 25 minutes with the apprdprdilution of the primary antibody

in PBS+1% bovine serum albumin (Gibco and Signraprtier to recognize the cardiac
differentiated, we used rabbit polyclonal anti-GacdTroponin T (Abcam, rabbit IgG

1:500). Human cells were marked by mouse monocldbaNMF6, which was a kind

gift from Dr Saverio Sartore (Department of BionwdiSciences, University of Padua,
Italy). Cells were then re-incubated at 37°C fom2ifutes with the appropriate dilution
of the secondary antibody (goat anti-mouse 1gG wgated with Alexa Fluorescence
564 IgG 1:150, Molecular Probes; goat anti-rabbitiagated with Alexa Fluorescence
488 1gG 1:150, Molecular Probes). PBS+1% bovinersealbumin with human and rat
serum (1:100). Cells nuclei were stained with ag¢bé solution diluited 1:5000 in PBS
1X for 5 minutes at room temperature. Observatisase made using a Zeiss Axioplan
epifluorescence microscope (Zeiss, Oberkochen, @gyjna Leica TCS SP5 confocal
microscope and images were obtained using a LeiC80DF digital videocamera.

Optical images were acquired by a Leica DMR micopscconnected to a Leica DC300

videocamera.

A.3 Results and Discussion

Micro-grooved silicone membrane, of 50n thickness and 20x20 mm area, were
prepared abrading the bottom surface of polycari@omenld with a lapping paper. The
membrane is surrounded by a PDMS frame, which dégectly in the traditional
polystyrene multiwell with diameter 3.5cm (Figur@)l Microscopic analysis of the
surface shows abrasions with a preferential dwacéind straight grooves (Figure 1B).
The distribution of groove width is reported in &g 1C and show an average
dimension of 17+9um. Although the surface was significantly less ami than those
obtained by microfabrication techniques, the metbi@sented here combine simplicity

in the realization and replication of the pattern.
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Figure 1 Micro-grooved silicone membrane. (A) Actual picture of the PDMS frame-

membrane micro-grooved well. (B) Bright field images of the membrane surface (10x
magnification). (C) Distribution of groove width.

Due to their high diffusivity (D oxygen= 3.55¢/s) and elastic modulus (Younc
module = 750 kPa) of PDMS, these membranes couldskd as cell culturerowth
substrate for specific studies that require theliegjion of mechanical stretch or t
culture in controlled oxygen concentration. Moreotree pattern remains stable dur

the culture, important feature for stem cell diéfietiation studies, whh usually last fo
long time.

We analyzed the viability and the biocompatibilifythe scaffold on the cardiomyocy
culture alone to obtain a more spatially organiin vitro culture. The rCm seeded
the 2D silicone membrane express synchronousng activity up to 15 days ¢
culture. The glucose uptake measured after 6 dagslinre showed values compara
with those measured on Petri polystyrene dish ml{Eigure 2B). This demonstrai
the feasibility of this support as rCm cultu
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Figure 2 rCM seeded on 2D microtextured silicone membrane. (a): rCM on silicone scaffold,
bright field, magnification 200X; inlet 400X; (¢) and (d): immunostaining at 6 days of
culture for cardiac troponin T in red revealing aligned rCM, magnification respectively 200X
and 400X. (b) Comparison between the glucose uptake measured after 6 days of culture on the
microgrooved membrane and Petri polystyrene dish culture.

The in vitro results reveal that the topographical cue of tHEosie membran
determines the cell alignment with a well definpdt&l organization in the direction
the membrane grooves. This is particularly evideith the microscopic observation
the tropom T distribution on the surface. To evaluate owdel and to analyze tf
topological influence of the scaffold on stem ceifferentiation. AFS were foun
growing closely related to rCM on the silicone mean, following the longituding
orientation gven by the micropattern and, moreover, some stéis1sEemed to expre
a beating activity too. These results suggest that microtextured silicone surfa
model can be a good approach to get a better defspatial organization ar
orientation of the caulture in vitro and to improve the mechanical tetneand all the
physical and chemical stimulation of cardiomyocydaghe surrounding AFS in respt

of the standard conditions using plastic cultushdg

Thusing 2D scaffold can improve both rCMd AFS seeding and alignment.
particular 2D silicone mici-patterned membrane allows to get a well definedbaatter

cellular organization im vitro co-culture.
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Figure 3 rCM and hAFS (4000 cells/cm? density) co-cultured on 2D silicone micro-grooved
membrane at 6 days. Fluorescence imaging of immunostaining for cardiac troponin T (green)

and Ab NMF6 (red), magnification 40X.

Immunostaining analysis after 6 days of hAFS-rCMcatiure on the 2D micro-
grooved membrane (4000 cells@mevealed the 22.5+ 5,7 % of hAFS positive for the

expression of the cardiomyocyte marker Troponifrigre 3).

yo
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E- 30 @ Co-Culture rCM +
) hAFS
o 25 - 4000cells/cm2
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© 20 - 6-10d
8 15 |
2B @ Co-culture rCM +
5<L hAFS
o 5 - 4000cells/cm2
> CTRL 6-10d
O |
6 10
Days of culture

Figure 4 Percentage of differentiation (troponin expression) of hAFS cells at 6 and 12 days of
co-culture. Comparison of the biological response after culture in traditional Petri dish or
micro-grooved membrane.

After 12 days hAFS positive for troponin T were 5 7.5% when cultured on
microgrooved membrane. In the control co-cultuesded on standard Petri dishes, the
troponin T-positive hAFS were 6,7 £ 3,7 % after &ysl ,whereas the percentage
increase to 20,0 + 5,0 % after 12 days (FigureThg effect of a cell alignment and

interaction seems more relevant during the eaagesbf AFS differentiation.
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Conclusions

2D scaffold improved both rCM and AFS seeding aridntation in vitro allowing to
get a better spatial organization of the AFS cdueelin vitro than on the plastic dishes.
Some hAFS expressing the cardiac marker troponiand a “cardiomyocyte-like”

phenotype were also found in co-culture whit rCM2@hsilicone membrane.

These findings suggest that the well defined spatiganization supported by this
scaffold also allows to get a better AFS differatin by co-culture improving the
close relation between the two cellular populatod their direct intercellular crosstalk

and interaction.
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Abstract

High throughput experiments can be used to spgtatid temporally investigate the
many factors that regulate cell differentiation. Wave developed a Micro Bioreactor
Array (MBA) that is fabricated using soft lithogitapand contains twelve independent
micro-bioreactors perfused with culture medium. TMBA enables cultivation of cells
that are either attached to substrates or encapsluia hydrogels, at variable levels of
hydrodynamic shear, and with automated image aisalygts the expression of cell
differentiation markers. The flow and mass transporthe MBA were characterized
by computational fluid dynamic (CFD) modeling. Theepresentative MBA
configurations were validated using the C2C12 be#, primary rat cardiac myocytes
and hESCs (lines HO9 and H13). To illustrate thiétytof the MBA for controlled
studies of hESCs, we established correlations baiwihe expression of smooth

muscle actin and cell density for three differdotf configurations
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B.1 Introduction

Cellular microenvironment, also termed a “cell rethcontrols and regulates stem cell
fate (Watt and Hogan 2000; Powell 2005). Histoticalhe term “niche” was used to
describe the stem cell location (Schofield 1983je tcomponents of the
microenvironment surrounding the cells, and thecbemical or electrical signals
produced by the support cells (Jones 2001; Fuchisbbr et al. 2004). The niche
functions as a physical anchor and generates a euofoextrinsic factors that control
cell fate. From an engineering perspective, we rdafine the stem cell niche as a
microenvironment with multiple regulatory factorsplecular and physical, that change
in space and time and govern stem cell behaviopli€aingin vitro the “cell niche”
normally foundin vivo would likely help understand and ultimately comtthe
signaling pathways that regulate cell fate, ang hailize the potential of stem cells in
regenerative medicine (Griffith and Naughton 206&etani and Bhatia 2006; Polak
and Bishop 2006). Each of the standard cell cultuethods has advantages but also
limitations. Well plates are easy to use, but tleg suitable only for studies of
molecular factors and cannot provide physical ratpuly factors. Also, well plates
operate essentially batch-wise, with the compositotd medium constantly changing
between the two medium replacements. In contradit,calture bioreactors can provide
perfusion of medium (Koller, Bender et al. 1993;rhker, Miller et al. 1998; Portner,
Nagel-Heyer et al. 2005; Vunjak-Novakovic, Meine¢lad. 2005; Dvir, Benishti et al.
2006) control medium composition and thereby supploe cultivation of high cell
densities, including cultures of human embryonienstcells (hESCs) (Dang, Gerecht-
Nir et al. 2004; Fong, Tan et al. 2005) and emhiyoodies(Gerecht-Nir, Cohen et al.
2004). However, the operating volumes of bioreactare larger than those of well
plates, which is a serious limitation in studiesdlving the use of expensive media
components. Microscale approaches can potentiakycamme both of these limitations
(Dvir, Benishti et al. 2006), (Folch, Jo et al. PQOBeebe, Mensing et al. 2002;
Anderson, Levenberg et al. 2004; Andersson and Mam Berg 2004; Chin, Taupin et
al. 2004; Khademhosseini, Yeh et al. 2005; Albrethtderhill et al. 2006; Futai N, Gu
W et al. 2006).
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Soft lithography techniques, pioneered by Whitesidend colleagues (Whitesides,
Ostuni et al. 2001), are inexpensive and relativfalsile, and have found widespread
application in bioseparation processes (Choi 20dBang, Cooper et al. 2006)
micropatterning of cells and biomaterials (Bhattdarmush et al. 1997; Kane,
Takayama et al. 1999), cell-based assays (McClaubertson et al. 2003),(El-Ali,
Sorger et al. 2006) and cell culture devices (Aenka et al. 2004; Kim, Vahey et al.
2006; Whitesides 2006). Early applications of eeilture devices relate to hepatocytes
where microscale features provide a reasonableogri@r the microstructure of the
liver(Jaesung Park, Berthiaume et al. 2005). M@eently, microfluidic platforms of
interconnected chambers have been proposed asdlisgll arrays” for studying gene
expression (Thompson, King et al. 2004) and cowealt(Khademhosseini, Yeh et al.
2005).

In the existing microfluidic systems for stem callfferentiation, the individual
chambers are not independent, as medium is dis&édbuacross one or more
columns/rows of array, leading to the cross-talkwaen the cells. By enclosing each
chamber, this problem may be avoided, althoughoiv rbecomes more difficult to
control the individual chambers without resortilogain integrated valving system (Duvir,
Benishti et al. 2006). Additionally, direct accetesthe cell growth surface makes it
possible to apply coatings and uniformly seed tilésc

Here we propose Micro-Bioreactor Arrays (MBA) desg to address some of the
limitations discussed above. MBAs are a hybrid le#tw a bioreactor (represented by
each individual culture well) and a microfluidic \dee (represented by the system
providing independent flow of medium to each indival culture well). The MBA
device combines the advantages of multi-well plgtreall volume, high throughput,
independent culture wells) and perfusion bioreac{steady-state conditions, enhanced
mass transport, application of physical signalsh fke advantage of imaging
compatibility of this device, we also developed aumnomated image analysis routine
that enables fast and unbiased analysis of nuchar cytoplasmic differentiation
markers.

We use the term “micro-bioreactor” because 12 caltwells, 3.5 mm in diameter x 2

mm deep, are located within a device that is tlze sif a microscope slide (26 x 76
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mm). Two different configurations of the MBA wereukloped based on computational
flow modeling and analysis of mass transport: MBdttbm inlet/outlet (BIO; medium
flows directly over the substrate with attachedls)ebnd MBA- middle inlet/outlet
(MIO; medium flows above the plane with the cellsmonolayer or encapsulated in
hydrogel). These MBA configurations were validated cultivations of the C2C12 cell
line, primary rat cardiac myocytes and hESCs (lirl®® and H13). To illustrate the
utility of the MBA for studies of hESCs, we establed quantitative correlations
between the density of hESCs differentiating intsaular lineages and the expression

of smooth muscle actin.

B.2 Micro-Bioreactor Array (MBA) design

The design requirements for the MBA were: (1) htghsughput experimentation with
independent conditions for each bioreactor welfj &w consumption of reagents and
cells; (2) cultivation of cells in both the 2D seg (attached to a substrate) and three
dimensional (3D) setting (encapsulated in hydragé€B) reproducible steady-state
conditions in terms of cell density, medium compiosi, levels of oxygen and pH, flow
regime, hydrodynamic shear and transport ratesa¢dyirate spatial-temporal control of
the cell environment; (5)in situ quantitative analysis of cell proliferation and
differentiation, by automated image analysis ofeténtiation markers.

Figure 1 shows the design of the system. The MBfalgicated using soft lithography
techniques, has the footprint of a standard miapscslide, and contains twelve
independent culture wells. The constituent elemeamés shown in a top view (Figure
1A): inlet (top, shown in red) and outlet (bottoimos/n in yellow) ports, culture wells
(orange), gas exchangers (microfluidic channelsveen the inlet ports and the culture
wells), stream splitters (divide single inlet/odtlstreams by four), and the fluidic
channels (connecting the inlets, gas exchangelsireuwells and outlets).

The microfluidic channels are 1Q0n high by 100um wide. Gas exchangers (20 mm
total length) are designed to equilibrate the oxytgvel and pH in each of the three

inlet streams of culture medium. A splitter thenides each of these streams into four
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equal parts, resulting in a total of twelve inléteams leading into the twelve culture
wells. In this way, each MBA has three inlet/outpetrts and three four-way splitters
directing flow to the 4x3 array of culture wellshé total length of the fluid paths
leading into each well is equivalent, and the puessrop and velocity field are thus
also equivalent for each of the culture wells.

The diameter of each culture well (3.5 mm) was cele to provide a small volume of
medium (e.g., ~3QL for BIO configuration) and the surface area (~hén?) large
enough for a statistically significant number oflseo adhere (~13). With standard
soft lithography, the height of the micro-bioreactthhamber would be restricted to the
thickness of the photoresist, generally between B and 200 um. For our
applications, this would result in three constrsirgt) limited access to the cell chamber
for surface coating, cell seeding, and analysi},irffsufficient medium hold-up within
the bioreactor chamber for cell survival withoutfpsion, and (iii) relatively high shear
stresses for medium perfusion. For these reasoasgchmese to work with an “open”
microfluidic device where each chamber may be imilially addressed (i.e., open) and
has a height equal to that of device. A removalae germeable membrane is used to
enclose each chamber during experimentation.

Figure 1B shows the two configurations of the MBAvite that were used in the
present study. Configuration BIO consists of a kngyer of poly(dimethylsiloxane)
(PDMS) with replica molded microfluidic channels apdrforated with an array of
culture wells. The microfluidic channels are placad the glass slide, such that the
medium enters and exits the well at the bottomaxafand flows directly over the

attached cells (Figure 1B, left).
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Figure 1 Micro Bioreactor Array (MBA) design. (A) The micro-bioreactor wells (3.5 mm in
diameter) are arranged in a 4x3 array (8 mm vertical and 7 mm horizontal center-to-center
spacing). The microfluidic channels are 100 um wide by 100 pm high and deliver between 0.1 - 2.0
ml of medium per day per bioreactor well. Each of three inlets delivers medium (red) through the
flow transduces to four wells (orange) via microfluidic channels. Waste medium exits each
bioreactor via a separate set of channels (yellow). The devices are assembled from layers of PDMS
and glass, attached via plasma treatment of both surfaces. (B) Two configurations were used. A
bottom inlet/outlet (BIO) configuration (left) consists of a glass slide, a microfluidic layer, and a gas
permeable membrane cover. A middle inlet/outlet (MIO) configuration (right) has an additional
layer of PDMS with an array of wells inserted between the microfluidic layer and the slide (C). The
BIO and MIO configuration accommodate the 2d cultivation of cells attached to a substrate (glass
with or without additional coating); a thin layer of a photopolymerizable hydrogel in the base of
MIO configuration wells allows 3d cultivation. (C) Image of a single MBA with compression frame
and fluidic connections. (D) Experimental setup. MBAs and medium collectors are placed in an
incubator for temperature (37°C) and gas composition (5% CO.) control. Medium reservoirs are
maintained external to the incubator in an ice bath. The syringes are affixed to a plate that allows a
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secpnd set of syringes filled with water to actuate plungers via an external low-flow multi-channel
syringe pump.

Configuration MIO (middle inlet/outlet) has an atldnal layer of PDMS, which (i)
increases the depth of the culture well and (igsg@nts medium inlet and outlets in the
middle plane (Figure 1B, right). As in the BIO canfration, the cells are cultured in a
monolayer formed on the glass slide (with or withooating), with the main difference
being a substantial reduction in exposure to hygnadic shear by culturing the cells
outside the main plane of fluid flow. To accommatte cultivation of hESCs in a 3D
setting, a thin layer of photopolymerizing hydrogeay be added to base of wells in
this configuration. Since cellsn vivo are typically surrounded on all sides by
extracellular matrix components (Mark J. Powersmaasky et al. 2002; Albrecht,
Underhill et al. 2006; Toh, Zhang et al. 2007)stapproach more closely mimics time
vivo environment. The compressive stiffness of HA hgglocan be varied from 0.5 -
50 kPA, by varying the concentration of HA and téeel of crosslinking. The hydrogel
layer experiences only a small level of shear strésis thin enough (typically 200 —
500 pm) to avoid major constraints in mass tranafed changes in flow patterns, yet
thick enough for the cells to mimic some aspecthefr native 3D environment.

The use of thin hydrogels and medium perfusion pkewy favorable conditions for
encapsulation of hESCs in photopolymerizable hydilegFirst, the high surface to
volume ratio of hydrogel in the wells (20-50 %om®) allows for thin film (minimal
light attenuation with depth) assumptions to be enadAlso, medium perfusion
efficiently removes any residual non-polymerizedatants.

The gas permeable membrane that seals each of B ¢hambers is held in place
with a compression frame consisting of an aluminframe, a clear polycarbonate
cover, and four thumb screws (Figure 1C). The expemtal set-up is designed to
assure steady state conditions during the dynamiture. Each column of wells
receives medium from one 10 ml syringe placed oe (© minimize protein
degradation) and is controlled with a syringe pufRjgure 1D). Each outlet tube from
MBA was connected to a discharge medium collectacgd ~20 cm above the device,
all within the incubator.



Micro Bioreactor Array for controlling cellular microenvironments 111

B.3 Operating conditions: flow and masstransport

To characterize the operating conditions of the MBwe evaluated the two
configurations shown in Figure 2B, in order to e$ith predictive flow and mass
transport correlations for optimizing the condisomn the MBA. The large flow
resistance within the 10@m microfluidic channels ensures equivalence of flow
conditions in the twelve individual micro-bioreactoells of the MBA. At the entrance
and exit of each well, the channel width is gratuadcreased to reach the diameter of
the well (1:35 ratio of diameters, 1:20 ratio ofdlgs), and minimize abrupt changes in
fluid velocity. With the gradual transient in théfextive channel size and the
dominance of viscous forces on the microscale,flitne field should remain laminar
and uniform. Fluid flow was evaluated by solvingetisteady-state Navier-Stokes
equations for incompressible fluid. The 3D solusoror the BIO and MIO
configurations show that the pressure distributithin the chambers is uniform, with
> 99% of the pressure drop occurring at the inhet the outlet to chamber (Figure 2 A-
B). The uniformity of flow is further supported ltge magnitude of the fluid velocity,
which is very low throughout the culture well. Ihet BIO configuration, the fluid
velocity in a plane 5um above the cell culture surface is less tharud@s over the
entire surface area, and less thapn®s for 75% of the area (Figure 2C). At these low
flow rates, the shear stress is < 0.01 dyné/dm the MIO configuration, the fluid
velocity and shear stress are even lower (< 0.0Ispym< 0.0001 dyne/ct Figure
2D).

These simulations show that both configuraioperate at very low-shear, but with
clear differences (two orders of magnitude) in thalues of fluid velocity and

hydrodynamic shear.
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Figure 2. Flow and mass transport conditions in the MBA. (A, B) Pressure distribution
(color map) and velocity field (arrows) for BIO and MIO configurations, respectively, obtained by
finite element modeling (FEM) of fluid flow. (C, D) Fluid velocity in the plane 50 um above the cell
culture surface (blue line) and shear stress along centerline (circles) for the BIO and MIO
configurations, respectively. Gray vertical lines show the boundary of the MBA well. (E, F)
Spatial distributions of oxygen concentration (color map), fluid velocity (arrows) and velocity
streamlines (lines) for the BIO and MIO configurations, respectively. (G) Calculated mass
transport data for the BIO and MIO configurations, for two representative molecules: oxygen (as
a small critical nutrient) and albumin (representative of a large growth factor). Data correspond
to images (E, F).
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A semi-quantitative analysis of mass transportdach of the two flow regimes was
performed for two representative molecules: oxy@@e most critical small molecule)
and albumin (a molecule representative of largewgnofactors) (Figure 2E-G). As
expected, the thickness of the boundary layer wait for the BIO configuration, and
the mass transport coefficient was higher for oxytiean for aloumin and higher for the
BIO than for the MIO configuration. The Peclet nuenhPe) is a measure of the
relative contribution of convection with respectdiffusion. AtPe > 1, mass transport
is dominated by convection, a situation associatét efficient exchange of nutrients
and metabolites between the cells and culture mddiaontrast, the dominance of
diffusion (Pe < 1) may be associated with the accumulation difssereted factors,
hypoxia and changes in pH. THee numbers for the MIO configuration strongly
suggest that diffusion dominates mass transporgreds for the BIO configuration,
convection plays a much larger role with diffusiomly important for small molecules
(oxygen) and negligible for large molecules. Thiglgsis demonstrates the flexibility
of MBA approach for quantitative experimentatiornrdugh simple regulation of flow
rate, chamber height, and inlet/outlet configunati@a wide range of mass transport

regimes are attainable.

B.4 Validation of the MBA for representative cell types.
C2C12, rat cardiac myocytes and hESC

To validate the utility of the MBA for controlledtigdies of cell growth and
differentiation, we selected three model systemat thre representative of the
envisioned applications of this device: C2C12 mgsblcell line (MIO, BIO), primary
cardiac myocytes derived from neonatal rat heat#O( BIO), and hESCs (MIO).
These cell types have well defined differentiatiorarkers, and we have extensive
experience in their use in various 2D and 3D camfagions (Gerecht-Nir, Ziskind et
al.; Radisic, Park et al. 2004; Sharon Gerecht-Bwhen et al. 2004; Vandendriesche
D, Parrish J et al. 2004). Figure 3 shows repredemet growth and differentiation data,

at the time points characteristic for each celktyp
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C2C12 cells readily adhered to the glass microdaotor surface and formed spatially
uniform monolayers with characteristically high Icdensities over 7 days of culture
(Figure 3A, a-c). Close inspection of the chambatled channel shows higher cell
density with respect to the inlet channel due tlb egration along the velocity field
line (Figure 3Ac). This phenomenon was particularbticeable within the 10Am
high outlet channel section of the MBA-BIO, wheleetaverage velocity and shear
stress are high (~1Q0m/s and ~0.1 dyne/chrat the flow rate of 18 ml/s). Within 7-10
days, cells formed multinucleated myotubes thatewdstributed throughout the culture
well (Figure 3A d,e), elongated and expressed smootscle actin (Figure 3A e,f).
Coating the chamber surfaces with collagen enahkmhatal rat cardiac myocytes to
adhere and subsequently form spatially uniform ntayers (Figure 3B a,b). Cell
viability, morphology and phenotype were well mained, as seen by expression of
Troponin |. Spontaneous macroscopic contractionsaiestrated that the cells were
functionally active throughout the culture period.

The cultivation of hESCs turned out to be, as irstrather systems, significantly more
challenging than that observed for the other cghes. Similar to cardiac myocytes,
hESCs required uniform collagen coating of the salbs to obtain even cell
distribution (see Methods for details). The hESGsevalso cultured encapsulated in a
thin layer of hydrogel (hyaluronic acid), a configtion that is 3D for the cells but
effectively two dimensional (2D) from the perspgetof bioreactor operation.

For cultivation in a 2D setting (MIO), hESCs retaihhigh viability with all conditions
(data not shown). For cultivation in a 3D settingdium perfusion affected the viability
of all cells studied and most prominently the viapiof hESCs (representative data for
hESCs shown in Figure 3B c,d), presumably due ® d¢bmbination of enhanced
transport at the hydrogel surface and removal of msidual reagents from hydrogel
polymerization. After 4 days of culture, the measlfractions of viable cells were 55 +
10 % and 67 £ 6 % total cells for the static andymsed culture, respectively. To
induce vascular differentiation of the
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Figure 3 Cultivation of three representative cell types (A) System evaluation with C2C12 cell line.
(a) Phase contrast image showing homogenous distribution of C2C12 over the whole surface area (7
days, MBA-BIO configuration); cells in the outlet channel are shown at the right. (b) Enlargement
of the outlet channel of chamber showing cell migration in the direction of fluid flow; only few cells
are present in the inlet section (not shown). (¢) Spatially homogeneous cell distribution (higher
magnification image). (d) Cell differentiation into multinucleated myotubes (arrows). (e)
Immunostaining of C2C12 for Tropomyosin in the entire well (shown in red; nuclei are shown in
blue) in the entire well. (f) High magnification of the myotubes (Tropomyosin: red; nuclei: blue).
(B) System evaluation with primary neonatal rat cardiomyocytes. (a) Fluorescent immunostaining
for Troponin I showing homogenous cell distribution at 4 days within MBA-MIO configuration. (b)
Higher magnification of Troponin I and DAPI immunostaining of cardiomyocytes. (C) System
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evaluation with hESCs. (a, b) Representative images of hESCs (3 days, MBA-MIO configuration),
(a) with and (b) without perfusion of culture medium (green: live cells; red: dead cell nuclei). (c)
Addition of 100ng hVEGF resulted in hESC sprouting and elongation outside the colonies (bright
field image). (d) Sprouting cells expressed a-SMA, indicative of vascular differentiation (shown in
red, confocal microscopy image).

HA-encapsulated hESCs, human vascular growth fagiviEGF) was added to the
culture medium, which resulted in extensive cetosping anda-Smooth Muscle Actin
(a-SMA) expression (Figure 3B e,f).

Taken together, these studies demonstrated that MB!A configurations (BIO, MIO,
Figure 1) support the growth and differentiatiorheflthy and viable cells.

B.5 Vascular differentiation of hESCs: effects of cdll

density and flow configuration on SM A expression

The MBA system was designed for live imaging oftatd wells with optical and
fluorescent microscopy. To take advantage of thpsiom in studies of hESCs, we
developed a simple automated system for image aisatlgat allows fast and unbiased
analysis of cell growth and differentiation. Autot®@d and semi-automated routines
have been used to measure other biological parametech as the spindle length in a
Drosophila cell line (Goshima, Wollman et al. 200%he routine is similar, but not
identical (measurements of the length vs. the numloé positive cells)Figure 4A
shows a representative image of hESCs differengainto vascular lineages and
labeled for SMA (red), Oct4 (green) and DAPI (blu&)robust algorithm is used to
assess the expression of nuclear and cytoplasmikemsain images of this kind.

To generate quantitative data, the positions ofitttvidual cells stained with DAPI
are first determined for a given view field. Thepeassion of intranuclear (e.g., Oct4)
and cytoplasmic (e.g., SMA) markers is then tracked each individual cell, and
represented in the form of a histogram or a dot ploa manner common to flow
cytometry. Figure 4B shows a schematic descriptibthe developed imaging routine,
which was utilized to probe the effects of cell giégym and flow regime on hESC
differentiation.
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Figure 4 Effects of cell density and flow configuration on hESC differentiation within the MBA
device. (A) A representative merged image of cultured hESCs with immunofluorescent labels for
SMA (red), Oct4 (green) and DAPI (blue). (B) Automated image analysis of cell differentiation.
Individual cells are identified by nuclear staining (DAPI) and the coordinates of nuclei are stored
in a data matrix. The presence or absence of a nuclear label (Oct4 is shown as an example) and
cytoplasmic label (SMA is shown as an example) is identified for each identified cell. Data are
processed by a flow cytometer-like analysis, to obtain a dot plot or a histogram representing the
intensity of a specific marker within the cell population. (C) Examples of the immunofluorescence
of SMA (red) and DAPI (Blue) for hESCs cultured in three different flow configurations: static
MBA (left column: a, d, g), perfused MBA-MIO (middle column: b, e, h) and MBA-BIO (right
column: ¢, f, i), three different cell densities: 60 + 6 (top row: a, b, ¢), 160 + 4 (middle row: d, e, f)
and 314 + 15 (bottom row: g, h, i). (D) The fraction of differentiated cells was determined using
the automated image analysis for each flow configuration for a range of cell densities observed
over the time of culture. Data are plotted as the fraction of hESCs expressing SMA as a function of

the total number of cells in the field (an index of cell density) for each flow configuration. Vertical
dotted lines correspond to the conditions in panels (C).

hESCs were cultured using the MBA-BIO and MBA-MI@©ndigurations, and a non-
perfused MBA-BIO to serve as static control. Ceghdlity varied from 3 x Toto 3x1d
cells/cnf, corresponding to ~30 to 3,000 cells per well. &(dar differentiation was
evaluated by the expression of SMA, using the imggoutine described above.
Figure 4C shows representative images of cellsistafor SMA (red) and DAPI (blue),
that were cultured using three different flow caufiations (static, BIO and MIO), The
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top, middle and bottom rows of panels show imad#sioed for low, medium and high
cell density (60 £ 6, 160 + 4 and 314 + 15 cells well, respectively).

In general, cells cultured in the MBA-BIO configtian (the one with a higher level of
shear) exhibited higher levels of differentiatieiative to the other two configurations
(Figure 4 C,D). This is consistent with the knowwler of hydrodynamic shear in
vascular differentiation (Huang, Y. Nakayama et28l05).

In all three configurations, the fraction of hES&gressing SMA increased as the cell
density decreased (Figure 4D). For example, inMh@® configuration, the percent of
cells expressing SMA decreased from ~23% to ~2%hea<ell density increased from
~200 cells/crh to ~10,000 cells/cf Cells cultured in BIO configuration showed a
similar trend, at higher expression levels of SMA& €omparable cell densities (Figure
4D). Interestingly, Oct4 was not dependent on ¢atldensity (data not shown). The
fractional expression of the SMA in hESC culturemased linearly with the logarithm
of cell density for all three bioreactor configuoats. This graph summarizes the results
from ~70 individual bioreactors for multiple MBA nfigurations. The automated assay
for quantification of cell differentiation markerngresented here for the case of vascular
differentiation of hESCs in 2D culture, could beended to 3D cultures of cells and a
variety of other differentiation markers.

This study demonstrated that the MBA could be usgedtudy the effects of culture
parameters on hESC differentiation, in a systemawamner and with only a minimal
consumption of cells and reagents. The image psitgsroutine used to assess the
fractions of cells expressing differentiation maskéSMA and Oct4 in this case) can be

considered an integral part of the proposed method.

B.6 Application of MBA in studies of hESCs

The MBA was designed to culture hESCs in a micmarsetting, under controlled

conditions, with imaging compatibility, and only mmal consumption of cells and



Micro Bioreactor Array for controlling cellular microenvironments 119

reagents. hESCs are difficult to grow, require ergdee medium and reagents, and from
a biological perspective, their complex signalingtworks and largely unknown
regulatory factors often result in data variabilifihe use of a system that combines the
advantages of microarrays (large numbers of gr@masreplicates, small volumes) and
bioreactors (tight control of environmental conalits) with the automated routines of
image processing to assess cell differentiationlaegely improve the yield and quality
of experimental data.

In general, the MBA shares many properties witheotmicrofluidic-based platforms:
low consumption of media, inexpensive fabricatiomaging compatibility, and high
throughput. However, MBA also provides close cohtfoculture parameters (including
hydrodynamic shear) in each culture well. Additibpeactical advantages include open
access to the cell culture plane in each microdaotor well, to ease surface coating,
cell seeding and staining procedures. This alloovsah easy translation of the existing
biological protocols already established for hESGsuse in MBA formats, and a
relatively straightforward use of existing liquidandling/robotic systems and
microplate readers.

Notably, each MBA well maintains its own set ofadg-state conditions, via perfusion
of culture medium in a single-pass mode, and withiateraction with other wells
within the same array. The medium at the outletaxth well is sent to the waste instead
of being recirculated back to the cells (as in npstfused bioreactors). This way, there
is no interaction between the wells, and the expents are not confounded by
paracrine signals being transferred downstreamspite of single-pass flow, the
consumption of medium is minimal, because of thaiature size of the device. In
studies of vascular differentiation of hESCs, 7@adaoints were generated over 4 days
of culture using only 10 ml of medium.

One of our goals was to provide a uniform and aateble hydrodynamic environment
for all cells in the culture chamber. The CFD-assisdesign yielded two different
configurations - MBA-BIO and MBA-MIO - which exhibihydrodynamic shear stress
that can be as low as <0.1 and <0.001 dyn&/craspectively. Both values are
significantly below the threshold levels of shetaiess that can affect the cells (2-5

dyne/cn?), a feature very useful for cultivation of hRES®sa quiescent regime. On the
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other hand, if hydrodynamic shear is needed (éogmediate cell differentiation) these
levels can be increased by a simple increase af flalocity. Also, the BIO and MIO

configurations provide different flow environmentand the experiments described
above show that the culture of hESCs in a BIO aqpnftion resulted in larger values of

a-SMA-positive cells than culture in the MIO configtion.

B.7 Methods

B.7.1 Fabrication of the MBA

The micro-bioreactor array was designed in a stahd®AD program (SolidWorks,
Concord, MA), and then exported to Adobe lllustra®0 (San Jose, CA) for printing
as a transparency mask (5080 dpi, PageWorks, Cdgi#yrMA). The mask was used to
prepare a 4” silicon wafer/SU-8 2100 master of bihereactor image. The processing
guidelines of the photoresist manufacturer werdoteed to achieve features with a
uniform height of 20Qum (MicroChem_Corp. 2006).

The actual bioreactor layers were replica moldédckman, Brittain et al. 1998;
McDonald and Whitesides 2002) by pouring 35 ml ofypdimethylsiloxane) (PDMS,
Sylgard 184 Silicone Elastomer, Ellsworth Adhesjw@srmantown, WA) over a master
placed in a 150 mm Petri dish. Prior to this steghin layer of hexamethyldisilane
(Fluka, Buchs, Switzerland) was vacuum depositedtlen wafer surface to prevent
adherence of the PDMS. The fluidic connection pavese punched through PDMS
with a 21-gauge stainless steel tube (0.635 mmaBl mm OD, McMaster-Carr,
Atlanta, GA). In a similar manner, the micro-biocea wells were cored out using a
3.5 mm punch (Fray Products Corp., Buffalo, NY)yuking in holes that were 3.35 mm
in diameter. The layers of PDMS and glass werevargibly bonded after treatment
with vacuum gas plasma for 45 s (at 0.5 mbar andWp0 (Harrick Scientific,
Pleasantville NY). After coating the bottom surfarfeeach well and seeding with cells,
the entire bioreactor array was covered with a thyer (0.2 mm) of PDMS. The
MBA layers were held in place by mechanical comgigs via a frame consisting of an

aluminum base, a polycarbonate cover, and four bseomews. Small lengths of
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stainless steel tubing (21 gauge, 10 mm lengthgweed to connect MBA ports to soft
Tygon tubing (0.8 mm ID, 2.4 mm OD, Cole Palmer i Hills, IL). The medium
flow rate was controlled via a syringe pump, with accuracy of 0.1uL/min (PHD,
Harvard Apparatus, Holliston, MA). The culture maaii was kept at 4 °C, while the
entire MBA device was kept in an incubator (NAPC@inchester VA) at standard
conditions (37 °C, 95% humidity, 5% GO

B.7.2 Hydrodynamic simulation

The Navier-Stokes equations for incompressibledBuwere solved using Comsol
Multiphysics (Burlington, MA) to obtain a flow fidl within the micro-bioreactor well
for the BIO and MIO configurations. The 3D domaintlee micro-bioreactor well was
meshed using four-node tetrahedron finite elemaitis a maximum mesh size of 300
pum. Coarsening and refining of the mesh space grid redssolutions independent of
the spatial discretization.

The inlet boundary condition was set for a fullywdeped velocity profile (calculated
on the basis of flow rate), while a zero presswadition was imposed on the outlet
and non-slip boundary condition set for channel amateactor walls. Assumption of
longitudinal symmetry allowed solving the equatidos only one half of the channel
and chamber, thus minimizing computational time.

The medium viscosity and density values for DMEMdmen with 5% FCS were taken
from the literature (Moreira, Santana et al. 19983 a check on the validity of the
simulation, the shear stress within the uniformtaagular channels was calculated from
an approximation of the analytical solution for vilobetween parallel platess =
64Q/bh? wherep is the dynamic viscosity of medium (0.0077 dyneag}, Q is the
flow rate (5 x 1 ml/s), b is the channel width (0.01 cm), ahds the channel height
(0.01cm). The calculated value of 0.058 dyné/cmmpares well to the result obtained
by finite element modeling of the flow in the chahrf~0.07 dyne/cfat the position

0.32 cm from center of the well, Figure 2C).

B.7.3 Mass transport calculations
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To obtain concentration profiles within the micrmi#eactor wells for the BIO and MIO
configurations, the mass balance equations for mvextive diffusive regime were
solved using Comsol Multiphysics software (Burliolg, MA). Fluid velocity profiles
were obtained from the three dimensional solutiime concentration of 1 mM was
used as a boundary condition at the inlet; zercentration was imposed as a boundary
condition at the cell surface. ThRe and Pe numbers were then calculated using

standard equations, and literature values of dibfusoefficients for each solute.

B.7.4 Cell culture

C2C12 myoblast cells (murine, American Type Cult@sllection) were grown to
confluency in growth medium (DMEM with 20% fetal\one serum, FBS). Cells were
trypsinized, counted, and 2,000 cells were addecedaoh MBA well. After 12 h,
medium perfusion was initiated at a flow rate 08 @/min (0.432 ml/day), which
corresponds to 0.07Fl/min per bioreactor. Perfusion medium contained Iserum
levels (2% FBS), to induce myogenic differentiatidixperimental methods with
primary cells (cardiomyocytes) were similar to thagith C2C12 line except that cells
were seeded at 1,000 cells per well and that thieireumedium contained 10% FBS.
Details on cardiomyocyte isolation from 2-day okbnatal Sprague Dawley rats can be
found elsewhergCannizzaro, Tandon et al. 2008).

Non-differentiated hESCs (lines H9 and H13; pass@@e35) (WiCell Research
Institute, Madison, WI) were grown on inactivatedouse embryonic fibroblasts
(Chemicon International, Temecula, CA) in growth dien consisting of 80%
KnockOut DMEM, supplemented with 20% KnockOut Serueplacement, 4 ng/ml
basic Fibroblast Growth Factor, 1 mM L-glutaminel GnM B—mercaptoethanol, 1%
non-essential amino acid stock (all from Invitrogearp., Carlsbad, CA). hESCs were
passaged to a new feeder layer using 1mg/ml typedNagenase (Invitrogen Corp.,
Carlsbad, CA). For 3D studies, hESCs were remowvexin fthe feeder layer by
incubation with collagenase for 20-30min. For 2Dds¢s, hESCs were removed from
MEFs by incubation with EDTA (Promega) with 5% FCi®r 20min, followed by

separation into single cells using au#® mesh strainer (Falcon) For 2D studies, the
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glass surface of each MBA chamber was treated witlsolution of 4% of 3-
aminopropyltrimethoxysilane (Sigma-Aldrich, St. lisuMO) in acetone for 15 min.
Each well was then coated with 0.05mg/ml collagén(R&D Systems, Minneapolis,
MN) for 1 hr in room temp. The cells were seededatcentrations of £03010°, 5010°,

and 10 cells per well. Medium perfusion was started 2dfter cell seeding to allow

sufficient time for cell attachment.

B.7.5 Hydrogel preparation and hESC microencapsulation

For 3D studies, we utilized previously developeatolerosslinkable methacrylated HA
hydrogels(Smeds and Grinstaff 2001; Chung, Mesa et al. 2@&jng, Mesa et al.

2006). For hydrogel formation, methacrylated HA wdissolved in PBS containing

0.05 wt% 2-methyl-1-[4-(hydroxyethoxy)phenyl]-2-rhgt-1-propanone (Irgacure

2959, 12959) and exposed to ultraviolet light (Bdld&Ray, Redding, CA) for 10 minutes.
These encapsulation conditions have previously hessd for the encapsulation of a
variety of mammalian cell®8ryant, Nuttelman et al. 2000).

hESCs were added to the precursor solution at aestration of 0.5 — 1 x YGells/ml.

A volume of 30 pL of the cells/HA mixture was podri@to each micro-bioreactor well,

and photopolymerized (using ~10 mW/tdV light, BlackRay, for 10 min). Cell-gel

constructs were cultivated in growth medium (foolgeration), and endothelial cell

medium (for differentiation) (PromoCell, Heidelber@ermany). In some studies,

medium was supplemented with 100 ng/ml hVEGF (R&Btems, Minneapolis, MN).

B.7.6 | mmunofluor escence

Cells were fixedin situ with accustain (Sigma-Aldrich, St. Louis, MO) f@6 min at
room temperature. Cells were stained for 1 h whthfirst antibody and then for 30 min
with a secondary antibody, at room temperature. Waks were rinsed three times with
PBS without calcium and magnesium (Invitrogen Cpor@arlsbad, CA). DAPI
(2 pg/mL; Sigma-Aldrich) was added to the last rinsCQ2 cells were stained for

monoclonal Tropomyosin (Sigma-Aldrich). hESCs westained either for Smooth
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Muscle Actin (1:20; Dako, Troy Michigan), or Oct2:50; R&D Systems, Minneapolis,
MN). For secondary staining, Cy3 or FITC-conjugatadibody (1:50;.Sigma-Aldrich,
St. Louis, MO) were used. Cardiomyocytes were st@ifor anti-rabbit Troponin | and
FITC-conjugated secondary antibody (both from CloemiInternational, Temecula,
CA). The immuno-labeled cells were examined usinglumrescence microscope

(Axiomat, Zeiss, Thornwood, NY).

B.7.7 Data acquisition and analysis

The percent of differentiated and undifferentiatedls were evaluated by an imaging
acquisition program written using scripts available MATLAB, and MATLAB
imaging toolbox (The MathWorks, Natick, MA). Imagetthe entire micro-bioreactor
well area (3.5 mm diameter) were acquired as @&sarf images at 5x magnification for
the nuclei (DAPI) and two other markers (cytoplasnand nuclear intracellular
markers). From the DAPI image, the coordinateshaf pixel of each nucleus were
acquired and stored. The intensity of the pixelgesponding to the DAPI coordinates
in the other two images was used to evaluate thstence of nuclear transcription
factors. The intensity of the cytoplasmic stainiigorescence was evaluated by
considering the intensity of pixels within the pBbid corona centered in the nucleus
and an area 50% bigger in size. Processed datativeneused to count the number of
nuclei and evaluate the fraction of cells expregsan specific marker. Graphical
representation of data (dot plots, histograms) atatistical evaluation of signal
intensities were performed by importing data intéree flow cytometry data analysis
program (WinMDI 2.8).

B.8 Conclusions

Stem cell biology is increasingly relying on advaddechnologies that provide better

cell culture microenvironments and enable contr@ramultiple molecular and physical
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regulatory signals. These enabling technologies ddr@articular interest to hESCs,
because of the complexity of their regulatory paiisy and uncontrolled variables
associated with traditional culture methods. Weehaeveloped a Micro Bioreactor
Array (MBA) that combines the advantages of micrags with those of bioreactors,
and provides a means to study the growth and eifteation of hHESCs under controlled
conditions and in a multiarray setting. The devig¢he size of a microscope slide and
contains twelve independent micro-bioreactors psadu with culture medium. The
design is flexible, as it allows 2D and 3D cell towé under variable levels of
hydrodynamic shear and mass transport, which whegacterized by computational
methods. To demonstrate operation of the MBA, wikuced C2C12 cells, rat cardiac
myocytes and hESCs within the system. A systematdomatedn situ image analysis
of the expression of cell differentiation markemshalso been developed and used to
investigate the effects of cell density and flovgiree on vascular differentiation of
hESCs. This device can thus serve as a tool fatygtg hESCs in the context of their

environment.
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Abstract

Cardiac tissue engineering and cell transplantatoe emerging as alternatives to
traditional therapies for cardiac diseases, whighthe leading cause of death in Western
society. Human embryonic stem cells (hESCs) aresidered an ideal cell source for
cardiovascular treatments for their greater potefacyproliferation and differentiation.
When cultured in suspension, hESCs form aggredgetesed embryoid bodies (EBs). EBs
have the ability to differentiate spontaneously vitro into beating areas containing
cardiomyocytes. Reactive oxygen species (ROS) Hseen previously shown to be
involved in the regulation of murine stem cell diéntiation, in particular toward cardiac

lineage.

In this study, ROS production in EBs increased iigantly after exposure to a 5 V/cm

field. The interpretation of the cellular response such fields needs an adequate
characterization of the system used for stimulatifferent electrode materials, such as
Stainless Steel, Titanium and Titanium Nitride, evesharacterized by electrochemical
impedance spectroscopy (EIS) and used for elecstoaulation of EBs of 6 days old at

different duration stimulation (either 1 s or 90 $he ROS expression showed a high
dependence on electrode material and a higher mesptor longer stimulation. The

magnitude of this increase was correlated with BB geither 4, 6 or 8 days old) with a
maximum occurring at 4 days. In addition, the magte of the increase was also
dependant on electrode material properties andgehaansfer characteristics at the

electrode-electrolyte interface.

An increase in the percentage of beating cells meduafter field stimulation indicating a
possible link between ROS expression and cardidterentiation. The extent of

differentiation was highly dependent upon EB aggh whe best results observed with 4
day old EBs stimulated for 90 s. This may sugdasthigher predisposition of the hESC to
a cardiac differentiation and a more efficaciousclcal stimulation at earlier stage of

development.



Effect of electrode material on ROS expression... 131

C.1 Introduction

The true utility of stem cells (SCs) will only bealized when they can be safely
differentiated into cell lines of clinical importe@ (Lovell and Mathur 2004; Fukuda and
Yuasa 2006). Compared to adult SCs embryonic SGE¢E have been shown to have
greater potency for proliferation and differentati(lzhak Kehat 2001; Odorico, Kaufman
et al. 2001; Laflamme, Gold et al. 2005; Boyle, Bofan et al. 2006). Numerous studies
have demonstrated the importance of chemical amdémhanical stimulus in directing SC
differentiation (Heng, Cao et al. 2004; Heng, Haideal. 2004; Hong Wei 2005; Passier
and Mummery 2005). Other stimuli such as physicesp are less well understood. In

particular, the role of electrical fields and cumieduring differentiation of SCs, is unclear.

Endogenous electromagnetic fields (EF) are praset¢veloping and regenerating animal
tissue, usually in the extracellular space, butetomes within the cytoplasm of a single
cell or a group of cells, and they range in strerfgbm a several to hundreds of mV/mm
(Jaffe and Nuccitelli 1977; Robinson 1985). The miagle of these electrical fields can
directly guide cell movement and growth (JoshuaeRibérg 2002). They may also generate
chemical gradients of charged macromolecules (ZRaogt al. 2002) that can be present
for hours, days, or even weeks during both devetypnand regeneration (McCaig,
Rajnicek et al. 2005). At the site of an injuredtleglium, for example, a substantial
electrical field is instantly generated and mayeagtover many cell diameters and persist
for hours (Song, Zhao et al. 2002; Pullar and tf$62005). Combined with diffusible
chemical gradients, electric fields lead to theapahtion and the formation of spatial
patterns in developing embryo (Richard Nuccitei92; Kenneth R. Robinson 2003;
Lodish, Berk et al. 2003) creating directional silgnnecessary for the proper placement of

the components of the organism.

In the laboratory, exogenous electrical fields hheen shown to influence cell direction
and differentiation (Zhao, Forrester et al. 19%H8veral studies have reported galvanotaxis
in a variety of cells cultureth vitro after stimulation with a constant DC field comgzea
with those detectedh vivo (Mycielska and Djamgoz 2004). The cell respondsato

externally applied electric fields with specific amanism, including the passive and active
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intracellular influx of ions, such as calcium amatisim (Djamgoz, Mycielska et al. 2001;
Donna R. Trollinger 2002), or the localization gdid and epithelial growth factor (EGF)
receptors in the membrane (Zhao, Pu et al. 2008 .€Quilibrium between these processes
determines the reorganization of the cytoskeletahthe migration towards one of the two

electrodes.

It has been shown that the exposure to electridsfipromote mouse ESC cardiomyogenic
(Heinrich Sauer 1999), mESC angiogenic (Zhao, Baale 2004; Sauer, Bekhite et al.
2005), mouse N1E-115 neuroblastoma neuronal (MrejJok et al. 2003) and MG63
osteogenic (C. H. Lohmann, Schwartz et al. 2000tt&&ong-Shong Chang, Chen et al.
2004) differentiation. The course of action of #leal stimulation on the activation of

differentiative pathways is still unclear.

One possible hypothesized mechanism involves thieasing of reactive oxygen species
(ROS) within the cell (Heinrich Sauer 1999; Saued &Vartenberg 2005). Sauer et al
(1999) found that electric field stimulation incsed intracellular ROS production in mouse
EBs. ROS are very small highly reactive molecutgnerated during the normal
metabolism of oxygen by NADPH oxidases or as sidadgpcts of several enzymatic
systems (e.g., cyclooxygenases, nitric oxide (Nydtreses, mitochondrial cytochromes).
Although excessive concentration of ROS, such aersxide anions (£) and hydrogen
peroxide (HO,), are considered destructive and results in itibibiof gene expression
(Puceat, Travo et al. 2003; Puceat 2005), smalluatsoof ROS function as intracellular
second messengers and activate signaling cascad®ged in growth and differentiation
of many cell types (Sun and Oberley 1996; Rhee ;1888er, Rahimi et al. 2000; Shah and
Sauer 2006). Sauer et al found that electric fegchulation increased intracellular ROS
production in mouse embryoid bodies (EBs). FurtleenROS was shown to activate the
mitogenactivated protein kinase (MAPK) pathwaysading the angiogenesis through the
activation of ERK1,2 and JNK and the cardiomyogen#dsough the phosphorylation of
ERK1,2, JNK and p38 (LEV, KEHAT et al. 2005; Litdaffs et al. 2006; Schmelter,
Ateghang et al. 2006).
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These studies introduce the applicability of eleatrstimulation as a possible technique to
control cell differentiation. However, in a clinigarospective the use of human SCs would
be necessary. It's then important to investigatedtiects of the electric field on these cell
types, in particular human ESCs (hESC) (Lovell &fathur 2004; Boyle, Schulman et al.

2006).

In order to control the cell behavior through théicacious application of exogenous
electrical fields, it is necessary to charactetize stimulation at the electrical level and

understand its mechanisms of action at the biotbdgwvel.

To enable an efficacious vitro stimulation it is necessary to control the intgnsiuration
and frequency of the stimulus on the cell. If thienglation is given applying a constant
voltage between the working and counter electroftasexample, the geometry of the
system and the properties of the electrode detertmia duration of the cell stimulation.
When a couple of electrodes are introduced in aentmlyte and the potential across the
electrodes is set, the ions in the medium will édistributed by the electrostatic forces
creating, in a very narrow volume at the interfaadled electrical double layer, a plane of
charge that shields the charges on the electradi@csu The movement of ions determines
the transient presence of current in the systenth@ftsteady state, in absence of chemical
reactions, the potential drop is concentrated m double layer and the current in the
system is absent. If a cell is placed between kbetredes in a steady condition, it will not
be affected by any electrical stimulation because ¢lectric field across it will be
negligible (Merrill, Bikson et al. 2005). In presenof reactions, the equilibrium condition
is characterized by a small current in the systamtd the charge-transfer on the electrode-

electrolyte interface (Norlin, Pan et al. 2002).

The time necessary to reach a steady state camdktidependant on the properties of the
electrolyte and the amount of charge accumulatetherlectrode surface. The amount of
charge accumulated on the electrode surface iarm dependant on the voltage applied
between the electrodes and the properties of gatretle material, such as its surface area,
capacitance, and chemical properties. For biokdgapplications, additional electrode

requirements stem from the requirement that thetrelde material be biocompatible and
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prove adequate mechanical properties. Herein iesecessity of characterize accurately

the system before performing biological experiments

In this study the electrical properties of elece®df same geometry and different material
have been evaluated through electrochemical immpedspectroscopy (EIS). The electrode-
electrolyte interface has been modeled by Rangie-tgquivalent circuit, evaluating

capacitance and polarization resistance of Titaniitanium Nitride and Stainless Steel
electrodes. The evolution of the stimulation hasnbmonitored measuring current in the
system. The effectiveness of the electrode matdrésd been evaluated through the
expression of intracellular ROS in hESCs. Since Hi2 differentiation stage could

influence the intracellular production of ROS, diffnt stages of EB differentiation have
been investigated. The percentage of beating ERsesence of electrical stimulation has

also been compared with the basal condition inratesef stimulation.

C.2 Material and methods

C.2.1 Human Embryonic Stem Cellsculture

Undifferentiating hESCs (H13.B line WiCell Researceistitute, Madison, WI; p19-40)
were grown on inactivated mouse embryonic fibrasla@VEF) in growth medium
consisting of 80% KnockOut DMEM, supplemented wi#®% KnockOut Serum
Replacement, 4 ng/ml basic Fibroblast Growth FadtonM L-glutamine, 0.1 mM -
mercaptoethanol, 1% non-essential amino acid s(boktrogen Corporation, Carlsbad,
CA). hESCs were passaged to new feeder using lntgpallV collagenase (Invitrogen
Corporation, Carlsbad, CA). To induce the fornmatid human EBs, the undifferentiated
hESCs were treated with 1 mg/mL collagenase, ard thansferred to low attachment
plates containing EB medium: 80% knockout Dulbesaoodified Eagle medium (Gibco
Invitrogen Co.) supplemented either with 20% defifetal bovine serum (Hyclone), 1mM
L-glutamine, and 1% nonessential amino acid statkf(om Gibco-BRL). Human EBs
were cultured at 37 °C, and 5% CO2 in a humidiagédosphere, with changes of media

every 3 days.
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For checking the influence of electrical stimulatia cardiac differentiation, 4 and 7 days-
old EBs were stimulated in the electrical stimwati system described below, at
concentration of 2-4 EBs per well in presence aflsmg buffer”. The EBs were then

cultured in EB medium and allowed to attach foh2#edia was replaced everyday.

C.2.2 Electrical stimulation system

EBs were electrically stimulated within bioreactauilt exclusively for this purpose in
poly(dimethylsiloxane) (PDMS). The bioreactor isachcterized by an array of 4 by 4 wells
as showed in Figure 1. Electrodes of 2 mm of diamedn be inserted in both sides of each
row. Independent stimulation is guaranteed by tBB insulation between different

rows.

Figure 1 Bioreactor for electrical stimulation (A) Schematic representation of the bioreactor
design (B) Actual picture.

The device was fabricated with stereolithographethud curing PDMS in a (material)
mold. The mold, fabricated by (QuickParts, GA, USAproduces with a precision of 50
pm our specific drawing. The 10:1 mixture of PDMSJanitiator (Dow Corning, MI) was

poured in the mold where the electrodes were ajr@askrted in specific holes. The inlet
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and outlet holes of the electrodes were designeghtlyl smaller of the electrodes
dimension in order to seal them. The PDMS biorgadto attached directly to a
(dimensions) glass slide via plasma treatment ¢ barfaces. The optical transparency of
the glass slide allows the EB observation durirgggtimulation. EBs were suspended in a
bioreactor well in a low ionic content “pulsing fber,” which contained (in mM) sucrose,
255, CaCl2 1, MgCI2 1, and HEPES 5 (pH 7.2) (Sightdrich, St. Louis, MO) and had a
conductivity of 500 uS/cm. The electrodes were connected to electritatukator
generating square-wave electric pulses (Gras S88¥p-Med, Inc., West Warwick, RI).
A single electrical field pulse with a field strehgof 5 V/cm and duration of 90 s was

applied to embryoid bodies.

C.2.3 Electrode material characterization

The electrode/electrolyte interface was charactdrithrough electrochemical impedance
spectroscopy (EIS) and charge injected measurenfentdifferent electrode materials.
Electrodes (10 cm length x 1.6 mm diameter) webeidated from 304 Stainless Steel and
Titanium rods (McMaster-Carr, Atlanta, GA). Someludése Titanium rods were sent Eclat
Industries Inc. (Levittown, NY), where they coategith Titanium Nitride. EIS
measurements were performed with an electrochermbaiface (Solartron 1287) and a
frequency response analyzer (FRA, Solartron 126@jrolled by a computer with ZPlot
software (Solartron Analytical, Oak Ridge, TN). Téystem was set up as the equivalent
circuit shown in Figure 2A and associated pararsesee determined using ZView 2.5b.
This program plots the Nyquist and Bode plots facte condition. The EIS spectra were
acquired over a frequency range from 1 x 106 to1Dx2 Hz with perturbation amplitude
of 10 mV, 100 mV and 1 V.

The current profile in the system during 90 s statians was measured by the potential
drop profile across a 330 ohm resistor placed iiresen the stimulation loop. The current
value was calculated by dividing the potential nueed across the resistor (with an

oscilloscope) by the value of the resistor (Ohraig)l Since the current across the system
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was low enough to reach the 10 mV lower limit of tbscilloscope, at least 11

measurements were taken for each material.
C.2.4 Cdl Viability

The cell viability after 4 days of continuous eleml stimulation was studied in EBs
through live/dead assay (Molecular Probes, Eugé@m). The 4 days old EBs were
stimulated continuously at 5 V/cm for 5 ms at thegtiency of 1 Hz. This fluorescence
based method detects live and dead cells using 3calbkin AM and 3 mM ethidium
homodimer-1 (EthD-1) dye. The calcein AM is welltaieed within live cells and
converted enzymatically in green fluorescent caldex/em ~495 nm/~515 nm). EthD-1
enters cells with damaged membranes where it hmasicleic acids, thereby producing a
bright red fluorescence in dead cells (ex/em ~485-635 nm). Prior to staining, the EBs
were washed with PBS to minimize serum esterase@tggbresent in serum-supplemented
growth medium. Serum esterases could increase hmaakd) fluorescence by hydrolyzing
calcein AM extracellularly. Each well was covere¢y B50 pL of the combined
LIVE/DEAD dyes solution using concentration of 3 nibt calcein AM and ethidium. The
solution was incubated for 90 minutes at room taaipee. The labeled cells were

analyzed using fluorescence microscope Zeiss iegearticroscope.
C.2.6 ROS expression

Generation of intracellular reactive oxygen spewias measured using the fluorescent dye
dichlorofluorescein diacetate (DCFH-DA) (Sigma Addir, St. Louis, MO). DCFH-DA
was stored at -20 °C at a concentration of 10 mgimrethanol. DCFH-DA is a nonpolar
and nonfluorescent compound that can diffuse ih® dell where it is deacetylated by
cellular esterases into a nonfluorescent polarvdgve '
dichlorofluoroscein (DCFH) that is impermeable tellcmembrane. DCFH is rapidly
oxidized to the highly fluorescent dichlorofluorest (DCF) in the presence of intracellular
ROS. Embryoid bodies were incubated in Knockoutioradcontaining 4uM DCFH-DA

for 30 min at room temperature. Embryoid bodiesewtten washed twice in a low
conductivity medium (255 mM sucrose, 1 mM CaClz¥ MgCI2, and 5 mM HEPES),
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and transferred to the bioreactor for electricahslation. Fluorescence images were taken
with excitation wavelength of the 488 nm and enoissivavelength of 530 nm every 20 s
for the first minute and every minute after thaheTfluorescence variation was calculated
by taking ratio of average of fluorescence intgnatteach time point after stimulation (F)

to the initial value (FO).

C.2.6 Statistical Analysis

Significance of each data point was determined hgwa test, where a value of P < 0.05

was considered significant.

C.3 Reaults

C.3.1 Bioreactor characterization

In order to evaluate the influence of differentcélede materials on effectiveness of
embryoid bodies stimulation, the bioreactor wasratigrized through electrochemical
impedance spectroscopy (EIS). Fixing the type wohudation, the current profile in the

system depends on the geometry of the system aqegies of electrode materials, such

as effective surface area or polarization resigtanc

Bode and Nyquist plots, obtained by EIS analysih &iperturbation of 10 mV, are shown
in Figure 1 for Stainless Steel (SS), Titanium @ngd Titanium Nitride (TiN)-coated (TiN)

electrodes, respectively. The equivalent circuibvah in Figure 2A was used to fit the
spectra and model the electrode-electrolyte intetfarhe interfacial capacitance and

polarization resistance were obtained by thigWitand are summarized in Figure 2B.

The tested electrodes show similar interfacial cipace of the order of 10F/cnt
whereas the polarization resistang&g) (for Titanium and Titanium Nitride is an order of
magnitude higher than for the Stainless Steel. Th@se accentuated curvature in the

Nyquist plot gives a visual confirmation of thidaaation.
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" Perturbation | CPE, Flcm? | Rp, Q/cm? n
Material
Voltage (% error) (% error) (% error)
omy 3.17E-06 1.68E+06 071 R.
(0.28%) (2.50%) 0.71%) R,
Staitnle-lss 100 my 6.28E-06 8.76E+05 0.66 100000
stee (0.81%) (10.00%) (0.36%) :
3.02E-05 1.87E+04 053 L B
1000 mv (4.61%) (10.26%) (3.33%) 10 mv
omy 3.27E-06 6.86E+06 077 750000
(0.63%) (10.00%) (1.85%)
Titanium +
an 451E-06 3.18E+06 0.76 100 mV
100 mv
nitride m (0.64%) (18.40%) (0.29%) I
~ -500000
1.23E-05 1.78E+05 073
1000 mV/
m (1.04%) (5.42%) (0.57%)
omy 1.61E-06 4.78E+06 0.80
(0.53%) (7.28%) (0.65%) e |
Titanium 100 my 1.60E-06 4.05E+06 0.79 1000 mV
(0.66%) (7.28%) (0.29%) L
3.02E-05 1.87E+04 053
1000 mv (4.61%) (10.26%) (3.33%) 0 : : : : : :
0 250000 500000 750000 1000000

Fa

Figure 2 In the table. Constant phase element (CPE), polarization resistance (Rp) and
capacitance dispersion (1) calculated fitting the equivalent circuit of the electrode/electrolyte
systems (A), where Re is the resistance of the electrolyte. (B) Nyquist plot of stainless steel
electrodes at increasing perturbation voltage.

Increasing the amplitude of the stimulus up to 1th& capacitance increases whereas the
resistance to the reactions becomes up to two ®fanagnitude lower, as summarized in
Figure 1. These results agree with the changinghenNyquist plot shape that becomes

more and more curved, as shown in Figure 2.

The amount of charge injected was calculated forusations of 50 ms, 1 s and 90 s. The
potential-time plots show an initial increasingtioé potential followed by a rapid decrease
due to the polarization of the medium and the dimgl of charges on the electrode, as

shown in Figure 3.

However the potential reaches values close to aehp for Ti and TiN, whereas for SS
electrodes the reactions that occur in the eleeteddctrolyte interface keep the potential

higher up to saturation around 5 s.
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Figure 3 Effects of electrode material on effectiveness of electrical stimulation (5 V/cm 90 s).
Current vs time profile in the system during stimulation with stainless steel, titanium nitride and
titanium electrodes.

C.3.2 Céll viability and ROS expression

Continuous electrical stimulation doesn’t compramtee embryoid bodies viability, as

shown by the live and dead assay performed aftietyd of stimulation (5 V/cm).

Figure 4 Effect of electrical stimulation on cell viability. Live/Dead assay of 8 day-old EB non
stimulated (A) and after 4 days continuous simulation at 5 V/cm (B).

As shown in Figure 4, the presence of dead cellaegligible in stimulated and not
stimulated EBs. Moreover the electrical stimulatggems to improve the cell attachment
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as shown in Figure 4. This could be due to theipasscreasing of intracellular calcium
localization and consequent enhancement in tha potiduction (Mycielska and Djamgoz
2004).

The effect of the electrical stimulation on prodowtof intracellular ROS was determined
by the variation on fluorescence of oxidized DCEhw6 days-old embryoid bodies. The
stimulation was performed at 5 V/cm and duratio®®imns, 1 s and 90 s using Ti, TiN and
SS rods as electrodes. As shown in Figure 5C ntinecellular ROS continuously increased
during and after the field pulse, for up to 20 m@suwhen it seems to reach a plateau. The
variation in fluorescence intensity can be quaedifcomparing the images collected at the
beginning and after 20 min (Figure 5A-B).

25.0
20.0 | ° .
*
X 15.0 4 . *
£ *
T 1001 o
*
50,
&
0.0 ‘ ‘ ‘ ‘ ‘ ‘
0 200 400 600 800 1000 1200 1400
C Time (s)

Figure 5. Example of intracellular ROS due to electrical stimulation (5 V/cm 90 s). Fluorescence
image of EB before stimulation (A) and after 20 minutes (B). (C) Time course of normalized
dichlorofluorescein (DCF) after stimulation.

This ratio between the average of fluorescencensitte at the beginning and after 20 min

gives the amount of reactive oxygen species pratlimehe EB by the stimulation, as



142 pendix C

summarized in Figure 6A. Considerable changes irs R&®pression were observed with

increasing durations of stimulation, as shown guFe 6A.

30.0 § oTl | aTi

1s day4 day6 day8

A Stimulus Duration B EBs age

Figure 6 Generation of reaction species (ROS) in embryoid bodies after electrical stimulation (5
V/cm) with different electrode materials. (A) Dichlorofluorescein (DCF) fluorescence increasing
after 50 ms, 1 s and 90 s of stimulation. (B) Dichlorofluorescein (DCF) fluorescence increasing of
4, 6 and 8 days-old embryoid bodies after electrical field treatment.

This concurrent increase suggests the dependenitee (OS production on the duration

and strength of the stimulation. In particular, thiéerence between the electrodes is more
significant for 90 s stimulation. The reactions stainless steel electrodes keep a higher
electric field constant for all 90 s stimulationcieasing the final expression of ROS. The

difference between electrodes after 50 ms andiinsilgtion is not significant.

Since human embryonic stem cells have been showegim differentiation toward cardiac
lineage 4 days after EBs formation (Mummery, Wardale 2002) and they may show
different reactivity to exogenous electric field different stage of the development, it
seemed interesting to check the ROS expression aéetrical stimulation of 5 V/cm for
90 s of 4, 6 and 8 days-old embryoid bodies. Therfiscence variation was calculated as
previously described. As shown in Figure 6B, emlahyandies 4 days old exhibited higher
increase of fluorescence than at day 6 or 8.

C.3.3 Cardiac differentiation

To evaluate whether electrical field and intradalu ROS expression enhances

cardiomyocyte differentiation of hESC, 4 and 7 déy-EBs were exposed to a single
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electrical field pulse with field strength of 5 Wicand duration of 90 s, and then plated.
Titanium Nitride electrodes were used for this siision because of its intermediate effect
upon the increase of ROS production. After 3 dalysubture (after plating), embryoid
bodies started to beat spontaneously. The numbleeating EBs increases day by day up
to age of 19 days-old. The percentage of beatingprgmid bodies at this stage is

summarized in Figure 7.

Treatment of EBs with a single electrical field gilof 90 s at 5 V/cm slightly stimulated
cardiomyogenesis. In particular higher percentafeb@ating embryoid bodies was
observed in embryoid bodies seeded at day 4. Utidse experimental conditions, the

number of beating embryoid bodies (in %) was 1hd A6 for EBs stimulated at 4 and 7

day-old respectively.
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Figure 7 Effect of electrical stimulation on cardiomyocyte differentiation. 4 and 7 days-old EBs
were plated and then stimulated with 5 V/ecm 90 s pulse with Titanium Nitride electrodes.

Percentage of beating EBs was evaluated in 19 days-old EBs.
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C.4 Discussion

The presences of endogenous electric field durmeg @mbryonic development and the
effects of exogenous one for different kind of €dlave been already reported in several
studies (Jaffe and Nuccitelli 1977; Nuccitelli 200Blowever the interpretation of the

cellular response to such fields is complicatednaglequate characterization of the system
used for stimulation. Uncertainties about the tgpd magnitude of field make difficult the

individuation of the biophysical and biochemicalahanisms activated on the considered
biological system. Here we report differences inacellular ROS generation solely due to

choice of electrode material.

In biological applications, material selection flectrodes is a complex issue. The ideal
material for use as a stimulating electrode must Hecompatible, have stable
characteristics during the stimulation and accdptaiechanical properties. The effects of
electrical stimulation are strongly dependent oe tectrode geometry and material
properties. The charge-transfer at the electrodetrellyte interface happens through three
mechanisms: (i) non-faradaic charging/discharginthe electrochemical double layer, (ii)
reversible faradaic reactions, and (iii) non-rel@esfaradaic reactions (Merrill, Bikson et
al. 2005; Cannizzaro, Tandon et al. 2006). Eletieodcal impedance spectroscopy (EIS)
gives information about the relative presence ahaaechanism, determining the value of

capacitance and resistance to reactions for eadifispelectrode.

This method was used here to characterize diffezlutrodes in stainless steel, titanium
and titanium nitride. The data shows mainly differ@s on polarization resistandg,)
value, which is much lower for Stainless Steelagmeement with this result, the potential-
time plot for stainless steel is kept to constaalue of 0.4 mA by the presence of reactions
on its surface during the stimulation. For titaniand titanium nitride we have instead an
initial increasing of the potential followed by apid decrease up to a value close to zero

due to the polarization of the medium and the dimigl of charges on the electrode.

Previous studies have shown the correlation betwalentrical stimulation and ROS

expression in different kind of cells, including rme embryonic stem cells (Wartenberg,
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Hescheler et al. 1997; Heinrich Sauer 1999). Hezestwow that the applied electric field
lead to generation of intracellular ROS in humarbemnic stem cells. The EIS results
were useful to evaluate the correlation betweeratthir of a stimulation and ROS
expression on human EBs, which was evaluated nramgtathe expression of DCF
fluorescence for 20 min. In agreement with thesalts, the use Stainless Steel electrodes

and the increasing of stimulation duration enhahedntracellular ROS expression.

Since mouse embryonic stem cells have shown a tieduof the intracellular ROS

production during development (Sauer, Rahimi et2800), it was interesting to check
what was the behavior of human cell. EBs of diffierstages of development (4, 6 and 8
days-old) were stimulated with 5 V/cm and 90 s,vghg an maximum expression of ROS

at 4 days-old.

The decay ROS generation may be likely due to doggulation of NADPH oxidase

activity during the development, as already shoammiESC (Sauer, Rahimi et al. 2000).
The active role of NADPH oxidase in differentiatjaiready shown in other cell type (Li,
Stouffs et al. 2006), may suggest the higher ppedision of the hESC to a cardiac

differentiation and a more efficacious electridahsilation at earlier stage of development

This hypothesis is confirmed by the measure ofpreentage of beating 19 days-old EBs.
EB start beating with higher percentage if seedeehdier stage of differentiation and if
stimulated at 5 V/cm for 90 s.

Even if the role of ROS in the cardiac lineageat#htiation in human embryonic stem cell
has still not been investigated, these results sepramising in the final propose of
enhancing the number of differentiated human emiicystem cell through electric

stimulation.
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Abstract

Heart disease is a leading cause of death in Westariety. Despite the success of heart
transplantation, a chronic shortage of donor orgaakng with the associated
immunological complications of this approach, dedsanhat alternative treatments be
found. One such option is to repair, rather thgiaee, the heart with engineered cardiac
tissue. Multiple studies have shown that in orderattain functional tissue, assembly
signaling cues must be recapitulatedvitro. In their native environment, cardiomyocytes
are directed to beat in synchrony by propagatiorpafing current through the tissue.
Recently, we have shown that electrical stimulatiirects neonatal cardiomyocytes to
assemble into native-like tissure vitro. This chapter provides detailed methods we have
employed in taking this biomimetic approach. Aféer initial discussion on how electric
field stimulation can influence cell behavior, weamine the practical aspects of cardiac
tissue engineering with electrical stimulation sashelectrode selection and cell seeding

protocols, and conclude with what we feel are #maining challenges to be overcome.
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D.1 Introduction

The overall goal of cardiac tissue engineeringiditect the cells to (re)establish the structure
and function of the native tissue being repaireer@linically relevant thicknesses, ~ 1 cm for
adult human heart (Zammaretti and Jaconi 2004). i@y of engineered cardiac grafts
depends on cell survival, integration, functionaliand electrical coupling (Zimmermann,
Didie et al. 2002). To engineer functional myocandj we used a “biomimetic” approach that
involves the cultivation of cardiac cell populatoron scaffolds (designed to provide a
structural and logistic template for tissue forroajj using bioreactors (designed to provide
environmental control and biophysical signaling)isTapproach involves three related aspects:
(a) establishment and maintenance of physiologiesite of viable cells, (b) convective-
diffusive oxygen supply to the cells using chandedeaffolds (to mimic the capillary flow)
and oxygen carriers in culture medium (to mimic tbke of hemoglobin) and (c) electrical
field stimulation (to induce excitation-contractioell coupling). In this chapter, we focus on
the electrical stimulation aspect of cardiac tissogineering.

Native heart tissue has low resistance pathwaysefectrical signal propagation due to
presence of gap junctions and high cell densityividual cells are packed tightly together and
held in place by tight junctions, such that the ogrdium acts as a synctium (Malmivuo and
Plonsey 1995; Basser and Roth 2000; Merrill, Bikgbral. 2005). To induce synchronous
contractions of cultured cardiac constructs, wdyaplectrical signals designed to mimic those
orchestrating the synchronous contractions of delisative heart. Over only 8 days vitro,
electrical field stimulation can induce cell aligam and coupling, increase the amplitude of
synchronous construct contractions and result iremarkable level of ultrastructural

organization. Electrical stimulation can promot# déferentiation and coupling, as evidenced
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by the presence of striations and gap junctiond, iamesults in concurrent development

conductve and contractile properties of cardiac constriEigure 1)(Radisic, Park et a

Fom. Ll ey, Leand
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Figure 1 Electrical stimulation promoted myocyte differentiation and functional. (A) Experimental setup

for supra-threshold stimulation of cardiac myocytes cultured on a elastic, porous scaffold. A Petri dish is
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fitted with two stimulating electrodes that generate electrical field gradiants with a supra-threshold
amplitude; results are shown in D-J. (B) Experimental setup for stimulation of endfothelial cells on a
polymer scaffold. A chamber is fitted with two platinum electrodes generating electrical field stimuli with
a sub-threshold amplitude; results are shown in C. (C) Enhanced cell proliferation. (D) Contraction
amplitude was 7 times higher in stimulated than non-stimulated constructs. (E) Contraction amplitude
progressively increased with time of stimulation. (F) Contractile activity was associated with the
propagation of action potential at cell membranes. Expression of a-MHC (G) and gap junctional protein
connexin-43; immunostains. (H) were markedly higher in stimulated group. Stimulated constructs had
well developed myofibrills with parallel sarcomeres and intercalated discs placed symmetrically between

the Z lines. I. Intercalated discs, J. Sarcomeres.

D.2 Materials

Bioreactor

1. 60-mm glass Petri dish (VWR, West Chester, PA).
2. 6-well polystyrene plate (NalgeNunc InternatiorRbchester, NY).
3. 3.0-mm biopsy punch (MedExSupply Co., Monsey, NY).
4. Poly-dimethylsiloxane (PDMS, Sylgard 184, Dow CagiMI).
5. Stainless steel push pins (size 000, Fine ScienoésTN. Vancouver, Canada).
6. Electrodes, all in form of a 1/8” rod:
a. Carbon (12" x 0.120", Ladd Research, Williston, NY)
b. Stainless steel, type 303 (McMaster-Carr, Atlata).
c. Titanium, grade 2 (McMaster-Carr).

d. Titanium nitride (TiN) coated titanium, grade 2 [&cIndustries, Inc., Levittown,

NY).
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7. Platinum wire (0.005" diameter, Ladd Research).

Electrical characterization of bioreactor

1. Electrochemical impedance spectroscopy: Solartr@871and Solartron 1250 FRA
(Solartron Analytical, Oak Ridge, TN) interfaceddmmputer with ZPlot software (Scribner

Associates, Southern Pines, NC).
2. Digital oscilloscope with storage capability: TDS8® (Techtronix, Richardson, TX).
3. Alligator clips and test leads (Mouser, MansfiéliX).
4. 10Q resistors (Mouser).
5. Phosphate-buffered saline (PBS) calcium- and magmeee (Gibco/BRL, Bethesda,

MD).

Electrical stimulation

1. Dual output square pulse stimulator (Grass S88XroAled, Inc., West Warwick, RI)

and/or
2. Custom computer-controlled stimulator consisting of

a. Data acquisition and control software: Labview {National Instruments, Austin,

TX).
b. Analog output board with 8 independent channels5'MNI3 (National Instruments).
c. /O connector block and cable: SCB 68 and R6868igNal Instruments).

d. Amplifier board and power supply: for each chanmele high current operational
amplifier connected in unity-gain mode (TI OPA-5%ligikey, Thief River Falls,

MN) and one Elpac 43 W power supply (WM220-1, Deyikfor all channels.
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3. Flat ribbon cable (16 wire, 26 AWG) and IDC ribbeable interconnects (Mouser).

Cdll culture

1. Hank’s balanced salt solution (HBSS) and PBS with &f HEPES buffer (Gibco/BRL).
2. Trypsin (U.S. Biochemicals, Cleveland, OH).

3. Collagenase type Il (Worthington, Freehold, NJ).

4. Matrigel® (Becton Dickinson, Bedford, MA).

5. Ultrafoam hemostat collagen sponge (Davol Inc.néen, RI).

6. Cardiac growth medium: Dulbecco’s modified Eaglediden (DMEM), 10% fetal bovine serum
(FBS), 1% HEPES and 1% penicillin (10,000 U/ml)tfeptomycin (10,000 pg/ml), all from

Gibco/BRL.
Histological analysis
1. 10% buffered-formalin (Sigma Diagnostic, St. LOWNKD).
2. Horse serum (Vector Laboratories, Burlingame CA).
3. Tween 20 (Sigma, St. Louis, MO).
4. Avidin—biotin complex agent (Sigma).
5. 3,39-diaminobenzidine (Sigma).

6. Mouse anti-cardiac troponin | (Tnl, Biodesign, Saktk), 1:150 dilution in PBS containing 0.5%

Tween 20 and 1.5% horse serum.

7. Rabbit anti-connexin 43 (Cx43, Chemicon Internatlprfemecula, CA), 1:150 dilution in PBS

containing 0.5% Tween 20 and 1.5% horse serum.
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8. Horse anti-mouse 1gG, Standard Elite ABC kit (Vedtaboratories), 1:200 dilution in PBS

containing 0.5% Tween 20 and 1.5% horse serum.

9. Fluorescein-conjugated goat anti-rabbit IgG (Signi&00 dilution in PBS containing 0.5%

Tween 20 and 1.5% horse serum.

Ultrastructure analysis

1. Karnovsky's reagent: 0.1 M sodium cacodylate with paraformaldehyde and 2.5%

gluteraldehyde, pH = 7.4.
2. Epoxy embedding kit (Epon 812, SPI Supplies, Wdsster, PA).
3. 1% osmium tetroxide in veronal-acetate buffer.
4. Graded ethanol in propylene oxide.
5. Lead citrate.

6. Uranyl acetate.

D.3 Methods

Bioreactor assembly

To assess cell alignment after stimulation, it ésichble to maintain a constant alignment of
scaffolds with respect to the direction of the #lecfield gradient, while at the same time not
restricting the contractions of the tissue constnar the ability to observe the constructs with a
microscope. We accomplish this task using stairdéssl pins, held in place by a thin layer of
PDMS at the bottom of a Petri dish (see FigureB&low is protocol for bioreactor assembly,

while scaffold positioning is covered in the follmg sections.
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Figure 2 Experimental setup for supra-threshold stimulation of cardiac myocytes. (A) Electrical
stimulation voltages are set using a computer program, output through 8-channel AO card, amplified,
and interfaced to bioreactors. (B) 60 mm Petri dish with carbon rod electrodes, spaced 1 cm apart. (C)

Close up view of scaffold positioned between electrodes and held in place with two stainless steel pins.

1. Prepare 10 g of the 10:1 mixture of PDMS and itotiaPour 7 g of mixture into one 60-
mm glass Petri dish and de-gas under vacuum forCuke in oven at 65C for 2 h. The
final thickness of PDMS is 0.3 cm, thick enoughhtid pins in place, but thin enough to

observe scaffolds with an inverted microscope.

2. Prepare an additional 60 g of the 10:1 mixture DMS and initiator, add 10 g to each well

of a six-well plate, and cure. The final thicknes®DMS in each well will be 1.0 cm.
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3. Remove PDMS disks (3.5 cm diameter) from well antl in half. Use 3.0 mm biopsy
punch to make 2 holes along linear surface, 1.0from bottom edge, and spaced 1.0 cm

apart.
4. Cut electrode rods to length of 5.0 cm.

5. Wrap wire multiple times around ends of each raat.darbon rods, drill a small hole in end
of rod and insert wire before wrapping. Leave aditawhal 10 cm of wire attached to each

electrode.

6. Insert two rods into punched holes of one PDMS-t&lk. On opposing end, insert rods

into a second half-disk. Length of electrode exddseelectrolyte is 4.0 cm.

7. Place electrode/PDMS block into center of Petrhdisth PDMS base. Electrode supports

may need to be trimmed to fit.

Electrical characterization of bioreactor

Stimulation efficiency is determined by the ability attain a desired physiological response with
minimal damage to the surrounding tissue. For egogiication, electrical stimulation conditions
should be optimized by not only choosing appropriaiectrode geometry but also by studying
electrode material properties and charge-transfearacteristics at the electrode-electrolyte
interface. Electrodes must be biocompatible to dvtokic or immune responses in the adjacent
tissue or medium, and they should efficiently tfangharge from the electrode material where it
is carried byfree electrongo the medium or tissue where it is carriedidnys Charge transfer can
occur through three mechanisms: (i) non-faradaiargihg/discharging of the electrochemical
double layer, (ii) reversible faradaic reactionsd iii) non-reversible faradaic reactions. Thestfir

two mechanisms are desirable, while the last shbeldavoided because it is associated with
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electrode degradation and harmful byproducts. Etative presence of each mechanism can be
assessed using electrochemical impedance speqtgoé€ts), from which an equivalent circuit of

the stimulation system can be constructed.

El' S measurements of bioreactor

In our laboratory, EIS measurements are taken antlelectrochemical interface (Solartron 1287)
and a frequency response analyzer (FRA, Solart@g®)Lcontrolled by a computer with ZPlot
software. Equivalent circuits and associated pararsere determined using ZView 2.5b. Please
see (Norlin, Pan et al. 2004; Norlin, Pan et al0®20Norlin, Pan et al. 2005) for additional

information on EIS measurement of common electradeerials.

1. Take electrochemical impedance spectroscopy (El&sorements of electrodes in Petri
dish with 20 ml of PBS (see Note 1). Acquire EI®&pa over a frequency range from 1 x

10 to 1 x 10% Hz with a perturbation amplitude of 10 mV.

2. Record for each frequency the real (resistive)iamabinary (capacitive) components of the

impedance responsg,andZ", respectively.
3. Evaluate data in ZView to generate Nyquist and Baldés for each condition (see Note 2).

4. Create an "equivalent circuit" of the system ugiegjstors and capacitors in series and in
parallel (see Note 3). Calculate the valuesGBE R, and s using instant fit functions in
ZView software. An example of EIS analysis of conrmmelectrode materials (carbon,
stainless steel, titanium, and titanium nitrideyl®wn in Figure &nd extended studies on

carbon are shown iRigure 4.
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Figure 3 Electrical characterization of stimulation electrodes with EIS. 30x scanning electron
microscopy (SEM) images of electrodes, 1/8” diameter (A). White bar corresponds to 500 um. The
semicircular shape of stainless steel in the Nyquist plot (B) suggests the presence of reactions, whereas
titanium, titanium nitride, and carbon have progressively more linear profiles associated with high
polarization resistance. When the electrode/electrolyte interface is modeled with an equivalent circuit (C),
where R, is the polarization resistance, CPE a constant phase element, and R, electrolyte resistance, the
relatively low value of R, for stainless steel confirms that it is more susceptible to faradaic reactions, and
hence corrosion. At the other extreme, the carbon electrodes are best suited for electrical stimulation: their
very high R, value minimizes faradaic reactions and the relatively high CPE value indicates that the
electrode transfers more charge to electrolyte, and hence tissue construct. Furthermore, as indicated in
the Bode plots (D,E), carbon has the lowest impedance modulus |Z| across all frequencies. Experimental

setup was as shown in Figure 2 with 4 cm electrodes and 10 mV perturbation.
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Current measurement in the bioreactor

The amount of injected charge is calculated sinmiptymeasuring the potential drop across a

resistor placed in series in the stimulation loop.

1. Place 10X resistance in series with the bioreactor in tirawdation loop. The value of this
resistance is high enough to allow measurementvoitage across the electrode, even with

small current.

2. Apply the stimulus (e.g., 5 V, 2 ms square wavd)eck with oscilloscope that intended
waveform is faithfully applied to bioreactor. If fhocurrent limit of stimulator may be
exceeded and corrective action must be taken @artrode area or medium conductivity

reduced or current rating of stimulator increased).

3. Record over time the voltage across the resisttn thie oscilloscope, and for each time
point, calculate the value of current by dividirftie tvoltage across the resistor by the

resistance value (Ohm'’s law).

4. Calculate the total amount of injected charge kegrating the current profile for the
duration of the stimulus. Current profiles and a#dted injected charge for electrodes of
different materials (carbon, stainless steel, tittamp and titanium nitride) are shown in

Figure 5
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Figure 4 (A) Nyquist plot of carbon rod electrodes for increasing perturbation voltage. As potential

mouves further from equilibrium, the plots become curved and faradaic reactions become of increasing

importance. (B) Nyquist plot of carbon rod electrodes measured before an experiment and after 5 days of

electrical stimulation (5 V, 2 ms, 1 Hz). While at low frequencies the aged electrode had decreased

impedance, its resistance to reactions remained unchanged, i.e. R, values were equal. Experimental setup

was as shown in Figure 2 with 4 cm electrodes.

Choice of the el ectrode material

The design considerations required for electritatation of engineered cardiac tissue are many

and interdependent. Factors to consider includealtination and shape of the stimulus waveform,

the size of the tissue construct in question, feetical property being exploited (generation of

reactive oxygen species versus eliciting actionemml, for example), the duration of the

experiment, and the mechanical properties requiféde electrode in the bioreactor setup. For our

work, we started with a desired stimulus wavefoemamined the electrical characteristics of that

stimulus, and based subsequent design decisiohghisgtin mind.
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Figure 5 Current measured over 5 V, 2 ms square wave pulse. The total amount of injected charge in
coulombs is equal to area beneath each curve, or 2.3 x 10-4 C for carbon, 1.79 x 10-4 C for stainless steel,

1.63 x 10-4 C for titanium nitride, and 1.20 x 10-4 C for titanium. Experimental setup was as shown in
Figure 2 with 4 cm electrodes.

1. Calculate the power spectral density of the stimwl@veform to determine the frequency
band that concentrates most of the energy in thsepuror 5 V, 2 ms square pulses

delivered at 1 Hz it is the frequency band belokHZ (see Figure 6 and Note 5).

2. Analyze the Bode plot to determine the behaviortted electrode material within this
frequency band. For example, the carbon electrodkesise have a corner frequency of
approximately 10 Hz, and so the electrode behasé®th a capacitor below this frequency

and a resistor above this frequency. Thereforegnust consider both the electrod€PE

andR, values (see Figure 3).
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3. CompareCPE R, and injected charge values calculated from EISdffferent electrodes.
Choose electrode material with higf?Eto increase charge injection, and higgto reduce

harmful reactions.

le+h

le+Hl A

Te+3 -
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lTe+l
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Te-1 T T T T T T T
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Figure 6 Power spectral density for 5 V 2 ms square wave pulse. Solid line is theoretical spectrum (see

Note 4), dashed line is measured spectrum.

Cdll lineand culture

The following protocols are for neonatal rat camlyocytes, which are readily available at most
institutions. However, the general methods of eleait stimulation described here are applicable

to all electrically excitable cells.
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Rat cardiomyocyte isolation

Heart cells are obtained from 2-day old neonatab@pe Dawley rats, using a protocol approved

by our Committee on Animal Care (s@tadisic, Park et al. 2004) for additional details)
1. Excise a whole heart from the rat and place itid ¢1BSS buffer.
2. Remove the left and right atrium and blood veskglasing small scissors and forceps.
3. Quarter remaining heart ventricles and wash in HB&&er.

4. Digest quartered hearts in 25 ml of 0.06% (w/v)psip in HBSS buffer by shaking

overnight at 4°C.

5. Stop trypsin digestion by adding 10 ml of cardiaavgh medium followed by incubation at
37 °C for 4 min with shaking at 150 rpn#fter discarding supernatant, add 10 ml of 0.1%
(w/v) type Il collagenase in HBSS to the tissue arudibate at 37°C for 4 min with shaking

at 150 rpm.

6. Collect the cell suspension from the digestion ams$h the pellet with 10 ml of HBSS

buffer and collect the supernatant.
7. Repeat steps 6 and 7 until no more tissue remains.

8. Centrifuge at 750 rpm for 10 min the pooled ce8gnsion from step 8 and then wash the

cell pellet with 25 ml of cell culture medium tameve residual collagenase (see Note 5).

9. Resuspend the cells in the cell culture medium pretplate for 1 h to enrich cell
suspension with cardiomyocytes by removing fibretda In this step, fibroblasts will

adhere to the culture dish within 1 h but mostasfiiomyocytes will remain in suspension.

10.Harvest cells by centrifugation at 1,000 rpm fani.
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11.Determine cell number and viability of cardiomyaeytby hemocytometer counts using

trypan blue to exclude dead cells. Twenty neoratahearts will yield 8-12 x Tells.

Scaffold preparation and seeding

1. Cut the collagen scaffold into squares 5 mm x 56 mm.

2. Immediately before use, hydrate each collagen sichffi culture medium for 2 h in the

37°C at 5% CQincubator.

3. Collect cells by centrifugation at 1,000 rpm for &n and resuspend in liquid Matrigel

using 5 pl Matrigel per 1 million cells, while wanlg on ice to prevent premature gelation.

4. Gently blot dry pre-wetted collagen scaffolds, dinen pipette cell suspension in Matrigel
evenly on the top surface of each scaffold. Indeukach scaffold with freshly isolated

heart cells at a density 1.35 x*X@lls/cn.

5. Gelation is complete within 15 min in a 37 °C inatdy, and inoculated scaffolds are then

transferred into Petri dish.

Electrical stimulation of constructs

The objective of electrical stimulation is to delinenough current to cells to depolarize membrane
and elicit an action potential. In addition, thesesome evidence that electrical stimulation amds i
cardiomyocyte alignment. For scaffolds of cardionwes seeded with Matrigel we have
previously determined that the optimal time to beglectric field stimulation is 3 days after

scaffolds are seeded and to assess contractiledorafter 8 days (Radisic, Park et al. 2004).

1. Place three scaffolds between electrodes in 60 &tm dish. Fix scaffold position with two

stainless steel pins bent over scaffold and intdiBbase layer (see Figure 2). These pins
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should not touch each other or the electrodesderdo minimally interfere with the electric

field.
2. Add 15 ml of cardiac medium to Petri dish and placecubator (37C, 5% CQ).

3. Make electrical connections with an effort to pretvany undesired electrical connections
via metal or electrolyte. Place a layer of autoelgaper beneath all bioreactors to prevent
unintentional electrical connections via moisturdhe bioreactor or via metal parts within

the incubator.

4. Stimulate with 5V, 2 ms duration square pulsetvdstd at 1 Hz (see Note 6). Monophasic
pulses were chosen for their simplicity and coniplly with carbon electrodes (see Note
7).

5. Start electrical stimulation 3 days after seediceffelds with isolated heart cells.

6. Stop electrical stimulation 8 days after seedirgffetds (5 days of electrical stimulation).

Scaffold characterization

Contractile activity

Contractile function of engineered cardiac congsrus evaluated on-line (during culture) by

measuring contractile activity in response to eleal field stimulation.

1. Place each construct between two carbon electrodapected to a cardiac stimulator
(either Grass S88X or custom system) in a 60-mmi Eeth filled with 15 ml cardiac

growth medium.

2. Maintain the temperature of the Petri dish at 37usthg heating tape fixed to the bottom of

the Petri dish and connected to a temperature atet{see Note 8).
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3. Place the entire setup on an optical microscopd, rmaopnitor contractile responses to
electrical stimuli (rectangular pulses, 2 ms dardtiusing 2x magnification.

4. Increase signal amplitude in 0.1 V increments ufp@ad/, and the stimulation frequency up
to 400 beats-per-minute (bpm).

5. For each combination of voltage and frequency, Idok the presence of random,
spontaneous contractions (an indicator of immatigseie) versus synchronous contractions
in response to electrical pacing (an indicator obren mature tissue containing
electromechanically coupled cells).

6. Measure two parameters to evaluate the contrabgleavior in response to electrical

stimulation: excitation threshold ET (the minimum voltage of electrical stimulation
required to elicit sustained synchronous contrastiof tissue constructs at a frequency of
60 bpm) andnaximum capture ratdMCR (maximum frequency of sustained synchronous

contractions that can be achieved at a stimulatoitage corresponding to ES).

Histological analysis

Fix cell-scaffold constructs in 10% buffered formdbr 24 h, dehydrate, embed in paraffin, bisect

in cross section through the center, and sectiob jom thickness. Sections are stained with

hematoxylin and eosin for general evaluation aathetl with cardiac specific antibodies to assess

the distribution of cardiac markers. Use a humadifchamber for all incubation steps. Neonatal rat

heart and bovine tendon serve as positive and ivegaintrols, respectively.

1. Deparafinize sections to retrieve antigen by heaatinent for 20 min at 95°C in a

decloacking chamber (Biocare Medical, Concord, CA).
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2. Subsequently, block sections with 10% horse sear3@ min at room temperature (RT) in

a humidified chamber.

3. Incubate the sections for 1 h at 37 °C with mouseaardiac troponin | and rabbit anti-

connexin 43 (Cx43) diluted in PBS containing 0.5%e€&n 20 and 1.5% horse serum.

4. For Tnl, incubate sections at RT, first for 30 muith the secondary antibody (horse anti-
mouse 1gG), then for 30 min with an avidin—biotamgplex agent for 30 min, and finally for

15 min with 3,39-diaminobenzidine (Sigma).
5. For Cx-43, use fluorescein-conjugated goat antipitadgG (1:200).
6. Assess construct architecture and cell distributioom the stained sections using

fluorescent microscope (Axioplan, Zeiss, Thornwded).

Ultrastructure analysis

Transmission electron microscopy allows observabiogap junction and z-band formation.

1. Fix constructs in Karnovsky's reagent (0.1 M sodicexcodylate with 2% paraformaldehyde
and 2.5% gluteraldehyde, pH = 7.4), post-fix in d%¥mium tetroxide in veronal-acetate
buffer, dehydrate in graded ethanol in propylened®x and embed in Epon 812

(Polysciences).
2. Cut thin sections (70 nm) using a Leica Ultra Qud a diamond knife.
3. Stain sections with lead citrate and uranyl acetate

4. Examine sections for ultrastructural propertiegveht to cardiac tissue (volume fraction

and developmental stage of sarcomeres, Z and M, liHgl and A bands, gap junctions, T
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tubules) using a Philips EM410 transmission electracroscope operated at 80 kV (JEOL-

100CX, JEOL).

Morphometric analysis was performed on 20-46 rargotaken transmission electron
micrographs at magnification of 100,000. A testiguith uniform squares (0.26 cm x 0.26
cm) was superimposed onto the micrographs and tea aovered by sarcomeres,
mithochondria, nuclei and the overall area of tleiscwere determined. The volume
fraction of each organelle was determined as puslyodescribed (Nuccitelli 1992). The
frequency of intercalated discs and gap junctionsmper perum?) was determined by

counting. A total of 20 micrographs of non-stimelhtconstructs, 46 micrographs of
stimulated constructs and 42 micrographs of nebmetdricles were evaluated with respect

to each structural parameter by two independererobss.

D.4 Notes

1. Measurements are made in PBS to facilitate comgrasgth EIS data in the literature and

from our own laboratory. The conductivity of PBS (thS/cm) is similar to that of culture

medium with 10% FBS (~14 mS/cm).

. In a Nyquist plot, the imaginary component of thgpedance is plotted against the real part

at each frequency. A Bode plot gives the logaritifnmpedance,Z], and the phase angle

versus the logarithm of frequency.

. The electrode-electrolyte system can be describeda [IRandles cell that consists of

electrolyte resistanci,, a constant phase elem&mRE and charge transfer or polarization

resistanceR,. The constant phase element is a mathematicatiptése of the double-layer
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capacitance and accounts for nonideal capacitivia\ber of the electrochemical double

layer with the non-dimensiongiterm (Norlin, Pan et al. 2005).

4. For square pulses delivered at 1 Hz, the analysichition to the power spectral density is

given by the following equation:z 25|nlk<a)OT15(w_ 2:(} where w is the frequency

k=—c0

expressed in radiang,represents the Dirac-delta functiam, is the fundamental frequency

expressed in radiang,is the period, and is half the length of the pulse.

5. It is important that collagenase removal by washgmgomplete to prevent degradation of

collagen scaffold during cell seeding.

6. Electric field stimulation may be delivered fromcammercially-available stimulator or
through custom-designed hardware controlled by epeer. Although computer-
controlled stimulation allows additional flexibifit it requires some expertise in circuit

design and software programming.

7. Waveform selection (e.g., between monophasic, Isipha other wave shapes) depends on
the electrode material characteristics, as biphpeilses can aid in reversing reversible
faradaic reactions, but at the same time may besirable since biphasic pulses may

inhibit action potential.

8. In a very nice microelectrode array (MEA) studyaardiomyocyte activity, Giovangrandi
et al. (2006) clearly show how cardiomyocyte ba& closely follows imposed temperature
profile (beat rate increases as temperature ineseasd vice versa). In an earlier study by
the same group (Gilchrist, Giovangrandi et al. 20@%edium pH and osmolarity were also

considered.
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9. Looking forward —

a. Better analytical tools required such as closeg-lteedback systems for capture

rate. Off-the-shelf pacemakers may be useful is tbgard.

b. High throughput approaches are needed to deterncipgmal stimulation

parameters.

c. More advanced bioreactors that integrate electrsi@hulation with medium
perfusion are needed to engineer tissue of sufiicihickness for clinical

applications.
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Abstract

The tremendous importance of cAMiRgnalingis due to its capability of activating some
major biological signal pathways through a dissysabut self-organized spatio-temporal
distribution inside the cell. So far, no conclusaeswer has been experimentally found to
justify the ability of responding to different rgaters selectively, by enabling for example
metabolic processes, when the secondary messengendcentrated close to the membrane,
or transcription factors, when it reaches the nugl&’he mathematical modeling offers the
opportunity to analyze efficiently several hypote®n the cAMP signaling spatio-temporal
dynamics and isolate the relative influence ofatiéght factors such as structural organization
of enzymes, concentration of protein kinase A (Pl&Ad phosphodiesterase (PDE), or non-
homogenous intracellular cAMP diffusion coefficient

In particular, we hypothesize that localized contjet between diffusion and reaction rate
determines the specific spatial organization of ¢AMhe model combines the constitutive
relationships for signaling reaction rates and faickmass transport within the species mass
balance. The system of 12 second-order partiabrdifftial equations was solved for the
concentrations of molecules involved on the sigmali

The results show a good agreement to experimevid¢mrces and the cCAMP time course at
the membrane is well described by the model. Speéifctors due to the intracellular
organization, such as PKA over-expression, lowudiffity at membrane compartment and
spatial distribution of PDEAD and PDE3, have beennfl responsible for the cAMP

compartmentalization.
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These results suggest the molecular basis to tiMPcAompartmentalization, without the
necessity of strong and unrealistic assumptiorns) 88 the presence of intracellular physical

barriers.
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E.1 Introduction

The biological evolution often generates variapibind complexity in the system, and the
formation of steady non-homogeneous microenvirorime®ne example is given by
biological systems, where chemical reactions arfigion competition determines self-
organized dissipative spatio-temporal structures, ffom equilibrium (Prigogine 1961).
Particularly interesting is the application of thiencept to a small and fast diffusing
molecule as the cyclic AMP.

The importance of intracellular cAMP, as ubiquit@@sondary messenger, is in its ability of
modulating selectively, through its spatial orgatian, the transduction of a wide variety of
hormonal signals and biological processes, sudeas expression (Abramovitch, Tavor et
al. 2004), metabolism (Dachicourt, Serradas e1@06; Claudia, Salvatore et al. 2006), cell
division (Dumaz, Hayward et al. 2006) and, in martr, cardiac functional contraction
(McConnachie, Langeberg et al. 2006). The molecaolachanism responsible of spatial
organization of this secondary messenger is a &sly to understand and control the high
specificity of this signalling.

When a stimulus binds at the cell surface to aptecea sequence of events begins near the
membrane determining a spike of CAMP concentralilmited in space and time (Figure).
The arising CAMP concentration promotes its cleavéigough the activation of protein
kinase A (PKA) and phosphodierestase isoforms (PDE)s, the intracellular concentration
of CAMP is regulated by the antagonist actions & And PDE (Alberts, Johnson et al.
2002), which determine time-dependent spikes ofsémondary messenger inside the cell.

Experimental evidences show the compartmentalzatd these spikes in specific
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intracellular volumes and it is aim of this work szreen the hypotheses behind this
behaviour.

Even if the cAMP signaling biochemistry has beeundstd for a long time, so far no
conclusive answer has been identified by the liteea about the reasons of cAMP
compartmentalization. The introduction of the cAME@nsitive fluorescence resonance
energy transfer (FRET), as accurate experimentathode to show the intracellular
localization of small molecules (Sato, Ozawa et28l02; Zaccolo, Magalhaes et al. 2002;
Zaccolo and Pozzan 2002), suggested different hgges on cAMP localizatiom vivo,
such as: 1) the existence of membrane subdomadies caveolae or lipid raft (Rybin, Xu et
al. 2000; Isshiki, Ando et al. 2002; Ostrom, Liu &t 2002; Steinberg 2004; Nikolaev,
Bunemann et al. 2006; Saucerman and McCulloch 20®6jhe localized production of
CcAMP in membrane (Zippin, Chen et al. 2002; Felicie Gottesman et al. 2005;
McConnachie, Langeberg et al. 2006) and 3) thagetiular localization of multi-enzymes
complex involved in the signaling, such as PKA &mE isoforms (Pugh 2000; Rybin, Xu et
al. 2000; Kapiloff 2002; Barnes, Livera et al. 208&Connachie, Langeberg et al. 2006). In
particular, the critical importance of PDE on silgttansduction is proved by a reduction in
CcAMP localization upon PDE inhibition with IBMX dfrog heart cells locally stimulated
with isoproterenol (Zaccolo, Magalhaes et al. 200Phe selective inhibition of PDE
isoforms has shown the increasing relevance of P&itén, followed by PDE2 and PDE3,
on the sharp cAMP gradient formation in cardiac oyes (Nikolaev, Bunemann et al.
2006). In this prospective the different signalognamic, observed whebil- or B2AR are
activated, can be justified by the confined genenadf local pools of CAMP and enzymes
involved in the signaling, such as A-kinase-anahgprproteins (AKAPs), PKA and PDE

isoforms. (Nikolaev, Bunemann et al. 2006).
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Even if these experimental results give interesiigrmation about the signaling dynamics,
they lack of more appropriate and accurate expetahetechniques which can give
evidences about the role of cellular anisotropyloachl in vivo intracellular diffusivity or
about the interaction between structural orgaroratf enzymes and molecular diffusion.
The mathematical modeling offers a unique oppotyuta bridge this gap giving a rational
description of the spatio-temporal complexity aesting quickly and efficiently the synergic
effect and the interplay of different phenomenaAMP spatial distribution.

The literature reports several analytical modeldescribe the cAMP time course close to the
membrane even if no attention is given to cAMPaaoéllular spatial distribution (Goldbeter
1996), (Bhalla and Ravi lyengar 1999; Golbunova .Y2002; Gorbunova and Spitzer 2002;
Saucerman, Brunton et al. 2003; Rich, Xin et aD7)0 On the other hand those models,
which describe the importance of diffusion and celnpartmentalization on cAMP spatial
evolution (Huang et al. (1991); Rich 2001), aredoasn an incomplete or non realistic
description of cell structure assuming isotropiddfusion in an infinite cytosol or the
existence of hypothetical physical barrier to tifeudion, never found experimentally.

In what follows, we describe first the theoretif@mework adopted to define the spatio-
temporal dynamics of the intracellular cAMP. Themgartmentalization of this small
molecule is described by a constitutive diffusionetics model, considering a non
homogenous cellular space. The cells are treatéditesvolume with cAMP production on
the membrane surface. The model consideres theiodpatporal cAMP dynamics
investigating the effect of local lower cAMP diffudy and PDE and PKA spatial
localization. The chemical concentrations of cheingpecies involved in cAMP signaling,
are controlled through 12 partial differential egomas. In the definition of the model

parameters we put particular attention on choosialye reported from the literature.
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Excluding the local diffusivity value and the enzsrlocalization, only two parameters over
31 have been optimized later to reproduce the @xpetal behaviour in different conditions.

The mathematical model was validate comparing tireilation results with experimental

variation of FRET measured with H30 probe on HER 2&er stimulation with PGE1.

The following section discusses the development tloé mathematical model, the

simplifications made for simulations and the expemtal method used to validate it.

E.2 Material and methods

E.2.1 Thetheoretical framework

The chemical binding of stimulus to cell surfaceeors activates the production of cCAMP
through the adenylyl cyclase (AC) action. The cAbtihcentration arises and promotes the
dissociation of the protein kinase A (PKA) in twegulatory and catalytic subunits. Each
catalytic subunit catalyzes the phosphorylation ddferent phosphodierestase isoforms
(PDE), which cleave cAMP (Figurel). The cAMP sidimg mainly involves three PDE
isoforms: PDE4D, PDE4B and PDE3 (Alberts, Johnsbal.e2002). These enzymes differ
for concentration and activity, in particular PDBBd PDE4D show a high affinity for
cAMP. The cell membrane is assumed impermeableheéocAMP and characterized by
homogeneous distribution of adenylyl cyclase (A&l).simulations were initiated by a step

increase CAMP production, simulating the actiofPGE1.
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Figure 1 cAMP signaling schematic When an extracellular ligand such as an hormone binds to and
activates a seven-transmembrane G-protein-coupled receptor, the signal is passed through the
heterotrimeric G protein to adenylyl cyclase. The activated adenylyl cyclase converts ATP into the
second messenger cAMP. As the gradient of cAMP concentration diffuses in the cell, various enzymes
are activated, including PKA, and several isoform of PDE. Schematic subdivision of the intracellular
space, which shows a likely localization of the chemical species involved on cAMP signaling (top
figure). Schematic diagram of cAMP synthesis and downstream signaling activation (down

figure).

The model studies the spatio-temporal distributdrihe cAMP in HEK 293 cells due to

competition between diffusion and reactions ratethe cytoplasm. The cellular volume is
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assumed to be divided in three subdomains withacleristic dimensions: the submembrane
volume (SM, 10% of the total volume) (Peters R.4)9&he cytosol (C, 70% of the total
volume) and nucleus (N, 20% of the total volumedZ&r N. 2004). Since the experimental
set up includes the observation of adherent HEK&88¢cell morphology is approximated to
semi-sphere with radius R=2@, as shown in Figure 1.

The cAMP signaling is modelled considering a camims intracellular concentration of
chemical species, guaranteed by the absence oicphysrriers. In these assumptions, the
CAMP is uniformly produced next to the membrane diftluses freely only in r direction
(Figure 1). Assuming isotropical diffusion of cAMEhe contributions ir® and direction
can be neglected. All the chemical species diffusely in the cytosol, except AC, that is
bound to the membrane.

Although all the compartments include the same tieeg the concentrations or the
diffusivity of free molecules can be different, ésplained in Figure 1. In particular in the
nucleus the concentration of PKA and PDE is assunegfigible. For each simulation the

diffusivity of a certain chemical species is assdrhemogenous in each compartment.

E.2.2 Mathematical mode

The mathematical model is defined by a system digbalifferential equations obtained by
mass balances of all the chemical species involaethe signaling. The spatio-temporal
dynamics of the molar concentratid), of species is related to its molar fluxy;, and to the

kinetics rates of production or destruction of cheah speciesR, by the conservation

equation given by (Bird R. 2002):
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dc;
—r=-VN;+ IR, (E D

The constitutive expressions of fliik and reactions ratd¢$ are summarized as follows.

The flux expression accounts here (E.2) only tHiuslve contribution proportional to the

concentration gradients of the spediesd is modelled by the Fick's law, whek® is the

diffusion coefficient of the species
Ni - —DiVCi (E 2)

The diffusivity of cAMP in cytosol is always set at30 pm?/s averaging literature
experimental data (Luby-Phelps, 2000; Verkman, 2@Ba@rcia-Perez et al., 1999; Mastro
and Babich, 1984; Mastro and Keith, 1984). In thwk, we simulate the cAMP signaling
with different local diffusivity in the submembrademain (1-13Qum?/s). The term Rj can

be formulated by general molecular scheme (E.3):

Rj = kg - [A]* - [B]” — kq - [Ci] - [D]? (E. 3

or using Michaelis-Menten kinetics (E.4):

_ Vm[Ci]
I T Km+IGi] (.4

where the concentration of product is specifiedthiy two rate constants, andK, or by
molecolarity coefficients ,b, d and the rate constants of production and destructf C ,

k: andky respectively.
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Table 1 List of mass balance equations used to simulate the cAMP signaling

Chemical
M ass Balance Equation

Species
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C12
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The mathematical expression for edghwas chosen considering experimental parameters

available in literature (Table 1). As reported iterature, we assume that at PDE3 compete

the 30% of the action of PDE4 whereas at the PDEdBpete the 30% of the action of

PDE4D (Lynch, Baillie et al. 2005). The equatiordiso describe this model are reported in

Tablel whereas the parameters are in Table 2.

Table 2 Parameters used to simulate transient cAMP signals

Parameter | Value Reference
Deamp 130um?/s (Nikolaev, 2006)
*10-7
R™amp umivl(g ts) (Rich, 2001)
[PDE] 0.8uM (Rich, 2006)
[PDE4B] 0.53 (Lynch, Baillie et al. 2005)
[PDE4D] 0.26 (Lynch, Baillie et al. 2005)
[PDE3] 0.01 (Lynch, Baillie et al. 2005)
[PKA] 1.5uM (Golbunova, 2002)
k1 54uMs)™ (Golbunova et al., 2002)
ko 33st (Golbunova et al., 2002)
ks 54uMs)™ (Golbunova et al., 2002)
Ka 33s? (Golbunova et al., 2002)
ks 75uMs)™ (Golbunova et al., 2002)
Ke 110s" (Golbunova et al., 2002)
k7 75@uMs)* (Golbunova et al., 2002)
ks 32.58" (Golbunova et al., 2002)
ke 60s* (Golbunova Y. V. et al., 2002)
k1o 18(uMs)™* (Golbunova et al., 2002)
vm os? (Golbunova et al., 2002)(Balla et al., 1999)
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Km 7.54M (Golbunova et al., 2002)(Balla.et al., 1999)
Ko 0.1¢ (Golbunova et al., 2002)

VmpDE4B 0.552¢" Optimized

K mppE4B 1.5uM (Bender, 2006)

V mPDEA4D 2.7 ¢ (Bender, 2006)

K mppE4D 1.2uM (Bender, 2006)

V mPDE3 17.71 & (Bender, 2006)

K mpDE3 0.38uM (Bender, 2006)

E.2.3 Boundary and initial conditions

The cellular membrane prevents all the chemicatispeof entering the cell, the entering
flux is therefore considered null for all the cheatispecies except for free cAMP, which is
produced at the interface with cytosol. The boupdanditions at the cell membrane can be

expressed by E.5 and E.6:

=0 if i = CAMP (E 5)

=RI" if i = cAMP E 6
1

where R},,» is the CAMP production rate at cell membrane (&)l

Considering the spherical symmetry, the flux of apgcies in the centre of the semi-sphere

must vanish. In particular, the radial componerthefflux must satisfy:

boorlr=o

The initial concentration of active PDE was s&b%t of the total. The initial concentration of

cAMP and PKA activated was assumed negligible (A#B., 2002)
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E.2.4 Numerical method

The system of partial differential equations, om¢gi by the species mass conservation law,
was solved numerically using the finite volume noetfimplementing in Matlab a multistep
variable order solver based on the numerical diffgation formulas (NDFs). This solver is
particularly suitable for a stiff systems (Shampit@94). The finite volume guarantee a
conservative discretization even if the systemheracterized by spherical symmetry and not
constant diffusivity in all the entire volume. Thelative tolerance, RelTol (I, and the
specified absolute tolerance, AbsTol fl@vas used. Mesh refinement was performed till the
numerical solution provide stable numerical outputd comparable with the relative
tolerance used.

The local sensitivity analysis is used to deterntheemost influent parameters in the model
and which one contribute the most to the cAMP camnpantalization (Saltelli, Chan et al.

2001). The method tests a variation of 1% of pataradrom the value of the literature.

E.2.5 Mode€l validation

For a rigorous validation of the model, the cAMPfppe have been analyzed with simple
mathematical parameters which describe the time gpate course, and correlate the
experimental value of FRET with the simulated cotiaion of H30-cAMP. It's reasonable
to assume that the FRET variation is proportionght cAMP concentration (Sourjik et al.,

2001). If the H30 probe is not saturated and remeheapid equilibrium with cAMP, we can



Local diffusivity and intracellular organization... 189

define the FRET signal variation as the ratio betwthe increments of H30-cAMP complex

concentrations respect the initial one:

H30+CAMP «. H30CAMP _ [H30cAMP]
[H30][cAMP|

Ar_\ ACAMP _ | A[H30cAMP]

rh [CAMPl,  “[ H30cAMP],

The time-course of the signal at the membrane weduated defining two reference
parameters: 1) the time, Tmax, when the signalhneads maximum variation, 2) the ratio,
Peak Depth, between variation of CAMP concentraibimax and during the steady state
after the peak (Figure). The compartmentalizatsoguantified by the ratio of the variation of

CAMP concentration at Tmax between the membrandtenducleus (Compart Ratio).

E.2.6 Biological experiment

Cell culture and transfection

HEK293 cells were grown in DME containing 10% FB&pglemented with 2 mM L-
glutamine, 100 U/ml penicillin, and 100 pg/ml st@pycin in a humidified atmosphere
containing 5% CO2. For transient expression, celise seeded onto 24-mm diameter round
glass coverslips, and transfections were perforate®0—70% confluence with FUGENE-6
transfection reagent according to the manufacturestructions using 1-2 pg DNA per
coverslip. Imaging experiments were performed &tef48 h.

To achieve the selective knockdown of PDE4B or PDEtibfamilies, we used double-
stranded 21-mer RNA duplexes (Dharmacon) targeteeigions of sequence that are unique

to each of these subfamilies as described prewigughch et al., 2005).
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FRET imaging

FRET imaging experiments were performed 24-48 tleraftansfection. Cells were
maintained in Hepes-buffered Ringer-modified satoataining 125 mM NaCl, 5 mM KClI,

1 mM Na3PO4, 1 mM MgS04, 5.5 mM glucose, 1 mM Ca@rtti 20 mM Hepes, pH 7.5, at
room temperature (20-22°C) and imaged on an invenieroscope (IX50; Olympus) with a
60x NA 1.4 oil immersion objective (Olympus). Thecroscope was equipped with a CCD
camera (Sensicam QE; PCO), a software-controlledoctomromator (Polychrome 1V; TILL
Photonics), and a beam-splitter optical device (Mpéc Microimager; Optical Insights).
Images were acquired using custom-made softwarepesakssed using ImageJ (National
Institutes of Health). FRET changes were measuseathanges in the background-subtracted
480/545-nm fluorescence emission intensities ontatian at 430 nm and expressed as either
R/RO, where R is the ratio at time t and RO isrti® at time = 0 s, AR/RO, whereAR = R

- RO.

E.3 Results

Most of the existing mathematical models of inttadar signaling approximate often the

cell as a continuous stirred tank reactor (CSTR)emnw the cell is approximated as an
unorganized collection of metabolites and enzymesdefined volume. The proposed model
aims here to test how the presence of steady-staietural and functional order in the
cellular volume, influences the cAMP spatio-tempaitgnamic. The sensitivity analysis

identifies the cAMP diffusivity and the kinetic cstants of PDE as the most influent
parameters on the spatio-temporal course of ifittd@ecAMP (data not shown).

In line with this data, we checked:
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1) the effect of a structural order, where the molacurowding close to the
membrane determines a lower local cCAMP diffusiwitythe sub-membrane (SM)
domain respect to the cytosolic diffusivity (136%s).

2) the influence of a functional order expressed by kbcalization of specific
enzymes in distinct microdomain (PDE4D, PDE4B, PDBAd by the over-

expression of PKA.

E.3.1 Structural order: local CAMP diffusivity

Some studies suggest that the molecular crowdindpeaesponsible of the decreasing of the
local cAMP diffusivity in the subdomain next to theembrane or in the caveolae (Gershon,
Porter et al. 1985; Verkman 2002). In order to eatd the role of diffusivity on cCAMP
intracellular distribution, the model was simulateith diffusion coefficient of 1, 30, 60 and
130 um?/s in the SM domain and 130n%s in cytosol. Simulations of the model are shown
in Figure 2a-d and they prove the high influencehef cAMP diffusion on spatio-temporal
dynamics of the secondary messenger.

A quantitative evaluation of the results can beedoamparing reference parameters Tmax,
Peak Depth and Compart Ratio for the experimefiable 3) and simulated cases (Figure

2).
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Table 3 Quantitative evaluation Tmax, Peak Depth and Compart Ratio for the experimental cases

Parameters Experimental value
Tmax [s] 125 £ 25
Peak Depth 0.54 £ 0,09
Compart Ratio 0,22 £ 0,07

If the diffusivity of CAMP is everywhere set at 1@fh?s, only a small compartmentalization
ratio is observable (0.12, Figure 2a) and the tiomeeach the maximum concentration is too
slow (225s), whereas the Peak Depth is closera@xiperimental value (0.55).

Decreasing of diffusivity, the concentration of c/RMvhext to the membrane becomes higher
because of the buffering in the SM domain. The pmakhe concentration profile appears
when rate of CAMP cleaving and production beconmeparable but some PDE are still not
active. The peak is much more visible lower is ithte of PDE activation. When the local
diffusivity is low, the PDE activation is more fast changing the Tmax, which is reached
earlier, and reducing the width and the depth efgbak shape.

Quantifying these observations, the Figure 2e shdearly how a slower diffusion in the
SM domain determines by itself an increase of thegartmentalization (Compart Ratio)
and a decrease of the Peak Depth values. The effentich sharper for diffusivities lower
than 60pm?/s, when the characteristic diffusion time becommsparable or lower than the
reaction times. Reducing the diffusivity of one er@f magnitude (10m%s), the Compart
Ratio increases up to 0.3 reaching a value clogbecxperimental one, whereas the Peak

Depth falls to 0.22.
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Figure 2 cAMP-H30 profiles for different membrane diffusivity (1, 30, 60, 130um?2/s) near the
membrane (blue line) and at 20um from the membrane (lightblue line) (a,b,c,d respectively). e) Peak

depth (continuous line) and compartimetation ratio (dashed line) as function of the membrane
diffusivity

Therefore it is clear that the optimal diffusiviéhould solve the compromise between tt

two parameter, anddgun?/s seems to respond to this requirement.

E.3.2 Functional order: PDE4B, PDE4D and PDE3 isoforms
localization or PK A sovraespression.
Previous studies have demonstrated the predomméniof PDE4 and PDE3 activities

HEK293 cells. In particular, it has been provedghér influence of PDE4D respect PDE

on cAMP signaling dynamicin HEK-293 cellsstimulated with PGE1 (Terrin, 2006). He
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we sought to investigate the role of localizatidreach PDE isoforms (PDE4B, PDE4D and
PDE3) in either sub-membrane or cytosolic domatre odel was run for different molar

percentage of enzyme in the submembrane domaityatvey the synergy between this
phenomena and a lower diffusivity.

In general, due to the bigger dimension and cores#glonger residence time in the C
domain, the localization of the enzyme in the cgtatetermines a more relevant decay of
cAMP. This phenomena influences the spatio-tempevalution of cCAMP as shown by

reduction of the Peak depth coupled with an inéngaof the compartmentalization.

However the action of different PDE isoforms isafe.

a) ? b c) 2
,) ,-). ,2 In membrane
= = =

= = =2

o o o

= = =

X 4 4 T

@ < @

8 2 8 ee——
I ey I

0 100 200 300 400 0 100 200 300 400 300 400
Time (s) Time (s)

a) b) s,

o L 04 e B i .

= £ o

o §- S

o

go 2 03

(o3 ©

o & s

025F
012 i i i i ; 015 i i i i i
0 ) a0 80 80 100 0 20 40 50 80 100
% of PDE4B in membrane % of PDE4B in membrane

bl
w

o7

150
c) d) . e)

025 "|' i 130
£ 0 J_ = 5 <

& o g & 10
2 (15 5 E

E 2 03 g @
O o1 =
; 02 =

7

005 04 g

0 0 50

Figure 3 a) Compartmentalization ratio (b) and peak depth as function of PDE4B concentration in
membrane for 4 different membrane diffusivity (13o0um2/s (continuous line), 6oum?2/s (dashed
line), 3oum2/s (dotted line), 1 um?2/s (pricked line)). Comparison between experimental data and
simulated data for different percentage of PDE4B in membrane (0, 50 and 100% respectively) in
terms of compartmentalization ratio, peak depth and time of maximum concentration for a
membrane diffusivity of 6oum?2/s (¢, d and e) respectively.
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The simulations are consistent with the experimestiservations (Terrin, Di Benedetto et al.
2006), showing a low influence on cAMP signaling BPDE4B intacellular distribution
(Figure 3c-e). With a local diffusivity of 13Qim?/s, the localization of PDE4B in the
cytosolic compartment determines a changing on Goiripatio of about 1.5%. As shown in
Figure 3a, this parameter changes from a valued®, When all the PDE4B are in SM, to
the 12.5% when they are located in C. Halving thtuglvity, this difference increases to
2.5%. Similar consideration can be made regardiadPeak Depth profiles, which are almost
constant for fast diffusivity (Figure 3b).

A different behavior is underlined by the same gsial performed with PDE4D and PDES3.
The simulations (Figure 4-5) show a strong inflien€the localization of these enzymes on
CAMP spatio-temporal dynamic.

membrane diffusivity of 6oum2/s (f, g and h) respectively).

Even for very fast diffusion (130n°/s), the cAMP compartmentalization is strongly
dependant by the PDE4D localization (5% variatibigure 4a-c). As shown in Figure 4d,
this effect is slightly stressed by the lower cAMPusivity, obtaining a variation of 8%
with a diffusivity of Jum%s. Setting the local diffusivity to 60m?s, the maximum Compart
Ratio is of 21%, reached when all PDE4D is in cgtos

The diffusivity has also a terrific effect on peakape, which disappears if the PDE is
localized in cytosol for im%s (Figure 4e), evidencing the contribute of thisgmeter to the

activation of PDE.
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Figure 4 cAMP-H30 profiles for different percentage of PDE4D in submembrane
compartment (0, 50%, 100%) near the membrane (blue line) and at 20 um from the
membrane (lightblue line) (a,b,c respectively). Compartmentalization ratio (d) and peak
depth (e) as function of PDE4D concentration in membrane for 4 different membrane
diffusivity (130um2/s (continuous line), 60um2/s (dashed line), 3oum2/s (dotted line), 1
um2/s (pricked line)). Comparison between experimental data and simulated data for
different percentage of PDE4D in membrane (0, 50 and 100% rispectively) in terms of
compartmentalization ratio, peak depth and time of maximum concentration for a

Comp Ratio
Peak Depth
Time max (s) =

The effect of a faster enzymatic action, is proatsw by the decreasing of Tmax (Figure 4h)
and by the presence of a delay between the memlarashenucleus concentration profiles
(10s). When all the enzyme is localized in the Sdndin, it is possible to compare the
characteristic times of diffusion and reaction determines the maximus value of diffusivity
to obtain a competition between these two phenomeéherefore the peak shape is much

more dependant to the enzyme localization wheuwliffigsivity is lower than 6qum?s.



Local diffusivity and intracellular organization... 197

(=)}
—
N
N

wm N

In membrane

o
o

[H30-CAMP] (M)
Nen
(

[H30-cAMP] (uM) O

[H30-cAMP] (LM) @

o
o

0 100 200 300 400 0 100 200 300 400 0 100 200 300 400

Comp Ratio
Peak Depth

01

n L L L L L vl L n i L L L L L L L L L '
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 80 100

% of PDE3 in membrane % of PDE3 in membrane
03 or 150
N Dol T LT
£ s 190
£ 0w B o8 l Z
£ O 4, ® 10
o = E
g © 03 o
o E %
O o1 - E
o 70
0 0 50

Figure 5 cAMP-H3o0 profiles for different percentage of PDE3 in submembrane compartment (0,
50%, 100%) near the membrane (blue line) and at 20 pum from the membrane (lightblue line) (a,b,c
respectively). Compartmentalization ratio (d) and peak depth (e) as function of PDE3 concentration
in membrane for 4 different membrane diffusivity (130um2/s (continuous line), 6oum2/s (dashed
line), 3oum2/s (dotted line), 1 um2/s (pricked line)). Comparison between experimental data and
simulated data for different percentage of PDE3 in membrane (0, 50 and 100% respectively) in terms
of compartmentalization ratio, peak depth and time of maximum concentration for a membrane
diffusivity of 6oum2/s (f, g and h) respectively.

As shown in Figure, the Peak Depth (PD) profilalso function of the PDE4D localization
and cAMP local diffusivity. Lower is the cAMP locdiffusivity, more significative is the
reaction contribute to the concentration profilerd@ntages lower than 50% reproduce the
experimental value with a diffusivity of 6m?s. These results prove the importance of
PDEA4D close to the membrane, as suggested by fgezimental evidences.

Similar observations can be done about the effePtDE3 compartmentalization (Figure 5).
As shown in Figure, assuming a local cAMP diffusivef 60 pm?/s, a molar percentage of

PDES3 in SM domain of about 50% adequately reprosladethe experimental profiles. In
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good agreement with the experimental observatiB¥;4D and PDE3 mainly control the

CAMP expression, with a predominance of the PDE4D.
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Figure 6 cAMP-H30 profiles for different membrane PKA concentration (1, 10, 20 mM) near the
membrane (blue line) and at 20 pm from the membrane (lightblue line) (a,b,c respectively). d)
Compartimetation ratio (d) and peak depth (e) as function of PKA concentration for 3 different
membrane (13oum2/s (continuous line), 6oum?2/s (dashed line), 3oum2/s (dotted line), 1 um?2/s
(pricked line)). Comparison between experimental data and simulated data for different PKA
concentration (1, 10, 20uM) in of compartimentation ratio, peak depth and time of maximum
concentration for a membrane diffusivity of 6oum?2/s (e), f) and g) respectively).
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Experimental evidences of PKA particular affinityr fspecific membrane protein (AKAP)
have been reported in literature (Kapiloff 2002; Géonachie 2006). The localization of
these protein could justify different PKA concetivas in specific intracellular

compartments. To further investigate the relatité’ldA on cAMP signal modulation, the

model was run for different PKA concentration. Asown in Figure, the cAMP spatio-
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temporal dynamics is strongly influenced by the PKAncentration determining an
increasing of the Compart Ratio of about 10 % # ttoncentration changes 1 topRQ
Higher PKA concentration will decrease the free dANbncentration acting as buffer and
enhancing the PDE activity. Particularly signifigatis also the changing on peak shape,
which progressively disappeared increasing the RI§Acentration and reducing the local

diffusivity.

E.4 Discussion and Conclusion

The fascinating stability of the signal transduetiof highly variable and complex
extracellular inputs specific response seem toekstad to a versatile use of high diffusible
signalling molecules, such as cAMP, through spagiadporal pattering inside the cell.

The biochemistry of CAMP signaling has been pdytialucidated with several analytical
models developed on different types of cell. Howewest of these models consider only the
time course of CAMP close to the membrane: 1) deisgy the cAMP production and
degradation, and the opening of membrane channeffast of the high concentration of
cAMP(Goldbeter 1996), 2) integrating cAMP produnti@and degradation in different
signaling pathways (Bhalla and Ravi lyengar 1998ucgrman, Brunton et al. 2003) 3)
underlining the role of PKA e PDE activation on cRMegradation (Golbunova Y.V. 2002;
Gorbunova and Spitzer 2002; Rich, Xin et al. 20(&yen though these models were
kinetically complete, no attention has been givertAMP intracellular spatial distribution,
fundamental for the activation of specific targdsch et al. (2001) tried to combined the
biochemical description of the process with a ptaiscompartmentalization of the space.
The cell was modeled assuming the existence ofctwapartments: the membrane-localized

microdomain and the bulk cytosol. The diffusion gamificantly impeded between the two
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domains, whereas inside each compartment it wasmess so rapid that any spatial
difference was abolished.

Huang et al. (1991) shows the importance of thiuslibn and the rate of hydrolysis on the
kinetic of N&" current dependent by the intracellular concemratf cCAMP. However the
model simulates a simplified system with free asatropical cCAMP diffusion in an infinite
cytosol and incomplete chemical description of sklgmalling. The activation of PDE or the
binding with PKA are in fact not considered. Insthdirection the models developed by
Bhalla (2004) e Kholodenko et al. (2003) are patéidy interesting because they describe
the effect of diffusion limited regime on the signatracellular distribution, even if the
specific description of CAMP spatio-temporal distiion is not investigated.

A quantitative diffusion-reaction model has beemplemented here to simulate the spatio-
temporal evolution of the cCAMP signalling, hypothegthat the intracellular organization of
cell, in proximity to the cAMP targets, directs aathplifies the biological effects of the
highly diffusible secondary messenger, localizitegdoncentration. Qualitatively, assuming
homogenous intracellular concentrations of PKA BRIE and ubiquitous cAMP diffusivity
of 13Qum?/s, the simulations agree with the experimentailteshowing a transient peak of
cAMP after the PGE1 stimulation. However to deegeantitative analysis, no one of the
reference experimental parameters are reproductd these hypotheses, either Tmax or
Peak Depth, that are significantly higher, eithentpart ratio, that is much lower.

The reduction of the local diffusivity of cAMP ofhe order of magnitude has a terrific effect
in term of concentration profile development enlagcthe compartimentalization and
decreasing the peak depth. The simple competiwden reactions and diffusion, is more
than enough to justify the presence of self-orgashidissipative spatio-temporal structures.

The literature report several experimental evidenoé a lower local diffusivity in the
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cytoplasm than in the water (Luby-Phelps, 2000;K¥en, 2002; Perez et al., 1999; Mastro
and Babich, 1984; Mastro and Keith, 1984). It isntlieasonable to think that the molecular
crowding in these discrete micro-domains will feithnfluence the cAMP local diffusivity.
However then vivo determination of this value is really complex teasure because of the
high reactivity and diffusivity of this secondaryessenger. In this sense this mathematical
modeling offer the unique opportunity to test theldgical importance of local diffusivity
modulation inside the cell. Our data underlinesedlpminant influence of cAMP diffusivity
in the submembrane domain on the cAMP compartnigzateln.

The local diffusivity modulation is not the only w#o influence the cAMP spatio-temporal
evolution. If for fast diffusion time, the localitzan of specific enzymes doesn't influence
significantly the profile expression of secondargssangers, value of diffusivity of B/s

is enough to show a relevant effect of an intradail structural order are enough to
localization of specific PDE or PKA in-homogenetty cell volume features is not expressed
only by the decreasing on local diffusivity butalsy the specific localization of enzymes,
which deternine locally the reducing of reactiandi The effect of an intracellular structural
order has been tested considering molecular crayvaimthe submembrane compartment, or
specific enzymes localization, such as PDE4D, PDEABE3 e PKA. In presence of a low
diffusivity the displacement of PDE isoforms in ttygosolic domain determines a decrease
on the peak concentration and a higher Peak D&pgthse simulations agrees with the
experimental observations demonstrating the bioldgimportance of maintaining precise
control of PDE4D distribution within the cell whaer is the cAMP diffusivity at the

submembrane domain.
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Abstract

The research on tissue engineering and drug dglhas been recently focused on injectable
photocrosslikable hydrogels based on hyaluronid &diA). In this work, we synthesized a
novel pothoinitiator-hyaluronic acid conjugate (H¥22F) which can photopolymerized in
absence of a photoinitiator in a crosslinked polgomeetwork. The objective of this study is
to characterized the physical and mechanical ptiggeof this hydrogel and evaluate its
feasibility as cell carrier for in vivo cell delig In particular, the chemical structure, the
mechanical properties, the morphology anditheitro degradation rate of the cross-linked
hydrogel was investigated for different HA concatibns and crosslinking exposure energy.
Mechanical properties of the hydrogel studied bgotbgical measurements show a well-
developed cross-linked polymer network at shortosype time. The elastic modulus is a
range of 1-2 kPa and constantly higher than visenadulus. The results confirm that these
two modulus are increasing with exposure time aAdcbincentration, up to a plateau around
40mg/ml. The equilibrium swelling theory was useddetermine the cross-link density,
given by the effective number of cross linked subug and the average molecular weight
between cross links MThe results confirm the rheological observatinmith a decreasing of
the swelling capacity with the increasing of th@@sure time and HA concentration up to a
plateau. Finally, the effect of light exposure oall cviability was evaluated with HL1
cardiomyocyte cell line. The cells were then enadgied into hydrogel and remained viable

as demonstrated by MTT assay and hystology.
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F.1 Introduction

Hydrogels are highly hydrated polymeric networkatthave been fabricated from a wide
range of hydrophilic polymers (Anna C. Jen 199)@s and Sahlin 1996; Grijpma, Hou et
al. 2005). Since they are characterized by gooddopatibility (J.A. Cadée, Luyn et al.
2000), suitable physical properties (Anseth, Bowraal. 1996) and efficient mass transport
(Ingrid Zhang 1996), they have been proposed fontroled release of bioactive
macromolecules and for tissue engineering apptinatiHennink and van Nostrum 2002;
Hoffman 2002). Moreover, because the hydrogel canused in combination with non-
invasive clinical techniques, they have been extehs exploited as promising cell carrier
systems for healing and regeneration of damageetss (Stocum 1998; Hubbell 1999;
Ratner 2002). One of the main limitations for tlilecive development of stem cell based
clinical therapy are: i) the definition and the toh of an artificial “in vivo”
microenvironment within the 3D hydrogel network walinihas to be suitable for cell growth
and organization; ii) the lack of methods and apper for efficient delivering of a confluent
population of cells (Penn and Topol 2007).

Among various hydrogels, those based on hyalur@ul (HA) have captivated the
enthusiasm of scientists and clinicians becausg te chemically, structurally and
mechanically designed to capture some of the feataf native extra cellular matrix (ECM)
(Jennie Baier Leach, Bivens et al. 2003; AnderBamdick et al. 2004; Burdick, Chung et al.
2005; Ali Khademhosseini, Eng et al. 2006). HA Isquitously distributed and is known to
co-regulategene expression, signaling, proliferation, motjligdhesion, metastasis, and
morphogenesis (Toole 2004). Furthermdrdy plays a prominent role in various wound-

healing processes, because it promotes early infltion, which is a critical steps during
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the wound healing, but then moderates later stagfeshis process, allowing matrix
stabilization and reduction of long term inflamnoati (Chen and Abatangelo 1999).
Moreover, several physicochemical aspects of HA adwantageous for biomaterial
fabrication and application. For example, HA candasily and controllably produced in
large quantities through microbial fermentation,al@ding the scale-up of HA-derived
products (Lapcik, De Smedt et al. 1998) and avagidirve risk of animal-derived pathogens.
This cumulative evidence suggests that HA is aalidandidate material for the design of
effective biomaterial.

On the other hand, from a clinical perspective, agndifferent cell delivery systems the cell
injection represent one of the most promising noasive techniques and the use of
hydrogel shows a significant improvement over ggéctions with saline or culture media.
The ideal injectable material should: i) have colible and homogenous physico-chemical
properties; ii) not affected by tha vivo conditions during the polymerization; iii) support
attachment and differentiation of injected cellg; iemain mechanically stable enough to
provide temporary scaffolding and structural supp®hein vivo photopolymerization has
several advantages over conventional polymerizagehniques, such as increased spatial
and temporal control over polymer crosslinking,tfagring rates, injection of fluid-like
viscosity material at physiological conditions amnsequently, the formation of in situ
hydrogels in a minimally invasive manner (Ansetld &@urdick 2002), (Nettles, Vail et al.
2004).

However, in vivo photopolymerization cannot lead to reproduciblel dmomogeneous
products for difficulty of controlling environmentaondition overall hydrogel volume (for

example pH, temperature, ionic strength or phottaior concentration). Moreover, the
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photoinitiator activated by at specific light wagegth produce radical initiating species and
product which can be toxic if it is not quickly rened.

It seems that the control of the stechiometricorbgtween the HA and the photoinitiator, and
the homogenous dispersion of the photoinitiatohimithe HA blend can be considered one

of the key aspect in developing clinical grade photsslinkable hydrogel.

In this article, we describe the development ofeav rinjectable hydrogel (HYAFF12)
based on pothoinitiator-hyaluronic acid conjugatéiclv can be easily crosslinked in
homogeneous hydrogel under UV exposure. This faatiaul is ready to use and does not
require any additional mixing of initiators or resgs. It can be sterilized by conventional
autoclave, mixed with cells, injected and photopadyized in vivo.

In order to characterize the hydrogel in the viefaclinical application as cell delivery
carrier, we studied the physico-chemical propertieseveral hydrogels, including elastic
and viscous modulus, swelling ratio and degradatid®, checking in particular the effect of
polymer concentration and UV exposure energy. eanilore, we investigated the effect of
UV exposure energy, required for photocrosslinkmythe viability of HL1 cell line and the
possibility of using this material drug or cell gar supporting the cell proliferation and

growth.
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F.2 Material and methods

F.2.1 Photoinitiator-HA conjugate (HYAFF120) chemical

synthesis

The photoinitiator-HA conjugate (Hyaff12pis an esterified derivative of hyaluronic acid
(HA) obtained by chemical reaction between HA vathalcohol bromide, which behaves as
photoinitiator during the hydrogel curing. HA (2@Da) was provide by Fidia S.p.a (Abano
Terme, Italy) and was produced by fermentative @ssc The photoinitiator, 1-[4-(2-
Hydroxyethoxy)-phenyl]-2-hydroxy-2-methyl-1-propaheone (HHMP, Irgacure 2959) was
purchased from Fluka. The process of brominatiomdMP includes a first stage with 5
hours reaction between HHMP and chloride dimethifogide (Fluka) at room temperature
in anhydrous methane dichloride (Carlo Erba, Ital)is is followed by bromination with
lithium bromide (Fluka) in boiling acetone for altdi2-18 hours. Once the bromination was
completed, the extraction allowed the separatidwden inorganic and organic phase, the
latter containing the desired product which wadyassa by means of High Pressure Liquid
Cromatography (Perkin Helmer, MA, USA). The puwfithe HHMP bromide was 83%.

The HA was salified and freeze-dried to get a dydatgroscopic ammonium salt (HATBA).
The HATBA esterification was conducted in n-metpytrolidone (NMP, Carlo Erba, Italy)
and HHMP bromide was slowly added up to the exaentjty in order to achieve a degree
of carboxylic groups substitution in HA moleculeuafito 50%. The reactor was made of
glass and it was provide with a cooling/heatindkga@and a mechanical stirrer (60-80 rpm).

The reaction took 25-30 hours at a temperature76f@G To follow the reaction, 2 ml of
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solution were withdrawn at different times from t@ume of reaction, they were carefully
weighted and diluted up to 10 ml in the elutionveolt of HPLC(Perkin Helmer, column
Nucleosil C18). In this way it was possible to cédte the esterification percentage,
monitoring the product quality in real time.

Once the reaction was completed, the temperatusetwvaed down to 10° C and water was
added in the reactor. By mixing methane dichlondéh the solution, the aqueous phase
containing the product was separated from the acgamase containing NMP and methane
dichloride. The aqueous extract was collected dodlg mixed with ethanol which was
absorbed by the product up to saturation. Oncepibitst was reached, a thin white powder
gradually precipitated and it was recovered bfiitg. Finally the powder was washed by
mixing with a solution of water and ethanol in artie remove reaction residuals as chlorine
ions and it was further vacuum-dried.

The chemical structures of both Hyafff2@nd HA were compared by means of infrared

spectroscopy (Nexus 670 Nicolet).

F.2.2 Hydrogel preparation

The partial esterification guaranteed the prodwtalslity in physiological solution which
was subsequently sterilized in autoclave. The hyelravas formed irradiating the solution
with 366 nm UV light. The light exposure allowedettormation of radical species
responsible of initiating the cross-link reacti@sulting in a wall to wall compact hydrogel.
For the physical characterization, the solution plased in multi-wells (Iwaki, diameter 22
mm) which were irradiated by UV lamp (Triwood 6/Bklios Italquartz) at a distance of 2
cm (4mW/cm). As this lamp was too cumbersome, it was notabligt for in vivo

applications where precision of localization wagjuested. Thus the biocompatibility
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analysis was carried out using a Bluewave50 lampn@&x) provided with a water-probe of
diameter 0.5 cm which emitted a 366 nm conical be@dhe light intensity decreases as

function of the sample distance from the probe @&V/cnf at 2 cm).

F.2.3 Rheological measurements

A rheometer (Rheostress RS150 Haake) was usedaloage viscoelastic and rheological
properties of cross-linked hydrogel. It was equippath a temperature control (20.0£0.5° C)
and a plate-cone sensor (1°) of 60 mm diameterinDuneasurements the distance between
cone and plate was 0.051 mm. Experiments wereedaaut on different concentrations of
Hyaff120° solutions from 10 up to 75 mg/ml. Higher conceiirzs gave solutions too
viscous and so unlikely workable. The solution thgal behaviour (before irradiation)
was evaluated by analyzing the shear stress asidoraf rising deformation rates (0-5)s
Stress sweep measurements on cross-linked hydragets performed in order to find its
linear viscoelastic region where the complex mosluhas independent from the shear stress.
Finally, elastic (G’) and viscous (G”) moduli ofass-linked hydrogels were calculated as
function of rising oscillation frequencies (0.1-#@) at constant shear stress=(1 Pa).

For all concentrations hydrogel disks (1.5 ml) werepared by UV curing for 3 and 5 min at
2 cm distance from the Triwood lamp (4mW£RniThe time of exposition had to be long
enough to allow the hydrogel formation but alssogeble for a futuren vivo application.
Elastic and viscous moduli were also measuredydrdgels cured by means of Bluewave50
probe: samples of different concentrations (10a2@ 30 mg/ml) and exposition times (from
3 s up to 5 min) were prepared at a distance etqua& cm from the probe (427+£2.5

mwW/cn?).
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F.2.4 In vitro degradation

The degradation process was studied on samplesffefedt Hyaff12° concentrations
ranging from 10 to 75 mg/mll. First, all solutiowgre cross-linked in multi-well Iwaki of 22
mm diameter at 2 cm distance from the Triwood ldorpl, 3 and 5 min (4 mW/cfh Then
the disks were weighed , placed in 60x15 mm Pdipped under 5 ml of saline buffer (pH =
6.98), closed with parafilm and incubated at 34fpd0 28 days. The solution were analyzed
by means of HPLC which allowed the determinationatifohol HHMP and Hyaff120
concentrations as function of incubation time, daling the kinetics till complete

degradation.

F.2.5 Swelling measur ements

One ml of solution ranging from 10 to 75 mg/ml weress-linked in multi-well (Iwaki) of
22 mm diameter at 2 cm from the Triwood lamp foB &nd 5 min (at 4 mW/ct The disks
were weighed and gently dried at 37° C for abouh@drs. The samples were reweighed,
placed in larger multi-well (36 mm diameter) angpéd under 10 ml of physiological
solution at room temperature. The weight swelliagor (Qu) was monitored by weighing the

disks from 5 min up to 3 days after dipping, whiea ¢quilibrium conditions were reached:

Qu = 10, M

D

Ws=W,(Qy-1). )
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where W (g) and W, (g) are the weights of swelled and dried hydrogetpectively.

F.2.6 Hydrogel mor phology

The morphology of cross-linked structure was aredyzy SEM (JSM-6490 Jeol). Two ml of
solutions ranging from 10 up to 75 mg/ml were cdasised in multi-well Iwaki of 22 mm
diameter at 2 cm from the Triwood lamp for 5 minn@V/cnf). The samples were freeze-

dried, gold sputtered and analyzed (Lyovac GT2 b&idbieraeus).

F.2.7 Photo-encapsulation of HL1 cells

The HL-1 cells are a cardiac muscle cell line, i from the AT-1 mouse, atrial
cardiomyocyte tumor lineage and were cultured psrted in literature (Claycomb, Lanson
et al. 1998). HL1 cells were added to the precussmution at a concentration of °10
cells/mL. A volume of 100 pL of the cells/HYAFF120ixture was poured into 96 multi-
wells, and photopolymerized. The cultures were lna¢ed (Heraeus BBD 6220) at 37° C and
the HL-1 culture medium was substituted daily. &parted in literature, the cells grew,

proliferated and express phenotype of adult cargamytes.

F.2.8 Cell viability and proliferation

The effect of UV exposure on cell viability was kwsed by Trypan Blue and Live/dead
assay. HL1 cell and culture solution (100) was placed in 96 multi-wells (2Gells/mL
each) and irradiated for 3 s up to 10 min (at 1/tnf). A 50 ul of solution was mixed with
equal volume of Trypan Blue and the dead cell foactvas counted in the Burker’'s room.
The cell viability was assessed through live/desghg (Molecular Probes, Eugene, OR) after
2 days of culture in hydrogel photo-polymerized ®rs up to 10 min exposure (at 1.1

W/cn?). This fluorescence based method detects livedaad cells using 3mM calcein AM
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and 3mM ethidium homodimer-1 (EthD-1) dye. The ealcAM is well retained within live
cells and converted enzymatically in green fluoeascalcein (ex/em ~495 nm/~515 nm).
EthD-1 enters cells with damaged membranes whet@nds to nucleic acids, thereby
producing a bright red fluorescence in dead cebdem ~495 nm/~635 nm). Each well was
covered by 10QuL of the combined live/dead dyes solution usingosmnration of 3mM for
calcein AM and ethidium. The solution was incubat®d90 minutes at room temperature.

The labeled cells were observed using fluorescencescope Zeiss inverted microscope.

F.2.9 Cell proliferation (MTT)

After mixing the culture solution with Hyaff120previously solubilised in physiological
liquid, the 100pL final solution (30mg/ml) was placed in 96 multells (2x16 cells/mL)
and cross-linked by UV exposure 20 s (at 1.1 VWjcifinally the hydrogels were placed in
24 multi-wells and dipped in 2 mL of culture medium

The proliferation of HL1 cell line encapsulated hgdrogel was measured by MTT test
(Sigma-Aldrich), which evaluate the presence ofogtiondrial dehydrogenase activity
enzyme from viable cells. The yellow tetrazolium M{3-(4, 5-dimethylthiazolyl-2)-2, 5-
diphenyltetrazolium bromide) is cleaved during 4hleours incubation at 37°C to form a dark
blue formazan crystals which is largely impermeatdecell membranes. The resulting
intracellular purple formazan can be solubilizedsoapropanol/dimethyl sulfoxide (90/10%

volumetric ratio) solution and quantified by spepinotometric mean3£580 nm).

F.2.9 Histological analysis

Histological analysis by means of ematossilin amdire allowed to evaluate the cell

distribution inside the hydrogel. Particularly, thest, acidophil substance, coloured cell
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nuclei and hydrogel violet, whereas the secondyfitate substance, coloured cell cytoplasm
purple. The sample was frozen in liquid nitroged aectioned (2%um). The sections were
collected on a glass slide and dipped in ematasfli 1min and 30 s. After rapid wash in
water (2 min), the slide was dipped 8-12 timesdidlalous alcohol (400 ml of ethanol 70%
with 1 mL of hydrochloric acid 12N) in order to dease the intense colour of ematossilin.
The eosin staining was achieved dipping the slideasin for 2 min and quickly washing in
water to remove the excess of dye. The stainingfixad dipping the slide in ethanol 50%
for 1min, 80% for 4 min, 100% for 5 min and xyldier 5 min in order to dehydrate the

sections. The samples were dried and analysedheétbptical microscope.

F.3 Results and discussion

F.3.1 Physical-Chemical characterization

The Hyaff12 Hydrogel is easily obtained by solubilising thdypeer Hyaff12¢ in water
and by curing the aqueous solution under UV lidgitte main advantage of this method
respect others involving HA, is the eliminationdufuble bonds C=C in the polymer for the
photocrosslinking reaction.

The process of Hyaffl120synthesis is schematically illustrated in Figue During the
esterification reaction the carboxylic group of fhaysaccharide is substituted by bromide
group using ion of an ammonium salt as intermediteaction. By increasing the bromide
concentration, the percentages of esterificatiesridetermining the increasing of its
hydrophobic feature and the reduction of the UMrayrtime. Low percentages of
esterification (20-30%) allowed good solubility water but it requires long time for the

hydrogel formation (30 min at 4mW/&nHigher degree of substitution (75 % esterificaji
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allowed a faster cross-link (2-3 min at 4mW#fmaven if the concentration of ester is low (15
mg/ml), but the product is no more soluble in wadtecause of its hydrophobic nature. The
best compromise was achieved by producing a hytlwitie 50% degree of esterification in
term of good water solubility and relatively moderéime in the UV processing of hydrogel
preparation.

The Hyaff12® production was monitored by measuring through HPagalysis the
percentage of esterification up to the reaching glateau (data not shown). The chemical
structures of HATBA and photoinitiator-HA conjugatel YAFF12G%) were compared by
FT-IR spectroscopy. As shown in Figure 1B, theat#hces between the spectra were visible
at 1750 crit and a 1250 cih The first peak represents the stretching of #ieried bond.
The second peak refers to the oscillation betwheratomatic group and the oxygen atom.
Both of them prove that the esterification reactjpres the desired product.

In order to evaluate optimal concentration of nwadiated polymer solutions for clinical
application, rheological analysis was performed fbgguency sweeping with different
concentrations of photoinitiator-HA conjugate (1RQ, 30, 40, 50 e 75 mg/ml) in
physiological solution. Applying rising deformatigates, the shear stress was recorded by
the rheometer. Since the viscosity decreased wittreasing deformation rates, the
experimental profiles suggest a pseudoplastic betavypical of polymer solutions with
high molecular weight. Pseudoplastic fluids appmuade at low deformation rates newtonian
viscosity limit (o). However in a pseudoplastic fluid, as the defdromarates increased, the
polymeric chains begin organising in the flow direx and at very high deformation rates,
once the complete orientation was gained, the sigcovould reach a new constant value
(Mx). Thus, the results suggest that the polymer isolsit may contain effective

entanglements over this range of frequencies (0.H).



218 Appendix F

A Br—\_o
coona g ot o o o NHCOCH;
/ HO O N
NERNTENT =T s o
Ho OH NHCOCH3 | COO(TBA)Y n on SH2OH
HO
HATBA HHMP bromide ~ H,d  CMe
H% HO oH S
© NHCOCI—% ° UV (366nm)
C—ONH + .
i o light
HYAFF120°
(]
HO
HsC CHs

HA

HA\’V"\_O O_/N\
_— o HSCMS
DRI -
o

HYAFF120° photocrosslinked

B 105 T hyafi120
100 4 HATBA

T

2 R 8
e
\
]
7
;;—I
1654 41
k<§133458
r—r—fr
154,70

754

704

131298

1258,20

% Trasmissione
342218

202381
1761,09

8
1558,07

&

% Transmission

)
3422,69
1654, 74

141968

1166,82
104850

1046 42

40
e e e ———————p—eeeer
3500 3000 2500 2000 1500 1000 500

Wavelength number (cm1)

Figure 1 Photoinitiator-hyaluronic acid conjugate (Hyaffi2o) synthesis and FT-IR
characterization. A) Schematic illustration of Hyaff120 synthesis; B) Comparison of FT-IR spectra
of HATBA in red and photoinitiator-hyaluronic acid conjugate in blue.

The slope values of the flow curves at low deforaratates ¢ - 0) are reported in Table 1

as function of the concentration. By increasing tmncentration of photoinitiator-HA
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conjugateno increased rapidly up to 2.5 Pa s in the most aunated solution. Solutions
with a viscosity higher than of 0.4 Pa s, are hathdVith difficulty with a 27 Gauge needle,
which is used foin vivo cell injection.

In the frequency range studied, all the polymeutsahs show a viscous modulus greater

than to the elastic one.

Table 1. Values of apparent viscosity for different concentration of photoinitiator-HA solution

Concentration Viscosity (Pas)
(mg/ml)
10 0.025
20 0.094
30 0.107
40 0.403
50 0.783
75 2.459

By cross-linking the solutions under UV exposurewall-to-wall compact and stable
hydrogel was achieved with uniform morphologicalogerties. All samples were
characterized by dynamic mechanical rheology. Be&pplying forced oscillation analysis,
it was investigate the linear elastic region in ebhthe complex modulus was constant. The
shear stress was gradually increased maintainimmprestant frequency (1 Hz) and the
complex modulus was recorded until the breakingfpovhen the complex modulus fell

down to zero (Figure 2A). The same analysis wasatgul for two exposure time, 3 and 5
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min, and different polymer concentrations (FigufeE). Since these concentration exhibit a
linear response over a wide range of applied stm@ssexpect these hydrogels will have a
uniform and predictable rheological response vivo regardless of the mechanical
environment to which they are subjected. For exposme of 3 min, the maximum stress
increases from 50 Pa (10 mg/ml) to about 1500 Panig/ml), whereas a longer UV
exposure time led to an increasing of the moduléisomy the 10-20%. Thus, the
concentration value seems to be more critical i@gpethe exposure time for the reaching of
the maximum stress value.

In order to evaluate the elastic and viscous modrdiguency sweep was performed for
different concentrations and cross-linking timebe Theasure was repeated 3 times for each
condition, keeping the shear stress at 1Pa durgmsarements in order to ensure to be in the
linear elastic region. Figure 2 C-D illustrate tbkastic and viscous moduli recorded for
different polymer concentrations at constant temjpee of 20 °C after 3 min of UV
exposure. A remarkable difference between hydraged precursor solutions can be
observed by the rheological experimental profilBise presence in hydrogels of chemical
bonds among the polymeric chains, reduces drdstitaéir mobility and stabilized the
network in a semisolid 3D structure. The hydrogeptays a high degree of elasticity, with
G’ only weakly dependent on frequency and gredian G” over the entire frequency range.
The stability and the relative large value of Ghgmared to G” over a range of frequencies is

a characteristic feature of a cross-linked hydrogel
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Figure 2 Rheological analysis of hydrogel with different concentration of HYAFF120. Stress
sweeping measurements after curing: 3 min (A) and 5 min (B). Elastic (C) and viscous(D) moduli
profiles obtained by frequency sweeping of different concentration of hydrogels cross-linked for 3
min.

For low concentrations, the increasing of polymenaentration led to a rising of elastic
modulus, up to reaching a plateau at 1500-2500 ifracancentration greater than 40mg/ml
(Figure 3A). Similar consideration can be done giugl the G’ as function of the exposure
time. As the irradiation energy increases, the rensibf cross-links formed in the system are
expected to increase, giving the formation of nmmpact hydrogel. The growth of G’ was
rapidly passing from 3 to 30 s but, as the expmsitime rose, elastic modulus stabilized

reaching a plateau (Figure 3B). The stabilizatibthe mechanical properties of hydrogels
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over certain experimental conditions assure theinsevo of a material with controlled
properties. Table 2 shown the average value otielasodulus for different concentration

and exposure time.

Table 2 Average elastic modulus as function of concentration and time exposure (Italquarz lamp)

Elastic modulus (Pa)
Conc (mg/ml) 3min 5min

10 144+23 155+15
20 605+2¢ 759+8¢
30 990+9: | 1300+£16:
40 10344194 1448+89
50 1256+184] 1723429
75 1680+28! | 1979+43:

The slight increase of G’ over the frequency cokddue a different organization of the
polymer chains and entanglements. It is known, fribva linear viscoelastic model of
Kamphuis et al (1984), that at high frequency, ghert time (faster) relaxation is primarily
due to elastic relaxation of individual chains wdes longer-time (slower) relaxation modes
reflected an rearrangement of the 3D network intoremenergetically favourable
configurations. In order to gain more informatiomoat the viscoelastic behaviour of the
hydrogels, the elastic modulus was analysed batinegression as function of frequencies
and concentrations (Figure 3C). With the increasihthe polymer concentration the slope

of G’ progressively decreases up to a plateautaltiee formation of a more rigid structure.
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Figure 3 Elastic modulus profiles. A) G’ as function of concentration for different frequencies for
hydrogels cross-linked for 3 min B) G’ profile as function of the exposure time c¢) G’slope as function
of concentration of hydrogels cross-linked for 3 min

The phase shift angte

tan@) = G’/G’
wheres is an indicator of internal dissipation. For pyrelastic solids, the stress is in phase
with the strain, that i = 0, while for ideally viscous fluids, the strdss90° out of phase
with the strain, that i8 = 90. The phase shift angle of all hydrogels msasdt constant for all
the concentrations (3°) with a higher value calmddor a concentration of 75 mg/ml (8°).
Since then vivo application require the use of small beam as lgghirce, we compare the
performance of two light sources: Italquartz lamp ®ymax. At the same distance from the
source (2 cm) Dymax light intensity (427+2.5 mW#ris two orders of magnitude higher

than ltalquartz lamp (4 mW/ch Thus, in order to achieve the same crosslinkéggme and
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elastic response we need a shorter exposure tinoedér to compare the performance of two
lamps in terms of elastic response of the matertedplogical analysis were performed for
hydrogel at different concentrations for severgbasure times, keeping the same distance
from the surface for both light sources.

The results, summarized in Table 3, show that #iees obtained with an exposure time of
3-5 minutes at 4 mW/cm2 (source Italquartz, Tablar2 achieved, as expected, in less than

10 seconds using the Dymax lamp.

Table 3. Average elastic modulus as function of concentration and time exposure (Dymax lamp)

Elastic modulus (Pa)
Conc 3sec 10 sec 30 sec 1 min 3min 5min
(mg/ml)
10 43+7 162+7 261+24 250+13 251+37 253+19
20 155+42 646+79 1035+73 11174137 1258+37 1421+182
30 267+13 1113+39 2112+118 2264492 2315+174 2728+24

F.3.2 Swelling analysis

The swelling behaviour of hydrogels was investigategeasuring weight ratio due to water
uptake as function of polymer concentration andéXgosition time (Figure 4).

Generally, the maximum water uptake is reached h@a first 24 hours. Swelling at
equilibrium depend upon the polymer concentratiold dhe UV exposition time. In
particular the swelling capacity decreases with ittegeasing of these two parameters, as
already reported by other research groups (Flo319ennie Baier Leach, Bivens et al.
2003; Zhao 2006). As the cross-linkage densityeased the characteristic dimension of the
3D network decreased. Following the Flory-Rehnécutations, the swelling results can be

used to calculate some important structural pararsetf the hydrogel such as:
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a) the average molecular weight between cross-links, (fmol), defined as the chain
average molecular weight between two following stlisks;

b) the cross-linkage density, (mol/cnt), expressed by the ratio between the number of
moles between two following cross-links and theunad of dry polymer.

c) the mesh siz& (nm), defined as the length of the polymer chatwieen two following

cross-links.
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Figure 4. Swelling ratio as function of analysis time for exposition time equal to 1 min (A), 3 min
(B) and 5 min (C).

When a polymer network was swollen by a particglalivent, the chains are in elongated

conformation, but, by increasing the elongation,etastic force developed in the opposite
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direction limiting the process of stretching. Or thther hand, the polymer-solvent mixing
increased the system entropy favouring the hydregedlling towards lower free energy
configurations. The action of these opposite fotedaup to an equilibrium situation.

The average molecular weightcMvas calculated using a simplification of Flory-Reh

equation (Flory 1953):

Q> = DTMC(O.SX), (F.1)

where Qy is the volumetric swelling ratiq is the specific volume of dry polymer (0.893
cm’/g), V1 is the specific volume of solvent (1 dg) andy is the Flory interaction parameter
between polymer and solvent (0.473).

Qv was evaluated from the weight swelling rafg with the following equation (Marsano,

Gagliardi et al. 2000):

Q = 1%(% 3, (F.2)

wherep, is the density of dry polymer (1.12 g/®nandps is the density of solvent (1 g/émn
The cross-linkage density was determined as follgtuglin MB, Rehab MM et al. 1986):
_ Po
=_'r F.3
v = (F3)
The swollen hydrogel mesh size was calculated withfollowing equation (De Jong SJ,

Van Eenderbrugh B et al. 2001):
= Q" y?, (F.4)

where\/r(T2 is the root-mean square distance between cross{imk). For HA, the following

value was reported (Cleland 1970):

Jr2 D02.4/2n, (F.5)
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wheren is the number of disaccharide repeat units for with a given molecular weight.

For HA with the molecular weight (178000, is 450, thus:

Jr2=0.1702/ M, . (F.6)

A combination of Egs. 9 and 11 and a substitutibMefor M, gives

(=0.1707/ M. Q*°, (F.7)

OnceQy was evaluated experimentall®, was determined from Eq. 2 andcMye and ¢
were calculated from Eqgs. 1, 3 and 7 respectivEhe results were plotted as function of

Hyaff120® concentration and different exposition times (Fégb).
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Figure 5 Molecular weight between cross-links (A), cross-linkage density (B) and mesh size (C) as
function of Hyaff120® concentration and exposition time (1min in black, 3 min in red, 5 min in
green).

The results show that both the polymer concentragiod the exposition time promotes the
formation of a more compact structure by increashng cross-link numbes. among the

chains. This closer network is characterized byelomolecular weight between cross-links
and the mesh size decreased giving a closer netwesrkxpected from the rheological data,
the dependence to these parameters results is stoiger for short exposure times. As

shown in Figure 5, the results obtain for 3 andi® were very similar to each other.
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F.3.3 Hydrolytic degradation

Generally the ester is expected to degrade in agusolutions. The composition of the
solution during the hydrogel degradation was maadmver time by HPLC analysis, which
allowed following the kinetics of release of alcbhmhotoinitiator (HHMP) and ester
Hyaff12d®. The in vitro degradation rate was tested (5 iépes) for different Hyaff128
concentrations and different exposition times (Feg).

Whereas for 3 and 5 min the hydrogel was compadt waall to wall limited, with an
exposition time equal to 1 min the structure waakvend jelly-like. Observing the results at
3 and 5 min for a concentration of 30 mg/ml (Figé®e-B), the degradation process was
characterized by a first phase (7-10 days) whesegtrantities of alcohol HHMP and ester
Hyaff12d® were moderate. In this phase the samples, dipperuthe buffer solution,
swelled, releasing the inner unreacted ester. Atsdime time this ester degraded under the
action of OH ions in solution and it broke down into its stagtireactants, hyaluronic acid
and alcohol HHMP. Similar consideration can be méateall concentrations (data not

shown).
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Figure 6. Degradation in water of hydrogel obtained after UV exposure of 1 min (red), 3min
(green), 5 min (blue). HHMP (A) and Hyaff120® (B) concentrations as function of incubation time
for a fixed concentration (30 mg/ml). HHMP recovery as function of time for 10 mg/ml (C) and 75

mg/ml (D).

Nevertheless, the continuous stretching of chembcadds together with the OHattack
caused the structure breakage up to its solubdisatfter about 14 days, demonstrate by a
very fast rising in the ester concentration. Sititen the quantity of ester decreased as
function of time, because of its slow but relergldegradation into HA and HHMP.

In the case of the lowest exposition time (1 mag,a consequence of the weak structure,
within 5-7 days the ester concentration reachedofak indicating that these samples were
already degraded and solubilised in the buffertswiu This difference is directly related to

the hydrogel physical structure: at a fixed conain, by increasing the exposition time,
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i.e. the energy received for unit of time, the srbskage density leading to a rigid and
compact network which was more resistant to thetgting of chemical bonds and to the
attack of OH

As the initial quantity of HHMP and the volumes thie samples were known, once the
HHMP concentration was calculated as function ctibation time, the quantity of alcohol
recovered respect to the initial quantity was waled as function of incubation time (Figure
6C-D). The diagrams showed the behaviours of tweentrations, 10 mg/ml and 75 mg/ml.
In the case of the most diluted sample cross-lirfked. and 3 min, after 28 days the HHMP
recovery was complete, reaching the 99% of thd tptantity present at the beginning of the
degradation process. By increasing the expositina tip to 5 min, the percentage decreased
(85%). The most concentrated hydrogel reached satdeabout 70%, 60% and 50% for
increasing exposition times, 1 min, 3 min and 5 nespectively. At a fixed exposition time,
by increasing polymer concentration, the higheistasce of hydrogel to the degradation

proves again a rising of the number of cross-liak®ng the chains.

F.3.4 Hydrogel Morphology

The morphology of freeze-dried hydrogels was sulidig SEM as function of different
concentrations (Figure 7).

The SEM analysis of the surface and interior molgd (data not shown) of the hydrogel
clearly showed its three-dimensional sponge stractiven if the structure observed by
SEM give only a qualitative idea of the original npleology because of the shrinkage of the
gel volume, the pictures prove an highly homogermogerties through the entire hydrogel
volume. As the polymer concentration increasing ¢haracteristic diameter of the pore

decreases showing a more compact structures shthple.
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Figure 7 SEM photographs (500x) of cross-sectional interiors of freeze-dried hydrogels obtained
after smin (4mW/cm2) UV exposure of solution with different polymer concentrations: A) 10mg/ml,
B) 20 mg/ml, C) 30 mg/ml, D) 40mg/ml, E) 5o0mg/ml, F) 75 mg/ml

F.3.5 Cell-Hydrogel Interaction

In the view of using Hyaff120 hydrogels as cellrgas it is important to determine the
material biocompatibilityin vitro and the effect of UV exposition on cell-viabilityAs
mentioned previously the clinical applicability thiese hydrogels is related to the possibility
of using a lamp characterized by a small light beBrperimental observation of the conical
light emitted by the probe led to calculation of tiop angle (66°). Thus the light intensity of
1329 + 0.6 mW/crh assessed at 0.5 cm decreases as the distancethfeoramp probe
increases, reaching the value of 4.1 + 0.3 m\#/@m20 cm. The power absorbed by the
material determines an increasing of surface teatpes, which was plotted as function of
time exposure and distance from the light beamuilei@B). The experimental profile show a

rapid increasing of temperature with the exposumne up to the reaching of a plateau around
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100 sec. The equilibrium temperature is stronglygeselant on the distance from the beam,
even if similar results are registered for 2 arahBof distance (Figure 8B).

To avoid cell damaging, it is then reasonable tantaan the exposure time as low as
possible, though guaranteeing the hydrogel formatidL1 cardiomyocyte cell line were
encapsulated in 30mg/ml solution and their viapiitas determined both immediately after
different UV exposure time (3”, 30", 1.5, 3', 6’ 0") at 1.1 W/cri (Figure 8A). A
gualitative assessment of the cell viability inypoéric solution was made by Live/Dead
dye-staining. By this method, the living and deatlscwere, respectively, stained in green
and red under fluorescence microscope. The FigwskRodvs indicates that the majority of

cells remain viable up to 30 seconds.
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Figure 8. Effect of UV exposure cell-hydrogel blend during photopolymerization. A) Fluorescence
imaging (20x magnification) of hydrogels after 3”, 30”, 1.5, 3’, 6’ e 10’ UV exposure at 1.1 W/cm?
(scale bar =10 um) Viable cell in green, dead cells in red. B) Surface temperature profile as function
of the exposure time (0.5 cm black, 1.cm red, 2cm green, 3cm blue). C) Percentage of viable cells as
function of the exposure time (Trypan blue assay)
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In order to quantify this correlation, li and dead cells were counted after UV expositiol
Trypan Blue assay. This methmeasureshe percentage of a cell suspension that is \.
The viability test proved the good tolerance oflcéb UV for exposure time up to .
seconds (75% the popuon is viable). However the percentage of dead cgitsws
exponentially with the exposure time, halving thedl @opulation approximately in 1-2

minutes (Figure 8C).
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Figure 9. Representative image of 3omg/ml hydrogel histology after ematossilin-eosin staining.
HL1 were cultivated in hydrogel for 2 days after photopolymerization with 10 seconds UV light
exposure. Microscopic image of hydrogel sections: HL1 in pink, hydrogel in violet A) 10x
magnification B) 20x magnification. Scale bar 10 um.

In order to evaluate if the me transport meets the requirements necessary tccells
survival, he cell viability and proliferation were investigdt on HL1 cell-containing
hydrogelsby MTT assay. The microscopic obvation of the hydrogel after MTT stainin
indicate good cell proliferationup to 5 days of culture, proving the biocompatibilof
material. The MTT absorbance increases from 1 ito #he first 24 hours. After that, sin
the cell encapsulation enhan the hydrogel degradation, the hydrogel swells andpietely
degrades in 5 days. The morphology of encapsulzd#d was investigated kematossilin

and eosin staining after 2 days of culture and sogpeesentative images are recorde:
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Figure 9. The microscopic observation of the hydtagections confirms the MTT results,
showing the cytoplasm (pink coloured) of some cellaracterized by the typical elongated
shape. However most of the cells maintain a rodraps, indicating poor adhesion to the

hydrogel surface.

F.4 Conclusions

This study present the development of a new photgaperizable hydrogel formulation
based on hyaluronic acid derivative, HYAFF£20

Physical/chemical characterization of the Hyaffl2@lutions and the Hyaff13Chydrogels
have been performed for different polymer conceiing and exposure times. The
macroscopic effect is the fabrication of a comgaatrogel that presents an elastic response
and low degradation rate. As the concentrationa@nitie exposure time increases, hydrogel
structural parameters change, in particular thesslimking density increases. All the
analysis show the gradual enhancing of these ptieperp to the reaching of a plateau.

The study of the interactions between HL1 cells hypdrogel assessed the biocompatibility
of the hydrogel and the best working conditionst tipaarantee the highest cell viability.
MTT tests proved the cell proliferation in the hydel, demonstrating an adequate mass
transport and the absence of toxic product dutiegctosslinking and the degradation.

The most appropriate use of Hyaff120 ® seems tadbealrug or cells carrier due to its

feasibility of polymerizationn vivo with a small UV light energy.
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