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Sommario

Le impellenti necessita legate allo sviluppo dividarmaci e di terapie innovative per la
cura di malattie dellapparato muscolare, quali esempio la Distrofia Muscolare di
Duchenne o l'infarto miocardico, hanno portato @itascente domanda di nuovi metodi e
tecnologie. E’ chiaro inoltre come le cellule staali possano costituire una risorsa
fondamentale per la generazione di tessuti umadificali da impiegare in tali processi.
Tale prospettiva, richiederebbe da un lato strumeanfisticati per il controllo e il
differenziamento delle cellule staminali e delfaltl'integrazione di questi all’interno di
procedure in grado di soddisfare i requisiti fonéatali dei modelli sui quali operare per lo
sviluppo di nuovi farmaci o strategie terapeutichie i requisiti fondamentali da rispettare

si citano quindi: micronizzazione, versatilita, f@gosto e highthroughput.

Obiettivo fondamentale di questa tesi sono staprémettazione, sviluppo e fabbricazione di
tecnologie su scala micrometrica in grado di ripmoel una stimolazione biomimetica
ispirata al microambiente cellulare vivo e, nello stesso tempo, di rispondere ai requisiti

tecnologici descritti sopra.

E’ stata effettuata un’analisi semi quantitativasdia sull’analisi dei tempi caratteristi dei
fenomeni su microscala, che ha portato alla prashezidi diagrammi operativi da
impiegarsi nelle fasi di progettazione e sviluppaadi strategie sperimentali. Sono stati
sviluppati microbioreattori all'interno di piattafme microfluidiche applicate poi allo studio
di sistemi cellulari. In particolare, sono stafietfuati studi biologi sull’effetto di gradienti

di concentrazione all'interno dell'importante siting cellulare del Wnt.

E’ stata realizzata una tecnica per l'organizzazidopologica su microscala di colture
cellulari su substrati in hydrogel dalle propriatdeccaniche definite. Le tecnologie
sviluppate sono state impiegate per casi studitetialato valore scientifico e sono state
interfacciate con colture di particolare interegsli mioblasti umani distrofici e cellule

cardiache derivate da staminali embrionali umane.

Infine, e stato proposto un prototipo di piattafarmicrofluidica in grado di accoppiare le

stimolazioni di tipo topologico al controllo delii#iente solubile su colture cellulari.
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| risultati ottenuti aprono nuove ed interessamtispettive sia per lo sviluppo di nuovi
farmaci che di strategie terapeutiche volti alleacdi patologie ed allo studio approfondito

della complessita dei sistemi biologici.
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Al giorno d’oggi, molti sforzi sono rivolti allo shappo di terapie e farmaci innovativi per la
cura di specifiche malattie. La strada che portenefici di questa ricerca al paziente e
lunga e irta di ostacoli, ed il cosiddetto passagtfrom bench to bed” non € mai
immediato. Un’altra limitazione e data dal fattoecih processo per lo sviluppo di nuovi
farmaci o terapie deve rispondere a rigide regofdamoni ad affrontare costi

estremamente elevati per un lungo periodo di teenpenza la certezza di successo.

In quest’ottica, I'implementazione di metodi inntivache possano ridurre i tempi e i costi
per lo sviluppo di nuovi farmaci, nonché facilitar@rocesso decisionale all'interno di tal
processi, risulta estremamente rilevante e dedideradUn primo passo in tale direzione
potrebbe essere l'adottare tecniche quali screefimghthroughput” ed una gestione

automatizzata dei dati.

Al contempo, € emerso con sempre maggiore impataome i test basati sull’utilizzo di
cellule umane come elemento sensibile possanoeesser strumento fondamentale per
studiare in modo rapido e rilevante I'effetto dieteninate sostanze su di un campione che
possa effettivamente essere rappresentativo di detarminata condizione patologica.
Tuttavia, le metodologie standard di coltura cellel si distaccano drammaticamente da
guella che e la complessita dei tessuti natunalivo e possono per tale motivo dare dei
risultati fuorvianti e non predittivi di quelle ch@ssono essere le effettive risposte del

sistema reale.

Per tale motivo, le tecnologie innovative svilugpatgli ultimi anni cercano di imitare il
piu da vicino possibile il naturale microambientdldare questo si effettua attraverso un
accurato controllo e limitazione delle complessesaate di segnali regolatori che si
riscontranain vivo seguendo il cosiddetto “approccio biomimetico”auruova prospettiva

attraverso la quale ottenere una visione piu r@eilsistemi biologici.

Tale principio ha sotteso tutta la ricerca che seffettuata durante questo dottorato,
guidando il raggiungimento degli scopi principdbgcalizzati al tentativo di mimare la
nicchia staminale e raggiungere un elevato gradmulirollo sui sistemi biologici studiati.

Nel pieno rispetto di cio, siamo stati focalizzalla progettazione e realizzazione di
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tecnologiead hoc per la produzione di piattaforme da essere impéegd’interno di
processi di screening farmacologi o per lo svilugpterapie innovative.

Tali piattaforme devono soddisfare a moltepliciuiedi, tra i quali:

ricreare il microambiente cellulare;

* essere integrabili con sistemi biologici di elevalvanza;
» avere caratteristiche “highthroughput”;

e consentire un elevato controllo sulla microscala;

e essere miniaturizzati.

Questi ultimi aspetti assumono una particolare nmza in quanto la miniaturizzazione ed
il controllo sulla microscala sono stati un temancoe di tutta la ricerca che e stata qui

sviluppata.

Nel primo capitolo verra presentato lo stato de#asull’utilizzo di tecnologie innovative
per la coltura e lo studio di cellule staminalinaana particolare attenzione alla rilevanza

biologica della fonte cellulare e alle limitaziatelle tecnologie esistenti.

Nel secondo capitolo verra presentata una raziwegione attraverso un approccio
matematico dei principali fenomeni, delle variabiligioco e della loro relativa importanza,

all'interno dei sistemi che si andranno poi a gyilare.

| capitoli 3 e 4 presenteranno invece le tecnichpmarecchiature che sono state sviluppate
e prodotte all’interno di questo studio. Avrannaastruttura simile, presentando lo stato
dell’arte sull'argomento specifico, ed approfondend casi studio piu rilevanti con
attenzione alle loro motivazioni, metodi e risulfatincipali. In particolare, il capitolo 3
sara incentrato sullo sviluppo di strategie pererwte un controllo topologico del
microambiente e sull’'ottimizzazione del substragr pe colture cellulari. 1l capitolo 4

invece presentera in dettaglio i risultati relagile applicazioni in campo microfluidico.

Il capitolo 5 infine, descrivera le potenzialitautia piattaforma integrata che fornisca sia il
controllo topologico che la microfluidica. Verraggentato un primo caso studio e saranno
discusse le sue limitazioni. In conseguenza a mioporremo un nuovo sviluppo che si
presenta come soluzione tecnologica alle limitazemerse. Tale soluzione tecnologica

verra presentata con un prototipo di piattaforntegrata e dalla sua validazione.

| principali risultati degli studi effettuati somappresentati dalle 7 pubblicazioni riportate

nelle appendici e dai 2 lavori in fase di sottomiss inclusi.



Summary

The impelling needs related to the processes of drug and therapy development for the cure
of diseases such as Duchenne Muscular Dystrophy or myocardial infarction, led to an
increasing demand for the development of innovative methods and strategies. It is also clear
how stem cells could represent a fundamental source for the production of artificial human
tissues to be employed in such processes. This perspective, would require both sophisticated
tools for the control of stem cells differentiation and their integration within procedures apt
to satisfy the fundamental requirements for obtaining tissue-model on which perform
pharmacological or therapeutic studies. Among the fundamental requisites are:

micronization, versatility, low-cost and highthroughput.

The main aims of this thesis have been the design, development and fabrication of
microscale technologies capable of both reproducing a biomimetic stimulation inspired to
the in vivo cell microenvironment and responding to the above mentioned technological

requirements.

We performed a semi-quantitative analysis of the characteristic times of microscale
phenomena that lead to the generation of operative diagrams that would prove useful in the
design and development phases of experimenta strategies. We developed microfluidic
microbioreactors that have been used for biological studies involving cell cultures. In
particular, we investigated the role and effect of concentration gradients on the fundamental

Wnt signaling pathway.

We developed techniques for obtaining a topological control at the microscale of cell
cultures on hydrogels with tunable mechanical properties. These techniques were
successfully applied and interfaced with relevant biological systems such as primary human
myoblasts from dystrophic patients and human embryonic stem cells-derived

cardiomyocytes.

We finally proposed a prototype of an integrated microfluidic platform capable of coupling
the topological stimulations to the control of the soluble microenvironment on cell cultures.



X Summary

The obtained results open new and interesting perspectives for both de efficient
development of drugs or therapies for defined diseases and for gaining deeper insights into

the complexity of biological systems.
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Nowadays, huge efforts are invested in trying teetlgp novel therapies and drugs to treat
specific diseases. In order to bring benefit tofthal end user -the patient-, the road is long
and steep, and the so-called translation “from beaodcbed” is never easy. The process of
development of new therapeutic strategies is chaiaed by many specific requirements
and by high costs incurred over a period of sewsals before even having any feedback

on their potential success or failure.

Within this scenario, there is a great interestmmplementing innovative methods that
would reduce the development times and costs, anddwfacilitate the processes of
decision—making giving more insight into the studmocesses themselves. A first step in
this direction would be to adopt technologies sash highthroughput screenings and

electronic data acquisition.

In parallel, it has emerged that primary human sglitems and cell-based testing can be
both a valuable tool to quickly explore toxic andnnfunctional compound and a
representative model of human disease biology. Mewehe traditional cell models are
dramatically different from the complex functionéissuesin vivo and may give

unsatisfactory, misleading and non-predictive diatdahe actual response.

For this reason, novel cell culture technologiegetigoed in recent years try to mimic
vitro thein vivo cellular microenvironments with an increasing fliye through improved
control and provision of cascades of multiple ragpdy factors. This is the so-called
“biomimetic approach”, a new perspective throughcoltgain a closer view of biological

systems.

All the work that has been performed in this stuiys sustained by this principle, and the
attention paid at the goal of mimicking the stenl o&che and controlling biological
systems with a biomimetic approach have always Ipelemary aims. In the respect of these
aspects, we focused on the design and developrhexthmc techniques and technologies
for the production of platforms to be used in drsgyeening processes and therapy

development.
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Such technology platforms must respond to manyipe@equirements, the main of which

can be summarized in:

* recapitulating the cell microenvironment;

» allowing interface with relevant biological systems
» possessing highthroughput characteristics;

« allowing control at the microscale level,

* being miniaturized.

These last aspects are of particular relevanc@j@aturization and microscale-control will

be a common theme for all the technology developriet will be described here.

Chapter 1 will review the state of the art withagts to the use of advanced technologies
for stem cell culture, with particular attentiontte biological relevance of the cell sources

and to the current limitations and technology pecsipes.

Chapter 2 will present a rationalization of theguital applications of the techniques that
will be developed; a mathematical approach wilphehderstanding the variables and the

main phenomena in the system and their relativertapce.

Chapter 3 and 4 will describe the techniques amites that have been developed in this
study. They will both briefly describe the statetloé art and then treat the most relevant
case studies with their motivations, methods anith mesults. Chapter 3 will be focused on
the development of strategies for the topologicaito| of the microenvironment and the
optimization of the substrates for our cell cultur€hapter 4 will treat in detail the

achievement reached within the field of microflgsli

Chapter 5, finally, will describe the potentialgtief an integrated device comprising the two
individual components (topological control and roftuidics) that have been described
above. A first case study will be presented antintgations discussed. The second and last
part will present the technology developments firamise to be the technical solution to
the previously mentioned limitations. This techhisalution is presented as a prototype of

an integrated platform and by its validation.

The main achievements of the performed studiesegmesented by the 7 published papers
(6 research articles and a congress report) reporthe Appendixes. In addition, two other

papers to be soon submitted are enclosed.
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Chapter 1
Advanced technologies for stem
cell culture

After introducing the issue and importance of stais and of the research activity
in this field, this chapter will review the fundamal technologies for stem cell
culture, highlighting the current limitations anldus introducing the technology
perspective that guided the work that has been doddhat will be presented in the

following chapters.

1.1 Stem cdlls

The international scientific community and the wehebciety recognize huge potentiality to
the applications of stem cells for disease ther@wer the past several decades a number of
highly successful treatments employing stem cafligpéarticular haematopoietic stem cells
(Goldstein et al. 2006, Gussoni et al. 1999)) Hasen developed.

The main properties defining stem cells are (Oagkid Morrison 2002, Watt and Hogan 2000):

» the potential to produce more stem cells for theitimited or prolonged self-

renewal;
» the potential to differentiate generating highlgsilized cell types (plasticity).

Usually, between the stem cell and its terminaliffecentiated progeny there are

intermediate populations of committed progenitoithwa limited capacity for proliferation



and a more restricted differentiation potential.Higure 1.1 is reported an exemplifying
schematization (adapted from a NIH report) highiiggp the plasticity of bone marrow-

derived stem cells.
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Figure 1.1. Schematic representation of stem cell plastiéijapted from NIH report.

Until recently, it was thought that tissue-specsiem cells could only differentiate into
cells of the tissue of origin; however, recent saduggested that tissue-specific stem cells

can differentiate into lineages other than theugssf origin (Jiang et al. 2002).

Stem cells come in different varieties, relatingtoen and where they are produced during
development and where they reside within tissuesn®ells are also present in tissues that

normally undergo very limited regeneration or tweiQ such as the brain and liver.

This huge attention on stem cells related issues, revealed gaps in our knowledge,
especially for what concerns the proper culturdiegues. Consequently, in order to be
able to fully exploit the potential of such cellsr ftreating degenerative diseases such as

Parkinson’s disease and muscular dystrophy, we toefdtithose gaps.

What thus emerges, is a strong need for gaininightss into the intrinsic and extrinsic

mechanisms that control stem cells fate (i.e. ramntheir undifferentiated state or direct
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them along particular differentiation pathways)clumechanisms are strictly dependent on
the microenvironment, or niche, where stem cellsnadly reside, as we will more deeply

discuss in the following sections.

1.1.1 Adult and embryonic stem cells

Stem cells also exist in most tissues of adult migyas. However, some limitations in the

above mentioned potentials exists.

Stem cells collected from tissues of adults or o&tabryos are typically more restricted in
their developmental potential and ability to pretdte, if compared with embryonic cells.
For this reason, much attention has been latelysied on studying the behavior and

potential application of embryonic cells.

Embryonic stem cells (ESC) are pluripotent stenh logts that have the potential to give
rise to every cell type in the body. ESCs are @etifrom the inner cell mass (ICM) cells of
the blastocyst at a pre-impantation stage in theldping mammalian embryo. The outer
layer of the blastocyst, the trophoectoderm, isawsd and the ICM cells isolated; such
cells are then plated on a mitotically inactivateduse embryonic fibroblast (MEF) feeder
layer where they form colonies, which are then el passaged, and expanded (Figure
1.2 A). The first derivation of mouse ESC (mESCYated 1981 (Evans and Kaufman
1981, Martin 1981), while the first human ESC (hBE3@e was obtained years later, in
1998 (Thomson et al. 1998). These human cell limese derived from the ICM of the
blastocysts of human embryos, generated ibyvitro fertilization (IVF) for clinical
purposes, and donated by individuals after inforroedsent and after institutional review
board approval.

When removed from the MEF feeder layer and culéiglain suspension, hESC tend to
spontaneously form three-dimensional different@tcell clusters (Figure 1.2B) named
embryoid bodies (EBs), which contain cell derivaivof endoderm, mesoderm, and
ectoderm origin (Andrews and al. 2005). The probftlos property opened new and
promising perspectives in fields such as developatebiology, genomics, patho-
physiological studies, drug screening and developme worth underlying how many of
the most common diseases (heart failure, neuroaegeve disorders, diabetes, etc.) result

from cellular deficiencies or dysfunctions. In tlight, having the possibility of generating



relevant numbers of defined cell populations, mlgwathe development of novel cell
therapies or, in parallel, to perform studies oecgized human cells that would permit the
obtainment of more significant data aimed at theettigpment of the necessary therapeutic

strategies.

| Wan 2 @
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Figure 1.2. Human embryonic stem cells in culture. In A: c@dsnadhering to a mouse

embryonic fibroblasts (MEF) feeder layer. In B: eydd bodies growing in suspension
culture. Scale bars 500 um.

Nowadays, the number of hESC lines that have begwued! has notably increased; in order
to assess the similarities and differences in ttpression of commonly used markers of
hESC and to identify a set of well-validated maskar establish hESC identity of newly
derived lines, the International Stem Cell Initrati(ISCI) (Andrews and al. 2005) was
appointed by the International Stem Cell Forumt#sk to perform a comparative study of
a large and diverse set of hESC lines (The-Inteynak-Stem-Cell-Initiative 2008). Such
study identified lists of the most common markefdoth pluripotency (undifferentiated
state) and differentiation in terms of surface gens and expressed genes that could be

used to assess the properties of the cell linetefest.

The hESC lines that have been used in this studyg perchased from the WiCell Research
Institute (Madison, Wisconsin, USA) after filingl ahe required documentation and
authorization, in complete accordance with thadtalegislation.

It is fundamental to underline how the Italian Egiion with regards to the use of stem
cells is defined by the 40/2004 law. This legislatforbid whatsoever experimentation on
human embryos, human cloning, and on genetic &tteraf human embryos. However, as
it is forbidden to work on human embryos and dlyederive cell lines from such embryos,
it is possible to perform experimentations on delés that have been derived in other
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countries. The confirmation of that came from tladdn“Comitato Nazionale di Bioeticathat

expressed its approval within ttieuropean Centre for the Validation of Alternativethods”

Interested on these bioethical debates, our rdseaoup actively participated to the 3rd
Italian National Congress of the Group of ItaliaesBarchers on Embryonic Stem Cells
(IES Group) in 2008. The leading theme was: “Fimagdor research on embryonic stem
cells: The situation in Italy and its origins”; otgport of the event (Serena et al. 2008) has
been published on the Italian journal “Notizie doliigia. Rivista di Etica e Scelte
Pubbliche” and on the newsletter for Estools (wgést grouping of human embryonic

stem cell researchers in Europe). The completertrepm Appendix |.

1.1.2 Induced pluripotent stem cells (iPS)

The ethical issues centered on the use of emborohé obtainment of human embryonic
cells, have been a driving force towards the deuaknt of alternative strategies for

obtaining similar and such powerful cells.

Since 2007 (Yamanaka 2007) researchers reportedtlibg had found a possible way
around the practical and ethical questions surrmgn@mbryonic stem cells (ES). By
introducing just four genes into somatic cells grayin a lab dish, they could produce cells
that looked and acted very much like ES cells. Tealled these cells induced pluripotent
stem (iPS) cells. The reprogramming technique veas £xtended and adapted to human
cells (Park et al. 2008a, Takahashi et al. 200d) tae scientific importance of this was
awarded by Science journal, that defined iPS @lshe Breakthrough of the 2008 Year
discovery (Vogel 2008).

In Figure 1.3, a cartoon adapted from the workaainisch et al. (Jaenisch and Young 2008)
schematizes the process for obtaining iPS cellsivag infection.
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Fibroblast / Days after infection / \iPS

?

Expression of
factors

HE!!

Activation of
pluripotency
markers

- @ Time of transgene expression
required for reprogramming

Figure 1.3. Schematic representationthe obtainment of iPS cells via viral infection.afsted
from Jaenisch et 82008.

Scientists already derived pati-specific iPS cell lines (usuallstarting from skin cells
and were able to induce their directed differerdratinto specialized cells. Notably, hg
been derived iPS cell lines for different diseasetuding muscular dystrophy, type
diabetes, and Down syndrome. Many of these ces are difficult or impossible to study
animal models; thus the reprogrammed cells wowe gcientists a new tool for studyi
their genetic and molecular basis on a much retavadel In this sight, iPS cells may al:

prove useful in screens fortential drugs.

It is fundamental to underline here how all thehtexlogies and studies that have b
performed and will be presented in this thesis)cbe easily transferred and applied to

cells.

In this way, it would be possible exploit the fil potentiality of boththe advance
technologies and the cell source. To summarize cddSprove as useful as hESC but v

the advantage of avoiding all possible ethicales:

1.1.3 Stem cell niche and microenvironment

The nowadays scientific community is becoming naoréd more aware of the importance
the concept of stem ceniche (Powell 2005) The termniche has been at first borrowse
from ecology, where it identifies where an cnism lives, what it does, and how it intera

with its environmer, and then translated into biolc.



Advanced technologies for stem cell cult 7

Cells in their native tissues reside in an extrgneemplex environment constituted of otl
cell types, extracellular matrix proteins (ECM),dastrucural templates guiding the
orientation and maintaining the th-dimensional (3D) architecture. Not to mention
intricate network of hort and long rangeommunication between single cells and/or tis:

thatoccurs throug an enormous cascade of <aling pathwaysnd regulates their behav
(Metallo et al. 200

Novel cell culture technologies developed in recgears mimic thein vivo cellular
microenvironments with an increasing fide (Kaplan et al. 2005)through improve:

control and the provision of cascades of multigigulatory factol, as we will treat more i
detail in he following section:

il

Figure 1.4. Schematic representationthie stem cell nict.

Figure 1.4shows a simple schematization of the componentlseotell microenvironmet
constituting the <-called niche Two cells are adhering to specific substrate, which
defined by a set of mechanical and cher-physicalproperties. The cells are immersec
a soluble environment composed by a complex engemblifactors that can be eitf
produced by the cells themselvesby other cells i the surroundings. Finally, anott

important cmponent is given by the elec-physiologicalactivity of the neural syste

During this past three yeaithe center of the presen work has been mostly focused
the first two aspects (soluble environrt and substrate), while the electrical componesi
represented an activity that has been perforin the first phases, ascampletion of a pi-
existing study that led to the publication repori@d\ppendi> D. What thus will follow in

this chapter wi be a more detailed analysis of the state of therathe first two aspec



1.1.4 Potential applications

Recent studies suggest that primary human celesystcan be designed to model many
aspects of disease biology and that robust andretéal assays can be engineered to detect
and discriminate disease relevant mechanisms atehtgd therapies. The human cell-
based testing has proven to be a valuable toolitkly explore toxic and non functional
compounds. The low-cost and high-speed testingoaipounds in cell culture, and the
obvious advantages of using intact cells as arstesentation of the living patients, would

make the cell-based testing a key component oaplyetiscovery programs.

Concerning the obtainment of clinically-orienteagucts, it would be required to develop
in vivo models, an aspect that has been the primary aimthsf work (some
experimentations have been performed during tisé finases and led to the publications in

Appendixes E and F).

However, whenever directing the efforts towardsrpteceutical companies and research
laboratories in general, the need for strong aliahbte in vitro testing emerges. Sudai vitro

systems would greatly benefit from the improvemdmas could derive from our studies.

1.1.5 Current limitations and technology per spective

The traditional cell-based approaches yielded eglevesults but are however hindered by
the actual numbers that are at stake: there isi¢leel for enormous numbers of cells for
each patient and, contemporarily, a huge numbpaténts may need such treatments.

The most recent strategies are thus aimed at agplgngineering tools and different

approaches to the problem-solving of the posedolest.

Novel technologies are constantly motivated by ¢hssong needs and they design and
development phases tend to be accomplished witlevanincreasing awareness of the

specific requirements for their ultimate applicago

To be effective, cell therapy bioprocess design @ptémization needs to incorporate a few

basic criteria (Kirouac and Zandstra 2008):
» assessment of relevant cell properties;

* measurement and control of key parameters;
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* robust predictive strategies for interrogating awadluating the many parameters

that may impact the culture output;

* approaches to test the many different parametatsntlay impact cell output in a

high throughput and scale-relevant manner.

In addition, many individuals in the industry anchdemic community would argue that
traditional cell models may give unsatisfactoryskeading and non-predictive data for the
actual response of a complex functional tissuethls sight, the developed technologies
must always incorporate cell-level parameters siash heterogeneity, endogenously
produced factors, and the local physicochemicalreeicvironment, trying to rationalize

and closely reproduce the biological systems aanl fihenomena.

These will be key factors sustaining all the researork that will be presented in this thesis.

1.2 Tissue Engineering perspective

Tissue engineering has been defined as “an int@pdiizary field that applies the principles
of engineering and the life sciences toward thestigpment of biological substitutes that

restore, maintain or improve tissue function” (Langnd Vacanti 1993).

This field is in continuous expansion and progréssng and trying to overcome the many
challenges that it offers (Griffith and Naughton02p and applying many of the state-of-
the-art technologies.

Key features are the use and interplay betwees, dgtbmaterials and bioreactors. As cells
have already been introduced in section 1.1, therdivo aspects will be briefly reviewed

in what follows.

Biomaterials and scaffolds

"A Biomaterial is a nonviable material used in noadlidevice, so its intended to interact
with a biological systems" (Williams 1987); this ame of the first definitions given to
biomaterials. Biomaterial scaffolds provide a catimeans of controlling engineered tissue
architecture and mechanical properties (Peppas.anger 1994, Hubbel 1995, Langer and
Tirrell 2004).
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Biomaterials must respond to many specific requaets; here we list some of the most

relevant and interesting for the performed reseaativity of this study:
» possess defined mechanical properties and perfaenaquirements
* reproduce the structure of functional tissues drghthological tissues;
* be biocompatibile;

* eventually be biodegradable.

Scaffolds and biomaterials for Tissue Engineerimgliaations have been an object of study
in the initial phases of this work, and the relaéedl more detailed descriptions are treated

in the already mentioned publications in Appendj&and F.

Bioreactorsfor tissue engineering

The advent of tissue engineering has been motiviagethe challenge to produce tissue
substitutes that could restore the structural featand physiological functions of natural
tissuedn vivo. To do this, many efforts have been put in obteyrguch tissue constructs by
growing isolated cells on polymer scaffolds usirgiousin vitro culture bioreactors. Since
the beginning, it has clearly emerged how the leature was the necessity to capture the
complexity of natural tissues vivo displaying their structural and functional chaeaistics
(Ingber et al. 2006).

Numerous extensive articles review the more relefiadings and the adopted techniques
(Bilodeau and Mantovani 2006, Freed et al. 200@e&rand Vunjak-Novakovic 1998,

Kretlow and Mikos 2008, Park et al. 2008b). As aareple, we underline how, driven by

the enormous clinical need, myocardial tissue ergging has become a prime focus of
research within the field of tissue engineeringdlet al. 2008, Davis et al. 2005).

In parallel with the development of functional tisssubstitutes, the use of stem cells in cell
therapies or in other tissue engineering applicatioequires extremely large number of
cells (Chai and Leong 2007, Cabral 2001); a goak tHagain- can impractically be

accomplished using the standard culture technid@ieseactors, thus, have also found large

application for cell expansion applications (Lufi®).

A the beginning of this study, experimentationsaobioreactor for the perfused culture of
3D cellularized scaffold led to the publication oeged in Appendix C (Cimetta et al. 2007).
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1.2.1 Current limitations and technology per spective

Despite many interesting outcomes and undeniatligresses in improving the ultimate
tissue engineered products, only few of them ceffiectively be available for clinical use,
and significant challenges still remain in the fsstul long-term repair of biomechanically
functional tissues. Animal studies and preclinit@ls explain some of this failure’s
reasons, mostly imputable to a combination of funelatal biological and mechanical cues
that failed to be reproduced in artificial graftsdaare however present under physiologic

conditions.

What is gaining much attention, thought, is the that the methodologies developed by
tissue engineering and regenerative medicine acenbi@g powerful tools for studying

tissues and diseases physiology in a controlledr@amwent (Baar 2005) and for basic
studies on tissue development and cell functionsegponse to genetic alterations, drugs

and physiological stimuli (Gerecht-Nir et al. 2006)

In this sight, it is becoming more and more cleawltells are extremely sensitive to the
local environment in terms of chemistry, physicd &wpography, on scales that differ from
the sole “macro” one (Stevens and George 2005)tHese and other reasons, much of the
more recent efforts have been spent in facing éisearch with the so-called “biomimetic
approach”. Thus, novel technologies aim at gainiagbioactive control of the
microenvironment (Dellatore et al. 2008, Lutolf addbbel 2005), able to overcome the
afore mentioned limitations and -most importantleao give more insight in the actual

functionality and requirements of the studied tessar biological systems more in general.

In this context, microscale technologies can reres powerful tool capable of giving
answers to such questions and of gaining knowleagea different, and extremely
biologically- (and for future clinically-) relevangcale. In addition, microscale technologies
opened new perspectives in exploring other fielnttissue engineering such as: drug
development, pharmacological and toxicological sciegs, gene therapy and therapy

development, and so on.
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1.3 Microscaletechnologies

Novel cell culture technologies developed in recgaars mimic thein vivo cellular
microenvironments with an increasing fidelity, thgh improved control and the provision
of cascades of multiple regulatory factors. It @svrevident how living cell-arrays can offer
unique advantages when used as the sensing eldorebtological assays or in drug
development and differentiation studies (Flaimle2@05). To this aim, miniaturization of
the culture systems is an important step towardsrate control of the cultured cells and
tissues (Weibel et al. 2007, Folch and Toner 20Bademhosseini et al. 2006). In
addition, another major advantage introduced byresiale technologies resides in the
possibility of simultaneously acquiring vast amauat information (Chen and Davis 2006,

Kozarova et al. 2006), thus increasing the hightghput characteristics of the system.

Sections 1.3.1 and 1.3.2 will briefly review thatstof the art in the two main (and strictly
correlates) aspects of the field of microscalenetbgies: microfabrication and lithography,

and microfluidics.

1.3.1 Microfabrication and lithography

Microfabrication techniques are numerous and aesl dsr different applications ranging
from micropatterning, microfluidics, microelectreei and micro electro-mechanical
systems (MEMS). All these techniques are descriipedetail in the book of Madou
(Madou 2002). Extensive literature exists, givingany different examples of both
fabrication methods and applications (Richards-Gmayet al. 2004, McCreedy 2000,
McDonald et al. 2000).

For what concerns the present study, we would eiseed on the optimization and
application of polymer-based micromachining aimed abtaining high-aspect-ratio
structures. Specifically, we employed thick reghbtolithography using SU-8 resin. In
addition, within soft lithographic techniques, dmat fundamental method for our purposes
was micromolding using polydimethylsiloxane (PDMS3)nabling the production of

polymeric devices with high accuracy and yield.
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While Figure 1.5 schematizes the fumental steps of the above mentioned techniqor
a moredetailed descriptioithe review of Xia et al. is recommend (Xia and Whiteside
1998).

Figure 1.5. Schematic representation thie photolithographic and micromolding technic. In
a. an uniform layer of photoresist resin (PR) igposted onto a silicon wafer (blue dis
surface using a spin coater. Following precise thar treatments, the photoret is exposed to
UV light interposing a selective photomask (PM).eThafer is then developed with 1
appropriate solvents which remove the-polymerized resin and leave tpolymerized resi
representing thdesired structurgin c. the following stepd. and e., show the micromolding
PDMS that polymerizes on the wafer allowing theaothent of a negative replica of t
original mastet

1.3.2 Microfluidics

Microfluidics can be de fined as a broad discipline, with appboa spanning fror
chemistry to iology, medicine and physical sciences, tdeals with fluidswithin small-

scale typically sut-millimeter) channels or device

Besides the advantages in terms of the obtainaiglethtoughput characteristics of
system, lhe optimization and accuratee of microfluidic platformsallows for aprecise
control and manipulation ' the fluids, thus opening new perspectiin studying the

complex biological systems that we’re intereste (Dittrich and Manz 200t

At the relevant scale for microflows, meanirinside the microchannels and cult
chamberf microfluidic devicesthe dominating forces change and differ from thest
known, macroscale on. Several excellent revies (Beebe et al. 2002, Squires and Qu
2005, Stone et al. 2004, Whitesides 2006, Stonekamd2001, as well as book(Berthier
and Silberzan 2005, Nguyen and Wereley 2 extensively analyze the physics of fluids
the micro and nano sci andillustrate the most relevant applicatiogiving insights into

the operating principles for system configuratiof possible interest.
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Chemical engineering classically dwells with th&dlphysics of large-scale plants or pilot
reactors, which strongly differ from that at thecroscale. The numerous phenomena which
rules microfluidic devices may thus not be intuietivWhat is thus needed, is a
comprehensive study of those phenomena in a giv@ers, and the best and most intuitive
way to do this is analyzing the dimensionless nusilexpressing the ratio of competing

phenomena and thus giving information on theirtredamportance.

Among the dimensionless numbers used in classibaimial engineering, the most

important and informative for our studies are:
* the Reynolds number (Re), relating inertial fortmesiscous forces:
» the Péclet number (Pe), relating convection taiditin

» the Damkdohler numbers (Da), relating chemical ieadimescale to other

phenomena occurring in a system.

The first and most common feature of microfluidevites is the fact that flow is always
laminar (Reynolds numbers are well below the twebaé threshold, and in most cases Re <
10), the inertial forces are therefore dominatedviscous forces, and the transport is
dominated by molecular diffusion or by convectiegime of well-defined hydrodynamic
profile. The laminarity of flows and exclusion dfet nonlinearities and turbulence carried
by inertia allows for precise calculation of masansport and of the convective flow
profiles as a function of channel geometry, pressimops or flow rates and of the fluid
properties. In addition, due to the very shorts$mort distances which are in turn associated
with shorter time constants, biological responsmddcare not always and only limited by
the slow kinetics of physical phenomena.

Moreover, as in laminar flows the streamlines rentainstant over time and mixing occurs
primarily by diffusion, the feasible control ovdret operating parameters allows to apply
precise, localized as well as spatially and tenmpodynamic perturbations, as we will see
in Chapter 3.
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1.3.3 Applications

Within biological systems, microfabrication andhbgraphy are the main techniques by
which means to obtain topological control over $tgtss and adhesion of cells. To guide
cell adhesion, many patterning techniques have pegposed and widely reviewed over
the last few years (Falconnet et al. 2006, Cheal.e1998, Fink et al. 2007, Kane et al.
1999, Ruiz and Chen 2007, Revzin et al. 2004).

A more detailed description will be given in Chapte

Since its first appearance decades ago, microfisidave been adapted to a multiplicity of
different applications. Microscale technologies evdesigned for applications ranging from
studies at a single cell level (DiCarlo et al. 2006 the recreation of more complex 3D
structures (Chiu et al. 2000, Gottwald et al. 20 et al. 2007) and the development of
diagnostics platforms (Linder 2007, Toner and lar@D05). High-tech platforms involving

integrated microdevices such as micro-valves, tojg¢ pumps or mixers (Melin and Quake
2007) are also being considered for use in livé egberimentation. The most interesting
and relevant recent applications, have seen theousacrofluidic devices in studies on

human embryonic stem cells (Figallo et al. 2007rthet al. 2008), which importance and

promise in clinical and pharmaceutical experimeotaas already been discussed.

To this end, it should however be underlined how ltiological relevance of many other
research articles tends to be low and sacrificidvor of more “simple” proof-of-concepts.
Similar interesting considerations have also beadarin a recent article (Paguirigan and
Beebe 2008), highlighting a novel impelling needriying to integrate microfluidics and

microdevices as common tools in biological labarato
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1.4 Motivations and aim of thethes's

The process of development of new therapeuticegfies is characterized by high costs

incurred over a period of several years beforeratyrns from the developmental efforts of
the researchers are realized (Grabowski 2008, @rsiiet al. 2006).

The actual driving force towards further innovatios a strong need for:

processing and screening large number of potehgahpies;

identifying the ones having the highest probabitifypbecoming social, clinical and,

also economical, sustainable in the shortest tiossiple;
reducing the timeline of therapy development;

completely avoiding the risk of chronic pathologica side effects after their

clinical approve.

Within this scenario, there is a great intereshitiating and managing practices that reduce

the development times, facilitate development decsismaking and adopt technologies

such as highthroughput screenings and electrona aauisition which hold the promise

of lowering the cost of therapy discovery and depeient. It is worth to underline that

implementing improvements and alternative methoglpldhat facilitates the therapy

development process resulting in a lower cost, Ishaitimately bring therapies to the

patients with an enormous benefit for the entiragety.

This is where this work is find its basis and stranotivations: in the development of

advanced technologies for the vitro culture of stem cells, aimed at responding to the

specific needs and requirements listed here.
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Chapter 2
Principlesfor designing stem
cell culturetechnologies

This chapter is aimed at analyzing the rationaleehéh the use and application of
advanced cell culture technologies in order to ltdtee complexity of biological
systems. This is a fundamental step in sight of dbh@inment of valuable and
reliable data in studying and guiding cells behaviomajor interest will be focused

on the topics of perfusion and topological control.

2.1 Scaling biological phenomena

Biological phenomena cannot be simply considerethasum of small “building blocks”
whose final structure recapitulates the functiobemavior of a cell or tissue. When dealing
with biological phenomena, one must at first ackieolge how they arise from a dense
network of interactions between the cell's numeraumstituents and their distinct
biological components. Short and long range compatimn between single cells and/or
tissues occurs through an enormous cascade oflisgmathways, most of which involve
mechanisms, intermediate steps and connectionsatbatot fully understood. In addition,
these interactions often involve numerous and wdiffe processes (e.g. gene regulation,
signal transduction etc) which are not only detesadiby steady-state characteristics of the
systems, but also possess inherent dynamic prepdBarabasi and Oltvai 2004, Hartwell
et al. 1999, Oltvai and Barabasi 2002, Xiong e2@08).
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Such complexity of cellular functions anctheir response tointernal events an
environmental perturbationsor stimuli, develop n both time and space with sca
characteristically spanning over orders of magme (Jamshidi and Palsson 2008, Cervi
et al. 2008).

Figure 2.1. Length and time scales for some relevant biologitenomen:

Figure 2.1 represents a schematization showingoappated rangefor both space an
time scales ofome relevant biological phenom. It is now clear how each “level”
tightly interconnected with all the others and hplenomena occurring on smaller sc:
influences the subsequent ones. For example, ellméar events such as small io
dynamics can affect the whole cell, or cell clusteehavior in terms of contracti

properties and/or gene activati

Noteworthy, another clear evidence is the fact then it comes to scaling to t
biologically relevant lengths and time scales, taventional methodologies of ttso-

called “flat biology” fail.

Standard culture methods involving cell culturePietri dishes cannot be representativ
the real state f physiologic systems and therefore often result uinrealistic anc
uncontrollable biological readouts. The relativieyge volume of medium in contact w
cells and the bat-wise operation associated with the periodic medaxchange does n

allow for the generation and control of precise patternsimiugationin space and tin.
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These observations lead to the impelling necedsitythe researchers to develop novel
technologies, adequate data acquisition methodedagnd analysis techniques that could be
interfaced with biological systems. The ultimateagevould be that of more closely
reproducing the natural events occurring in livegls and tissues, strictly controlling and
manipulating the recreated artificial environmend @ahus being able to study the complex
biological phenomena in a more realistic manneeallg, biological studies should be
performed under conditions that are controllablel at the same time capture the

complexity of the native environment.

To answer to the many specific requirements thel systems must satisfy, solutions that
will be more in detail discussed in the followin@ragraphs and chapters have been

developed.

2.2 Phenomenological description of microscaled

perfusion systems (M PS)

Standard culture systems such as Petri dishes tmeveadvantage of ensuring spatial
uniform conditions, at a given time, throughout émdire culture in terms of metabolite and
growth factor concentrations and mass fluxes. Bxssttat, they can be compared to batch
reactors in which conditions are precisely defioety at time zero, and then continuously
vary until next medium exchange. Batch processe® hmpredictable time scales, are
diffusion-limited and, most important, are intricaily uncontrollable. This strong
limitation can be overcome by the use of perfusesdesns, as they offer the advantage of

working under well defined and stable steady-statelitions.

Before going into more detail concerning microsdadgstems, lets first analyze perfused

systems in a more general perspective.
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Figure 2.2. Schematic representation a typical culture chamber with the fluidic channéds
fluid perfusion.The characteristic dimensions are the wid and the height, distance
between the bottom of the chamber ancfluidic channels

Figure 2.2 shows a schematic representation ofrfagesl culture chamk, inspired fromr
what has been described elsewh(Cimetta et al. 2009, Figallct al. 2007) The culture
chamber, usually a cylindrical well, is charactedzby two fundamental geometric
parameters (that will be discussed more in dataihé following sections): itcharacteristic
width d and the heighth, the distancebetweel the bottom of the well and the fluid
channels. Theulture chamber is filled with culture media acells are adhering tits
bottomat a define surface densityA stationary flow rateQ perfuse the chamber enteri
and exiting from the fluidic channe The above mentioned parameters can have a ¢

(and predictable) influence on the phenomena hapgevithin the cell laye

It is important to underline how a perfused chamberks a steady state condition
meaning that average properties are constant imth fThe only exception could happer
the microscale where cell density mvary due tcproliferation, thus affecting the absolt

values of fluxes (uptake and relea

However another crucial point is the observation thatdbevective transport iparallel to
the cell surface which is characterized by normal mass . This is an importar

phenomenghat needs to beken into account and discuss

In this sight, it will ke important to identify which differences in georneatl configuration
at defined transport regimes, will increase or cedilne above mentioned heterogene; it
seems obvious that the upstream culture sectiaih, i@spect to the downstream sect

could experience very different conditicin terms of solute concentrati.



Principles for designing stem cell culture techrpés 25

The following sections will treat in more detail cbusystems, analyzing the dominant
phenomena, giving the design specifications fordrtgnt operating parameters and the

principles for their optimization at the microscéeel.

In the following sections we will treat in detdilet described systems with different aims:

« first of all, we will perform an analysis of thearacteristic dimensionless numbers

for the identification of averaged properties af #ystem;

» secondarily, we will perform computational simuteis to catch the heterogeneities
within the system.

These results are based on the analysis of trangges and characteristic times of the

involved phenomena.

2.2.1 Characteristic times and dimensionless parameters
analysis

The detailed description of this study is repoitethe publication “Micro-bioreactor arrays
for controlling cellular environments: Design piiples for human embryonic stem cell

applications” (Cimetta et al. 2009) in Appendix A.

At the microscale -inside the microchannels anducellchambers- the dominating forces
change and differ from the most known, macroscateso Flow is always laminar
(Reynolds numbers are well below the turbulencestimold, and in most cases Re < 10) the
inertial forces are therefore dominated by viscimuses, and the transport is dominated by
molecular diffusion or by convective regime of wedfined hydrodynamic profile.
Reducing the characteristic dimensions to a miaesevel allows a more rigorous control
of the operating parameters involved, due to thg sRhort transport distances, which are in
turn associated with very short time constants.aAsesult, biological responses are not

anymore always limited by the slow kinetics of phgsphenomena.

It is often necessary to accurately modulate tearisiin space and time to recreate precise
stimulation patterns in the form of concentratioadients, and deliver particular signals.
Working with small volumes (order of a few pL) geslly leads to fast-response systems.
This means that the switch between defined setgoofditions can be fast and still

controllable. For example, operating parametersbeachanged by a simple variation of the
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medium flow rate. At the microscale, one can desiga system to provide tightly

controlled, orderly conditions of flow and masssport.

Another fundamental aspect deriving from the agpilon of microscale perfusion, is the
increased degree of control over the system. Duéheowell-defined geometry, short
transport distances, and fast transients, trangb@momena occurring in microdevices can
be more easily subjected to theoretical analysispmacise control than those in larger scale
systems. Accurate predictions of the velocity geath and shear stresses are indeed very
important because of the profound effects of flomwvieonment on biological systems.
Again, the versatility of microscaled systems, wBodecoupling the effects of mass
transport phenomena such as the generation offspamncentration patterns from physical

phenomena such as the application of mechanicadgor

2.2.2 Tuning oper ational parameters

The operational parameters affecting the pool afatées in the cell micro-environment

can be divided into two categories:
* the initial parameters that are normally set befbecexperiment such as:

- the characteristic dimensions of the culture chambe
- the cell seeding density

- the medium composition;
» operative parameters that can be controlled duhagxperiment such as:

- the medium flow rate.

For sake of clarity, Table 1 summarizes all thevaht parameters involved and their main

targets within the system.
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Table 1. Parameters involved, notification, description anmhin targets within the culture

system..
Parameter | Symboals Description Main Target
Lg Gas exchange channel length - Gas concentrafjon
h Chamber height - Mass transfer
Geometrical
d Chamber diameter - Total number of cqlls
h-d Chamber cross section - Velocity field
- Mass transport
0 Seeding density - Total uptake and
release rates
Operative .
- Velocity field
Q Total flow rate - Shear stress
- Mass transfer

In this section, we discuss the principles guidimg selection of the optimal variables and

their values through the analysis of characterigties of fundamental phenomena such as

cellular uptake and release, and diffusional ant/ective mass transport rates.

We considered two representative species, oxygdnaloumin, representative of a small

metabolite and a larger growth factor respectively.

Before going into detalil, it is necessary to clatlie notations used and to list the values of

the parameters at play. Table 2 shows a compkt®fiithe parameters values used in the

calculations of the characteristic times.
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Table 2. Parameters used. The table reports a list of theameters and variables used for the
performed calculations with their values and ranges

Variable Values Units

Doz 3.30E-09 m?/s

Dab 7.00E-11 m?/s

h 0<h<0.004 m

Pc 1.0E+7 < p.<4.0E + 10 cells/m?

kon 1.00E + 07 [/Ms

[R] 1000 Molecules/cell
u 0.0007 Pas

d 0.004 m

Q 0<Q<23E-10 m’/s

The ratio of the time scales of uptake at the Imottd the culture chamber (by cultured
cells) wyp, to species diffusion from the mediuny, can be estimated. For example,
assuming a maximum uptake reaction rate expresgea rhass action law for a ligand-
receptor association kinetics (Lauffenburger andderman 1993), the above mentioned

time scale ratio can be expressed by:

Typ __ D
Tp hpckon[R]

whereD is the diffusion coefficient of the chemical speh is the height of the culture
chamberk,, is the ligand-receptor association rate consf&jtjs the number of receptors

on cell surface anp. is the surface cell density.

In this context, the most important variable tham de precisely controlled is the medium

flow rate; thus giving importance to the mass tpamsdue to convection.

The analysis of the influence of the medium floweran mass transport is carried as
follows. The ratio of the time scales of diffusionthe culture chambetp, to convection,
7c (residence time of the medium in the culture charplrtan be defined as:

Tp _ hQ
TC IYE

whereD is the diffusion coefficient of the chemical spech is the height of the culture

chamberQ is the medium flow rate ardlis the culture chamber diameter.
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Figure 2.3 summarizes the results of the analysdkese characteristic times.
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Figure 2.3. On the left: diffusion and reaction time constaassa function of cell density and
culture chamber geometry. The ratio of charactérifiimes of uptake reactions and molecular
diffusion, zyp/zp, is shown as a function of the cell density, tare¢ values of the culture
chamber height: h = 1, 2 and 4 mm; d = 4 mm.. Oa tight: diffusion and convection time
constants as a function of medium flow rate anducell chamber geometry. The ratio of
characteristic times of molecular diffusion and egection, tp/zc, is shown as a function of
medium flow rate, for the same three values ofctlture chamber height. Panels A and C
shows data for a small metabolite such as oxygetevh and D shows data for albumin
representative of large growth factors. The valiggsall parameters used are listed in Table 1.

Figure 2.3 A and B show the calculated ratio of tinee constants at the bottom of the
culture chamber between the reactias, and diffusion,tp, as a function of cell seeding
density. The ratio is shown for two representativ@ecules: oxygen (the most important
upon small molecules, panel A) and albumin (a pmotepresentative of larger growth
factors, panel B). At low cell densities, the cludeastic time scale for reaction is longer
than that for diffusion. Therefore, mass transmiriow cell densities is dominated by
uptake reaction rates. As cell density increase® uig maximum value (i.e. at confluence),
the time constant for diffusion becomes comparalitle that for reaction. It is interesting to

note that the height of the culture chamber onbhdly influences the ratio of the two time
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constants. This semi-quantitative analysis suggisiis for higher cell seeding densities,
medium perfusion is required to enhance mass toahsges and establish a kinetic-limited

operating regime.

Similarly, Figure 2.3 B and C show the ratio of thee scales of diffusion to convection as
a function of medium flow rate, for different hetghof the culture chamber. In the
presented logarithmic graphs, values greater thaepfesent culture conditions that are
reaction controlled, whereas <1 values corresponthe convection-limited regimes, and
values of ~1 indicate the competition between the tates. From these graphs we can
conclude that for small metabolites with high dsifon rates in the 4 mm diameter culture
chamber, flow rates >fiL/min are necessary to cross from a diffusion- tooavection-
controlled regime. In addition, it is possible tdjust the mass transport phenomena at a
given flow rate by changing the height of the crdtahamber. The chamber geometry thus

provides an additional degree of freedom for sgttite proper culture conditions (Table 2).

Table 2. Parameters involved and their main targets. Thanmgeometrical and operative
parameters are summarized in the table, listingpdlse corresponding symbols and the main
targets of their variations.

Parameter Symboaol Description Phenomena
Design Ly Channel length Gas-liquid mass transfer
h Chamber height Cell-liquid mass transfer
d Chamber diameter Total number of cells
hxd Chamber cross section Velocity field; Mass transport
Operation filk Seeding density Total uptake and release rates
Q Total flow rate Velocity field; Shear stress;

Mass transfer

Finally, we wanted to determine the distazdeom the bottom of the culture chamber at
which the diffusion and convection time scale weoenparable as a function of the flow
rate. Introducing the above mentioned variahland traducing the flow rat@ in terms of
the linear velocity,, the following equation for the ratio af andzc was obtained.

D (h—z)? Vz

= 4.
TC D d

Assuming that the flow profile would be well-appirmated by parallel-plate Poiseuille

flow, v, can be expressed as:
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2 = 1L.5@w)(1 - (z/h)?) 5.
where<v> is the mean channel velocity.

The results obtainesimultaneously solving equations 4 and 5zp/7c = 1 are presented in

Figure 2.4
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Figure 2.4. Characteristic length scale as a function of medflow rate and culture chambg
geometry. The distance from the bottom of the wmulthamber at which the ratio of t
diffusion and convection time constants is equaire is shown as a function of the flow r
and culture chamber geometry h =1, 2 and 4 d =4 mm. Panel A shows data for a sn
metabolite, such as oxygen while panel B showsfda@bumin representative of large grow
factors.

At low flow rates, the values z correspond to the height of the culture chambelicating
that diffusion dominates at all levels. By increasithe flow ratez decreases and tak
values between the top and bottom of the chambeturh, increasing the height of t
culture chambeldecreases the transport rates at the cell culturtace and therek
decreases the we-out of endogenous factors. This latter aspect earelevant to culture
of stem cells, where the preservation and recneatiothe natural diffusic-limited cell

nicheis of fundamental importanc

However, in this study we didn’'t took into accousmy of the heterogeneity that \
recognized within these systems; this reason mauapported and determined the foll

up of this work, that will be presented here ie next paragraph.
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2.3 Computational modeling and dimensionless

parameterson MPS

As briefly described in section 2.2, conventionalture systems can be treated as batch
systems in which the variables of interest vanhwiitne. In particular, the concentration of
metabolites or growth factors that are continuowsigsumed by cultures, decreases in a

manner dependent on the uptake rates of the cells.

These culture conditions, thought varying with timere always spatially uniform
throughout the system, while the sole spatial ogemeity could be encountered in the

close proximity of the culture chamber’s walls.

The answer to the need of increasing the masspwans given by the introduction of a
convective component; this is usually done perfyghe system, thus setting the fluid in
motion controlling its flow rate. Within microscalgerfusion systems (MPS), as seen in
Figure 2.2, the given configuration usually resuttsa convective flux orthogonal to the

diffusive one.

The first and fundamental difference between batesid perfused systems is the
establishment of well defined and stable steadie standitions. In addition, the use of
perfusion allows for an additional degree of fremdm tuning the mass transport via

regulation of the convective flux.

It is needed to underline the possible cons ofyseh, which are mainly derived from the
establishment of spatial disuniformities and hegereity within the system and,

eventually, from the introduction of potentiallyrdaging shear stresses.

The experimental design and the choice of all dmeral and geometrical parameters, as
seen above, play a key role in dictating the sysiehavior and the final outcomes. What is
thus required is an analysis based on the interpktyveen diffusion, convection and
reaction, the fundamental phenomena acting on yetem®, and aimed at identifying the

dominating regime.

A similar issue has been treated in a recent relsesticle (Squires et al. 2008), focused on
biomolecular detection and surface-based sensquireS and coworkers proposed a simple
yet complete study exploring the distinct behavioirsystems with varying properties (in

terms of characteristic dimensions, transport regimtc.) and developed intuitive methods
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to derive order-of-magnitude estimates for fundataeguantities of interest to determine

the system behavior.

The study that will be presented in this sectiod hdundamental difference with the one
presented in section 2.2, where the properties weseribed as averaged values; in the
treatment that will follow, we were also aimed apturing the heterogeneity within the

system.

In order to capture this heterogeneity, we usedpedational modeling and based the study

of the relevant phenomena utilizing dimensionlemsables.

In particular we considered:

* Concentrationc/c*, wherec* is the initial bulk value.

e Time:t/t*, wheret* is the initial bulk value defined as: = 1/(k,,c), andk,, is as
in Table 2.

e Flux: N/Nmax With: N = k,,,[R]p.c, wherek,, and[R] are as in Table 2.

ForNmaxwe used the value af.
* Velocity: V/Vimax Wherevmaxis the maximum velocity value within the chamber.

* Chamber geometry:
= X/L, wherex is the x-axis coordinate amds the chamber length;

= z/H, wherezis the z-axis coordinate aitlis the chamber height;

* Peclet number, defined a& = vH/D, wherev is the velocity, and the diffusion

coefficient

* The mean absolute deviatiav AD) of the values was evaluated as follows:
MAD = X|m —m|/n 6.

wherem is the measure, amdthe total number of measurements

Averaged values of the defined properties and bbesawill be indicated in brackets (< >).
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To accomplish the task, extensive studies involving-dimensional (2D) mathematical

modeling of a representative microbioreactor wasopaed.

The Navier-Stokes equations for incompressibledfiuvere numerically solved using the
finite elements method implemented in Comsol Miulgics (Burlington, MA). The 2D
domain of the culture chamber was geometrically efedl and a non-structured mesh was
automatically generated with triangular elementser, to ensure independency of the
solution from the spatial discretization, grid nefiments were required. No-slip boundary
conditions were used for the chamber and micraftucdnduits walls, a fixed velocity for
the inlet channel and finally zero pressure fordhdet. The fluid properties viscosity and

density were taken from the literature.

To obtain concentration profiles within the chanshahe mass balance equations for a
convective-diffusive regime were solved again usi@gmsol Multiphysics software
(Burlington, MA, USA). Fluid velocity profiles wer@ebtained from the Navier-Stokes
solutions. A defined concentration was used aglrsondition within the chamber and as
boundary condition at the inlet; convective fluxta¢ outlet; a specific flux at the cell layer
adhering at the bottom of the chamber (as will bwifeed) and insulation/symmetry

elsewhere.

All results were obtained generating a script frim® Comsol file that was then integrated
and compiled in MATLAB (The MathWorks), allowing rfahe addition of routines and

data analysis.

The solutions were evaluated for the 3 different @@amber geometries shown in Figure
2.5.
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Figure 2.5. Schematic representation d¢fie modeled culture chamber. The character
geometric dimensions are its lencL and heightH. The microfluidic channels entering a
exiting the chamber have a fixed height of 100 PanelsA. B. and C. show the three
configurations used for the model whichare represented by the varying raL/H, while L-H
remainsconstant

With the priman aim of derivingestimates for fundamen parameters identifying tf

dominating phenome,, the outputs of our modeling we

» the concentration values at tsteady stat

» the *“availability” of molecules (metabolites) atethcells surface in terms

dimensionless fluxe

As said before, the cultured cells are adheringh® bottom of the chamber with
maximum density that is dictated by the availahlefexe. Cell density is an importe
variable that has been analyzed and discussedtion 2.2 d this chapterin this section,
we considered a cell layer covering the entirelalsée surface of the “4/4” configuratio

This length of the cell layer was used for all ¢ggafations
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2.3.1 Transient analysis on conventional batch cultures

The three configurations of Figure 2.5 have alsenb@odeled as batch systems, studying
an appropriate temporal transient aimed at evalgdtie concentration profiles and fluxes.
Again, a cell layer was adhering to the bottomha&f thamber and was characterized by a

defined uptake rate for a given metabolite. Thaltesf this analysis are reported in Figure 2.6.

titr=0.2 tit* = 0.6 tit* =1
a1 A2 A3 I”
e ————————————— ] ———
|
B1 ‘B2 B3

e [c2 c3

Figure 2.6. Simulated transients on the three chamber cordigoms. The color coded bars on
the right are valid for each of the represented elisionless times and indicate the value of the
ratio c/c*. A. B. andC. represents the configurations for H/L of 1/16,, 28d 4/4 respectively.

The columns of Figure 2.6 show snapshots takeemesentative dimensionless times of
the analyzed transient; colors corresponded toeaifsp value for the ratio c/c*. It can be
noticed how at the first times (first column), trerying geometric configurations have little
or no effect on the concentration gradient thastablished. Only at later time points, the
formation of a depletion zone at the cell layer differentially developed in the 3

configurations.
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Another fundamental observation that can derivenftbese images is the effectispatial
uniformity of conditionson cell surfacghere in terms of flat concentration profiles)

sections parallel to the bottom of the chambertij@z axis

Figure 2.7 show the results of the analysis of tdimensionlesgoncentration profiles a

dimensionles fluxes on represeative sections of the culture chamb

A1 A2
e ,T_.":.‘..;‘....,. e

o/e” z=H)

c/c” (z=H)

U0 005 01 015 02 025 03 03 04 045 05

<N/Nmax>
c/c” (z=0)

Figure 2.7. Transient analysis on batch cultures: concentratoafiles and fluxe for the three
chamber configuratior. Al. concentration profiles at the top of the chambeuwribntal line is
set at 990 of the initial concentration value. Zoomed imaige A2 allows for a bette
identification of the characteristic times at whitthis decrease occurB. dimensionless fluxe
on the same section. Vertical lirmark the above mentioned tir. C. concentraion profiles at
the cell layer (z=).

From theconcentration profileevaluatedat the top of the chambshownin panel Al it is
possible tcestimate the times at whiaic* decrease below th@reshold set £0.99. The
magnification of the area of interest in panel ARws for an easier identification of su
times and for a clearer understanding of the diffebehaviors call threeconfigurations.

As can be noticed, the concentration profile fa ttonfiguraion with the highest aspe
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ratio (“1/16") showed émore rapid decreass earlier timeif compared with the others.

particular, the 4/4” configuration initiated the concentration decreaimuchlater time.

The importance of identifying the times which tris decrease occurs resides also in
consequent shift in the fluxes regime, as can h&ew from the graph in panel B. Tt
transition that can be translated in a linear behavior é@mi-logarithmic terms), had i
starting point at that tin in which the decrease in concentratiwithin the chambe

“reached” the top section z=H.

Figure 2.8report: additional graphs of the concentration prs on vertical sections on tt

z-axis direction.

zH
Figure 2.8. Transient analysis on batch cultures: concentragoofilesalong the zaxis of the
chamberat different time. Profiles were evaluated for each configuratiod/'6” in A., “2/8”
an B., and “4/4” in C.) atvalues of t/t* from 0 to 0.12 with 0.01 intels, and finally at 0.1
Arrows identify the increasing tin direction.
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From these images, it is straightforward to obsdmwe the “1/16” configuration (Figure
2.8 A), resulted in a sudden drop in concentratitarting from the first time steps. The
“2/8” configuration (Figure 2.8 B), showed a slightifferent behavior with a delayed
decrease in concentration; finally, this decreaas absent, in the analyzed time course, for
the “4/4” configuration (Figure 2.8 C).

The next step would then be to study the effectsnvbducing perfusion in the above
discussed configurations together with the needdapture the heterogeneity that may

consequently be generated within the system.

2.3.2 Steady state analysis on perfused cultures

As mentioned before, the study has been perfornyauytto obtain generalized description
of the system that could eventually be extendedifferent configurations. in this sight, we
based the analysis on dimensionless variables asithe Peclet number. The complete list

has been listed in section 2.3.

A convective regime was induced introducing pedaswithin the system; with a fluid in
motion entering the chamber from the microfluidi@nnels from the upper left corner of

the chamber (see Figure 2.2).

The qualitative analysis in Figure 2.9 allows teentfy the different fluidodynamic

behavior of the 3 simulated culture chambers.
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-1 0 1 2 3 4 S 6 0
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Figure 2.9. Streamlines and velocity fields. The color coded ib valid for each simulated
configuration and represents the dimensionless citids values, Viy., where wa is the
maximum velocity developed within the chamber.

The velocity field identified by the streamlinesthre configurations with the higher aspect
ratios (“1/16” and “2/8”) were parallel to the bmtt of the chamber (where cells would
adhere) and were uniform in almost the entire sactConsidering the last configuration,
the disuniformities are more evident and are hgitied by the dead volume on the corner

at the bottom of the chamber.

Figure 2.10 shows the velocity profilesymax measured at the cells layer level for the 3
configurations. The representative section fordek layer was chosen at 50um from the

bottom of the chamber.
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Figure 2.10. Velocity profiles. A. The dimensionless velocitgfies at the cell layer were
evaluated along the dimensionless chamber coordirat-3 show the individual profiles and
the dots highlights the positions between whicksagbuld be adhering in each configuration
(4 mm in all cases).

Figure 2.10 A, highlights the differences in theloedy profiles at the cells layer.
Decreasing the aspect rat/L from 1/16 to 4/4, the velocity profiles changednfr an
almost perfect flat profile to a parabolic one. Thect consequence of this behavior is the
fact that cells adhering to the bottom of a “1/t&amber experienced uniform and constant
velocities, similarly to what happened in the “2@3nfiguration. In parallel, cells on the
“4/4” configuration would be exposed to the entwed heterogeneous range of velocities

developed in the parabolic profile.

The dots in Figure 2.12 B1-3 allow to visualize #ect location of the cells along the

chamber coordinate and to determine the above amattirange of velocities.
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Figure 2.11show some relevant results obtained studying timeemration profiles at tr

steady state, simulating all the within the defined rang for each configuratian

Figure 2.11. Average concentrations antandard deviations. For each configuration, th
curves represertc/c*> while thin curves identify the standard deviatiofishec/c* values.

First of all, the differences in terms meanc/c* increased with increasing Pe. At lower
the dimensionles concentration waalmost consta while the first differences started
emerge for Pek: We can thus conclude that the variations in cotmagor, both within
each configuration and between the different caméigons,could be detected dependi

on the passage from a diffusive (Pe<1) to a conve¢Be=1) regime

Related to that, it was evident that the convectegime lead to increased differen
between the three configurations. Increasing Peratied moredramatic differences i

the “1/16” cae if compared with the othe

Thin curves represent the valuesc/c* * o, whereo is the standard deviation; increas
distances of these values from the thick curverésgmting the mean) translates i

increased heterogeneity of behavior withincell layer along the x coordina
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Figure 2.12 shows the dimensionless concentratioofilgs as a function of the

dimensionless x coordinate at 3 different reprederg Pe values:

* Pe =0.001 diffusion-limited regime;
* Pe =1 competition between convection and diffusion;

* Pe =100 convection-dominated regime.

In addition, for the same Pe values we reporteddhelts of the simulations giving a color

coded representation of the dimensionless condamtsafor the entire chamber.

In Figure 2.12 a, are represented the resultsecattalysis at the lower Pe. The graph on the
left highlights how the “1/16” and “2/8" configuiahs displayed a high degree of
heterogeneity, if compared with the flat profile thfe “4/4”. In this diffusion-limited
regime, the exponential decrease encountered infitee two could be explained
considering the fact that in higher aspect-ratiofigurations, the diffusion along the x-axis
plays a relevant role in determining a heteroggngit conditions, while in the “4/4”

configuration the diffusion occurs mostly in thexas direction, giving more uniformity.

In Figure 2.12bPe = 1determines a competition between convection affidsitbn, with
an overall effect similar to the one observed R3a, even thought a major difference
resided in the much higher absolute values of focall configurations. Being the effects
of convection more relevant in the “1/16” and “2&nfigurations, their profiles changed

(in terms of a less steep decrease) significantly.

Finally, in Figure 2.12c a convection-dominatedimegyincreased the differences between
“1/16” and “2/8” if compared with “4/4”. Nevertheds, this regime notably reduced the
heterogeneity within the cell culture for the fitato configurations. On the contrary, there
is an increase in heterogeneity in “4/4” due touheuniform velocity field developed at the

bottom of the chamber (see Figure 2.9).
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Figure 2.12. Dimensionless concentration profiles at the celyer and color coded
representations of the dimensionless concentratifonrsthe entire chamber of the three
configurations evaluated at defined Pe values (Re(4, 1, and 100).
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Another measure of the systems heterogeneity ametidn of Pe number, is given in

Figure 2.13 with a plot of the mean absolute dematMAD).

0.1

o
o
(=]

0.06

MAD on c/c*

0.04

0.02

Figure 2.13. Mean absolute deviation (MAD) of c/c* values agduaction of Pe for each
configuration.

From this plot we could highlight how the highestdrogeneity was encountered near Pe =
1 and for the “1/16” and “2/8” configurations. Ohnet contrary, for the above explained
reasons, while for these configurations the hetamedy decreased for further Pe increases,

an increase in Pe determined a higher heterogeneitg “4/4” configuration.

Thus, the configuration that minimizes the hetenafy of conditions as a function of the
configuration geometry and of the operational pat@ns should be accurately chosen

taking all these phenomena into account.
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2.4 Computational modeling and dimensionless

parameterson M PS with patterned surfaces

The concept of topological controver cells has already been introduced togethdr g
fundamental role in guiding cell adhesion to ok organizedcellular structural templas
so to drivediffereniation and allow expre&m of cells correct phenotypeHowever, in this
section we won't discuss these aspects but willea$ focus on the phenomenologi

consequences of confining cells within controlleglea

The same theoretical and operative [of section 2.3 has been followed here, with the

difference of having introduced the topological wohin the cell layer

In this stwly, the fact ofspatially organizing cells via micropatterning tejues,didn’t
modify the local cell density blonly altered itsglobal value. The concepts of global ¢

local density are clarified in the following figu

Figure 2.14.Cell density values. The concepts of global andlloell density are schematize
The global density was evaluated a< average on the entire available area of the culi
chamber, while the local value was measured onallerarea (i.e. the patterned regior

Again, @lls have been considered adhering to the ceneal @f the bottom of the cultu
chamber, with a liear extension of 4 mm. A cartoon clarifying the faguration follows
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Figure 2.15. Schematic representation of the modeled culchamber with the characterist
dimensions introduced in section.

Accordingly to this description, the mo presente in section 2.3 has been modified tak
into account this different cell topology, with ksehdhering to defined areas alternated
equivalent empty are: This translated into different boundary conditidos the botton
planeof the modeld chambera specific flux (same as in the case in section @B8the

patterned sectiorwith adhering cells and insulation/symmetry for &mepty area

Figure 2.5, similarly to Figure 2.12, shows thimensionless concentration profiles at
cell layer ancthe color coded representations of the dimensionlesseartrations for th
entire chamber of the three configurations evatliatedefined Pe values (Pe = 0.01, 1,
100). The global behavior iterms of profiles trend, doesn't differ significgnfrom the
case of a continuous layer of cells. What is evidehe different wav-like characteristic
of the profiles (left side of Figure 26) and of the depletion zones at the bottom of
chambes (more easily detectable at high Pe on imagegenright side), following th

pattern of the adhering cel
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Figure 2.16. Dimensionless concentration profiles at the paiger cell layer and color coded
representations of the dimensionless concentratifmisthe entire chamber of the three
configurations evaluated at defined Pe values (Re(4, 1, and 100).
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Figure 2.7 and 2.18reports the graphs of the standard deviations aasdnnabsolut
deviations forc/c*. Simiar curves were obtained for the fluxes calculaicAnalogous

observations to those in section 2.3 could be r

On ~- 1 ||1|||||- 1 Lo a1l 1 |||||||I- 1 L1
10° 10° 10° 10 10°
Pe

Figure 2.17. Average dimensionlessoncentratiois their standard deviation For each
configuration, thick curves represent thean values of c/c while thin curves identify tlir
standard deviatior.
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Figure 2.18. Mean absolute deviatioMAD) of c/c* values as a function of Pe for ec
configuration
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Interestingly, we could observe how for a patterpelll layer also the “4/4” configuration
reached its maximum MAD value within the studiedrBege. This happened at high Pe
convection-dominated regimes, were the velocitydfieould ensure more uniform

conditions even in this configuration.
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Chapter 3
M icroscale bioreactors:
microfluidics

In this chapter we will discuss the design, develept and fabrication of
microfluidic microbioreactors. In particular we Winalyze in more detail the key
issue generating spatial and spatial-temporal cureton gradients within cell
cultures. The theoretical aspects seen in Chaptgrded the choice of the proper
operative and geometrical parameters while therghens in Chapter 1 helped the

establishment of the optimal coupling with the bgital system of interest.

3.1 Motivations

Examples of applications of microfluidic platforrws lab-on-a-chip applications have been
extensively reviewed (Breslauer et al. 2006, Hdelsnd Zengerle 2007, Hong et al. 2008)
and point at the advantages deriving from the runization, integration and automation of

biochemical assays. Recent literature reflectseesxd interest in interfacing microfluidic

devices with biological systems (Amarie et al. 200&on et al. 2000, Keenan and Folch
2007, Whitesides 2006).

As already discussed, relevant outcomes would f@mple derive from the use of
microfluidic platforms in drug discovery processitffich and Manz 2006, Wen and Yang

2008), molecular detection (Piorek et al. 2007)d am clinical and medical research.
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Concerning a specific application for this lattepect, Toner and Irimia (Toner and Irimia
2005) have reviewed the use such devices for bimagipulation at the microscale,
highlighting the importance of having small, potegthighthroughput but yet reliable and

ready-to-use instruments for specific blood analyasks.

In addition, microfluidics has been adopted also tissue engineering purposes, and
examples exist in applications involving basal laaivascular tissue, liver, bone, cartilage
and neurons (Andersson and van den Berg 2004).nAgaicrofluidics can greatly
contribute to novel achievements in this field asallows for a better control of the
microenvironment, thus generating in vitro systeapsto be used as physiological models

for the study of the complexity of biological phenena.

Many other interesting review can be cited, som&loich give more insights also in the
fabrication processes and properties of the médddhat are typically used (McDonald et al.
2000, Sia and Whitesides 2003, Whitesides et &120

As already introduced in Chapter 1 and extensivelscussed in Chapter 2, it is
fundamental to gain a deep knowledge of the physigthenomena and of fluid flows at
the microscale. Excellent descriptions can be foumthe literature (Beebe et al. 2002,
Squires and Quake 2005).

3.2 Materialsand methods

Microfabrication is a well established technique &me protocols and procedures that must
be followed are extremely rigid. No relevant mazhfions can be made, so for what
concerns the material and methods for the effedabeication of microfluidic platforms,
we refer to the cited literature and to the coroesiing sections of the publications that are
reported in the Appendixes, and in particular irp@pdix A, B, and G.

In the following paragraphs we will describe thelagation of microfluidic technologies to
3 case studies and report the most relevant re§gpescific and informative materials and

methods sections will be enclosed for each casly stuthe relative paragraph.
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3.3 Effectsof glucose and hydrodynamic shear on

Primary Mouse Aortic Endothelial Cells

At the core of this study was the huge relevancthefAdvanced Glycation End products

(AGEs) which are implicated in microvascular andcrogascular complications related to

diabetes, renal failure, inflammation, neurodegatng disorders and natural aging. The
receptor for AGEs (RAGE) is minimally expressednormal tissues and vasculature and
upregulated in diabetic tissues, thus determining &bove mentioned consequences
(Goldin et al. 2006).

The main aim of this study was thus to test theachpf RAGE ligands on primary mouse
aortic endothelial cell (PMAEC) shape and releatesaxreted factors that determine
processes such as inflammation, under differendiions involving dynamic or static

culture.

Our role in this study was to develop and test rap® device allowing to culture
endothelial cells in perfused conditions and to wiameously analyze the effects of

different factors.

As seen in Chapter 1, in order to obtain valuall@ ¢h biological studies it is important to
recapitulate the celhiche for this reason the experimental plan has beeedan the

attempt of mimicking the physiology. We thus inmgieht

* normal and diabetics tissues using different glacascentrations in the culture

medium;

* blood flow shear stress using a microfluidic device

For this reason we designed and realized an arrgpamllel microfluidic channels that

would allow a sufficient degree of parallelizaticemd thus consenting to test multiple
conditions within the same platform and during $aene experimental run. (Figure 3.1) The
overall dimensions were chosen to ensure comp#tililth standard glass slides, while the
those of each channel to have a statically sigmtimumber of cells for the downstream
analyses and within any observation field at therasicope. The internal volume of each
channel was 2.7L. The system allowed to collect the discarded mmadduring culture,

and such volume was sufficient to perform quarigaanalysis.
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I

Figure 3.1. Schematization and image of the microchannel ar@aythe schematics on the left,
inlets and outlets are denoted by a and b, respelgti c indicates the culture section of the
channel. Each microchannel was 30 mm long, 8@0wide and 10@m high.

The two variables, glucose concentration and skeass level, were initially established

for the preliminary experiments; in particular:
* Glucose concentration in culture medium on threel
o CTRL: 5.5 mM D-glucose,
0 L-GLU: 5.5 mM D-glucose + 9.5 mM L-glucose,

0 HIGH: 15 mM D-glucose (3 times higher than the pbipgjical level);

» Shear stress by means of fluid flow:
o Static culture: 0 dyne/ch

o Dynamic culture: constant flow: 0.001 dynefcm

The microfluidic channels were coated with |Z§/mL fibronectin prior to cell seeding; an
optimal cell seeding density has been determineatder to obtain a confluent monolayer
since the first stages of the experiments. Afteedsey, all cultures underwent a
“preconditioning” stage with the defined culture dnen for 4 days before starting

perfusion.
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The analysis performed on the cultured cells haenb
* Viability by Live & Dead assay;
* Morphology by immunofluorescence;

» AGEs and methylglyoxal (MG, a precursor of AGE$ase by ELISA and HPLC.

3.3.1 Results and discussion

A more detailed description of the biological desa be found in (Serena 2009).

low

Figure 3.2. Effect of glucose concentration on wild type PMAEUs cultured in microfluidic
channels. Bright field images are in the first r6%), while second row (2) reports the results of
an immunostaining for Actin, protein marking thdoskeleton. This staining allows to better
notice the morphological differences between thging conditions.

It was evident (Figure 3.2) how high levels of gise in the culture medium induced
changes in morphology: cells looked more stressddetongated, with several pseudopodia
that could be observed both with bright field imagi (Figure 3.4A) and with
immunofluorescence for Actin (Figure 3.4B).
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We report some results deriving from the quantiioca of AGEs in the culture medium

during culture.

MG AGEs
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Figure 3.3. Effect of glucose concentration and of shear stiegsuced by fluid flow on wild
type PMAEC cells cultured in microfluidic channelhe application of flow, with extremely
low shear stress, induces an increase in MG and A@ease in the culture media.

It is evident how the effects of perfusion dramaiticincreased the release of AGEs and
MG by the cultured cells. This effect overcome ¢time due to the different concentrations
of glucose in the culture medium, which could na hssessed for this particular

combination of variables.

Similar experiments were performed using a pariclRAGE-KO (knock-out) cell line,
giving similar results in terms of enhanced releafs®IG and AGEs in the culture medium
but with less effects in terms of changes in molpdw following exposition to increasing

glucose levels (Serena 2009).

Those preliminary results were promising in siglfittlee final goal of the study, and
contributed rising new questions on which the datiitg phenomena could be and which

combination of factors and variables could leatheomore dramatic results.
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3.4 Microfluidics-generated spatial concentration
gradients: Wnt3a and response in -catenin

signaling pathway

The relevance of this study (reported in detailAjppendix G) is related to the extreme
importance of the molecules of the Wnt family ahdit signaling pathways. Much efforts
in the nowadays scientific community are directemvards deeply studying and

comprehending the mechanisms, causes and efféatisdr¢éo Wnts functions.

Whnt proteins are a family of powerful macromolesulevolved in a multitude of biological
phenomena ranging from early-stage cell fate sjpatiébn, to embryo development, cell
proliferation, differentiation and tumorigenesislé@rs 2006, Logan and Nusse 2004,
Moon 2005, Moon et al. 2002, Moon et al. 2004).pafticular interest is the pattern by
which the Wnt signals are presented to the céitsigh concentration gradients on a short
and long range (Aulehla et al. 2008, Bartscherer Boutros 2008). However, surprisingly
little is known about the effects of Wnt gradieots cell populations and the quantitative

data have not been reported.

Microfluidic devices offer the possibility of gera#ing complex and well defined patterns

of stimulation, via tight control of fluid dynami@s a micrometer scale.

Because of the laminar regime that is inherenluid flow in micro-channels, the geometry
of the micro-device and the flow rates can be tuwegstablish desired patterns of flow and
molecular transport. The utilization of flow ratdsat are in the range of few pL/min
enables generation of well-defined, diffusion-inelegent concentration profiles. Examples
include studies of chemotaxis in cell culture systeutilizing hydrogels of differential
compositions, (Burdick et al. 2004) short-term psién of graded concentrations of
regulatory factors over seeded cells (Saadi e2@06), and the assembly of membrane-
based diffusion chips (Diao et al. 2006).

However, the use of such microfluidic gradient gatms is generally associated with
hydrodynamic shear stresses exerted on culturets, c#lat arise from the small
characteristic dimensions of microfluidic chann@sisti 2001). For studies of most cells,
control of hydrodynamic shear is vital for the mamance of the cell well-being during
cultivation (Cimetta et al. 2009).
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Our study wagocused onf-catenin signaling in responseWnt3aconcentration gradies.

With this aim we designed, fabricated and validatemicrofluidic deviceenabling the
generation of stable arcontrolled Wnt3a gradients under -protective conditions of lo\
hydrodynamic she, and thugprolonged culture of cells necessary to cover ime tspar
required for gene activatic We used a cell line specifically created for thisdy: HEK
293T cells stably expressing pBAR\(Biechele and Moon 200, a Wntp-catenin reporte

driving thefluorescenexpression of Venus.

The device consied of three 500 pm wide channels aligned in paralidlere the middls
channel serveds the cell culture space (Figi3.4). The three channels veeconnected b
anarray of smaller channels (25 pm wide x 50 um dspaced at 50 um) perpendicula
the three larger channels, ening diffusion of molecular species without significe
convective flux. This configuration allowethe obtainment ofsharp and stab
concentration gradients inside the middle chanmelkhe diffusion of species between

two outer largechannels
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Figure 3.4. Microfluidic device. The microfluidic bioreactor gpel A) was composed of t
flow channels with inlets in a and outlets in b, that ®ahe culture channel c. Lateral arro
identify the main flow direction. The reported dims®ns are in mm. The height of -
microbioreactor is 5Qum. Images in panel B are top views of the micramcor in which the
fluidic channels are filled with a color tracer; ¢hinlet and outlet tubing connecting 1
assembled device to the syringe pump is showreitother imae.
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In order to predict the flow regimes and the comeion profiles within the

microbioreactor culture channel, we performed ahmaiatical modeling with a two-
dimensional (2D) geometry of our microbioreactap(view of the microfluidic channels).
The Navier-Stokes equations for incompressible flawedified for taking into account a
surface forces-related component, and the convediitusion equation were numerically

solved using a finite element analysis solver (Carvultiphysics).

To validate the model predictions, the resulting t8@n concentration profiles were
compared with experimentally measured profiles labrescently labeled dextrans of

defined diffusion coefficient, used as color trackowing into the microbioreactor.

After choosing the optimal operative variables|scelere seeded inside the culture channels
of the microbioreactors and cultured under bothicsta perfused conditions under a stable

Wnt3a concentration gradient.

The evaluation of the cell response to Wnt3a canagon gradients was performed on live
cell cultures by measuring the presence and theikdison of the fluorescent signal
resulting from the activation of the targeted Vetaggyed reporter gene. The quantification
of fluorescence images was performed in two way$y( evaluating the mean grey value
(MGV) of the image, thus measuring the averageadréiscence intensity; (ii) by evaluating
the fraction of cells expressing Venus signal, aeileed as the ratio between the area of
cells expressing Venus signal and the total areeered by cells. The developed script

containing the chosen operations was run with NMatla

3.4.1 Results and discussion

Establishment of concentration gradients. effects of flow velocity and diffusion coefficient

The capability of the microbioreactor to generatedjctable concentration gradients of
soluble molecules was theoretically tested via erattical modeling, for a range of fluid
flow rates and diffusion coefficients. Experimentata for concentration gradients were
obtained using fluorescent dextrans as moleculagiweracers for proteins of interest in
cell culture studies, and compared with the cowadmg gradients predicted by a rigorous

mathematical model of momentum and mass transgastil{s are reported in Appendix G).
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Both the experimental and mo-predicted concentration profiles showed that at flow
rates and for low molecular weight chemical spe¢ies, higher diffusion coefficient:
molecular diffusion becomes the dominating sport regime, and that these conditi
lead to dissipation of the concentration gradi€@mn. the contrary, flow rates as low a:
pL/min and species with approximate sizes of 40 kcorresponding to the molecul
weight of Wnt3a)and higher, are suffici for obtaining a sharp and stable concentre

gradient along the entire culture channel le.

Experimental conditions analysis

Based on the results obtained from the above dest@experiments and considering
fact that the value of 6-*' m?/s could be used as Wnt3a diffusion coefficient,
appropriate culture conditions were set choosifigva rate of 1 uL/min. Figure.5 shows
mathematical analysis of (i) concentration gradienii) velocity profiles, and (iii
hydrodynamic shear stresor the microfluidic device operating with Wnt3aths diffusing

molecule at a flow rate of 1 pL/m
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Figure 3.5. Experimental conditions: concentration, velocitpdashear stress. Using the Wnr
diffusion coefficient of (** nf/sand the flow rate of AL/min, we evaluated the flow characteris’
of 4 sections of the culture channel highlightedirPanel B shows the pHike velocity profiles it
the chosen cross sections (upper graph) and theesurepresenting the concenton profiles
on the same sections (bottom graph).The table imelp& summarizes the maximum
minimum values for the velocity and shear streghent sections of the culture chal.
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Panel A shows again the color-coded representatidche Wnt3a concentration gradient
inside the culture channel, where a-d letters ntheksections in which further analyses
were carried. Panel B, upper graph, shows the rmaddelug-like velocity profiles in the
chosen cross sections while the curves represeitiagnormalized values of Wnt3a
concentration on the same sections are reportédeiottom graph. Finally, the table in
panel C summarizes the calculated maximum and romirnalues for the velocity and

shear stress in the 4 sections of the culture cdann

We can conclude that the system was able to genpradictable and stable concentration
gradients with flat and uniform velocity profilesthin the culture channel, thus exposing
the adhering cells to very low values of both v#loand shear stress (which averaged
values were 2.63-188.74-10° m/s and 2.53-18:8.39- 10 dyne/cni respectively).

Activation of the canonical g-catenin pathway in response to Wnt3a

First of all, we evaluated the behavior of cell plapions in terms of-catenin pathway

activation when statically cultured with Wnt3a cdmhed medium at defined dilutions.
The extent of the Venus-related pathway activatias evaluated by the quantification of
fluorescence images as described above. The eipresd Venus signal showed

statistically significant increases with increasigt3a concentration.

Cells were successfully cultured inside the miaoodéctor for up to 3 days total (static and
perfused culture). Figure 3.6 reports represerdalinght field and fluorescence images
(first and second row respectively) of cells cidaiinside the microbioreactor both in static
(left) and perfused conditions (right). The repdrétatic control experiment was performed
filling the microbioreactor with Wnt3a conditionededium at the dilution chosen for the
perfused experiments. In the case of perfused immreactors, the Wnt3a conditioned

medium was injected from the right inlet port.
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Figure 3.6. Differential activation of the canonical Wntg-catenn pathway perfused
experimentsUpper part of panel shows bright field image-c), while the lower one shows t
fluorescentVenus signal (-f). The controlresults in a random activation of cells (panelsral
d); while cells cultured under a Wnt3a gradient w a differential activation, in accordanc
with theimposed concentration gradie

Cells cultured inside the microbioreactor were esqubfor 24 h to a microfluid-generated
Wnt3a gradientDuring perfusion, a Wnt3a concentration gradiens waon estalshed,
thus exposing the cells adhering on the right ©iflehe channel to a defined liga
concentration. The vertical line in the images dida the channel in two halves, helping
visualization approximately identifying the areaswhich the Wnt3aigand is present. A
can be noticed from the fluorescent images repdrtegtie second row of Figure6, the
Venus expression was detectable only on the c@llation fraction that was exposed
the Wnt3a conditioned media. Cells of the contxgpezirents showed a more unifol

expression on the entire populat

The quantification of the obtained images was parénl as described above, on an ave

of 20 images per condition, and led to the resel®rted in Figure 7.
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Figure 3.7. Differential activation of the canonical Wnt3-catenin pathway: data evaluatic
for perfused experiments. Panel A reports resuithe perfuseexperiments a: area exposed
to Wnt3a conditioned medium and exposed to control rdium (no Wnt3a). Panel
summarizes the outcomes of the static experimpatformed evaluating the images of
entire channel section (a+b). Results are reporfiedtwo sets of control experiments wh
cells were exposed to a defined and uniform 'a concentration or exposed to control med
with no Wnt3a. **p<0.00

Panel A shows the results of the perfused expetsnQuantification was performed ¢he
two halve: of the channelevaluating the fraction of cells expressing Venigna,
determine as the ratio between the area of cells expressemu¥ signal and the total ai
covered by cellsThe microfluidicsgenerated Wnt3a gradient dictated its presenche
right side of the channel (b sidwhile the left side of the channel (a side) no Wnt3a.
The fraction of cells expressing Venus signal eatdd on the cell populations adhering
the right side of the channel was 15 fold highantithat on cells on the left side. Pane
summarizes the outcomes of the static experimpetéormed evaluating the images of t
entire channel section (identified in the graphtty notation “(a+b)”) Two sets of contrc
experiments were performed: one where cells weppsed to control medium with 1
Wnt3a and the other where cells were unifornxposed to a defined and uniform Wn
concentrationBoth results are presented ar 11 fold increase in the fraction of Gl
positive cells was encountered in cells exposed/tw3a when compared with those w
no Wnt3a.

These results prove the effecr and statistically significant differential activati of the

cell population fraction exposed to the microfle-generated Wnt3a gradit.
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In this study, a microfluidic microbioreactor capalof generating well characterized
concentration gradients under low shear stressiwomsi was designed, developed and
validated. The capability of effectively provingetspatio-temporal stability of the imposed
gradient is of paramount importance, and in theroflicidic device presented in this work,
extremely predictable behaviors in accordance with results of the mathematical

modeling could be developed.

The system allowed prolonged culture of cells hottler static and perfused conditions and
proved its efficacy in generating and maintainitegole Wnt3a concentration gradients. In
addition, from the quantification of the static mnukll experiments we could observe how
the Wnt reporter expression followed more of aghotd-like behavior rather than a graded

response.

These results, specifically applied to the extrgmnelevant family of Wnt3a molecules, are
promising in sight of further applications aimed eafploring the role of concentration

gradients on cell populations.
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3.5 Microfluidic-generated spatial-temporal

concentration gradients

In this section we report the design, developmert @alidation of a system capable of

generating controlled concentration gradients lotime and space.

The importance of having spatial-temporal gradienithin cell cultures is paramount.
An example above all can be found in the recentkvadrMurry and Keller (Murry and

Keller 2008), clearly explaining how the proceslsesling from an uncommitted embryonic
stem cell to a fully differentiated and committedllcdevelop through a cascade of

regulatory factors that act on both temporal aratiapscales.

Graded signals are thus fundamental in many, if alptsignaling pathways and their

intervention also follows specific temporal pat&rn

These are the motivations that led us to the dewedmt of this prototype, that has so far

been validated with color tracers but has not geinbinterfaced with a biological system.

In order to generate spatial-temporal concentragi@aients within a microfluidic system,

it was necessary to develop an automated platfotagiating various components.

The fundamental units were:
e automated control system;
* microfluidic platforms;

« control valves and connectors;

The core of the system, where the spatial-tempmmatirol of the concentration of a defined
factor had to be performed, was the microfluidiorbactor described in section 3.4 and
reported here in Figure 3.8 (“NN” configurationrrclarity and simplicity we reported in

Figure 3.8 all the microfluidic bioreactors usededjavith the corresponding acronyms.
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Figure 3.8. Schematics of the microfluidic microbioreactorsedisin this study and their
acronyms. Inlets are denoted by a letters and tsublg b; main channels and culture channels
are denoted by c. Lateral arrows identify the midomv direction. Dimensions are not on scale.

The overall system, reported in figure 3.9, was posed, from an upstream to downstream
view, by a syringe pump controlling the fluid matiof three syringes which were

connected to the different microfluidic platforms.

It is worth underlying how all fluidic paths needtxibe accurately calculated in order to
ensure a perfect and equalized distribution of Heaskes along each of them. The different
configurations of the microfluidic platforms weresad also for allowing an even

distribution of head-losses, as will be describbed/hat follows.

In detail, following the schematics of the entigparatus in Figure 3.9 we had that:

» one of the syringes was connected to the so-caledtinuous path”, delivering a
fluid through a “Y” microbioreactor and to the lefitlet of the final “NN”

microbioreactor;

» the other two syringes delivered fluids to the tdistinuous path” through the 4
electro-valves controlled by the developed datausdtpn (DAQ) system. At the

first tee split, regulated downstream by the fivgd valves we had that:

0 one branch led to a discard collector followingedfiled number of passages
in the “llI” channels (depending on the tubingsddmand calculated so to

equalize head-losses),

o the other led to one of the inlets of a “Y” microt®actor;
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o the second syringe followed a symmetric path, cdlietd by the last two

electro-valves;

» the fluid finally exiting fliom the b port of the “Y” microbioreactor was delied to

the second inlet of the “NN
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Figure 3.9. Schematics of the developed apparatus comprisisgt @f solenoid elect-valves
controlling the selective delivery of fluids thrdn defined flow paths constituted by microflui
bioreactors connected \ Tygon tubings and connecic

To control the valves opening/closing, an extesystem was built and formed by an

connector block for DAQ devices with -Pin Connectors (SCB-68&nd a static an
waveform analog output board (NI F-6722, both from National Instruments). This allov
the interface with a software (LabView) running @etual routines regulating 1 ON/OFF

operations of the valves and, importantly ,it coried tomanage all valves in paralls
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The output signal of the DAQ system needed to bplified in order to correctly operate
the solenoid valves and thus an appropriate etettcircuit was built. This circuit
comprised also the power relays that effectivelgtamled the opening and closing of the

electro-valves.

3.5.1 Results and discussion
This system was validated using color tracers aathawve been able to obtain:

« different dilutions of the fluids contained in tlsecond and third syringes, which
underwent controlled mixing while passing througte tc channel of the “Y”

microbioreactor. The extent of mixing depended on:
o residence time in the channel (flow rates-related),
o diffusion coefficient of the considered species.

» concentration gradients as described in sectioniB.the ¢ channel of the “NN”

microbioreactor;

» above all, was the possibility of controlling sugtadients in time with a proper

operation of the upstream solenoid valves.

Figures 3.10 and 3.11 report the results obtaipgtlyeng a flow rate of 1QuL/min.

Figure 3.10. Pictures demonstrating the formation of a spat@fporal concentration gradient
within the “NN” microbioreactor using color-tracefluids. Panel A reports an image taken at
time zero, while B after 1 minute.
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Further validation derived from the quantificatiaf the fluorescent images at the

microscope, as shown in Figure 3.11.
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Figure 3.11. Fluorescent images on the left pat of the panekvaken at the top section of the
¢ channel of the “NN” microbioreactor at the indieal times (unit; seconds). On the right we
reported the quantification of the fluorescent sigevaluated along the horizontal lines (in
black) in the corresponding images. X-axes repbe torizontal coordinates, with zero
centered at the mid of the channel, while y-axesespond to the dimensionless fluorescence
intensity.

With the developed system we were able to obtastrdeitch and extremely controlled

spatial-temporal concentration gradients withinierafluidic bioreactor.

This work would prove extremely useful in its fugunterface with biological systems, thus
fully exploiting its potentialities in studying theehavior of a cell population when exposed
to defined signals that can be modulated with exé¢réexibility trying to mimic the way in

which they are presentéa vivo.

For example, this prototype could also be usefultésting different physio-pathological
conditions (i.e. ischemia in heart failure)whictpitally undergo spatial and temporal

phenomena.
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Chapter 4
Topological control of cell
cultures

This chapter will present the obtained results watpards to the topological control
of cell cultures. The important aspects of the choand design of the optimal
substrates together with the optimization of thehitéques aimed at spatially

guiding cell adhesion will be analyzed.

Two of the most relevant case studies treatedbsitbresented in more detail.

4.1 Motivations

Driven by the strong need of obtaining organizedicstires mimicking thein vivo
physiology of natural muscle and by the necessity developing highthroughput
technologies helping the processes of drug devedopior pharmacological screenings, the

aspect of spatially organizing our cell cultures baught much attention.

Recent studies suggest that primary cell system$ealesigned to model many aspects of
disease biology and that robust and automated siss#y be engineered to detect and

discriminate disease relevant mechanisms and paitémrapies (Liu et al. 2007).

The human cell-based testing has proven to beuabia tool to quickly explore toxic and

non functional compounds. The low-cost and highedptesting of compounds in cell



76 Cheptt

culture, and the obvious advantages of using intatis as a first representation of the
living patients, would make the cell-based test@ngey component on therapy discovery
programs. However, many individuals in the industryd academic community would
argue that cell models may give unsatisfactory)Jeaging and non—predictive data for the

actual response of a complex functional tissue.

There is strong evidence of the fact that a pracgmmponent of this failure is the quality
of the cell culture conditionis vitro, such as the lack of structural and topologicaiscihe
different mechanical and chemical properties of théstrate usedn vitro or the
unpredictable spatial-temporal combination of défe soluble factors or and cell-cell
interactions in conventional cell culture systetbfecht et al. 2006, Jang and Schaffer
2006, Kaplan et al. 2005, Vunjak-Novakovic and Brd®98). On the other hand, the
animal model based assays show two main Ilimitatiofsrst, the current
animal-genetic—focused methods of target validat@annot reliably predict human
biology; even if a model can be predictive of huntenget biology, it cannot predict human
drug biology or therapy response. Second, the tiasgecific approach is exceedingly slow
as only a few targets can be screened at a tinsegpiproach lacks of complexity and of the

multi-interacted processes of diseases.

To achieve this goal, first of all, we need toaatlly understand how the cells respond to
the micro—environmental stimulations, thus definisigucture/function relationships for
skeletal muscle tissues and diseases. In partjcwlameed to succeed in reproducing
vitro thein vivo responses of individual cells, clusters of celisl gissue-like structures;
such events are regulated by spatial-temporal thegsreside in the local, surrounding
microenvironment and include: the extracellular nrathe presence of neighboring cell,
soluble factors, physical forces and, eventuallggteical stimuli, all intrinsically expressed

and interplaying in a defined context.

In this sight, a relevant part of the presentedkwmas dealt with the development of the
proper substrates and techniques aimed at ultipnatehining human derived tissue—based

assays and technologies which should:

* provide robust and reproducible biological and fiowal data representative of

human physiology;
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* Dbe integrated with technological platforms for higldbghput screenings ai
development of new therapeutic strategies at lacgée;
» easily transferable to research laboratory foilitating the therapy developme

process in reduced time and at lower .

At the beginning of this study, we performed stgdisingmicrofabricatecmicrostructured
polymeric membranes as substrate for mouse andnmascle cells growth ar
differentiaton. The results are presented in the publicatio#gpendixD, E, and F.

An example is shown in Figu4.1.

Figure 4.1. Mouse satellite cellsultured on microstructured (a, ¢) and smooth (J polymeric
membranes. The differen in the topology of adhesion are visible since daftér seeding (e
b) and more dramatic after 7 de (c, d): the myotubes formed on the microstructigeloistrate
are perfectly oriented (arrows) while those on sthaurfaces have no preferential oriation.

What neeed to be acknowledge&nd drove us to the development that will soor
described, was the fact that, besides guiding edlhesion and promoting corre
differentiation of such muscle cells into contrectmyotubes, these substrates ed of
most of the necessary tis-like properties of which we stressed the extremgoirtance. Ir

addition, they tended to guide cell adhesion bukedain maintaining a prolonge
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confinements of the cultures, thus loosing the mitdbties deriving from the use of arrayed

systems.

In the following sections we will treat more in diétthe developed technologies and focus

on the two most relevant case studies.

4.2 Technology development: substrate and

topological control of cell adhesion

With reference to the publication reported in ApgignB, in this section we will briefly
describe the rationale and the steps the leacetdelielopment and optimization of the key
features and techniques that will then be appledhe case studies presented in the

following sections. In particular we will describad discuss:
» the production of the optimal substrate;

» the obtainment of topological control of cell adbes

Two-dimensional arrays of single cells or clustefsells can provide appropriate culture
conditions for adherent cells, however, the lacktafictural and topological cues may alter
cell behavior and phenotype expression. As alresssin, mammalian cells integrate and
respond to a combination of factors in the micrsevironment, such as chemical and
mechanical properties, shape, organization andceéllinteractions. These aspects are
particularly important for cell phenotypes suchcasdiac, skeletal, and smooth muscular,
which are highly dependent on three-dimensional) (8&ll organization (Motlagh et al.
2003) and on the surface mechanical propertie@ng002, Khatiwala et al. 2006, Engler
et al. 2004a) which translates into the coupling soft or stiff substrate.

Among soft substrates, hydrogels have recentlyucagtattention in the field of tissue
engineering because of their high water contemi¢cdnpatibility and elastic properties,
resembling those of native tissues. In recent yesasy kinds of hydrogels, especially
poly(ethylene glycol) (PEG) and derivatives (BrnittKeys et al. 1998, Burdick et al. 2004,
Lin-Gibson et al. 2005), have been widely used docapsulating living cells or as

substrates for cell culture. A wide variety of chypoers, composed of a synthetic backbone
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and grafted biomolecules (vice versasuch as fibrinogen (Almany and Seliktar 2005) and
hyaluronic acid (Leach et al. 2003, Leach and Sdh2005) or short peptides sequences
such as RGD (Hern and Hubbell 1998), was propoeddested to develop substrates with
the biological cues required for cell attachmentatldition, the elastic properties can be
controlled and modulated by changing the amountpotymer and crosslinker, thus

obtaining stiff or soft gels with a different inBace on cell behavior at the cytoskeletal
level (Engler et al. 2004b, Peyton and Putnam 20&@%)we will see in more detail in the

following sections.
Strictly related, emerges the issue of the topaigiontrol.

To guide cell adhesion, many patterning technigbage been proposed and widely
reviewed over the last few years (Falconnet e2@06, Xia and Whitesides 1998). Various
lithographic techniques have been used to guideadaksion and orientation onto different
substrates (Karp et al. 2006, Rohr et al. 1991, &ual. 2004) while microfluidics have
been employed to pattern cardiomyocites on PDM§ass substrates (Gopalan et al. 2003,
Khademhosseini et al. 2007). Muscle cells have b&tedied on surfaces comprising
nanopatterned gratings, microgrooves and microtegt(Motlagh et al. 2003, Vernon et al.
2005, Yim et al. 2005 ). Patterns of proteins hbeen created on glass or polystyrene
surfaces via micro-contact printing@P) (Ruiz and Chen 2007) and laminin lanes have
been patterned using the same technique on potirfilenis for the subsequent adhesion of
cardiomyocytes (McDevitt et al. 2002, McDevitt £t2003).

The major limitations of the enumerated technigaes related to the stiffness of the
substrates used - gold, silver, metal or metal@xgiass and polystyrene - on the one hand
and to the difficulties encountered while producoamtrolled patterning on soft materials

on the other.

For these reasons we centered our attention idelelopment of a hydrogel substrate that
would respond to specific needs and requiremenlisth& phases leading to the final
product and some exemplifying applications will tbeated in detail in the next sections.

The most relevant case studies will be presentsddtions 4.3 and 4.4.
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4.2.1 Substrate design

More detailed descriptions of the proced reported here can be found Appendix B
(Cimetta et al. 200.

A polyacrylamide (PA) based hydrogel was used asstibstrate for cell culture becaus¢
its elasticproperties, which are particularly suitable for mlascell culture. Moreover, th
hydrogel is easy to produce, inexpensive, biocoibigg and optically transparent; the lat
being an important prerequisite for performing ogitimage analyses. PA drogel can b
produced as a thin film and covalently bonded toretionalized glass slide showing lo
term stability in cultur¢ Figure 4.2 shows an image of a circular hydrodel &dhered to
glass coverslip and covered with culture mediun85AmmPetri dish contains the syste

ML
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i

Figure 4.2. Photograph of an hydrogel disk covered with cultoredium a) adhering to a 2!
mm diameter glass coverslib) and placed in a standard 35 mm Petri d

As PA hydrogel is a n«fouling material,and thus doesn’t consent proper cell adhe
without the necessary cues. Thun adhesiorprotein pattern was mic-contact printec
onto the PA surface; this technique was chosedorg a simple and versatile methoc
pattern adhesion prote with a resolution of ~Jum. The immobilization on the surfa
occurred through physical adsorption and allowexdgdns to maintain their activity witho
suffering from major denaturation phenomena. Initamd patterning proteins on hydroc

films enalbed microscope observations on the same focal pathee substra.



Topological control of cell cultures 81

Summarizing, polyacrylamide hydrogels have theofwihg characteristic properties that
contribute to their election as optimal substréde®ur purposes:
* mechanical properties:

- tissue-like tunable stiffness;

* biochemical properties:
- biocompatibility,
- persistence in culture;
» chemical-physical properties:
- photo-polymerizable,
- high water content,
- allows adsorption of compounds,
- gas permeability,

- high hydrophilicity.

Briefly, Figure 4.3 show examples of how these bgets were utilized in our first
experimentations. The fact that the hydrogel wastg@polymerizable was exploited by
means of photolithographic techniques (specificattycrotransfer molding). A photomask
was interposed, as described above, to obtainiaedefmacroscopic” shape (i.e. circular
pads of 5 mm diameter); in addition, the use of iarestructured PDMS stamp placed
above the liquid pre-polymer solution, allowed bage the hydrogel at the microscale level

obtaining a replica of the features imposed byRB&S stamp.
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Figure 4.3. Images of microstructured polyacrylamide hydrogeitdained via microtransfer
molding. In a: a pattern of parallel lanes 75 pmdesiand 100 um spaced was created on
hydrogel circles of 5 mm diameter (b). Panels ¢ drghow a different geometry: a matrix of
rectangles of 50 um width and 200 um length. Szaie on a, ¢, and d: 100 um; on: b 1mm.

The limitation of this technique derives from theetf that the subsequent control in cell
adhesion occurred primarily because of the physicahstraint created by the

microstructures walls. Hydrogel worked as a bar@ed not as a substrate to which cells
attached (following proper coating with adhesionteins); cells preferentially adhered to

the glass slide over which the hydrogel was covbldionded.

We thus decided to adopt the micro-contact print@chnique, as will be described in

section 4.2.2.
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4.2.2 Topological control

Once chosen the optimal substrate and considenmdirnitations of the above presented
technique for controlling cells spatial organizatiove decided to directly guide the
topology of cell adhesion using defined patternsadhesion proteins. This was done

optimizing the micro-contact printing techniquesaosoft substrate such as PA hydrogel.
Again, Appendix B reports all details of the penfied operations.

Figure 4.4 reports cartoons identifying the maéapstof the developed procedure.

R - A

- 2
| |— | |-

Figure 4.4. Schematic representation of the micro-contact tprgn («CP) technique. Panel A
exemplifies the microstructured PDMS stamp (1) wéittmonolayer of protein solution (2)
adsorbed on its surface. A thin film of PA hydro@3lis covalently bonded to a glass slide (4).
Panel B schematically represents the result of ghaein printing: the protein solution (2)
previously adsorbed on the PDMS stamp surfaced&)deen transferred onto the PA hydrogel
surface (3) adhered on the glass slide (4).

Solutions of adhesion proteins at the desired aaraton were printed on smooth hydrogel
surfaces viauCP technique using a PDMS stamp carrying the dksinécropattern.

Specifically, the stamp was inked in the proteituson for a few seconds, and then the
excess solution was removed. Conformal contact dmtvwthe dry hydrogel surface and the
stamp was then achieved by applying a gentle prestws transferring the desired protein

microstructured pattern on the substrate.
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It is worth underlying how this general procedues been easily optimized and adapted to

multiple cell types.

Figure 4.4 briefly summarizes the cell seeding pdaces.

Figure 4.5. Schematic representation of the cell seeding mhaes onto patterned PA
hydrogels. Panel A shows the starting point: protedlution (1) has been adsorbed following
#CP onto the hydrogel surface (2), the hydrogeloigatently bonded to a glass coverslip (3). A
cell suspension (4) is uniformly distributed oviee patterned hydrogel; after a few hours, all
cells are selectively adhering only on the profedtterned areas.

On the obtained substrates and with the optimiziedopatterning techniques, we were able
to create extremely selective deposition of adimespimteins on the typically non-fouling
polyacrylamide hydrogel surfaces. Consequentlydisge an uniform cell suspension

resulted in a well defined and persistent contuglrghe topology of cell adhesion.

These techniques have been validated using multjgi types and for different

applications. For example, we used:
* murine muscle cell lines C2C12;
* neonatal rat cardiomyocytes (Figure 4.6);
* murine satellite cells;

* human-derived hepatocarcinoma cell lines HepG2ufeig.7 and 4.8);
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Figure 4.6-8 demonstrate some exemplifying results.

merge

Figure 4.6. Neonatal rat cardiomyocytes cultured on patterpetyacrylamide hydrogel. The
controlled topology was designed as lanes A60wide and 1 mm long, spaced by 1060
horizontally and 30Q:m vertically. Images were taken at 10x magnificati@A): bright field
image of cardiomyocytes after 4 days in culture; @ltured cardiomyocytes express troponin
| (red), a typical cardiomyocytes marker; nuclei revecounterstained with Hoechst (blue).
Unmerged images are reported in panels C and Dlésbars=10@:m). Immunostaining for
troponin | represented in the inset of picture Bwh at higher magnification (40x) a developed
contractile apparatus (scale bar=78n).
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Figure 4.7. Micropatterned human-derived hepatocarcinoma lvedls. Micropatterning of 300
um diameter islands with 10@y/ml Fibronectin solution on polyacrylamide hydrégguides
cell adhesion with an extreme selectivity. Hepaegyadhere and cluster only on the protein
patterned circular areas. Panel a reports a 10x mifigation, while in Panel b a 20x
magnification represents in detail a single clusbtércells. It is noticeable how, after 48 h of
culture, confluent cells confined in the circulatands appear vital and no outgrowths extend
from the micropatterned regions.

Figure 4.8. Biological validation on micropatterned human-ded hepatocarcinoma cell lines.
20x magnification images of HepG2 cells cultured mitropatterned island onto hydrogel
substrates. The correct maintenance of the expesdithe Squamous Cell Carcinoma Antigen
(SCCA) was proven and the signal clearly detectaBbnel a: bright field image, panel b:
merged image of the staining for SCCA (panel c) fand>API, marking all nuclei (panel d).
Scale bars 10@m.
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The following sections will present two relevanseastudies based on the generation of

human models for muscle dystrophy (section 4.3)candiac diseases (section 4.4).

4.3 Development of an in vitro model of Human

Duchenne M uscular Dystrophy

This study, centered on the development ofirarvitro model for a specific disease,
Duchenne Muscular Dystrophy (DMD), found its motisas on both the necessity of
generating tissue substitutes closely mimickingvivo muscle physiology in order to

perform pharmacological studies and/or therapy ldgveent and on the relevance of the
disease itself. More details on the biophysicakdpson of this study are reported in the
PhD thesis of Serena (Serena 2009).

In general, therapeutic strategies for muscle dpsty can be classified into three groups
based on their approach: (a) gene therapy, (b)Xletapy (myoblasts and stem cells), and
(c) pharmacological therapy. Unfortunately toddieraalmost 20 years since the discovery
of the gene, an effective therapy that could midgtne dystrophic process is yet to be

found (Cossu and Sampaolesi 2007).

Although numerous current studies are showing pmgipotential, many suffer from a
variety of weaknesses. It is likely that the depetent of therapeutic strategies, based on
accurate studies on the progressive and multi-fiattoature of muscle dystrophy, may
only be achieved through a combination of differgmproaches.

The process of skeletal myoblast differentiatiorvitro has been widely investigated over
the last years (Bach et al. 2007, Bassel-Duby als®r02006, Collins et al. 2005) and

several cell sources and different substrates datanPetri dishes, natural or synthetic
scaffolds, etc) have been used. Besides the irentidasel of knowledge in the fields of

myofibrillogenesis and skeletal muscle tissue eegiimg that these studies brought, only
few of them were based on the use of human myabésstell source (Barberi et al. 2007,
Thorrez et al. 2008). It is of paramount importarioestress the fact that, aimed at
ultimately reaching clinical applications and patigpecific therapies, the use of a human

cell source would be required.
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Besides the use of the “not optimal” cell sourcestrstudies and clinical trials failed to
succeed in reproducing the actual human muscleigdbgy because of the methodologies
used for cell culturén vitro. As extensively reported here and in Chapter d rézognition
of the complexity of thein vivo microenvironment, renders standadrd vitro cultures
extremely lacking in its recapitulation. To captihe above mentioned complexity, it is

thus necessary to develop and implement new sieateg

In particular, among the different properties regdito closely reproduce the vivo
environment, surface mechanical properties areadfqular relevance for the functionality
of contractile cells such as skeletal muscle détigber 2002, Engler et al. 2004a, Beningo
and Wang 2002, Ingber 2005); consequently, the loaugo soft or stiff substrate is
extremely important. As a demonstration, Engler aotleagues (Engler et al. 2004a)
showed that after one week of culture, myosin/astimations necessary for functional
muscle activity, developed only on C2C12 myoblastisured on polyacrylamide gels with

the same stiffness as that of native muscle.

In this work we thus:

e cultured human dystrophic myoblasts (from DMD-afiéeL patients) on a
polyacrylamide based hydrogel to more closely mithec mechanical physiological

properties ofn vivomuscle;

» performed micro—contact printing of adhesion prgedn the hydrogel surface, in
order to:
0 obtain a topological control over cell adhesion.
o direct their alignment and drive differentiationdrfunctional myotubes,

0 mimic the structure of a natural muscular fiber.

The micro—contact printing techniques have beeorded in detail in section 4.2.
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Within this study, we exploited the possibility tnning the mechaniceproperties of thi
hydrogel substrate. For this reason, using diffieemount of acrylamide mixture in tl
prepolymer solution, we obtained hydrogels withseta modulus (Young modulu
covering the range from 10 to 20 kPa. Figure 4@nshthe results (the mechanical tes

performed on hydrogel samples of different compas.

20 4

Young's modulus (KPa)

0 5} 10 15 20 25
acrylbis cone. (% v/v)

Figure 4.9. Young’'s modulus giolyacrylamid: hydrogels. Elastic modulvere quantitativel
measured through standard compression tests far diferent tydrogel compositions, i.e-
10-1520% (v/v) acrylamide/b-acrylamide 29:1 mixture in the prepolymer solu.

Concerning micr-patterning for the control of cell adhesion, we s#doa geometr

composed of parallel lanes with a um width anc 100pum spacing.

In additior, we testedhe effects of different adhesion proteins on th@lntast cultures
verifying both he persistence of the patteat least 7 days of cultumgere required) and
the correct differentiation and matura of the newl-formed myotubes.

In particular we usec
* laminin and fibronectin (10ug/mL);

* Matrigel 2.59.
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Immunofluorescence analyses were useasses the expression of the corremyogenic
markers such agesmin,and the sarcomeric organization (sign of functiaditierentiation)
thoughmyosin heavy chai(MHC) anda-actinir detet¢ion. Cell nuclei were stained wi

DAPI in order to facilitate cell counts for the fos index evaluatiol

4.3.1 Results and discussion

Figure 4.10 shows a representative comparison leetvilee time course of adhesion
human myoblasts adhering to uniformicoated standard culture surfaces anc

micropatternedPA hydrogels.

Figure 4.10. Time course of adhesicof humanDMD myoblasts ouniformly coatecsurfaces
(first row) versus cells adhering to hydrogel sedawith protein micropatterr(second row

Uniform coating induce cells to randomlyadhere on the available ar, while cells on
micropatterned lanes adhed only to the protein coated are. The alignment and the degree
confluence thatvas soon reached, favordatie differentation into functional myotubes. Tt
was further confirmed bymmunofluorescencanalyses last column) cells on standart
surfaces fusedithout any preferential orientation (top image)ileithose onto micropatterne
hydrogels differentiate precociously and into patflel-oriented myotubesScale bars 200 p.
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Figure 4.1 reports the results of the striated myotubes caumthydrogels of varyin
stiffness and patterned with different adhesionens.

Hilki

(25

Figure 4.11. Analysis of theercentage of striated myotubes on hydrogels ofingrstiffnes
after 7 days of cultu. Different proteins were used to create the adlesireas on th
substrates: Matrigel 2.5%, minin and fibronectin 100 pg/m

The results in Figure 4.11 pointed Matrigel 2.5% as the optimal promotfor the
adhesion and differentiaticof human myoblastfrom DMD patients Most intriguingly, all
adhesion proteins displayed their maximum value temms of striated (and

physiologically mature) myotubes at anstic modulus value of ~ 15 kPa, correspondin
the stiffness of skeletal muscn vivo.

For these reasons, for the following experimentetiove chose to mic-pattern Matrigel
2.5% onto hydrogels with an elastic modulus ~ 1% kacrylamide/bisacrylanide 29:1

40% solutior to a final value of 10% (v/v) in the prepolymer&adn).

Figure 4.12 reports the extremely relevant resulfmined. Images derive from the ab:
mentioned immunofluorescence analy
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Figure 4.12. Biological validation of the maturation of the ntybes obtained from the
differentiation of human myoblasts from DMD patgerimages denoted by A letters referred to
myotubes formed onto standard glass surfaces whilendicated myotubes formed on
micropatterned hydrogels.

From the images in Figure 4.12 we could observe hmywtubes formed on standard glass
(and thus stiff) substrates didn't show sarcomepecganization, as from the
immunofluorescence analysis faractinin and MHC, we could observe a diffuse antd no
organized cytoplasmic signal (Panel A1 and A2).slich cases, only few sarcomeric
striations were observed, and they covered only gfahe the length of the myotubes. On
the contrary, myotubes formed on hydrogel surfaskewed the typical sarcomeric
striations of Z-disk and A-band for the entire lén@f the myotubes (Panel B1-4 and
magnifications in insets). In addition, the dimems of the entire sarcomere (distance
between Z-disks) and the A-band was consistent wiilisiological values: 2-2.fum
between Z-lines and A-band of Jugh.
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We could further observe that in most cases, thatesti myotubes that formed onto
standard stiff substrates were adhering to a laygblasts that acted as a soft supporting
material. In addition, such myotubes formed atrltitee points if compared with myotubes

grown on hydrogels.

All experiments presented here were also succégsfeplicated using myoblasts from
healthy patients. In this case, we could detectiganifcant and defined membrane-

expression of dystrophin in myotubes after 11 ddyaulture.

With the aim of developing am vitro model for human disease, and specifically of

Duchenne Muscular Dystrophy, in this study we ptbiret:
* the percentage of striated myotubes was strongigrdent on substrates stiffness;

* a substrate with tissue-like mechanical propertiesl5kPa) induced more rapid
and spontaneous human myoblast differentiationfumotional myotubes.

These results, together with the detected remagkepstrophin expression on myotubes
from healthy patients, open relevant and promigiegspectives in the application of our

methodologies for:
» performing highthroughput screenings of definedydrar compounds;

» test the feasibility of cell- or gene-therapyvitro before than vivo trials.

It is important to underline how those studies wlooienefit of the fact that they would be
performed on amn vitro model that would be much closer to the reaVivo physiology
than most of the pre-existing ones. Thisvitro model, was obtained with simple, robust
and repeatable techniques, that could be easiigfeered to other research laboratories and

adapted to different applications and cell types.
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4.4 Development of anin vitro array of human-

derived beating cardiomyocytes

Heart failure following ischemic heart disease, drygnsion, and myocardial infarction is a
common cause of death in developed countries. fitidence of cardiac-related diseases is

ever-increasing and gaining much attention fromsttientific community.

In this sight, the derivation of cardiomyocytesnfréthuman embryonic stem cells (hESC)
would offer unlimited advantages for myocardiall teérapy and engineered cardiac patch.
Moreover, the development of anvitro model, reproducing at least the morphological and
physiological features of human cardiac tissue, ld/dne of great value for physiological

studies or drug and therapies development, ass#iedun section 4.3.

The aim of this study was to assess the compayilofiour technologies with the culture of
hESC-derived cardiomyocytes and the maintenandadedf correct phenotype following

from the application of such different culture caimhs and techniques.

In our perspective, a model of human functionatimanyocytes could for example provide
a relevant tool to study the effects of new or Exgsdrugs on cardiomyocytes physiology

and functionality and to develop novel and altaugatherapeutic strategies.

At the moment, the most efficient protocol for dardyocytes derivation from hESC has
been established by Professor Gordon Keller (Tordfrtiversity) and his research group.
Adopting the strategy of mimicking as close as fidsghe events happenimg vivo during
embryo development, the methodology developed byKetler and coworkers tries to
recapitulatein vitro the natural steps leading to the ultimate cardidferentiation of
uncommitted progenitors (Murry and Keller 2008). do this, they have been well aware
of the fact that the effects of the multiple aned@fic soluble factors acted in a precise

spatial-temporal sequence and in a concentratiperteent manner.

The first studies have been performed using mousary®nic stem cells (Kattman et al.
2006) but the great urge of having human-based mopgemoted the optimization of the
protocol also for the embryoid bodies (EBs) obtdifimm human embryonic stem cells
cultures (Yang et al. 2008).
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A schematization of the protocol is shown in Figdil3; the fundamental stages invol
in the directed differentiation of the EBs : i. the formation of a primive streak-like
population,i. the induction and specification of cardiac mesodemndiii. the expansion of

the obtained cardiovascular lineai Moredetails can be found in Seref&erena 200.

Figure 4.13. Schematization of the protocdeveloped by Dr. Keller and coworkers fihe
specification othe cardiac lineage from hES

At the end of these phases, after day 17, the BBslation showed extensive and diffu
contractile activity, a clear sign of correct cadifferentiatior For our experimentatior

we thus used ce obtained from the dissociation these differentiate@Bs

Thus, adapting the microscale techniques previodsheloped and applied to other ¢
types (sections 4.2 and 4.:we produced an array of hE-derived cardiomyocyte

adheringonto pdyacrylamide hydrogel staces

Again, the hydrogel ensured the establishment ofice physiological environment
terms of its effect of mimicking the mechanical pedies of striated musclin vivo (with

elastic modulus ~115 kPa).

In addition, the topological control oell adhesion at the microscale allowed us to s
the most favorable geometry that would optimallag@tdto the cardiac phenotype. Ot
preliminary experiments were aimed at identifyifg toptimal adhesion protein for tl

cardiacenriched populatio

This set of preliminar experiments led us to the choice of an array eutar dots with 30l
pm diameter and 700 um center to center sp; the entire array covered a 8x8 mm ¢
at the center of the hydrogel d. The circular shapof the patterrallowedto obtain a more
stable configuration with regards to the charastiericontractile activityof cardiac cells: a

circular arrangement resulted in a more uniforntridstion of the mechanical stres:s
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developed during contractions, without the genenatif critical-tensions in localized edges

of the geometry that would result in unwanted detichments.

With this geometry we thus performed the micro-eehprinting technique on PA hydrogel

surfaces transferring solutions of laminin 100 plg/m

Cell seeding was performed optimizing the genematg@dures presented in section 4.2.2. In

particular, the critical parameter of cell seedilegsity was set at 6.21€ells/cnt.

The maintenance of the correct expression of cardiearkers and the degree of
differentiation were verified on the arrayed cudtsibetween 5 and 7 days of evaluating the
expression of Connexin 43 (Cx43), cardiac TropohicTnT) and Integrir1D (In31D)

by immunofluorescence analysis.

In addition, in order to assess the functionalityh® human-derived cardiomyocytes after
culture onto the hydrogel surfaces, spontaneoustgracting dots array were electrically
stimulated trying to pace their beating. We wergsthimed at inducing a coupling between
the spontaneous contractions and the electricausdtion. The square-wave impulse was
modulated trying to find the optimal values in terof amplitude, duration and frequency

capable to elicit that coupling.

The optimal results were obtained with square wafes-16 mV amplitude and 10 ms

duration. Their frequency was varied during theegikpents in a range from 1 to 2 Hz.

The system allowed on line observations at the estwpe, thus allowing live capture of
the contractile activity. The obtained movies wtras post-processed via image analysis

for the quantification of the recorded contractions

It is worth noticing how on a single observatioaldi (and thus in each movie-frame) we
had at least 5 individual beating dots to analgesonstrating the consistency and valuable

statistical significance of the obtained data.

Briefly, movies were converted into stacked fraraed several 5 um diameter regions of
interest (ROIs) were positioned in appropriate srekithe contracting cell-dots (so that
their color intensity changed during contractiofi) automated routine then measured the
average intensity of each ROI and for all imagetha stack. From such intensity values,

graphs representing the cells contractions couloluile
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4.4.1 Results and discussion

First of all, he PA-based hydrogefsovec to be completelypiocompatibl with regards to
the hESCderived cardiomyocytes, which selectively adhewith high efficiencyto the
micropaternedareas. This, in parallel, confirmed the feasibilifiythe application of th

developed techniques also to this extrendelicate cell type.

We confirmed how the chosen configuration and expemial parameters resultec an
homogenous array in thentire patterned surfa and in cellsmaintaining thecorrect

cardiac marker Troponin expressioreven after several days of cultt

As can be seen from the images at increasing megtir in Figure 4.14,row 1, we
obtained an uniform array of cirlar cell-dots coverinca 8x8 mm area and adhering w
extreme selectivelonto the protein patterned areas, with only fewgmwths. In addition

Troponin Twas clearly detectable and extensively expressehe majority of cells

Figure 4.14. Bright field images robw 1) and cardiac Troponin Tred in row 2)
immunofluorescen: of the cardiomyocytes arrayNuclei were counterstained with DAI
(blue). Image Al shows the entire surface of th@ 8xn array of circular dots, btained
merging individual images. Higher magnificationgaeported in B and |
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Further results are reported in Figure 4.15, prgvire correct maturation of the cardiac «
population expressinConnexin 43 (Cx43)againcardiac Troponin T (cTnT) anintegrin
B1D (In31D).

Connexin 43s a typicalprotein found ingap junctiois; its expression would thus prove
correct coupling betwe: the cytoplasms fo neighborin¢ cells establishing prope

communication in terms of signal transmission dgiigontractior

Integrin 1D mediate ce-matrix adhesiorand is exclusively found icardiac and skelet
muscle its expression would thus further prove the adrreardiac phenotype of ti
cultured cells besides their proper coupling to ghbstrat-matrix formed by the prote-

patterned hydroge

3]

LT

Figure 4.15. The maintenance of the correct expression of cardiarkers and theegree of
differentiation were verified evaluating the exmies of Connexin 43 (Cx43), cardiac Tropo
T (cTnT) and IntegringlD (Inip1D) by immunofluorescence analy Row 1 reports Cx4
expression bycells on patterned dots after 7 days of cul: individual stain in Al
corresponding DAPI (marking all nuclei) in B1 anciged image in C1. Rows 2 and 3 re
results onarrays after5 days oftulture. In A2 cTnT expression shows remarkablaization
in terms of characteristic striations (higher mification inset) while row 3 demonstrate tt
diffuse expression onts1D.
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Finally, with regards to the application of an ertd electrical stimulation, table 4.1

summarizes an example of the applied stimuli apddisults of the analyzed movies.

In parallel, non-stimulated control cultures wereoniored and their spontaneous

contractions were recorded and analyzed.

We underline again how the data for each movievddrirom averaged values evaluated on

at least 5 individual contracting cell-dots.

Table 4.1. Results of the electrical stimulation on spontarsty contracting cell-dots. The
contraction frequency recorded after applicationttoé described stimuli is reported in the last
column.

Movie Voltage Duration Interval Frequency Contraction
nr [mV] [msec] [msec] [HZ] frequency [Hz]
1 1000 1.0 1.31#0.1
2 5000 10 750 1.3 1.740.1
3 500 2.0 2.0+0.0

When ramping from a 1 Hz frequency to 2 Hz, celisddearly tended to follow the applied
electrical stimulation, beating at a rate closedgembling the frequency of the external
stimulus. In particular, at 2 Hz we could obserlie bbtainment of a perfect excitation-

contraction coupling.

The graphs in Figure 4.16 report exemplifying teaobtained from the above described
quantification of the contractile activity on bastimulated and spontaneously contracting

cell-dots.
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Figure 4.16. Graphs representing the cells contractions havenbebtained though image
analysis of the recorded movies. Contractions ofdanly chosen cell-dots are shown for each
condition. The first trace represents a spontanemrdraction. In the other traces, the applied
external electrical stimulation had the reporteduss. The dimensionless extent of contraction
is represented as a function of dimensionless time.

From these trace-graphs, it is clear how the iddiai dots experiencing electrical
stimulation, tended to contract synchronously anftemuencies dictated by the electrical
stimulation, with a perfect coupling at a stimuéduency of 2Hz.

On the contrary, not-stimulated dots had a loweasdl’ beating rate and, from the
comparison between multiple traces, had a morerdgdaeous behavior and didn't

presented synchronous contractions.

With this study, we proved that the developed teébgies could effectively be adapted and
applied to another relevant cell source: human gomic stem cells-derived cardiac
populations with the primary aim of obtaining phlotegical models of human functional

cardiomyocytes.
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The developed technologies, could for example pva relevant tool to perform
pharmacological studies on a relevant biologicalteay representative of human cardiac

physiology and functionality.

This would prove useful in both testing the effeatsexisting drugs or of new compounds
in their development phases, to assess their pateokicity or their pharmacological
activity on cardiac human tissue substitutes antherdevelopment of novel and alternative

therapeutic strategies for treating cardiac disease

Another interesting aspect that have not beenetdeiat detail here and is object of ongoing
studies in our laboratories, is the fact that wiogkwith a substrate such as polyacrylamide
hydrogel with tunable mechanical properties, wdaldexample allow to perform studies in
a microenvironment mimicking the increased stiffned the fibrotic tissue in infracted
heart. The perspectives that similar studies wagdn are extremely valuable for the
insights that they could give in the effective ms®es acting in such tissues, and

consequently plan and test the most proper intéioreand therapies.
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Chapter 5
Coupling microfluidics and

topology

The final step of the presented study, and objéet elevant ongoing study, was
represented by the efforts in coupling the devealoehnologies with the aim of
creating integrated devices with all the studiethpgonents: microfluidic platforms,

controlled substrates and topologies.

5.1 Motivations

In the literature, to our knowledge, not many exEwmf validated systems of this kind
exists. Tourovskaia et al. (Tourovskaia et al. 2af#/eloped a complex system capable of
ensuring the long term culture of murine myotub@stgined by thén loco differentiation

of spatially organized cells) and their selectiveatment via microfluidic delivery of
defined factors. Nevertheless, even if this studyved the effectiveness in performing
long-term cultures under perfused conditions, didomprise an appropriate system for the
control of the flow rates of the entering fluidsrqresented biologically relevant data on
the above mentioned selective treatment. Otherestidg case studies can be found
(DiCarlo et al. 2006, Kim et al. 2005, Kim et a@), but they tend to lack of simplicity in
fabrication and assembly, combined with an easesefand/or obtainment of significant

results on a relevant cell population.
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Given the proper choice of the optimal substrates, advantages deriving from the
coupling of microfluidic technologies and micropaitting techniques would open new and

interesting perspectives in the field of pharmaguaal screenings or clinical tests.

The previous chapters have dealt with the argunssgarately, and in particular in Chapter
3 we presented and discussed the research bagkd davelopment of topological control
and in Chapter 4 the results of the developmemhiofofluidic bioreactors and platforms.
In this section we will present the obtained reswihd the ongoing studies aimed at

coupling the developed technologies.

5.2 Dynamic culture of bubble-confined cell arrays

The first step towards the development of integratevices, has been the coupling of a
perfusion system to a spatially organized cell weltwithin a liquid volume of few

hundreds of microliters.

In particular, the aim of this study was to desagnd develop a culture system allowing for
an accurate and automated spatio-temporal confratutture conditions. The system
prerequisites were: matching highthroughput requémets, interfacing with existing

techniques including microfabrication, sample hamgland manipulating and allowing for

easy and effective results reading and analysis.

Responding to the need of creating an accurate @mdrolled micro-environment
surrounding the cell while meeting the requiremeifds biological processes or
pharmacological screening tests, we were aime@sigding and developing a microscaled
culture system suitable for analyzing the synerjfects of extracellular matrix proteins
and soluble environments on cell phenotype in athigpughput fashion. We produced cell
arrays deposing micrometer-scale protein islandshpdrogels using a robotic DNA
microarrayer, constrained the culture media in abletlike volume and developed a
suitable perfusion system. The bubble-confined @etlays were used either with
conventional culture methods (batch operating syster with automated stable and

constant perfusion (steady-state operating systdétathematical modeling assisted the
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experimental design and assessed efficient masspwa and proper fluidodynamic

regimes.

All details are reported in the manuscript in ApgierH.

The microarray substrate was a polyacrylamide (Ry@rogel covalently bound to a pre-
functionalized glass surface, similarly with whagsdribed in Chapter 4 (Cimetta et al.
2008). In particular, the hydrogel substrate wadh&r characterized performing some
swelling experiments aimed at identifying its babawhen submerged in different liquid

environments.

The protein array was constructed using a Microgri@iorobotics) contact microarrayer,
depositing the chosen protein solutions resuspernettie spotting buffer at the final

concentration of 50ng/ul.

The experiments were performed using the murinéetdemuscle immortalized cell line

C2C12, on which all analyses and culture technigquese developed and optimized.

The perfusion apparatus was composed of 3 mais:gh# bioreactor, a gas exchanger unit
and a syringe pump. In detail, the bioreactor wampnsed of two units: a polycarbonate
plate as support for the glass slide and a of dotthylsiloxane) (PDMS) chamber to
isolate the culture system from the external emwitent and to allow easy set up of the
micro injection and suction apparatus for each BIbBDMS has been chosen for its
oxygen permeability, thermal stability and optidahnsparency, thus allowing image
acquisition of the culture. The gas exchange urds wnade using a tubular non-porous
permeable membrane (platinum cured silicone tubthg)surface area and the corresponding
length were dimensioned to ensure the gas exchaegded for the maintenance of the
physiological oxygen and carbon dioxide concerdreti and pH value in the culture

medium. All connections were made with microborgdiy and stainless steel tubings.

The bioreactor and the gas exchanger unit wereikepe incubator at standard conditions

(37°C, 95% humidity, 5% COZ2) while the syringe puwgss left at room temperature.

In order to model the developed system, the 3D dowiathe bubble was schematized as a
semi-ellipsoid with two cylindrical hollows correspding to the inlet and outlet tubes. The
Navier-Stokes equations for incompressible fluidamerically solved using the finite

elements method implemented in Comsol MultiphygqiBsirlington, MA), allowed an
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estimation of the flow fields and shear stresses ifluence the cells. The meshing was
optimized to ensure independency of the solutie@mfithe spatial discretization. No-slip
boundary conditions were used for the hydrogelamerfbottom plane) and the walls of the
tubing, sliding/symmetry for the bubble surfaceget velocity for the inlet and finally zero
pressure for the outlet. The results of the mathiealamodeling were validated via a
particle tracking experiment combined with an imagelysis sought at reproducing the

velocity profiles and particles trajectories.

5.2.1 Results and discussion

We first proved that the swelling behavior of thgllogels was insensitive to the media
used; this was particularly important as it estdtgd that the ECM pattern deposition using
a micro-contact arrayer didn't alter the hydrogelsacity and that the cells would not be

influenced by unpredicted mechanical forces indunedeformations.

Examples of spotted geometries are reported inr&igLi.

Figure 5.1. Spotting versatility and materials properties. dolumns A and B: fluorescence
images of multiple geometries obtained spotting -BEAC conjugate with a robotic DNA
microarrayer using pins of different diameter. Qolu C reports the corresponding pictures of
living cells selectively adhering to the proteintteaned regions due to the hydrogels non-
fouling properties.
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The technology employeproved its versatility awe patterned protein arrays characteri
by different geometrical amgements, different spacing between both singleaarays of

spots and different diameters of the individualtsploemselve, as can be seen in Fig 5.1.

As already seenhe PA hydrogel is a nefouling material thus preventing cell adhesior
its surface; for this reason, the cells adheret high selectivity only onto the ECM protel

spotted areas and their migration vhindereq, thus allowing a prolonged confinem:

The chosel array geometryor the final experiments w: two separate 4 by 4 (3 mm
each, 1.5mm spaced) arrays of individual spotted island$ &it48( um average dmeter
located at the center of the circular hydrogel

The results of the fluidodynamic analyses are teylanthe following figure

(]

Figure 5.2. Fluidodynamic analyses and validation. Upper pafieiv A) shows the geomet
of the bubble of culture medium and the correspugdinodeled images and mesh. Lo
panel: B report the results of a simulation perfedrusing e5uL/min flow rate, generating ¢
uniform velocity fieldC: experiments with particle tracers (dotted linas® in accordance wit
the modeled trajectories (solid lir). The experiments were performed following theemmants
of particles in the areas represented by a and jpanel B
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In the upper panel, pictures show the geometnhefliubble of culture medium and 1
corresponding modeled imagdoth in 2 and 3 diensions In the lower panel, the resu
(B) of a simuation performed using a 5pL/min flow rate demoatgd the uniformity of the
velocity field over the entire surfaand thus over the cell arrays, positioned at tmeeceof
the bubble. Turbulencwas encountered only in the close proxir of the inner and oute
conduits (falling out of range in the color codegnesentation, that was chosen to be
to appreciate the velocity levels in the other €). In C, the studies performed usi
devitalized cells as patrticle tracers (dotted ) demonstraid accordance with the model
trajectories (solid lines). The experiments werefggened following the movements

particles in the areas represented by a and bnel &
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Figure 5.3. Modeling validation and measurems. In A: filled squares identify the are
covered by the cell arrays; open circles locate theer and outer conduits; vertical lin
labeled x(i=1 to 5) represent the sections were the velopityfiles were calculated and fille
circles denoted witicapital letters the chosen evaluation points. Repnéed dimensions are
millimeters. Panel B reports the resulting velogiyfiles along xi. The lower table lists t
calculated values for velocity, Reynolds number ahdar stress on the above moned
points.

The modeledvelocity profilesreported in panel are clearly perfectly symmetric wi
respect to the inner and ouconduit axis. The lower table lists the calculat@tles for

velocity, Reynolds number and shear stress onlibeeamentioned poir; we can observ
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how the particular position chosen for the constructbrcells array permted cells to be
influenced by the same low sir stresss. This avoidedeliciting different cell response

influenced by the position in the array during peed culture

Besides thedemonstrated feasibility of performing total RNAtraction, the ability of thi
system to generate consistent biological data e l@een verified via morphologic
evaluations and immunocmistry on the cultured cells, and quantificationtloé obtainet

outcomesas illustrated in Figu 5.4.
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Figure 5.4. Biological data. Upper panel: immunofluorescencealgges on individuacell
islandsboth after static (A1, B1, C1) and perfused cult{f2, B2, C2). In A nuclei are mark
using DAPI, in B BrdU positive cells are staineddreen; merged images are reported
column C. Graph D plots the fraction of Br' cells with respect to the total number of ¢
inside each island for each condition: on fibroriedl) and laminin @) and after static an
perfused culture. Graph E plots cell counts res(it/No) in the same conditions. p values w
evaluated perirming ANOVA tests, (**: p<0.01; *: p<0.0&

Upper panel of Figur5.4 reports images deriving from individual cell islanidrming the
array, both after statiand perfused cultui Graphs D and BEwere constructed aft

quantification of thefluorescence images. In D, the fraction of B* cells with respect
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the total number of cells inside each island) (Was evaluated and plotted for each

condition: on fibronectin and laminin and aftertstand perfused culture.

Two statistically significant differences could heticed: first, static culture resulted in a
higher fraction of BrdU cells and second, perfused culture allowed usyptuce a different
behavior on the two proteins used, which were navidence in the static culture method.
The same trend is observed in E, with a graphiptpthe results of the cell counts/Ny
(being N the number of adhering cells counted 2 hours atteding).

The perfusion of medium and hence the provisionutfients and oxygen permitted growth
and maintenance of the cell array in a more “tisBiendly” condition; however, cell
growth was dependent on medium flow rate as tHlsénced mass transfer, shear stress
and hydrostatic pressure which may have a negatigact on cell growth. BrdUcells and
total number of cells were counted for each spahiiog the arrays (number of counted
spots >100) from fluorescent images obtained witloable staining for BrdU and DAPI.

In conclusion, cells cultured on arrayed island30(pm diameter) maintained the correct
phenotype both after static and perfused conditiomisfirmed by immunostaining and gene
expression analyses through total RNA extractidre mathematical model, validated using
a particle tracking experiment, predicted the camsvalue of velocities over the cell arrays
(less than 10% variation) ensuring the same massport regime. BrdU analysis on an
average of 96 cell spots for each experimental itondshowed uniform expression inside
each cell island and low variability in the datadege of 13%). Perfused arrays showed
30% higher doubling times when compared with statittures. In addition, perfused
cultures showed a reduced variability in the caddldcdata, allowing to detect statistically

significant differences in cell behavior dependamgthe spotted ECM protein.

Our technology allowed us to gain increased infaromadensity, resulting in a savings of
time and reagents. In addition, the multiple daiagsocoming from individual batches
possess inherent consistency and higher qualitytht¥e provided a tool to match existing
cell array technologies with the advantage of spmporal controlling the soluble micro-

environment for high-throughput biological studaesdrug screening tests

Nevertheless, the intrinsic limitations of this woresided in the fact that it didn't

comprised a real microfluidic platform and that thquid bubble surface was free
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(sliding/symmetry boundary condition in the simidas) and not confined within sealed
culture chambers or similar. Keeping in mind thevate surface-to-volume ratio, this could
increase the relative importance of the less ctable surface effects. In fact, surface
tension can exert significant stresses also regpiti free surface deformations and/or bulk

liquid motion (Marangoni effect).

The following efforts will thus be aimed at overcogthe above mentioned limitations.

5.3 Microfluidic-cell array coupling

The main aim of this last section of the work, asfgject of ongoing studies, was the
development of a culture system to be coupled with well established and validated
arrayed culture. The cell source has already beesepted in Chapter 4, section 4.4, and

was the human embryonic stem cells-derived (hE&@&)iemyocytes-enriched population.

In the attempt of exploiting all the advantageshef technologies that we developed so far,

this system must comprise:

» polyacrylamide hydrogel substrates;

« controlled cell adhesion via micropatterned surface

o highthroughput data-quality via arrayed culture;

» perfused culture:
o microfluidic platform,
o controlled and selective delivery of fluids,

0 spatio-temporal pattern of stimulation;

» compatibility with standard analysis techniques.

The feasibility of the arrayed culture of hESC-ded cardiomyocytes onto protein
patterned hydrogel surfaces has already been p(@teapter 4). The crucial point was thus

the development of aad hocsystem to interface this culture with a perfusgstem.
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Perfusion would be established using a microflugetform, for the previously discussed
motivations such the feasibility of a strict cotaver both the transport regimes and the

establishment of defined spatial or spatial-temipomacentration gradients.

It would thus be desirable to study a method feersibly sealing the microfluidic platform
to the supporting material (usually a glass slideprder to allow for an easy access to the
cultured cells and for a more flexible use of thatfprm itself. To satisfy all these

requirements, a multilayered assembled device brigesigned and fabricated.

First of all, to ensure reversible sealing we depetl a membrane-vacuum system acting as
a suction pad. In particular, with the previoushsdribed microfabrication techniques, a
circular ring was fabricated and then molded wibhMS. Its dimensions were chosen with
respect to the geometrical constraints given bydlass coverslip dimensions while its
height was 15@Qm. Figure 5.5 shows a schematization of the lagemsposing the bottom
part of the platform, with particular attention tbe just mentioned vacuum-mediated

reversible sealing.

Figure 5.5. Exploded view of the bottom part of the devicéhwlitle vacuum system. A thin

PDMS membrane (b) was laid over the supportinggtdisle (a). The membrane had a circular
hole shaped to fit the coverslip onto which therbgdl is covalently bonded (c). Cells (parallel

lanes) are adhering to the hydrogel surface. ThalfPDMS layer was constituted by the actual
vacuum system (d), which was operated by punchitpla through the PDMS in e and

inserting a microbore flexible tubing connectedhe vacuum pump. The microfluidic platform
(non shown in the figure), could be irreversiblalee to the upper face of this layer.
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More in detail: cells were adhering with a spayiadirganized topology to the hydrogel
substrates (as seen in Chapter 4), which werermdovalently bonded to a 1@0m thick
glass coverslip (c). In order to ensure mechanstability of the assembled device, a
supporting 1 mm glass slide was used beneath therglp (a). A thin PDMS membrane
(b) laid over the glass slide contributed in avogdipossible movements of the glass
coverslip. The final layer (d) was the actual vanulayer, formed by a circular ring that,
once connected to a vacuum line though the appigpport (e) worked as a suction pad

creating a stable but reversible sealing to thestiyishg layer.

5.3.1 Preliminary results

This system has been validated to ensure thatakinig occurred even at high fluid flow
rates. In particular, no leaking nor failures ioger adhesion were detected below a 500
puL/min flow rate, which is more than ten-fold highttan the values commonly employed

during microfluidics experiments.

Even thought the final design of the optimal mituwfic platform to be coupled to the
arrayed cultures in order to perform selectivewali of factors is still under development

phases, some prototypes have been produced aed.test

As an example, in a simple configuration we cougedicrofluidic platform formed by an
array of parallel channels (“llI” design seen inapker 3) to the hydrogel/vacuum system.
The microfluidic platform has been irreversibly bed at the top of the vacuum-layer

membrane. The bottom layers were as in Figure 5.5.

Due to the dimensions of the hydrogel, only 4 duhe 5 microfluidic channels had access
to the of the squared chamber where the cells reultwould be located. With this

configuration, to test the capability of the systenperform selective delivery or generate
concentration gradients of factors, we flowed fagmein solutions from one of the inlets.

Figure 5.6 shows images of the assembled device.
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Figure 5.6. Images of the assembled prototype under fluoredigcgnitin A and in bright field ir
B. Arrows identify the tubing connected to the vacuayer and external vacuum line. Aster
identify the inlet from which the fluorescein swuatwas injected. Scale bar 10 n

The tubing highlighted by the arri wasconnected to the vacuum layer and to the extt
vacuum system ensuring proper sealing betweenatberain platform levelsThe others,

similarly insertecthrough the PDMSglelivered the fluids to the culture cham

The platform was perfectly comgble with microscope imaging, and the experimentse\
performed assembling the system directly on theromgope stageThe fluoresceir
distribution within the chamber wihusvisualized on line in real time and pictures w
taken at defined tin points.Fluorescein solution was injected from one ofinlets (see
asterisk in Figure 5.6) and ttevaluatedfluoresceice intensityallowed to visualize th

concentration profiles developed within the chanalpglying different flow rate (Figures.7).

25puL/min

Figure 5.7. Results of the preliminary experiment performedvifhgy fluorescein solutions .
different flow rates ranging from 10 to 1z4./min.
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The images shown in Figure 5.7 were obtained by eagimg of individual pictures,

reconstructing almost the entire chamber.

It was evident how at higher flow rates the conin profiles were more sharp and well
defined if compared with those obtained at lowewflrates. The applied flow rates were
relatively high, but if we consider the elevatefutifon coefficient of fluorescein (D ~1-19
m?/s), to obtain similar concentration profiles usidifferent molecules with higher

molecular weight, would require lower flow rates.

Those preliminary results are extremely promismgight of the following applications of

the system and its interface with the biologicateyn of interest.

For example, it would be possible to selectivelyatrneighboring areas of the human-
derived cardiomyocytes dots array with differentigh or to simultaneously evaluate the

effects of a range of concentrations of a defindzbtance.

This would prove extremely useful for pharmacolagiand toxicological studies, as

already described.
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Conclusions

The strong need for improving the processes of dind)therapy development has pushed
the scientific community towards the search forowetive and advanced technologies.
Standard methodologies are limited in several vesythey tend to lack of highthroughput
characteristic, are poorly controllable and foredl cultures within environments that are

way distant from the naturaiche in which they residéen vivo.

For these reasons, engineering tools coupled vigiiedhnological and medical skills, hold

the potentialities to propose alternative and rhsolutions to these issues.

We have thus been focused on the design and dewefdpof innovative microscale
technologies for stem cell cultures to be used cadstin biological screenings. The
importance of using living cells as sensing elenta® been discussed, thus the importance
of realizing devices capable of effectively beirmypled with human stem cells assumes an
even increased value. We have been guided by tuallsal “biomimetic approach”, a
principle directing the efforts towards a bettederstanding of the natural environment
encountered by celis vivo and its recapitulating withim vitro cultures. In this sight, we
engineered biological principles and techniquesosartificially recreate both the soluble
and structural microenvironment constituting th# neche. We approached these issues at
the microscale, so to be on a more relevant bicdddvel and simultaneously meet the

requirements of highthroughput screenings.

To this aim, we performed an extensive phenomemabgtudy based on a mathematical
approach, aimed at understanding and thus comigalie main phenomena occurring at the
microscale within both conventional and innovatorgtures (Chapter 2). We reported our
main achievements in terms of control of the mei@drproperties of the substrates, the
topological control over cell cultures via microkcgechniques and the use of microfluidic
platforms for the delivery of factors mimicking tlseluble microenvironment (Chapter 3
and 4). The final efforts have been directed towatite coupling between the above



120 Chapter 6

described technologies within an integrated platfexploiting all their intrinsic advantages
(Chapter 5).

We identified the main factors dictating the bebawf the systems in terms of dominating
phenomena and gave practical rules for correctifopaing an accurate control over

transport phenomena for a broad range of conditiooth geometrical and operative.

We achieved an extremely accurate control overtdpelogy of adhesion and growth of
cells using micropatterning techniques and we exegied the substrates so to meet the

requirements for the recreation ofiarvivo-like mechanical microenvironment.

Microfluidic techniques were used to design andizeglatforms capable of recreating the
soluble microenvironment over cell cultures, baththe form of “simple” provision of the
required factors or the recreation of more compterncentrations gradients. Particular
attention has always been paid at the length amel $icales, together with the respect of the
physiological thresholds imposed by the use ohtivcells as sensing element. The final
efforts were spent to accomplish the task of dguetpan integrated technological platform
enclosing all the achieved results and innovatidMe. proposed two solutions, the most

promising of which is currently object of ongoingdies.

The important results that have been obtained dechnology-perspective have been
strengthen also on the biological side: in our expentations, representative cell lines
were used for the preliminary studies, while thealfi validations were performed on
extremely relevant systems such as human primargbtagts derived from diseased
patients (Duchenne Muscular Dystrophy) and humaivel® cardiomyocytes, or on

fundamental studies such as of Wnt signaling paghwa

Taken together, these results exemplify the passiotive role of chemical engineering
skills on the design, development and realizatibmew tools and novel technologies to

support biological and biomedical research.
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Abstract

We discuss the utilization of microbioreactor asrégr controlling cellular environments in
studies of factors that regulate the differentiatad human embryonic stem cells. To this
end, we have designed a simple and practical systatrcouples a microfluidic platform
with an array of micro-bioreactors, and has the siza microscope slide [1] [E. Figallo, C.
Cannizzaro, S. Gerecht, J.A. Burdick, R. LangerENassore, G. Vunjak-Novakovic, Lab
Chip 7 (2007) 710-719]. The system allows quamigatstudies of cells cultured in
monolayers or encapsulated in three-dimensionakdggls. We review the operating
requirements for studies of human embryonic stelis ¢eESCs) under steady-state and
dynamic conditions, and the related control of teess transport and hydrodynamic shear.
We describe the design and fabrication of the inldil bioreactor components, and the
criteria for selecting the bioreactor configuratiand operating parameters, based on the
analysis of the characteristic times and scaleseattion, convection and diffusion. To
illustrate the utility of the bioreactor, we presen“case study” of hESC cultivation with

detailed experimental methods and representatoledical readouts.

A.1l Introduction

Novel cell culture technologies developed in recgaars mimic thein vivo cellular
microenvironments with an increasing fidelity [Zhrough improved control and the
provision of cascades of multiple regulatory fastdvliniaturization of the culture systems
is an important step towards accurate control efdhltured cells and tissues. Some of the
most interesting outcomes come from the optiminatnd accurate use of microfluidic
platforms [3, 4]. Small transport distances are Key enabling fast responses to
environmental stimuli in studies involving spatéid temporal gradients of factors. Since
its first appearance decades ago, microfluidicsehbeen adapted to many different
applications; several excellent reviews give inghto the operating principles for system
configurations of interest [5-8]. Microscale tecloges were designed for applications
ranging from studies at a single cell level [9the recreation of more complex 3D tissues
[10] and the development of diagnostics platfordik, [L2]. High-tech platforms involving
integrated microdevices such as micro-valves, toje¢ pumps or mixers [13] are also

being considered for use in live cell experimenptati
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Our laboratory has been interested in developingcao-bioreactor array that would allow
high throughput studies of the most challenging selrce: human embryonic stem cells
(hESCs). To this end, we have designed an efficienitiplexed device that couples a
microfluidic platform with an array of micro-bioretars and allows quantitative studies of
hESCs in two-dimensional (2D) and three-dimensiofg®) settings [1]. This system
enables quantitative measurement of performanceaandrate control over the culture
microenvironment with a relative simplicity, notguéring additional integrated devices
such as micro- valves, pumps or mixers. In thisepape first summarize the design
requirements for systems of this kind. We review tiperating requirements for studies of
cultured cells under steady-state and dynamic ¢tiondj and the related control of the mass
transport and hydrodynamic shear. The design amdcédion of the individual bioreactor
components and the system assembly are descrilaetan. Then we describe the design
specifications for important operating parametes the principles for their optimization at
the microscale level that are based on the anadysransport rates and characteristic times
of the involved phenomena. Finally, we present asécstudy” of hESC cultivation, with

detailed experimental methods and representatoledical readouts.

A.2 Overall Requirements

A.2.1 Biomimetics

Our body is composed of highly organized tissuesnéml by multiple cell types and

sustained through complex structure-function retethips at many hierarchical levels.
Short and long range communication between singjle and/or tissues occurs through an
enormous cascade of signaling pathways, most aflwinvolve mechanisms, intermediate
steps and connections that are not fully understébehlly, biological studies should be
performed under conditions that are controllablel at the same time capture the

complexity of the native environment.

A.2.2 Scale

When it comes to scaling down to the biologicalyevant lengths and time scales, the
conventional methodologies of the so-called “flaldgy” fail. Standard culture methods
involving cell culture in Petri dishes cannot bpresentative of the real state of physiologic

systems and therefore often result in unrealistat @ancontrollable biological readouts. The
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relatively large volume of medium in contact witklls and the batch-wise operation
associated with the periodic medium exchange doeallow for the generation and control
of precise patterns of stimulation such as spatioporal gradients. Petri dishes are
therefore not suitable for use in studies of eiteady-state or dynamic system The batch
processes have unpredictable timescales, are idifflimmited and, most important, are
intrinsically uncontrollable. Macroscale observatioof averaged cell/tissue properties
cannot be reliable in defining complex biologicgktems and must thus be replaced by
more precise and realistic microscale observatibmshis respect, the microscale culture
technologies help overcome most of the above lioita, and to operate at the

characteristic time and length scales of biologid@nomena.

A.2.3 Time constants

At the microscale - inside the microchannels antuoei chambers - the dominating forces
change and differ from the most known, macroscaleso Flow is always laminar
(Reynolds numbers are well below the turbulencestmold, and in most cases Re<100) the
inertial forces are therefore dominated by visciouses, and the transport is dominated by
molecular diffusion or by convective regime of wedfined hydrodynamic profile.
Reducing the characteristic dimensions to a miaiesievel allows a more rigorous control
of the operating parameters involved, due to thg skort transport distances, which are in
turn associated with very short time constants.aAssult, biological responses are not

limited anymore by the slow kinetics of physicabpbmena.

A.2.4 Multi-parametric analysis

The miniaturization of the system also resultsha teduction of the amounts of cells,
culture media and supplements and thereby helpgeethe cost and time involved in cell
culture, and enables the high throughput qualitythef data. The possibility to control
multiple factors, molecular and physical, allows ltiqparametric analyses, thus again

reducing both time and cost of experimentation.
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A.2.5 Imaging compatibility

Most micro-bioreactors are optically transparend &nly compatible with conventional
imaging techniques. They allow online analysesraatitime experimentation such as time-

lapse monitoring the state of the system and the-tiourse of specific phenomena.

A.3 Specific Requirements

A.3.1 Steady state conditions

Perfused systems offers the advantage of workirdemumell-defined and stable steady-
state conditions. Standard culture systems, sudbets dishes, can be compared to batch
reactors in which conditions are precisely defioatly at time zero, and then continuously
vary until next medium exchange. Working at steatfye conditions maintains, by
definition, the parameters of interest at theirstant levels. Precise perturbations of the

system may then be introduced to investigate timauahyc biological responses of the cells.

A.3.2 Fast transients in space and time

It is often necessary to accurately modulate tearsiin space and time to recreate precise
stimulation patterns in the form of concentratioadients, and deliver particular signals.
Working with small volumes (order of a few pL) geslly leads to fast-response systems.
This means that the switch between defined setgoofditions can be fast and still
controllable. For example, operating parametersbeachanged by a simple variation of the
medium flow rate. At the microscale, one can desiga system to provide tightly

controlled, orderly conditions of flow and masssport.

A.3.3 Control of mass transport and flow shear

Due to the well-defined geometry, short transpastaghces, and fast transients, transport
phenomena occurring in microdevices can be moridyeasjected to theoretical analysis
and precise control than those in larger scaleesyst Accurate predictions of the velocity

gradients and shear stresses are indeed very mmpdrécause of the profound effects of
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flow environment on biological systems. Again, thersatility of microscaled systems,
allows decoupling the effects of mass transportnpheena such as the generation of
specific concentration patterns from physical pmeeoca such as the application of

mechanical forces.

A.4 Technical description of the micro-bioreactor

platform

This section contains the description of the maimgonents of the micro-bioreactor array
culture system: the cell culture chamber, the nfligidic platform, the gas-exchange unit,
the tubing and connections, and the flow circufasgstem. The described elements can be
visualized in Figure 1, keeping in mind that thaplication can be extended to different
configurations. Briefly, panel A shows a top viewtlbe micro-bioreactor array assembly
with its functional units, which will be treated neoin detail in the following paragraphs.
Panel B presents an image of the culture systems@t the incubator, while the lateral
views in panel C clarify the layered structurehs tmicro-bioreactor array exemplifying the

two configurations used.
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Figure 1. Micro-bioreactor array. Panel A shows the top view of thierc-bioreactor array
assembly with its functional units: the separatetiports for each chamber, the serper-

shaped channels of 1 gas exchanger, the splitter dividing the flow idtequal parts, the arra
of culture chambers, and the outlet ports. Theridependent culture chambers (diameter

3.5 mm) are arranged in a 4x3 array (8 mm vertiaad 7 mm horizontal cent-to-center
spacing); the microfluidic channels (100 pm widelb® pm high) are printed in a PDMS mi
attached via plasma treatment to a glass slideooa punched PDMS slab of thickness h.

inlets, outlets and culture chambers are all punthieough the PDM: Panel B shows th
culture system set up, with connections and tubimgsde the incubator. The lateral views
panel C clarify the layered structure of the m-bioreactor array in the two configuratior
used. The glass slide supports the cells ce and allows the irreversible sealing of PDMS
an air-plasma surface treatment while the open culturemdtexs are reversibly sealed by -
PDMS membrane on top of them. In the first preseotinfiguration (left), the microfluidi
channels are positiced at the height of h = 4 mm above the glass satestin anothe
configuration (right), the microfluidic channelseapositioned at the level of the glass subsit
where the cells are cultured (h = 0). Both configiiwns support cell culture in 2D sing, and
the first also supports the culture of hydrc-encapsulated cells in a 3D setting. A contrast
is used in images-F to show the fluid paths in both axonometric aaigfal views
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A.4.1 Culture chamber — 2D and 3D settings

The cell culture chambers were designed to progilddeulture of a statistically significant
number of cells for biological assays, (ii) easyd apid access to the chamber for
application of standard protocols (i.e. coatingjniy, staining), (iii) the maintenance of
versatility in choosing proper characteristic disiens (chamber height and diameter), and
(iv) high throughput characteristics of the systény., a 96-well plate or 384 well plate

format), and (v) easy adaptation to 2D and 3D celaonfigurations.

The chambers must also ensure rapid establishniehé @esired medium composition in
the surroundings of the cultured cells. The chanwehaped as a cylindrical well with a 3
mm diameter, with PDMS walls and a glass bottomcbsing the PDMS layer using a

stainless steel biopsy punch. The height of themt®a depends on the chosen
configuration (2D or 3D), and in either case isedeined by the height of the PDMS slab.
Fitting the device to a standard microscope slate,array of 4x3 culture chambers is
formed. The open wells are reversibly sealed ontépeby using a thin, gas permeable
PDMS membrane that is fixed with four thumbscrewthw a polycarbonate-aluminum

frame. The membrane isolates the cells and mediam the external environment while

allowing for gas exchange. The 96-well configunatfarther enables easy interface of the

bioreactor slide with robotic system for fluid mpmiation and fast analysis and readout.

A.4.2 Microfluidic platform

The microfluidic platform was designed to flow th@ture medium and any supplements in
and out the culture chambers. Consideration wasngte the time and length scales of
diffusion and convective transport inside the miicidic channels and cell culture

chambers. Responding to the need for uniform hydrachic conditions inside the culture
chambers and over the cultured cells, the fluidvfllmtes and the geometry of the
microfluidic channels need to be accurately deteethi Computational modeling of the
steady-state momentum balance and time-dependes$ tnansfer balance within the
micro-bioreactors and the channels, provided thentjative basis for system design. The
modeling had crucial role in analyzing the massigport and in defining the relative

contributions of convection and diffusion as a fimT of the medium flow rate.
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The microfluidic platform was fabricated by stardlaoft lithography. In most cases the
channel cross section is 100 um x 100 um. Theserdiions and aspect ratio (height
versus width) enabled the formation of structuraligble channels with great precision. As
can be seen in Figure 1, the platform is compogdtiree independent inlets that deliver
the culture medium to a 4x3 array of chambers; eguently, each entering stream must be
connected to a set of four chambers. A flow splittas thus designed to ensure that each
well received the same amount of medium with theaesdlow rate. Each fluid stream
traveled the same path-length from the inlet to ddet of the microfluidic platform,
thereby providing equal flow resistance in eaclhefthree channels. The inlets and outlet

ports were cored from the PDMS slab using stairdéssl biopsy punches.

A.4.3 Gas exchange

The gas exchange unit ensures the maintenance abthect, physiological levels of gases
inside the culture chambers: carbon dioxide to leguthe pH of the culture medium, and
oxygen to ensure the correct metabolic activiteelfs. The gas exchange depends on the
permeability coefficient of each gas through thp toembrane, geometry of the system,
temperature, composition of the gas atmospherett@adiow rate which determines the

residence time of the fluids in the channels.

The only gas-permeable material used is PDMS; yetem is maintained at a temperature
of 37 °C, 95% humidity and 5% carbon dioxide pantieessure; the cross section of the
channels is 100 um x 100 pm and the height of D® platform is set at 3 mm. The
fresh culture media, injected at the inlet of thistem, must be perfectly equilibrated at the
physiological values before entering the culturanchers, thus the shape and dimensions of
the gas exchanger are designed based on the assuroptgas equilibrium. From the
performed calculation, using coefficient valuegirthe literature, the length of 20 mm was
determined to be sufficient. We chose a serpetitieeshape of the gas exchanger channels

to maintain the arrayed configuration of the platfo

A.4.4 Other components

The PDMS layer with the microfluidic channels, thes exchanger, the punched ports and

culture chambers is irreversibly bonded to the glslgle by air-plasma surface treatment.



130 Appendix

The assembled unit is connected to the pump by Mygbing. A syringe pump is used
control the medium flow ratet a steady level and with extreme accuracy; ini@adr, the
pump served the purpose to control a motor fluidtén) that would transmit the motion
the culture media through a flow transducer. Theygete set up, shown in Figure 2, |
two advantage (1) the culture medium could be maintained Etwatemperature to preve
denaturation of delicate components such as grfastors, and (2) the syringes containing
culture media are protected from contamination amtact with external compone. The
assembled micrbioreactor and the connecting tubing are placeidenan incubator (37°(
95% humidity, 5% carbon dioxide), the discardeduralmedium is collected in reservoirs t
are placed 20 cm above the platform plane and cteshéo the hamber outlets.

Figure 2. The micre-bioreactor platform. A syringe pump transmits thetion of the motc-
fluid (water) to the culture medium, without direxintact between the two fluids. The culi
medium is kept at controlled tperature (4 °C) to prevent the degradation of mat
components such as growth factors, and pumpedtietaniet ports of the bioreactor residil
inside incubator (37 °C, C, 5%); the waste medium from the outlet ports isexdéd in &
container.

It is worth describing in more detail the 2D and 3D camfagions that our platform allow
The 2D setting allows for two different configurts; in the first configuration, the c
layer is at the same level as the microfluidic c¢teds, directly adhering the glass slide; i
the second configuration, an additional PDMS layéth the punched chamk-wells is
used to set the distance between the cell ci-level (still adhering to the glass slide) ¢
the microfluidic channels, adhering to the PDMSek For the 3D culture setting, tl
second configuration is used and the cells arepsutated in a volume of hydrogel (e.
photopolymerized hyaluronate). The assembled r-bioreactor platform is entirel
optically transparent and can be easily inteid with microscopes for re-time

observation and experimentati
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A.5 Operational Parameters

The operational parameters affecting the pool afabées in the cell micro-environment

can be divided into two categories: the initial graeters that are normally set before the
experiment (such as the characteristic dimensiéribeoculture chamber, the cell seeding
density, the medium composition), and operativepaters that can be controlled during
the experiment (such as the medium flow rate).hia section, we discuss the principles
guiding the selection of the optimal variables dhdir values through the analysis of
characteristic times of fundamental phenomena sscleellular uptake and release, and

diffusional and convective mass transport rates.

The configuration of the culture chamber is maidgtermined by the chamber diameter
and height. The selection of the chamber diamstendinly dependent upon the minimum
number of cells required for obtaining biologicakta on a relevant population size. Typical
number of 18 cells per square millimetre is required to applysirbiological assays. The
height of the cell culture chamber has great imfigeon the cell micro-environment; large
chamber heights reduce the average velocity favendglow rate and decrease the rates of
mass transport. Also, a deep chamber acts as wogs®r exogenous factors and causes
dilution of endogenous factors, at the rates tlegiedd on the kinetics of cellular processes

and the number of cells per unit volume.

The ratio of the time scales of uptake at the lottd the culture chamber (by cultured
cells) zup, to species diffusion from the medium,, can be estimated. For example,
assuming a maximum uptake reaction rate expresged rhass action law for a ligand-

receptor association kinetics [14], the above roeetl time scale ratio can be expressed by:

Typ __ D
p hpckon[R]

whereD is the diffusion coefficient of the chemical spech is the height of the culture
chamberkon is the ligand-receptor association rate cons{&jtjs the number of receptors
on cell surface angc is the surface cell density. The values for allapzeters used are
listed in Table 1.
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Table 1. Parameters used. The table reports a list of theupeters and variables used for 1
performed calculations with their values and rangé#en applicable, references are repot
in the last columi

Variable Values Units Reference
Do 3.30E-09 m?[s [1]

Daip 7.00E-11 m?/s [1]

h 0<h<0.004 m [1]

Pe 1.0E+7< p.<4.0E +10 cells/m? This study
Kon 1.00E + 07 1/Ms [14]

[R] 1000 Molecules/cell [14]

u 0.0007 Pas ]

d 0.004 m [1]

Q 0<Q<23E-10 m?/s This study

i

vyl

Figure 3. Diffusion and reaction time constants as a functafncell density and cultur
chamber geometry. The ratio of characteristic tinefsthe uptake reactions and molecL
diffusion, zypl7p, is shown as a function of the cell densfor three values of the cultu
chamber height (see Fig. 1): h = 1, 2 and 4 mm; 4 mm. Panel A shows data for a sn
metabolite, such as oxygen while panel B showsfdatabumin representative of large grow
factors. The values for all the paranrs used are listed in Table
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Figure 3 shows the calculated ratio of the timestamts at the bottom of the culture
chamber between the reactiags, and diffusionrp, as a function of cell seeding density.
The ratio is shown for two representative molecutes/gen (the most important upon
small molecules, panel A) and albumin (a protepresentative of larger growth factors,
panel B). At low cell densities, the characterisince scale for reaction is longer than that
for diffusion. Therefore, mass transport at low dehsities is dominated by uptake reaction
rates. As cell density increases up to its maximwatue (i.e. at confluence), the time
constant for diffusion becomes comparable with tbatreaction. It is interesting to note
that the height of the culture chamber only slightifluences the ratio of the two time
constants. This semi-quantitative analysis suggists for higher cell seeding densities,
medium perfusion is required to enhance mass toahsgtes and establish a kinetic-limited

operating regime.

In this context, the most important variable tham de precisely controlled is the medium
flow rate; selecting the syringes volume, the tgbircross section and using accurate
syringe pumps, it is possible to provide preciskimetric flow rates down to 10 nL/min.

The flow rate affects the local cellular micro-amviment both by inducing the shear

stresses and by altering the mass transport rates.

Shear stress results from the tangential forcediemppgo cell surfaces, and can be
mathematically represented by the Newton’s lawisfasity. The shear stress depends on
the velocity gradient at the surface and for cartsfiow rate it linearly depends on the
height of the culture chamber. The values of sk#ass can quickly be estimated assuming
that the flow profile in the middle of the cultutkamber would be well-approximated by a
parallel Poiseuille flow. The maximum amount of ahéhat can be tolerated by the cells
will depend on the cell type since certain cellg (emesenchymal and endothelial) require
shear stress to differentiate and develop propeHife other cells are affected by shear
stress without the change in their phenotype [Wist cells tolerate shear stress;,..- Up

to 1 dyne/cm, which are generated in the culturantber and are calculated assuming
parabolic flow between parallel plate:

Tshear = % 2.
wherey is the medium viscosityQ is the flow rateh andd are the height and the diameter

of the chamber, respectively. Again, the valuesaibparameters used are listed in Table 1.
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The analysis of the influence of the medium floweran masstransport is carried ¢
follows. The ratio of the time scales of diffusionthe culture chambe zp, to convection

7c (residence time of the medium in the culture chaioan be defined ¢

whereD is the diffusion coefficient of the chemical spe&gih is the height of the cultui

chamberQ is the medium flow rate ard is the culture chamber diame

“n

3,
-

¥yl
\

Figure 4. Diffusion and convection time constants as a fanc®df mediunflow rate anc
culture chamber geometry. The ratio of charactarigimes of molecular diffusion ar
convection,mp/tc, is shown as a function of medium flow rate, foeé values of the cultu
chamber height. All parameter values are as spatiiin Fic. 3. Panel A shows data for a sir
metabolite, such as oxygen while panel B showsfdatabumin representative of large grow
factors. The values for all the parameters usedliated in Table :
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Figure 4 shows the ratio of the time scales ofudiffin to convection as a function of
medium flow rate, for different heights of the cuét chamber. In the presented logarithmic
graphs, values greater than 1 represent culturelittmms that are reaction controlled,

whereas <1 values correspond to the convectioniddniegimes, and values of ~1 indicate
the competition between the two rates. From theaphg we can conclude that for small
metabolites with high diffusion rates in the 4 mrandeter culture chamber, flow rates >1
pL/min are necessary to cross from a diffusion- t@omvection-controlled regime. In

addition, it is possible to adjust the mass trartspbenomena at a given flow rate by
changing the height of the culture chamber. Themilea geometry thus provides an
additional degree of freedom for setting the prapgture conditions (Table 2).

Table 2. Parameters involved and their main targets. Thanngeometrical and operative
parameters are summarized in the table, listingpdlse corresponding symbols and the main
targets of their variations.

Parameter Symbol Description Phenomena
Design L, Channel length Gas-liquid mass transfer
h Chamber height Cell-liquid mass transfer
d Chamber diameter Total number of cells
hxd Chamber cross section Velocity field; Mass transport
Operation e Seeding density Total uptake and release rates
Q Total flow rate Velocity field; Shear stress;

Mass transfer

Figure 5 shows the distanzérom the bottom of the culture chamber at whiah diffusion
and convection time scale are comparable as aidunof the flow rate. Introducing the
above mentioned variable z, and traducing the fla® Q in terms of the linear velociy,

the following equation for the ratio @f andzc was obtained.

p _ (h—2)?v, 4
TC - D d '

Assuming that the flow profile would be well-apprmated by parallel-plate Poiseuille

flow, v, can be expressed as:

v, = 1.5(v) (1 — (%)2) 5.

where<v> is the mean channel velocity.
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Figure 5. Characteristic length scale as a function of mediilow rate and culture chamb:
geometry. The distance from the bottom of the miltthamber at which the ratio of t
diffusion and convection time constants is equalrie is shown as a function of flow rate
and culture chamber geometry h = 1, 2 and 4 mm; 4l mm. Panel A shows data for a sn
metabolite, such as oxygen while panel B showsfdatabumin representative of large grow
factors.

The data in Figure 5 were obtained by simultaney solving equations 4 and 5 frp/zc =
1. At low flow rates, the values z correspond to the height of the culture cham
indicating that diffusion dominates at all levesy. increasing the flow ratz decreases ar
takes values between the top @ottom of the chamber. In turn, increasing the ieaf
the culture chamber decreases the transport ratdse acell culture surface and there
decreases the we-out of endogenous factors. This latter aspect earelevant to culture
of stem cells, Were the preservation and recreation of the natifasior-limited cell
niche is of fundamental importan



E. Cimetta et al. / Methods 47 (2009) 81-89 137

The above discussion is generally applicable t@dstestate conditions. Microfluidic
bioreactors can also be used in principles to naiduland control transients in
environmental conditions to mimic some of the psses to which the cells are exposed
vivo. However, it is rather difficult to replicate shand fast episodes of biochemical
stimulation. In principle, the residence times oftere media in the microfluidic channels
and inside the culture chamber should be shortan tihe characteristic times for the

phenomena involved in step-wise biochemical stitnrta

A.6 Case study: culture of human embryonic stem

cells in a micro-bioreactor at steady-state conditins

This section describes the design and detailedopots for hESC culture in a micro-
bioreactor array. Two different bioreactor configtimns have been chosen for this case
study, to assess the influence of cell density avabs transport regime on stem cell
differentiation [1].

A.6.1 Microfluidic platform

Design criteria for hESC culture. Human embryon@rscells (hESC) can give rise to any
of the cell types in the human body. However, theipotency and plasticity of hESC are
the reason why these cells are difficult to contnotulture. It has been shown that poorly
defined combinations of factors in serum and ewendifferences between different serum
lots could be a source of variability and difficge#t in reproducing hESC culture outcomes.
These problems can be partially overcome by theofiserum-free media and well-defined
biochemical stimuli to direct proliferation or incke differentiation [16]. However, defined
medium compositions are not sufficient, because tely provide the consistency of
average conditions in the culture system, whetgagsdonditions in the cellular environment
are further mediated by the spatio-temporal gradiérhe spatial organization of hESC, the
local cell density and hESC clustering, the uptakesxogenous factors and release of
endogenous factors are all involved in creatingtB&C micro-environment that strongly

influences cell fate. Recently, a niche-dependdfdce on hESC colonies has been
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demonstrated, proving that cell density and thengsgic/antagonistic local effects of

endogenous/exogenous factors play important raldetermining cell differentiation [17].

Bioreactors can be used for modulating and coirigolihe hESC niche by controlling the
thickness of the diffusional layer (Figure 5) andnsequently, the transport and the
accumulation of endogenous and exogenous factamredtors can be continuously
perfused with fresh medium, to culture hESC atdstestate conditions without the periodic
and dramatic environmental changes associatedteticonventional batch-wise culture in
Petri dishes. The experimental setup discussedwbaltows the application of precise
hESC cultivation protocols with tight control of ssatransport at the cellular level. By
medium perfusion at small operating volumes, thetesy enables rapid establishment of
steady-state conditions, at either low shear (diffo-limited transport) or high shear

(convection-limited transport).

A.6.2 Micro-bioreactor assembly

The micro-bioreactor, reported in Figure 1, cossadt (1) a microfluidic PDMS platform

with culture chambers, (2) an additional PDMS shath punched holes for an optional
increase in the height of the culture chambers,a3®mooth PDMS membrane, (4) a
supporting glass slide, (5) a polycarbonate-alumiritame with four thumbscrews, (6) a
set of Tygon tubing and stainless steel tubingtfer connections, (7) a set of plastic

syringes, (8) a syringe-based flow transducer,(@hd syringe pump.

The microfluidic platform is used in conjunctiontlwvitwo micro-bioreactor configurations,
with different geometries and transport regimesthin first configuration, the microfluidic
platform is positioned at the heiglzt € 0) of the cell monolayer at the bottom of punched

culture chamber:

ez = 0: supporting glass slide with PDMS layér<£ 4 mm) with the microfluidic
platform and the punched culture chambers;

* z=4 mm; PDMS membrane sealing the tops of culthesrtbers.

In the second configuration, the microfluidic ptath is positioned 4 mm above the

cultured cells:

e z = 0: supporting glass slide with culture chambersheh = 4 mm high PDMS
slab;
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« z=4 mm: PDMS layer with the microfluidic platforrmé punched holes aligned
with the culture chambers;

* z=6 mm: PDMS membrane sealing the tops of culthesrbers.

For each micro-bioreactor configuration, all layexscept for the PDMS top sealing
membrane are first irreversibly bonded by plasneattnent, and the functionality of the
bioreactor is then verified. The microfluidic platin is tested to exclude the presence of
clogging in the channels and/or failures in therawtic sealing of the channels and the
culture chambers. Ethanol may be used to rendechibanels more hydrophilic prior to
sterilization. The entire assembly, the membrarg ahconnections and tubings are then
sterilized via autoclave treatment. It is helpfal drrange the components in a way that

facilitates subsequent operations in a laminar hood

A.6.3 Cell culture set up and analysis

Once the micro-bioreactor is assembled, testedsterdized, the cell culture steps include:
(i) surface coating(ii) cell seeding(iii) setting the medium flow rate, aiigt) biological

data readout and analysis.

Surface coating and treatmenrithe glass surface of each culture chamber wasettewith

a solution of 4% 3-aminopropyltrimethoxysilane icetone for 15 min. The solution was
removed, the chamber rinsed with PBS and coatdd @vit5 mg/ml collagen IV for 1 h at
room temperature. Particular attention must berntakekeeping the collagen solution at

+4°C in ice before dispensing it over the glas$asar.

Cell seeding The excess collagen solution was removed andcéhlesuspension was
applied to the coated substrate to achieve a desiiteal density. Bubble formation must be

avoided in this phase, as bubbles would affecsthesequent steps.

Medium flow The microfluidic channels were filled culture med, and the PDMS
membrane was positioned on top of the other PDM@r¢éaand held in place with the
polycarbonate-aluminum frame and secured with félwumbscrews. Again, bubble

formation inside the culture chambers and the rfligdic channels should be avoided.

Cells were allowed to attach to the coated surface24 hours before starting media
perfusion. To initiate medium perfusion, the syaagand the tubing were filled with the

amount of fresh culture medium necessary for thigesexperiment. Any air bubbles inside



140 Append

the syringes or the tubing were removed. The sgsngere kept at +4°C and coupled to the
flow transducer; the tubings were connected toitiet ports of the micro-bioreactors

microfluidic channels, and the syringe pump wada#te chosen flow rate.

Biological analysis The cultured cells were evaluated by on-line liarifield imaging and
by immunofluorescence for specific markers. Primsigining included Smooth Muscle
Actin (SMA; Dako, Troy, Michigan, USA) or Oct4 (R&[Bystems, Minneapolis, MN,
USA), and DAPI for nuclei (Sigma—Aldrich, St. LouiMO, USA). Secondary staining
included Cy3 or the FITC-conjugated antibodies f&gAldrich, St. Louis, MO, USA).
Automated image analysis via custom-adapted scriptMATLAB (The MathWorks,
Natick, MA, USA) was used to quantify the perceesmgof differentiated and
undifferentiated cells, in form of FACS-like dates previously reported [1].

A.6.4 Results

The entire set of results obtained using the mimoveactor array for hESC cultures was
reported in Figallo et al. [1]. In this section, poove the validity of our methods and
procedures, we discuss some of the results totrdiies the application of the above
principles for designing micro-bioreactors for hE8Giture. We report an example for
evaluating the effects of transport regimes for twiro-bioreactor configurations on a

specific cell type (hESC).
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Figure 6. Effects of cell density and transport regime on g&rphology and differentiation.-
C Brightfield images of the culture wells with three diéfietr cell densities (increasing from |
to right: 60, 160 and 314 cells/well). Cell nuckeke stained with DAPI. The coordinates of e
nucleus is individuated by automated system armalyBhase contist images (-F) and
fluorescence images -I) of a static (norperfused) bioreactor, a low shear bioreactor (h :
mm) and a high shear bioreactor (h = 0). J The fi@us of cells expressing smooth mu
actin (SMA), a marker of vascular cell differetion, as a function of cell density a
bioreactor configuratior

At all cell densities studied, homogeneous surfazating of a given extracellular mat
protein was achieved that resulted in homogeneaishdition of hESC over the enti
surface okach culture chamber (Figure -C).
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The two different bioreactor configurations desedbabove, result in two completely
different transport regimes at the same flow rate0@ pL/min. Specifically, for the
configuration corresponding to h = 0 mm, a conwectiominated mass transport regime
was established with relatively high shear strastha cell surface. In contrast, for the
configuration corresponding to h = 4 mm, a diffusadpminated mass transport regime was
established with negligible shear stress effedt® Jame micro-bioreactor arrays were also

used without perfusion, to serve as static controls

The effect of shear stress on hESC cell morpholsgshown in Figure 6 D-F, where the
shear stress increases from left to right, fronticstlly operated micro-bioreactors, to the
low-shear and high-shear perfused configuratiort®e Tow-shear condition appeared to
have the sole effect of removing poorly adherintisceand the cell morphology changed

only after exposure to high shear stress.

Notably, cell differentiation depends on cell déngFigure 6 G-H), and this is due in part
to the changes in the transport vs. reaction ltomaof the system. Cell density and the
bioreactor configuration each determine the rategaction and transport. As a result, the
limiting phenomena (transport vs. reaction, Fig@®e can change and influence the

biological responses of the cultured cells.

Figures 4 and 5 suggest that the static and lowrgherfused conditions can lead to similar
transport regimes. This is consistent with the ltesaf cell differentiation studies (Figure 6
L), where the statically operated and low-sheafused conditions (both groups in the h =
4 mm configuration) gave statistically indistinguable results. In contrast, an increase in
shear stress that shifts the controlling transpegime from diffusion to convection (in the
second configuration h = 0 mm), led to significgrdlfferent cell outcomes. The increased
vascular differentiation of the cultured hESC celisigher shear stress could be due to the

dilution and depletion of endogenous factors aedctimstant supply of exogenous factors.
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A.7 Conclusion and further developments

Micro-bioreactors are versatile as they allow ooevary the geometrical, configuration-
related and operating parameters, and to expldreavhigh accuracy a broad range of cell
cultivation conditions. Even thought the exploratiof signaling pathways is leading to
constantly increasing levels of understanding @mstcell behavior, the properties of
compounds produced or required by living cellsstiiéfar from being fully known. Thus,

the use of perfused micro-bioreactors designed @perated using rational principles
outlined in this paper would be beneficial for gagrmore control over culture parameters

for answering specific biological questions.

Tight control over transport phenomena allows thedufation of regulatory signals in
space and time, and helps mimit vitro the physiological patterns found in living
organisms. The integration with high-tech composesuch as micro pumps or micro
valves could further improve the quality and thghtihroughput of the data.

A.8 Acknowledgments

We gratefully acknowledge research support of thél NP41 EB002520 and RO1
HLO76485 to GV-N) and the University of Padova &whdazione CARIPARO (stipend to
EC).



144 Append

A.9 References

[1] Figallo, E., Cannizzaro, C., Gerecht, S., BokdiJ. A., Langer, R., Elvassore, N.,
and Vunjak-Novakovic, G. (200Tab on a Chip7, 710-19.

[2] Powell, K. (2005)Nature435,268-70.

[3] Hung, P. J., Lee, P. J., Sabounchi, P., AghddmLin, R., and Lee, L. P. (2005)
Lab on a Chigb, 44-48.

[4] Khademhosseini, A., Langer, R., Borenstein,ahd Vacanti, J. P. (2006INAS
103,2480-87.

[5] Breslauer, D. N, Lee, P. J., and Lee, L. BO@ Mol. BioSyst2, 97-112.

[6] Haeberle, S., and Zengerle, R. (200&p on a Chip/, 1094-110.

[7] Sia, S. K., and Whitesides, G. M. (20@3gctrophoresi®?4, 3563—76.

[8] Squires, T. M., and Quake, S. R. (206%views of Modern Physig3,977-1016.

[9] DiCarlo, D., Wu, L. Y., and Lee, L. P. (20063b on a Chigs, 1445-49.

[10] Hui, E. E., and Bhatia, S. N. (200/7)oc Natl Acad Sci USA04,5722-26.

[11] Linder, V. (2007)The Analysii32,1186-92.

[12] Toner, M., and Irimia, D. (200%nnu. Rev. Biomed. Eng, 77-103.

[13] Melin, J., and Quake, S. R. (200&pnual Review of Biophysics and Biomolecular
Structure36,213-31.

[14] Lauffenburger, D. A., and Linderman, J. (19%%ceptors - Models for binding,
trafficking, and signaling, Oxford University Press

[15] Wang, H., Riha, G. M., Yan, S., Li, M., Ch#l,, Yang, H., Yao, Q., and Chen, C.
(2005)Arterioscler Thromb Vasc Bi@b, 1817-23.

[16] Kubo, A., Shinozaki, K., Shannon, J. M., Koa#k V., Kennedy, M., Woo, S.,
Fehling, H. J., and Keller, G. (200Bevelopmen131,1651-62.

[17] Peerani, R., Rao, B. M., Bauwens, C., Yin,Wqod, G. A., Nagy, A., Kumacheva,
E., and Zandstra, P. W. (200he EMBO Journa26, 4744-55.



Appendix B

Production of arrays of cardiac
and skeletal muscle myofibers by
micropatterning techniqueson a

soft substrate

Elisa Cimetta’, Sara Pizzato*, Sveva Bollini?, Elena Serena’, Paolo De Coppi?,

Nicola Elvassor e'*

 Department of Chemical Engineering, UniversityPafdua, Via Marzolo, 9 Padua, Italy
 Department of Pediatrics, University of Padua, @iastiniani, 3, Padua, Italy

"Corresponding author

Biomed Microdevices
DOI 10.1007/s10544-008-9245-9

Keywords. micro-patterning, soft substrate, hydrogel, camdjocytes, satellite cells,

cell array.



146 AppenB

Abstract

Micropatterning and microfabrication techniques &een widely used to pattern cells on
surfaces and to have a deeper insight into mangepsas in cell biology such as cell
adhesion and interactions with the surroundingremvent. The aim of this study was the
development of an easy and versatile techniquehfein vitro production of arrays of
functional cardiac and skeletal muscle myofibelggisnicropatterning techniques on soft
substrates. Cardiomyocytes were used for the ptimttuof oriented cardiac myofibers
whereas mouse muscle satellite cells for that dfemintiated parallel myotubes. We
performed micro-contact printing of extracellulaatnix proteins on soft polyacrylamide-
based hydrogels photopolymerized onto functiondligkass slides. Our methods proved to
be simple, repeatable and effective in obtainingerimemely selective adhesion of both
cardiomyocytes and satellite cells onto patternaftl lsydrogel surfaces. Cardiomyocytes
resulted in aligned cardiac myofibers able to elatsynchronous contractile activity after
2 days of culture. We demonstrated for the firsietithat murine satellite cells, cultured on
a soft hydrogel substrate, fuse and form alignedtaolyes after 7 days of culture.
Immunofluorescence analyses confirmed correct aspe of cell phenotype,
differentiation markers and sarcomeric organizatidimese results were obtained in
myotubes derived from satellite cells from bothdwntype and MDX mice which are
research models for the study of muscle dystrofgtese arrays of both cardiac and
skeletal muscle myofibers could be usednasgitro models for pharmacological screening
tests or biological studies at the single fibeelev

B.1 Introduction

The major advantage introduced by high-throughectinology resides in the possibility of
simultaneously acquiring vast amounts of informat{&ozarova et al. 2006; Chen et al.
2006). Recently, protein microarrays (Brueggemeteal. 2005), tissue microarrays (Chen
et al. 2004) and living cell microarrays (Albredttal. 2005) have been developed. Living
cell-arrays offer unique advantages when usedesedhsing element for biological assays
or in drug development and differentiation studiei&im et al. 2005). Two-dimensional
arrays of single cells or clusters of cells canvpe appropriate culture conditions for
adherent cells, however, the lack of structural enpeblogical cues may alter cell behavior

and phenotype expression. Mammalian cells integaat® respond to a combination of
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factors in the micro-scale environment, such asnited and mechanical properties, shape,
organization and cell-cell interactions (Albrechtaé 2006; Jang et al. 2006; Kaplan et al.
2005; Vunjak-Novakovic et al. 1998). These aspects particularly important for cell
phenotypes such as cardiac, skeletal, and smoaskutau, which are highly dependent on
three-dimensional (3D) cell organization (Motlaghaé 2003). For instance, in the heart,
cardiomyocytes are organized in interconnected i@ardmyofibers that contract
synchronously, whereas skeletal muscle is formegdrpllel multinucleate myofibers. In
addition, surface mechanical properties are ofiqdar relevance for the functionality of
contractile cells (Engler et al. 2004a; Ingber202@05; Khatiwala et al. 2006), and this
translates into the coupling to a soft or stiff silite. In muscle tissue, contractions are
transmitted through cell-cell and cell-matrix irgetions. and in a recent study, Engler and
colleagues proved that myotube differentiation ahd development of myosin/actin
striations necessary for functional muscle actidtgurs preferentially on substrates with

tissue-like stiffness (Engler et al. 2004a).

To guide cell adhesion, many patterning technigbase been proposed and widely
reviewed over the last few years (Falconnet et28l06; Xia et al. 1998). Various
lithographic techniques have been used to guideadbksion and orientation onto different
substrates (Karp et al. 2006; Rohr et al. 1991; &uhl. 2004) while microfluidics have
been employed to pattern cardiomyocites on PDM§ass substrates (Gopalan et al. 2003,
Khademhosseini et al. 2007). Muscle cells have b&tedied on surfaces comprising
nanopatterned gratings, microgrooves and microtegt(Motlagh et al. 2003; Vernon et al.
2005; Yim et al. 2005 ). Patterns of proteins hheen created on glass or polystyrene
surfaces via micro-contact printingGP) (Ruiz et al. 2007) and laminin lanes have been
patterned using the same technique on polimenusfifor the subsequent adhesion of
cardiomyocytes (McDeuvitt et al. 2003; McDevitt €t2002).

The major limitations of the enumerated technigaes related to the stiffness of the
substrates used - gold, silver, metal or metal@xidass and polystyrene - on the one hand
and to the difficulties encountered while produceuntrolled patterning on soft materials

on the other.

Among soft substrates, hydrogels have recentlyucagtattention in the field of tissue
engineering because of their high water conterttcdymnpatibility and elastic properties,
resembling those of native tissues. In recent yezany kinds of hydrogels, especially
poly(ethylene glycol) (PEG) and derivatives (Bnitteys et al. 1998; Burdick et al. 2004;
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Lin-Gibson et al. 2005), have been widely used docapsulating living cells or as
substrates for cell culture. A wide variety of ctymoers, composed of a synthetic backbone
and grafted biomolecules (or vice versa) such bsnfigen (Almany et al. 2005) and
hyaluronic acid (Leach et al. 2003; Leach et aD3)0or short peptides sequences such as
RGD (Hern et al. 1998), was proposed and testebbvelop substrates with the biological
cues required for cell attachment. In addition, ¢leestic properties can be controlled and
modulated by changing the amount of polymer andstiraker, thus obtaining stiff or soft
gels with a different influence on cell behaviotte cytoskeletal level (Engler et al. 2004b;
Peyton et al. 2005).

Thus, an advisable approach is the productionrafyarof isolated and independent cellular
aggregates in a fiber-like fashion in which cellsncalign, express their phenotype,
eventually fuse and differentiate or show conttadctivity. In this perspective, an array of
fibers able to reproduce these particular featares maintain the functionality of natural
tissues can potentially become a good alternatvanimal models for high-throughput
pharmacological screenings. In addition, fiber gsravith the capacity of mimicking and
reproducing the structural cues of native musctgaue could represent amvitro model

resembling more closely the vivo responses than the conventional cell cultures.

To achieve this goal we needed: 1) to spatiallyaoize cells and drive their alignment, 2)
to allow cells to differentiate and express theimrect phenotype, and 3) to ensure that cells

fully develop the functionality peculiar to theiative tissue (i.e. contractile activity).

A poly-acrylamide (PA) based hydrogel was usedasstibstrate for cell culture because of
its elastic properties, which are particularly abie for muscle cell culture (Engler et al.
2004a). Moreover, this hydrogel is easy to produoexpensive, biocompatible ,and
optically transparent; the latter being an impdrizerequisite for performing optical image
analyses. PA hydrogel can be produced as a thin &hd covalently bonded to a

functionalized glass slide showing long term stgbih culture.

As PA hydrogel is a non-fouling material, an adbesprotein pattern was micro-contact
printed onto the PA surface; this technique wassehdfor being a simple and versatile
method to pattern adhesion proteins with a reswiudf ~1um. The immobilization on the

surface occurred through physical adsorption alodvad proteins to maintain their activity
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without suffering from major denaturation phenomemaaddition, patterning proteins on

hydrogel films enabled microscope observationsherstime focal plane of the substrate.

We developed arrays of cardiac and skeletal muslobrs on soft substrates that are
potentially able to provide independent responeedifferent stimuli. The techniques here
proposed open new and important perspectives ifigle of pharmacological screening
and drug testing, in order to achieve accuratenfiohl and physiologicah vitro studies.

B.2 Material and M ethods

B.2.1 Cdl isolation and culture

c2C12.

The murine skeletal muscle immortalized cell lin@G22 (ATCC) was grown in

Dulbecco’s modified Eagle’s medium (DMEM, Sigma-Ath) supplemented with 10%
foetal bovine serum (FBS, Gibco-Invitrogen), 1% ip#im-streptomycin and 1% L-

glutamine (all from Invitrogen), on standard 100 rRetri dishes, in a 95% humidified and

5% CQ atmosphere at 37°C and maintained at low conflelenc

Subconfluent plates of C2C12 cells were detachedayn0 using trypsin/EDTA (Sigma-
Aldrich), pelleted by centrifugation for 5 min &2d0 rpm and counted.

Cells were resuspended in DMEM and 3000f the cell suspension was deposited on the
hydrogel surface at 104 cells/€and incubated for 2 hours. After that, the cultonedium
and the cells that had not yet adhered were remdavezihydrogels were then gently rinsed,
by first adding and then immediately removing 30@f DMEM. Seeded hydrogels were

then incubated for one week replacing culture madimce a day.

Cardiomyocytes.
Rat neonatal cardiomyocytes (CM) cultures were inbth by enzymatic digestion of
newborn rat hearts. Neonatal (2-3 days-old) Spr&aeley rats were provided by the

Department of Sperimental Surgery of the UniversftiPadua.

The hearts were washed with ice-cold, sterile HBBfank's Balanced Salt Solution,

Worthington Biochemical Corporation), trimmed ofriaies and excess connective and
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adipose tissue, and minced with sterile scissosgddrdial tissue was then dissociated to
release ventricular CM by an enzymatic isolatioocpdure first using a trypsin solution (50
png/ml), incubating overnight at 4°C, and then alag#nase solution (300 units/ml,
Worthington Biochemical Corporation) at 37°C for #4inutes (Pedram et al. 2005;
Speicher et al. 1974, Xiao et al. 1997). CM werntbollected by centrifugation and non-

myocytes cells were removed by preplating on caltlishes.

Enriched CM were seeded on the hydrogels at a tyeokil.6[1G cells/cnt in plating
medium (DMEM -Sigma-Aldrich, enriched with 5% FBB)% Horse Serum — all from
Biochrom Ag., 1% L-Glutamine 1% Penicillin and $tremicin -all from Gibco, and
medium M199 17% -Biochrom Ag.) and cultured in &9bumidified incubator 5% C£Lat
37°C.

At day one after seeding, hydrogels were rinsed witlture medium to remove non
adhering cells. The culture medium was replacee anday.

Satellite cells.

Primary myoblasts were obtained from the expaneiasatellite cells isolated from single-
muscle fibers adjusting the protocol previouslyatdiéed by Rosenblatt (Rosenblatt et al.
1995). For this reason, we refer to our myobladtucel as satellite cells. Briefly, flexor
digitorum brevis from C57BL/6J mouse muscles wemaved and enzimatically digested
with 0,2% collagenase type | (Sigma-Aldrich). Thegée fibers obtained were selected on
an inverted microscope (Olympus IX71) and plated Retri dishes pre-coated with
Matrigel® (BD Bioscience). Myofibers were maintained in anfidified tissue culture
incubator. On day three, the plating medium, whdohsisted of DMEM (Sigma-Aldrich),
20% horse serum (Gibco-Invitrogen), 1% chicken smlaxtract (MP-Biomedicals), and
1% penicillin-streptomycin (Gibco-Invitrogen), wadded to the Petri dishes. Released and
proliferated cells were detached from the platehwitypsin (Gibco-Invitrogen) before
fusion into myotubes occurred, and cultured witlolifgrating medium (DMEM, 20%
foetal bovine serum, 10% horse serum, 0.5% chickmbryo extract and 1% penicillin

streptomycin).

300 pl of cell suspension in proliferating mediuneres seeded at a density 8f10'
cells/cnt on the hydrogel surfaces. After approximately Grspcells that had not adhered
to the surface were removed by gently rinsing tlyerdgel films with proliferating
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medium. Satellite cells were kept in culture foreoneek, replacing the culture medium

every two days.

B.2.2 Glass dide functionalization

Glass slides surfaces were chemically modified torgaa hydrophobic layer of
methacrylate groups to ensure covalent bindinghefhitydrogel films. Briefly, slides were
washed in ethanol and rinsed with distilled watéied at 110°C and treated with air-
plasma (Plasma Cleaner PDC-002, Harrick Plasm&j famutes at 0,5 mbar. A few drops
of 3-(trimethoxysilyl)propyl methacrylate (Sigmagkich) were deposited on the glass

slides which were then stacked and after 1 howddn oven at 100°C for 10 minutes.

B.2.3 Hydrogel preparation

Hydroge films.

Hydrogels were prepared optimizing previously depet procedures (Flaim et al. 2005).
Briefly, acrylamide/bis-acrylamide 29:1 40% solutigSigma-Aldrich) was diluted in
phosphate-buffered saline (PBS, Sigma-Aldrichhifinal concentrations of 8, 10, 15 and
20%. The photoinitiator (Irgacure 2959; Ciba Spkgi&hemicals), was initially dissolved
in methanol at 200 mg/ml and then added to thelaoige/bis-acrylamide solution in order

to obtain a final concentration of 20 mg/ml, anceai thoroughly.

Three individual 20ul volumes of the prepolymer solution were droppegerothe
functionalized glass surface and a glass coverglip floated over each drop. Hydrogel
polymerization occurred by exposing the prepolysaution to UV light for 3 minutes.
Irradiation was provided by a high-pressure mercumpor lamp (Philips HPR 125W)
emitting at 365 nm with an incident light intensif 20 mW/cm. Selective photo-
polymerization of acrylamide solutions on the glasgface was achieved by interposing a
photomask with the desired geometry between thd Bgurce and the glass slide. Non-
exposed regions were washed using distilled wategrmove the non-polymerized solution.
Such procedures resulted in homogeneous hydrdged with an average thickness of 40

pm.
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Mechanical test

The hydrogel samples for the compression tests waa&ized using different
acrylamide/bis-acrylamide solutions (29:1) at 5, 1& and 20% (v/v) in PBS. The
photoinitiator Irgacure 2959, previously dissohadmethanol (200 mg/ml), was added to
the prepolymer solution to achieve the final comticdion of 20 mg/ml. Hydrogel samples,
shaped as 60 mm diameter disks, were obtained pbigtaerizing 20 ml of the prepolymer
solution under UV lightX=365 nm).

Young’s modulus of the hydrogel was determined byuraaxial compression test,
performed at room temperature using the Sun 2506aBmi testing machine. Hydrogel
disks were placed between two parallel plates andpcessed at the constant rate of 1
mm/min, until a final deformation of 120% was reed¢hThe Young’s modulus for each

composition of the PA hydrogel was measured orpbcages.

B.2.4 Hydrogel sterilization and cytotoxicity assay

Glass slides with covalently bonded hydrogel filmare immersed in ultra-pure distilled
water for 48 hours to ensure complete removal ef tin-reacted monomeric units or
photoinitiator and then soaked in a 70% ethanolt&oi. After rinsing with ultra-pure
distilled water, hydrogels were allowed to dry cdetely overnight; final sterilization
occurred after 20 minutes exposure to UV light uradsterile hood.

Cell viability was assessed with Live/D&adiability Cytotoxicity Assay (Invitrogen)
based on calcein and etidium homodimer (EthD-1)sdyellowing and optimizing the
supplied protocol. After mounting on microscopelati, samples were analyzed using a

Leica CTR6000 fluorescence microscope.

B.2.5 Array design and realization

The desired array design was realized in digitahfavith Adobe lllustrator and consisted
of 400 lanes 10um wide and 1 mm long, horizontally spaced by 10 and 300um

vertically.

This pattern was printed onto an overhead transpgr@and used as a photomask. A
standard photolithographic technique was emplogedhfe fabrication of the master using

an SU-8 photoresist (MicroChem Corporation). Byiethe SU-8 was spun over a silicon
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wafer, which was thermally treated, selectivelyypmtrized by interposing the patterned
photomask, and exposed to UV light=865 nm) for 50 seconds. It was finally developed
with 1-methoxy-2-propanol acetate (Sigma-Aldrich).

The PDMS stamp was obtained via replica moldinginguSylgard 184 (Dow Corning) on
the patterned silicon master.

Laminin lanes (10@m wide) were printed on smooth hydrogel surfacasui@P technique
using the PDMS stamp just described. Specificalig, stamp was inked in the protein
solution (mouse-laminin 100g/ml in PBS) for a few seconds, and then the exsekgion
was removed. Conformal contact between the drydgalrsurface and the stamp was then
achieved by applying a gentle pressure, thus teamsf) the desired protein micropattern on

the substrate.

B.2.6 Immunostaining analyses

Cardiomyocytes-troponin |

After 4 or 7 days of culture, cells on patterneddiogel were fixed with 2%

paraformaldeyde (PFA; Carlo Erba) for 20 minuted‘@ and permeabilized with a 0.1%
Triton X-100 solution (Sigma-Aldrich) at room tenmpture. CM were then incubated for
25 minutes at 37°C with primary antibodies speci@ic cardiac troponin | (mouse IgG
1:1000, Chemicon) and diluted in a 1% PBS/BSA smtutAlexa Fluor 594-conjugated
goat anti-mouse IgG (Molecular Probes) was dilutetb0 in a 1% BSA/PBS. Human
serum solution (1:100) was used as secondary ahytibad incubated for 25 minutes at
37°C. Cell nuclei were then stained for 5 minutésamm temperature with a 1:5000
Hoechst solution (Sigma-Aldrich) in PBS.

After mounting the samples with Elvafiog{DuPont), immunofluorescence analyses were

performed using a fluorescence microscope (LeicR&IDO).

C2C12-desmin

After 4 or 7 days of culture, cells on patternedifogel were fixed with 2% PFA for 7

minutes at room temperature. After permeabilizatioth a 0.5% Triton X-100 solution

(Sigma-Aldrich) for 8 minutes at room temperatusamples were blocked with a 10%
FBS/PBS solution for 45 minutes at room temperatiitee samples were treated with
primary rabbit polyclonal antibody for desmin (Ab@pdiluted 1:100 in a 3% BSA/PBS
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solution, and incubated for 1 hour at 37°C; thewubation with a secondary antibody
Cy™3-conjugated anti-rabbit IgG (Jackson) dilute2DD in a 3% PBS/BSA for 45 minutes
at 37°C followed. Nuclei were counterstained withl:&000 Hoechst solution (Sigma-
Aldrich) in PBS for 5 minutes at room temperatures samples were then mounted with

Elvanol® and analyzed with a fluorescence microscop

Satellite cells-desmin, myosin heavy chain and troponin |

Immunofluorescence analyses were performed onrpattecells after 4 or 7 days in order
to detect desmin and troponin I. The cells weredixvith 2% PFA for 7 minutes at room
temperature and permeabilized with 0.5% Triton X-$0lution (Sigma-Aldrich). Patterned
cells were blocked in PBS-2% horse serum (HS) formdinutes at room temperature.
Desmin primary antibody (AbCam), rabbit polyclonahs diluted 1:100 in PBS-3% BSA;
troponin | primary antibody (Chemicon), mouse mdapnal, was diluted 1:100 in PBS-3%
BSA; Myosin Heavy Chain primary antibody, mouse wdanal, was diluited 1:50 in
PBS-3% BSA. Each antigen was individually applied I hour at 37 °C. the secondary
antibody Cy™3-conjugated anti-rabbit IgG was ditliie200 in PBS-3% BSA and FITC-
conjugated anti-mouse 1gG (Jackson) was dilute8Li@ PBS-3% BSA and applied for 45
minutes at 37°C. Finally, cells were incubated m0D0 Hoechst solution at room
temperature for 10 min. Samples were mounted witrartol®, and viewed under a

fluorescence microscope.

B.3 Results

With the aim of mimicking as close as possibleitheivo muscular microenvironment, the
substrate was designed to reproduce the mechamagaérties of natural tissue. With this in
mind, we produced a polyacrylamide based hydrogelcuantitatively measured its elastic
properties through standard compression tests &gl Sun 2500), determining the bulk

Young’s modulus (E).
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Figure 1. Young's modulus of PA hydrogel. Elastic moduli evguantitatively measured
through standard compression tests for four diffiéfeydrogel compositions, i.e. 5-10-15-20%
(v/v) acrylamide/bis-acrylamide 29:1 mixture in g polymer solution.

Figure 1 shows the result of mechanical tests pmégd on hydrogel samples taking in
account four different concentrations of polymer18, 15 and 20% v/v of acrylamide/bis-
acrylamide 29:1 mixture) in the prepolymer solutidfoung’s modulus increases as the
acrylamide/bis-acrylamide concentration increage$inear interpolation of the data was
used to determine the optimal hydrogel compositiavigch fairly approximate the elastic

modulus of mouse muscle (Engler et al. 2004a). ikstance, hydrogels with 8.2+2.5%
(v/v) acrylamide/bis-acrylamide may reproduce thtgs of the elastic modulus of normal
mice (En=12+4 kPa) whereas hydrogels with 12.0£3i&roduce that of dystrofin-

deficient mice (Ed=1816 kPa) (Engler et al. 2004&js worth noting that hydrogels with

any bulk elastic modulus in the range of 5-30 k& loe easily fabricated by adjusting the
hydrogel composition (5-20 % v/v). If not otherwisalicated, hydrogels derive from a

10% (v/v) acrylamide/bis-acrylamyde 29:1 solution.

PA hydrogels were homogenously photopolymerized aodgalently bonded to a
functionalized glass slide; with the aim of seleely guiding cell adhesion on the non-
fouling hydrogel surfaces, we created protein pagteusing a micro-contact printing
technique (Figure 2). The protein deposition proced involving the pressing of a
microstructured PDMS stamp, previously inked in thretein solution, allowed us to
reproduce the desired pattern with high spatiabltg®n, virtually allowing us to create

arrays of any geometry on the hydrogel surface.
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Figure 2. Schematic representation of the m-contact printing 4CP) technique. Panel

exemplifies the microstructured PDMS stamp (1) witmonolayer of laminin (2) adsorbed

its surface. A thin film of PA hydrogel (3) is ctargly bonded to a glass slide). Panel B
schematically represents the result of the profeinting: the laminin (2) previously adsorb
on the PDMS stamp surface (1) has been transfarntd the hydrogel surface (3) adhered
the glass slide (4

The evaluation of the fluorescenintensities of images obtained patterning diffel
concentrations of BS-FITC conjugated onto PA hydrogels (data not showitywed us tc
observe how the amount of adsorbed protein cardjustad by changing its concentrat
in the solution used for king the PDMS mold; in addition, it was proven thegual
amounts of protein in the inking solution gave pble fluorescence signals. Moreoy
the unchanged fluorescence signal of the protdirr avashing with distilled water ar
incubation with ctture medium at 37°C for two days, demonstrated tiwtprotein wa

permanently adsorbed on the hydrogel sur

A Live/Dead® Viability/Cytotoxicity assay performedn cardiomyocytes cultured
hydrogel surfaces clearly demonstrated that PA dyelr afer the purification treatmel
previously described, was completely biocompat#rd nor-cytotoxic and allowed cells 1

grow and spread without affecting their viabiliga¢a not showr

Figure 3 shows C2C12 cells cultured on laminin o-patterned hydrogels.
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Figure 3. C2C12 cells cultured on patterned PA hydrogel lae¢ different time points.
Laminin lanes were printed on the hydrogel surfasing a microstructured PDMS stamp, as
described in Fig. 1A-B. The 10x (scale bar=100) magnification pictures (Panels A-B) show
the time course of C2C12 cells culture: 4 hourserafeeding cells were spreading and
attaching to the substrate (A), after 2 days thegched confluence confined inside the laminin
lanes (B); the inset picture shows the high selégtof the cell pattern on the hydrogel surface
at 5x magnification (bar=30@m). Panel C reports the bright field image at 40xgmification

of C2C12 cells on which the immunofluorescence yaiglto detect desmin was performed
(Panel D, 40x). Cell nuclei were counterstainechwiioechst (blue). (scale bar=%8n).

Figures 3A and 3B show the time course of adhesimrgading, and proliferation at 4 hours
and 2 days after seeding, respectively. Four haftes seeding, cells were attaching to the
patterned regions and after two days reached camfkiinside the protein coated lanes.
Changes in cell morphology became noticeable ahfewvs after seeding; both the hydrogel
properties and the high affinity towards laminitoaled and induced cells to spread and
acquire an elongated shape. After 7 days of cylttire construct appeared perfectly
organized with cells aligned and oriented along mh&n axis of the arrayed protein-

patterned lanes (inset of Figure 3B). Optimizatidnhe seeding protocol with the addition

of a gentle rinsing 5 hours after deposition of tedl suspension, led to an increased
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selectivity because of the removal of unattachdts.cAn immunostaining for desmin, a

typical muscle cell marker, confirmed the correqbression of cell phenotype, which was
neither affected by the supporting hydrogel noth®y morphological constraints created by
the laminin lanes (interferential image in 3C, flescence image in 3D). The inset of Figure
3D shows again that both the nuclei position ardelongated cell shape was oriented in

accordance with the underlying protein pattern.

Figure 4 reports extensive studies performed sgedatellite cells onto hydrogels of

varying stiffness.

The histogram in panel 4A shows the results of celints after three and five days form
seeding; it demonstrates how softer hydrogels altbes attachment of a statistically
significant (p<0.005) higher cell number. No sigeaht differences emerge either
comparing 8% and 10% hydrogels or the two time tsoithis last is due to the fact that the
patterned lanes readily reach a confluent statetlaumsl inhibiting proliferation. The polar

diagrams in panel B quantify the extent of orgadiizgientation of the cells seeded in
uniformly patterned (B1) and micro-patterned (Bfilfogels; more than 90% of the cells
adhering on the micropatterned lanes fall on arearamge between -10 and +10° from the
longitudinal direction. Respecting the need for gptimal range of elastic modulus and
following from the cell counts-observations, we sldo realize hydrogels with a 10% of

acrylamide/bis-acrylamide in the prepolymer solutio
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Figure 4. Satellite cells on hydrogels: counts and orientatidhe histogram of panel
represents cell counts at two time points: 3 and 5 daydlack and gray, respectively) afi
seeding. The number of cells adhered to softem E0%) hydrogels is significantly high
than that on stiffer (15 and 20%) hydrogles (p<@p0rhe polar diagrais in panel B quantif
the extent of organized orientation of the cellsdesl in uniformly patterned (B1) and mi-
patterned (B2) 10% composition hydrogels; more tl@86 of the cells adhering on t
micropatterned lanes fall on an angle range betw-10 and +10° from the main direction
the micropatterned lane
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Figure 5 shows the results of the m-patterning of satellite cell

A B

Figure 5. Satellite cells on hydrogels: counts and orientatidhe histogram of panel
Satellite cells cultured on patterned PA hydrodeminin lanes were printed on the hydro
surface using a microstructured PDMS stamp, as ritestt in Fig. 1. Mouse satellite ce
attached in correspondence of the laminin lanessla@wn in A, 5 hourafter seeding, an
aligned following the underlying protein patterrs ahown in B and C after 3 and 7 days
culture, respectively (scale bar=1Q0n). The inset in Panel C shows the occurred fusitm
myotubes at 40x magnification (scale bar=3#rh). Panel D (10x, scale bar=100m) and the
inset picture (5%, scale bar=30@m) report interference microscope images showingnatd
satellite cells after 7 days in culture, provingetafficiency of the patterning technique and
durability of the fiber rray.

As the myogenic potential of satellite cells stiyndepends on the number of passage
the expansion, we used early passages (first aswhdeand noticed that the results w
similar in both cases in terms of cell adhesioguFés 5/-C show he temporal evolutio
of satellite cell cultures on Matrigel 2.5% pattinhydrogels respectively at 5 hours
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days and 7 days from seeding. The Matrigel patechthe early removal of n-adherent
cells by rinsing led to a great efficiency in thadective adhesion of satellite cells. Aftel
and 7 days of culture, cells proliferated exterlgivend aligned significantly along tl
direction of the lanes. Confluence was usually medcafter 2 days of culture; after 7 de
satellite cells fused to gi myotubes (inset of Figure 5C). Figure 5D demonssrdite higl
specificity of the patterned substrate and showsetbngated cell morphology within t

lanes.

Figures 64C show immunofluorescence analyses for three spegijogenic marker:

desmin, troonin | and Myosin Heavy Chain (Myhc) on satellitells after 4 days c

culture.

|
‘lmm.,

Figure 6. Satellite cells cultured on patterned PA hydrogehmunofluorescence analys
reported in panel A (10x, scale bar=1@fn; inset: 5x, scale ir=300 xm) and B (40x, scal
bar=75 um) assessed the correct phenotype expression imethily formed myotubes, positiv
stained for desmin, red, and troponin, green. Ceitlei were counterstained with Hoec
(blue). Panel 6C demonstrates the correxpression of Myhc and its organization in regt
and uniform striations, also highlighted on the tineets (63x, scale bar=2am).

Immunofluorescence analyses for desmin (Figure 6l&garly demonstrate the presence
newly formed and aligned myotubefFigure 6B shows detailed images of

immunofluorescence analyses for desmin and tropbran a single myotube, correc
resulting from the fusion of a large number of Bigégecells as can be seen by the prese
of many nuclei along each myotube. ure 6C shows that myotubes cultured on hydr

express Myhc and, more interestingly, that it igamized in regular and uniform striatio
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Satellite cells-derived myotubes exhibited fast rgpoeous contraction, quantified and

discussed in Figure 8.

Figure 7 shows cardiomyocytes seeded at a derfsity6alG cells/cnf and underlines the

extreme selectivity obtained in cell adhesion.

>
>~

merge

Figure 7. Cardiomyocytes cultured on patterned PA hydrogmlages were taken at 10x
magnification. (A): bright field image of cardiongydes after 4 days in culture; (B): cultured
cardiomyocytes express troponin | (red), a typicalrdiomyocytes marker; nuclei were
counterstained with Hoechst (blue). Unmerged images reported in panels C and D
(bars=10Q:m). Immunostaining for troponin | represented i hset of picture B shows at
higher magnification (40x) a developed contractifparatus. (scale bar=7pm).

Four days after seeding, cardiomyocytes createpedi and organized cardiac myofibers
expressing peculiar functional properties, i.e.céyonous contractile activity; the culture
was maintained up to 10 days. Cell cultures (ieteritial image in Figure 7A) were stained

for troponin | (Figure 7B-C) and the nuclei wererkea with Hoechst (Figure 7B and 7D):
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troponin was uniformly expressed and, as it wascaable at higher magnification (in¢

picture of Figure 7B), a contractile apparatus wlasenable.

Figure 8 reports diagrams quantifying the contoaxgiof the myofibers obtained throu
image analyses of representative movies. Panele8&s to satellite ce-derived fibers
while 8B refers to card-myofibers. The measured mean extents of raction and
frequency are 1.6 um, 2 Hz and 7.1 um, 0.3 Hz wsedy.

[%9)

Longitue inal displacement (Jm)

1o g tulinal displacement {pm)

Figure 8. Fibers contraction. The reported diagrams deriveonir image analyses
representative movies. Panel 8A refers to satedilé-derived fibers while 8B refers to car-
myofibers. The measured mean extents of contraatidnfrequency are 1.6 um, 2 Hnd 7.1
pm, 0.3 Hz respectively. The longitudinal displageims evaluated in the direction of 1
micropatterned lane

B.4 Discussion

The objective of this study was to fabricate in vitro model for cardiac and skele
muscle fibers arranged in a h-throughput fashion for biological or physiologicaudies
as well as for pharmacological screening tests. 3sential pr-requisites to successful
achieve this goal can be summed upwo major issues: i) the fabrication of mus
substitutes that express correct markers and fumadtiactivity; and ii) the replication of tr
single muscle fiber in a large number of identisamples that can be used for |-

throughput analyse

In order to produce aligned muscle fibers we developesl HICP technique on sc
substrates. Among many other possibilities, thehnéue couples simplicity and rag
realization timings with high accuracy and selattivOther techniques, such as m-

trander molding (Suh et al. 2004) or the direct pl-lithography of hydrogels (Karp et «
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2006), can guide cell alignment through physicalibes and not through a functionalized
area where cells can selectively adhere; thustenpal limitation can be represented by the
non-proper control over cell-surface interactiols.addition, microfluidic patterning of

hydrogel surfaces proved to be successful for kengr cell adhesion only for collagen, that
gelates under particular conditions (Gopalan et2803) and are applicable only on

geometries that show interconnected channels.

The uCP technique on soft hydrogel substrates dpgdlhere, is an easy, robust, reliable
and versatile technique that enables to patterierdiit proteins on hydrogels with high

spatial resolution.

PA hydrogels are biocompatible and non-fouling make the latter property allowed us to
selectively drive cell adhesion on their surface fgans of micro-contact printing
technique used to create protein patterns. Theatiain of the laminin lanes hyCP led to

an array of adhesive lanes, with accurate confrehape and size. Subsequent cell seeding
all over the hydrogel surface resulted in an exélgnselective adhesion of every cell type

used, with cells only adhering to and spreadindpiwithe patterned regions.

The techniques and procedures proposed here havedaenonstrated to be successful in

culturing primary cell cultures as cardiomyocytes gatellite cells up to 10 days.

We showed for the first time that mouse satell@kdscspread, proliferated and differentiated
into aligned myotubes on a micro-patterned soffaser (Figure 5 and 6). The time required
for satellite cell to fuse and differentiate intoystubes is 4-5 days, depending on the
seeding density, and is completely compatible it hydrogel structural and physical
stability. Satellite cells adhered to laminin lanslsowed an elongated morphology, and a
strong alignment, which is significantly differédndm what is observable in conventioiral
vitro culture (data not shown). After 4 days in cultules newly formed myotubes show a
fully developed sarcomeric structure, as Myhc gaoized in the characteristic striations of
the A-band of sarcomer. Moreover, they exhibitednsgneous and electrically induced

contractions.

Even if newly formed myotubes were uniformly obszhwover the entire array of lanes,
only part of the cell population possessed themiatketo differentiate. The low efficiency

of myotube formation is strongly related to theragtion and expansion methods of
satellite cells, which cause a loss of their myog@otential. As reported in the literature,

rat satellite cells showed a decrease in the éifiigation potential from cell isolation to the
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third passage (from 46.7% to 12.5%) (Machida e2@D4). To enhance myotube formation
efficiency, we aim to develop and optimize a betsmlation and expansion procedure
resulting in a satellite cell population with a Iy myogenic potential. It is worth
emphasizing that the amount of myotubes obtainedoon hydrogel substrates was
comparable with that obtained on glass or stanBatd dishes (data not shown). Moreover,
myotubes obtained on hydrogel were parallel-or@raed spatially separated, whereas
those obtained on Petri dishes form a non-orieatetlinterconnected network. Even more
significant, is the stage of differentiation thagatubes can reach on hydrogel substrate; as
using a soft substrate as hydrogel enables theabkpatganization of Myhc in the
physiological structure of the sarcomere, the bssiectural and functional contractile unit
of muscle. Once again, this result is particulaifynificant as it opens new perspectives in
developing anin vitro substitute for biological and pharmacological sadon skeletal

muscle.

Cardiomyocytes were cultured on such patternedtielasibstrate and guided to form
aligned and organized cardiac myofibers (Figure Affer 3 days of culture, it was
demonstrated that cardiomyocytes to express theatophenotypic markers and, after 4
days, exhibited spontaneous synchronous contraatitevity. This result is particularly
significant in view of the development of a model drug testing or other biological

studies.

The methodology that has been proposed shows sidradvantages over traditional cell
arrays, which lack the typical and basic featuresamplex tissues such as heart and
skeletal muscle. Those functional fibers can now amalyzed simultaneously and/or
differentially, marking a step further in the study the actual morphology, structure,

behaviour, and responses to determined stimuli.

B.5 Conclusions

In our work, we produced an array of contractilede@c myofibers and skeletal muscle
myotubes starting from primary cells supported ootgin patterned soft PA hydrogels.
Both cardiac myofibers and skeletal muscle myotulkese part of an array composed of

independent, spatially, and dimensionally contblledividual fibers. These array of fibers
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can reproduce the particular features and mainthm information related to the
functionality and structure of cardiac tissue aheéletal muscle more closely than the
traditionalin vitro cultures or cell array approaches, potentiallyolb@og a useful candidate
for accurate biological and physiological studiaes apening new perspectives in the field

of high-throughput pharmacological screenings.

B.6 Acknowledgments

This work was supported by MIUR, University of PagiRegione Veneto (Azione biotech

), Citta della Speranza.

B.7 References

1. Kozarova, A.; Petrinac, S.; Ali, A.; Hudson, W., Array of informatics:
applications in modern researdhProteome Re®006, 5, (5), 1051-1059.
2. Chen, D. S.; Davis, M. M., Molecular and funotb analysis using live cell

microarraysCurr Opin Chem BioR006, 10, (1), 28-34.

3. Brueggemeier, S. B.; Wu, D.; Kron, S. J.; Pdtec8. P., Protein-acrylamide
copolymer hydrogels for array-based detection midie kinase activity from cell lysates.
BiomacromoR005, 6, 2765-2775.

4, Chen, D. S.; Soen, Y.; Davis, M. M.; Brown, P., Bunctional and molecular
profiling of heterogeneous tumor samples using \ehoellular microarrayJ Clin Oncol
2004, 22, 9507.

5. Albrecht, D. R.; Tsang, V. L.; Sah, R. L.; Bah&. N., Photo- and electropatterning
of hydrogel-encapsulated living cell arraizab Chip2005, 5, 111-118.

6. Flaim, C. J.; Chien, S.; Bhatia, S. N., An ex¢lfular matrix microarray for probing
cellular differentiationNature Method2005, 2, 119-125.



E. Cimetta et al. / Biomed Microdevices DOI 10.1/800544-008-9245-9 167

7. Albrecht, D. R.; Underhill, G. H.; Wassermann,B.; Sah, R. L.; Bhatia, S. N.,
Probing the role of multicellular organization hree-dimensional microenvironmenhgat
Methods2006, 3, (5), 369-375.

8. Jang, J. H.; Schaffer, D. V., Microarraying tte#lular microenvironmentol Syst
Biol 2006, 2, (39).
9. Kaplan, D.; Moon, R. T.; Vunjak-Novakovic, Gt thkes a village to grow a tissue.

Nat BiotechnoPR0Q05, 23, (10), 1237-1239.

10. Vunjak-Novakovic, G.; Freed, L. E., Culture @mfyanized cell communitie®dv
Drug Deliv Rev1998, 33, (1-2), 15-30.

11. Motlagh, D.; Senyo, S. E.; Desai, T. A.; Rus€®l, Microtextured substrata alter
gene expression, protein localization and the sbépardiac myocytedBiomaterials2003,
24, (14), 2463 76.

12. Engler, A. J.; Griffin, M. A.; Sen, S.; Bénnenma C. G.; LeeSweeney, H.; Discher,
D. E., Myotubes differentiate optimally on substgatvith tissue-like stiffness: pathological
implications for soft or stiff microenvironmentsCell Biol2004a, 166, 877-887.

13. Ingber, D. E., Mechanical signaling and théuta response to extracellular matrix
in angiogenesis and cardiovascular physiol@jyc Res2002, 91, (10), 877-887.
14. Ingber, D. E., Mechanical control of tissuevgitu function follows formProc Natl

Acad Sci U S R005, 102, (33), 11571-11572.

15. Khatiwala, C. B.; Peyton, S. R.; Putnam, Alrtrinsic mechanical properties of the
extracellular matrix affect the behavior of preemdilastic MC3T3-E1 cellsAm J Physiol
Cell Physiol2006, 290, (6), C1640-1650.

16. Falconnet, D.; Csucs, G.; Grandin, H. M.; Texthl., Surface engineering
approaches to micropattern surfaces for cell-bassdysBiomat2006, 27, 3044-3063.

17. Xia, Y.; Whitesides, G. M., Soft lithographmngew Chem Int EA998, 37, 550-
575.

18. Karp, J. M.; Yeo, Y.; Geng, W.; Cannizarro, ¥an, K.; Kohane, D. S.; Vunjak-
Novakovic, G.; Langer, R. S.; Radisic, M., A phdatodgraphic method to create cellular
micropatternsBiomat2006, 27, 4755-4764.

19. Rohr, S.; Scholly, D. M.; Kleber, A. G., Patted growth of neonatal rat heart cells
in culture. Morphological and electrophysiologicdiaracterizationCirc Res1991, 68,
114-130.

20. Suh, K. Y.; Seong, J.; Khademhosseini, A.; lrasy) P. E.; Langer, R., A simple
soft lithographic route to fabrication of poly(etbge glycol) microstructures for protein
and cell patterningBiomat2004, 25, 557-563.

21. Gopalan, S. M.; Flaim, C.; Bhatia, S. N.; Hgsm, M.; Knoell, R.; Chien, K. R.;
Omens, J. H.; McCulloch, A. D., Anisotropic streioduced hypertrophy in neonatal
ventricular myocytes micropatterned on deformaliéestemers Biotechnol Bioend003,
81, (5), 578-587.

22. Khademhosseini, A.; Eng, G.; Yeh, J.; KuchakcZy. A.; Langer, R.; Vunjak-
Novakovic, G.; Radisic, M., Microfluidic patterninigr fabrication of contractile cardiac
organoidsBiomed Microdevice2007, 9, 149-157.

23. Vernon, R. B.; Gooden, M. D.; Lara, S. L.; Wigh. N., Microgrooved fibrillar
collagen membranes as scaffolds for cell suppait aignment.Biomat 2005, 26, 3131-
3140.

24. Yim, E. K. F.; Reano, R. M.; Pang, S. W.; Y@eF.; Chen, C. S.; Leon, K. W,,
Nanopattern-induced changes in morphology and ityotif smooth muscle cell8iomat
2005 26, 5405-5413.

25. Ruiz, S. A.; Chen, C. S., Microcontact printidgtool to patternSoft Matter2007,

3, 1-11.



168 AppenB

26. McDevitt, T. C.; Woodhouse, K. A.; Hauschka, [3; Murry, C. E., Spatially
organized layers of cardiomyocytes on biodegradablgurethane films for myocardial
repair.J Biomed Mater Re2003, 66A, 586-595.

27. McDevitt, T. C.; Angello, J. C.; Whitney, M. ;LReinecke, H.; Hauschka, S. D.;
Murry, C. E.; Stayton, P. S., In vitro generatiohdifferentiated cardiac myofibers on
micropatterned laminin surface®urnal of biomedical materials resear@d02, 60, 472-
479.

28. Britton-Keys, K.; Andreopoulos, F. M.; Pepp#s$, Poly(ethylene glycol) star
polymer hydrogelsMacromoleculed4998, 31, 8149-8156.

29. Burdick, J. A.; Khademhosseini, A.; Langer, Raprication of gradient hydrogels
using a microfluidics/photopolymerization procdssngmuir2004, 20, 5153-5156.

30. Lin-Gibson, S.; Jones, R. L.; Washburn, N. Rarkay, F., Structure-property
relationships of photopolymerizable poly(ethylenécgl) dimethacrylate hydrogels.
Macromolecule®005, 38, 2897-2902.

31. Almany, L.; Seliktar, D., Biosynthetic hydrogsaffolds made from fibrinogen and
polyethylene glycol for 3D cell cultureBiomat2005, 26, 2467-2477.

32. Leach, J. B.; Bivens, K. A.; Patrick, C. W.;h8udt, C. E., Photocrosslinked
hyaluronic acid hydrogels: natural, biodegradaidsue engineering scaffoldBiotechnol
Bioeng2003, 82, 578-5.

33. Leach, J. B.; Schmidt, C. E., Characterizatioh protein release from
photocrosslinkable hyaluronic acid-polyethylene cgly hydrogel tissue engineering
scaffolds.Biomat2005, 26, 125-135.

34. Hern, D.; Hubbell, J. A., Incorporation of adlu® peptides into nonadhesive
hydrogels useful for tissue resurfacidgBiomed Mater ReE998, 39, 266-276.

35. Engler, A.; Bacakova, L.; Newman, C.; HategAu, Griffin, M.; Discher, D.,
Substrate compliance versus ligand density in @elfel response®iophys J2004b, 86,
617-628.

36. Peyton, S. R.; Putnam, A. J., Extracellularrmaigidity governs smooth muscle
cell motility in a biphasic fashion. Cell PhysioR005, 204, 198-2009.

37. Pedram, A.; Razandi, M.; Aitkenhead, M.; LeviR, R., Estrogen inhibits
cardiomyocyte hypertrophy in vitro. Antagonism afaneurin-related hypertrophy through
induction of MCIP1.J Biol Chen005, 280, (28), 26339-26348.

38. Speicher, D. W.; McCarl, R. L., Pancreatic eney requirements for the
dissociation of rat hearts for cultuta.Vitro 1974, 10, 30-41.

39. Xiao, Y. F.; Gomez, A. M.; Morgan, J. P.; LeslerW. J.; Leaf, A., Suppression of
voltage-gated L-type Ca2+ currents by polyunsatardatty acids in adult and neonatal rat
ventricular myocytes?roc Nat Acad Sci U S 2097, 94, (8), 4182-4187.

40. Rosenblatt, J. D.; Lunt, A. |.; Parry, D. JartAdge, T. A., Culturing satellite cells
from living single muscle fiber explants Vitro Cell Dev Biol Animl995, 31, 773-779.

41. Machida, S.; Spangenburg, E. E.; Booth, F.RMmary rat muscle progenitor cells
have decreased proliferation and myotube formadioing passage€ell Prolif 2004, 37,
267-277.



Appendix C

Enhancement of viability of muscle
precursor cellson 3D scaffold in a

perfusion bioreactor

Elisa Cimettal, Marina Flaibani®, Marco Mellal, Elena Serena’, L uisa Boldrin?,

Paolo De Coppi?, Nicola Elvassor e**

& Department of Chemical Engineering, UniversityPafdua, Via Marzolo, 9 Padua, Italy
& Department of Pediatrics, University of Padua, @iastiniani, 3, Padua, Italy

"Corresponding author

The International Journal of Artificial Organs
Vol. 30/ no. 5, 2007 / pp. 415-428

Keywords: bioreactor, perfusion, dynamic culture, C2C12, Istetecells, skeletal-

muscle precursor cells, three dimensional culture.



170 Append

Abstract

The aim of this study was to develop a methodol@gythein vitro expansion of skeletal-
muscle precursor cells (SMPC) in a three dimens$i¢BR) environment in order to
fabricate a cellularized artificial graft characted by high density of viable cells and
uniform cell distribution overall the 3D domain. ICgeding and culture within 3D porous
scaffolds by conventional static techniques cad keaa uniform cell distribution only on
the scaffold surface, whereas dynamic culture systbave the potential of allowing a
uniform growth of SMPCs within the entire scaffslilucture.

In this work, we designed and developed a perfubioneactor able to ensure long term
culture conditions and uniform flow of medium thgtu 3D collagen sponges. A
mathematical model to assist the design of the rexpatal set-up and of the operative
conditions was developed. The effects of dynamistatic culture in terms of cell viability
and spatial distribution within 3D collagen scaffeiwere evaluated at 1, 4 and 7 days and
for different flow rates of 1, 2, 3.5 and 4.5 mLfmiusing C2C12 muscle cell line and
SMPCs derived from satellite cells. C2C12 cellsgra? days of culture in our bioreactor,
perfused applying a 3.5 mL/min flow rate, showebigher viability resulting in a three-
fold increase when compared with the same paranesi@uated for cultures kept under
static conditions. In addition, dynamic culture uésd in a more uniform 3D cell
distribution. The 3.5 mL/min flow rate in the biator was also applied to satellite cells
derived SMPCs cultured on 3D collagen scaffoldse Tdynamic culture conditions
improved cell viability leading to higher cell détysand uniform distribution through the
whole 3D collagen sponge for both C2C12 and staealills.

C.1 Introduction

The in vitro reconstruction of engineered skeletal-muscle grattlds the potential of
becoming a new means for treating muscular disesgels as dystrophy and traumatic
injuries (1), by improving muscle regeneration anercoming the limitations of direct
myoblast transplantation (2, 3). For these celldiated therapies, the engineered skeletal
muscle graft must meet specific requirements sgchigh cell density and uniform cells
distribution (4, 5). These new therapeutic strategire limited by the lack of automatic,
efficient and robust culture systems able to expsmdll biopsy-derived cells populations

up to the large number of cells required foiramivo implantation.
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To date, for this expansion procedure, conventionliire systems such as Petri dishes and
tissue culture flasks, are usually employed. E¥enany studies on two-dimensional (2D)
culture systems helped improving general knowledgeculture techniques and cells
behaviour, 2D cultures show a poor efficiency amxgemsive implementation of cell
expansion process at clinical level. In additioD,@ltures cannot fully replicate the natural
in vivo microenvironment affecting the viability, proligion and functional differentiation
of most types of cells (6). On the other hand, & culture methods using scaffolds as
supporting materials can generate a micro-envirotnietter resembling thé vivo
conditions, improve cell survival and proliferatigid) and offer a means for potentially
obtaining high cell density constructs. Scaffoldsusm respond to many specific
requirements such as biocompatibility, adequate ham@ical, physical and chemical
properties and proper conformational structure. elmv, static 3D cultures face problems
such as the inadequate mass transfer of nutriemdstlae limited gas species diffusion
which, in vivo, are overcome by the functionality of the capyllaet, the means by which
gases and nutrients are exchanged, wastes remosddaiahemical signals transported (8,
9). Thus, the supply of oxygen and nutritive eletaea thein vitro growing grafts can be a
strong limitation in their functionality and siz&Q). In order to overcome such limitations,
new scaffold materials and geometries, combinet dyinamic perfusion culture methods

in different types of bioreactors have been devatiofi1-13).

Bioreactors have the purpose of granting the celtfrcells in sterile, physiological and
controlled conditions while ensuring, through thgnamic regime, a more efficient mass
transfer of nutrient and gases between the celhaldrscaffold and the culture medium and
removal of debris. These specific features co-dpeta obtain a more uniform cell
distribution through the entire 3D structure of gwpporting material (14, 15). Bioreactors
have already proved useful in improving the quadityn vitro skin and cartilage, the main
commercially available 3D tissue-engineered praslyt®, 17). In addition, the study of
dynamic culture systems lead to the developmentanfy different devices including:
rotating vessels (18, 19), spinner flasks (20) pedusion bioreactors (21, 22). Bioreactor
designs can differ depending on the cell sourcethedim of the study; and indeed many
works have dealt with the optimization of the dymawulture for cartilage, bone, cardiac
and vascular tissues and liver (23). Only a limitednber of studies involved the 3D
culture of muscle cells in a bioreactor. Some esthworks, for example, are focused on
cell differentiation under mechanical stimuli usimyoblasts seeded on microcarrier beads

(24), on the improvement of the architecture ofieegred cardiac tissues (25) or on smooth



172 Append

muscle cells cultured on stretched scaffolds (28)these works do not deal nor overcome
the limitations related to the expansion of mugmiecursor cells and the realization of an
uniform density of undifferentiated cells in a 3Dusture and aimed to be used for cell-
mediated therapy. In none of these studies, to kmawledge, have muscle precursor
satellite cells been used. Satellite cells areusigmtent population of muscle progenitor
cells located, in their quiescent phase, benea&t#sement membrane of myofibers. Upon
activation due to muscle damage and fibre injuayeltite cells begin to proliferate and can
both differentiate into newly formed multinucleated/otubes and fuse with pre-existing
damaged fibers repairing them (27-30). For theasams, the satellite-derived muscle cells

are good candidates for being used as a sourcelfemediated therapy (31).

The aim of this work was to design and develop rfup®n bioreactor studied to maintain
high viability and proliferation of skeletal musqeecursor cells (SMPCs) seeded on three-
dimensional scaffolds in sight of their employmentlinical cell therapies. We compared
static and dynamically perfused cultures and, itinmping operating conditions for our
bioreactor, we evaluated the effects of differeetdam flow rates and culture time points
on both cells viability and cells spatial distrilmt inside the scaffold. Preliminary
investigations sought use of the C2C12 skeletal cleugmmortalized cell line; and
subsequently, the entire culture procedure has thesn tested on satellite cells. In
particular, being oxygen a strong limiting factarthe development of a 3D cellularized
construct and in particular for muscular cells (32¢ employed the use of a mathematical
model to assist in the design and development of mareactor. In particular, this
mathematical model describes the oxygen concemrtrati the outlet of the culture chamber
as a function of the cell density and medium fl@ates. The model simulations aided the
choice of the optimal operating parameters andsassethe maintenance of the proper
physiological condition, in terms of minimum cont@tion of oxygen in the culture

chamber, during the entire culture time.

In this study, we have demonstrated how our bidogd@as succeeded in maintaining sterile
culture conditions, efficient nutrients and gasasgfer, a more uniform 3D cell distribution
and a higher cell density when compared with stetidures. These results open a new
perspective for the development of robust and aatiensystems capable of expanding the
small population of SMPCs harvested from a bioppyta the suitable number of cells

required for any biomedical use.
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C.2 Material and M ethods

C.2.1 Cdll isolation and culture

C2C12.

The murine skeletal muscle immortalized cell lin2G22 (ATCC, USA) was grown in
Dulbecco’s modified Eagle’s medium (DMEM, Sigma-Ath, Milano, Italy)
supplemented with 10% foetal bovine serum (FBSc&ilmvitrogen, Milano, Italy), 1%
penicillin-streptomycin solution (1000U/mL) and 1%glutamine (all from Invitrogen), on
standard 100 mm Petri dishes, in a 95% humidified 3% CO2 atmosphere at 37°C and
maintained at low confluence. The medium was retyutdnanged every three days.

Satellite cells.

Pure satellite cells cultures were obtained folluyvthe protocol previously described by
Rosenblatt et al. in 1995, and performed in StethRPecessing Laboratory, Department of
Pediatrics, University of Padua.

Briefly, flexor digitorum brevianouse muscles were removed and enzymatically teides
with 0.2% Collagenase Type | (Sigma-Aldrich). Thagte fibers were selected on an
inverted microscope (Olympus IX71, Japan) and gdlate Matrigel coated (BD Bioscience,
California, USA) Petri dishes. Myofibers were mained in a humidified tissue culture
incubator. On day three, plating medium consisbhdMEM, 10% horse serum (Gibco-
Invitrogen), 1% chicken embryo extract (MP-Biomeds; Verona, Italy), 1% penicillin-
streptomycin solution (1000U/mL), was added to Fredri dishes. After 72 more hours,
culture medium was switched to proliferating, cetisg of DMEM, 20% foetal bovine
serum, 10% horse serum, 1% chicken embryo extradt 226 penicillin-streptomycin
solution (1000U/mL). Cells were kept in culture hvproliferating medium and detached
from the plates with Trypsin (Gibco-Invitrogen) beg fusion in myotubes occurred. Cells

were then re-plated and expanded.

C.2.2 Scaffold characterization

The morphology of collagen sponges (Avitene® UtiemhTM Collagen Hemostat. Davol
inc., Cranston, USA) was analyzed using an Enviremiad Scanning Electron Microscope

(ESEM, model XL30, Philips). Briefly, dried collagesponges were gold sputtered under
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high vacuum (0.05 mTorr) and photographs were talteatifferent magnifications ranging
from 300x to 10,000x. The mean pore diameter R5gim was estimated using a imaging

software (Image Tool 3.0).

In order to evaluate the hydrodynamic conditionghini the 3D collagen sponge,
measurements of the scaffold void fraction and hked through the scaffold were
performed. The void fraction was roughly evaluabgdgravimetrical measurements; the
weight difference between a wetted and dry scaffiMhg the amount of water filling the

scaffold porosity.

Pressure drops through the scaffold were measwedfanction of the medium flow rate
ranging from 0.5 to 4.5 mL/min using a differentahnometer. It is worth noting, that in
this range of flow rates the collagen scaffold gmity and morphology were not altered.

The experimental data were correlated by the fatigvequation:
AP =K -Q (1)

whereAP is the pressure drop (P&),the flow rate (mL/min) an& is a constant evaluated
to be 7.4 (Pa min/mL).

Using this data, the scaffold permeability coeéfit ks, was calculated from the Darcy’s

law for Newtonian fluid in a laminar flow regimertugh a porous media (33):

K, :I’;‘>\5°—$=30.54,um2 (2)

C

where ¢ = 0.80 cP (34, 35) is the medium dynamic viscosity ahd. =3mm and

A, =177mnf are length and cross section area of scaffolpeaively.

Assuming that the collagen sponge can be reprebeagea package of tangled micro-
channels, the mean-velocity can be approximatehgsidered uniform through the entire
scaffold cross-section (33). Under these hypothasts approximating our scaffold to a

package of micro-channels with a radius correspantb the mean pore radid®&=75um

the maximum value of shear stresg)(acting on the surface of a cell attached on the

collagen tube wall can be estimated using theiofig empirical correlation (36):
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7)) R

T, = (4—’Uj BQi‘ 3)

whereQ is the volumetric flow rate in a single micro-cheh

C.2.3 Cdll seeding

As the scaffold wettability can affect cell adhesithe dry scaffolds (16 mm diameter and
3mm height cylinders) were pre-treated with 30®f culture medium inside standard 35
mm Petri dishes and incubated for 12 hours. Befete seeding, the exceeding medium

was removed by absorption with a sterile gauze.

Subconfluent plates of C2C12 and satellite cellsreweletached on day O using
trypsin/EDTA, pelletted by centrifugation for 5 met 1200 rpm and counted. In the
experiments performed for the viability analyses &6lls were suspended in 150 of

culture medium and deposed over the scaffolds upyréaces and incubated for 2 hours. In
the experiments performed for the histological gses, 16 C2C12 and50CF satellite
cells were seeded following the same procedureerAffte first incubation phase, 2QDof
medium were added at aliquots of @lOper hour. 2 mL of medium were finally added to

the seeded scaffolds before the final incubatiobh2oiours.

Considering the screening experiments done usiagC®C12 cell line, we performed a
total of 27 static cultures distributed in the eiffnt time points as follows: 4 at 1 day, 11 at
4 days and 12 at 7 days; the effect of differeoivfrates applied during dynamic culture
(see Results) was evaluated on at least 2 repliche same experimental conditions at a 7
days time point. Finally, using the optimized floate, 14 dynamic runs were distributed in
the different time points as: 4 at 1 day, 6 at yisdend 4 at 7 days. Concerning satellite cells

we ran 5 dynamic cultures and 4 static controlsgtad 7 day time point.
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C.2.4 Bioreactor

The main requisites of the bioreactor can be sumasetbllows: i) homogeneous culture
condition within the 3D domain; ii) a high cell dgty; iii) steady-state long-term cell

culture. To achieve these objectives we neede@s@md a system in which the metabolites
are evenly distributed within the entire 3D domahe cells’ uptake rate of metabolites are
not limited by transport phenomena, and, in pakicuthe metabolite concentration must

not change with time due to the increasing numbeelts.

For these reasons, the design and development eofbitbreactor was assisted by a
mathematical modelling describing the time evolutaf the oxygen concentration at the
inlet and outlet of the culture chamber unit. Oxygeas chosen as it represents the most

important metabolite for skeletal muscle precurcsis.

Experimental set up

Our dynamic culture system (Figure 1a) was compo$éaur units: a cell culture chamber,
a gas-exchange unit, a medium reservoir and atakidspump. The culture chamber was
assembled with four Teflon (PTFE) parts and EPDM@s were used to prevent medium
leaking as shown in Figure 1b. The seeded scaift@ls positioned inside the cylindrical
chamber between two 74@m mesh stainless steel nettings. In order to hasinale and
easily cleanable set up, the gas-exchange unitveae of a tubular non-porous permeable
membrane (platinum cured silicone tubing, VetrotemnPadova, Italy) wrapped around a
custom made INOX-Teflon support. The medium reserw@as composed by a 200 mL
PyrexX® glass laboratory bottle whose stopper was modifitti the insertion of a PTFE
block hosting the connections with the bioreactond @ahe gas exchanger and ensuring
aseptical sealing. We used a Watson-Marlow petistaump (314D model) to ensure
stable and controllable flow of medium through #rgire apparatus. The culture medium

hold up of the system was approximately of 80 mL.



E. Cimetta et al. Int J Artif Organs / Vol. 30/ n 5, 2007 / pp. 415-428 177

Figure 1. Schemes of the experimental set up. Figure la sholtsre apparatus scheme:
culture chamber; B) Gas exchange unit; C) mediusenegoir; D) peristaltic pump; E) ai
thermostatic bath===) air tubing; - - J tubing for oxygenated medium=—) tubing flom the
bioreactor. The culture medium was withdrawn frdra teservoir, fed into the gas exchai
unit and, successively, into the culture chambea pyristaltic pumj

Figure 1b shows the detailed scheme of the cultbheenber: A) screw cap; B) uppernge; C)
collagen sponge between the two metallic net; Weloflange; E) scaffold holder. Twc-rings
(not drawn) were used: the first sealed the uppet the lower flange, the second avoided f
leaking between the collagen scaffold and the oeltafamber body. This experimen
configuration ensured medium perfusion throughstegfold from the bottom to the top withi
external channelling. All connections were madenwit8” INOX 316 junctions and silicor
tubing.

All connections were made by 1 INOX 316 junctions and platinu-cured silicone tubin

with an internal diameter of 3.2 mm and 1.6 mm whitkness (Vetrotecnica, Pado

Italy).

The materials used ensured biocompatibility,-reactivity and allowed the use of repee

autoclave stelization cycles.

C.2.5 Model assisted design

As previously underlined, for muscular cells ancelstal muscle precursor cells
particular, oxygen is one of the most critical nbelges and has thus been chosen a:

reference metabolite for the developmerthe mathematical model.

The bioreactor model framework can be reduced toaed loop, shown in Figure

composed of two units: the c-culture chamber and the membrane-exchanger. Insid
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the culture chamber, the oxygen level decreasadasctior of both the increasing numb
of cells and the decreasing medium flow rate, wé®rg rises in the membrane -

exchange units as function of the flow r

Figure 2. Bioreactor model framework. The bioreactor appagatior modelling purposes, w
reduced to a closed loop composed of two units:ctdl-culture chamber and the membre

gasexchanger. The variables and their dependencesspécitly Iisted.cz2 (2) and c’ (%)

are the oxygen concentration at a given axial cawte z and x within the scaffold and the
exchange unit, respectivelys. and L are the high of the scaffold and the length ofttheng of
the membrae exchange unit, respectively. The superscript3 @hd IN refer to the and inl

section of both units Po'jx'm is the oxygen partial pressure in the atmospherghenexterna

side of the gagxchange unit. Q is the flow rate of tlecirculated medium.

The mathematical model was obtained by simultarigogmving the steac-state mas
balance equations governing the oxygen uptakeimatbe cell culture chamber and f
oxygen transfer rate in the membrane-exchange units. The relts of the simulation gav
the oxygen concentration at the outlet of the calithamber as a function of the medi

flow rate and the cell dens.
The cdll culture chamber.

The model considered a homogeneous oxygen uptakeie perfused 3D scaffo We

assumed the collagen scaffold to be a cylinder witpeometry which didn’'t change r
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degrade during the experiments. The oxygen consompate was assumed to follow a
zero-order kinetic as oxygen profiles obtained gdmgher-order kinetics doesn’t differ

significantly (37). In particular, the oxygen upgatate of a single cell in a resting muscular
tissue is: Ry, jeq.= 400" cm"Q/ cnj.,[J¢ (38). This uptake rate can be approximated to
Ro, cer =0.21010° /s (uL at 298K and 0.1 MPa) oR, ., =8.59(10" moJ s per

cell, considering a cellular density of 1.06 gricf89) and an average cell diameter of 10

pm. In order to over-dimension our system, we reterour calculations to a maximum

oxygen uptake rate d®, =5[10° iL/s or equivalentlyR, =2.04[10" mo} s per cell.

The culture medium was considered as an incomjptedsewtonian fluid and its flow was
oriented along the reactor length (z-direction)nfrahe bottom to the top. The
hydrodynamic regime was laminar and the calcul&egnolds number waie=5.9for the
flow rate of 3.5 mL/min. We have also evaluatedsibg our calculations on formulations
cited by Fournier (36)) that the hydrodynamic flexas fully developed in a laminar profile
at any axial position before permeating the scdffol any of the flow rates tested (data not

shown).

Under the considerations listed above, the stetatg-snass balance for the oxygen within

the scaffold is:

%9 _
QT R)z Pcell Aéc =0 (4)

where CZ (z) is the oxygen concentration at the generic crestia of the scaffold along
2

thez coordinate,R, is the oxygen uptake rat@,,, the cell density A the scaffold cross

section area an@ the medium flow rate.

Eqg. (4) can be integrated from the inlet (z=0)®e outlet (z4_ ) sections yielding to:
COOZUT'b = Ccl,':,b_ I:%)zlocell Aéc Lsc/ Q = d;:"b - '9’ (5)

where superscripts OUT and IN refer to the corredpw bioreactor sectiond,_, is the

scaffold length and Ais a non-dimensional constant equaRg o, A, LSF/ Q.
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Membrane gas-exchange unit.

The gas exchanger is a 10 m long silicone platicumed tubing. The steady state mass
balance of oxygen species, hypothesizing the cdraten profile to be uniform in the

radial direction and to vary along the tubing ldnigt

ocg, (X)

-Q ox +N02(X):O (6)

where cz‘z (x) is the oxygen concentration along the tubing lengiordinate x, varying

from O to L, andQ is again the medium flow rate. The oxygen flux peit length, N, ,

can be expressed as:
No, = Ko27R™ [ "™~ H (%] (7)

WhereK is the global exchange coefficier®™ =1.610° m is the tubing internal radius,

Ex,m

Po, =20.2&Pa is the oxygen partial pressure in the atmosphareta the Henry's

constant for oxygen in the mediurkl (=9, 457110 Pa[hf/ mol (40)). Oxygen exchange

can be seen as a three-step process: diffusionghrthe gas-phase, through the tubing
walls and through the liquid phase. Assuming nastasce in the gas phase, the global

exchange coefficienky, is expressed as follows:

P (®)

WhereK,, =P,/ (40) andK, are the mass transfer coefficient in the membraderathe
liquid phase, respectivelyy =1.6C10° m is the tubing wall thickness af}, is the oxygen

permeability @, = 2,84010" molhf nf & Pi (41)).K, is evaluated considering that, for

fluids under a laminar flow regime inside a cylimat duct of lengthL and internal

diameter,d,; , we have (42):
%
D 2
K .=—=16 o W (9)
d; LD,
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where D, =3.29(10° m?/ s (43) is the oxygen diffusion coefficient in theltowe medium

andv =8.6107 mz/s is the cinematic viscosity of culture medium (44).

Being thatc,® = ¢5” " and ¢5” " = ¢, substitution of Eq. 7 in Eq. 6 and integration of
Eq.6 yields:

IN b PEx m/

OUT b PEx m H = eXp(—Aﬁ ) (10)

WhereA, is a non-dimensional constant equakg277R™ HL/ Q.
Rearranging Eq. (5) in Eq. (10) we obtain:

PE™/H - ( + RO H)

cNb = 11
. 1-exptA) -
CSZUT,b - C;r:,b_ A (12)

Using Eg. 11-12 we evaluated oxygen concentratadnes at the inlet and outlet section of
the cell culture chamber for the different flowestof 0.01, 0.1, 1 and 10 cm3/min and
different cell densities of 201¢ and 10 per cni. We calculated the ratios of the variation
of oxygen concentration between the two sectiomstha initial concentration at the inlet

section.

C.2.6 Dynamic culture protocol

The start up operations of the dynamic cultureesysivere the following: under a sterile
hood the medium reservoir was filled with culturedium and sealed, the bioreactor
chamber was opened and the first netting alloweplace using sterile tweezers. Twelve
hours after seeding, the collagen scaffold was mhdre@m the Petri dish and placed above
the supporting netting with the seeded surfacedepdbwn; the second netting was then
placed upon the collagen sponge. The culture chamhas then sealed and the entire
apparatus moved to the thermostatic air bath wihergas exchange unit was connected to

the gas cylinder supplying air-5% @@nd the tubing ducting the culture medium was
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connected to the peristaltic pump. Finally, the pwwvas allowed to operate at a voltage

corresponding to the desired flow rate.

For each scaffold kept under dynamic culture, astleone static control culture was
performed following the same seeding procedureiacubated at 37°C, 95% humidity and
5% CQ. Culture medium was changed every other day.

The culture time points for both dynamic and statiatrols have been 1, 4 and 7 days; the
samples were then carefully removed from the bmimgaculture chambers or Petri dishes

and processed for histological and viability assesH.

C.2.7 Cédll viability

Cellular viability was measured with the MTT teSigma-Aldrich, St.Louis, USA): 300 uL
of the dye solution containing 5 mg/mL of the tetium salt MTT in PBS was diluted to a
final volume of 3 mL with fresh PBS and added te famples; 3 hours incubation at 37°C
followed. After the removal of the dye solutionm® of a solubilization solution made with
10% DMSO and 90% Isopropanol was added to lysecéitle and dissolve the formazan
crystals. The samples were then placed insidenitugbator at 37°C for a time allowing the
complete dissolution and then centrifuged at 1200 for 5 minutes to precipitate wastes.
Clear solutions were processed for absorbance mgadat 580 nm with an UV500
spectrophotometer, Spectronic Unicam (Cambridge). WKour range of absorbance, the

recorded optical density (OD) was directly propmnél to the number of viable cells.

C.2.8 Histological analysis

The samples were fixed in 4% PFA for 1 hour, rindecce with PBS for 10 min and kept
at +4°C covered by a thin layer of PBS. Before isaatg, fixed tissue specimens were
dehydrated and embedded in paraffin. Sectioning peaormed with a microtome and 7
pum thick sections of the cultured collagen matrisese analyzed both by Hematoxylin-
Eosin (H-E) staining and Masson'’s trichrome stagnusing phosphomolybdic acid. Cell
density and distribution within the scaffold wehen assessed by microscope observations
(inverted microscope Olympus IX51 Tokjo, Japan)ages were captured and acquired
using a JVC KY-F30 3-CC camera supported by PimdaVTools — Capture & Playback

Application software.
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C.2.9 Statistical analysis

Data are presented as histogram when only thrdeatgs were available, whereas box
plots are used in case of higher number of datfliar box plots are statistical graphs in
which the lower and upper lines of each box standitie 1st and 3rd percentiles of the
represented sample. The distance between the tbpaitom of the box is the interquartile
range. The middle line is the sample median, widdhe 50th percentile of a given sample.
The median is a robust estimate of the centre sdmaple of data since it is affected very
little by outlying points. A median not centredtime box is an index of skewness for the
data. The vertical lines extending above and bdlmvboxes show the distribution of the
data falling outside the ranges cited above. Assgmmo outliers, the maximum of the
sample is the top of the upper whisker while theimum is the bottom of the lower one.
Values exceeding 1.5 times the interquartile rasgerepresented with plus signs (+) and

can be considered as outlier data.

One-way ANOVA test was used and p<0.01 was consitlstatically significant.

C.3 Results

A representative image of 3D collagen scaffoldeparted in Figure 3, showing its high
porosity; mean pore diameter estimated at 150 0and void fraction evaluated by
gravimetric analysis at approximately97%. These properties ensured the availability of
high specific surface for cell adhesion within tBB scaffold and consequently, the
potential for obtaining a high cell density. Howevas transport phenomena can be
strongly limited by slow diffusion processes, weeded to develop dynamic culture
conditions contributing to recreating a suitablecnoénvironment for cell adhesion,

spreading and proliferation within the entire 3Drdon of the scaffold.
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Figure 3. ESEM micrograph of dry collagen scaffold at 70xgmi&ication.

The seeding procedure was optimized in order teegethigh cell adhesion on 3D collagen
sponges for both C2C12 and satellite stem cells.grk-treatment of the collagen scaffolds
with culture medium helped in creating a more séaenvironment for cells adhesion,
such that the pre-wetted sponge was able to unjoaaisorb the 150 pL cell suspension
used for seeding without showing preferential siésadhesion. This seeding protocol
valuably succeeded in granting cell adhesion withatrigel coating, as its use, similarly

of other chemically undefined reagents, may reprtegdimit for clinical applications.

For ana priori choice of medium flow rate we evaluated the oxygencentrations at the
inlet and outlet sections of the bioreactor cultaramber for the different flow rates of
0.01, 0.1, 1 and 10 cm3/min at the different celhsities of 18 1¢ and 10 cell/cn?.
Figure 4 shows the fractional variation of oxygemaentration which is calculated as the
oxygen concentration difference between the intet autlet sections normalized by the

initial inlet concentration.
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Figure 4. Profiles of the variation of oxygen concentratfoom the inlet to the outlet section of
the culture chamber normalized with respect to itilet concentration, as a function of the
medium flow rate calculated from Eq (11) and (IR)pfiles are parametric in the cell density
(cell/cn?): smms) 10°; == ==) 1(; ===) 10’. Upper horizontal line represents the thresholeleof
oxygen concentration that ensures a physiologiedlies throughout the scaffold This value
corresponds to the 40 mmHg partial pressure of eryim the interstial fluid, thus being the
26% of the initial saturation value. The parametehgaracterizing the graph region above such
threshold assess proper physiological conditions dells cultures during the perfusion
experiments. Arrow indicates the direction of iragiag cell density.

Figure 4 shows that: 1) increasing the flow rateatstant cell density leads to a decrease
in the percent variation of the oxygen concentrabietween the inlet and the outlet sections
of the culture chamber; 2) increasing the cell dgr{see arrow) the curve shifts up, so that
at the same flow rate, a higher cell density c@wess to higher variation of oxygen level

between the inlet and the outlet sections.

The diagram shown in Figure 4 can prove very usiefulerifying whether the operative
variables in the culture chamber ensured viableccdiure conditions within the entire 3D
domain of the scaffolds. For instance, the medilanv fate with a given cell density should
yield to oxygen concentration at the outlet sectigher than the physiological limit at any
moment. The horizontal line, shown in Figure 4, respnts the threshold of the
physiological oxygen level (the partial pressuneeleof oxygen in the interstitial fluid of a
resting tissue(36)) which is cautiously set to 333 representing the 26% of the oxygen
concentration value at the inlet section of théuralchamber. This latter value was verified

to fairly approximate to the partial pressure oy@en in the atmosphere.



186 Append

Figure 5 shows a comparison between viabilitiesC&IC12 cells seeded on collagen
sponges and cultured for 7 days in dynamic conuftiat different medium flow rates
ranging from 1 mL/min to 4.5 mL/min. A control ispresented by C2C12 cells seeded onto
identical collagen scaffolds at the same densitg statically cultured changing media

every other day.
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Figure 5. Influence of medium flow rate ranging between Imih/and 4.5mL/min on C2C12
viability measured after 7 days of continuous a@tun the bioreactor. (*) The column labelled
“OmL/min” is an internal control which shows theatiility of C2C12 cell statically cultured in
3D collagen sponges in standard Petri dishes.

Figure 5 shows the significant differences betwstic and dynamic culture conditions,
however there aren’t noticeable differences betwkervarious flow rates tested. Error bars
are reported as 29% of mean values and represeavtesage of the measured errors on all

the independent tests.

Considering the non-significant influence of th@flrate value, we chose to use 3.5mL/min

in all following experiments. For this flow rate walculated the mean perfusion velocity of

medium through the scaffold beirgB0#m/ secand the shear stress beiﬁg.4dyne/ cm

. Literature reportén vivo shear stress values ranging between 1 andd;m@/ CM and a
threshold of 10dynq/ cm for thein vitro loosening of intercellular interactions (45).
Comparison between static and dynamic culture @& 122cells (Figure 6) showed how, at

the earlier time points of 1 and 4 days, there vmersignificant differences in mean culture

viabilities. Evaluating the 7th day results, weioed how static culture viabilities were
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comparable with those measured at 4 days, whilamyan conditions gave rise to a th-
fold increment (p 4.3C10*). Moreover, viabilities of dynamic cultures measiiat day

were significantly higher than the static oneshaisame time point (p&.3C10°).
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Figure 6. Box plot graph shows the comparison between C2@&l2viabilities cultured ir
static (Stat) and dynamic (Dyn) conditions aftedgnd 7 days. Values exceeding 1.5 time:
interquartile range are represented with plus sigRsand can be considerecs outlier data. *

p = 8.310°%; *p= 4.3010".

The MTT semr-quantitative assay demonstrated a significant merg in cells viability
after 7 days of dynamic culture but it was histatag analysis which revealede most

interesting effect of the application of a perfusmoreactor (Figure .
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Figure 7. Histology on 7um thick cross sections of collagemnges cultured with C2C12 ce
stained with Masson’s trichrome. The collagen nxatsi stained blue, the nuclei are stair
black and the cytoplasm is stained red. Left coldarc; e) refers to a stic control culture
while right column (b; d; f) refers to a 7 days dynic culture at a flow rate of 3.5mL/m
Picture a and b represent the seeded surface; cdatie central volume of the sponge; e a
the surface opposite to initial seeding. Maccation x100. Scale bar 200 |

Statically cultured scaffolds resulted in a thickghh density layer of cells on the see
surface (7a) while few or no cells at all coulddeen in the core and bottom sections of
collagen sponge (7c and 7e respely); on the contrary, histologies related to dyna
culture showed an uniform, high density cells disttion in the sequence of pictu
covering the entire thr-dimensional structure of the scaffold. Last, micaye
observation of the culture mediuperformed after scaffold removal, proved that nbsc

detached during perfusic
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Our experiments on C2C12 cells allowed individuatod the optimal operating conditio
in terms of seeding protocol, imposed medium flawe rand culture time points; withese

data we undertook a preliminary study on satetiis

Figure 8 represents box plots showing the compairsiween viabilities of satellite ce
cultured in static and dynamic conditions usingeadimm flow rate of 3.5mL/min evaluai

after 7 dgs of culture

OD {¥80 hm)
[
(0
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Figure 8. Box plot graph shows the comparison between viasliof satellite stem ce
cultured in static and dynamic conditions (floweaf 3.5mL/min) after 7 days (p<0.C

When cultured in our bioreactor, satte cells expressed a 2.4 fold increase in i
metabolic activity. Dynamic culture resulted agam a 3D construct with improve

characteristics in terms of uniformity of celludensity (Figure 9
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Figure 9. Histology on 7um thk transversal sections of collagen sponges cultuntth
satellite stem cells in static (a; c; e) and dyneufo; d; f) conditions stained with Hematox*-
Eosin. Nuclei are stained "blue" with hematoxyf@ytoplasm, connective, and all other tiss
are counterstained "red" with eosin. Pictures a andepresents the seeded surface; ¢ and ¢
central volume of the sponge; e and f the surfageosite to initial seeding. Magnificatic
x100. Scale bar 200 |.

C.4 Discussion

The development of a 3D cellular construct engieéestarting from stem cell cultur
becomes necessary in sight of possible futurecdirdpplication. The homogeneity of a
construct, in terms of cell density and cell phgpet is fundamental to inrove the succes
of skeletal muscle grafts. Focused on that aimreaegnize the importance of prope

choosing all the materials involved in cell cultuoé optimizing the seeding protocols a
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last but not least, finding and pointing the opfinvalues of the operating variable

conditions at which the culture should be lead.

In this study we tested the properties of collageaffold: a natural and biocompatible
material, relatively simple to process and with ighhpotential in sight of ann vivo
utilization. Collagen scaffolds were confirmed ® &ppropriate for supporting 3D cultures
because of its their diameter, high porosity antneability(46).

Collagen proved to be a good support for cell ghoalso in granting a solid structure not
suffering from the prolonged permanence under fmdaiusion culture conditions. The high
material porosity did not hinder the flow of nuirie and gases and promoted cell diffusion thus

resulting in a complete cellularization of the 3idsge when cultured in dynamic conditions.

The cell seeding protocol has been optimized, imseof timing and volume of medium,
which yields an initially uniform cell distributiorver the entire scaffold surface and

reduces cell losses during all the operations upedioreactor start up.

We showed that all of the materials used to fakeitiae bioreactor apparatus responded to
our needs of biocompatibility, reliability, resistze to repeated high thermal stress due to
autoclave sterilizations (thus avoiding employmet potentially toxic chemicals for

sterilization) and prolonged usage.

Profiles of oxygen concentration variation from timéet to the outlet sections of the

bioreactor, normalized over the inlet concentratieere calculated from Eq (11) and (12)
(Figure 4). This graph confirms that the flow rateed in this study ensured physiological
oxygen concentration in the outlet scaffold secfmncell densities up to an approximated
value of 108cell/cm3. Considering this finding ahé low value of shear stress evaluated
with equation (3), results reported in Figure 5rawesurprising. The flow rates tested are in

a range that does not allow observation of sigatiie differences in viability.

A relevant increase in viability of dynamically twied cells compared with static control is
noticeable after 7 days of culture while at eartiare points medium perfusion does not
seem to have the same effect. This result can es&ef an initial “adaptative phase”
which could be needed for cells cultured under dyinaconditions to adhere on the

scaffold and start to proliferate.

We have demonstrated that dynamic conditions mguit improved characteristics of the
final cellularized construct not only in terms ddllalar viability, but also of density and
spatial distribution through the whole 3D scaffditistological analyses (Figure 7) proved
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that perfusion can promote cell diffusion throudte tscaffold layers thus allowing a
complete coverage of the sponge volume. Statia@lton the contrary, resulted in the
formation of a thick layer of cells located on geeding surface which constitutes a barrier
hindering the further migration of proliferatingliseinside the 3D construct. In addition,
diffusion alone can not fulfil nutrient demandstbé& growing cells without cooperation of
the convective flow deriving from medium perfusi®ie thus unequivocally demonstrated
how dynamic culture assured a more efficient memssfer leading to cellular constructs
with improved properties. In our previous work (44ye have shown through a
mathematical modelling of 3D cell cultures in psiin bioreactors the fundamental role of

metabolite mass transport on cell growth and periion.

Finally, preliminary experiments demonstrated haw aulture system proved to be reliable
in granting suitable conditions for the survivaldaproliferation even of a primary cell
culture such as that of satellite cells. Nevertbglén underlining the increased variability of
the resulting data we note that operative conditiasted with the C2C12 cell line does not
necessarily correspond to an optimum for satetkiés. Consequently, a further step will be
a deeper insight in monitoring satellite cells’ deilour under dynamic culture conditions
and their response in terms of viability followingriations in culture parameters such as
medium flow rate and culture time point. Our 3D lagén scaffolds recreated a
microenvironment which was suitable for satellisdls; promoting adhesion, maintaining
viability and proliferation. Dynamic culture servéfte purpose of increasing viability and
giving rise to a uniformly and densely cellulariz8D construct. A recent work confirms
how transplantation of muscle precursor cells sgéede a scaffold improves muscle
regeneration more than direct cell injection (48).addition, the efficacy of other cell
therapy approaches employing different cell souatekinteracting factors(49, 50) could be
improved and increased by the usage of 3D scaffmtdisthe dynamic perfusion conditions
developed in bioreactors. Interesting future dicexe would involve the use of oriented
scaffolds in sight of the obtainment of an aligsédicture and a network of microchannels
mimicking the vascular network existimg vivo, an essential feature for a capillary delivery
of metabolites and for a more efficient waste reahoCombining all these fundamental
issues highlights how the employment of dynamicailjtured 3D scaffolds fom vivo
transplantation seeded with muscle precursor celldd highly increase and help natural

host tissue repair and regeneration.
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Abstract

An in vitro muscle-like structure with parallel-erited contractile myotubes is needed as a
model of muscle tissue regeneration. For this pagpih is necessary to reproduce a
controllable microscale environment mimicking thevivo cues.

In this work we focused on the application of taqgptal and electrical stimuli on muscle
precursor cell (MPC) culture in order to influeng’C orientation and induce myotube
alignment. The two stimulations were tested bottependently and together. A structural
and topological template was achieved by using oapatterned PLA membranes.
Electrical stimulation, consisting of square puleésfOmV/cm amplitude each 30s, was
applied to the MPC culture. The effect of differgqmilse durations on cultured was
evaluated by galvanotaxis analysis. The highestdtgblacement rate towards the cathode
was observed for 3ms pulse stimulation, which wentapplied in combination with
topological stimuli. Topological and electricalmtili had an additive effect in enhancing
differentiation of cultured MPC, shown by high Toopn | protein production and, in

parallel, Myogenin and Desmin genes respectivelyrdand up-regulation.

D.1 Introduction

The ability of adult skeletal muscle to regeneratesn after total disruption (1), is mainly
due to the principal muscle stem cells, calledis@eells for their distinct localization, in

the quiescent state, between the sarcolemma armhla¢ lamina of each myofibre (2-4). In
response to growth or tissue regeneration stinsdigllite cells efficiently activate to

proliferate and differentiate in muscle precurselisc(MPCs), in order to repair muscle
tissue. Because of their self-renewal, high pradiigee and multi-potent capability, satellite
cells can be a suitable cell source for muscle tarapy, tissue engineering and drug

screening (5-8).

The single myofibre technique allows tire vitro activation of satellite cells and MPC
proliferation and expansion. In this way, MPC grovean be controlled, by means of a
micro-scale environment: a complex system defingd nieans of biochemical and
mechanical cues, as well as morphological andr&atsignals produced by cultured cells,

which function as physical anchor and generate neatynsic factors (9).
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Recent reports highlight an increasing knowledg®uabsatellite cell behaviour, in
particular with respect to botim vivo andin vitro biochemical signal effects (10-12).
However, few studies have so far investigated ffexieof physical stimulations on MPCs.
In particular it has been reported the influencenethanical stimuli on myotube alignment
obtained from myoblasts seeded on elastic memb@mestween artificial tendons (13, 14)
and appropriate scaffold micro-patterns were fotmdnfluence myotubes orientation,
allowing parallel alignment of C2C12-derived myatgb(15, 16).In vitro mechanical

stretch can also influence muscle differentiatioiggering an intracellular signalling
cascade which results in HGF release and satedliteactivation (17), in analogy with what

happensn vivowhen a muscle is passively stretched (18).

These findings highlight that it is possible ton@gucein vitro a muscle-like environment,
where adult stem cells integrate and respond tetstral and topological organization of

micro-scale environment surrounding the cells (19).

Furthermore, electrical stimuli were also recentklen applied to different cell types
proving their large effect on cell behaviour (20).vitro 2D studies showed that chronic
electrical stimulation, mimicking neuronal activitpromoted the maturation of primary
muscle cultures in terms of the expression of adwbsin heavy chain (MHC) slow
isoform (21, 22). On the other hand, in 3D cultareincrement in cell proliferation (23)
and a reduced expression of myogenic genes (Myogagehin and AChR-) have been
observed following electrical stimulation (24). fdo, electrical stimuli have been applied
vitro to primary cultures on standard plate (21, 22)ar-organized 3D-scaffold (23, 24).

All reported works about the influence of biocheahienechanical and electrical stimuli on
muscle cell culture are mainly focused on descgiliire effect of one type of stimulus at a
time; however, it is well known that response t@aticular stimulus can be different
depending not only on cell type but also on cell-ageractions and the surrounding
multiplicity of micro-environment cuesn vitro asin vivo (25). In addition, these stimuli
need to be coupled with an adequate extracellularctsral template to give rise to

functional tissue with directed force productioB)2

In this work, we suggest that the application acalophysiological stimuli can play an
important role in skeletal muscle cell differentat as previously demonstrated in both

cardiac (27, 28) and neuronal environments (20).tNis designed the exogenous electric
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field specifically to mimic the electrophysiologiaaeuronal activityin vivo and combined
it to the application of a micro-patterned supportorder to reproduce a muscle-like
morphology domain. The micro-patterned scaffold pted to the electrical stimulation

proved to be an efficient tool to induce MPC oratiuin and differentiation.

D.2 Materialsand Methods

D.2.1 Singlefibreisolation and culture

Single myofibers were isolated from Flexor DigitoriBrevis (FDB) muscles of Wistar rats
(Charles River, USA) (n=8). As previously descril{2é), removed muscles were rinsed in
PBS (GIBCO, Invitrogen LifeTecnologies, UK) and esged for 3 hours at 37° C with
collagenase type | 0.2% (w/v) (Sigma-Aldrich, USApllowing digestion, muscles were
transferred into plating medium, consisting of DMBEMpplemented with 10 % (v/v) horse
serum (HS) (GIBCO) and 1 % (v/v) chicken embryorast (CEE) (MP Biomedicals,

Irvine, CA, USA). Muscles were triturated with adstbore pipette to release single
myofibers which were then individually selected endn inverted microscope (Olympus
IX51, Tokjo, Japan), placed on dishes pre-coatetth i mg/ml Matrigel (Falcon, BD

Biosciences, San Jose, CA, USA) and cultured &°87.5% CO2. Two days after seeding,
the plating medium was replaced with proliferatingedium, consisting of DMEM

containing 20% of foetal bovine serum (FBS) (GIBC®) % of HS and of 0.5% of CEE.

Medium was changed every 2-3 days.

D.2.2 Cytofluorimetric analysis

Immunofluorescence analyses were performed on ebgaamat muscle precursors cells
(rMPC) before cell fusion. One million rMPC weretaghed using citrate buffer solution
(Sigma-Aldrich), washed in PBS and stained for lutes at 4°C with FITC or PE

conjugated antibodies against CD29, CD31, CD44, @D90 (BD Pharmingen, Italy),

CD45 (Immunotech, Coulter company, France). Stgimith antibodies against CD54 (BD
Pharmingen) and MHCII (Immunotech) were performédo@mm temperature for 1 hour
and, after washing in PBS, secondary antibodie€FiT PE conjugated (Invitrogen) were

added for 30 minutes at room temperature. Analysae performed on three replicates of
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two different MPC preparations with a Coulter EPIXIS (Beckman Coulter, Marseille,
France) using EXPOTM 32 ADC Software.

D.2.3 Micro-patterned membrane fabrication

Micro-patterned (MP) membranes were fabricated gispoly-(L-lactic acid) (PLA,
Resomer L206, Molecular weight 102kDa, Boehringegelneim Pharma, Germany) by a
soft-lithography technique (19, 30) adapting a paare previously described by Kane (31).
Briefly, silicon wafers (500um thick by Wacko, Geany) surface was oxidized by nitric
acid solution for 24h and thermally treated at I8@6r 12h. Thin films of photoresist
(EPON SU-8 100 from Microchem Corp., Newton, MA)re@niformly deposed on silicon
wafers using a Delta 10 spin-coater (BLE, Germaihiie micro-patterned was design with
Adobe lllustrator 10.0 and printed on a transpayefillm photomask; the geometry was
composed of parallel lanes of 200x50um rectangbesesd of 30um and 60um between
short and long sides respectively (Fig.1A). The rBOgpaces were necessary to give
structural consistency to the final polymeric meantw and their dimension was the smaller
one allowed by technical limitation. Photoresistisal silicon wafers were thermally pre-
treated, exposed to UV light (UV Philips lamp HPESW) through the photomask for the
proper time and thermally treated to prevent plestist mechanical stresses. The photo-
resist was developed with 1-methoxy-2-propanol atee(MPA) at 25°C. PDMS moulds
were fabricated by pouring over the photo-resissteraa 10:1 w/w solution of base and
curing agent (PDMS Sylgard 184 distributed by Dowrring, USA) (30). The PDMS
mould was used to produce 2-dimensional membrayeposing and spreading 10%w/w
PLA/dichloromethane solution on the micro-patternetbuld surface, scraping the
exceeding polymer solution and finally peeling f@ymerized membrane. Non micro-
patterned PLA membranes were obtained by simplyipgwand spreading the pre-polymer
solution onto standard microscope glass slidesionitemploying any shaped mould.
Micro-patterned membrane were made with 10x10mmedsions and with an average
thickness of 60um. These membranes were adhergthes slides to ensure their stability
during cell culture and stimulation.

The negative control was fabricated depositing Gr1Omm area of a glass slide a 60um

thickness PLA membrane with a non micro-patterngthse.
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D.2.4 Culture conditions

rMPC were detached from plate using trypsin (Ilogen) 6 days after single fiber plating
in order to avoid fusion and myotube formation fre tculture dish1.401C0 cells were

seeded on PLA membranes obtaining the density.4ifLJ cells/cm2. 24 hours after cell
seeding, electrical stimulation was applied to bath micro-patterned and micro-patterned

scaffolds. Seeded scaffolds were kept on cultufeeini dishes for 11 days; 3ml of culture
medium were stored daily and replaced with freslogeyic medium in each plate fiNQ,

release analysis. The experimental plan was dasigsiag two parameters (topological and
electrical stimuli) on two levels. Muscular diffeteation was quantified at three different

time points (4, 7, 10 days of culture).

D.2.5 Micro-patterned membrane fabrication

Micro-patterned (MP) membranes were fabricated guspoly-(L-lactic acid) (PLA,
Resomer L206, Molecular weight 102kDa, Boehringgrelheim Pharma, Germany) by a
soft-lithography technique (19, 30) adapting a pthwre previously described by Kane (31).
Briefly, silicon wafers (500um thick by Wacko, Geany) surface was oxidized by nitric
acid solution for 24h and thermally treated at I8@6r 12h. Thin films of photoresist
(EPON SU-8 100 from Microchem Corp., Newton, MA)rev@iniformly deposed on silicon
wafers using a Delta 10 spin-coater (BLE, Germamiie micro-patterned was design with
Adobe lllustrator 10.0 and printed on a transpayefillm photomask; the geometry was
composed of parallel lanes of 200x50um rectangbesexd of 30um and 60um between
short and long sides respectively (Fig.1A). The rBOgpaces were necessary to give
structural consistency to the final polymeric meant® and their dimension was the smaller
one allowed by technical limitation. Photoresistéiel silicon wafers were thermally pre-
treated, exposed to UV light (UV Philips lamp HPESW) through the photomask for the
proper time and thermally treated to prevent plesist mechanical stresses. The photo-
resist was developed with 1-methoxy-2-propanol atee(MPA) at 25°C. PDMS moulds
were fabricated by pouring over the photo-resissteraa 10:1 w/w solution of base and
curing agent (PDMS Sylgard 184 distributed by Dowarring, USA) (30). The PDMS
mould was used to produce 2-dimensional membrayeeposing and spreading 10%w/w
PLA/dichloromethane solution on the micro-patternetuld surface, scraping the

exceeding polymer solution and finally peeling th@dymerized membrane. Non micro-
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patterned PLA membranes were obtained by simplyipgwand spreading the pre-polymer

solution onto standard microscope glass slidefionitemploying any shaped mould.

Micro-patterned membrane were made with 10x10mmedsions and with an average
thickness of 60pum. These membranes were adhergthss slides to ensure their stability

during cell culture and stimulation.

The negative control was fabricated depositing Gr1Omm area of a glass slide a 60um
thickness PLA membrane with a non micro-patternetase.

D.2.6 Culture conditions

rMPC were detached from plate using trypsin (Imgen) 6 days after single fiber plating
in order to avoid fusion and myotube formation e tculture dish1.4[10 cells were

seeded on PLA membranes obtaining the density.4ifLG cells/cnf. 24 hours after cell
seeding, electrical stimulation was applied to bwih micro-patterned and micro-patterned

scaffolds. Seeded scaffolds were kept on cultufeini dishes for 11 days; 3ml of culture
medium were stored daily and replaced with freslogeyic medium in each plate fNO,

release analysis. The experimental plan was dasigsiag two parameters (topological and
electrical stimuli) on two levels. Muscular diffeteation was quantified at three different

time points (4, 7, 10 days of culture).

D.2.7 Electrical-stimuli

Cdl culturedectrical stimulation.

The apparatus for cell culture electrical stimaatis schematized in figure 1D and 1E.
Two platinum electrodes of 0.3mm diameter and 20tangth were placed at 10mm

distance at the scaffolds extremes. A rectangul&BPholder was appropriately designed
to keep the platinum wires in a position perpenidicto the scaffold micro-patterned lanes
and immersed in the culture medium during the celturhe central holder hole of

20x30mm allowed constant culture monitoring. Thecebdes were connected to a wave
generator (AMEL model 568. Milan, Italy) programmidproduce a square wave with a

OV baseline. For differentiation process analysespulses of 70mV for 3ms with
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frequency of 33mHz (Fig.1F) were applied. The amaafncurrent flowing between the
electrodes was measured (Fig.1G) by monitoringpibtential drop across a Q0resistor
placed in series with the culture chamber. Thetetat stimuli were started 48 hours after

the seeding on polymeric membranes.
Galvanotaxis (Cell motility).

Electrical stimuli influence on cell motility wasivestigated by continuously monitoring
rMPCs in culture and tracking their motile activity see-through incubation chamber was
custom built on the microscope plate to ensure teaance of the Petri Dish at 37°C in a
controlled atmosphere with 5% G@nd 95% of humidity. The cells were electrically
stimulated with pulses of 100-1000mV in amplitu@ms-3s duration and 33-167mHz
frequency. Pictures were taken at fixed intervalsa maximum total time of 4 hours. An
image analysis Matlab program was applied to idetiie major and the minor axis lengths
and mass-centre position of each individual cekwery picture at different frame points.
Using the data obtained from the sequence of mstuwe estimated the cell displacement

rate of the cell centre; a migration towards thsifpee electrode was considered positive.
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Figure 1. External stimuli: micro-patterned membrane andctrieal stimuli. (A) Schematic

view of the photomask designed for the soft-lithpby process. (B) 10x magnification
micrograph of a micro-patterned PLA membrane. (@x 2magnification showing the

connecting lateral bridges. Scale bar=100 um. (DdgE) up and lateral schematic view of
electrical stimulation apparatus: microscope sligx65mm) with the attached polymer (a —
yellow/orange) was placed in a 100mm Petri dish (b PTFE frame (c —45x75mm area)
holding the Pt wire electrodes (d) at 10mm distaeas added in the Petri dish and placed on
the microscope slide. The PTFE frame has a cerBtd20mm hole allowing microscope
observation. The electrodes were connected withptiise generator. (F) and (G) imposed

potential difference square waves and current dyricharging/discharging phenomenon
measured using a &Dresistance.
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D.2.8 Data analysis
Microscope imaging.

The cell cultures were monitored daily using aniagbtmicroscope Olympus IX51 (Tokyo,
Japan) and pictures were taken periodically willv& KY-F30 3-CC camera supported by
a Pinnacle, DVTools-Capture & Playback Applicatsmitware.

Immunostaining.

Seeded polymers were stained with anti-Troponintibady (Chemicon International, Inc.,
USA) diluted in PBS 2% BSA. Primary antibody binglinwas visualized with
fluorochrome-conjugated secondary antibody (Ingéno). Cells nuclei were counterstained
with DAPI and stained cultures were finally mountedaqueous fluorescent mounting

media (DakoCytomation, Glostrup, Denmark).

Images of Troponin | immunostaining after 10 dayswture where graphically analyzed
in order to evaluate the angles formed between @agbfiber axis and electric field

direction.

The polar graphs report myotube frequency, defthedatio between myotubes falling into
the same class of orientation angle and total nunadfemyotubes, as a function of
orientation angle. In the case of culture on matterned membrane the pictures were

taken aligning the main rectangle axis with thazental direction.
NG, analysis.

Conditioned medium was assayed for NOx, which wereasured as nitrite ( )
accumulation using Griess’ reagent (Fluka-Aldrikhilan, Italy). Briefly, 1.5ml of medium
extracted from cells cultures were added with 0.6fBriess’ Reagent. After allowing the
reaction to go to completion in 10 minutes, theuBoh was analyzed with a

spectrophotometer (UV 500 Spectronic Unicam, Cadgea;i UK). The absorbance was
measured at 524nm using non-conditioned mediumaasline. NO, concentration was

determined using a standard calibration curve pbthifrom known concentration of
sodium nitrite in non-conditioned culture mediunheTtotal amount of nitrite released in

the medium during the culture was then evaluatettla® release speeds were calculated.
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RNA extraction and quantitative real time PCR determinations.

Total RNA was extracted from the whole seeded pehgusing RNAzol reagent (Tel-Test
Inc., Friendswood, Texas, USA) as well as from necsleeletal muscle and liver. Opg of
total RNA was then purified with the DNAse Treatrh&h Removal Reagents (Ambion
Inc., Texas, USA) and reverse-transcribed with gt Il reverse transcriptase
(Invitrogen). Quantitative Real Time PCR (LigthGscl Roche Diagnostic GmbH,
Germany) analysis was performed in differentiatelisc Standard curves with Syber green
detection system were set up by using serial dihstiof control cDNA which had been
retro-transcripted from the RNA extracted from otdd MPCs in plates. The target primers
were specific for Myogenin (forward: 5-GCA ATG CATGGG AGT TTG GT-3', reverse:
5'-CAC GAT GGA CGT AAG GGA GT-3'; size 95bp) and$pain (forward: 5'-GTG AAG
ATG GCC TTG GAT GT-3', reverse: 5-GCT GGT TTC TG&AA GTT GA-3'; size
117bp). The housekeeping gene considered fwastin (forward: 5-ATG CAG AAG
GAG ATT ACT GCC CTG-3, reverse: 5'-ATA GAG CCA CCATC CAC ACA GAG -

3'; size 98 bp).

Statistical analysis.

One-way ANOVA test was used and p<0.05 and p<0.68dewonsidered significant and

reported.

D.3 Results

D.3.1 Method validation

In this section the results of preliminary tesisjexd to validate the cell isolation method,
the micro-patterned membrane fabrication techniquel the electrical stimulation

equipment, are presented.

Cdl isolation and characterization.

Single muscle fibers were successfully isolatednfrrat FDB muscles and plated on
matrigel-coated dishes. Satellite cells, presemhénquiescent state on isolated single fibres

(Fig.2A), entered the cell cycle following vitro activation and started to proliferate as
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rMPCs 24 to 48 hours after plating (Fig.2B and 2@hen the cells became confluent, they
were able to form a network of myotubes (Fig.2Dgttexpressed spontaneous contractile
activities. Flow cytometric analyses were perfornedule out the presence of contaminant
cells. In particular, rMPCs did not present CD3hd@helial), CD45 (hematopoietic
marker) and MHCII markers, while they expressedkeaof mesenchymal pattern proper
of cultured and expanded myogenic cells: CD29, C21390,and the majority of the cells
expressed CD54 and CD73 (Fig.2E).

y K29 : ' CD31 ° CD44 * f! CD45
’ b CD54 ° ”CD73 ] ‘]&9%' J  MHCII

CD29 98,91 +/-1,55 CD54 62,16 +/-1,87
CD31 0,79 +/- 0,18 CD73 54,79 +/- 28,14
CD44 98,70 +/- 1,56 CD90 93,56 +/-5,93

CD45 0,54 +/- 0,23 MHCII 0,26 +/- 0,08

Figure 2. Characterization of rMPCs. (A) Single isolated gpidted fibre, carrying quiescent
satellite cells. (B) Following activation, satedlicells activated to proliferate in culture, on the
single fibre before (arrow head) and then aroune fibre (arrow head). (C) Activated satellite
cells migrated around the single fiber adopting @indle form. (D) rMPCs maintained in
culture fused to form multi-nucleated sincitia. Bchar=50 pm. (E) Cytofluorimetric analyses
of rMPCs before seeding on scaffolds.

Micro-patterned membrane fabrication.

The replica-moulding and soft-lithographic techr@giensured an accurate control over the
micro-pattern of the PLA membranes; the photo-ngeikmetry was reproduced with high
accuracy and repeatability on the entire membraea &ig.1A-C). PLA is characterized
by a very slow degradation rate, and only the smpalymeric spaces between the short

sides of two rectangles degraded before the etfteafulture.

By seeding and culturing rMPCs onto polymeric mesnies scaffolds, we verified that the

polymer processing and membrane fabrication metfiddnot affect cell viability. Cell
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fusion and differentiation in myotubes was experitaly observed on both non-micro-
patterned and micro-patterned membranes. It ishmdrte to note that the polymeric
membrane did not inhibit the functional differetiba of rMPCs: spontaneous myotube

formation and contractions were observed afterd@ys of cell culture.

Electrical stimulation equipment.

The presence of non-reversible faradaic reactidnthe electrodes, which can lead to
release of soluble toxic reaction products, wasluaad by measuring the amount of
current flowing in the culture media during the ihag/discharging transient of the
electrochemical double layer. When only reversipleenomena occur, the amount of
current is exactly the same for both charging aisdhérging regimes. Performing those
measurements with our experimental apparatus Véttreeal stimuli of 70mV amplitude
and 3ms duration we proved the reversibility of tkkctrochemical phenomena.
Considering the short duration of our electric palsthe risk of toxic effects of reversible
reaction products was negligible. These tests andideration ensured the absence of toxic
electrolytic reactions, electrode oxidation andgemeral, of harmful temporal changes of

culture conditions due to the imposed electricaéptal.

After the assessment of the temporal-stability dndcompatibility of our electric

stimulation experimental method, we examined if d&wv the imposed electric field
influences the cell behaviour. The galvanotaxislysmes were performed to easily verify
that rMPCs answer to electrical stimuli by continsenonitoring and tacking of cell shape

and displacement.
MPCs were seeded on non patterned surface and&fteurs electrical stimulation was started.

Our experimental observations revealed that rMR®gested to voltage pulses change their
cell shape, elongating and producing lamellipodigmsion, and they migrate towards the
positive electrode (Fig.3A). The displacement aftéhe mass cell centre was estimated for
a statistically significant number of cells for féifent types of stimuli (two levels full
factorial design). A negative control representgdnbn-stimulated cells shows negligible
displacement rate (0.011+0.005um/s) while shomnii of 3ms duration, mimicking
electrophysiological condition, increased cell thspment rate to 0.70£0.1um/s. Longer
pulses of 3ms induced a lower rate of 0.50+0.16(Rits3B).
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In our experiments, the actual electric potentiiecence in the media between two points
nearby the electrodes drops from 70mV to 30mV aBms of stimulation due to the
electrode polarization. This result indicated titn&t electric field is substantially reduced by

60% during the 3ms pulse stimulation.

These galvanotaxis experiments confirm the effecss of the electro-chemical cell
signal transduction of the exogenous electricah@ation and suggest 70mV amplitude,
3ms duration and 0.03Hz as the best type of etattivave to apply in the following
experiments on rMPCs.
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Figure 3. rMPC galvanotaxis under exogenous electric fiefgplecation. (A) Bright field
images at 20x magnification of rMPCs collected @tninutes intervals since the beginning of
the electrical stimulation (square pulses of 1 Viamplitude, 3ms duration and 0.03 Hz); (+)
and (-) signs display the electric field (EF) oriation. Cells oriented according to the EF
direction show higher initial displacement rate [{amarked with white frame). Box plots (B)
show the comparison between the calculated vebscif the centre of mass of the cells in the
absence of electrical stimulation (Oms) and witectical stimulation for two different pulse
duration (3ms and 3+£fs). The lower and upper lines of each box staodghe 1st and 3rd
percentiles of the represented sample; the distéeteeen the top and bottom of the box is the
interquartile range and the middle line is the sdénmedian. There are no outlier points,
exceeding the range delimited by the boxes, saipiper and lower whiskers represent the
actual maximum and minimum value of our data setst#ndard one-way ANOVA was
performed between data of each group, pairs ladeNéh ** resulted in p<0.01.
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D.3.2 Myotube alignment

Myotubes resulting from MPCs cultures on non-patdr PLA membranes showed the
formation of a network lacking of a preferentialemtation (Fig.4A). Immunostainings for
Troponin | performed after 4 and 10 days of cultonenon-patterned membranes (Fig.4B-
D) confirmed that myotubes were randomly oriented #he corresponding polar graph
reports tangent values in the range [-0.9, +0.%hvein uniform occurrence frequency
(Fig.4E). On the contrary, MPCs seeded on micrtepa¢d PLA membranes were strongly
influenced in their alignment by the surface tertgpldhe PLA micro-patterned membranes
allowed cells adhesion and influenced their origoma guiding cell fusion in parallel
myotubes to the longitudinal axis of the micro-paied rectangles. Structural and
topological constraint of micro-patterned scaffgldded myotubes to an ordered assembly
(Fig.4F-L). At earlier time points, i.e. of 4 daysyen thought fewer myotubes could be
detected, the influence of topological stimulatmould already be observed (Fig.4G). The
shape of the polar graphs representing myotubestations on micro-patterned PLA films
(Fig.4L) resembles a symmetric Gaussian distrilbuttentered in 0 value with a narrow
distribution (10.3). The combination of electrical and topologisaimulation with micro-
patterned PLA membrane resulted in a similar myetalignment pattern (Fig.4M-P) and

in comparable polar graphs: narrow Gaussian digtahs centred on 0 (Fig.4Q).

As immediate consequence, we observed spontaneotiactions only in one direction:

parallel to the main rectangle axis.
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Figure 4. Cell alignment and Troponin | expression of rMR#tured on non-micropatterned
(non-MP) (A-D), micropatterned (MP) (F-I) and elacally stimulated micropatterned (ES
MP) scaffolds (M-P). Brigthfield images of rMPCs apn-MP membranes show myotubes
randomly oriented after 7 days of culture (A) asvad by immunostaining for Troponin | after
4 (B) and 10 (C) days of culture. rMPCs cultured BW scaffolds fused into myotubes
uniformly oriented with the pattern, as visiblelirightfield after 7 days of culture (F) and by
immunostaining after 4 (G) and 10 (H) days. Moreotupes uniformly oriented with the
pattern were visible in brightfield (M, the blaaké visible in the top part of the image is the
platinum electrode) and highlighted by immunostagnior Troponin | at 4 (N) and 10 (O) of
culture. Magnification of stroked area in C, H, @eaespectively reported in D, I, P, where
nuclei are counterstained with DAPI. Scale bars=60u

Graphics in E, L and Q report myotubes frequencyaaiinction of taé after 10 days of
culture.d is the angle between the myotubes direction aed/¢htical axis of the picture (E) or
with the micro-pattern main direction (L and Q).eTfrequency is the ratio between myotubes
falling into the same tahclass orientation and total number of myotubes.
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D.3.3 Cdll differentiation

Immunostaining for Troponin | performed after 10yslaf culture showed that following
application of an electrical field, the number ofatubes was increased while the number
of mononucleated cells was decreased (Fig.4Q-Pyeder, the application of electrical
pulses induced an increased rate of productionrtofes in all the experiments. Figure 5A
shows an example of a total nitrites productiorfif@othe data were normalized over the
maximum cumulative value of nitrites released, mesd at the end of the culture. In
particular, nitrite production released in the nuediby rMPCs was significantly increased
right after the application of the electrical stim{@8h after seeding) to a cultured
micropattered scaffold. After 3 days of stimulatitime nitrite profile reached a plateau that
was not observed in absence of exogenous elewlit The box plot graph in Figure 5B
shows an average of production rates evaluated et af 6 experiments; in the case of
electrical stimulation on micro-patterned membra(ieS MP) the slope was calculated
considering the data from the first 3 time poiritee the beginning of the stimulation. ES
MP median value reveals a 30% increment of releageif compared with non-stimulated

samples on both micro-patterned membrane (MP) anehmicro-patterned ones (non-MP).
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Figure 5. Analysis ofNO, release profiles from rMPC cultures on PLA memiesar(A) shows

the comparison between the profiles MO, released in the culture media by rMPCs under

two different conditions: open circles)(report the values obtained from a sample cultured
the absence of exogenous electrical stimulatiortferfirst 48 hours and subsequently exposed
to square pulses of 1 V/cm amplitude, 3ms duraiwmh0.03 Hz; filled squares)(report values
obtained from a sample cultured in the absencexofenous electrical stimulation for the
entire duration of the experiment. Data were nolimed to the maximum value obtained at the
end of the experiment (i.e. last value of the sewith electrical stimuli). Box plots in (B)
represent nitrite production rates measured in rMPCultures on: non micro-patterned
polymeric membranes in the absence of exogenougtrielield (non-MP), micro-patterned
polymeric membranes in the absence of exogenoudrieldield (MP) and electrically
stimulated micro-patterned polymeric membranes MES. A standard one-way ANOVA was
performed between data of each group: * p<0.05p&0.01.

Finally, from semi-quantitative real time PCR amaly, differences in Myogenin and
Desmin gene expression were observed. As attemdigajenin gene was down-regulated,
while Desmin gene was progressively up-regulatethduhe time in all seeded scaffolds

(Fig.6). This pattern was enhanced when both ébattand topological stimulations were
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applied. In particular, after 4 days, Myogenin egsion reached the maximum expression
level when electrical stimulation was added to togmal one, and more significant
difference was detected between ES MP and notrielglty stimulated scaffolds (Fig.6).
After 10 days Desmin was more highly expressedSnMP membranes compared to non-
MP ones which showed a significant lower expressilso in comparison to MP scaffolds
(Fig.6B).
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Figure 6. Real time PCR analysis for Myogenin and Desmirarfications of Myogenin and
Desmin gene expressions by semi-quantitative need PCR analysis were performed in non-
patterned polymeric membranes (non-MP), in micragraed (MP), electrically stimulated
non-micro-patterned (ES non-MP) and micro-patterie® MP) at different time points of: 4
(hatched bars), 7 (grey bars) and 10 days (bladshd.iver (L) was used as negative control.
A standard one-way ANOVA gave * p<0.05 and ** p<0.0
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D.4 Discussion

Satellite cells are considered a promising souilcenyogenic cells for skeletal muscle
regeneration because of their self-renewal abditg high proliferate capacity (4, 7, 32).
Previous studies confirmed the possibility of critg satellite cells, preserving their
capability of muscle differentiation and fusion dntontractile myotubes (29) showing
asynchronous and multi-directional contractions).(38 sight of an application in tissue
engineer, skeletal muscle cells need to fuse iraligaroriented myotubes showing
synchronous contractions in order to ensure didetiiece production (16). Onlin vitro

replication of the spatio-temporal micro-environt@rcues controlling MPC behaviour

would allow their application as therapeutic tool.

It's well known that cell behaviour can be highhfluenced by external stimuli such as

structural logistic and topological template (32F)exogenous electrical field (20).

Different scaffold materials and topologies haveady been tested with C2C12 skeletal
muscle cells and these studies confirmed the pibsio recreatein vitro a structure with
aligned myofibers (15, 16) but, to our knowledge, studies deal on the orientation of

primary myogenic cells derived from a pure rMPC yafion.

We applied soft-lithography and replicate-mouldieghniques to realize micro-patterned
membranes in PLA, a FDA approved polymer for chihiase which has also been used as
substrate for cultures of skeletal muscle cellg.(3&is technique was previously applied in
our laboratory for fabrication of membranes in Rlalgtic-co-glycolic acid) and in a
Hyaluronic acid ester with a resolution of 20um,(3&). The scaffold micro-structure
geometry of 6Am spaced parallel lines of 200x56@ rectangles with 30n distance was
chosen by considering desired myotubes dispositieth,dimensions and resolution of our
fabrication method. The dfn polymeric spaces between the short sides ofdbemgles
were drown to give structural property to the mesmnler and their dimension was kept as
small as possible to allow a quick degradationrduell culture. After 7 days of culture
many of these polymeric spaces were broken (FiyFallowing the progressive
modification of the scaffold geometry in a seriéparallel lanes. In this way, the scaffold
micro-structure could not only influence the init@ell disposition, but also prolong its
effect in time inducing the formation of parallelyotubes. The polar graphs highlighted
that the direction of myotubes cultured on micréigramed scaffold without and with

electrical stimulation (Fig.4E and 4Q) followed armow Gaussian-like distribution centred
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in 0. This distribution underlined the presenceadfigh percentage of parallel myotubes to
the longitudinal axis of micro-patterned rectangledile all the other myofibers had

tangent values ranging in £0.3.

On the contrary, rMPCs cultured on non micro-pagdrPLA membrane couldn’t give rise
to an organized structure and resulted in a myestubework with random directions,
reproducing the same cell behaviour on plate wheréopological stimuli are applied, as

showed in the polar graph reporting the uniforntriiation of the tangent angles (Fig.4E).

In this study we applied electrical stimulationcatures on micro-patterned scaffold with
the main aim of resulting in an electric potentiedp across the cell membrane whose value
overtake the threshold allowing electro-chemicanal transduction activity and thus
regulation of cell behaviour. Electrical stimuli vea previously been applied on non-
organized 2D- and 3D-cultures of MPCs with varyieffects (21, 23, 38). However
topological and electrical stimulation have neveetb applied together in order to enhance

the formation of contractile alignment myotubes.

Platinum electrodes have been chosen for their deactivity and their resistance to
corrosion that make them biocompatible. An electpotential difference between
electrodes submerged in the culture media (whiafitatos a high number of small and
large electrolytes: ions, small peptides, protegts,) can produce a transient electric field
at the cell level thought three mechanisms: (i)-favadaic charging/discharging of the
electrochemical double layer, (ii) reversible fa@dreactions, and (iii) non-reversible
faradaic reactions (27). These mechanisms are msgpe for the spatial-temporal shape of
the electric field on cell culture. The last twoeplomena are related with reactions
occurring at the electrode surfaces and they cahtle the production and release of soluble
toxic reaction products. We assessed the temptahilisy and biocompatibility of our
electric stimulation experimental method and thea,examined if and how the imposed
electric field could influence the cell behaviow balvanotaxis analysis, a simple, non-
invasive and non-destructive technique. Previougiss on cardiomyocytes showed that
cells need at least 24 hours to recover from detach after being seeded again. Starting
stimulation too early had negative effects (28usthve waited a lag period of 48h before
start electrical stimulation. The galvanotaxis gs@l not only confirmed that rMPCs are

responsive to electrical stimulation but also shiwet the cells with the main axe parallel
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to electric field lines displayed the highest véies because they felt a higher voltage
difference through their cell body. rMPCs mean u#owas not influenced by pulse
frequency or amplitude but it does depend on pdisation: stimuli of 3ms induced a 40%
higher velocity than 3s pulses (Fig.3B). We unaerlhow the most efficient pattern of
electrical stimulation is the one which better ogarce the timing of action potential

propagation through muscle membranes.

3ms square pulses of 70mV/cm amplitude each 30s then been chosen for investigating
their effects on myotubes alignment and cell défeiation in combination with topological

stimuli. In these cases the 48h lag period beftaetrgcal stimulation allowed cell adhesion
to the micro-patterned surface and cell parall&rgation. The micro-pattern induced cells
to displace with the main axis in the same directbthe electric field. As observed during
galvanotaxis analysis, the cells characterizedhiz/displacement felt the highest potential

drop across their body and had the strongest oceattdielectrical field.

While image analyses on phase contrast and fluenésmages were performed to evaluate
myotube alignment, three different types of analysere carried out to investigate cell
differentiation and each of them contributed invimg an effect of topological and

electrical stimuli in enhancing MPC differentiatitsward functional myotubes.

Immunostaining for Troponin | revealed a higher tuwp@ density in electrically stimulated

culture (Fig.40-P). Moreover, application of exoges electric field was proved to induce

a 30% increment ilNQ, release rate, in analogy to what observed by caupin a 3D

non micro-structured scaffold (38NQO, is known to be a signalling molecule involved in

many cellular pathways and Anderson’s researchpgdamonstrated an additional role for
nitric oxide in mediating muscle regeneration (3Blere are evidences that nitric oxide
helps to regulate activation and quiescence oflgateells (40, 41), myoblast fusion and
myotube growth (42). An increase of nitrite releaat is an additional evidence of the

enhancement in cell differentiation due to elealrgtimuli.

Semi-quantitative real time PCR of Myogenin and Miesshowed that not only electrical
but also topological stimuli can influence MPC gespression. Desmin up-regulation
seemed to be influenced to a major extent by palynsirface topology while Myogenin

down-regulation was enhanced mainly by electrophggical pulses. Electrical stimuli had
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the highest effect on Myogenin expression wheniagmn micro-patterned membrane, i.e.

on parallel oriented MPCs.

Mimicking thein vivo cues is fundamental to improve resultsro¥itro cultures (9, 43) for
tissue engineering application. The combination noicro-patterned membranes and
exogenous electrical stimuli allowed a better aantf the multiplicity of culture micro-
environment cues for MPCs. This improvement ledatdighly organized muscle-like

structure capable of mono-directional contractions.

Biocompatible and biodegradable micro-patternegrets have already been usedsivo
to improve cell delivery in muscle therapy (36).releve showed that the application of
electrophysiological stimuli to cultured MPCs caivegrise to new tools with great

potentiality both for tissue engineering and agaritro model of muscle differentiation.
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Abstract

Myoblast transplantation is a potentially usefudrdpeutic tool in muscle diseases, but the
lack of an efficient delivery system has hampetsdapplication. Here we have combined
cell biology and polymer processing to create gor@griate microenvironment fon vivo
transplantation of murine satellite cells (MSCsgllICwere prepared from single muscle
fibers derived from C57BL/6-Tgn enhanced green ridgoent protein (GFP) transgenic
mice. mSCs were expanded and seeded within midterpad polyglycolic acid 3-
dimensional scaffolds fabricated using soft litreggry and thermal membrane lamination.
Myogenicity was then evaluateish vitro using immunostaining, flow cytometry, and
reverse transcription polymerase chain reactiotlyaes. Scaffolds containing mSCs were
implanted in pre-damaged tibialis anterior musdé$FP-negative syngenic mice. Cells
detached from culture dishes were directly injected contra-lateral limbs as controls. In
both cases, delivered cells participated in musseneration, although scaffold-implanted
muscles showed a much higher number of GFP-posfibers in CD57 mice. These
findings suggest that implantation of cellularizsdffolds is better than direct injection for

delivering myogenic cells into regenerating skelatascle.

E.1 Introduction

Post-natal skeletal muscle maintains a lifelongdjtglio grow and self-repair in response to
damage. This capability relies on satellite cellat#tegcent myogenic cells located adjacent
to the plasma membrane of myofibers beneath thal amina® Once activated by damage,
they start to proliferate and then fuse togetheiotsn myotubes, which then mature into
myofibers, or fuse with the pre-existing damagéers. Cell transplantation has long been
explored as a potential therapeutic approach fosareudisorders such as Duchenne
Muscular Dystrophy (DMD¥. Despite encouraging results obtained in small atsipgene
delivery has superseded cell based thefappstly because of the low survival rate of the
injected cells. At present, in addition to the ams need to modulate the immunological,
inflammatory response, two major concerns neecttaduressed: what are the best muscle
progenitors and what is the most efficient way eliveering them? Different cell sources

have been tested to find the optimal cell type thatld proliferate and integrate in the
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regenerating muscle or replenish the satellitervese In the case of DMD, transplantation
of normal myoblasts into dystrophic muscles coelad to dystrophin restoratién.Early
results suggested that direct intramuscular irgectof normal myoblasts could lead to
dystrophin expression in dystrophic mdx micdeand in human$:*° However, the majority
of transplanted cells die quickly after intramuseuinjection’*™* likely because of
inflammatory, immune respon&&!® Collins and colleagues, on the other hand, regentl
showed that transplantation of single, intactmyafgwith their attached satellite cells led to
high levels of cell integration and proliferatibhSystemic delivery of muscle stem cells
has also led to good resulfs? but characterization and large-scale isolatiothefoptimal

cell type(s) from non-embryonic tissue still needée determined.

Tissue engineering, a field that combines engingeand cell biology, has recently been
explored as a means of creating functional skéfetdlor cardiaé® muscle. Here we
describe for the first time a novel tissue-engimgeprotocol that can improve the efficacy
of cell delivery into a model of skeletal musclgeaeration. In particular, our approach led
to a great increase in the grafting efficiency ofgke fiber-derived satellite cells into

regenerating muscle.

E.2 Materialsand Methods

E.2.1 Animals

For this study, we used 4- to 6-month-old C57BL/édtype mice, C57BL/6-Tg(actin,
beta—enhanced green fluorescent protein (EGFP)IOs$t@nsgenic mice (Jackson
Laboratories, Bar Harbor, ME). In transgenic ansnahe GFP transgene was under the

control of the cytoplasmic beta actin promoter.

The animals had been housed and operated on aArtimeal Colony of the “Centro
Interdipartimentale Vallisneri,” University of Pada, under the conditions specified in the
"D.L. 27-1-92, numero 116, circolare applicativd Meénistero della Sanita® numero 8 del
22-4-94",
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E.2.2 Singlefiber culturesfrom adult mouse

Murine satellite cells were obtained from thexor digitorum brevismuscles of the hind

feet of animals killed using cervical dislocatio@ells were prepared from isolated
myofibers as described previoudfy.Briefly, single fibers obtained using enzymatic
dissociation were plated onto Matrigel-coated (BDsBiences, Milano, Italy) dishes and
left undisturbed for 5 days so that satellite cellsildmove to the plate and proliferate.
After this time, cells were trypsinized and keptaulture for 2 to 3 more passages in
proliferating medium (Dulbecco’s modified Eagle med (DMEM), 20% fetal bovine

serum, 10% horse serum, and 0.5% chicken embryaatkbefore being seeded onto the
scaffold or injected into muscles (see below). @dll culture reagents were from Gibco-

Invitrogen, Milano, Italy.

E.2.3 Characterization of satellite cellsusing flow cytometry

Cytofluorimetric analysis was performed at passa&y&s 3 in culture. One million murine
cells were detached from the plates and staineth Witorescein isothiocyanate— or
phycoerythrin-labeled antibodies against CD34, C0@@45, CD90 (Thy-1.1), CD117 (c-
kit), fetal liver kinase (Flk)-1, major histocomgality complex (MHC)-I and -1l (all from
BD Pharmingen, Milano, lItaly). Analysis was perfaun using a Beckman Coulter
cytometer (COULTER Epics XL-MCL, Milano, Italy) usgy EXPOTM 32 ADC Software
(BECKMAN COULTER, Milano, Italy).

E.2.4 Scaffolds

Biodegradable/biocompatible 3-dimensional (3D) faid$ were prepared by overlapping
polymeric micro-patterned membranes produced usfieg soft-lithography techniqufé.
Even depositions of 5um thick, photo-resist films (SU-8, Microchem, Rapgil,
Switzerland) on silicon wafers (Wacko, Neuss, Geryhavere prepared using a spin-coater
(Delta 10 spin-coater, BLE, Singen, Germany). Phiesist was cross-linked using thermal
treatment, followed by ultraviolet light expositidghrough a positive mask (shown in Fig.
3A). Photo-resist was eventually developed by mgigshe SU-8 master with 1-methoxy-2-
propanol acetate (Sigma-Aldrich, Taufkirchen, Gemma A poly(dimethylsiloxane)
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(PDMS) mold was prepared by filling the SU-8 mast{Bylgard 184, Dow Corning,
Midland, MI) as reported in the literattie The PDMS mold was used to produce the
polymeric micropatterned membrane using solventintasa 15% w/w solution of
poly(lactic-co-glycolic acid) (PLGA50/50DL2.5A, Mv26kDa, Medisorb, Alkermes Inc.,
Cincinnati, OH) in acetone was dropped on the PDiwfid, and after solvent evaporation,
a 30um thick polymeric membrane was peeled out of thelthorhe scaffolds used in the
experiments were made by stacking eight 5x5mm mana@s; achieving a thickness of 150
to 200pm.

E.2.5 RT-PCR analyses

Total ribonucleic acid (RNA) was extracted using A€l reagent (Tel-Test Inc.,
Friendswood, TX) from satellite cell cultures anmdnmi mouse skeletal muscle and liver.
Onepg of total RNA was then purified using the DNAsediment and Removal Reagents
(Ambion Inc., St. Austin, TX) and reversetranscdbesing Superscript Il reverse
transcriptase (Invitrogen). RT-PCR was performethwhe following primers: Pax7(F:5'-
GAGTTCGATTAGCCGAGTGC-3';R:5-CGGGTTCTGATTCCACATCT-
3");Myf5(F:5-CTGTCTGGTCCCGAAAGAAC-3";R:5-GAGAGGGMGCTGT
GTCCTG-3’);MyoD(F:5-TACCCAAGGTGGAGATCCTG-3’;R:5-@QTCATGCC
ATCAGAGCAGT-3");Myogenin(F:5-CAGTGAATGCAACTCCCACAS3';R:50-
GGCGTCTGTAGGGTCAGC-3");Desmin(F:5-ACTTGACTCAGGCAGIAAT-
3";R:5’-ATCCTCCAGCTCCCTCATCT-3’);beta-actin(F:5-CAAGGCCAACCGT
GAAAAG-3’; R:5'-GG AGAGCATAGCCCTCGTAG-3)).

E.2.6 In vivo cell delivery

At passage 3, satellite cells were detached frampthtes using citrate buffer solution, and
10° cells were seeded onto one 5x5mm scaffold that esh previously coated with
Matrigel (1/10 vol/vol in DMEM). After cell adhesip seeded scaffolds were kept in
proliferating medium for 24 h. For control muscld$f cells from the same batch and
passage were also detached using citrate buffati@oland directly injected with a 30G
insulin syringe. Each scaffold was inserted iib&lis anterior muscle, in a pocket created
by removing a volume of tissue comparable to thidahe matrix itself; the insertion points

were then closed with non-absorbable sutures. &inpibckets were also created in the
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counter-lateral (control) muscles, which, aftemusimg, were injected with the dish-cultured
cells and suspended in p0of 1/10 ice-cold Matrigel in DMEM. Particular eamas put
into avoiding leakage of the cell suspension. 8tgatells from GFP-positive mice were

implanted in C57BL/6 wild-type mice.

E.2.7 Immunocytochemistry and histochemistry analyses

For immunocytochemistry, the antibodies were angphl (Santa Cruz, Heidelberg,
Germany) and anti-troponin | (Chemicon,Chandleredfrtampshire,UK). After treatment
with fluorescent secondary antibodies, cells wayanterstained using 4’,6-diamidino-2-
phenylindole and mounted in fluorescent mountingdion®@ (DakoCytomation, Milano,
Italy). Percentages of MyoD-positive cells wereedetined by counting 2x5 independent
fields in two 2 cri wells. Immuno-histochemical analyses were perfarme 10 mm cryo-
sections at the indicated time points after cedns$plantation. Sections were taken at
different levels, spanning the whole muscle lendgthC57BL/6mice, GFP was detected
using an anti-GFP antibody (Molecular Probes-lwgan, Milano, Italy). Percentages of
GFP-positive fibers were determined on the bedi®em each condition, counting all the

fibers from low-magnification images.

E.2.8 Western blot analyses

Thirty muscle sections were dissolved in 300of lysis buffer (Tris-phosphate 25mM,
ethylenediaminetetraacetic acid 2mM, dithiothreohM, Triton X100 1%, glycine 10%).
Approximately 11 mg of proteins were loaded in elacte in a pre-cast 4% to 12% gradient
poly-acrylamide gel (Invitrogen) that was then riam 2.5 h before being blotted onto
nitrocellulose membrane. Filters were then treatgidg an anti-GFP monoclonal antibody
(Roche, Milano, ltaly), followed by goat anti-mouseamunoglobulin G horseradish
peroxidase—conjugated (Dako-Cytomation, Milano,ly)ta Chemi-luminescence was
induced with an enhanced chemiluminescence readentSigma-Aldrich), and light
emission was recorded using a Kodak Image Statéh @F (Kodak- Celbio,Milano,
Italy).Membranes were then stripped and reprobéocgusn antibody against cytoplasmic

actin (Roche).
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E.2.9 Microscope and imaging system

Phase-contrast images were acquired using an @uvericroscope (Olympus I1X71, Tokyo,
Japan). Immunofluorescence images were acquired asfluorescence microscope (Leica
DMR, San Francisco, CA) fitted with a CCD photocamg@.eica DFC 480). Measurements
of the area of cell migration were taken using ArmalySIS Image Processing software
(Microscopy, MA, Olympus, Tokyo, Japan), marking thirtual perimeter identified by the

most peripheral satellite cells and positive myeifsh

E.3 Results

E.3.1 Murine satdllite cellsisolation and characterization

Single muscle fibers were successfully isolatednfiGFP-positive mice. Once seeded on
matrigel-coated dishes, the quiescent satellits peésent on the fibers started to proliferate
and originated a myogenic population, which we srmurine satellite cells (mSCs) (Fig.

1A). mSCs usually migrated from the original fibensd started to proliferate 24 to 48 h
after plating. In each experiment, myogenicity loé isolated cells was the first parameter
we controlled. When the cells were allowed to redghconfluence, they formed a wide

network of myotubes (Fig. 1B) that showed spontaseaontractile properties.

Immunostaining analyses revealed that murine eslfgsessed MyoD and, once fused into
myotubes, troponin | (Fig. 1C). Flow cytometric Bysés showed that isolated cells were
rather homogeneous; in particular, the majorityn®Cs expressed CD44 and low levels of
CD34 and of the stem cell marker CD117. Also, m&€re negative for CD45, CD90, Flk-

1, MHC-I, and MHC-II (Fig. 1D). The expression patts did not change between the first
and third passages. Immunofluorescence furtherirooed this latter finding, because the
percentage of MyoD-positive cells was more than 9%passages 1 and 3 (data not

shown).
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CD34 |

CD34 25.81+/-199 CD117 6.36 +/- 5.13
CD44 99.00 +/- 1.52 Flk-1 4.86 +-2.61
CD45 2.73 +-2.17 MHC I 6.48 +/- 2,32
CD90 1.97 +/- 0.96 MHC I 3.64 +/- 1.42

Figure 1. Characterization of murine satellite cells (InSG8). Proliferation of mSCs around a
single, isolated muscle fiber. Nonproliferating Isetould be seen on the fiber's surface
(arrows). (B) Satellite cells maintained in cultufased to form multi-nucleated syncytia
(arrows). Scale bar 10pm. (C) Immunostaining revealed the expression@hitliogenic factor
MyoD and sarcomeric protein troponin |. Scale baran. (D) Cytofluorimetric analyses of mSC.

E.3.2 Preparation of bio-compatible scaffolds

The geometry of the polymer’s grid (Fig. 2A) wasosén to mimic the topology of the
muscle’s fiberan vivo and to promote the alignment of the seeded CBis. micropattern
of the PLGA membrane, shown in Figure 2B, consiste80 um wide polymeric stripes
connected by 1im lateral bridges that provided the mechanicalgritg of the membrane.
The 3D scaffold (Fig. 2C) was produced using thédaraination, a process that preserved
the biocompatibility of the final product as wedl &s micropattern. The 3D scaffold had a
porosity of 40%, and its interconnected internalitias allowed the diffusion of oxygen
and metabolites, as well as cell migration. PLGAswdosen to prevent the scaffold
biodegradation during the first month of implaraati while providing complete

degradability in 6 month®.
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Figure 2. (A) Graphic representation of tkstructure of a single layer of the polymer.
Actual image of a single poly(lactic -glycolic acid) layer. (C) Image of nine overlappi
layers, ready to be seeded with cells. (D) Reveesescriptase polymerase chain reaction -
PCR) analyses of seral musclespecific transcripts from muscle tissue (M), polg-seeded
cells (S), and cells kept on Matrircoated plates (P). Total ribonucleic acid from lie) and
RTPCR mix alone (NC) were used as negative cot.

E.3.3 Culture of satellite cellswithin micro-patter ned scaffold

In this initial set of experiments, we compared phenotype of satellite cells grown on
scaffold with that of cells kept on plastic. Firate assessed the efficiency of our see
procedure by counting the number ofls that did not attached to the matrix (i.e., tvate

still in suspension or had adhered to the pl:
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These measurements showed that after 24 h, apmtetin®0% of mSCs had attached to
the scaffold. We then checked whether mSCs couldtaia their myogenic characteristics
once seeded onto the scaffolds. Using RT-PCR, vgerobd that the expression of the
myogenic transcription factors Myf5, MyoD, and mgogn was virtually identical between

satellite cells cultured on dishes and those aedtan the polymer for 24 h (Fig. 2D).

E.3.4 In vivo delivery of satellite cells

Equal amounts of mSCs derived from transgenic C3BLgnEGFP animals were seeded
on scaffolds and implanted in the tibialis antenauscles of syngenic, GFPnegative mice
or directly injected into the contralateral limbs. each animal, injected and scaffold-
delivered cells were obtained from the same préjparan addition, the number of matrix-
implanted cells was approximately 10% lower thaa ttumber of injected cells. For
experiments with GFP-positive cells, the immunajikemical analysis of recipient
muscles was carried out 1, 2, and 4 weeks aftefamtgtion. Our results indicated that
transplanted cells progressively migrated frompgbkymer into the surrounding muscle and
eventually integrated into the regenerating myasbén particular, at 1 and 2 weeks after
implantation, many cells were still present in fhadymer, and only a few satellite cells
were fused with the regenerating myofibers (Fig, 8\ After 4 weeks, the number of
GFP-positive myofibers had increased (Fig. 3E).sEheere either pre-existing myofibers
(with peripheral nuclei) into which the GFP-positicells had fused or newly formed
myofibers (with central nuclei). At this time pgimhost of implanted cells had fused into
myofibers (also at a certain distance from the antdtion site), and only a few of them
were still present in the scaffolds (Fig. 3C). Reriore, in some of the samples, we could
observe the presence of green fluorescent myotulitbén the implanted matrices (Fig.
3D).
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P+ve myofibers (%)
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1 wk 2 wks 4 wks

Figure 3. (A) Graphic Migration of murine satellite cells (mSCs) from tkeaffold intc
regenerating muscle. (A) One week after implantatimSCs were mostly found within
polymer. Only sporadic GF-positive fibers could be seen outside polymer. (B) Two wee
after implantation, mSCs were still present in godymer, but some more G-positive fibers
could be found in the muscle mass. (C) Four wettks iplantation, scaffoldelivered mSCs
were mostly integrated into the regenerg muscle and were detectable as green pos
fibers. (D) At 4 weeks, Gl-positive myotubes could also be found inside thplainted
polymer. Small arrows in insets indicate the positof the nuclei inside the fibers. Boundau
of the scaffold visualed in phase contrast were reported. (E) Maximum bemof GFF-
positive fibers found at the different time poimtsyeeks after implantation, approximately
of fibers had incorporated the mSCs. Scale bar=xm.

Despite the fact that the number of fold-delivered cells was lower than the numbe
injected cells, we found that 4 weeks |-transplantation, the number of GFPpositive fik

was significantly higher in muscles that had reedithe seeded polymers than in those
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which satellite ces had been injected directly (5.5% vs 2.5%, p<D.@Big. 4A, B). This
finding was further confirmed using western bloalgsis, which showed that the amoun
GFP produced in the muscles that had receivedabéesl polymers was approximatel
timesas high as that found in contralateral limbs (B@, D). We then decided to quant
the capacity of the cells to migrate from the sitémplantation/injection.We measured 1
area of distribution of GF-positive fibers in serial sections, as descr in Materials anc
Methods, from muscles harvested at t-week time point. The analyses indicated that
distribution areas appeared to be wiin muscles that had received the scaffolds (Figrsg
fact that statistical significance was not reacwas likely due to the high variability foul

between the different animals=6).

]
W

!
fl
I
i

Figure 4. Scaffold delivery of murine satellite cells (mS@s)more efficient than dire
injection. (A) Muscles that received injected (li@jected cells) and scaffoldeeded (IP
implanted polymers) mSCs were immunostained fogrgfiorescent protein (GFP) 4 wee
after surgery. Small arrows in insets indicate ffesition of the nuclei inside the fibers. Sc
bar=100 gm. (B) Maximum percentage GFP-positive fibers found after mSC injection ¢
polymer implantation. (C) Analysis by western bbétthe GFP total content in 8 tibial
anterior muscles, 4 weeks earlier, after receivingected cells (in the right leg, R), or t
seeded scaffold (the left leg, L). Cytoplasmic actin was used aeriml loading control. (D
Normalized amount of relive GFP content in the 2 grou



L. Boldrinet al. /Micro-Patterned Scaffolds in Muscle Disee 235

!

.

Area distribution of GEP-+ve fibers (mm?)

Figure 5. Distribution area of the transplanted cells 4 weekter implants. GF-positive
myofbers were observed in serial sections of recipreascles after cell injection and polyn
implantation. (A) Most of the cells remained lozell in the injection site and some gr
myofibers could be seen close to the main poolreérg fluorescent prein (GFP-positive
cells. Arrowheads indicate the contour of muscletise; the bigger arrow indicates tt
injection point. Small arrows in insets indicatee thosition of the nuclei inside the fibers.
GFP-positive murine satellite cells (mSCs) mied from the polymers and formed posi
myofibers far from the site of implant, which wadside the area shown in the photo. S«
bar¥2100 mm. (C) Distribution of Gl-positive fibers formed by injected (IC, injectedl)eor
transplanted by scaffoldP, implanted polymers) ms.

E.4 Discussion

In most myopathies, clinical outcome is ultimatelye to  failure of satellite cells t
maintain muscle regeneration after continuous deggior—regeneration cycle?2° A
possible therapeutic option woutherefore be the transplantation of progenitorscielto
the damaged muscles with the aim of maintainingrégenerative capacity of the mus
itself. There have been several reported strategies, with @erived from muscl®**! and
other sources,uch as bone marrow and peripheral bl*?2®although results have be
somewhat discordant; in particular, although adstiation of circulating hematopoie
cells led to a phenotype improvement in mdx migadbtained from a patient with DV
who hal received a bone marrow transplant suggestedthigimight not be the case
humans Skeletal myoblasts, which can regenerate myofibeithout needing othe
sources of myogenic cef® have also been considered and could be one of thst
manageale types of donor cells for muscle cell ther® However, there are significa
limitations described in terms of cell viability ti systemic delivery and direct mus

injection.
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In this study, we explored the regenerative poa¢rdif mSCs delivered into damaged
muscle using a biodegradable matrix. As previowsgcribed, single fiber isolation is a
suitable technique to obtain a pure populationadélite cells, and it has been extensively
used in rodent¥°0Once they had moved away from the fibers andestdd divide, mSCs
displayed a homogeneous morphology, and their myiogsharacteristics were confirmed
using immunostaining analyses with several mugoéific markers. RT-PCR also showed
that cells grown on scaffold and on plastic shahedsame expression pattern for myogenic

markers.

We also explored the expression of the paired barstription factor Pax7, a well-
established marker of quiescent satellite cellsithalso expressed in cultured myobl4Sts.
No Pax7 signal was found in mSCs using RTPCR (8. or immunofluorescence (not
shown). We believe that the absence of Pax7 expressggests that the mSCs were in a

later differentiation stage at the time of the geas.

The phenotype of satellite-derived cells was ats@stigated using flow cytometry. mSCs
maintained in culture a low expression of CD34,nmalty expressed by quiescent and
activated satellite celf. Cultured cells did not appear to be hematopoigti@rigin,

because they were negative for CD45 and COiIhe presence of endothelial and

mesenchymal cells was ruled out because no FIKID&0 was found in mSCs.

Even after several days of culture, absence of MH&as demonstrated on mSCs using
flow cytometry. Recent studies indicate that mebgn@l stem cells lacking MHCII avoid
allogenic reactio® Should this hold true for our satellite-derivedis;eit would greatly

enhance their therapeutic potential.

More studies will be needed to confirm this hypsteeOnce seeded onto the polymers,
mSCs maintained their myogenic characteristicsexitessed markers associated with the
activated, proliferative state, namely Myf5, Mrighd MyoD.44,45 Once implanted in the
recipient muscles, the cells began to migrate fiimenpolymer into the area of regeneration,
but the process was slow. After 1 week, most ofdbés were still inside the polymers,
whereas after 2 and 4 weeks, we observed that lsatlsfused with regenerating, pre-

existing fibers and had formed new fibers withia golymers.

To compare the efficiency of our delivery methodhwilirect injection of myoblasts, in
each experiment, we injected the same number o, @drived from the same batch, into

the sham-operated, contralateral leg of the sanmahnOur data indicated that, even
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though the number of cells delivered by the polymas at best 90% of that delivered using
intramuscular injection, the number of GFP-posifibers obtained with the scaffolds was
more than double that obtained using direct injectiFurthermore, western blot analyses
showed that, 4 weeks after surgery, the total amoluGFP in scaffold-receiving muscles
was almost 3 times as high as in the controls,cattdig the presence of more GFP-
expressing nuclei. Limited mobility of injected nblasts has been reported to be one of the
main factors hampering such an approach. In owystusing the seeded polymers, we

could also appreciate a wider distribution of tHeR&ositive myofibers than of controls.

Intra-muscular injection is the only described madure to introduce large amounts of
exogenous myoblasts into an injured muscle. Systedalivery (i.e. intravenous or

intraarterial), has been unsuccessful becausditsatslls do not have the ability to pass
through the endothelial barrier. In our experimep#st of the muscle mass was removed to
create the physical space for the implantation atdhe same time, induce regenerative
processes. The amount of damage was not exactitified, because our purpose was not
to repair the lesion but to create an environmenthich implanted cells were stimulated to
proliferate and participate in regeneration. Ouxtrstep will be to implant the seeded

scaffolds in a physiological model of muscle regatien, the mdx mouse. We believe that
this approach for cell delivery would be even meffcient in a dystrophic context, in

which the whole muscle is constantly in a degeimratregeneration loop.

Polymer-based delivery could be used to treat ilghdagm, arguably the primary target of
any treatment in dystrophic patients. In musculgstrphies, the diaphragm is a target of
paramount importance, yet no positive results hasen reported with any cell-therapy
approach. We believe that seeded scaffolds couwsepuseful in this regard, by being
applied to its surface as laminar patches. Re@mlts reported for myoblast delivery in
the ischemic heart through polymer implantationspsut the feasibility of this approach. In
addition, scaffold-mediated delivery would fit wétl a protocol of autologous myoblast

transplantation associated with ex vivo geneticimaation.

Finally, growth factors could also be employed atdorbed in the polymer before cell
seeding. They could be released/ivo, with time-promoting proliferation, integratioma

differentiation of the transplanted myoblasts .

In conclusion, our study shows for the first tinfee tpossibility of delivering mouse

myoblasts into the skeletal muscle using a fullgdeigradable engineered polymer. We
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believe that this approach could offer a new thewéip tool for muscle-related diseases in

the near future.
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Abstract

The success of cell therapy for skeletal musclerdexs depends upon two main factors:
the cell source and the method of delivery. In thigsk we have explored the therapeutic
potential of human muscle precursor cells (hMP@b}ained from single human muscle
fibers, implanted in vivo via micropatterned scaf® hMPCs were initially expanded and
characterized in vitro by immunostaining and floytanetric analysis. For in vivo studies,
hMPCs were seeded onto micropatterned poly-ladyicedjc acid 3D-scaffolds fabricated

using soft-lithography and thermal membrane lanmmatSeeded scaffolds were then
implanted in predamaged tibialis anterior muscle€bD1 nude mice; hMPCs were also
directly injected in contralateral limbs as cordgrolSimilarly to what we previously

described with mouse precursors cells, we fount hlPCs were able to participate in
muscle regeneration and scaffold-implanted musmbesained a greater number of human
nuclei, as revealed by immunostaining and Westdoh dnalyses. These results indicate
that hMPCs derived from single fibers could be adyand reliable cell source for the
design of therapeutic protocols and that implaotatf cellularized scaffolds is superior to

direct injection for the delivery of myogenic ceilido regenerating skeletal muscle.

F.1 Introduction

Skeletal muscle has a remarkable regenerative itpghanks to its resident stem cells.
Among these, different populations have been desdyi depending on techniques of
isolation, phenotype expression, and culture cheratics. Muscle-derived stem cells
(MDSCs) (14, 32) have been isolated using diffepraplating techniques and have shown
myogenic potential both in vitro and in vivo. Skalemuscle also contains a population of
stem cells, similar to the one isolated from boregrow (BM), called side population (SP)

(16). SP cells are able, if delivered intravenoustyprovide a complete reconstitution of
the hematopoietic compartment of lethally irradiatecipients, as well as to partially

restore dystrophin expression in the muscles of muge (16). Finally, myogenic

precursors cells (MPCs) derived from satellite <g29) have also been described.
According to recent studies (10), MPCs represeatntiain source for progenitors enrolled

in the regenerative processes of the skeletal mu@). Upon withdrawing from the
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quiescent state, adopted in the niche betweenatttelemma and the basal lamina, MPCs
enter into the proliferative state, becoming abbe differentiate into myotubes and
eventually restore skeletal muscle architecturenyktudies have been carried out in these
cells, using different animal models (17,20,22 @44 different techniques (3,7,9,33,34).

A recent approach, based on the transplant ofeefiltiers as a method to conserve the stem
character of satellite cells avoiding in vitro naulation, has opened a new way for cell
therapy (10). In this perspective, hMPCs, derivednfintact single fibers and expanded in
vitro, could show better potential for muscle regiation than other myogenic progenitors
previously described. Transplantation of these ymss could hence be a potential

therapeutic approach for genetic and acquired nthogs as well as for traumatic injuries.

In the past few years we have focused our intenes¥IPCs derived from single fibers for

muscle cell transplantation, showing that thesks @k a good tool for tissue engineering
applications in rodents (11,12,25). In parallel, Wave recently reported that human
satellite cells can also be isolated and expanaed $ingle muscle fibers (13). In this work

we tested the capacity of hMPCs to contribute teivio muscle regeneration and compared
two different ways of delivery—direct injection amellularized scaffolds—as previously

described with mouse MPCs (8).

F.2 Materials and Methods

F.2.1Single Fiber Cultures From Human Skeletal Muscle

hMPCs were prepared from two biopsies of the reahdominis muscle, harvested from
healthy individuals who underwent elective surgdityis part of the study was approved by
the Ethical Committee of the Azienda Ospedalier@dora.

hMPCs were prepared from isolated myofibers as difination of the protocol previously
described (28). Single fibers were obtained afteh dy enzymatic dissociation with
collagenase (Sigma-Aldrich, Germany). After beiregedully selected under an inverted
microscope (Olympus IX71 Japan), isolated fibergewplated onto MatrigelTM (BD
Biosciences, Italy) coated dishes and left undigdrfor 3 days so that satellite cells could
move to the plate and proliferate. After that, ipgtmedium was added (DMEM, 10%

horse serum, and 1% chicken embryo extract). Sulesdky, cells were trypsinized and
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kept in culture for 2-3 more passages in prolifagaimedium (DMEM, 20% fetal bovine
serum, 10% horse serum, and 0.5% chicken embryaatkbefore being seeded onto the

scaffold or injected in muscles. All cell cultueagents were from Gibco-Invitrogen, Italy.

F.2.2 Characterization of hMPCs by Flow Cytometry

Flow cytometry was performed with a Beckman Couttgometer (COULTER Epics XL-
MCL) using EXPOTM 32 ADC Software, at passages 2r3culture. hMPCs were
detached from the plates and stained with FITCPErlabeled antibodies against CD3,
CD4, CD8, CD31, CD34, CD44, CD45, CD51, CD54, CD8161, CD90 (Thy-1),
CD106, CD117, CD133, HLA-ABC, HLA-DR (Immunotechodter company, France),
and CD73 (SH2) (BD Pharmingen).

F.2.3 Scaffolds

The 3D scaffolds used for the in vivo implantatiere fabricated using poly(lactic-co-
glycolic acid) (PLGA), an FDA-approved biodegradaldnd biocompatible polymeric
material. Scaffolds were composed of overlappedviddal, micropatterned membranes
obtained using a soft-lithography technique (23)jet8/, an SU-8 mold with the desired
geometry was created by spin coating (Delta 10, BGErmany) a uniform layer of
photoresistant resin (SU-8, Microchem, USA) ontean wafers (Wacko, Germany) (Fig.
3A, |, 1l). After thermal treatment, the resin wsalectively cross-linked by exposing the
wafer to UV light through a patterned mask (Fig., 3. After exposure, a treatment with
the developer 1-methoxy-2-propanol acetate (Signaai¢h) allowed to obtain the final
mold (Fig. 3A, 1V). Subsequently, a PDMS (Sylga@41Dow Corning, Michigan, USA)
mold was prepared by pouring and curing the liqurelcursor onto the patterned SU-8 as
reported in the literature (Fig. 3A, V) (35). Filyala solvent casting/replica molding
technique was used to produce the PLGA membrangSs%aw/w solution of poly-lactic-
co-glycolide (PLGA50/50DL2.5A, Mw 26 kDa; MedisorBlkermes Inc., OH, USA) in
acetone was dropped and spread over the PDMS riaid A, VI) and, after solvent
evaporation, the polymeric micropatterned film vgasntly peeled from the mold (Fig. 3A,
VII). The scaffolds used for the experiments werarfed overlapping eight individual 30-
um-thick, 5 x 5-mm squared membranes, allowing al finickness of 150-20@m.
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F.2.4 Animals

For this study we used six adult (6—8 weeks oldLEDxn1lnu nude mice (Charles River,
Italy). Animals were housed and operated at themahi Colony of the “Centro
Interdipartimentale Vallisneri,” University of Pagi, under the conditions specified in the

relevant bylaws of the Italian Ministry of Health.

F.2.5In Vivo Cell Delivery

At passage 3, MPCs were detached from the plaieg egrate buffer solution and 106
cells were seeded on one 5 x 5-mm scaffold, prelyocoated with Matrigel (1:10 v/v in
DMEM). Equal amounts of hMPCs were either seededaaifolds and implanted in the
tibialis anterior muscles of nude mice or diredtijected in the contralateral limbs. For
each animal, injected and scaffold-delivered ostise obtained from the same preparation.
It should be noted that, due to losses during #eslieg procedure, the actual number of
cells present within the matrix was approximated@dllower than the number of injected

cells.

After cell adhesion, seeded scaffolds were kepproliferating medium for 24 h. For
control muscles, 106 cells from the same batchpasdage were also detached with citrate

buffer solution and directly injected with a 30-gaunsulin syringe.

Each scaffold was inserted irtifialis anterior muscle, in a pocket created by removing a
volume of tissue comparable to that of the matrself; the insertion points were then
closed with nonabsorbable sutures. Similar pocliete also created in the contralateral
(control) muscles, that, after suturing, were itgecwith the cells cultured on plate,
suspended in 50l of 1:10 ice-cold Matrigel in DMEM. Particular aakvas taken to avoid
leakage of the cell suspension.

F.2.6 Immunocytochemical and Histochemical Analyses

For immunocytochemistry the antibodies were asovedl anti-MyoD (Santa Cruz,
Germany); anti-Pax7 (Developmental Studies Hybridddank, lowa, Usa); anti-desmin
(MP Biomedicals, Belgium); and anti- Troponinl (®@meon, Italy). After treatment with

fluorescent secondary antibodies, cells were cositasi@ed with DAPI and mounted in
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fluorescent mounting medium (DakoCytomation, Italfjnmunohistochemical analyses
were performed on 10m cryosections 1 and 4 weeks after cell transpilmmaSections
were taken at different levels, spanning the whulescle length. hMPCs were detected

using a monoclonal antibody against the Human Nuddatigen (HNA) (Chemicon, UK).

Immunofluorescence images were acquired using areficence microscope (LEICA
DMR, California, USA) equipped with a CCD photocamm@ _EICA DFC 480).

F.2.7Western Blot Analyses

Thirty muscle sections were dissolved in 1@0of lysis buffer (Tris-phosphate 25 mM,
EDTA 2 mM, DTT 2 mM, Triton X-100 1%, glycin 10%Approximately 40ug of protein
per lane was loaded in a 12% polyacrylamide gdlwes then run for 2.5 h before being
blotted onto nitrocellulose membrane. Filters wéhen treated with the anti-HNA
monoclonal antibody, followed by goat anti-mouse glGiRP-conjugated (Dako-
Cytomation). Chemiluminescence was induced with ‘taehanced chemiluminescence
reagents” kit (Amersham, Milano, Italy) and lighhission was recorded onto X-ray films
(Amersham). Densitometric analysis was performedgua Kodak Image Station 440 CF.
Membranes were then stripped and reprobed usingntibody against cytoplasmic actin
(Santa Cruz).

Results were expressed as means + SEM. Statisiigaificance was evaluated by the

unpaired Student t-test, with p < 0.05 considerguificant.

F.2.8 Western blot analyses

Thirty muscle sections were dissolved in 300of lysis buffer (Tris-phosphate 25mM,
ethylenediaminetetraacetic acid 2mM, dithiothreohM, Triton X100 1%, glycine 10%).
Approximately 11 mg of proteins were loaded in elacte in a pre-cast 4% to 12% gradient
poly-acrylamide gel (Invitrogen) that was then riam 2.5 h before being blotted onto
nitrocellulose membrane. Filters were then treatgidg an anti-GFP monoclonal antibody
(Roche, Milano, Italy), followed by goat anti-mousemunoglobulin G horseradish
peroxidase—conjugated (Dako-Cytomation, Milano,ly)ta Chemi-luminescence was
induced with an enhanced chemiluminescence readentSigma-Aldrich), and light

emission was recorded using a Kodak Image Statéh @F (Kodak- Celbio,Milano,
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Italy).Membranes were then siped and reprobed using an antibody against cytwoywie

actin (Roche

F.3 Results

F.3.1hMPC Isolation and Characterization

Single muscle fibers were successfully isolatednfltuman muscle biopsies. Once see
on Matrige-coated dishes, the quiescent satellite cells ptesenthe fibers started

proliferate and originated a cell population, definas hMPCs (Fig. 1A). hMFs usually
started to proliferate and migrated from the odjifibers 72 h after plating. hMPCs we
highly fusogenic, in that they tended to form mys®s as soon as they touched each ¢
(Fig. 1B), and expressed MyoD, Pax7, desmin, andnyotubes, roponinl (Fig. 1C)
Analysis by flow cytometry showed that hMPCs weasither homogeneous. In particul
most of them expressed CD44, CD56, CD73, and -ABC, and a lower level of CD5.
CD54, and CD90. On the other hand, they were negdtr CD3, CD4, CI8, CD31,
CD34, CD45, CD61, CD106, CD117, CD133, and I-DR (Fig. 2). Importantly, suc
expression patterns did not change between theafisthe third passage (data not shc

Figure 1. hMPC characterization. (A) Sngle fiber derived from human biopsy, with its
adhering satellite cells (arrows). (B) Once released, hMPCs proliferated and tended to align
and fuse into myotubes (arrow). Scale bar: 100 um. (C) hMPCs were immunostained for MyoD
and Troponinl. Aligned hMPCs were also desmin positive and some of them were Pax7 positive
aswell. Scale bar: 30 um.
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Figure 2. Flow cytometric analyses of hMPCs.

F.3.2Preparation of bio-compatible scaffold:

The geometry of the micropatterned membranes wesifg@lly designed 1 mimic the in
vivo topology of the 3D assembly of muscle fibeFsg( 3A). Preliminary in vitro test
showed that the 1@m lateral bridges, designed for providing the alitmechanics
integrity of the membrane, had a faster degradatiate (not shown After such
degradation, the 3D scaffold produced by overlagpimdividual micropatterne
membranes results in a cluster of par-oriented biodegradable and biocompat

polymeric stripes (Fig. 3L
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e

Figure 3. (A) Schematic representation of scaffold preparation. Details are described in
Materials and Methods. (B) Image obtained at the optical microscope of a single layer of the
polymer. The regular scaffold structure can be appreciated in the inset. (C) Multilayer scaffold
ready to be seeded.

F.3.3In Vivo Delivery of hnMPCs

H&E staining allowed us to identify the areas of nrigegeneration into which we h
delivered the hMPC (Fig. 4). One week after deliyéne damaged area in injected mus
was populated by mononuclear cells (Fig. 4A). On d¢kher hand, in the case polymer
implantation, regenerating myofibers were also gmé# the area adjacent to the scaf
(Fig. 4B, right). The histological differences weseen more evident at theweek time
point, when a substantial amount of connectivauissad formed case of cell injectiol
(Fig. 4C), whereas in the case of polymer implamtathe PLGA scaffold had be:
progressively degraded and the damaged area had l&ely substituted by centra
nucleated regenerating myofibers (Fig. ¢
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Figure 4. Histological analysis revealed different patterns of regeneration. After 1 week, many
mononucleated cells were mainly localized in the injection area (Fig. 4A) or inside and near the
implanted scaffold (Fig. 4B). At this time point many regenerating fibers were present in the
damaged area (magnification of A and B). After 4 weeks the damage was repaired in both
cases. However, in case of cell injection H& E staining revealed that many mononucleated cells
were still present, with only a few regenerating fibers (C and magnification). On the contrary,
wher e scaffold had been implanted, many regenerating fibers repopulated the damaged area (D
and magnification with centrally nucleated fibers indicated by arrowheads) and polymer was no
longer recognizable. Scale bar: 100 um.

The presence of implanted cells was detected umingntibody specific for the hum
nuclear antigen, HNA. Double staining with HNA aladninin allowed us to confirm th.
the delivered cells were indeed participating ie thuscl regeneration process (Fig. —
D).

After 1 week, comparable amounts of human nucleevieund in injected and implant:
muscles, with a similar distribution (Fig. 5A, @n the other hand, after 4 weeks, injec
hMPCs appeared to be present in much r number, and to be localized in a smaller a

compared to implanted limbs (Fig. 5B, I

Western blot analyses confirmed that the numbdr\MPCs present 1 week after delive
was indeed similar between the injected and impthmuscles, whereas af4 weeks the
number of hMPCs present in implanted muscles washniigher that that found in tl

injected controls (Fig. 5E, F

In particular, the HNA signal found in the muscthat had received the seeded polyn
was approximately threefold highthan that found in contralateral limbs (Fig. 5E
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Figure 5. Immunostaining for human nuclear antigen (HNA, in red) and laminin protein
(labeled in green) revealed the presence of hMPCs in the muscle tissue (in the insets, nuclei
were also counterstained with DAPI). After 1 week hMPCs were localized, in similar amounts
in both cases, in injection or implant site (A and C). Some of the HNA-positive cells contributed
to muscle regeneration as central nucleated cells (insets in A and C). After 4 weeks, several
HNA-positive nuclel were found inside myofibers with a different distribution in the two cases
(B and D). Expression of HNA was investigated by Western blot, as shown by the graph in (E)
**p < 0.01; (F) shows an example of HNA signal in one of the animals sacrificed at 4 weeks.
Scale bar: 70 um.

F.4 Discussior

In this study we showed for the first time that MPGolated from single human mus
fibers maintain the potential to participate in wlasregeneration. Moreover, ofindings
confirmed that, similarly to what we had previouglgscribed for murine MPCs (¢

polymer implantation is more efficient than direégection of the cell:

Although several reports have recently tested titergial of rodents muscle stem cein
muscle regeneration, fewer studies have exploredémavior of human muscle stem c
(1). One group isolated MPCs from human muscle [R), no one investigated t
application of human MPCs isolated from single niyexfs for in vivo muscle regendion.
We have recently showed that human satellite @glis be expanded in vitro, originati
hMPCs that can differentiate towards different mebgmal lineages when induced w

specific culture conditions (13). Fibers deriveahfrhuman skeletal mus are more fragile
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and more difficult to maintain alive during the dggion and seeding processes than their
murine counterparts. Furthermore, only few humarsatas (i.e., intercostals, abdominal,
and rectus-femoris) contain in fact relatively shidvers that can be easily selected and

maintained in culture and are therefore suitalieHfis technique.

Once they moved away from the fibers and startedditade, hMPCs displayed a
homogeneous morphology and their myogenic chaiatosr were confirmed by
immunostaining analyses with several muscle-speciiarkers. The expression of the
paired box transcription factor Pax7, a well-esdigdd marker of quiescent satellite cells, is
also expressed in cultured myoblasts (30). hMPGlaitesd from single fibers coexpressed

desmin and Pax7.

The identity of our satellite-derived cells wasoaisvestigated by flow cytometry. hMPCs

expressed CD54 (4), CD56 (normally identified inrtaun regenerating muscle and satellite
cells) (21), and CD73, while they were CD34 negatimportantly, h(MPCs did not appear

to be hematopoietic in origin, as they were negator CD45 and CD117 (24), as well as
for the human markers CD133, CD3, CD4, and CD8. ptesence of endothelial and

mesenchymal cells was ruled out as no CD61 and 6R/Hde found in hMPCs (27).

Consequent to hMPC characterization, our set oéex@nts was aimed at determining if
polymer-based delivery was better than direct mtrecular injection when using hMPCs,

as previously demonstrated for mouse muscle precugdls (8).

As expected, histological analyses performed afteweek showed signs of acute
inflammation as well as muscle regeneration. Thes@mnce of substantial numbers of
mononucleated cells was found in the case of ogdiction while fewer mononucleated

cells seemed to be present in the case of scaffgitnted muscles. Furthermore, 1 week
after surgery the latter contained many more smalyly formed myofibers. This finding

could be related to the fact that, as reportedrbyipus studies (18), transplantation of cells
by scaffold seeding could maintain the viability thfe transplanted cells by partially

protecting them from the inflamed environment (1®fter 4 weeks this phenomenon was
even more evident. In case of polymer implantatswaffolds were mostly degraded and
presented many center-nucleated fibers inside éke#nded in a larger zone of muscle-

regenerating tissue than in the case of cell irgest

As we have previously reported for rodents (8), umwafluorescence and Western blot

analyses showed that muscles receiving cellulargeaffolds yielded higher HNA+ve
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signal than contralateral controls. In both theedtg¢d and scaffold-implanted muscles,
HNA+ve signal after 4 weeks was higher than thaeeatéed at 1 week. It has been reported
that murine myoblasts transplanted into muscleseoipient mice mostly die and only a
minor stem cell-like subpopulation survives, rapigtoliferates, and participates in muscle
regeneration (5). MPCs represent a more homoggumousation, seemingly with a higher
regeneration potential, but in any case scaffoldiated delivery appears to improve

survival and/or proliferation of h(MPCs.

In order to explore the specific role of the dedea cells into the damaged muscle we also
stained sections by a double immunostaining agdamsinin protein and human nuclear
antigen, to identify human cells both inside antswle the fibers. Based on the position of
some human nuclei, we cannot exclude that hMPCsatsml become satellite cells as
reported for murine MPCs (26), but further expentsewill be needed to address this

guestion.

Our findings are in contrast with previous studiggorting that transplantation of the same
number of cells on the scaffolds led to no detdetaihanges in muscle regeneration
compared with cell injection (19). We believe tliais different result could be related to
the use of a pure population of h(MPCs, which hasi¢gher been used before in an in vivo

approach nor delivered by scaffolds.

In conclusion, our study shows for the first tirhe possibility of using a pure population of
human muscle precursor cells in the skeletal musgleneans of a fully biodegradable,
engineered polymer. The laminar structure of thadfelds we used would be particularly
suitable for application as “patches” in sites @jhhclinical relevance, such as heart and

diaphragm, as previously reported with differemtdd of matrices (2,15).
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Abstract

The highly conserved Wnt-activatgdcatenin pathway plays a major role in embryonic
development, stem cell proliferation and differatitin. In developing tissues, Wnt proteins
present themselves in form of concentration gradjeand the spatial position of Wnt
signals can determine the polarity of the sensgliy.cWnt-3a stimulates the activity pf
catenin pathway, leading to translocationpedatenin to the nucleus where it activates a
series of target genes. To mimic these conditionsitro, we cultured HEK 293T cells
stably expressing a Wnt/b-catenin reporter drivihg expression of Venus, pBARVS,
inside a microfluidic device that was designedeaayate controlled Wnt3a gradients under
cell-protective conditions of low hydrodynamic shekhe cells were exposed to a gradient
of Wnt-3a that was formed in a culture space betwie® parallel laminar flow streams,
consisting of culture medium with two different cemtrations of Wnt3a. The exact
algorithm for establishing concentration gradiemtss established with the aid of
mathematical modeling of flow and transport in tnerofluidic device. The extent to
which thep-catenin pathway was activated in response to @igraof Wnt3a was assessed
in real time over a period of 48 hrs, using the BARreporter gene. We observed tfat
catenin signaling on a single cell level was prapoate to the concentration gradient of
Wnt3a. We propose that the modulation of Wnt-3aligrats in real time can provides new
insights into the dynamics di-catenin pathway, under conditions that replicatenes

aspects of the actual cell-tissue milieu.
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G.1 Introduction

Whnt proteins are a family of powerful macromolesulevolved in a multitude of biological
phenomena ranging from early-stage cell fate sipatién, to embryo development, cell
proliferation, differentiation and tumorigenesidd@rs 2006, Logan and Nusse 2004,
Moon 2005, Moon et al. 2002, Moon et al. 2004) Ntous studies have explored the role
of Wnt in cell signaling.(Otto et al. 2007, Uenoa&t2007, Maretto et al. 2003, Green et al.
2008, Witze et al. 2008) Of particular interesthis pattern by which the Wnt signals are
presented to the cells, though concentration gnéslien a short and long range.(Bartscherer
and Boutros 2008, Aulehla et al. 2008) Howeverpssingly little is known about the
effects of Wnt gradients on cell populations and tjuantitative data have not been

reported.

Microfluidic devices offer the possibility of gerating complex and well defined patterns
of stimulation, via tight control of fluid dynamiecs a micrometer scale.(Keenan and Folch
2007) Recent literature reflects increased interestterfacing microfluidic devices with
biological systems. (Keenan and Folch 2007) (Ametial. 2007, Jeon et al. 2000, Kang et
al. 2008) (Whitesides 2006) (Beebe et al. 2002 jr8gwand Quake 2005, Kim et al. 2007,
Sia and Whitesides 2003) Examples include studiehemotaxis in cell culture systems
utilizing hydrogels of differential composition8Byrdick et al. 2004) short-term perfusion
of graded concentrations of regulatory factors mesded cells, (Saadi et al. 2006) and the

assembly of membrane-based diffusion chips. (Dia. 006)

Because of the laminar regime that is inherenluid flow in micro-channels, the geometry

of the micro-device and the flow rates can be tuwegstablish desired patterns of flow and
molecular transport. The utilization of flow ratdsat are in the range of few pL/min

enables generation of well-defined, diffusion-inelegent concentration profiles. However,
the use of such microfluidic gradient generatorgaserally associated with hydrodynamic
shear stresses exerted on cultured cells, tha fiam the small characteristic dimensions
of microfluidic channels.(Chisti 2001) For studigismost cells, control of hydrodynamic

shear is vital for the maintenance of the cell veling during cultivation.(Cimetta et al.

2009)

In this study we focus ofi-catenin signaling in response to a concentrati@dignt of
Wnt-3a, using HEK 293T cells stably expressing pB/&ARBiechele and Moon 2008) cells

as a model system.
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Activation of the BARVS reporter gene was monitotbdough the expression of Venus

signal.

A microbioreactor was designed to enable generatiatable and well defined gradients of
Wnt-3a under the conditions of relatively low hydyoamic shear that allow prolonged

culture of cells necessary to cover the time spanired for gene activation.

G.2 Experimental section

G.2.1Culture of HEK293T cells stably expressing pPBARVS
and generation of Wnt3a conditioned medium

pPBARVS contains 12 TCF/LEF DNA binding elements togsm of a minimal promoter,
minP, and drives the Wnt/b-catenin-dependent espef Venus.(Rekas et al. 2002) It
also contains a PGK promoter that drives the ctutste expression of a puromycin
resistance cassette for stable selection. Theseeats are located being the LTRs of a third
generation lentiviral expression system.(Dull et1898) Lentivirus containing pBARVS
was generated and used to infect. Three days pfesition cells were cultured in culture
media containing [2g/mL puromycin. A stable heterogeneous line was thdtured with
an EC50 dose of Wnt3a conditioned media. 24 hooitewing stimulation, cells were
sorted by FACS and a narrow gate of high Venusesging cells were collected. Sorted
cells were cultured for 4 days in culture medighaiit Wnt3a conditioned media, allowing
Venus expression to return to a low basal levellsGeere then sorted by FACS for a
narrow gate of the cells expressing the lowesti$eoEVenus. These cells were collected as
a single cell per well in two 96-well plates. Thesulting monoclonal lines where then
retested with Wnt3a conditioned media and the linigls the greatest dynamic range were
selected. Cells were then expanded in standardreuftasks in culture media without
Wnt3a (DMEM supplemented with 10% foetal bovine user (FBS), 1% penicillin-

streptomycin) and passaged every 2 days.

Wnt3a conditioned media was prepared as descnb@dliert et. Al.(Willert et al. 2003) In
order to avoid batch-to-batch variability in theadient experiments, the obtained Wnt3a
conditioned medium was tested and “calibrated”tHis aim, cells were seeded in standard

96 well plates (n = 5 per group and time point) anftured in conditioned medium at a
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broad range of dilutions (relative Wnt3a concerdrafrom 100 to 5%). At defined time
points, the fluorescence deriving from the actmatiof the p-catenin pathway was
quantified and related to the conditioned mediatiih. This served as a basis for the

choice of the proper conditioned media dilutiothia microfluidic-gradient experiments.

G.2.2Microfluidic bioreactor design, fabrication and
assembly

The shear stresses that STV-293 HEK293 cells danate in long term experiments was
empirically determined at <1 dyne/értdata not shown. Briefly, cells cultured in single
microfluidic channels experienced medium flow dfedlent rates; evaluating the fraction of
detaching cells at defined time points, the shass thresholds were determined when the
50% of detaching cells was reached). The microitutdoreactor was designed to generate
stable concentration gradients in long term cultufeile exposing the cultured cells to low

shear stresses.

The device consists of three 500 pum wide chanrigseal in parallel, where the middle
channel serves as the cell culture sp&igufe 1). The three channels are connected by an
array of smaller channels (25 pm wide x 50 um degm@gced at 50 um) that are
perpendicular to the three larger channels, andlendiffusion of molecular species
without significant convective flux. This configui@n allowed us to obtain sharp and stable
concentration gradients inside the middle chanmelkhe diffusion of species between the

two outer large channels.
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Figure 1. Microfluidic device. The microfluidic bioreactor (panel A) was composed of two flow
channels with inlets in a and outlets in b, that flank the culture channel c. Lateral arrows
identify the main flow direction. The reported dimensions are in mm. The height of the
microbioreactor is 50 xm. Images in panel B are top views of the microbioreactor in which the
fluidic channels are filled with a colour tracer; the inlet and outlet tubing connecting the
assembled device to the syringe pump is shown in the lower image.

The singlelayer microfluidic bioreactor was repl-molded in poly(dimethylsiloxane
(PDMS) (Xia and Whitesides 199 from a Sl-8 mold fabricated through stand:
lithographic technique(Tourovskaia et al. 200 and irreversibly bonded to a 75 x 50 r
microscope slide via an air plasma treatment gfterching the inlet and outlets pol
Sterilization of the assembled microbioreactor afdtubing and connections for t

perfusion apparatus was performed with autoclasatimen

G.2.3Cell seeding and microfluidic culture

The culture channel (total volume 0.5 P) was coated with 100 pg/mL Fibronectin for
minutes prior to cell seeding. After removing theébrBnectin solutio, the entire
microfluidic device was filled with culture mediuronfluent flasks of transfected HE
cells were enzimatically detached using trypsin/BDPpelleted by centrifugation for
minutes at 1100 rpm and counted. A single cell ensjpn at a derty of 1& cells/mL in

standard culture medium was then prepared for sgedd maximum of 2 pL of ce



E. Cimetta et al. / Microfluidics-generated Wht3a gradient on S-catenin signaling 265

suspension (summing the dead volumes of the inigtoaitlet holes and the volume of the
culture channel) was loaded into the culture charfP@rticular attention must be paid at
avoiding extensive invasion of the small laterahruhels. Cells were allowed to adhere for
24 hours before starting medium perfusion. Afteh2gl the two inlet ports of the side flow

channels of each microbioreactor were connectedl'ygon tubing (0.8 mm ID, 2.4 mm

OD, Cole Palmer) to syringes containing standard eonditioned (Wnt3a-containing)

medium. The flow rate, controlled by a digital syge pump (PHD, Harvard Apparatus),
was set at 1 pL/min per channel. The flow directicas the same for both channels of an
individual microbioreactor and a maximum of 5 miziareactor were operated in parallel.
Perfusion was maintained for 24 hours, after witlod cultured cells were analyzed to

evaluate their fluorescence levels.

Two sets of static controls were performed for eexperiment: the first filling the entire
microbioreactor with control media, and the secuwiitth Wnt3a conditioned media at the

same dilution used for the perfusion experiments.

G.2.4 Mathematical modeling and validation

In order to predict the flow regimes and the comeion profiles within the
microbioreactor culture channel, we performed aheyatatical modeling with a two-
dimensional (2D) geometry of our microbioreactap(ziew of the microfluidic channels).
The Navier-Stokes equations for incompressible flavedified for taking into account a
surface forces-related component, and the convediifusion equation were numerically
solved using a finite element analysis solver (GainMultiphysics). The values of the
parameters used are summarizedTable 1; the calculated diffusion coefficients are
consistent with literature values (Braga et al. §0®everal simulations were performed
and the most significant covered the different corations of diffusion coefficients and

flow rates listed inmable 1



266 Appendix G

Table 1. Parameters and variables used. The table reports a list of the parameters and
variables used for the performed calculations with their values. When applicable, references
are reported in the last column.

Variable Values Units Reference
Dwntza 6.00E-11 ms* Calculated
D10kpa 4.00E-11 ms' | Calculated and [27]
D.okpa 6.00E-11 ms' | Calculated and [27]
D70kpa 5.00E-10 ms' | Calculated and [27]

u 0.0007 Pe [26]

p 990 Kg m® [1]
0.17E-11

Q 0.17E-10 m® st This study
0.83E-10

To validate the model predictions, the resulting t8%n concentration profiles were
compared with experimentally measured profiledudriescently labeled dextrans: Cascade
Blue-conjugate 10 KDa, fluorescein-conjugate 40 Kieramethylrhodamine-conjugate 70
KDa (all from Molecular Probes). Again, the caldeth diffusion coefficients for each
molecule are reported ifiable 1 It is worth to highlight how the Wnt3a moleculencbe
represented with good approximation by the 40 Kbstréin. Solutions of each dextran in
culture medium were prepared at the final concéntraf 1 mg/mL and used for one of the
two flow channels. Standard culture medium withdresolved fluorescent tracers was used
for the second channel. Briefly, the microbioreastas normally assembled, the syringes
loaded with the fluids (standard culture medium andture medium with dissolved
fluorescent dextrans), the tubings connected toptloger inlets, and finally the system
operated at the mentioned flow rates. The micr@aictor assembly was kept under the
microscope (Leica CTR6000) in a controlled champemperature 37°C, 5% G and
fluorescence images were taken at different timatpdo assess the stability of the formed
gradient (data not shown) and at different sectafrthe culture channel to verify its shape.
This experimental validation was performed opetatime microbioreactor at all flow rates
listed in Table 1 and using the 3 solutions of different dextransdoe of the two flow

channels in order to allow detailed comparison whénmodeled profiles.
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G.2.5Quantitative fluorescent imaging of Venus expressioin
cultured cells

The evaluation of the cell response to Wnt3a comagaon gradients was performed on live
cell cultures by measuring the presence and theikdison of the fluorescent signal
resulting from the activation of the targeted Vetagged reporter gene. The quantification
of fluorescence images was performed in two way$y( evaluating the mean grey value
(MGV) of the image, thus measuring the averageadréiscence intensity; (ii) by evaluating
the fraction of cells expressing Venus signal, aeireed as the ratio between the area of
cells expressing Venus signal and the total areered by cells. The developed script

containing the chosen operations was run with NMatla

G.3 Results

G.3.1Establishment of concentration gradients: effectsfo
flow velocity and diffusion coefficient

The capability of the microbioreactor to generatedjctable concentration gradients of
large soluble molecules was tested for a rangduaf flow rates (0.1, 1, and 5 pL/min,
corresponding to linear velocities inside the flaannels of 6.67-106.67-16, and

3.33:18 pm/s, respectively), and diffusion coefficients1@"*, 6-10*, and 5-18° m?s,

corresponding to the molecular weights of chemigjaécies of 10, 40, and 70 KDa
respectively). Experimental data for concentratigradients were obtained using
fluorescent dextrans as molecular-weight tracerspfoteins of interest in cell culture
studies, and compared with the corresponding gnésligredicted by a rigorous
mathematical model of momentum and mass transpagtire 2 reports exemplifying

results of both the mathematical modeling (upperehaand the experimental validation

(bottom panel); for an easier understanding, dméyrid culture channel is represented.
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Figure 2. Microfluidic device validation. Upper panel reports the results of the smulated
Wht3a gradient; mathematical modeling allowed the visualization of the generated gradient and
of the spatial distribution of Wnt3a in the culture media (as indicated by the color-coded scale
on the left). Three different diffusion coefficients and three flow rates were used as indicated.
On the lower panel: the gradients predicted by mathematical modeling were experimentally
validated using tracer molecules (fluorescent dextrans with defined molecular weight) with
known diffusion coefficients. The same flow rates used for the simulations were experimentally
replicated for all nine combinations of the diffusion coefficient and the flow rates.
Corresponding conditions are indicated by the capital |etters.
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Through the model predictions, on the upper pahEigure 2, the effects of flow rate were
analyzed at the diffusion coefficient of 6*4an?s, that corresponds to the molecular size
of Wnt3a. The color coded bar on the left transldites colors in concentration values, on a
percent scale, for the molecule of interest ingitke culture channel. The model predicts
molecular diffusion as the dominating transport madl the lower flow rate of 0.1 pL/min
(corresponding to linear velocities of 6.67-Hhd 2.59-10um/s in the lateral and culture
channel respectively), leading to fast dissipatidrthe concentration gradient along the
length of the microfluidic channeFigure 2A). An increase in flow rate to 1 pL/min (linear
velocity of 6.67-18and 2.59-1Dum/s in the lateral and culture channel respegliand 5
uL/min (linear velocity of 6.67-f0and 2.59-1Dum/s in the lateral and culture channel
respectively) resulted in a more step-wise conegintr gradients that has been maintained
along the channel lengtkigure 2B andC).

The effects of molecular size of diffusing chemispécies were analyzed at the flow rate of
1 pL/min. For small, fast-diffusing molecules (C5=10'° m?/s, corresponding to a 10 KDa
molecular size), there was a dissipation of theligra along the length of the microfluidic
channel, such that a relatively uniform concentrativas established in the downstream
section of the channeFigure 2D). With an increase in molecular size to 40 KDa &Ad
KDa (i.e., decrease in the diffusion coefficien6td0™ m?%s and 4-1&' m?/s respectively),

a stable concentration gradient was maintainedyaioa channel length, as was the case for
relatively high flow ratesKigure 2B andE).

To validate the model predictions, concentraticedggnts developed in the culture channel
of the microfluidic bioreactor were experimentatheasured for the same values of flow
velocity and diffusion coefficient, by using soluts of fluorescently labeled dextrans as
described in the Experimental section. Represeetakamples are reported on the bottom
panel ofFigure 2, where corresponding conditions between modelexpe@rimental results
are denoted with capital letters. Fluorescence @magere taken at the sections indicated by
the squares in the culture channel schematics texpan the left; fluorescence intensity
qualitatively gives a concentration-proportionayrsl. Therefore, both the experimental
and model-predicted concentration profiles showeat @t low flow rates and for low
molecular weight chemical species (i.e., highefudibn coefficients) molecular diffusion
becomes the dominating transport regime, and tieset conditions lead to dissipation of

the concentration gradient. On the contrary, flates as low as 1 pL/min and species with
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approximate sizes of 40 KDa and higher, are sefficifor obtaining a sharp and sta

concentration gradient along the entire culturenclealengtl.

G.3.2 Experimental conditions analysi:

Considering the above discussed results the fact that the value of 6-** m%s can be
used as Wnt3a diffusion coefficient, the appropriailture conditions were set choosin
flow rate of 1 uL/min. The choice of the proper B@tconditioned medium dilution strict
depended on the resultf the calibration experiments performed for escidion® batch
Figure 3 shows mathematical analysis i) concentration gradientsii) velocity profiles,
and (ii) hydrodynamic shear stress for the microfluidigide operating with Wnt3a as t

diffusing molecule at a flow rate of 1 puL/r
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Figure 3. Experimental conditions. concentration, velocity, and shear stress. Using the Wnt3a
diffusion coefficient of 6e™ né/s and the flow rate of 1 uL/min, we evaluated the flow
characteristics of 4 sections of the culture channel highlighted in A. Panel B shows the plug-like
velocity profiles in the chosen cross sections (upper graph) and the curves representing the
concentration profiles on the same sections (bottom graph).The table in panel C summarizes the
maximum and minimum values for the velocity and shear stress in the 4 sections of the culture
channel.

PanelA shows again the col-coded representation of the Wnt3a concentratiodigmé
inside the culture channel, wher-d letters mark the sections in which further aned
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were carried. Pand®, upper graph, shows the modeled plug-like velopityfiles in the

chosen cross sections while the curves represeritiagnormalized values of Wnt3a
concentration on the same sections are reportédeifottom graph. Finally, the table in
panelC summarizes the calculated maximum and minimumesglior the velocity and

shear stress in the 4 sections of the culture adann

We can conclude that the system was able to genpradictable and stable concentration
gradients with flat and uniform velocity profilesthin the culture channel, thus exposing
the adhering cells to very low values of both v#lo@and shear stress (which averaged
values were 2.63-188.74-10° m/s and 2.53-18:8.39- 17 dyne/cni respectively).

G.3.3Activation of the canonicalf-catenin pathway in
response to constant levels of Wnt3a

To investigate the activation of thg-catenin pathway in response to a range Wnt3a
concentrations, HEK293T BARVS cells were culturedstatic monolayers at different
concentrations of Wnt3a in culture medium, obtaibgddiluting conditioned mediung—
catenin pathway activation in cultured cells wasportionate to the concentration of
Wnt3a in culture medium, as evidenced by the intgmd Venus fluorescence. The Venus
signal was detected starting a few hours after Wetddition, and increased with time of
culture Figure 4A). The extent of the Venus-related pathway activatvas evaluated by
the quantification of fluorescence images as desdriabove. The fraction of cells
expressing Venus signal, determined as the ratiodam the area of cells expressing Venus
signal and the total area covered by cells, shosvathtistically significant increase with
Wnt3a concentrationFHgure 4B). Similarly, the averaged fluorescence intensitytre
whole image (mean grey value, MGV), also increasdith Wnt3a concentration in a
statistically significant mannerFigure 4C). Based on these and similar results, the
dilutions of the Wnt3a conditioned medium to beduge the microfluidics experiments
were decided. In most cases, the conditioned medvas) used as received or diluted at

75% of its initial composition.
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Figure 4. Differential activation of the canonical Wnt3a/s-catenin pathway: static experiments.
Confluent populations of HEK293 cells were cultured in 96 wells plates and exposed to the
different levels of the Wnt3a conditioned medium as indicated. Upper panel reports live images
of cells expressing different extents of Venus signal, increasing with time and with Wnt3a
concentration in culture medium. The lower panel reports the quantification of the above
reported results. Two different evaluation approaches were used; both measurements were
obtained by analysis of the fluorescence images of Venus expressing cells. In A, the
guantification was performed evaluating the fraction of cells expressing Venus signal,
determined as the ratio between the area of cells expressing Venus signal and the total area
covered by cells, while in B evaluating the mean grey value (MGV) of the image, thus
measuring the averaged fluorescence intensity. The control is represented by a cell culture
treated with control medium with no Wnt3a. * p<0.05. **p<0.001.

G.3.4 Differential activation of the canonicalp-catenin
pathway in response to a gradient of Wnt3

Cdls were successfully cultured inside the microbamtor for up to 3 days total (static ¢
perfused culture Figure 5 reports representative bright field and fluoreseentages (firs
and second row respectively) of cells cultureddaghe microbioreactor both in static (le
and perfused conditions (right). The reported statntrol experiment was perform

fillin g the microbioreactor with Wnt3a conditioned mediatthe dilution chosen for t
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perfused experiments. In the case of perfused mimreactors, the Wnt3a condition

medium was injcted from the right inlet po

Erig ht Fielel

Weeriug: sigyral

Figure 5. Differential activation of the canonical Wht3a/f-catenin pathway: perfused
experiments. Cells cultured inside the microbioreactor were exposed for 24 h to a microfluidic-
generated Wnt3a gradient. Upper part of panel shows bright field images (a-c), while the lower
one shows the fluorescent Venus signal (d-f). The control, performed statically operating a
microbioreactor filled with Wnt3a conditioned medium, results in a random activation of cells
(panels a and d); while cells cultured under a Wht3a gradient show a differential activation, in
accordance with the imposed concentration gradient. The vertical line in the images divides the
channel in two halves, helping the visualization approximately identifying the areas in which
the Wht3a ligand is present.

During perfusion, a Wnt3a concentration gradient s@sn established, thus exposing
cells adhering on the right side of the channd ttefined ligand concentration. The verti
line in the images divides the channel in two hs|véielping the visuization
approximately identifying the areas in which thet@#nligand is present. As can be noti
from the fluorescent images reported in the secomdof Figure 5, the Venus expressic
was detectable only on the cell population fractiiat was expod to the Wnt3:
conditioned media. Cells of the control experimestitswed a more uniform expression

the entire populatio
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The quantification of the obtained images was parénl as described above, on an ave

of 20 images per condition, and lecthe results reported Figure 6.

]

We st area %

Figure 6. Differential activation of the canonical Wht3a/f-catenin pathway: data evaluation for
perfused experiments. To more clearly highlight the cell population behaviour, the analysis was
performed dividing the culture channel in two halves; the inset in Panel B clarifies the
notations used. Quantification was performed on both halves evaluating the fraction of cells
expressing Venus signal, determined as the ratio between the area of cells expressing Venus
signal and the total area covered by cells. Panel A reports results of the perfused experiments,
where the culture channel could be divided in the above mentioned two areas: a, exposed to
Wnt3a conditioned medium and b, exposed to control medium (no Wnt3a). Panel B summarizes
the outcomes of the static experiments, performed evaluating the images of the entire channel
section (a+b). Results are reported for two sets of control experiments where cells were exposed
to a defined and uniform Wnt3a concentration or exposed to control medium with no Wnt3a.
**p<0.001.

PanelA shows the results of the perfused experimentsrderao more clearly highligt
the cell population behavior, the analysis wasqueréd dividing the culture channel in t
halves, as described above and clarified by therdignset. The microfluidi-generated
Wnt3a gradient dictated its presence in the righd sf the channel (b side), thus elicitin
proportionate response in the exposed cells ingeshiVenus signal; the left side of t
channel (a side) had no Wnt3a. The fraction ofsceMprissing Venus signal evaluated
the cell populations adhering on the right sidéhefchannel was 15 fold higher than tha
cells on the left side. ParB summarizes the outcomes of the static experimpaté&rmec
evaluating the images of the entchannel section (identified in the graph by theatioh
“(a+b)”). As described above, two sets of contrgperiments were performed and res
are reported for both groups: one where cells veaq@osed to control medium with |

Wnt3a and the other whe¢ cells were uniformly exposed to a defined and umfdVnt3a
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concentration. A 11 fold increase in the fractidna#F positive cells was encountered in

cells exposed to Wnt3a when compared with those mat\Wnt3a.

These results prove the effective and statisticsiliynificant differential activation of the

cell population fraction exposed to the microflgidjenerated Wnt3a gradient.

G.4 Conclusions and discussion

In this paper, a microfluidic microbioreactor calgalof generating well characterized
concentration gradients under low shear stressitomsl was designed, developed and
validated. The capability of effectively provingetspatio-temporal stability of the imposed
gradient is of paramount importance, and in therofigidic device presented in this work,
extremely predictable behaviors in accordance with results of the mathematical
modeling could be developed. In fact, confirmedoals experimental validation, the
mathematical modeling allowed to precisely prediet spatio-temporal evolution of the
shape of the concentration profiles as a functioth® microfluidic configuration, the flow
rate and the diffusion coefficient of the dissolwgxecies. In this sight, the natural tendency
of a concentration gradient to dissipate can beilyeatescribed; for instance, a
homogeneous gradient shape can be obtained alengrtpitudinal coordinate only if the
characteristic dissipation timey = w?/D; wherew is the cell culture channel width abd

is the diffusion coefficient) is comparable withetAuid culture-chamber permanence time
(tp =V /Q; whereV andQ are the volume and the flow rate within the cealture channel,

respectively) of the within the.

In addition, as reported in Figure 2, in the pragabsystem, an increase in flow rate resulted
in a more steep gradient. Consequently, it is ptsdd determine and properly tune the
shape of the concentration gradient by simply doljgshe applied flow rates according to

the species’ diffusion coefficients.

However, even if the microfluidic configuration pased here lowers the shear stresses
within the culture chamber of orders of magnitude compared with existing
devices,(Amarie et al. 2007, Jeon et al. 20003 itriportant to underline how we always
observed, both experimentally and via computati@ialulation, the presence of a small
velocity filed along the longitudinal coordinate tbfe culture channel. Being the velocity

gradients what determines the shear stresses, rbygerpdesign of the microfluidic
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configuration and the operational parameters néedisken into account in order to avoid

negative shear stress effect on cell culture.

The system allowed prolonged culture of cells hottler static and perfused conditions and
proved its efficacy in generating and maintainitegoke Wnt3a concentration gradients. In
addition, from the quantification of the static tnwkll experiments we could observe how
the Wnt reporter expression followed more of aghodd-like behavior rather than a graded

response.

This observation was confirmed in the the perfusggeriments, where Venus expression
levels at several points along the axial coordiodthe gradient were evaluated. The Venus
expression along the axial coordinate show a steppoid-like shape. This singular effect
could be explained as the synergic contributionshefthreshold-like response of Venus
expression to the Wnt3a stimulation and the sigrikelshape of the Wnt3a concentration

profiles within the culture channel.

These results, specifically applied to the extrgmelevant family of Wnt3a molecules, are
promising in sight of further applications aimed eaploring the role of concentration

gradients on cell populations.
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Abstract

Responding to the need of creating an accurate @ndrolled micro-environment
surrounding the cell while meeting the requiremefds biological processes or
pharmacological screening tests, we were aime@sgning and developing a microscaled
culture system suitable for analyzing the syneggfects of extracellular matrix proteins
and soluble environments on cell phenotype in athigughput fashion. We produced cell
arrays deposing micrometer-scale protein islandshpdrogels using a robotic DNA
microarrayer, constrained the culture media in abketlike volume and developed a
suitable perfusion system. The bubble-confined @etlays were used either with
conventional culture methods (batch operating syster with automated stable and
constant perfusion (steady-state operating systdathematical modeling assisted the
experimental design and assessed efficient masspoa and proper fluidodynamic
regimes. Cells cultured on arrayed islands (500pameter) maintained the correct
phenotype both after static and perfused conditiomisfirmed by immunostaining and gene
expression analyses through total RNA extractidre mathematical model, validated using
a particle tracking experiment, predicted the camistalue of velocities over the cell arrays
(less than 10% variation) ensuring the same massort regime. BrdU analysis on an
average of 96 cell spots for each experimental itiondshowed uniform expression inside
each cell island and low variability in the datadiage of 13%). Perfused arrays showed
30% higher doubling times when compared with statdtures. In addition, perfused
cultures showed a reduced variability in the caodldcdata, allowing to detect statistically

significant differences in cell behavior dependamgthe spotted ECM protein.
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H.1 Introduction

In the past few years, the need for more accuradeeevant biological data has led to the
development of new microscaled and high througlgehnologies. The important role and
advantages of adopting cell-based testing have ertemsively reported (Peterbauer et al.
2006) and its coupling to multi-parametric and nplétxed array technologies (Beske and
Goldbard 2002) have allowed an increase in theieffcy and outcome of cell behavior
evaluations (Chen et al. 1998, Nelson et al. 20y discovery processes (Bhadriraju and
Chen 2002) and gene expression analyses (King 20@¥, Lee et al. 2006). Moreover, the
scientific community acknowledges that the comm@airacellular means in natural tissues
are capable of providing biochemical, biomechanarad physiological stimuli to the cells
constituting the tissues themselves. It is thuprohary importance to accurately engineer
the characteristics of the microenvironment surdiog the culturesn vitro in order to
mimic the natural niche encountered by cefisvivo (Powell 2005). For this reason,
hydrogels have been widely used as supporting rakldor cell cultures (Burnham et al.
2006) and many other satellite applications suctirag delivery (Burdick et al. 2005) and
protein microarrays (Angenendt et al. 2003). Hyetsgcan be derived from photo-
polymerization of prepolymer solutions, are biocatifgle, chemically stable and extremely
hydrophilic while being relatively non-adhesive ends cells. In addition, the mechanical
properties of hydrogels have been recently higikdighdemonstrating how the substrate
stiffness can greatly influence and guide cell ifgchtion and differentiation (Discher et al.
2005, Engler et al. 2004, Georges and Janmey 2@d5)he same time,ot guide cell
adhesion and study positional-geometrical cues,yniterning techniqgues have been
proposed and widely reviewed over the last few yéBalconnet et al. 2006). Even thought
micro-contact printing is assuming a pivotal rdRuizab and Chen 2007), other automated
and operator-independent techniques such as ropatein printing (Revzin et al. 2004)
can be employed. The major advantages of this rdedh® versatility, extreme repeatability
and spatial resolutionAmong others, the work of Flaim et al. (Flaim et apo5),
contributedto sum up althe cited requirements and made use of a robadtid Bpotter to
match highthroughput and repeatability requiremeritsally, the additional application of
dynamic culture conditions can intervene in orderobtain better control over culture
conditions at the microscale level (Kim et al. 2D0he constant, steady state provision of
nutrients and the removal of wastes from cell cebueads to undeniable advantages and

adds other sources of versatility due to the mduuieof the operative parameters such as
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the composition of the culture media, the flow sadé@d, consequently, the flow and mass

transport regimes

The aim of this study was to design and developltue system allowing for an accurate
and automated spatio-temporal control of cultuneddoons. The system prerequisites are:
matching highthroughput requirements, interfacinghwexisting techniques including
microfabrication, sample handling and manipulatargl allowing for easy and effective
results reading and analysis. We organized our aétres in arrays of circular islands
inside a liquid bubble of culture media and desigaed developed a system ensuring
continuous perfusion of medium for such bubble-owd cell arrays. We optimized the
techniques and methodologies which involved mdtgrg@rotein deposition, standard and
dynamic culture so to obtain a reliable and rep®attool for further studies and future
applications. We assessed a highly selective agdimest cells onto polyacrylamide
hydrogels conditioned by reproducible depositionesfracellular matrix (ECM) protein
islands using a robotic DNA microarrayer and stddsuch cultures under perfused
conditions in a controlled flow regime not resultim high shear stress levels for the cell
arrays. We observed, by immunostaining and molecatalysis, the proliferation and
differentiation of cultured cells in response t@webed stimuli. This demonstrated that the
developed system is an effective solution in terofisfeasible control over culture

conditions, both concerning static and perfusetlioes.

H.2 Material and M ethods

H.2.1 Microarray support

The microarray substrate was a polyacrylamide hyelracovalently bound to a pre-
functionalized glass surface. Methacrylation ofsglaslides resulted in an extremely
hydrophobic surface. Slides were washed with ethand distilled water, dried in an oven
at 110°C and plasma treated (Plasma Cleaner PDCH#2ick Plasma) for 5 minutes at
50Pa. After that, approximately g0 of 3-(trimethoxysilyl)propyl methacrylate (Sigma-
Aldrich) was deposited and uniformly distributed@reach slide. All slides were stocked

for 1 hour, in order to complete the reaction, #reh dried at 100°C for 10 minutes.

Hydrogels were obtained from a prepolymer solutcamsisting of an acrylamide/bis-

acrylamide 29:1 40% (w/v) mixture (Sigma-Aldrichjuted in phosphate buffered saline



E. Cimetta et al. / Dynamic culture of bubble-coafl cell arrays 283

(PBS) to a final concentration of 10%, and the pimitiator Irgacure 2959 (Ciba Specialty
Chemicals), initially dissolved in methanol at 2@§mL, at a final concentration of
20mg/mL.

A thin hydrogel pad was created by dropping 20uLth&f prepolymer solution over the
functionalized glass surface and then floating atreated glass coverslip over it. The
crosslinking reaction occurred after exposure to lighit for 3 minutes. Irradiation was
provided by a high-pressure mercury vapor lamplifFhHPR 125W) emitting at 365nm
with an incident light intensity of 20mW/cm2. A setive polymerization of the
polyacrylamide solution was achieved by interposinghotomask between the light source
and the glass slide; this enabled us to obtairetbireular hydrogel films with a diameter of

16 mm for each slide.

After carefully removing the coverslip, the glaidess were washed with distilled water to
remove the un-polymerized solution and then soakedtra pure distilled water for 48h to
completely eliminate the un-reacted photoinitiadormonomeric units. Finally, hydrogels
were air-dried for 3h and exposed to UV light undesterile hood for 20 minutes to

complete the sterilization.

H.2.2 Hydrogel characterization: swelling experiments

Swelling tests were carried out using hydrogel damprepared by polymerizing 0.3mL or
1.0mL of polyacrylamide solution inside 18mm diaaretvells; following polymerization,
the hydrogel discs were pulled out of the wells anthediately weighed. Afterwards, the
samples were completely dehydrated by high vacuvsatrhent for 48h at room
temperature. The dry mass of the samples was detirhefore the rehydration procedure;
rehydration was carried out at 25°C with differenielling media: PBS, supplemented and
non-supplemented Dulbecco's Modified Eagle MediDiMEM), culture medium and ultra
pure distilled water. Samples with an initial voleirof 1.0mL were used to study the effect
of different swelling media whereas disks with iaditvolume of both 0.3mL and 1.0mL
were employed to characterize the swelling kindior each swelling experiment three
different samples were tested. All samples werewadtl to swell in the chosen media at
room temperature for 74 hours and were periodicalgighed. The percentage mass

swelling ratio of the gels was calculated as:
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=——=-[100 1
4=y (1)
whereWV, is the weight of the swollen sample a\{ is the weight of the dry sample.

H.2.3 Protein microarray construction

Laminin and fribronectin protein solutions (Signvegre resuspended in the spotting buffer
at the final concentration of 50ng/ul. The depositbuffer contained 1.5 w/w % glycerol
and 1X (PBS). We used the Microgrid Il (Biorobojiasontact microarrayer with the
TeleChem solid pins to construct the protein ariflye humidity and temperature in the
array chamber were maintained at 50-55% and 258@ertively, in order to avoid protein
solution evaporation and gelification. Pins wereaded between each different protein
deposition to avoid the stock solution contaminai@and to ensure specificity in protein

deposition.

H.2.4 Cdll culture

The murine skeletal muscle immortalized cell lif2d322 was obtained from the American
Type Culture Collection (ATCC). These cells werdtumed in DMEM (Sigma-Aldrich)
supplemented with 10% foetal bovine serum (FBS,cGilmvitrogen), 1% penicillin-
streptomycin and 1% L-glutamine (all from Invitreageon standard 100mm Petri dishes in
a 95% humidified and 5% CO2 atmosphere at 37°Qraaidtained at low confluence.

80%-confluent C2C12 plates were detached usingimpDTA (Sigma-Aldrich), pelleted
by centrifugation for 5 min at 200g and counted.e Ttlesired number of cells was
resuspended in 150 of supplemented DMEM culture medium and seedgubsiag the
suspension over each circular film. The cellulanasmtration of the suspension varied
depending on the desired degree of confluence@mibroarray spots. The combination of
the hydrophilicity of the hydrogel and the hydropluty of the glass surface allowed
confinement of the fluid over the polymeric filmrining three independent bubbles in each
slide. After 2 hours of incubation, unattachedselere removed through repeated washing
carried out by adding and immediately removing &ul5aliquot of DMEM. Cellular

microarrays were then maintained in a static ofused culture.
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H.2.5 Immunostaining analyses

C2C12-desmin

At the end of the culture, cellular microarrays bgdrogel films were fixed with
paraformaldehyde (PFA) 2% for 7min. After permeahtion with a 0.5% Triton X-100
solution (Sigma) for 8min, the samples were blocketh a 10% FBS/PBS solution for 45
minutes; all these steps were carried out at reamperature. Cells on hydrogel were then
treated with primary antibody to desmin, rabbityotdnal, (AbCam) diluted 1:100 in a 3%
BSA/PBS solution for 1 hour at 37°C, and then, withsecondary antibody Cy™3-
conjugated anti-rabbit 1IgG (Jackson) diluted 1:200a 3% PBS/BSA solution for 45
minutes at 37°C. A 10 minutes incubation at roomgerature with DAPI (Sigma-Aldrich)
solution diluted 1:1000 in PBS was used to detbetriuclei. At the end samples were

mounted with Elvanol® and analyzed with a fluoressemicroscope.

C2C12-BrduU

To evaluate the degree of proliferation after 2dremf culture, the bubble of medium was
changed with a solution of BrdU diluted 1:1000 iMBEM and the slides were incubated for
4 hours. At the end of this treatment, hydrogelsewmepeatedly washed with PBS and
cellular microarrays were fixed in situ with metbarfor 10 minutes at -20°C. After

rehydration with PBS for 3 minutes, DNA was denatlincubating samples in 1N HCI at
37°C for 1 hour; the acid was then neutralized raynersing slides in 0.1M borate buffer
(pH 8.5). The cells were washed again with PBSreedm overnight incubation a 4°C with
primary antibody to BrdU, mouse monoclonal, (Roct#&jted 1:50 in 0.1% BSA/PBS

solution. A secondary antibody FITC-conjugated -ambuse diluted 1:250 in a 3%
BSA/PBS solution was then added and incubated Sam#utes at 37°C. Cell nuclei were
stained for 10 minutes at room temperature withAd Dsolution (Sigma-Aldrich) diluted

1:1000 in PBS. At the end, samples were mountetl #wivanol® and analyzed with a

fluorescence microscope

Cdll array RNA extraction and amplification

Each of the three different bubble cell arrays frargingle slide, was used to extract total
RNA from cells cultured in proliferative medium fdr day and pooled to construct a
common reference RNA. On a second slide, the oéltke three arrays were cultured in

proliferative medium for 6h and in differentiatimeedium for 24h and 60h. Total RNA was
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extracted using the TRIzol (Invitrogen) method, specified by the manufacturer, and
purified with the Qiagen RNAeasy Columns (QiageRNA was quantized by the
NanoDrop ND-1000 spectrophotometer (Thermo Fishmerfiific) and its integrity was
evaluated with the Agilent 2100 Bioanalyzer . 40@ogd quality total RNA were used to
perform a linear amplification using the Eberwireagtion with the MessageAfibaRNA
amplification kit (Ambion) as specified by the méacturer. The procedure includes
reverse transcription with an oligo-dT primer begria T7 promotor using reverse
transcriptase to produce the first strand cDNAeAg&econd strand synthesis and clean-up,
the cDNA becomes a template for the in vitro traipsion technology to generate antisense
RNA (aRNA) copies of each mRNA molecule. Modifiedcteotides 5-(3-aminoallyl)-UTP
(aaUTP) were incorporated into the aRNA during thevitro transcription reaction.
Following purification of aRNA, incorporated aaUTRvas coupled to N-
hydroxysuccinimidyl ester-derivatized reactive dy&g3 or Cy5 (Amersham) to perform

microarray experiments.

Microarray and quantitative Real Time PCR analysis

aRNA derived from C2C12 cells grown in prolifer&imedium was used as a control
to detect differentially expressed genes in celiewg in differentiative medium by a
genome wide approach. Microarray hybridizationsenperformed using mouse Operon
V1.1 oligonucleotide microarray spotted on a MICRAX glass slide Superchip |
(PerkinElmer) at C.R.I.B.l. microarray facility agj the microcontact arrayer Microgrid Il

(Biorobotics).

The platform used for this publication has beerodépd in the NCBI Gene Expression
Omnibus (GEO, http://www.ncbi.nim.nih.gov/geo/) and accessible through GEO
Platform accession number GPL6747. Competitive idigations were protracted for 24
hours at 48°C in the specific buffer (25% formanyide the automatic ArrayBooster
(Advalytix) to obtain continuous mixing of the tatgsolution. We performed two replicates
for each experiment (the data discussed in thifiqatlon have been deposited in the NCBI
GEO and are accessible through GEO Series accessiotber GSE11191). After
hybridization, microarray slides were washed ondth X Sodium Chloride Sodium
Citrate (SSC) 1% Sodium dodecyl sulfate (SDS) fonid at room temperature (RT) and
with 0.1 X SSC 0.1% SDS for 4 min at RT: twice wiil2 X SSC for 3 min at RT and
finally once with 0.1 X SSC for 3 min at RT. Afteentrifugation dried slides were scanned
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using the ScanArray LITE laser scanner (PerkinEJnpeoducing two tiff format images
per microarray. Fluorescence derived from each spmd¢ quantized using ScanArray
Express 3.0 software (PerkinElmer) and normalizét the MIDAW tool (Romualdi et al.
2005). Data were normalized using total and lowessnalization methods (Quackenbush
2002) and filtered by considering the values of P&yt control spots in the microarray as
outlined in the Supplementary Information of the @EBeries. Differentially expressed
genes between proliferative and differentiative medwere identified by KMC (K-means
clustering) (Soukas et al. 2000) analysis implee@m the TIGR MEV suit (Saeed et al.
2003). Differentially expressed genes were groupaded on their functional category
using the Gene Ontology description (Ashburnerl.e2@00) implemented in the DAVID
database (Dennis et al. 2003) (Database for AnpataVisualization and Integrated

Discovery).

Differentially expressed genes were confirmed bydfCR experiments. 400ng of aRNA
were retro-transcribed in triplicate using PM ramdgrimers and the Superscript I
(Invitrogen) as specified by the manufacturer. Hybrid DNA/RNA was precipitated
using the ethanol and salt method and resuspemdeittaPURE™ distilled water DNase,
RNase free (Gibco) at a final concentration of 3dhgThe purified hybrid DNA/RNA was
used to determine different gene expressions fgetaenes involved in the discrimination
between proliferating and differentiated C2C12 <ellThe AACt relative SYBR green
method(Pfaffl 2001) was used to determine diffaediyt expressed genes with
glyceraldehyde-3-phosphate dehydrogenase (GAPDH)egéxence gene. Real Time
reaction was performed in triplicate for each gene& 1QuL reaction solution using the
DyNAmo™ HS SYBRJ Green gPCR kit (Finnzymes) in the 7500 Real tif@d&RBystem
(Applied Biosystem).

Dynamic apparatus

The dynamic culture system included the bioreacogas exchanger unit and a syringe
pump (PHD, Harvard Apparatus, Holliston, MA); cootiens were made with Tygon

tubings (0.8mm ID, 2.4mm OD, Cole Palmer, USA). Thereactor was composed of two
units: a support for the glass slide and a PDMSntde to isolate the culture system from
the external environment and to allow easy set uphe micro injection and suction

apparatus for each bubble. The support was a pblgnate (PC) plate (96x52x6 cm3) with
a rectangular hole fitting the glass slide with de=ded hydrogel circles. The chamber,
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designed to be perfectly assembled with the glappa@t and ensure conformal sealing,
was molded by pouring 40mL of poly(dimethylsiloxar(DMS) over a master. PDMS
was chosen for its oxygen permeability, thermabilitg and optical transparency, thus
allowing image acquisition of the culture. To indiwally connect every bubble with the
dynamic apparatus, we plugged microbore stainlesd subes (21 gauge, 20mm length)
into one end of the Tygon tubing, and verticallp\dr it into the PDMS creating the inlet
and outlet ports for each hydrogel disk. The distarof the tubes from the hydrogel surface
were 300um for the inlet and 400um for the ouflged so to maintain a 150ul hold up in
the bubble. The bioreactor and the gas exchangeware kept in the incubator at standard
conditions (37°C, 95% humidity, 5% CO2) while thgrisge pump was left at room

temperature.

The gas exchange unit was made using a tubularpomus permeable membrane
(platinum cured silicone tubing, Vetrotecnica, Raxoltaly); the surface area and the
corresponding length were dimensioned to ensure gde exchange needed for the
maintenance of the physiological oxygen and caioride concentrations and pH value

in the culture medium.

Fluid Dynamics modeling

The Navier-Stokes equations for incompressibledfipinumerically solved using the
finite elements method implemented in Comsol Mblggics (Burlington, MA), allowed an
estimation of the flow fields and shear stresses itifluence the cells. The 3D domain of
the bubble was schematized as a semi-ellipsoid twithcylindrical hollows corresponding
to the inlet and outlet tubes. A non-structured m&as then automatically generated with
tetrahedron finite elements. Then, to ensure indd@ecy of the solution from the spatial
discretization, a grid refinement was required rtbarin/out conduits where the maximum
turbulence was located. No-slip boundary conditiase used for the hydrogel surface
(bottom plane) and the walls of the tubing, slidayghmetry for the bubble surface, fixed
velocity for the inlet and finally zero pressure the outlet. The fluid properties’ viscosity

and density were taken from the literature (Cimettal. 2007).

In order to validate the results of the simulatiocemparisons between experimental and
calculated particle trajectories were carried ¢tdr these experiments, cells devitalized
with ethanol were used as tracer-particles andbibesactor was positioned under the

microscope to acquin@ continuumimages of the particles moving in a plane loc&@dm
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above the hydrogel surface. For fixed positionsirigted to the region where the cell ar
was confined, phase images of the focal plane @erpiirdd every 5 seconds for 1!
seconds. An image analysis program, custom dewelaming the MATLAB imaging
toolbox (The MathWorks, Natick, MA), was used tack the coordinates of all visit

particles for each frame and to reconstruct tmajettories

H.3 Results

H.3.1 Bubble confined cell array

The first steps towards the generation of the aslay involve the choice of the b

materials and the compilation of the optimal protegnvolved in the substrate fabricatic

W4
L1l E
7 o £ "

Figure 1. Development and characterization of the cell arsaypport. A standard microsco
slide was functionalized with a hydrophobic layémtethacrylate groups (A), a uniform lay
of polyacrylamidesased prepolymer solution was selectively polyraedripy UV eposure
through a photomask (B), resulting in three indefmt and highly hydrophilic hydrogel circl
(C). Panel D shows the dimensions and shape ohydeogel circles covered with 150uL
culture medium. Panel E: graph plotting the peregrt mass svlling ratio vs time; hydrogel
behaved similarly with the different swelling medied: PBSo), supplemented ( ) and r
supplemented DMEM ( ) a ultra pure distilled waters).
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Figure 1, panels A-C, illustrate the basic stepsliley to the formation of the microarray
support. A standard microscope slide was functieaedl with a hydrophobic layer of

methacrylate groups (A) and a uniform layer of palylamide-based prepolymer solution
was selectively polymerized by UV exposure throaghhotomask (B). The final result was
represented by three independent and highly hydrogitydrogel circles (C). The resulting

hydrophobic and hydrophilic characteristics of tilass slide and hydrogel, respectively,
allowed precise confinement of the bubble of celtaredium. The demonstration is given
by pictures in panel D, showing the dimension amgps of the hydrogel circles covered
with 150pL of culture medium. The results of theelimg experiments are reported in
panel E, with a graph plotting the percentage rea&dling ratio versus time, demonstrating
how the hydrogels behave consistently and not sigpwignificant differences with the

different swelling media used: PBS, supplementatireot supplemented DMEM and ultra
pure distilled water. The fact that swelling belvavis insensitive to the used media is
important as it establishes that during cultures tells will not be influenced by

unpredicted mechanical forces induced by gel dedtions. Moreover, the swelling media
tested represent all of the liquids that will beedisnith cells, from the culture-related
operations to the final immunostaining proceduFasally, a uniformity in gel behavior is

also shown for the phases following the ECM spgttfdata not shown), sustaining its
elasticity and stability which permitted ECM pattedeposition using a micro-contact

arrayer.

The technology employed proved its versatility asliowed the obtainment of various
geometries by simply changing the pins’ diameted/@nthe deposition scheme of the
robotic microarrayer. In particular, we patternagdtein arrays characterized by different
geometrical arrangements, different spacing betwesh single and arrays of spots and
different diameters of the individual spots themes! This flexibility allowed us to pattern

C2C12 cells in particular orientations favoringithHasion and myotube formation.

The patterns are presented in Figure 2, columnadAB as fluorescence images obtained
by spotting BSA-FITC conjugate protein.
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Figure 2. Spotting versatility and materials properties. ¢olumns A and B: fluorescence
images of multiple geometries obtained spotting -BEAC conjugate with a robotic DNA
microarrayer using pins of different diameter. Qolu C reports the corresponding pictures of
living cells selectively adhering to the proteinttpaned regions due to the hydrogels non-
fouling properties.

In Figure 2, column 3, we reported the correspamgiictures of living cells selectively

adhering to the protein patterned regions. Thegmigamide hydrogel was a non-fouling
material thus preventing cell adhesion to its sagfdor this reason, the cells adhered with
high selectivity only onto the ECM proteins spottaceas and their migration was

prevented, thus allowing a prolonged confinement.

The presented results derive from experiments padd using the following array
geometry: two separate 4 by 4 (3x3mm each, 1.5mawes)) arrays of individual spotted

islands with a 480um average diameter locatedeatehter of the circular hydrogel pad.
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Figure 3. Biological characterization. Upper panel: C2C12 ded on hydrogels patterned w
500um diameter protein islands (Fibronectin, 50ugimdemonstrating the selectivity
adhesion. Column A: bright field images; columnami C: immunofluorescence anals,
DAPI and Desmin respectively, on the same cultdeseonstrating the uniform distribution
cells within the spotted islands and the correctl amiform phenotypic expression. Lov
panel: genomic analyses. D: gene ontology categbam for up regulted genes in
differentiated cells. Significant p values are waled. E: u-regulated genes in C2C:
differentiated cells. x axis represent the genaxig the category. Genes falling in the catec
are represented by a green box while genes outkg category are represented with a ble
box. F: histograms represent log2 expression vadlative to control gene, obtained by ¢
PCR for the indicated factors. DM: differentiatiomedia, PM: proliferation media; SC: sta
culture, PC: perfused culturéJp-regulation for myosin light chain 2 (MYL2) and rit{TTN)
detected by microarray experiments was confirmedRi}-PCR. A lower upegulation of bott
genes during cell differentiation is detected in B@ the trend is maintained in accordar
with C2ClL2 differentiation even.
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The upper panel of figure 3 presents pictures dET2seeded on a hydrogel pad patterned
with 500um diameter protein islands (Fibronection@/pL), further demonstrating the
selectivity of adhesion resulting from the utilizadd optimized techniques. Column A
depicts bright field images while columns B andh@w the results of immunofluorescence
analyses, DAPI and Desmin respectively, performethe same cultures demonstrating the
uniform distribution of cells within the spottedlasds and the correct and uniform
phenotypic expression. In addition, we confirmeat thur system was compatible with the
extraction of integer total RNA from the culturedlls for further enzymatic processing,
fundamental to perform molecular studies. Usingwied-characterized C2C12 system, we
tested differentially expressed genes in cells gramvproliferative medium compared to
those grown in differentiative medium (Table 1 deppentary materials). As discussed in
previous works(Tomczak et al. 2004, Moran et aDZ)0Obased on standard cell culture,
differentiated C2C12 cells showed an up-regulafion specific genes involved in the
striated muscle contraction, its regulation and cteudevelopment (Figure 3D and Table 2
supplementary materials). We demonstrated, usirg sdme technique for the gene
expression analysis, that up-regulation for specrfuscle genes like myosin light chain 2
(MYL2), myosin heavy chain embryonic or perinat&leletal muscle or troponins, is
correctly maintained in the perfused cell arrayddabsystem (Figure 3E). This result
supports the ability of the system to allow cebthwgth and differentiation. Up regulation for
MYL2 and titin (TTN) genes was confirmed by quaatiite real time PCR both in perfused
and static cell array-bubble system and for the ¢wibure media used, proliferation and
differentiation, evidencing comparable effects othbcultured methods, with a lower up-
regulation in perfused cell culture (Figure 3F).sTkffect could be due to the clearance
ability of the liquid movement versus cells not getely attached to the substrate.
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H.3.2 Perfusion

The results of the fluidodynamic analyses are regan Figure ¢
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Figure 4. Fluidodynamicanalyses and validation. Upper panel (row A) shéiwesgeometry ¢
the bubble of culture medium and the correspondindeled images and mesh. Lower pane
report the results of a simulation performed usanguL/min flow rate, generating an unifo
velceity field, especially over the cell arrays posiigal at the center of the bubble. Turbule
is encountered only in the close proximity of theer and outer conduits. C: experiments v
particle tracers (dotted lines) are in accordancghwhe modeld trajectories (solid lines). Tt
experiments were performed following the movenanparticles in the areas represented b
and b in panel B.

In the upper panel, pictures show the geometrhefldubble of culture medium and -
corresponding modeledmages, demonstrating good congruence both in 2 &
dimensions. Inner and outer conduits are modeleylagdrical drilled holes with the san
spatial coordinates and dimensions of the stairdess tubings used for the experime
The mesh refinemertas proven to have little or no effect on the fin@sults of the
simulations (data not shown). In the lower parted, tesults (B) of a simulation perform
using a 5uL/min flow rate demonstrate the unifoynuf the velocity field over the enti

surface of the bubble and thus over the cell arraysitipaed at the center of the bubk
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Turbulence is encountered only in the close prayiraf the inner and outer conduits, |
has no effect on the cell arrays positioned indéeter of the bubble (arnd and inside
region 1 and 2 in Figure 4 B). In C, the studiedgyened using devitalized cells as parti
tracers (dotted lines) demonstrate accordance thghmodeled trajectories (solid line
The experiments were performed following the mowveisiedt particles in the arec
represented by a and b in pane

In Figure 5, further results derivirfrom the modeling are reported.

’ia B
A 37|
L1 .8. 00M-
— T
/// ‘\\\
z2 24 ™
// G. H. .l N — 00
s N E
s 5 —a
ay ) ©
sl p E - c 0.000-
\ / 8 -0.002-
&)
N // ~
~_A® | BO oc 004
. 21 73 3.7
\\\k///
zt 1
X

A B c D E F G H I
[n‘:?;ﬁlg* 172 | 247 | 172 | €32 | as0 | 23 175 | 221 166
Re x109¢ 821 109 6.88 291 155 266 679 123 B O7
5'[:,‘*:]’ :"i?j‘s 593 888 | 6.56 263 191 259 626 923 6.34

Figure 5. Modeling validation and measurements. In A: fillsguares identify the are:
covered by thecell arrays; open circles locate the inner and autenduits; vertical line:
labeled zi (i=1 to 5) represent the sections wée telocity profiles were calculated and fill
circles denoted with capital letters the chosenation points. Representiddimensions are in
millimeters. Panel B reports the resulting velogipfiles along xi. The lower table lists t
calculated values for velocity, Reynolds humber stmehr stress on the above mentioned g

The drawing in A identifies the areas covelby the 2 cell arrays (filled squares) ¢
reports the coordinates of the chosen points olysisa vertical lines labeled zi (i=1 to
for the identification of velocity profiles and |ed circles denoted with capital letters

point evaluations. Theesulting velocity profiles are reported in paneldé®d are clearl
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perfectly symmetric with respect to the inner anteo conduit axis. The lower table lists
calculated values for velocity, Reynolds number ahdar stress on the above mentic
points. The particular position chosen for the cowsitbn of cells array permits cells to
influenced by the same low shear stress evidemc#us table. This avoids eliciting differe

cell responses influenced by the position in tih@yaduring perfsed culture.

H.3.3 Biological data and their quality

The ability of the system to generate consistealogical data has also been verified
morphological evaluations and immunochemistry am ¢hltured cells, and quantificati

of the obtained outcomes.
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Figure 6. Biological data. Upper panel: immunofluorescencealgges on individual ce
islands forming the array, both after static (A1LL,EE1) and perfused culture (A2, B2, C2). |
nuclei are marked using DAPI, in B BrdU positivdls are stained in green; merged imag
are reported in column C. Graph D plots the fraatiof BrdU™ cells with respect to the tot
number of cells inside each island for each coadition fibronectin m) and laminin ¢) and
after static and perfused kture. Graph E plots cell counts results /Ng) in the sami
conditions. p values were evaluated performing AN@asts, (**: p<0.01; *: p<0.05)
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Upper panel of Figure 6 reports images derivingnfriadividual cell islands forming the
array, both after static (row 1) and perfused cal{wow 2). In the first column all nuclei are
marked using DAPI, while BrdU positive cells araised in green in the second column;
the third column reports the merged images. Datantfication deriving from the
fluorescence images allowed us to construct gr&@phad E in Figure 6. In D, the fraction
of BrdU" cells with respect to the total number of celkidie each island\f) was evaluated
and plotted for each condition: on fibronectin dachinin and after static and perfused
culture. There are two statistically significanffeliences: first, static culture results in a
higher fraction of BrdU cells and second, perfused culture allowed usipiuce a different
behavior on the two proteins used, which were na@wvidence in the static culture method.
The same trend is observed in E, with a graphip@pthe results of the cell couni&/No
(being Ny the number of adhering cells counted 2 hours afeding). The perfusion of
medium and hence the provision of nutrients andjemypermitted growth and maintenance
of the cell array in a more “tissue friendly” cotidin; though, cell growth is dependent on
medium flow rate as this influences mass transbear stress and hydrostatic pressure
which may have a negative impact on cell growtrdWBrcells and total number of cells
were counted for each spot forming the arrays (remdd counted spots >100) from

fluorescent images obtained with a double staifon@rdU and DAPI.

We used experimental data derived from the immuiodiscence analyses to perform an
empirical calculation of the doubling times andcfran of proliferating cells cultured both
in static and perfused conditions. The experimeimplit data were the number of cells
counted from the stained nuclei two hours aftedsge(No) and at the end of the culture
(Ny), after 24 hours, inside each individual spot fimgrthe array. We assumed a first-order

kinetics for the cells growth so that:
Nf/No:ekT (2)

Wheret= 24 hours and is the reaction constant expressed in (titnedits. From this
equation we calculated the value of the constdnt kach culture condition from averages
of the ratioN/N, measured from an elevated number of repeated amlists (<100). Such
values of the constant were used to calculate theblthg time t from the following

equation

=In2/k )
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An experimental value for was evaluated from the raiBrdU*/N; considering a 10 hot
time span obtained from the 4 hours of BrdU reagyerposition plus a 6 hc-long S phase
in the cell cycle. Experimental and calculated ealare in accordance, as demonstrate

the table in figure 6 for both static ¢ perfused conditions.
The results are summarized in the following te

Table 1.Experimental data. $perimental data of Brd" cells and cell counts are reported
left two columns while the calculated values ofdbeesponding doubling times are preser
in the ones on the right. All conditions were ea#dd: static and perfused culture and differ

spotted proteins. In pantheses, the % errors allows an easier evaluatioiie data qualit

Experimental data Calculated doubling times 7 [h]

BrdU* cells [%] | Cell count (N/N,) | From BrdU* data | From Ny/N, data

Fn 20.4+8.0 ¢10%) 3.941.7 (+43%) 124412 @31%) | 122438 10%)

Static
Ln 76.518.8 (:12%) 37412 (£31%) 131415 @24%) | 12.643.0 &E12%)

Fn | 504479 @16%) | 2.1404 (+18%) | 19.843.1 (124%) | 22.315.3 (16%)

Perfused
Ln 549492 (17%) 2.6:0.4 (£15%) 18.243.1 (+16%) 17.342 8 (*17%)

H.4 Discussion

In the present study, we produced a cell array awneln though many other examples €
in the literature, our work introduced the noveaifyconfining the cell arrainside a bubbl
of culture mediaRecent paper(Nelson et al. 2005, Peerani et al. 20@&)mnonstrated &
effect on cell proliferation and differentiationealto the size and dimensions of the s in
which the cells are confined to grow; with our teicjue we were able to obtain c
colonies in different shapes and sizes with vditsatind repeatability without noticeab
affecting their behavior, as demonstrated by treilte of the prolifetion and marke

expression analyses.
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In addition, basing the design of our dynamic systean a previous work (Figallo et al.
2007), we achieved a perfusion system for the lmibbhfined cell array using reliable and

validated materials and techniques, allowing facjse control of culture conditions.

We then validated our system by performing mathealamodeling of the flow profiles,
shear stress levels and mass transport on the dntbvble-volume and the surface of the
whole cell array, demonstrating how the conditievere successfully uniform over the

entire area covered by the cultured cells andemilting in harmful shear stresses.

Our system was finally tested using a murine musd# line, C2C12, verifying its
efficiency in maintaining proper culture conditiosusd allowing for a precise and effective
spatial and temporal control over our arrayed cafuDuring our experiments, these cells
maintained the ability to express molecular marlarshe differentiated status; this is a
complex and important response due to the provisbrdifferentiative factors. The
possibility of performing a temporal and quantitatimodulation of the perfusion allowed

us to control this important process.

Working with a bubble allowed us to use small vobsnof medium as low as 150uL, but
with a working surface of 2cinSoluble factors and metabolites are paramoushguring
proper culture conditions; with our system we weigde to couple the presence of
endogenous factors in small volumes, as happers/o, with the advantages of working
with relatively big surface areas. Small volumesaddition, mean reducing the amounts of
costly materials used while big surfaces allow easyess to the cultures facilitating both
manual and automated interventions. An observagomerges when comparing our
characteristic dimensions with those of traditiomailtiwell culture plates: similar volumes
at play mean choosing 384 well plates, resulting l136 crhworking area, with evident
consequences. On the contrary, 96 well plates erssgimilar working area but result in a
two-fold increase in liquid volumes. Moreover, werified that we can extract and purify
integer total RNA from the cultured cell array emding that the presence of the hydrogel
did not alter the stability of the nucleic acid athe possibility of performing enzymatic

reactions to detect specific molecular responses.

Our system allowed for an individual evaluationtioé effects due to the different ECM
proteins tested, specifically fibronectin and lamifhe arraying comprised the creation of
distinct and recognizable areas spotted with the pvoteins and the subsequent analyses

techniques allowed us to separately evaluate theifspresponses. Arrayed cells cultured
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under perfused conditions had a mean replicatioe tf 19.4+2.2 h (Figure 5) while those
kept in static culture duplicated every 12.6+0.4£dnsistent with standard culture in Petri
dishes (data not shown). This could be due to 1d\@r-estimation of the calculatedy N
value, considering that during perfusion cells tivate poorly attached to the surface were
washed out and 2) to a different behavior of tHis oe a perfused condition with respect to
a static condition. For example, one could imadimat cells exposed to a flow regime
would need longer times to adapt to the new camhti The main causes can be attributable
to possible dilutions of endogenous factors anénat extremely low, shear effects. The
intrinsic advantages of a dynamic culture systdraugh, overcome such limitations. First
of all, perfusion allows for constant delivery ofitnents and removal of wastes to the
cultured cells; in addition such systems offer ueig@dvantages in terms of the possibility
of exerting interventions such as medium changedrogs additions in a repeatable and
controllable manner. Moreover, microscaled perfusgstems add the advantage of using
small volumes of medium and reagents which results cost-effective, more controllable

and versatile process.

Concerning the error calculations, it is worth uideng how the sources of errors can be
multiple: defects on the staining procedures, @ekperiment itself and on the evaluation
of the results. While a BrdU staining capturesraage representing a particular moment of
the experiment, cell counting covers a much longere-span, thus resulting in un-
avoidable higher experimental errors. In additidogth adopted procedures for the
calculation of the doubling times)(lead to the same values and allowed us to obdewe
the results deriving from perfused cultures werlecdéd by smaller errors. Perfusion
resulted in statistically significant differences ferms of both BrdU cells @rdU’/N;,
p<0.05) and cell countdN{No, p<0.01) with respect to the two proteins used Wexre not
detectable after static culture. One possible edgtlan derives from the observation that
perfusion increases the importance of cell adhesiothe substrate, thus more clearly
electing the best adhesion protein for the cultwelts. The significance of this finding is
greater with regards to ti/Ny data; this can be explained by considering howdhalues
derive from longer-time span observations, thusilteg in more dramatic effects if

compared with the instant by instant outcomesBifdlJ analysis.
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H.5 Conclusion

The advantages of having a bubble-confined cedlyaarise from the needs of dealing with
small volumes of media and reagents, easy handtaqgd access to the cultures, and
matching with standard culture procedures and podo In addition, we emphasized a
perfect matching with all of the standard produttiechnologies and techniques, such as
from the use of a robotic spotter and standard os@opes. The specifically engineered
substrate for culturing the cell array was perfectbmpatible with immunostaining and
RNA extraction permitting morphological and moleuhnalyses. This aspect is extremely
important for understanding the response to extestimuli like drug subministration,
which cannot easily be detectable by the microscapservation alone. Importantly, we
were able to culture cells in a more “tissue-frighdnicroenvironment mimicked through a
constant perfusion of the culture medium. The nratteal modeling assisted the
experimental phases, which demonstrated the maintenof the correct operative values in

the cell array region.

Our technology allowed us to gain increased infarmmadensity, resulting in a savings of
time and reagents. In addition, the multiple daitaigocoming from individual batches
possess inherent consistency and higher qualitythi¥e provided a tool to match existing
cell array technologies with the advantage of sp@mporal controlling the soluble micro-

environment for high-throughput biological studeesdrug screening tests.
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“Opened up to this vast and most excellent scieocethich my work is mere the
beginning, ways and means by which other minds mcwge than mine will explore in

remotest corners”.

These are the words of Italian astronomer and pisysbalileo Galilei, who was sentenced
to indefinite prison in San Macuto Palace, on wisith the Group of Italian Researchers on
Embryonic Stem Cells (IES Group) organized its Retional Congress on “Research on
Embryonic Stem Cells” (1 July 2008). These sci¢ntstrongly believe in the potential of
human embryonic stem cells (hESCs), which are dyréf@e main focus of their research. A
parallel thus emerges, as innovative and revolatipiscientific issues are discussed once

again in this place.

In the magnificent structure of the Refectory Rooithe Chamber of Deputies, IES

scientists presented their research and discusisedleaspects of its implications.

The main aim of the Congress was to highlight teednfor an immediate and tangible
opening to research on hESC in ltaly. In fact, ewdile it is legally allowed to work on

established hESC lines, it is prohibited to demesv lines from embryos; and even more
limiting is the lack of funding from the Governme@onsequently, a first and most crucial
step is to improve the dialogue between sciencebartid society and politics, in order to

make known the potential, in terms of therapeuticames, of hLESC research.

Opening speakers of the congress were Elena Cajtpiumeer of hESC research in lItaly,
and Andrew Smith, project manager from ESTOOLS t&a0’s speech highlighted the
main aims of the meeting, to identify the role loé tES group and to inform the audience
on the research carried by its members. Since 20@2,interest of the international
scientific community in hESCs has strongly increashown by the augmented financial
investment and by the number of participants atifipeconferences. In this scenario, IES
scientists must create a solid network in orderatditate financial and practical aspects of
their research (training of personnel, developneémpirotocols, reporting of results, etc) and
to sensitize the public towards the relevant etraspects of their research. In underlining
the tremendous potential of hESCs as tools forystgdhuman physiology, disease and
new therapies development, she stated that IE&ndsss do not exclusively work on
embryonic but also believe in the potential of adtém cells. Prof. Cattaneo focused the
attention on the nr.1 scientific discovery of 20(&tcording to The Times): induced

pluripotent stem cells (iPS, Takahashi et al., C007), now receiving much interest by
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some ltalian laboratories. This discovery, overeanthe ethical issues involving the use of

embryos, would have never been possible withoutgaliag research on hESCs.

Last but not least she expounded the chronic pmolEfund-raising in Italy and Europe,

and of the long and laboriotuter leading to a project approval by the EU.

Taking a look outside academia, Andrew Smith dbscrihow the ESTOOLS consortium
endorses lab research but at the same time trieake it accessible to the public. Rescaled
on an European level, with their 21 labs in 10 ¢oas, the main targets of ESTOOLS
resemble those listed by Cattaneo with regard & IB particular, ESTOOLS focuses on
four different areas of activity: research and texdbgy development (integration of
funding and projects), dissemination of results kv, international public symposia),
training (fellowships, lab staff exchanges, videbsab techniques, and media training) and
outreach (newsletters, trans-Europe telescope,c ettorkshops). Most importantly,
ESTOOLS promotes the development of integratedeptsjinvolving both academics and
industrial partners: successful scientists shdold possess the skills of a good researcher

and a good manager, be able to communicate withuhkc, be open minded and flexible.

After the welcome note of Carlo Flamigni, chairmainthe session, Marisa Jaconi and
Tiziano Barberi, top Italian scientists working lWESC outside Italy presented the results of
their research on cardiac and skeletal muscleeotisply. Jaconi (University of Geneve,
Switzerland), in particular, is working to develapimal free protocols and GMP-grade cell
lines and to understand and control hES differéntiaprocess for possible clinical
applications. She also pointed put the pros and 0biPS: no embryos are involved and no
immune response is elicited but, on the contrarngtrang teratogenic effect would be
possible due to their derivation through viral ctfen. Barberi (Beckman Research Institute
of the City of Hope, Duarte, California) works oresedermal progenitors isolation from
pluripotent stem cells; he reported his latest@stnents that follow his previous results on
skeletal muscle (Barberi et al., Nature Medicin@)?. The major efforts of his lab are
directed on the development of more solid and mycible protocols in order to take a step

further towards clinical applications in general.
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|.1 Research activities inside the IES

Research on hESC is applied in three differenttoas: studying embryonic development,
controlling the differentiation in specific lineageand clinical applications (e.g. drug
screening and therapy development). All these resethemes are equally important and
tightly related, each of them needing the knowledgeved from the others to proceed; the

IES group has competencies to cover them all.

.1.1 IES new members

During the last year, four more research labs @&wee, Bianco, Gambari, Mantovani)
joined the IES ranks and thus had the chance septeheir projects to the audience and to

the other members.

Nicola Elvassore, Chemical Engineer from Padovavéisity, supported the idea of
coupling engineering and biotechnology skills tealep technologies serving biology. His
laboratory already established hESC culture, anduisently developing devices (e.g.
substrates, micro and macro-scaled bioreactors,for.) the control of the culture

microenvironment and thus of the cellular differation process.

Bianco and Gambari’s labs are studying two speg#@oetic diseases: McCune-Albright
syndrome an@-Thalassemia respectively. In particular, Riminy@&ianco’s lab) explained
that such syndrome is caused by a mutation ocguinnembryonic cells and Gambari
underlined the importance of studying the activatiof fetal y-globin in thalassemic
patients. For these reasons, they now both ainsiaghESC for developing therapeutic

strategies as they represent the closest in vitnaeim model.

Mantovani, studying the transcription factors regiulg stemness, recognizes how this

research would greatly benefit from the use of hESC

1.1.2 IES senior members

Cardiac differentiation is the leading theme fage@rch by Condorelli and Cerbai. The first
aims at reproducing the protocols for cardiomyaosyterivation from hESCs developed by
Keller (Yang et al. Nature, 2008) and showed irgere adopting iPS cells cultures. The
second is studying cardiac functionality and phiggjg in diseased heain vitro, in vivo

andin silico, using hESC as a cellular model.
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The teams led by Brevini and Oliviero focus on deg new cell lines not originating from

human embryos and thus overcoming the possibleattisisues. Brevini's group works on
human parthenogenetic stem cell, which possesx #ile main features of hESC but their
potential for clinical application has yet to bestegl. Riding the clamor of iPS cells,
Oliviero succeeded in inducing iPS and obtainiri@@-fold increased yield by adding myc

transcription factor to the original Yamanaka redfpakahashi et al., Cell, 2007).

Another important application of hESC is gene thgrahe Sangiuolo group works on this
application with regards to spinal muscular atrophg cystic fibrosis.

Elena Cattaneo and her prominent team working amahaifferentiation have derived a
population of neural crest precursors from hESCamedcurrently testing its differentiation

potential, in vitro and in vivo, with a view to Ble clinical application.

Italian scientists here gathered, unequivocally aestrated how their research hold an
enormous social relevance and all expressed hopieeifuture possibilities deriving from
their integration within the IES and in the commefiorts in remodeling the Italian

scenario.

|.2Round table discussion: financing research on hESC

Why use embryos and why finance hESC-based resedtutse two major issues emerged

during the meeting and the final discussion.

In the near future there may no longer be the rieedo discuss the rightness of using
embryos for progressing science and research, Sard followed by Corbellini who
underlined that it would be desirable that prejagishould not hinder successful research.

In addition, besides the lack of funding for reséan general and on hESCs in particular, it
is clear that Italy needs deeply to reform its ficiag mechanisms. Even Senator Ignazio
Marino, Deputy at the Italian Parliament and indifgarticipant to the meeting, expressed
his opinion firmly in these terms. It is unfortuaBt clear that government does not
recognize science as crucial for the future ofabentry’s economy. Mindful of his past

experience as a scientist in the US, Senator Maiffioned how Italy should not pose any
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ideological barrier to scientific research and, mogortant, should adopt absolutely new

project-evaluation criteria.

To date, only 10% of the research investments Hoeaded through peer review; the

remaining 90% through unclear top-down methodsefdrm of the entire system must thus
be done, basing the entire distribution of fundamgthe mechanism of peer review in order
to enhance meritocracy and transparency in thetsateof projects.

Barberi, active patrticipant in the discussion, lijnatated that there’s no need for further
speculation on the validity of peer review as itsinbe the sole and only method for a

meritocratic evaluation of research projects.

With a favourable legislative and financial envinment supporting all areas of human
embryonic stem cell research, the future promisgese very exciting for scientists

interested in this field, and crucial for progrésslinical applications.
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