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ABSTRACT

Stem cells are undifferentiated cells that have the capability to differ-
entiate into specialized cells and to subdivide indefinitely to produce
more stem cells. Studies on human stem cells represent a powerful
method to analyze biological and physiological processes specific of
human cells, as well as for tissue engineering, regenerative medicine
and cell therapies. When these studies are performed in vitro it is im-
portant to take in account that cellular processes such as adhesion,
migration, growth, secretion, and gene expression are triggered, con-
trolled, or influenced by the biomolecular three-dimensional organi-
zation of cell-surface contact. This organization cannot be straight-
forwardly reproduced in the laboratory; however modern methods
in microtechnology enable researchers to generate complex environ-
ments at a biologically appropriate resolution.

In this work we employ microfabricated and photopatterned poly-
meric substrates to reproduce a 3D environment morphologically and
chemically tuned to induce specific cell responses (from cell adhesion
to cell shape) and to detect specific biological parameters relevant for
human stem cells both at the pluripotent and at the differentiated
stage.

In particular, at the pluripotent stage, we focus our attention on the
response of the cell nucleus to specific microenvironments of the
cells, as nuclear shape and structure are recognized to be deeply
related with cell function during developmental, physiological and
pathological changes which occur during the life time of the cells.
The aim of our investigations is to understand if nuclear morpho-
logical reorganization caused by the microenvironment of the cell
could affect the further behavior of the cells, especially the gene
expression. We employ micropillared substrates where the pillar to
pillar distance is smaller than the cell size and in some cases even
smaller than the cell nuleus to compare nuclear behavior of human
pluripotent stem cells (hPSCs) and differentiated cells, especially to
elucidate to what extent the microenvironment influences the shape
of the nucleus. Nuclear deformability is quantified by analyzing the
shape of fluorescent labeled nuclei on images acquired by fluorescent
or confocal microscopy. It is observed that the cell geometry of hu-
man pluripotent stem cells seeded on microstructured substrates is
strongly altered by through contact with the microstructured sub-
strates. This includes even a strong deformation of the nucleus that
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penetrates among the microstructures. In contrast to this, differenti-
ated cells show much less deformable nuclei. To obtain information
on a possible relationship between nuclear shape and cell function,
we observe the nuclear shape and quantify nuclear deformability at
the pluripotent stage and along the process of differentiation. In ad-
dition, we compare nuclear behavior and gene expression between
cells seeded and differentiated on flat and on microstructured sub-
strates. Our results show that pluripotency of hPSCs is maintained
regardless whether the cells are seeded on flat or microstructured
substrates. In contrast to this, gene expression analysis of endoderm,
mesoderm and ectoderm germ layers, reveal that the morphological
reorgaization of the nuclei, which is observed for cells seeded on mi-
crostructured substrates, can hinder the process of endoderm specifi-
cation. Ectoderm and mesoderm early germ layer committment take
place despite the highly deformed shape of the nuclei seeded on mi-
crostructured substrates, however ectoderm specification takes place
along with a process of nuclear stiffening. Along ectoderm committ-
ment, cell nuclei raise up from micropillar interspaces and assume
a round shape on top of the pillared surfaces. Such nuclear stiffen-
ing must be related to a structural and functional reorganization of
cytoskeletal and nuclear envelope proteins. The use of a simple sub-
strate fabrication approach combined with image analysis, allows to
quantify variation in nuclear shape of hPSCs in a straightforward
way. Thus, such approach can be combined in the future with a wider
parallel analysis of protein expression to associate nuclear shape vari-
ation to specific changes in gene expression.

The developed platform consisting of microfabrication and image
analysis is also used to study a second system. We realize here a plat-
form that allows the quantification of physiological parameters of
cells derived by differentiation of hPSCs, to evaluate the functional
maturation of the investigated cells. In particular, we focus our atten-
tion on cardiomyocytes derived from hPSCs. These cells are of special
interest since heart diseases are the leading cause of mortality in the
Western Countries. In the last decades much effort was put in the
research for new approaches in treatment of infarcted hearts as well
as congenital heart diseases, spanning from pharmacological to cell
therapies. Both need reliable representative study models at the cel-
lular level, as close as possible to the human physiology.

To reach this goal we realize an in vitro set up that allows the simul-
taneous recording and analysis of calcium dynamics and contraction
force of cardiomyocytes which have been directly derived from hu-
man pluripotent stem cells (hPSC-CMs). To tune cell response after
seeding, we fabricate our substrates so that cell adhesion can be lo-
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cally controlled. To this, we combine a cell-adhesive photopolymer-
izable elastomeric polymer, for the generation of a micropillared sub-
strate obtained by replica molding, with a cell-repellent material. The
cell-adhesive photoreactive polymer is a copolymer of n-butylacrylate
and methacryloyl-4-oxy-benzophenone, P(nBA-co-%MABP). The cell-
repellent polymer is polyacrylamide (PAA). To guide cell adhesion
and shape, the cell-repellent PAA is attached and crosslinked to the
rubber surface by UV light exposure through photolithography. The
thus obtained substrate consists of elastomeric micropillars with cell
attractive pillar heads onto which hPSC-CMs selectively grew and
aligned assuming an elongated shape. Calcium dynamics is acquired
through confocal analysis, where the transient of calcium is detected
by intensity changes of the fluorescent probe Fluo-4, which serves as
a calcium indicator. Micropillar deflection caused by cellular contrac-
tion and relaxation is quantified by analysis of confocal images. The
deflection data are converted into (contraction) force values by using
a finite element model. We apply the developed platform to compare
calcium transient and contraction force of hPSC-CMs after 1 week
and 5 weeks from seeding to study whether or not functional matura-
tion of the cells occurrs in this time gap. This would be a crucial factor
for their employment in drug testing and in the early pharmacologi-
cal development pipeline. We report that hPSC-CMs cultured on our
morpologically and chemically tuned substrates enhanced their func-
tional properties from week 1 to week 5 of culture. In particular, the
duration of the calcium transients was found to decrease, while the
contraction force was found to increase on cells that were kept in cul-
ture for 5 weeks on microstructured and photopatterned substrates.
The use of microtechnology techniques to provide controlled microen
vironments combined with stem cells, such as hPSCs and hPSC-CMs
goes into the direction to realize in vitro biological assays of cells that
are sensitive to the mechanical stimuli from the environment. The
generation of soft, deformable matrices with local control of the sur-
face chemistry mimics more closely the behavior of regular cells un-
der physiological conditions. As the cells used in a 3D-microenviron-
ment study are actually human cells, it could be possible to limit er-
rors caused by the difference between human and animal physiology.
The described approach can reduce the need of more expensive and
often not satisfactory in vivo studies, i.e. animal testing, where ethical
aspects are under strong debate. Such replacement of animal testing
could be used for drug screening and for fundamental studies of the
mechanisms triggered in cells in response to topographical, chemical
or mechanical modifications of the cell microenvironment.






RIASSUNTO

Le cellule staminali sono cellule non specializzate che hanno la ca-
pacita di differenziare dando origine a diversi tipi di linee cellulari
presenti nel corpo umano. L’impiego di cellule staminali permette di
effettuare studi biologici, fisiologici, di ingegneria tissutale e di medic-
ina rigenerativa su cellule umane derivate dalle staminali stesse. Tali
studi sono spesso svolti in vitro. Quando si realizzano test in vitro
¢ di fondamentale importanza tenere conto che i fenomeni di ade-
sione, migrazione, crescita ed espressione genica a livello cellulare
sono controllati o influenzati anche dalla tipologia di interazione che
intercorre tra cellula e ambiente circostante. L’ambiente cellulare non
puo essere riprodotto totalmente in laboratorio, tuttavia la microtec-
nologia permette di progettare e realizzare ambienti di coltura cellu-
lare complessi.

In questo lavoro vengono utilizzati substrati polimerici microstrut-
turati e fotopolimerizzati per realizzare un ambiente cellulare tridi-
mensionale progettato dal punto di vista morfologico e chimico. La
combinazione dell’aspetto morfologico e chimico inducono partico-
lari risposte cellulari e permettono di individuare e analizzare deter-
minati comportamenti cellulari in cellule staminali sia pluripotenti
che differenziate.

In particolare, tali substrati vengono impiegati per studiare la de-
formabilita del nucleo delle cellule sotto esame, dato il fondamentale
ruolo del nucleo nel determinare la funzione, lo sviluppo e i possibili
aspetti patologici a livello cellulare.

L’obiettivo del nostro studio sui nuclei é quello di determinare se
variazioni della morfologia del nucleo (indotte dalla specifica strut-
tura tridimensionale dei substrati utilizzati per svolgere gli esperi-
menti) in cellule staminali pluripotenti umane (hPSCs), possano in-
fluenzare il normale comportamento e sviluppo cellulare. Per indurre
variazioni morfologiche a livello nucleare si utilizzano substrati carat-
terizzati da micropillars aventi una distanza da pillar a pillar infe-
riore alla dimensione media dei nuclei. La deformabilita nucleare é
quantificata a partire da immagini acquiaiti al microscopio confo-
cale tramite utilizzo di semplici algoritmi che analizzano la forma
dei nuclei. La nostra analisi mostra come la morfologia dei nuclei
di hPSCs sia notevolmente alterata rispetto alla fisiologica forma ro-
tondeggiante quando tali cellule vengono coltivate su sibstrati mi-
crostrutturati. Al contrario le cellule differenziate mostrano una de-
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formabilitd molto piti bassa. Per ottenere informazioni relative ad
una possibile relazione tra morfologia nucleare e funzione cellulare,
la deformabilita cellulare é stata quantificata nei diversi stadi di dif-
ferenziamento. Inoltre, la morfologia cellulare e I’espressione di al-
cuni geni viene confrontata tra cellule differenziate su substrati mi-
crostrutturati e tra cellule differenziate su substrati piatti. I nostri
dati mostrano che la pluripotenza cellulare A§ mantenuta quando
le cellule vengono coltivate su substrati microstrutturati cosi come
quando vengono coltivate su substrati piatti. Al contrario, I’analisi
dell’espressione genica realizzata su cellule dove é stato indotto il
processo di sviluppo dei foglietti germinali (endoderma, ectoderma e
mesoderma), rivela che la riorganizzazione morfologica dei nuceli os-
servata nel caso di cellule coltivate su substrati microstrutturati, pud
ostacolare un normale processo di induzione del foglietto germinale
endoderma. In particolare il normale sviluppo in endoderma sembra
essere ostacolato dalla deformazione dei nuclei. Il processo di special-
izzazione cellulare in ectoderma e mesoderma avviene invece anche
nel caso di cellule seminate su substrati microstrutturati dove i nu-
clei assumono forti deformazioni morfologiche. Tuttavia il processo
di differenziamento in ectoderma avviene in concomitanza con un
processo di irrigidimento del nucleo che assume forme tondeggianti
e non ¢é piu in grado di adattarsi alla geometria del substrato. Questo
irrigidimento del nucleo deve essere correlato ad un processo di ri-
organizzazione strutturale e funzionale a livello della membrana cel-
lulare e del citoscheletro. Il nostro studio mostra come combinando
'utilizzo di substrati microstrutturati ad un semplice processo di anal-
isi delle immagini dei nuclei acquisite al confocale, si possono mon-
itorare e quantificare facilmente e in maniera affidabile variazioni
della deformabilitA nucleare. Questo approcio, se combinato ad una
pit ampia analisi dell’espressione genica a livello cellulare, potra per-
mettere di correlare variazioni della morfologia nucleare a variazioni
funzionali e di espressione genica a livello cellulare.

La combinazione di substrati microstrutturati con I’analisi di immag-
ini acquisite al confocale é stata utilizzata anche per un secondo obi-
ettivo. Abbiamo realizzzato una piattaforma in grado di quantificare
importanti parametri fisiologici di cardiomiociti derivati dal differen-
ziamento di cellule staminali pluripotenti umane (hPSC-CMs). Tale
piattaforma ¢é in grado di ottenere in maniera simultanea la dinamica
del calcio e la forza di contrazione dei cardiomiociti. I cardiomiociti,
grazie alla specifica chimica della superficie del substrato, assumono
una forma allungata, simile a quella fisiologica, una volta seminati.
Il substrato é stato realizzato in un elastomero fotopolimerizzabile,
che promuove I'adesione cellulare. Tale polimero é costituito da n-
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butilacrilato e da metacriloil-4-oxi-benzofenone P(n-BA-co-I nostri
dati mostrano che quando gli hPS-CMs vengono mantenuti in coltura
sui nostri substrati per 5 settimane la durata del transiente del calcio
diminuisce mentre la forza di contrazione aumenta rispetto alle stesse
cellule mantenute in coltura per 1 settimana. Tali dati suggeriscono
che la combinazione di diversi fattori quali la morfologia della cellula,
il tempo di coltura e lo stimolo meccanico dato dai micropillar elastici
inducono un processo di maturazione funzionale a livello cellulare.
L’impiego della microtecnologia per realizzare un ambiente cellulare
textitad hoc combinato con I'impiego di cellule staminali va nella di-
rezione di realizzare test in vitro sempre pit complessi e che possano
dare informazioni sempre piu specifiche e affidabili. Tale approccio
pud permettere la riduzione di test in vivo che sono molto pia costosi,
eticamente problematici e basati sul modello animale, che spesso pre-
senta sostanziali differenze rispetto a quello umano.
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INTRODUCTION

1.1 MECHANISMS OF CELL MECHANOSENSING

Cells perceive their microenvironment not only through signals act-
ing up them from molecules present in their environment but also
through physical and mechanical cues, such as the extracellular ma-
trix (ECM) stiffness or local changes in the surface chemistry which
lead to local variations in cell adhesion. Cells translate these stim-
uli through mechanotransduction systems into biochemical signals,
which then control multiple aspects of cell behavior, including growth,
differentiation and proliferation, but can also lead to cancer progres-
sion [1]. Numerous molecules and subcellular structures have been
shown to mediate force sensation and mechanochemical conversion
at the micro- and nano- meter scale, such as stretch-activated ion
channels, integrins, cadherins, growth factor receptors, myosin mo-
tors, cytoskeletal filaments, nuclei, extracellular matrix (Figure 1) [2].
In particular, cell membrane molecules and cytoskeleton proteins play
a major role in the process of interactions between cells and material
surfaces.

111 Cell structures involved in mechanosensing

1.1.1.1  Adhesion molecules in the cell membrane

Cell-substrate adhesion and mutual interaction between cells is based
on on certain transmembrane glykoproteins, namely cadherins, cell
adhesion molecules (CAM), selectins and - as the most important
class of adhesion molecules - integrins. Integrins are trans-membrane
receptors consisting of non-covalently associated « and 3 subunits,
that bind to specific amino acids sequences present in the ECM, such
as the arginine-glycine-aspartic acid (RGD) recognition motif. Cell
surfaces contain several different types of integrins, which vary in
their protein sequence, but all allow to bind to collagen, fibronectin,
laminin and other similar proteins present in the ECM. Integrins inter-
act with the ECM through their extra-cellular domains and with com-
ponents of cytoskeleton and also with signaling molecules through
their intra-cellular domains, acting as an link between the intra- and
extra-cellular components [3].
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Figure 1: Mechanotransduction systems. Many molecules, cellular compo-
nents, and extracellular structures have been shown to contribute
to mechanochemical transduction. These transduction elements in-
clude ECM, cell-ECM, and cell-cell adhesions, membrane compo-
nents, specialized surface processes, cytoskeletal filaments, and nu-
clear structures. (Adopted from Ingber, 2006 [2] with permission).

Cell-cell adhesions is also based on cadherins (calcium dependent ad-
hesion proteins), which depend on the presense of calcium to form
cell-cell junctions. Cadherins are, like the intergrins, transmembrane
glycoproteins acting with intra-cellular partners: catenins. Catenins,
which directly interact with intra-cellular proteins, receive cadherin
signals that are transferred to the inner-cell and are involved in the
process of cell response to the surrounding stimuli.

1112 Cytoskeleton proteins

The cytoskeleton is the cell structure that provides structural integrity
to the cell. It is composed of actin filaments, microtubules and inter-
mediate filaments. The sites of adhesion that link the cytoskeleton
to the material surface are called focal adhesions. Focal adhesions
are large protein complexes, which are constantly formed, dissolved
and altered, through which the cytoskeleton of a cell connects to the
ECM. The stability of the complexes depends largely on whether the
cell is sessile or moving along the surface.. Focal contacts are formed
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by a polarized array of thin actin filaments that modify their size
and thickness according to the external stimuli [4]. The focal adhe-
sion sites are the points of attachment of the cell with the extra-
cellular matrix and are the points of transfer of information from
the outside of the cell to the interior of the cell. This transfer of in-
formation is two- fold: information is transmitted by the cytoskele-
ton to the focal adhesion sites and it is also transmitted to the cell
from the focal adhesion sites. The external faces of focal contacts
present integrins. On the internal face the interactions between actin
filaments and integrins is mediated by some proteins like talin, pax-
illin, vinculin, tensin. Tubulin microtubules and vimentin, lamin or
keratin microfilaments are also involved in the maintenance of cell
architecture and undergo structural modification in respons to me-
chanical stimuli [3]. Essential proteins also involved in the process
of mechanosensing are the myosins [5]. Myosins are motor proteins
that translocate along actin, allowing cell shortening and therefore
contraction and, thus, the maintenance of the cellular force balance.
All the cytoskeleton molecules and the cell adhesion receptors act
together in mechano-transduction and mechano-sensitivity and are
represented in the schematic diagram of Figure 2.

Figure 2: Schematic diagram of the proteins involved in cell adhesion and
mechanotransduction. (Adopted from Anselme, 2010 [3] with per-
mission).

11.1.3  Nuclear membrane proteins

The cell nucleus is the organelle that contains the genetic information
of the cell: it is principally composed by DNA and a large variety of
other proteins delimited by the nuclear membrane [6]. The nuclear
membrane is connected to the cytoskeleton through several trans-
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membrane proteins, such that belonging to the SUN (interior of the
nuclear membrane) and KASH (exterior of the nuclear membrane)
families of proteins. These proteins have been termed Linker of the
Nucleoskeleton and Cytoskeleton (LINC) complex because they rep-
resent a link between the cytoskeleton and the nucleus’ interior [7].
It has been demonstrated that they allow positioning of the nuclei as
well as transmission of information to the nucleus, including displace-
ment of chromosomes [8]. Though these complexes have been discov-
ered only recently, nuclear membrane proteins have been described
for each of the cytoskeletal fibres in the cell and it is well-established
that there are direct links between the exterior of the cytoplasmic
membrane and the nucleus [9]. In Figure 3 the interacting structures
of the nuclear membrane and the cytoskeleton are depicted. Through
this system, not only the biochemical signals produced by the cell but
also the mechanical stimuli sensed by the cell at the focal adhesion
sites, are transmitted to the nucleus through the cytoskeletal connec-
tions and can influence nuclear shape, structure and possibly nuclear
function. The relevance of such cytoskeleton-nucleus connections is
further discussed in Section 1.6.

Figure 3: The interactions between the cytoskeleton and the nuclear mem-
brane proteins. Each component of the cytoskeleton is able to con-
nect directly to the nuclear lamina at the interior of the nucleus
through the SUN and KASH proteins, which are present at the in-
ner nuclear membrane and outer nuclear membrane, respectively.
(Adapted from Davidson, 2011 [9]).

112 Cell mechanoresponse to local geometry and forces

Recent studies have determined that the crucial components of the
cellular mechanoresponse are sensing of geometry at the sub-cellular
level [10, 11] and physical forces acting onto the cells or developed by
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the cells themselves [2, 12].

Local geometry influence cell morphology, which has been shown to
regulate the signaling of different biological pathways [1, 13]. For ex-
ample, Wada et al. [13] manipulated the morphology of single cells
without cell-cell contact obtaining flat spread or round compact cells.
They demonstrated the importance of cell morphology in the regu-
lation of Hippo pathway. Hippo is a signaling pathway which plays
an important role in regulating cell proliferation, apoptosis and stem
cell self renewal. Dysregulation of the Hippo pathway contributes to
cancer development. Core to the Hippo pathway is a kinase cascade
which ends into phosphorylation and inhibition of the transcription
co-activators Yes-associated protein (YAP) and transcriptional coac-
tivator with PDZ-binding (TAZ) [14]. When dephosphorylated, YAP/
TAZ translocate into the nucleus and interact with other transcrip-
tion factors to induce expression of genes that promote cell prolifer-
ation and inhibit apoptosis promoting malignant cell behaviors [15].
According to Wada et al. [13], when cells are flat and spread, the for-
mation of stress fibers is promoted, thereby reducing YAP phospho-
rylation, promoting nuclear YAP accumulation and cell proliferation.
When cells are compact and tall, stress fibers are reduced and phos-
phorylation of YAP is promoted, reducing the presence of YAP in the
nucleus and cell proliferation. Another example is when the adapta-
tion of the cell to the geometry of the environment causes membrane
curvature that modifies the spatial distribution of cytoplasmic adhe-
sion proteins to conform to the curved membranes, thereby possibly
affecting the adhesion complexes [12].

The conversion of external or internal forces into biochemical sig-
nals take place mainly through the following mechanisms: the force-
induced exposure of otherwise cryptic peptide sequences, the alter-
ation of enzyme activity and the opening of mechano- sensitive ion
channels [16].

The primary cellular responses to mechanical signals occur in sec-
onds to minutes, starting a cascade of events that can modify cell con-
formation, adhesion sites and finally protein expression in a timescale
of a few days. In Figure 4 important factors which sense such modifi-
cation, which are caused by a combination of extracellular and intra-
cellular signals, are represented: initially, cells will sense the mechan-
ical features of their environment, which will cause rapid signalling
responses. As the cell pulls on the environment, it will modify the
extracellular matrix and will create new signals. Intracellular signals
will alter the expression pattern of the cell and, over time, the cellular
forces and cell shape. The final step concerns adjustments of cell func-
tion through alteration of protein expression. Physical forces acting
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onto the cells can modulate the kinetics of protein-protein or protein-
ligand binding in living cells because of their effects on molecular
conformation of the involved molecules. For example, mechanical
distension of cell membranes modulates the cation-transporting ac-
tivity of stress-sensitive ion channels by producing conformational
changes that alter their opening or closing rates [2]. A further ex-
ample is the application of a stalling force using optical tweezers to
block the movement of molecular motors, such as myosin, that en-
tails the inhibition of the activity of specific enzymes (such as RNA
polymerase) [2].
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Figure 4: Cellular processes of mechanosensing and responses. The diagram
shows the steps in mechanosensing over time that involve periodic
testing of the substrate, substrate modification and changes in cel-
lular protein content. (Adopted from Vogel et al., 2006 [16] with
permission).

The application of a force directly to either the enzyme or its sub-
strate, or to an activator/inhibitor of the enzyme can regulate enzyme
activity [17]. Forces can influence chemical equilibria and molecular
polymerization events as well. For example, application of tensional
forces to cultured neurons or vascular smooth muscle cells results in
increases in microtubule polymerization [2].

The forces that are developed by the cells themselves onto the ECM
or that are caused by cellular contacts are also important. Cell-cell
contacts are dynamic and change according to the environmental
conditions. Cells evaluate the level of force exerted onto them and
make adjustments to their structure, as the cytoskeleton filaments
and their linkages to transmembrane proteins assemble, break down
and reassemble [16]. Protein of the ECM as well as many proteins that
link the integrins to the cytoskeleton present a tandem-repeat struc-
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ture that can be modified by the exerted force, which results in alter-
ations in molecular recognition sites, or in the exposure of peptide
sequences that are otherwise hidden, which can elicit biological re-
sponses distinct from intact molecules [18].

Investigation of the effects of local forces (acting onto the cells or gen-
erated by the cells) is of paramount importance since the transduc-
tion of mechanosensing into biochemical processes activates many
signalling pathways that interact to produce controlled functional re-
sponses: dysregulation of such mechanical responses contributes to
major human diseases [19]. In the vascular system, for example, pres-
sure and shear stress from pumping blood influence the morphology
and pathology of the heart and vasculature. Stretch responses in car-
diac myocytes, appear to involve stretch-activated ion channels and
integrin/ECM-dependent signals [19]. Cardiac-muscle focal adhesion
proteins, are also involved in cardiac mechanical responses. Knock-
out of specific focal adhesion proteins on mice show normal cardiac
tissue architecture but under pressure-overload conditions, the cell
response that leads to cardiac hypertrophy is impaired and cells de-
velop an abnormal cardiac remodeling that evolves into contractile
dysfunction [20]. Proteins of the cardiac myocyte Z disc, have also
been proposed to participate in mechanotransduction, since muta-
tions of these proteins increase susceptibility to dilated cardiac my-
opathy [19]. A better understanding of how external forces influence
cardiac myocytes functions and of how the contractile forces of car-
diac myocytes model their activity, can help to elucidate the patho-
physiological mechanisms of heart failure and also facilitate develop-
ment of novel therapeutic interventions.

It has also been postulated that cytoskeletal filaments can propagate
stresses over long distances. Force on peripheral contacts can pro-
duce signaling molecules that could interact with the nucleus. It might
be possible that physical factors and nuclear deformation could regu-
late gene expression through a still not completely elucidated mech-
anism. Transcription factors that are recruited to the adhesion sites
could have an important role in translating the physical stimulus that
is sensed at the periphery into biochemical signals that are trans-
ported to the nucleus and that could alter gene expression [12].
Microtechnologies and in particular microfabrication techniques will
enable us to test the mechanisms of mechanosensing and transduc-
tion in vitro. Important questions include a further definition of the
local responses to mechanical and geometrical forces and the effects
of signal propagation within the cell, including within the nucleus,
on functional parameters of the cells and possibly on gene expres-
sion. In particular, these questions will be addressed in the case of hu-



INTRODUCTION

man stem cells, where physical properties of the ECM and mechanical
forces are integral to morphogenetic processes in embryonic devel-
opment, defining tissue architecture and driving specific cell differ-
entiation programs. Thanks to a proper tuning of the morphological,
mechanical and chemical properties of the substrates in which cells
are cultured, the effects of force- and geometry- sensing on nuclei
of human stem cells from the pluripotent to the differentiated stage
is investigated. Human pluripotent stem cells are then differentiated
into cadiomyocytes, and the consequences of the mechanical interac-
tion between cells and substrates on the functional maturation of the
cells is studied.

1.2 EFFECT OF SURFACE PROPERTIES ON CELL STRUCTURE AND
FUNCTION

As described in Section 1.1, cells actively respond to stimuli present on
their environment. Such interactions affect many aspects of cell func-
tion, including spreading, migration, proliferation and differentiation.
In many examples, the cellular response is accompanied with changes
in cellular and nuclear morphology [21]. A proper design of bioint-
erfaces between cells and biomaterials, both for tissue-engineering
applications and for biological in vitro studies needs to consider the
topographical, chemical and mechanical properties of the surface, to
meet the biochemical and biophysical requirements of the specific
cell type under study.

1.2.1  Cell response to surface topography

Surface topography directly affects cell morphology, alignment, cy-
toskeletal arrangement, motility, proliferation, nuclear deformation,
and gene regulation [21]. In many studies the surface was micro- and
nano-structured with different topographies including grooves, pil-
lars, holes and fibers, to investigate cellular responses for various cell
types [22, 23, 24]. In general, on grooved patterns, a strong cellular
alignment due to contact guidance is observed in the direction of the
patterns [25]. The magnitude and presentation of patterns are also im-
portant: several studies have been concerned with the effects of depth
and width of grooves on cell orientation [26, 27, 28], but the minimal
depth and width needed for inducing cell orientation is strongly re-
lated to the cell types used.

Cell can sense variation of the roughness of the substrate at nano-
topographical level as well [29]. For example, nanoscale disorder, is
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shown to stimulate human mesenchimal stem cells to produce bone
mineral in vitro [30]. It has also been found that cells adhere dif-
ferently to surfaces that are structured with nanoposts compared
with nanopit-covered surfaces [12]. Although nanoposts increased
cell spreading, proliferation and cytoskeletal formation, a nanopitted
pattern decreased adhesion relative to flat substrates. In fact, fibrob-
lasts seem to endocytose nanocolumns.

It is important to remember that cell response to topographical cues
is strictly related to cell phenotype. Kunzler et al. [31], developed sur-
faces with a roughness gradient in a range from 1 to 6 pm and they
observed that rat calvaria osteoblast showed an increased prolifer-
ation rate with increasing roughness, whereas the human gingival
fibroblasts showed the opposite behaviour.

These findings are not surprising, considering that the topographies
from macro- to nanometer- scale that cells encounter in their native
environment actively influence their process of growth and function
development. As one example, cellular alignment is a critical process
in musculoskeletal myogenesis, and musculoskeletal disorders are of-
ten associated with abnormalities in the muscle structure alignment
[32, 33]. In cardiac tissue, the extracellular matrix is composed of a
highly organized collagen scaffolding that maintains ventricular ge-
ometry and the spatial orientation of the fibers controls the distribu-
tion of stresses [34]. In failing hearts, cardiac muscle fiber alignment
can be highly disorganized, and this is known to result in progressive
fibrosis and ventricular dilatation [35]. Thus, it is of great interest
to temporally and spatially manipulate surface topography in vitro
to better understand and develop strategies to control biological pro-
cesses.

Different mechanisms have been proposed to explain how cells sense
the morphology of the surface. Curtis and Clark proposed the idea
that cells react to discontinuities, where "a discontinuity has a ra-
dius of curvature less than the average length of a pseudopodium
or of the distance part of the sensing elements that control move-
ment" [25]. Cell response should involve focal adhesions and their
linking to the cytoskeleton. Cells should firmly adhere to the sub-
strate through focal adhesion points and would be able to stretch
themselves on the substratum, and this would activate stretch recep-
tors and cytoskeletal activity. This is related to the mechanism of
mechano-sensitivity mediated by integrin-mediated cell-matrix ad-
hesion, discussed in Section 1.1, and the cell’s contractile machinery
involving actin and myosin motors [3]. The process of adaptation
of the cell to surface topography could also lead to the disruption or
modification of normal focal adhesion formation and result in cell sig-
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nalling transmission to the interior of the cell and the nucleus. This
can evolve into changes in biochemical pathways. Acoording to other
hypothesis, cells would sense the discontinuities of the surface due to
thermodynamic reasons. The discontinuities would act as an energy
barrier, where the size of the energy barrier is dependent on both
the geometry and surface chemistry [36]. Thus, the cells would try
to minimize contact with the high energy discontinuities and hence
modify their orientation, adhesion or spreading. Despite several hy-
pothesis have been proposed, the mechanism by which cells trans-
duce changes in cell geometry into different biochemical responses is
still under investigation.

1.2.2  Cell response to surface chemistry

The chemistry of the surface is a second important factor which
guides the process of cell adhesion, cell growth and viability. In par-
ticular, surface energy plays a fundamental role in the process of cell
adhesion [37]. In 1982 it was demonstrated by Baier and coworkers
[38] that the higher is the surface energy of an implant, the stronger
is the process of tissue adhesion in vivo. In 2005, Keselowsky et al.
[39] reported that OH- and NH,-terminated surfaces (hydrophilic
surfaces) increased more osteoblasts specific gene expression, alka-
line phosphatase enzymatic activity and matrix mineralization (all
markers of osteoblastic differentiation) than surfaces presenting CH,
groups (hydrophobic surfaces). Yanagisawa et al. [40] observed that
when the surface had a water contact angle below 60°, cell attach-
ment rate and cell spreading were much pronounced than in the case
of surfaces with higher contact angles. In 2004, Lim et al. [41] demon-
strated that human fetal osteoblasts adhered and proliferated better
on hydrophilic substrates than on hydrophobic ones. Linear gradients
of surface energy were done by Lee et al. [42] using polyethylene sub-
strates treated by corona discharge treatment. They investigated the
behavior of different cell lineages, and reported that cell adhesion was
increased on the areas with moderate hydrophilicity on the wettabil-
ity gradient surface than onto the more hydrophobic or hydrophilic
positions.

However, it is important to underline that cells practically never see
a bare surface but a surface previously covered with proteins ad-
sorbed from biological fluids. Cell adhesion takes place when cell
adhesion receptors such as the integrin superfamily establish an an-
chorage with ECM proteins adsorbed to the surface. It is generally
recognized that the proteins adsorb more and more rapidly on hy-
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drophobic surfaces [43, 44, 45]. Hydrophilic substrates generally ad-
sorb a lower quantity of proteins. Worz et al. proposed a model for
polymeric surfaces that is entirely based on thermodynamic consider-
ations [46]. The interaction between proteins and polymeric surfaces
is governed by the enthalpic and entropic components of the Gibbs
free energy. The enthalpic term is stronger for hydrophobic or ionic
interactions between surfaces and the respective components of the
proteins. This condition promotes protein adsorption. In contrast to
that, for neutral hydrogels no hydrophobic interactions are possible
and the enthalpic contribution is considerably less or zero. Under this
circumstance, there is low or no interaction between the polymer and
the protein. Protein-repellency properties of hydrophilic surfaces are
confirmed by several studies [47, 48, 49]. Therefore, when substrates
are fabricated to be functionalized with specific proteins for subse-
quent cell culture, they should present an hydrophobic surface to pro-
mote cell adhesion or contain specific cell adhesion sites such as the
arginylglycylaspartic acid (RGD) sequences.

Tuning surface chemistry it is possible to guide cells’ adhesion and to
study the influence of cell shape on their function. For example, Chen
et al. [50], used micropatterned substrates that contained extracellu-
lar matrix-coated adhesive islands of decreasing size, which confined
cell adhesion on areas going from 40 to 5 um, to show that it was
possible to switch endothelial cells response from growth to apopto-
sis. Cell shape was found to govern whether individual cells grow or
die. Local geometric control of cell growth and viability, which can be
obtained by a proper chemical functionalization of the surface, may
therefore represent a fundamental mechanism for developmental reg-
ulation of the investigated cells.

1.2.3  Cell response to surface mechanical properties

A large number of cell types from many different tissues respond not
only to biochemical signals but also to mechanical cues of their sur-
rounding ECM. Cell mechanical behavior can be defined as viscoelas-
tic, due to the co-existence of a liquid phase (water content of the cell)
and a solid phase (structural proteins of the cell). While the latter al-
lows for an elastic response to a mechanical stimulus, the liquid com-
ponent allows for a viscous deformation. Such architecture allows
cells to respond in a different way to mechanical stimuli exerted over
short or long time scales, as described in Section 1.1.2 and sketched in
Figure 4. Cells have a response that can be described as elastic when
they react to sudden forces, while they undergo large deformations
adapting in a viscous manner to forces applied over long time scales.

11
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It has been demonstrated that cell mechanical stiffness is mainly de-
termined by the cytoskeleton and it is a relevant parameter to eval-
uate the cytoskeletal structure, myosin activity and many other cel-
lular processes [51]. Changes in cell mechanical properties are also
often found to be closely associated with various disease conditions
such as tumor formation and metastasis, therefore the investigation
of cell response to the mechanical properties of their surrounding en-
vironment is of paramount importance.

The first study in which this interaction was investigated in a for-
mal way was published by Pelham and Wang in 1997 [52]. In this
work, they employed collagen-coated polyacrylamide gels with elas-
tic moduli controlled by varying the amount of acrylamide monomer
or bisacrylamide crosslinker used, and described changes in cellular
properties including shape, spreading, and focal adhesion formation
of both normal rat kidney epithelial cells and fibroblasts, setting a
standard method for investigating cell response to substrate rigidity.
Another approach to vary substrate stiffness mantaining the same
substrate chemistry is based on the use of arrays of elastomeric posts.
The microposts act as springs to which the cells attach. By measuring
the deflection of these microposts, it is possible to calculate and spa-
tially map the local cellular traction forces. To control the substrate
mechanics, microposts of different heights, corresponding to differ-
ent spring constants can be employed [53].

Most cell types adhere and spread better on more rigid substrates
[54]. For many cell types, increased substrate rigidity also leads to
increased stress fiber organization and focal adhesion formation and
increased proliferation [54]. Some groups have found a maximum
in both fibroblast spreading and cell-substrate modulus matching on
rigidities near 10 kPa, above which cells began to produce stress
fibers [55, 56]. The 10 kPa modulus appears to be important for other
cell types as well. Ventricular myocytes and C2C12 myoblasts demon-
strated maximum striation around 10 kPa, which is, in both cases,
near the stiffness of native tissue [57, 58]. Ventricular myocytes also
showed highest axial force generation, calcium transients, and sar-
coplasmic/endoplasmic reticular calcium ATPase expression on 10
kPa substrates [58].

Discher et al. [59] demonstrated that the stiffness of the substrate di-
rected also stem cell differentiation. Soft matrices that mimic brain
are neurogenic, stiffer matrices that mimic muscle are myogenic, and
rigid matrices that mimic collagenous bone are osteogenic.

The mechanisms how cells feel their microenvironment, and particu-
larly its elasticity, and how this affects cell structure and function is
still under investigation and it was discussed already in Section 1.1.
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The knowledge of cells’ ability to sense and respond to the mechan-
ical properties of the substrate is important for the understanding
of basic cellular biology. Furthermore, an improved understanding
of the relationship between cell function and substrate stiffness has
a potential diagnostic and therapeutic value, since it may affect the
study or treatment of diseases such as cancer or fibrosis, in which
tissue mechanics are altered [54].

1.3 MICROTECHNOLOGIES APPLIED TO CELL STUDIES

As decsribed in Section 1.2, cellular processes are influenced by the in-
teraction with neighboring surfaces [60]. Furthermore, cells respond

to local concentrations of a variety of molecules that may be dis-
solved in the extracellular medium (e.g. enzymes, nutrients, and small

ions) or present on the underlying surface (e.g. ECM proteins) or on

the surfaces of adjacent cells (e.g. membrane receptors). In traditional

cell culture, these factors are distributed homogeneously on the sub-
strate. Recent works in three-dimensional culture systems have ex-
posed significant limitation of the study of cells on flat (2D) surfaces

[61]. Through microtechnology these limits can be overcome. First,

microtechnology intrinsically enables control of the cellular environ-
ment at cellular resolution: this potentially enables researchers to

replicate complex environments at a biologically appropriate reso-
lution. Second, microtechnology facilitates high-throughput experi-
mentation due to its ability to manipulate large numbers of small

liquid volumes [62].

In this perspective, benefits from microscale technologies can derive

from an accurate investigation of the following specific aspects: i)

cell-substrate interactions; ii) cell-cell interactions; iii) cell-soluble en-
vironment interactions; iv) cell-electrical field coupling. In this work

we will focus our attention on the investigation of cell-substrate in-
teractions, meant as cell response to topological, chemical and me-
chanical properties of the substrates.

Microfabrication techniques allow to tune such properties, to create

local cellular microenvironment to closely mimic the physiological

and pathological environment.

A multiplicity of techniques have been applied in order to gain mi-
crometric control over culture systems such as microtransfer mold-
ing, micromolding, selective chemical vapor deposition, wet or dry

etching processes, bulk and surface micromachining [63, 64]. To date,

lithographic techniques, and especially photolithography, are the most
commonly used to fabricate microscale features on glass or silicon

substrates to be subsequently used as masters for obtaining the final
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devices. By photolitography, ultaviolet (UV) light is shone through a
mask containing the pattern in an opaque material (usually chrome)
on a transparent background (glass) and hits a layer of photosensitive
polymer (photoresist). The polymer, or photoresist, either cross-links
(negative resist) or deteriorates (positive resist) on action of exposure,
allowing the copy to be formed after development. Another com-
mon method employed to obtain microstructured substrates is replica
molding. This method is based on the realization of elastomeric sub-
strates or stamps that take their shape from a master that it is usually
fabricated through standard photolithography. The same master can
be reused several time to fabricate the elastomeric (usually made in
PDMS) negative replica.

To guide cell adhesion and process outgrowth, [65], chemical pattern-
ing techniques are commonly utilised as they allow fabricating sur-
faces which present two or more different types of chemcial moieties
to the cells. In particular, microcontact printing and photopatterning
are some of the most common microtechnology techniques used to
modify the chemistry of surfaces. Microcontact printing is a method
for patterning by printing material frequently using a PDMS stamp
(66, 67, 68]. The general procedure for HCP is based on the use of a
stamp inked with a solution of the substance to be printed. As the
stamp is pressed on the surface, the liquid is transferred to the sub-
strate and the solvent evaporates. As the adhesion of the liquid to the
PDMS is usually rather weak, a large fraction of the solution is trans-
ferred to the substrate. This procedure has been most widely used in
printing alkanethiolates onto gold and silver surfaces, but it is also
used on glass and more recently on hydrogels [69]. By photopattern-
ing, the substrate is coated with a light sensitive polymer and then
irradiated through a master pattern presented on a semi-transparent
mask. The polymer, cross-links on action of exposure. In this way
only the irradiated areas of the surface will be modified. Photopat-
terning resolution is limited by the wavelength of light used during
irradiation. The mechanical properties of the substrates can be tuned
both varying the cross-linker density of the polymer used to fabricate
the substrate or by creating surfaces with micropillars with different
heights.

Microtechnology allows the fabrication of such surfaces and of sub-
strates with micropatterned rigidity to examine effects of anisotropy
and spatial differences in substrate modulus.
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1.3.1  Cell force measurements through microtechnology techniques

The forces applied by cells onto their surrounding environment regu-
late several crucial processes as spreading, migration, attachment to a
substrate and even differentiation [59, 70, 16, 71]. The cytoskeletal or-
ganization of the cell is also strongly related to the mechanical forces
applied. Consequently they are associated with many phenomena oc-
curring at the more regional or even global level of organisms such
as immune response, wound healing and cancer metastasis. Cells sen-
sitively respond to physical properties of the environment and even
malignancy is promoted by an increase in stiffness of the cellular ma-
trix [72].

Cells can locally apply up to several nanonewtons of force through
nanometer-sized adhesion sites. The force is generated via the cy-
toskeletal motor protein myosin that pulls on actin filaments coupled
to transmembrane integrins which anchor cells to the outside sub-
strates. This process is mediated by several proteins that can act as
mechanochemical signal converters [1, 73, 74]-

In order to quantify cellular forces, several experimental methods
have been employed such as AFM [75, 76, 77], micropipette technique
[78], carbon fibre-based approaches [79], flat elastic substrates (trac-
tion force microscopy) [76, 80, 81], or elastic substrates with arrays
of micro or nanoscopic pillars [82, 83, 84, 85].

The force measurements performed through the use of AFM are
based on the evaluation of the vertical and lateral deflection (V,, and
V| respectively) of the cantilever, which is essentially a spring: know-
ing the spring constant k (mN/m and Nm/rad respectively) and the
sensitivity s (nm/V and rad/V respectively) of the cantilever the con-
version of the vertical signal into force and height and of the lateral
signal into torque T is possible [75]. Figure 5 displays how cell forces
can be measured through AFM: when the height of the z-piezo of the
AFM is kept constant, the vertical cantilever deflection is recorded
and converted into force. Using such a setup Brunner et al. [75] have
shown that a migrating keratocyte was able to generate, a signficant
force (15 nN) in order to adjust its shape. This allowed it to success-
fully crawl under and ultimately past the obstacle represented by the
AFM tip. A higher force (34 nN) exerted by the tip stopped the for-
ward motion of the cell. If the force is fixed and the z-piezo of the
AFM can move, the height of the cell can be measured as a function of
force. In this way the authors were also able to record the maximum
forces which were small enough to ensure that the cell morphology
remained unchanged.
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Figure 5: Cell force measured through AFM. A polystyrene bead (dark gray)
glued to a cantilever-tip of an AFM was positioned on the sub-
strate in front of a migrating cell. The cell moved toward the bead,
crawled under it, and pushed the cantilever upwards. In constant
height mode a), the z-piezo of the AFM was fixed, the vertical de-
flection of the cantilever was recorded, and calculated into force,
whereas in constant force mode b), the piezo’s z was not fixed and
its movement was recorded. (Adopted from Brunner et al., 2006
[75] with permission).

The limits of this method are related to the complexity of the ex-
perimental set up: the velocity and the movements of the cells must
be evaluated through the analysis of images recorded from the phase
contrast image of the AFM or using the interference microscopy tech-
niques (IRM) and they also are fundamental parameters in the deter-
mination of the force. In addition, the force distance curves of cells
are not so straightforward to be interpreted, as cells are not hard balls
with sharp boundaries, but are somewhat fuzzy and show non-linear
compression behavior, which also depends on the rate of compres-
sion. The result is that the accuracy of the measurement is rather low
and several groups begun to look for other possible methods.

In other works, two micropipettes integrated with a a force trans-
ducer have been used with mammalian cardiomyocytes (CMs) glued
to the tips to measure active contraction force and passive tension
force. In this technique, special adhesives for cell attachment are re-
quired and result in a low success rate of attachment [79, 86]. The
carbon fiber-based technique in contrast to that, does not require
adhesives and thus allows simpler cell handling. The attachment is
likely caused by elctrostatic forces between the carbon fibre surface
and the CMs surface, which has been demonstrated using a slight con-
tact between the fibres and the cell surfaces [87, 88]. The force gen-
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erated by or applied to a single myocyte can be measured by either
connecting the fiber to a sensitive force transducer or monitoring the
deflection of the fiber. However, the experiment is time-consuming
and not amenable to quantitative measurements in a high throughput
manner as certain parameters are not repeatable from measurement
to measurement [78].

The first time in which the deformation of flat elastic substrates have
been used to detect traction forces exerted by cells was in 1980 by
Harris [89]. In his work he showed that the locomotion of fibrob-
lasts on a soft elastomeric substrate leads to the formation of visible
wrinkles. To overcome the complex problem of quantitatively link the
size of the wrinkles and the amplitude of the generated force, other
techniques have been developed in order to achieve a better spatial
resolution, especially at individual adhesion sites [84, 90, 91].

Figure 6: Forces exerted by cells on flexible continuous substrates. A) Wrin-
kles on a silicon sheet induced by fibroblast. Scale bar is 50 um. B)
Deformation of PAA gels visualized by embedded fluorescent beads
induced by the migration of a 3T3 fibroblast. Scale bar is 20 pm. C)
Traction forces exerted by a fibroblast on micropatterned flexible
substrate. Scale bar is 30 um. (Adopted from Le Digabel et al., 2010,
[84] with permission).

All these methods are based on the conversion of the displacement
of the substrate at the focal adhesion points to the force exerted thus
the accuracy of the quantification of this displacement is crucial. For
this reason, the most recent methods developed employ fluorescent
beads that are used as markers for the deformation and that are em-
bedded in transparent elastomers where the stiffness can be regulated
and the surfaces can be functionalized in order to assure an optimal
adhesion of the cell [84]. Figure 6 shows an example of cell forces
measured by a flexible substrate with embedded fluorescent beads to
better visualize surface deformations. Quantification of force can be
made through complex computation methods that convert maps of
substrate deformation into maps of traction stress. This inverse oper-
ation has the limit to require assumptions about the force distribution
patterns and it does not lead to unique solutions. To simplify the mea-
surement Polio et al. fabricated polyacrylamide (PAA) substrates with
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an array in which Tum fluoresecent markers are dispersed, which
are tracked as a function of time, so that single particle trajectories
are obtaineds and traction forces are modeled as discrete point forces
[92].

A further possible strategy to detect cell forces in an high through-
put manner has been developed based on the use of elastomeric mi-
crostructured substrates [82, 85, 93, 94, 95]. In this last approach,
the force applied by cells is evaluated measuring the deflection that
cells induce on substrates composed of flexible arrays of micropil-
lars. These pillars are usually fabricated using polydimethylsiloxane
(PDMS) poured on stamps made with silicon wafers. In the case of
silicon wafers, the microfabrication process usually consists on a de-
position of a thin layer of photoresist on a silicon wafer to create
an etching mask, followed by the etching of the uncovered paths of
the silicon wafer up to the desired length. The silicon wafer are then
silanized to make them anti-adhesive and covered with PDMS that is
peeled-off after curing it. PDMS is commonly used because it is trans-
parent, elastic, and it has a Young’s modulus that can be modulated in
a certain range changing the ratio between elastomeric base material
and cross-linker.

A

Figure 7: Cell force measured through arrays of posts. A) With the appro-
priate surface density of vertical posts positioned on a substrate,
a cell should spread across multiple posts as depicted. Under the
proper geometric constraints of post height and width, cells exert-
ing traction forces would deflect the elastomeric posts. B) Fibrob-
last spread on the top of micropillars. Scale bar is 10 um. (Adapted
from Tan et al., 2003, [85] with permission).

The mechanical properties of the pillars can be modulated varying
the aspect ratio of the posts and nano-Newton forces can be detected:
the deflection of each pillar gives a direct measurement of the local
force exerted by the attached cells independently of the forces acting
on the neighboring posts. For small deflections, the posts behave like
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simple springs. In this case the deflection is directly proportional to
the force applied by the attached cell and Equation 1 can be used to
determine the force:
r~ (5 :
where F, E, [, L and & are the bending force, Young’s modulus, mo-
ment of inertia, length, and resulting deflection of the post [85]. In
Figure 7 on the left a scheme of a cell adhering to the microstructured
substrate and the method of calculation of the force are depicted; the
right part of the image shows a fibroblast which spread on the sub-
strate and that is bending some micropillars, deflecting them.

1.4 HUMAN PLURIPOTENT STEM CELLS

1.4.1  Human embryonic stem cells and human induced pluripotent
stem cells

Stem cells are undifferentiated cells that have the capability to differ-
entiate into specialized cells and to subdivide indefinetely to produce
more stem cells. The self-maintenance capacity is given by the pecu-
liar characteristics of cellular division which is regulated by two main
mechanisms: symmetric proliferative division gives rise to two iden-
tical cells from the mother cells, while symmetric differentiative di-
vision generates two identical cells but more differentiated ones [96].
These two mechanisms maintain a constant percentage of stem cell
in an organism. Stem cells allow tissues to maintain a proper archi-
tectural, cytological and biochemical structure in order to guarantee
the correct functionality of the different organs. In mammals, there
are two broad types of stem cells: embryonic stem cells, which are
isolated from the inner cell mass of blastocysts, and adult stem cells,
which are found in various tissues. Adult stem cells are multipotent
cells which can give rise to all cell types within one particular lin-
eage [97]. Embryonic stem cells ESCs are pluripotent cells: they can
replicate indefinitely while maintaining an undifferentiated state and
they can also differentiate into a wide range of cells, which maintain
the original hereditary information but reduce the potential of their
genome to specialize and acquire defined functions. The first report
of human embryonic stem cells (hESCs) was given by Thomson et al in
1988. [98]. Pluripotent cells in the embryo have the capacity to give
rise to differentiated progeny representative of all three embryonic
germ layers, as well as the extraembryonic tissues that support devel-
opment. Under certain conditions, pluripotent stem cells (PSCs) can
be propagated indefinitely in vitro and still maintain the capacity for
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differentiation into a wide variety of somatic and extraembryonic tis-
sues [99]. Figure 8 describes the process of generation of hESCs: donor
embryos are first obtained after in vitro fertilization and allowed to
develop in vitro. Pluripotent cells are then isolated either from the
inner cell mass of pre-implantation blastocysts or from 4, 8, or 16 -
cell stage morulae. Finally, isolated cells are plated in defined hESCs
medium with or without feeder cell layers to propagate and select for
pluripotent cell populations. These processes have resulted in hESCs
lines able to generate tissues from all three embryonic germ layers
and the germline. Embryonic stem cells provide a unique resource
for the functional analysis of early human development. For example,
hESCs are used to identify polypeptide factors involved in differentia-
tion and proliferation of committed embryonic progenitor cells [99].
Furthermore, because embryonic stem cells (ESCs) can in principle
serve as an unlimited source of any cell type in the body, hESCs could
yield highly effective in vitro models for use in drug discovery pro-
grams, and provide a renewable source of cells for use in transplanta-
tion therapy. Since their discovery, much attention has been devoted
to the potential applications of stem cells in biology and medicine
[96, 100]. The properties of pluripotentiality and immortality (corre-
lated with telomerase expression) are unique to ESCs and enable in-
vestigators to approach many issues in human biology and medicine
for the first time.
Embryonic stem cells potentially can address the shortage of donor
tissue for use in transplantation procedures, particularly where no al-
ternative culture system can support growth of the required commit-
ted stem cell. However a strong debate arose in the scientific commu-
nity on whether the use of hESCs is ethical or not. In fact, they derive
from the inner cell mass (ICM) of a 5-days fertilized blastocyst. When
the clonal expansion begins, only cell colonies showing undifferenti-
ated state, high clonal capacity, pluripotency and normal karyotype
are kept and expanded.

The ethical issues centered on the use of embryos for the obtain-
ment of human embryonic cells, have been a driving force towards
the development of alternative strategies for obtaining similar and
such powerful cells. Several different strategies such as nuclear trans-
plantation, cellular fusion, and culture induced reprogramming have
been tested to induce the conversion of differentiated cells into an em-
bryonic state [101]. In 2007 Yamanaka found a way to overcome the
ethical issues raised by hESCs, by reprogramming adult somatic cells
to a pluripotent state. Mouse embryonic fibroblasts and adult fibrob-
lasts were successfully reprogrammed to pluripotent ES-like cells af-
ter viral-mediated transduction of the four transcription factors Oct4,
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Figure 8: Generation of human embryonic stem cell lines. Donor embryos
are first obtained after in vitro fertilization or by egg activa-
tion (parthenogenetic embryos), and allowed to develop in vitro.
Pluripotent cells are then isolated either from the inner cell mass
of pre-implantation blastocysts or from 4, 8, or 16 -cell stage moru-
lae. Finally, isolated cells are plated in defined hESCs medium with
or without feeder cell layers to propagate and select for pluripo-
tent cell populations. These processes have resulted in hESCs lines
able to generate tissues from all three embryonic germ layers and
the germline. (Adopted from Yabut and Bernstein, 2011. [100] with
permission).

Sox2, c-myc, and Klf4 followed by selection for activation of the Oct4
target gene Fbxis [102]. Figure 9 explains the different steps to ob-
tain induced pluripotent stem cells (iPSCs) lines. Current protocols
allow to obtain iPSCs which are considered almost indistinguishable
from ESCs [103, 104]. In Figure 10 a scheme that describes the process
of reprogramming of somatic cells to a pluripotent stage is reported.
Thus, scientist have now the possibility to use iPSCs instead of ESCs.
However, the process to obtain iPSCs is time consuming and expen-
sive therefore both ESCs and iPSCs are currently largely used when
pluripotent stem cells lines are required.

1.4.2 Stem cell differentiation

Three basic methods have been developed to promote differentiation
of ESCs: (i) the formation of three-dimensional aggregates known as
embryoid bodies (EB), (ii) the culture of ESCs as monolayers on ex-
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Figure 9: Generation of hiPSCs lines. Adult somatic cells, i.e. skin fibroblasts,
are taken from patient, cultured in vitro and reprogrammed with
specific factors (i.e. Oct4, Sox2, Klf4, Myc, Nanog, Lin28). Repro-
gramming can be done by viral vectors or by modified mRNAs.
Pluripotent cells colonies are selected and and expanded in cul-
ture and can be differentiated to specific cell types. (Adapted from
Carr et al. 2013, [105] with permission).

tracellular matrix proteins, and (iii) the culture of ESCs directly on
supportive stromal layers. Each method demonstrates that ESCs can
differentiate into a broad spectrum of cell types in culture [106].

1.4.2.1 Ectoderm differentiation

Ectoderm differentiation leads to the development of the central ner-
vous system, hair, epidermis. The induction (i.e. the series of extrin-
sic and intrinsic processes that guide the cells to follow a specific
developmental pathway) of ectoderm is often referred to as the "de-
fault" pathway, as neuroectoderm readily develops in cultures that
contain no serum. Neuroectoderm is defined as the part of the ec-
toderm that give rise to the central and peripheral nervous system.
Neuroectoderm induction is inhibited by the presence of bone mor-
phogenic protein (BMP), Wnt, and activin/Nodal signaling [107, 108,
109]. Ying et al. (2003) studied development of the neuroectoderm
lineage from mouse ESCs using a reporter cell line with green flu-
orescent protein (GFP) targeted to the neuroectoderm-specific gene
Sox1. They clearly showed that induction of neuroectoderm is depen-
dent on fibroblast growth factor (FGF) signals endogenously produced
by the differentiating ESCs. Neuroectoderm generated from ESCs can
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Figure 10: Reprogramming of Somatic Cells to a Pluripotent State. Trans-
duction of the four transcription factors Oct4, Sox2, c-myc, and
Klf4 into fibroblasts initiates the conversion to partially repro-
grammed cells that express Fbxis or to fully reprogrammed iPSCs
cells that express Oct4 or Nanog. The process involves a sequence
of stochastic epigenetic events. (Adapted from Jaenisch et al. 2008,
[104] with permission).

be specified to neuronal subtypes, using factor combinations known
to regulate these steps in the early embryo [106]. In addition to the
neural lineages, ESC-derived ectoderm can also generate epidermal
lineage cells. As observed in vivo, the BMP-signaling pathway does
play a role in ectoderm specification in ESCs cultures as BMP signaling
blocked neural differentiation and promoted epidermal development
[110].

1.4.2.2 Mesoderm differentiation

Mesoderm differentiation forms the cells that represent most part of
the body’s internal supporting structure, including the blood, mus-
cles, bones and heart. The early stages of mesoderm induction can
be monitored by the upregulation of Flk-1 and PDGFR, receptors that
are broadly expressed on subpopulations of this lineage [111]. Several
studies have provided insights into the signaling pathways that regu-
late mesoderm induction. Park et al. [112] showed that BMP signaling
is required to induce Flk-1* hematopoietic mesoderm from popula-
tions that express Brachyury, indicating that this pathway functions
at the level of mesoderm induction. In a more recent study, Nostro
et al. [113] demonstrated that the generation of hematopoietic meso-
derm is dependent on a combination of Wnt, activin/Nodal, and BMP
signaling, and that upregulation of Flk-1 correlated with commitment
to a mesoderm fate. Concerning cardiac mesoderm, findings from
several studies suggest that transient inhibition of Wnt/b-catenin sig-
naling at this stage is essential for the generation of this population
[114, 115]. Wnt/b-catenin is thus required for mesoderm induction,
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whereas its inhibition is subsequently required for specification of
precardiac mesoderm.

1.4.2.3 Endoderm differentiation

Endoderm germ layer forms many of the internal organs, including
the pancreas and the liver. High levels of activin/Nodal signaling have
been reported to efficiently induce definitive endoderm committment
[108, 116]. Progression of the anterior cell population to definitive
endoderm depends on sustained activin signaling. Increased Nodal
signaling are also required for definitive endoderm formation in the
early embryo [117]. Once induced, endoderm forms an epithelial sheet
that undergoes specification to distinct regions known as foregut,
midgut, and hindgut. This specification is controlled in part by fac-
tors secreted by surrounding mesoderm-derived tissues. By translat-
ing findings from the embryo to ESCs cultures, FGF and BMP 4 together
were shown to induce a hepatic fate in activin-induced endoderm
[118], whereas retinoic acid combined with inhibition of sonic hedge-
hog protein resulted in specification to a pancreatic fate [119].

1.4.3 Human pluripotent stem cells microenvironment

During embryonic development, the cell microenvironment plays a
fundamental role in determining cell fate. Cells in their native tissues
reside in an extremely complex environment constituted of other cell
types, extracellular matrix proteins, and structural templates guiding
their orientation and maintaining the three-dimensional (3D) archi-
tecture [63]. In addition, cell behavior is regulated by an intricate
network of short and long range communications signals between
single cells and/or tissues that occurs through a vast cascade of signal-
ing pathways [120, 121, 122]. This dynamic environment, where cells
grow and develop, is frequently called "niche". The stem cells and mi-
croenvironment may influence each other during development, and
reciprocally communicate to maintain each other during adulthood.
The niche protects stem cells and represents the physiological space
where the signals that mediate the balanced response of stem cells to
the needs of organisms are regulated [123]. In Figure 11 the elements
of the local environment that participate in regulating the system of
a stem cell in its tissue state are depicted.

A pluripotent stem cell can be considered naked without its own
microenvironment, and may not behave as expected during pluripo-
tency and differentiation. For this reason, during the past few years
one of the biggest aims has been trying to recreate in vitro the var-
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Figure 11: Components of the local microenvironment, which participate in
regulating the system of a stem cell in its tissue site. These include
the constraints of the architectural space, physical engagement of
the cell membrane with tethering molecules on neighbouring cells
or surfaces, signalling interactions at the interface of stem cells
and niche or descendent cells, paracrine and endocrine signals
from local or distant sources, neural input and metabolic prod-
ucts of tissue activity. (Adopted from Scadden, 2006 [123] with
permission).

ious components of the niche found in vivo. For regenerative thera-
pies, models and drug screening purposes, cell proliferation and dif-
ferentiation must be accurately controlled. The components of the
in vitro cell microenvironment which constitute the so-called niche
are mainly given by: i) substrate, ii) soluble compounds of the en-
vironment and iii) electrical stimuli. The cells adhere to a specific
substrate, which is defined by a set of chemico-physical properties,
such as chemical composition, stiffness or surface topology. The cells
are immersed in a aqueous environment composed by a complex en-
semble of factors that can be either produced by the cells themselves,
endogenous factors, or by other cells in the surroundings, exogenous
factors. Finally, another important component of the stem cell niche
is given by the electro-physiological stimuli which are particularly
relevant for electro-excitable cells [63]. Microengineering technolo-
gies helps in reproducing cell niche conditions in vitro, in order to
possibly reproduce some features of adult tissue types or to induce
desired and controlled cell response.

1.5 CHALLENGES IN BIOLOGICAL in vitro STUDIES

The development of in vitro platforms to monitor cell response is
of paramount importance for many aspects of biological research,
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mainly because of the rapidity of performance, the ease of use and
the lower cost of in vitro studies compared to the in vivo ones. In or-
der to be effective, the new generation in vitro assays must overcome
some important limitations of actual screening systems, which are
mainly based on cytotoxicity measurements of cells randomly plated
on a protein coated plastic surface [124]. In particular, new assays
should: (i) provide information directly related to cells biology; (ii)
be highthroughput for fast and low cost screening; (iii) integrate a
technology able to reproduce defined physiopathological conditions
or precise dosage of drugs; (iv) be user friendly [125]. Furthermore, in
vitro models should not be based on animal cells.

While an animal cell source is very useful, for example during the
troubleshooting phase in the development pipeline of a technologi-
cal device or for basic science research on cell patho-physiological
mechanisms, the use of human cells is irreplaceable in sight of a
clinical application of the developed device or for specific studies on
mechanisms involved in human pathologies. Human and animal bi-
ology can be quite different, both at the physiological and at the cel-
lular level, and such differences can be the cause of withdrawal from
the market of several approved drugs. Furthermore, the tests in vivo
raises several ethical and economical issues and should be employed
only after a decision-making process based on in vitro tests that re-
produce in the most reliable way the condition of the physiological
environment.

In this scenario, the use of human pluripotent stem cells can give
scientists a new tool for studying genetic and molecular basis of
cells physiology and diseases on a much relevant model. The abil-
ity of stem cells to differentiate into nearly any cell in the body gives
them the potential to be the source of therapy for many currently
incurable illnesses. They are important for in vitro studies of nor-
mal human embryogenesis, abnormal development (through the gen-
eration of cell lines with targeted gene alterations and engineered
chromosomes), human gene discovery, and drug and teratogen test-
ing and as a renewable source of cells for tissue transplantation, cell
replacement, and gene therapies [126]. Nevertheless, human pluripo-
tent stem cells (hPSCs) potential can be exploited only if reproducible
and reliable in vitro tests are performed.

Microtechnology, by allowing organization and manipulation of cells
and molecules at biologically relevant length scales, enables control
of the cellular environment and assessment of cell functions with cel-
lular resolution. This provides opportunities to create the condition
necessaries to overcome the current limits of in vitro studies.



1.6 in vitro STUDIES OF CELL NUCLEUS.

1.6 in vitro STUDIES OF NUCLEAR SHAPE AND STRUCTURE IN
EUKARYOTIC CELLS.

Nuclear shape and structure in eukaryotic cells are recognized to be
deeply related with cell function during developmental, physiologi-
cal and pathological modifications [127, 128, 129, 130, 131, 132]. The
mammalian cell nucleus is a membrane-bound organelle that con-
tains the machinery essential for gene expression. Although early
studies suggested that little organization exists within this compart-
ment, more contemporary studies have identified an increasing num-
ber of specialized domains or subnuclear organelles within the nu-
cleus [133, 134]. In some cases, these domains have been shown to
be dynamic structures and, in addition, rapid protein exchange oc-
curs between many of the domains and the nucleoplasm [135]. An
extensive effort is currently underway by numerous laboratories to
determine the biological function(s) associated with each domain. Fig-
ure 12 shows a scheme of the cell nucleus and of its different nuclear
domains.

The nucleus regulates cell division and transcription processes, and
it is exposed to mechanical stimuli from inside and outside the cell.
Mechanical stimuli are transmitted by the cytoskeleton to the highly
specialized structure nuclear membrane. The nuclear envelope con-
nects to and interacts with the inner nucleus through the nuclear
lamina, a dense protein network that is crucial for structural support
of the nucleus. Lamins are also connected to chromatin strucutes and
gene regulatory complexes: in particular, two types of lamins can be
distinguished by whether they remain associated with the membrane
vescicles during mitosis (B-type) or not (A-type). A-type lamins have
a central role in defining interphase nuclear organization [129]. Me-
chanics of the interphase cell nucleus is of paramount importance
for the biological function of healthy cells and it is related to sev-
eral pathologies. A growing number of studies try to analyze nuclear
mechanics behavior, and there is an emergent topic in scientific re-
search, which investigates the possible relationship between nuclear
properties and cell diseases [127, 128, 130, 136].

Nuclear stiffness has been evaluated and compared in healthy and
pathological cells, and a connection between pathological behavior of
the cells and nuclear stiffness was reported [130, 132, 138, 139, 140, 141].
Nuclear stiffness increases from human embryonic stem cells to dif-
ferentiated cells [141] and chromatin is shown to be less condensed
in the pluripotent stage [142, 143]. The most recent studies consider
nuclear mechanics as a property of the nucleus that also depends on
the cytoskeletal structure [144, 145, 146, 147]. It was proposed that me-
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Figure 12: Organization of the mammalian cell nucleus. The nucleus is char-
acterized by a compartmentalized distribution of functional com-
ponents. The nuclear envelope contains pores and rests on a
meshwork of intermediate filaments, the nuclear lamina. Nucleo-
lar organizer regions cluster to form nucleoli. Further topograph-
ical details that are shown in this schematic nuclear section are
representative for the chromosome territory-interchromatin com-
partment. (Adopted from Lanctot et al., 2007, [137] with permi-
sion).

chanical forces transmitted to the nucleus through the cytoskeleton
can lead to modification in gene expression [148]. Therefore changes
in cell shape can produce alteration of nuclear shape and function
[149]. Studies on adult endothelial cells and on cancer cells reported
a clear connection between cyotskeletal organization and nuclear de-
formability [145, 149]. In particular, the both studies show how actin
filaments are essential factors in the mechanical process of nuclear re-
modeling. Studies on cancer cells show a strong deformability of the
cell, and in particular of the nucleus, which adapts to the surrounding
micro-topography [139, 145]. Despite the described large nuclear de-
formation, cancer cells are still capable to divide, proliferate and dif-
ferentiate [139, 145]. Concomitant with these recent discoveries, sig-
nificant advances have been made in terms of identifying the molecu-
lar links between the nuclear envelope and the cytoplasmic filaments
[9, 141] and new insights have been gained into the mechainisms that
regulate nuclear shape and stiffness. Swift et al. in a recent work re-
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vealed that lamin-A plays a fundamental role in nuclear stiffness and
in regulation of the process of differentiation from mesenchimal stem
cells to soft or stiff tissues [150]. Lamin-A seems to be the protein of
the nuclear envelope that mainly interact with the cytoskelton. Low
level of lamin-A lead to differentiation in soft tissue (fat), increased
levels of lamin-A leads to differentiation in stiffer tissue (bones). This
same work [150] shows also that high lamin-A level impedes nuclear
remodeling under stress.

In stem cells at the pluripotent stage, the cell nucleus has a poor
cytoskeletal organization and a not yet developed nuclear envelope.
Along the process of differentiation, the cell acquires a more and
more mature organization of the cytoskeleton with the development
of actin filaments and expression of nuclear proteins and lamins. Stud-
ies on stem cells can represent an effective model to evaluate transi-
tions in nuclear stiffness from the pluripotent to the differentiated
stage and to elucidate the underlying mechanisms.

1.7 in vitro STUDIES OF CARDIOMYOCYTES

The heart is responsible for receiving deoxygenated blood from the
periphery, propelling this blood through the pulmonary circulation,
and ultimately distributing the oxygenated blood to peripheral tis-
sues. Contraction performance of heart muscle cells, called cardiomy-
ocytes (CMs), mainly determine cardiac output [91, 151]. These cells
are able to develop intense forces upon contraction thanks to their
specific subcellular morphology [151]. The cardiac myocyte is a spe-
cialized muscle cell composed of bundles of myofibrils that contain
myofilaments. The myofibrils have distinct, repeating microanatom-
ical units, termed sarcomers, which represent the basic contractile
units of the myocyte. In a physiological cardiac myocyte myofibrils
are formed by aligned sarcomers. The sarcomer is composed of thick
and thin filaments: myosin and actin, respectively. Actin and myosin
filaments are anchored within a dense structure called Z-band, deter-
mining the boundaries of each sarcomer. Chemical and physical in-
teractions between the actin and myosin cause the sarcomer length
to shorten, and therefore the myocyte to contract during the process
of excitation-contraction coupling (ECC) [152]. Figure 13 A shows the
structure of a heart cell, with the sarcolemma, the sarcoplasmic retic-
ulum and the sarcomeres. In Figure 13 B the mechanism of contrac-
tion through sliding of thick and thin filaments is depicted.

ECC is the process whereby an action potential triggers a myocyte
to contract, and involves the following cascade of events: voltage-
gated calcium channels open, intracellular calcium increases, con-
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Figure 13: Structure and mechanism of contraction in human cardiomy-
ocytes. A) Scheme of the heart muscle cell structure: sarcolemma,
sarcoplasmic reticulum, and t-tubules diving down from the sar-
colemma to coordinate contraction. B) Scheme of the mech-
anism of contraction through sliding of thick and thin fila-
ments.(Adapted from http://www.primepantrystuff.info/).

tractile proteins are activated, and actin-myosin interactions shorten
the contractile elements. The process of ECC is represented in Fig-
ure 14: Ca** flows into the myocyte through (voltage-activated) L-
type calcium channels and, triggered by the influx, additional cal-
cium is released from intracellular stores (sarcoplasmic reticulum;
SR), via calcium-activated release channels (ryanodine receptors). Re-
moval of calcium from the cytosol, responsible for the mechanical
relaxation, is caused by rapid transportation of the same amount of
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calcium from the cytoplasm by three different mechanisms: the sar-
colemmal Ca®* ATPase; the ]C\'aazi exchanger (NCX); and the Ca** AT-
Pase in the SR (SERCA) [153]. In cardiac myocytes, the contraction
force produced by the contractile apparatus is directly related to the
momentary calcium concentration in the cytoplasm. The continuous
contraction-relaxation cycle, characteristic of heart function, is cre-
ated by oscillation-like increases and decreases in calcium concentra-
tion, the Ca®* transients.

The deranged contraction of cardiomyocytes can cause a dysfunc-
tion of cardiac pumping and circulatory failure, which is currently
the leading cause of mortality and morbidity in Western Countries.
Detailed assessment of cardiac function can help to elucidate the
pathophysiological mechanisms of heart failure and also facilitate de-
velopment of novel therapeutic interventions. Although cardiac func-
tion is commonly evaluated through methods such echocardiogra-
phy that are applied on intact hearts [154], assessing CMs response
and behavior at the cellular level offers several advantages: the study
of isolated cardiomyocytes enables observation of active and passive
properties that can be attributed to cell autonomous mechanics, in
the absence of confounding factors such as neurohormonal activities,
properties of cell matrix protein and surrounding cells [155].

In this context, the development of an in vitro platform to mon-
itor CMs response could be of paramount importance for many as-
pects of cardiology research. Several in vitro heart models based on
artificially engineered cardiac tissue have been proposed, both at the
micro- and macro- scale [156, 157, 158, 159, 160], but they are all based
on animal derived cardiomyocytes. Human and animal cardiology
are difficult to compare. The use of human pluripotent stem cells de-
rived cardiomyocytes can provide scientists the solution for studying
CMs physiologycal and pathophysiological mechanisms on a much
relevant model. In the last few years, much effort has been put in
the use of hPSC-CMs to find new possible pharmacological treatments
for heart diseases [161, 162], as well as to study the developmental
and pathological mechanisms at the cell level [163, 164]. Grafting of
hPSC-CMs into compromised hearts of animal models has also be per-
formed, showing their potential in regenerative medicine to treat car-
diac dysfunctions [165, 166, 107]. Since these are the cells that would
be effectively injected in the patient and used in the clinical practice,
hPSC-CMs should be employed in order to perform relevant biologi-
cal and physiological assays. However, a serious matter of concern
for all applications is the early and immature phenotype displayed
by CMs and, consequently, there is great interest in methods to eval-
uate and possibly improve their process of maturation in vitro. The
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Figure 14: Scheme of excitation-contraction coupling (ECC). Ca** transport
in ventricular myocytes. Inset shows the time course of an action
potential, Ca®* transient and cotraction measured in a rabbit ven-
tricular myocyte at 37° C. NCX, N Ca =< exchange; ATP, ATPase;
PLB, phospholamban; SR, sarcoplasmic reticulum. (Adopted from
Bers, 2002 [152] with permission).

analysis of hPSC-CMs functional maturation shouldn’t omit the eval-
uation of the most important outputs of heart tissue: force genera-
tion and contraction characteristics. Unfortunately, current protocols
for deriving cardiomyocytes from stem cells and induced pluripotent
stem cells mostly rely on staining for cardiac myocyte markers rather
than on force generation because of the lack of reliable and high-
throughput methods to quantify such parameter. In fact, despite that
several experimental methods have been employed to quantify cellu-
lar forces, as discussed in Section 1.3.1, success has been limited. Some
of these methods fail in reproducibility, other are too complex to be
used in a high-throughput manner. Furthermore, most of them study
isolated CMs on a flat 2D environment. The use of an elastomeric
3D environment better reproduce the mechanical environment of na-
tive heart tissue: the approaches based on the use of polydimethyl-
siloxane (PDMS) substrates, characterized by arrays of micropillars
[78, 82, 83, 84, 90, 167] have shown that the micropost platform is
a valid approach for assessing the contractile properties of various
types of cardiomyocytes. The contraction force can be derived from
the deflection of the elastic micropillar induced by cell shortening
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[167]. However, the majority of these studies have been applied to
adult or neonatal rat cardiomyocytes. More recently, measurements
of contraction forces of hESC-CMs [168] and human induced pluripo-
tent stem cell derived-cardiomyocytes (hiPSC-CMs) [169] have been
reported. In particular, Rodriguez et al. [169] characterized contrac-
tion force, velocity and power of hiPSC-CMs on single cardiomyocytes
spreading on dense arrays of elastic micropillars: the total force pro-
duced by a single cell was determined by summing the absolute mag-
nitudes of the force measured at each post beneath the cell. How-
ever, the resulting sums are not equivalent to the gold standard axial
measurements. Additionally, this method fails to induce an elongated
shape of the cells, which corresponds to a physiological sarcomere
alignment and is a typical feature of mature CMs. The alignment
of the sarcomers strongly influences cell contractility. Taylor et al.
[168] evaluated uni-axial contraction forces of hESC-CMs by using a
thermoresponsive sacrificial support layer in conjunction with arrays
of widely separated elastomeric microposts. Through this method
they could prescribe elongated cell shapes. However, through their
approach the only parameter that was quantified was the final con-
traction force exerted by the cell. Despite the mentioned works have
been proposed to quantify hPSC-CMs contraction forces, none of them
take into account the relevance of information on calcium dynamics
combined with the study of contraction forces. Calcium dynamics,
in parallel with cell morphology, is one of the critical aspects that
define CMs contractility and functionality [153]. A complete and reli-
able analysis of the mechanism of contraction in CMs cannot omit the
study of calcium dynamics.
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2.1 AIM OF THE WORK

Cellular processes such as adhesion, migration, growth, secretion,
and gene expression are triggered, controlled, or influenced by the
biomolecular three-dimensional organization of cell-surface contact
[61, 63]. This organization cannot be straightforwardly reproduced in
the laboratory, however modern methods in microtechnology enable
researchers to generate complex environments at a biologically ap-
propriate resolution. When biological studies are performed in vitro,
it is important to consider cell-surface interaction. In this context, the
general aim of this work is:

e To fabricate substrates where mechanical, chemical and topo-
logical properties of the surface can be tuned according to the
specific biological aim.

e To employ such substrates to realize an in vitro platform where
physiological an pathophysiological parameters of the cells can
be deduced and quantified.

Since human stem cells provide unique opportunities for understand-
ing basic biology, for developing tissue models for drug testing, and
for clinical applications in regenerative medicine, we focused our at-
tention on these kind of cells. Therefore, we applied our engineered
substrates to human pluripotent stem cells and to human pluripotent
stem cells derived cardiomyocytes. In particular we pursued two spe-
cific biological aims:

e To investigate the physical plasticity of the nucleus on human
pluripotent stem cells and its evolution along the process of
differentiation.

e To quantify contraction force and simultaneously detect cal-
cium dynamics of human pluripotent stem cells derived car-
diomyocytes with an elongated shape to evaluate a possible
functional maturaton of the cells due to mechanical and mor-
phological stimuli.
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2.2 STRATEGY OF THE WORK

Microfabrication technology will be employed to fabricate substrates
with the desired morphology and chemical properties.

2.2.1  Studies on human pluripotent stem cells nuclei.

To investigate the physical plasticity of the nucleus of human pluripo-
tent stem cells, substrates formed by a lattice of micropillars with
an interaxial distance that is smaller than the average nuclear size
are fabricated. The substrates are fabricated in polydimethylsiloxane
(PDMS), following the protocol developed by Davidson et al. [139].
Such substrates induce a geometrical constrain to cells and cell nu-
clei. Deformable nuclei can penetrate among micropillar interspaces
and assume an unusual branched shape, stiffer nuclei do not pene-
trate among micropillar interspace or, if they do, they keep a oval or
round morphology. Nuclear deformability can then be quantified in
a straightforward way through image analysis of the fluorescent la-
beled nuclei. Through this method, the capability of the nucleus to
adapt to the geometry of the environment can be investigated main-
tainig the structure and function of the cells. On the contrary, the
use of other techniques, like micropipette aspiration technique, re-
quires the inhibition of the cytoskeleton filaments [141]. However, as
discussed in Chapter 1, the cytoskeleton actively interact with the
nucleus to regulate nuclear shape, therefore we prefer to evaluate nu-
clear behavior on intact cells. Furthermore, nuclear deformability is
quantified through post- processing images acquired by confocal or
fluorescent microscopy: such images can be acquired without dam-
age of the cells, evaluating possible changes in nuclear behavior day
by day on the same cells.

In our study, the physical plasticity of cell nuclei and the evolution of
such physical plasticty along the process of differentation are investi-
gated. Figure 15 reports a scheme of the studies that will be performed.
As first step, (Figure 15 A), we want to quantify and compare the phys-
ical plasticty of the nuclei of cells at the pluripotent, multipotent and
adult stage, to understand if and how nuclear stiffness is related to
the degree of differentiation, and therefore functional specialization,
of the cell. To do that, we will seed pluripotent, multipotent and adult
cells on microstructured substrates and we will evaluate nuclear de-
formability after 48 hours.
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Figure 15: Analysis of nuclear behavior on microstructured substrates. A)
human pluripotent stem cells (hPSCs), human multipotent stem
cells (hMSCs) and human adult somatic cells (hASCs) are seeded
on microstructured elastomeric substrates and nuclear deforma-
bility is quantified through image analysis of the nuclei for each
cell line. B) hPSCs are seeded both on micropillared (uP) and flat
(ctrl) substrates. In both cases ectoderm, mesoderm and endoderm
early germ layer committment is induced. Possible differences in
the expression of some specific genes between cells differentiated
on PP or ctrl substrates ere evaluated through qRT-PCR.

In further experiments, (Figure 15 B), early ectoderm, mesoderm
and endoderm germ layer committment will be performed directly
on the microstructured substrates to evaluate:

o If ectoderm, mesdoderm and endoderm germ layers committ-
ment of hPSCs can take place by employing the standard proto-
cols [170, 171, 172] when cells, and in particular cell nuclei, are
constrained by the local morphology of the substrate.

o If cell nuclei increase their stiffness along the process of early
germ layer committment also when cells and nuclei are con-
strained by the local morphology of the substrate.

o If there are differences in the expression of some specific genes,
among cells where early germ layer specification takes place
on microstructured substrates (where the process can be influ-
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enced by the geometrical constrain of the substrate) and cells
where early germ layer specification takes place in a standard
flat substrate.

By the approach chosen, it is possible to monitor in a straightfor-
ward way the variation of nuclear shape, which can then be corre-
lated to modification in the process of differentiation and in gene
expression by immunostaining using specific marker or by quanti-
tative real-time polymerase chain reaction (qQRT-PCR). These experi-
ments will provide further information on the effect of local geome-
try on the morphology of human pluripotent stem cells nuclei and
on the consequence that nuclear morphological changes can have
on cell function, in particular on cell differentiation. It has been re-
ported that cell shape regulates commitment of human multipotent
stem cells (hMSCs) to adipocyte or osteoblast fate [173]. We are in-
terested in understanding if morphological reorganization of the nu-
cleus (and therefore changes in the spatial distribution of DNA in-
side the nucleus) can affect the process of human pluripotent stem
cells (hPSCs) early germ layer specification. To do so we want to im-
plement a methodology that is highly reproducible, that allow the
realization of several experiments in parallel, and that provides quan-
titative information on nuclear stiffness in intact and living cells.

2.2.2  Studies on human pluripotent stem cells derived cardiomyocytes.

In a second approach the micropillar technique is used to study the
mechanical properties of hPSC-CMs. To this the cells are placed on
the tops of flexible pillars, which are deformed upon cell contraction
and expansion. Previous studies on cells in contact with micropillared
surfaces were based on PDMS [78, 82, 83, 84, 90, 167]. A limit in using
PDMS is related to the difficulty of permanently modify the chem-
istry of the surface of this elastomer. After polymerization and cross-
linking, solid PDMS samples present a hydrophobic surface. This sur-
face chemistry makes it difficult for polar solvents (such as water) to
wet the PDMS surface, and may lead to non-specific adsorption of hy-
drophobic contaminants, which will depend rather strongly on the
molecules present in the contacting and therefore might be more dif-
ficult to reproduce and understand. In addition one major problem of
PDMS based systems is the potential presence of low molecular weight
siloxanes, which migrate to the surface. This is evidenced by the fact
that PDMS materials feel very often slippery upon touch. Such thin
layers can act as lubricants and completely alter the mechanotrans-
duction between the cells and the surface as significant dissipation
within the lubricant layer or slipping at the lubricant-PDMS interface
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cannot be excluded. Atmospheric air plasma and argon plasma oxida-
tion can be used to alter the surface chemistry, adding silanol (SiOH)
groups to the surface. This treatment renders the PDMS surface hy-
drophilic, allowing water to wet it. The oxidized surface is due to the
acidity of silanol groups slightly negatively charged when exposed to
water close to neutral pH and thus resists adsorption of negatively
charged species. Silanol group containing surfaces can be further
functionalized by reaction with functional silanes such trichlorosi-
lanes or trialkoxysilanes for example. Nevertheless oxidized surfaces
are stable for only short periods of times in air. After a short period of
time hydrophobic recovery of the surface is inevitable, independently
from the surrounding medium, i.e. regardless of wether the surfaces
are stored in vacuum, air, or water [174]. For this reason, when a sta-
ble chemical modification of the surface is required, we will fabricate
the microstructured substrates using a different substrate chemistry.

To adapt to the specific biological aim, our platform requires to be
fabricated using a polymer that can be easily microstructured and
micropatterned. In this way both the topological and chemical prop-
erties of the surface can be tuned. To guide cell shape, we combine
a cell-adhesive photocrosslinkable elastomeric polymer with a cell-
repellent polymer. The cell-adhesive photoreactive polymer P(nBA-
co-%MABP) consists of n-butylacrylate (n-BA) and methacryloyl-4-
oxy-benzophenone (MABP). It has been shown in previous publica-
tions [175, 176], that these copolymers can be crosslinked upon brief
exposure to UV light, yielding insoluble and intractable elastomeric
networks. We choose to fabricate our substrates in P(nBA-co-%MABP)
for different reasons:

e Before the crosslinking process, the polymer can be diluted in
toluene. This solution can easily penetrate into the very small
microstructures of a stamp and be used for replica-molding fab-
rication processes.

o After crosslinking the prepolymer through UV light exposure,
the obatined elastomer has mechanical properties similar to
that of PDMS. Such mechanical properties can be tuned vary-
ing the crosslinking density of the polymer.

e After crosslinking, the polymer presents an hydrophobic sur-
face that can be easily functionalized by a layer of proteins that
are adsorbed by the surface, promoting cell adhesion.

e Thanks to the presence of the benzophenone groups, the sur-
face of the polymer can be activated by UV light and other
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polymers can be photochemically attached to the top of it, mod-
iftying the chemistry of the surface.

After fabrication of P(nBA-co-%2MABP) substrates, a thin layer of
a cell-repellent polymer can be photochemically attached to the sur-
face by UV light exposure. The layer can be attached everywhere ex-
cept on selected areas of the P(nBA-co-%MABP) surface that are pro-
tected from UV light exposure by a photomask and that will be there-
fore kept cell-adhesive. In this work, we realize substrates where cell-
adhesive areas have a rectangular shape that includes two micropil-
lars: cells are guided to adhere to these cell-adhesive areas, extending
between two micropillars. As the geometry of such an arrangement is
non-symmetric, it could potenially allow to force the cells into elon-
gated shape, which has been demonstrated to be very important to
fulfill cardiac myocyte function [35]. In Figure 16 a scheme of the em-
ployed substrate and of elongated CMs anchored between two elastic
micropillars is depicted.
In this work we employ polyacrylamide (PAA) as cell-repellent poly-
mer, since surface-attached layers of PAA hinder the process of pro-
tein adsorption and therefore of cell growth [49, 48, 47]. PAA is ob-
tained adding the photoinitiator Irgacure to a solution of acrylamide
and deionized water. Both BP and Irgacure are inert in absence of
light, therefore when the sample is irradiated with UV light through
a chrome mask, in the dark areas of the mask the crosslinking of PAA
to the P(nBA-co-%MABP) surface does not take place. On the con-
trary, the UV light that crosses the transparent areas of the mask,
hits the sample activating a process of unspecific crosslinking that
binds the PAA chains to the underlying P(nBA-co-%MABP) surface.

In Figure 16 the overall experiment is represented. The hESC-CMs
are seeded on the engineered substrates. Then, a group of them are
kept in culture for 1 week, another group is kept in culture for 5
weeks, after which calcium dynamics and contraction force of the
cells are evaluated and a comparison between the two groups is per-
formed. We compare these two groups of cells to understand if the
combination of the mechanical stimuli (cells have to "labor" to deflect
the micropillars) and elongated morphology of the cell, will entail a
process of functional maturation of the cells, which is of paramount
importance to employ such cells both to develop new pharmacolog-
ical treatments, and in regenerative medicine. In fact, hPSC-CMs have
a great potential in the study and therapy of heart diseases but their
use is currently limited by the early and immature phenotype they
display. For this reason, the implementation of a platform that in-
duce and simultaneously measure the process of functional matura-
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Figure 16: In vitro set up to simultaneously acquire contraction force and
calcium dynamics on cardiomyocytes (CMs). Human embryonic
stem cells- derived cardiomyocytes hESC-CMs are seeded on elas-
tomeric microstructured P(nBA-co-%MABP) substrates that have
previously been photopatterned with PAA to obtain cell-adhesive
and cell-repellent areas. When cells are seeded on the substrate
they adhere only to the cell-adhesive areas of the substrate and
they elongate between two micropillars assuming a physiological
shape. Calcium dynamics and contraction force of hESC-CMs are
acquired after 1 week and after 5 weeks from seeding and com-
pared to evaluate a possible functional maturation of the cells.
Confocal analysis allows the acquisition of calcium dynamics and
pillar deflection which is converted in force through the use of a
proper finite element model (FEM).

tion of such cells in vitro is of great interest. Calcium dynamics, i.e.
the oscillation-like increase and decrease in calcium concentration
in the cytosol, is acquired through confocal analysis of CMs: calcium
is detected by intensity changes of light emitted by the fluorescent
probe fluo-4. Micropillar deflection is quantified from the analysis of
confocal images and converted into contraction force values through
the use of a finite element model (FEM) that describes the deflection of
the micropillars when a tangential force is applied. The finite element
model can be realized after characterization of the mechanical proper-
ties (Young’s modulus and stress-strain curve) of P(nBA-co-%2MABP).
When all parameters are determined the relationship between the
forces sensed by the cell and exerted by the cell on the surface and
cell function is evaluated.
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3.1 POLYMERS FOR SUBSTRATE FABRICATION
3.1.1  Polydimethylsiloxane

Polydimethylsiloxane (Figure 17) is the most widely used silicone-
based organic polymer and it is particularly known for its unusual
rheological properties. Its applications range from contact lenses and
medical devices to elastomers. PDMS is optically clear, and is gener-
ally considered to be inert, non-toxic and non-flammable [177, 178].
PDMS networks can be used as a substrate to grow cells. Varying the
crosslink density in the polymer network allows to tune the mechan-
ical properties in a range similar to living tissues.

PDMS samples in this work were synthesized using Sylgard 184 (Dow
Corning, Midland, MI) silicone-elastomer base and Sylgard 184 (Dow
Corning, Midland, MI) silicone-elastomer curing agent, with a base
: curing agent proportion of 10 : 1, which means 10 parts of Syl-
gard 184 silicone-elastomer base with 1 part of Sylgard 184 silicone-
elastomer curing agent. The mechanical properties of Sylgard 184
have been thoroughly investigated [179, 180, 181, 182, 183]: the cross-
linked polymer is a material with a Young’s modulus that generally
ranges from 0.5 to 2 MPa depending on the mixing ratio and heating
temperature [179].
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Figure 17: chemical formula of PDMS

PDMS has been employed to fabricate the microstructured substrates
used in the studies concerning the physical plasticity of the nucleus
of hPSCs. It has also been employed to fabricate stamps for replica
molding process.
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3.1.2  Poly(nBA-co-%MABP)

In this work, to fabricate the elastomeric microstructured substrates
for cardiomyocytes culturing, we used P(nBA-co-%2MABP), a cell-adhe-
sive copolymer obtained through free radical polymerization.

3.1.2.1  Free radical polymerization

Free radical polymerization is a method of polymerization by which a
polymer forms by the successive addition of monomers. The process
consists essentially in three steps: initiation, propagation and termi-
nation [184, 185, 186]. Initiation is the first step, where an initiation
molecule decomposes homolytically into two radicals:

154 2R (2)

Another type of initiation is photolysis, where radiation cleaves a
bond homolytically, producing two radicals. The subsequent step is
propagation, during wich the polymer increases its chain length. In
the propagation step, the radical attacks a monomer and creates a
reactive centre. A monomer then adds to form a chain carrier.

R-+M X rRM (3)
kp
RMy - +My — RMy g (4)

Once a chain has been initiated, the chain propagates until ter-

mination occurs. There may be anywhere from a few to thousands
of propagation steps depending on several factors such as radical
and chain reactivity, the solvent, and temperature. The chain growth
stops in the termination steps by combination or disproportionation.
In combination two chain ends simply couple together to form one
long chain. In disproportionation reactions a hydrogen atom from
one chain end is abstracted to another, producing a polymer with a
terminal unsaturated group and a polymer with a terminal saturated
group.
Free radical polymerizations are very important for the production
of polymers because high molecular weights can be obtained within
short times and the polymerization conditions are mild. Furthermore,
copolymers of different monomers are easily accessible [186].
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3.1.2.2  Copolymerization by free radical polymerization

A copolymer is a polymer derived from two (or more) monomeric
species, as opposed to a homopolymer where only one monomer is
used. Since a copolymer consists of at least two types of constituent
units, copolymers can be classified based on how these units are ar-
ranged along the chain. This classification includes alternating copoly-
mers, block copolymers, graft copolymers and statistical copolymers.
Alternating copolymers have the repeat unit sequence AB, whereas
long sequences of each repeat unit are joined together in block copoly-
mers. In graft polymers, a chain of one component is attached to the
main chain of another one. In statistical copolymers, the repeat units
are distributed statistically along the chain through four possible ad-
dition reactions [186]. Each reaction has a specific reaction rate where
% is the ratio of the rate of consumption of [A] and [B] and 17 and
1) are the relative reactivity ratios. The amount of each monomer (A
and B) incorporated in the chain from a given reaction mixture can

be derived from the copolymer equation:

dlA]l @[n [A] + [B]]
d[B]  [B] lry [B] + [A]

The relative reactivity ratios represent a measure for the reactivity
of the propagating species with the other monomer. In an ideal statis-
tical copolymer (11 = 1, = 1), the two monomers are incorporated in
the chain with the same probability. A completely alternating copoly-
mer is formed if r7 and 1, approach zero. If either 1 or 1, is very
high, a block copolymer is formed. When the reactivity of the cross-
reaction is so low, that the two monomers only homopolymerize, a
polymer blend is obtained. P(nBA-co-%MABP) has value of r; and
17 similar to the r-parameters of P(DMAA-co-%MABP) which were
found to be r1 = 0.30 £+ 0.05 and v, = 0.28 + 0.08 [187]. P(nBA-co-
%MABP) is an elastomer. Above its glass transition temperature (T),
the networks deform easily already upon application of low forces.
After releasing the force, they regain their initial shape. The mechan-
ical properties of elastomers and in particular of P(nBA-co-%MABP)

(5)

will be discussed in Chapter 4.

3.1.3  Photocrosslinked polymer networks

In this study, the photoactive MABP was employed as a crosslinker to
prepare networks. Benzophenone is a photoreactive molecule that is
activated by UV light both at the wavelength A = 365 nm and at the
wavelength A = 250 nm. Irradiation with A = 250 nm induces an
electron transfer in the carbonyl group from the ground state Sy to
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the activated singlet state S, (t — 7), whereas A = 365 nm leads
to the activated single state S; (n — 7*) [188, 189, 190]. The elec-
trons return to the ground state Sy by fluorescence or they undergo
intersystem crossing to Tq (Figure 18) [188, 189, 190].
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Figure 18: State diagram of benzophenone. The relaxation from St can take
place either by fluorescence into the ground state Sy or by inter-
system crossing (ISC) to a biradicaloid triplet state Ty [189].

In the triplet state the BP can abstract a hydrogen atom from alipha-
tic C — H groups of other polymer chains, thereby forming two carbon-
based radicals that combine to form a stable C — C bond (Figure 19).

R

Figure 19: Mechanism of the benzophenone based crosslinking process.
Upon illumination benzophenone forms biradical, which ab-
stracts the hydrogen atom from a neighbouring C-H group of a
polymer leaving a two carbon radicals, which can recombine and
establish covalent bond.

Polymers containing photoreactive groups like benzophenone or
its derivatives attach themselves covalently to an organic surface
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upon irradiation with UV light, and simultaneously form a cross-
linked polymer network (Figure 20). In this work, the photosensitive
cross-linker MABP is used and incorporated in the precursor polymer.

(o} *] (o]
(o]
H3;C + DcM 2
Cl RT12n CH;
HO (&)
CH
CH;

Figure 20: Reaction scheme of the synthesis of methacryloyl-4-oxy-
benzophenone (MABP).

3.1.3.1  Poly(nBA-co-%MABP)

P(nBA-co-%MABP) is a copolymer produced by free radical polymer-
ization employing n-BA and MABP. A scheme of the reaction is re-
ported in Figure 21. In this work three different concentrations of
MABP have been tested to select the proper polymer for the biolog-
ical studies: P(nBA-co-4%MABP), P(nBA-co-10%MABP) and P(nBA-
c0-20%MABP). The reasons why we choosed to fabricate our sub-
strate employing this polymer are enumerated in Chapter 2. Briefly,
P(nBA-co-%MABP) networks have elastic properties similar to that
of PDMS, can be microstructured because the polymer is liquid before
cross-linking and thanks to the use of the photosensitive cross-linker
MABP can be photopatterned through UV light exposure. UV light at
A = 365 nm and A = 265 nm can be used to cross-link the polymer
or to activate specific areas of the surface.
o S ARG o5 o
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Figure 21: P(nBA-co-%MABP) synthesis through free radical polymeriza-
tion.
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3.1.3.2 Silanization

In order to modify surfaces like glass or silicon with stable polymer
films, they have to be covalently bound to these surfaces. This can
be achieved by using silane anchors containing benzophenone or its
derivatives. In this work triethoxybenzophenone (3EBP) silane was
used to modify a glass slide surface. 3EBP was spincoated on glass and
then dried in oven at 120°C for 12 hours to form a thin silane layer.
Through the condensation reaction the 3EBP layer become crosslinked
and attached covalently to the glass surface. The thin silane layer
provided the basis for the photochemical attachment of polymer with
a benzophenone cross-linker. The process of silanization and polymer
attachment is shown in Figure 22 .
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Figure 22: Silanization with triethoxybenzophenone (3EBP) silane and at-
tachment of polymer chain through UV-irradiation

3.1.4 PAA networks

Polyacrylamide is a polymer formed from acrylamide subunits. Its
chemical formula is (—CH; CHCONH;,—). Networks from this poly-
mer are highly water-absorbent, and form a soft gel when hydrated
accompained by a strong increase of its volume upon swelling. The
most common method for catalytic initiation of acrylamide polymer-
ization involves the generation of free oxygen radicals by ammonium
persulfate. However, photo-induced methods of initiation are also
available. A particularly useful method of polymerization involving
photo-induced generation of free radicals, employes 1-[4-(2-hydroxye-
thoxy)-phenyl]-2-hy- droxy-2-methyl-1-propane-1-one (Irgacure 2959,
BASF) as initiator. Polymerization is initiated through exposure to
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ultraviolet light, allowing polymerization and cross-linking to be lo-
cally manipulated by varying UV light intensity or substrate expo-
sure time [191]. By placing a light blocking mask over the gel, this
method offers the opportunity to create geometric patterns across
the surface of a single substrate.

In this work the acrylamide monomer subunits have been cross-linked
forming polyacrylamide chains using Irgacure 2959. To this, acry-
lamide mixed with photoinitaitor solution was exposed to UV light
(A = 365 nm). The polymer is used to selectively photopattern cell-
repellent areas on the elastomeric, cell-adhesive P(nBA-co-%2MABP).
The process of PAA immobilization onto the P(nBA-co-%2MABP) sur-
face, is a complex reaction of photopolymerization, crosslinking by
radical abstraction and transfer and photoimmobilization. By UV light
exposure, a photopolymerization and a simultaneous photoattach-
ment reaction between PAA formed in the polymerization process and
the P(nBA-co-%MABP) substrate are triggered. In particular, upon il-
lumination benzophenone establishes covalent bonds with C- H groups
of the PAA, as depicted in Figure 23. The photoattachment leads to the
formation of a surface-attached monolayer of PAA chains. When now
activated radicals from the added Irgacure photoinitiator abstract fur-
ther hydrogen atoms from the PAA chains, this will lead to branching
and eventually crosslinking. As a result this process allows the gen-
eration of a surface-attached network, which is much thicker than
a simple PAA monolayer obtained in a photoattachment reaction. In
that sense the Irgacure acts both as a photoinitiator and as a pho-
tocrosslinker.

0,
Oj/\o/\OIO/ ) ) )

Figure 23: C-H insertion reaction between PAA and BP of P(nBA-co-%MABP).
Upon illumination by UV light benzophenone establishes a cova-
lent bond with the C- H group of PAA.
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3.2 FABRICATION OF THE SUBSTRATES
3.2.1 Fabrication of PDMS microstructured substrates

Microstructured PDMS stamps were fabricated by replica molding from
microstructured Si-wafers obtained through a standard photolithog-
raphy technique. Briefly, a Si-wafer was spin coated with a thin layer
of negative photoresist (AZ-1518, MicroChemicals, Germany). The pho-
toresist was illuminated by UV-light (A = 365 nm) through a chrome
mask (Delta Mask, The Netherlands) that presented the desired pat-
tern. Uncross-linked resist was removed rinsing the wafer in the AZ-
1518 developer (MicroChemicals, Germany) for few seconds. The wafer
was then etched to obtain the final micropillared stamp. The micro-
structured Si-wafer was subsequently silanized by exposure to the va-
por of (tridecafluoro-1,1,2,2-tetrahydro octyl)-1-trichlorosilane in vac-
uum for 30 minutes, to facilitate PDMS removal during the replica
molding step.
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T — s Chrome mask

UV light 365 nm B
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Figure 24: Fabrication of PDMS microstructured substrates. A) Photolitogra-
phy step; B) Replica molding step.

PDMS elastomer was thoroughly mixed with the silicone elastomer
curing agent in a 10 : 1 ratio, poured over the microstructured Si-
master and kept under vacuum for 1 h to allow the complete filling
of the pattern and air bubbles removal. The sample was then cured at
80°C for 3 hours and subsequently peeled off the Si-wafers. Figure 24
shows a scheme of the process of fabrication of PDMS microstructured
substrates that are obtained by fabrication of the stamps through pho-
tolitography (Figure 24 A) and subsequet repilca molding (Figure 24
B).
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This process was used to fabricate microstructured samples for the
investigation of the physical plasticity of the nucleus of hPSCs. The
topography of the samples was characterized by scanning electron
microscopy (SEM) as shown in Figure 25: the substrate was formed
by a square lattice (7um pillar width) with a distance between the
pillars of 7um (lattice constant 14pum). The height of the microstruc-
tures was fixed at around 7um.

The same process, but using different silicon masters, was employed
to fabricate the stamps used to fabricate P(nBA-co-%MABP) microstruc-
tured substrates.

Figure 25: Scanning electron microscopy images of PDMS microstructures
on silicon substrates obtained by replica molding as described in
the text. Scale bar is 20pum

3.2.2  Fabrication of P(nBA-co-%MABP) flat and microstructured sub-
strates

The protocol for the fabrication of P(nBA-co-%MABP) flat and mi-
crostructured substrates was developed in collaboration with Melanie
Eichhorn, PhD student at Department of Microsystems Engineering
(IMTEK), University of Freiburg. To fabricate flat P(nBA-co-%MABP)
samples P(nBA-co-%MABP) polymer was dissolved in toluene (300
mg/ml) and 150 pl of this solution were poured on a round glass cov-
erslip (25 mm of diameter) which was previously silanized with 3EBP
silane as described in Section 3.1.3.2. The solution was spin-coated on
the glass at a rotational velocity of 600 rpm for 1 minute and then
irradiated by UV light (A = 365 nm, P = 6.5 mW) for 20 minutes.
To fabricate micostructured P(nBA-co-%2MABP) samples, P(nBA-co-
%MABP) polymer was dissolved in toluene (300 mg/ml) and a 60 ul
drop of the resulting solution was poured on the appropriate PDMS
stamp, which was previously obtained through replica molding from
the appropriate silicon mask. A glass slide was then gently pressed
onto the PDMS stamp filled with P(nBA-co-%MABP), allowing the
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still not cross-linked polymer to completely fill the pattern of the
stamp. The glass surface was previously silanized with 3EBP silane to
achieve a covalent bond between the glass and the elastomer during
UV light irradiation. This sandwich formed by PDMS stamp, P(nBA-co-
%MABP) and silanized glass (see Figure 26) was then exposed to UV
light (A = 365 nm, P = 6.5 mW) for 20 minutes. The cross-linked mi-
crostructured samples covalently bonded to the glass slide were then
peeled-off from the PDMS stamp. The process of fabrication of P(nBA-
co-%MABP) microstructured substrates is reported in Figure 26 A.
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Figure 26: Fabrication of microstructured and photopatterned elastomeric
substrates for cardiomyocytes culturing. A) Fabrication of P(nBA-
co-%MABP) microstructured substrate; B) Photopatterning of
PAA on P(nBA-co-%ZMABP) substrates by UV light exposure
through a chrome mask.

3.2.3 Cross-linking of PAA on P(nBA-co-%MABP) substrates

Polyacrylamide solution was prepared by dissolving acrylamide (Sig-
ma Aldrich, Germany) in deionized water to a final concentration
of 8%. The acrylamide solution was supplemented with 30 mg/ml of
photoinitiator (Irgacure, BASF, Germany) previously diluted in 100ul
methanol. A 70ul drop of acrylamide+Irgacure solution was poured
on a glass coverslip, the P(nBA-co-%ZMABP) sample was turned up-
side down and put in contact with the polyacrylamide solution, and
a photomask consisting of dark and transparent areas was gently
placed on the glass that supported the P(nBA-co-ZMABP) sample.
This sandwich-like sample was then irradiated for 90 s with UV light
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(A = 365 nm). As a result of this process in the irradiated areas a
surface-attached polymer network was generated in a rather com-
plex mechanism, described in Section 3.1.4. After UV light exposure,
the whole elastomeric sample was covered by a thin layer of cell-
repellent PAA, except those areas that have not been exposed to UV
light as they have been shaded by the photomask (dark areas of the
photomask). The sample was rinsed with deionized water for 3 min-
utes to remove all the residual not cross-linked PAA. The same pro-
cedure has been applied both on flat elastomeric samples and on mi-
crostructured elastomeric samples. (Figure 26 B) reports a scheme of
the process of photoimmobilization of PAA on P(nBA-co-%2MABP) mi-
crostructured substrates. Figure 27 shows the surface of a flat P(nBA-
co-%MABP) sample where PAA stripes have been subsequently pho-
topatterned. A clear pattern is detected, formed by the presence and
the absence of the PAA polymer layer. They are easily visible in the
images as the PAA have been labeled with rhodamin. Such image
prooves that PAA selectively crosslinked to the P(nBA-co-4%MABP)
surface thanks to the use of a chrome mask during UV light irradia-
tion, and that after rinsing the uncrosslinked PAA, no residual of such
polymer is left on P(nBA-co-4%MABP) stripes.

1111

Figure 27: Image of P(nBA-co-4%MABP) photopatterned substrates with
stripes of PAA. A) Phase contrast image of the substrate; B) Fluo-
rescent microscope image of P(nBA-co-%MABP) photopatterned
substrates. In black the cell-adhesive areas of P(nBA-co-%MABP)
and in red the cell-repellent areas of PAA died with rhodamine.
Scale bar is 100um.

In Figure 28, a bright field image of a flat photopatterned P(nBA-
co-%MABP) sample is reported. PAA has been crosslinked on P(nBA-
co-%2MABP) surface leaving only rectangular cell-adhesive areas mea-
suring 30 x 15 um that are highlighted by white dotted lines in the
image. Such substrates have been employed to perform experiments
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with human embryonic stem cell derived-cardiomyocytes (hESC-CMs)
as described in Chapter 8.

Figure 28: Bright field image of flat photopatterned P(nBA-co-%MABP) sam-
ple. White dotted lines mark the cell adhesive P(nBA-co-%2MABP)
areas. The rest of the surface is covered by PAA. Scale bar is 30pum.

Figure 29 shows the bright field image of a microstructured and
photopatterned P(nBA-co-%2MABP) sample. PAA has been immobi-
lized everywhere except that into the rectangular areas marked by
the white dotted lines. Such substrates have been employed to per-
form experiments with hESC-CMs as described in Chapter 8. The shape
and location of the adhesive areas was planned to guide in a proper
way cell adhesion and shape.

3.2.4 Fabrication of P(nBA-co-%MABP) samples for mechanical test-
ing

To perform a dynamic mechanical thermal analysis (DMTA) that al-
lows to quantify the Young’s modulus of the material at the differ-
ent cross-linking densities, specific samples have been fabricated: the
samples needed to be at least 3 mm thick and their length had to
be at least two time bigger than their width. For these reasons the
samples were fabricated by casting. A solution of P(nBA-co-%2MABP)
in toluene (300 mg/ml) was prepared and 2 ml of this solution were
poured on a rectangular teflon stamp (2x5 cm). The solution was then
exposed to UV light (365 nm) for 30 minutes. The sample was peeled-
off, turned upside-down, and exposed to UV light for further 30 min-
utes until the film was completely crosslinked. The film thickness
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Figure 29: Bright field image of microstructured and photopatterned P(nBA-
co-%MABP) sample. White dotted lines mark the cell adhesive
P(nBA-co-%MABP) areas. The rest of the surface is covered by
PAA. The small squares are the microstructures (micropillars in
the specific case) as seen from above. Scale bar is 30pm.

ranged from 3 to 3.5 mm. An example of a sample used for the DMTA
measurements is shown in Figure 30.
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Figure 30: P(nBA-co-%MABP) sample for DMTA analysis obtained by drop
casting of the precursor polymer followed by photochemical
crosslinking as described in the text. Scale bar is 20 mm.

3.2.5 Characterization of the PAA layer thickness through AFM

The thickness of the PAA film crosslinked on top of the P(nBA-co-

%MABP) surface was measured through atomic force microscopy (AFM).

Figure 31 shows the scheme of a AFM measurement.
In this work, the determination of film thickness and surface to-
pography were carried out using the AFM in tapping-mode [193, 192].
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Base

Cantilever

Figure 31: Scheme of AFM measurmement of a surface. (Adapted from
Mironov et al, [192]).

In this mode, the cantilever oscillates while scanning over the sample
surface. This causes an intermittent and very weak contact between
the sample and the cantilever tip, which reduces the risk of surface
damage induced by the lateral force of the tip and minimizes the tip-
sample interaction. Thus, it is possible to image mechanically weak
surface nanostructures such as polymers or biological samples.

3.2.5.1 AFM results

AFM samples were fabricated by simultaneously photoattaching and
photocrosslinking PAA on a flat P(nBA-co-%MABP) substrate with UV
light irradiation through a chrome mask that allowed an homoge-
neous crosslinking of PAA everywhere except on rectangular squares
measuring 40 x 80 pm.

AFM analysis was performed on the edge of the P(nBA-co-%MABP)
rectangular areas, where the boundary between the two polymers
was visible. The height of the step caused by the presence of the PAA
network was recorded. For all the 5 different samples tested the layer
thickness was around 250 nm. This value is far less than the micropil-
lar height (20 um) therefore it is safe to assume that PAA layer do not
influence the morphological properties of the substrate but only the
chemical properties.
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Figure 32: AFM measurement on our samples. A) AFM phase image of the
substrate: the left, darker part is P(nBA-co-%2MABP), the right
lighter part is P(nBA-co-%MABP) covered by a layer of PAA. B)
AFM profile at the edge of the P(nBA-co-%#MABP) rectangular
area: the lower part on the left is where there is only P(nBA-
co-%MABP), the right higher part is where PAA crosslinked on
P(nBA-co-%MABP).






MECHANICAL CHARACTERIZATION OF THE
SUBSTRATE

4.1 MECHANICS OF ELASTOMERS

Elastomers are polymer networks that are weakly crosslinked and
where the polymer subchains are above the glass transition tempera-
ture. They are capable of absorbing large deformations in a reversible
manner. Unlike energy-elastic solids such as metals or alloys, elas-
tomers are entropy-elastic [194, 195]. The driving forces behind the
elasticity of a material are changes in the entropy of the system, i.e.
the degree of disorder which is greater in the coiled disordered state
of the polymer chains than in an arranged, extended, orderly state.
During deformation the polymer subchains partially unfold (entropy
decrease), but upon release of stress they return to their original con-
formations (entropy increase). This is due to the fact that the bonds
can rotate freely [196, 194, 197]. The crosslink prevent that during un-
folding the chains translatory movements, i.e. movements of the (sub-
)chains against each other, happen.

The elastic modulus increases with increasing strain as shown in
Figure 33. The tensile modulus of elastomers is typically small and
varies with strain, (i.e. it is non linear). However, a linear response
can be assumed for small strain. This behavior comes from the elas-
tomeric structure which is highly amorphous with twisted coiled
and kinked chains: during deformation these partially straighten. but
upon release of stress they return to their original conformations. In
the case of suddenly applied force or large deformations [198], the
recoiling of the molecules (during unloading) has a slightly different
path than the uncoiling (during loading), i.e. some hysteresis occurs.
The area located between the loading and unloading curves is pro-
portional to the energy absorbed in each cycle of the loading. In this
case material can be considered as partially viscoelastic.

4.11  Elasticity

Elasticity is the ability of a material to store deformational energy,
and can be viewed simply as the capacity of a material to regain its
original shape after being deformed [194, 197]. When the material is
stretched or compressed the atoms are forced out of their equilibrium
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Figure 33: Stress-strain relationship of a typical elastomer. The elastic mod-
ulus increases with increasing strain. The low strain modulus has
a low value because the forces needed to uncoil the molecular
chains are small. The high strain modulus has a higher value be-
cause stronger forces are needed to stretch the primary (covalent)

bonds.

positions and are either parted or brought together until the forces
caused by the deviation from the equilibrium balance the external
force. With some materials the extension or compression is limited
by other factors to less than 10% of the bond length, so that the re-
lationship between force and distance is essentially linear. When the
load is removed, the interatomic forces restore the atoms to their orig-
inal equilibrium positions. These kind of material can be described by
Hooke’s law [194]. Hooke’s law describes the mechanical behavior of
an ideal solid, relating the applied strain (e or y) to the resultant
stress (0 or T) through a factor called the modulus (E or G). Thus,
0 = Ee (tension) or T = Gy (shear). The modulus describes the mate-
rial’s stiffness (i.e. its ability to resist deformation). The linear region
in which the modulus does not change when the strain is changed
is called the Hookean region: extension and force are directly and
simply proportional to each other. Strain can be expressed in a num-
ber of ways, each offering certain advantages and insights into the
processes of deformation. The most commonly encountered form as-



4.1 MECHANICS OF ELASTOMERS

suming small deformations is nominal or Cauchy strain, which is the
increase in length per unit starting length:
Al
=L

The stress o is expressed as the force divided by the area across
which the force is acting:

_F
- %

€c

(6)

o

(7)

However, just as with strain, this simple equation is suitable only
for small extensions. the ratio of stress to strain is an elastic charac-
teristic of a material. This ratio is related to the the stiffness of the
material and it is called Young’s modulus, E:

E=— (8)
€c

A typical stress-strain curve is shown in Figure 35. A different
mode to apply stress is shear. The shear stress, T, is defined as :

T
T=—

Aq (9)
where T is the shear force, colinear to the surface Ay where the force
is acting.
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Figure 34: Scheme of elastic response of a material. A) Cauchy strain € is
calculated from the deformation Al of the material when a force
F is acting on the surface A( along the y axis. B) The shear stress
T is calculated dividing the force T acting along the x axis for the
surface A colinear to the acting force.

The shear or Coloumbs modulus is defined as

G= i (10)
Y
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where the strain y is measured in radiants.

In an isotropic material, i.e. a material whose mechanical proper-
ties are the same in all directions, the Young’s modulus and the shear
modulus can be related through the expression:

E

G= ) (11)
where v is the Poisson ratio. The previous equations are valid for
small strains. Elastic materials obey Hooke’s law when the relation-
ship between stress and strain is linear: this linearity is lost when
large deformations take place. In materials undergoing large defor-
mations stress-strain behavior is nonlinear and can be described by
the neo-Hookean model [199]. In Figure 35 the stress-strain curve of

an Hookean and neo-Hookean material are compared.

o4 - A
loading .
2| 7 z
{/
5 / ./ unloading
0]
Strain € €
a) b)

Figure 35: Stress-strain curves for elastic materials: the loading and unload-
ing curves superpose in both cases. A) Hookean material: there
is a linear relationship between stress ¢ and strain €. B) Neo-
Hookean material: There is a linear response for small defor-
mation whereas for larger deformation the material response be-

comes non-linear.

4.1.2  Viscoelasticiy

Viscoelasticity is the property of materials that exhibit both viscous
and elastic characteristics when undergoing deformation. Unlike pure-
ly elastic substances, a viscoelastic substance has an elastic compo-
nent and a viscous component. The viscosity of a viscoelastic sub-
stance gives the substance a strain rate dependent on time. Purely
elastic materials do not dissipate energy (heat) during a loading/un-
loading cycle. However, a viscoelastic substance loses energy when
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a load is applied, then removed. Hysteresis is observed in the stress -
strain curve, with the area of the loop being equal to the energy lost
during the loading cycle. Since viscosity is the thermally activated re-
sistance to deformation, a viscous material will lose energy through
a loading cycle. Specifically, viscoelasticity is a molecular rearrange-
ment.

Figure 36 shows a typical stress-strain curve of a viscoelastic mate-
rial.
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Figure 36: Stress-strain curve for viscoelastic materials: the loading and un-
loading curves don’t superpose because there is an energy loss
on the material.

An important experiment performed on viscoelastic materials is
the one in which either stress or strain (usually strain) is varied cycli-
cally (usually sinusoidally for mathematical convenience) with time,
and the response is measured at various different frequencies of de-
formation. Dynamic mechanical thermal analysis has been applied to
analyze the mechanical response of our samples.

4.2 DYNAMIC MECHANICAL THERMAL ANALYSIS

Dynamic mechanical thermal analysis DMTA is a technique where a
small deformation is applied to a sample in a cyclic manner and that
is widely used to characterize material’s properties [196, 200]. Fig-
ure 37 shows a picture of the instrument that has been used in this
work. The measurements were performed at Institut Charles Sadron
of Strasbourg, with the supervision of Vincent Le Houerou. DMTA
technique allows the materials response to strain, temperature, fre-
quency and other values to be studied. The sample can be subjected
by a controlled stress or a controlled strain.

For a known stress, the sample will deform to a certain extent. In
DMTA, when a sinusoidal force is applied, the instrument detects an
in-phase component, the storage modulus, and an out of phase com-
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Figure 37: DMTA test on a elastomeric sample: a longitudinal cyclic load is
applied while the temperature varies.

ponent, the loss modulus, which are both part of the complex modu-
lus E*:

E*=E +iE” (12)

The storage modulus, E’ , is the measure of the sample’s elastic re-
sponse whereas the loss modulus E” is related to the energy loss due
to internal motion. The ratio of the loss to the storage is the loss
factor (tan delta) and is often called damping. It is a measure of the
energy dissipation of a material:

"

E
tand = i (13)

Damping is the dissipation of energy in a material under cyclic load
and is reported as the tangent of the phase angle. It varies with the
state of the material, its temperature, and with the frequency. While
Young’s modulus, which is calculated from the slope of the initial
part of a stress-strain curve, is similar conceptually to the storage
modulus, they are not the same. The Young’s modulus E is derived

from the complex modulus E*, since it is calculated as the norm of
E*:

E— (E/)Z + (E//)Z (14)
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Figure 38: Typical DMTA result: while the temperature varies and the poly-
mer goes from the glassy domain to the rubber plateau through
the transition state, the storage modulus, E’, the loss modulus E”,
the Young’s modulus E and the tan 6 are measured. E’ is the mea-
sure of the sample’s elastic response whereas E” is related to the
energy loss in internal motion. The ratio of the loss to the storage
is the loss factor (tan d).

Modulus values change with temperature and transitions in mate-
rials can be seen as changes in the E’ or tan delta curves. A prop-
erly calibrated instrument requires calibration for both temperature
and force. Important requirements for high quality measurements
are: even thickness of the sample with parallel sides and right an-
gles, a deflection of less than 50 um and heating rates of 2-3 °C per
minute [200]. Figure 38 shows a typical DMTA test result at a fixed
frequency. The temperature varies while the polymer goes from the
glassy domain to the rubber plateau and the instrument measures
the values of the storage modulus, E’, the loss modulus E” and the
Young’s modulus E at each temperature.

4.2.1  DMTA analysis on P(nBA-co-%MABP): evaluation of the Young’s
modulus

In this work, P(nBA-co-%ZMABP) was used to fabricate microstruc-
tured substrates that allow the determination of cardiomyocytes con-
traction force: the elastomer used for this purpose has to be stiff
enough to guarantee a reliable and reproducible morphology of the
micropillar but soft enough to obtain structures that are displaced
by cell contraction. In literature, polydimethylsiloxane (PDMS) has
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been commonly used to detect cell force from pillar deflection. The
Young’s modulus of PDMS ranges from 0.5 to 2 MPa. In our studies on
cardiomyocytes (CMs) we preferred to use P(nBA-co-%2MABP) sam-
ples instead of PDMS samples for chemical properties at the surface of
P(nBA-co-%MABP) which is protein-adsorbent and can easily be pho-
topatterned to obtain substrates with cell-adhesive and cell repellent
areas that direct cell growth, as described in Chapter 3. We fabricated
the samples for DMTA analysis as described in Chapter 3. Briefly, rect-
angualar samples of P(nBA-co-%2MABP) have been obtained pouring
2 ml of polymer on a 2 cm large and 5 cm long teflon stamp and expos-
ing the liquid to 350 nm UV light for 30 minutes on one side and for
further 30 minutes on the other side of the film. Then we peeled-off
the samples and we measured their thickness which ranged from 3 to
3.5 mm. Through this procedure we fabricated several samples with
three different cross-linking densities: P(nBA-co-4%MABP), P(nBA-
c0-10%2MABP) and P(nBA-co-20%MABP). The elastic properties of
P(nBA-co-%MABP) were tested through DMTA (Instron 4502 Tensile
Machine). A small preload was applied to each sample to assure the
same tensile condition for all of them at the beginning of the test and
tensile loading all along the test. A sinusoidal stress with a frequency
of 1 Hz was applied deforming the samples of 1% maximum, to obtain
a linear elastic response from the material.
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Figure 39: E modulus of P(nBA-co-4%MABP). The temperature varies while
the frequency is fixed at 1 Hz.

The frequency was fixed at 1 Hz because this value is comparable
to the frequency of deformation induced by the cells during their con-
traction. For each cross-linking density the experiment was repeated
for 5 samples. Young’s modulus was measured at different tempera-
tures. In our application, it was important to determine the Young’s
modulus of the material at 36.5 °C which is the temperaure at which
the cells that are cultured on the substrates had to be kept. The E
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Figure 40: E modulus of P(nBA-co-10%MABP). The temperature varies
while the frequency is fixed at 1 Hz.
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Figure 41: E modulus of P(nBA-co-20%MABP). The temperature varies
while the frequency is fixed at 1 Hz.

modulus of P(nBA-co-4%MABP) has been measured from -40°C to
40°C (Figure 39) , E modulus of P(nBA-co-10%MABP) has been mea-
sured from -20°C to 40°C (Figure 40) and E modulus of P(nBA-co-
20%MABP) was evaluated at 20°C and at 36.5°C (Figure 41). DMTA
analysis measured a Young’s modulus of 130 + 21 MPa for P(nBA-co-
10%MABP) at 36.5° and a Young’s moduls of 208 4 27 MPa for P(nBA-
c0-20%MABP) at 36.5°, both far too high for our purpose. In contrast
to that, the Young’s modulus of P(nBA-co-4%MABP) at 36.5°C was
found to have a value very similar to PDMS: 1.53 &£ 0.23 MPa. From
these results we decided to use P(nBA-co-4%MABP) for the fabrica-
tion of our substrates.
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4.3 NANOINDENTATION TEST

The nanoindentation technique allows the evaluation of the mechan-
ical properties of very small volumes of material through the use of
small probes (few wm) and a cantilever able to apply and measure nor-
mal load and tangential force in the order of uN. This instrument is
commonly used to determine modulus of elasticity, hardness, fracture
toughness, scratch hardness and wear properties [201]. In this work,
we used the nanoindenter (Nanoindenter CSM instruments, Switzer-
land) to experimentally reproduce the process of bending of our mi-
cropillars when a tangential force was applied at the top of them. A
picture of the instrument is reported in Figure 42. The measurements
were performed at Institut Charles Sadron of Strasbourg, with the
supervision of Vincent Le Houerou.

Figure 42: Nanoindenter instrument.

When a specific tangential force is applied, the deflection of the top
of the micropillars depends on the material properties (i.e. Young’s
modulus and mechanical response) and on micropillar’s morphology.
From this test it was possible to simultaneously acquire the tangen-
tial force applied by the instrument and the micropillar deflection,
thanks to an in-situ camera that recorded the contact through the
transparent specimen during the test. The results obtained have been
used to validate the finite element model (FEM) that we realized to
quantitatively evaluate cell’s contraction force from pillar deflection
in the biological assays. For this tests we used P(nBA-co-4%MABP) to
fabricate samples with square micropillars having a height of 10 pm,
a width of 10 pm and an interaxial distance of 20 pm. In Figure 43
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a scheme of the performed experiment is depicted. A round tip with
a radius of 500 um was put in contact to the top of the microstruc-
tured substrate, without applying a normal load to avoid compression
of the micropillars. Then the tip was slightly moved laterally, apply-
ing a tangential force to the top of the micropillars: this forces was
recorded by the instrument while the camera showed the deflection
of the top of the micropillars. The glass tip was in contact with 9
micropillars. For the calculation of the force we assumed an equally
distributed force among all the micropillars in contact. Therefore we
calculated the tangential force f; acting on a single pillar as the tan-
gential force recorded by the instrument F; divided by the number of
micropillars in contact. In this case:

fo=1h )
The deflection of the micropillars were evaluated analyzing the recor-
ded images through a MATLAB (MathWorks) algorithm. The algo-
rithm calculates the position of the centroid of the top of each pillar
in contact both in the undeformed (c_undeformed) and deformed
configuartion (c_deformed). For each pillar the deflection Ax; is cal-
culated as Ax; = c_deformed — c_undeformed. The final value of
the deflection d is given by the mean value of the deflections calcu-
lated for each micropillar:

a=Y Axi (16)

The nanoindenter test allowed us to plot the relationship between
tangential force and pillar deflection as reported in Figure 45 (black
squares). This plot shows a linear elastic behavior for deflection of
the top of the micropillars (Ax) up to 3 pm and a non linear elastic
behavior for higher deflections. The elastic behavior can be assumed
since no permanent deformation were recorded once removed the
force.

Beam theory states that the relationship between the tangential
force and the pillar deflectiont is given by Equation 17:

3EI
= () g
From our data, the coefficient (%) can be considered constatnt up

to Ax ~ 3 pum, according to Hooke’s law. A linear elastic behavior
can be therefore assumed in this strain range: we will see further
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Figure 43: Bending test on P(nBA-co-4%MABP) microstructured substrates:
A) Glass sphere of the nanoindenter applies a tangential force
on the top of the elastomeric pillars. B) Scheme of pillar bending
when a tangential force is applied. C) Sample at the underformed
configuartion. Scale bar is 50pm. D) Sample during bending: de-
formed configuration of the micropillars. Scale bar is 50pm.

that the model calculated that it corresponds to a maximum strain
of 15% (Figure 44). Beam theory is valid if the micropillar height is at
least 2 — 2.5 bigger than pillar width. When the microstructures have
a different geometry a FEM can be used to evaluate the relationship
between micropillar deflection and applied force. Since in our case
the contraction forces exerted by the cells under study deforms the
micropillars in a range that still corresponds to the linear-response
area of the plot of Figure 45, we could assume an Hookean model for
our micropillars when bended by the cells.

4.4 FINITE ELEMENT ANALYSIS

The analysis of mechanical systems have been addressed by deriving
differential equations relating the variables through basic physical
principles such as equilibrium, conservation of energy, conservation
of mass, the laws of thermodynamics, Maxwell’s equations and New-
ton’s laws of motion. However, once formulated, solving the resulting
mathematical models is often impossible, especially when the result-
ing models are non-linear partial differential equations. Only very
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simple problems of regular geometry such as a rectangular or a cir-
cle with the simplest boundary conditions were tractable. The use
of finite element analysis (FEA) allows the solution of such problems
[202, 203, 204]. The way finite element analysis obtains the temper-
atures, stresses, flows, or other desired unknown parameters is by
minimizing an energy functional [205]. An energy functional con-
sists of all the energies associated with the particular finite element
model. Based on the law of conservation of energy, the finite element
energy functional must equal zero. The minimum of the functional is
found by setting the derivative of the functional with respect to the
unknown grid point potential for zero. Thus, the basic equation of
finite element analysis is:

% =0 (18)
where U is the energy functional and p is the unknown grid point po-
tential to be calculated. In mechanics, the potential is displacement,
and the relationships between the stresses and the displacements de-
veloped in the structural elements can be obtained relying upon two
fundamental requirements of basic structural behavior: the require-
ment that the structure must be in equilibrium and the requirement
that the deformation must be compatible and consistent to boundary
conditions. These two characteristics of structural behavior can be
satisfied through a method that involves a quantity dependent both
on force and displacement, namely, work. Work is the product of a
force and the displacement on its point of application in the direction
of the force. More generally, we define as the differential work dW
done by a force F moving through a differential displacement ds as
the product of Fs and ds, where F; is the component of F in the di-
rection ds. Thus dW = F¢ds and the total work done in displacing F
from some point A to some point B is, by definition:

B
W = JFS ds (19)
A

In finite element analysis (FEA) the solution of mechanical problems is
based on the principle of virtual work, which states that "in a body un-
der equilibrium the sum of works of the internal and external forces
for any virtual displacement field is zero"[204]. Virtual displacement
are infinitesimal changes in the position coordinates of a system such
that the constraints remain satisfied.

dW; + dW, =0 (20)
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where dW; is the variation of the work related to the internal forces
and dW, is the variation of the work related to the external forces
acting on the system. In particular:

dWi = JO‘U €y dv (21)

dW, = J biu; dV + J tiu; dA (22)

where the first term in Equation 22 is related to the external vo-
lumic actions and the second term to the external surface actions,
while dW; is related to the inner state of stress and strain. Further
details on the principle of virtual work are provided in Appendix A.
From Equation 20 it is possible to calculate the displacement u; and
therefore the strain €i; and stress 0y;. In FEA the considered system is
subdivided through a process of space sampling (mesh) into elements
and the virtual work principle is used to relate the forces acting on an
element to the displacements at nodes in terms of a element stiffness
matrix [202]. All the element stiffness matrices are then combined
together into a single stiffness matrix that is a set of equations that
relate all the displacements to all the forces acting on the system, also
considering the boundary conditions. This system of equations is ap-
plied to get the displacemet which are then used to find all the forces
in the individual elements. Space sampling is always combined with
time sampling: this time sampling considers the evolution of the load-
ing and calculate the displacements at every time step. This space and
time sampling is fundamental to find approximated solutions of the
differential equation in variational form which describe the problem,
because each element is small enough and each time step is short
enough to consider the problem linear for that element.

4.4.1 FEA software MARC Mentat

There are several softwares available to solve finite element models.
In this work we use the software MARC/MENTAT from MSC Soft-
wares (USA), which is specific for the resolution of structural prob-
lems. The MARC/MENTAT program is divided into two parts: the
MENTAT pre- and post- processor, and the MARC solver program.
In the preprocessing step MENTAT is used to generate the finite ele-
ments model, apply boundary conditions, initial conditions, material
properties, element geometry and analysis type. This information is
stored in an input file, which may be further edited to generate more
advanced options. In the processing step, the input file is read by the
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MARC solver program, which solves the problem and write an output
file, which performs the post processing step, then reads the output
file.

4.4.2 Finite element model of the elastomeric micropillar

Figure 44: Finite element model of a micropillar generated as described in

Chapter 3. The equivalent elastic strain for a tangential force of 2
uN (which is about 3 — 4 times bigger than the force developed
by cardiomyocytes) is reported. The maximum elastic strain is
on the order of 15% on a very localized area of the micropillar
(marked in yellow in the image).

The finite element model of the substrate was realized according
to the geometrical configuration of the samples employed to do the
bending test (see Section 4.3). The substrates used for nanoindenta-
tion were made of P(nBA-4%MABP), therefore the Young’s modulus
of the structure modeled was fixed at 1.53 MPa. A single micropil-
lar was modeled since all micropillars have the identical geometrical
structure and mechanical properties. In the modeling process, a tan-
gential force ranging from O to 4 uN was imposed to the top of the
micropillar. The force was assumed to be equally distributed on the
entire area of the micropillar’s top. The deflection of the micropillar
is due to the tangential force. The normal load in the experiments is
assumed to be equal to zero. Because of the mechanical behaviour
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AX (nm)

Figure 45: Comparison of the experimental result of the bending test (black
squares) and the model (blue dotted line). The tangential force vs
pillar displacement is reported. Experimental results and model
are in a good agreement up to a deflection of the micropilarr of
3 pm,. In such range the material behavior can be assumed as
linear elastic.

of P(nBa-co-4%MABP), which can be assumed to show linear elas-
tic behavior in the range of moderate strains, an Hookean consti-
tutive model was adopted to model the material. Figure 44 shows
the modeled micropillar, when a tangential force of 2 uN is applied.
We will see in Chapter 8 that such force is 3 — 4 times bigger than
the force applied by cardiomyocytes. In response to such force, the
maximum strain was found to be on the order of 15% and only in
a very localized area (base of the micropillar). The assumption of a
linear elastic behaviour of the material under our condition of stress
is therfeore reasonable. Figure 45 reports the relationship between
tangential force and deflection calculated by the model (blue dotted
line), compared with the experimental results (black squares). A good
agreement between experimental data and FEM has been reported up
to deflections of the micropillar of about 3 pm, which corresponds to
an applied force of 2.7 uN. Beyond this value, the experimental data
show a non-linear behavior of the material, which is not described by
the model. However, for our application, the material can be modeled
as linear elastic since cell forces do not induce strong micropillars de-
flections.
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4.5 CONCLUSIONS

DMTA and nanoindenter analysis allowed us to determine the me-
chanical parameters of P(nBA-co-4%MABP). In particular, the Young’s
modulus E was determined to 1.53 MPa, the shear modulus G to
0.51 MPa. The Poisson’s ratio v was determined to 0.5, when it is
assumed that the elastomer is an incompressible polymer. The re-
sponse of a micropillared substrate fabricated in P(nBA-co-4%2MABP)
to a tangential force applied to the top of the micropillars has been
directly measured by using a nanoindenter. The relationship between
the tangential force and micropillar’s top deflection has been found
linear elastic in the range of moderate deflections. A good agreement
between the model and the experimental data has been found up to
tangential force of 2.7 uN. Thanks to this model it is possible to quan-
titatively evaluate the force exerted on the elastomeric micropillar by
a cell, once measured experimentally the induced deflection of the
pillar and the point of application of the force.
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51 HUMAN PLURIPOTENT STEM CELL SOURCE

In vitro biological assays can provide more informative notions on
physiological and pathophysiological mechanisms if an high control
of the microenvironment is provided: this aspect can be optimized
through microtechnologies techniques as discussed in the previous
chapters. Concerning the reliability and the concrete impact and ap-
plications that these studies can produce, a big limit consists in the
use of cells derived from animals to study biological mechanisms that
can’t be then transferred to human cells. Drug response as well as
physiological behaviour of animal cells can be extremely different
from that of human cells. Many human diseases (metabolic, genetic,
multifactorial diseases) are difficult to study in animal models.
Human stem cells can give scientists a new tool for studying ge-
netic and molecular basis on a much relevant model. In the stud-
ies presented in this thesis, experiments have been performed on
hESCs, hiPSCs and on differentiated cells derived from human pluripo-
tent stem cells, in order to develop more relevant in vitro models.
Figure 46 shows an example of the hESCs colonies employed in this
study, while in Figure 47 the image of a colony of hiPSCs is reported.
We first performed in vitro tests to determine the physical plasticity
of the nucleus in human pluripotent stem cells with the help of mi-
crofabricated substrates. Then we focused our attention on human
pluripotent stem cells derived cardiomyocytes and we developed a
toolbox where topological, chemical and mechanical properties of the
substrates where cells have been cultured have been tuned to obtain
reliable and reproducible in vitro tests.

5.2 STEM CELL MAINTENANCE OF PLURIPOTENCY AND DIFFER-
ENTIATION

Mechanisms controlling pluripotency and differentiation of pluripo-
tent cells have been extensively studied, but many aspects remain
still unknown. It has been clearly demonstrated that activin/nodal
signaling maintains the pluripotent status of hPSCs [206]. Pluripo-
tency is regulated by a combination of extrinsic and intrinsic factors,
FGF signaling and a balance between transforming growth factor-beta
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Figure 46: hESCs colonies growing on MEFs substrate, with relative enlarge-
ment of two adjacent colonies. Note the round shape and the com-
pactness of the cells.

Figure 47: hiPSCs cell colony growing on MEFs substrate. Note the homogene-
ity and compactness of the pluripotent cells.

(TGF-beta) / Activin and bone morphogenic protein (BMP) signaling are

central to hPSCs self-renewal. Intrinsic factors regulating pluripotency

include transcription factors such as Nanog and octamer-binding tran-
scription factor 4 (Oct-4) [207].

The TGF-beta ligand superfamily, plays a major role in maintaining the

self-renewal capacity. TGF-beta signals through two main branches:
the SMAD1/5 branch, which transduces on behalf of BMP and growth

differentiation factor (GDF), and the TGF-beta/Activin/Nodal branch,
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which involves the activation of SMAD2/3. There are also two in-
hibitory SMADs: SMADG6, which selectively inhibits SMAD1/5, and
SMAD?7, which inhibits both branches of TGF-beta signaling, that pro-
vide a repressive input on the pathway. Upon activation by phos-
phorylation and association with a common SMADy, the receptor-
activated SMADs translocates to the nucleus and, with other tran-
scription factors, regulates gene expression. Activation of the TGF-
beta/Activin/Nodal branch through SMAD2/3 is associated with pluri-
potency and is required for the maintenance of the undifferentiated
state in hPSCs [208, 209].

FGF2 is known as a further fundamental factor promoting self-renewal
in hPSCs and is capable of maintaining pluripotent cells in the absence
of serum and feeder cells. FGF2 promote self-renewal of hESCs by ac-
tivating the PI3K pathway [210]. Nanog is another member of the
group of transcription factors whose functions are deemed essential
for the process of self-renewal in hPSCs.

In contrast, BMP signaling is unable to support self-renewal and it is
associated with differentiation to trophoblast or extraembryonic en-
doderm cells. In hPSCs, BMP4 induces differentiation into mesoderm
and ectoderm, whereas BMP2 promotes extraembryonic endoderm
differentiation. Repression of BMP signaling by Noggin and FGF sup-
ports long term self-renewal.

HPSCs exhibit a number of signaling pathways involved in self-renewal
and pluripotency that are interdependent and display a range of cross-
talk mechanisms [211, 212]. The understanding of the exogenous and
endogenous factors determining cell fate will facilitate the use of
these cells in cell-based therapies and will allow further understand-
ing of early developmental processes.

5.2.1 Cardiac differentiation

Directed differentiation of specific lineages from hPSCs, including hu-
man embryonic stem cells (hESCs) and human induced pluripotent
stem cells (hiPSCs) is the first critical step toward constructing devel-
opment or disease models, drug screening tools or cellular therapies
from hPSCs.

Because postnatal cardiomyocytes have little or no regenerative ca-
pacity, very limited supplies of human cardiomyocytes are available
at present. hPSCs could potentially provide an unlimited supply of car-
diomyocytes from a single clonal source. In this work, human derived
cardiomyocytes have been obtained adapting the protocol from Lian
et al. [171]. Figure 48 shows the scheme of the protocol employed for
cardiac differentiation. Efficient generation of functional human car-
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Figure 48: Schematic of the protocol for the differentiation of cardiomy-
ocytes from hPSCs with small-molecule modulators of canonical
Wnt signaling. Bright-field images of the typical morphology of
day -3, day O, day 1, day 5, day 8 and day 15. Cells are shown at
x10 and x20 magnifications. Scale bar is 100 pum. (Adopted from
Lian et al., 2013 [213] with permission).

diomyocytes from hPSCs is obtained using small-molecule inhibitors
of canonical Wnt signaling in a growth factor-free system. Cardiogen-
esis is stimulated through a sequential treatment of GSK3 inhibitors
and Wnt signaling inhibitors.

This approach provides robust cardiac differentiation, producing
80 — 98% cardiac cells, does not require genetic modification and is
applicable to any existing hPSCs line.

The method can be performed under fully defined conditions with
defined medium (RPMI/B-27 without insulin) and defined substrates
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Day 0 Day 4

Figure 49: Sequential morphological changes from human embryonic stem
cells (day 0), through mesoderm stages (days 4 and 8) to car-
diomyocyte cells (day 15).

Figure 50: Cardiomyocyte cells derived from hESCs after disaggregation step.
Scale bar is 60 pum.
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(Matrigel coated plates). Figure 49 shows bright field images of the
cells employed in this work. Cells evolve from the pluripotent stage
(day o) to the differentiated stage (day 15), through the mesoderm
stage (day 4 and day 8). The subsequent step consists in disaggrega-
tion of the beating monolayer into single cells that can be seeded on
the substrates. Figure 50 shows a bright field image of hESC-CMs after
disaggregation step. Further details are provided in Chapter 10.

Figure 51: Immunofluorescence of ¢TnT in adhered hESC-CMs. Npte the clear
sarcomeric organization. Nuclei are counterstained with DAPL

Scale bar is 15 um.

A standard immunofluorescence protocol was used to stain cardiac
troponin-T (cTnT) on hESC-CMs to evaluate the sarcomeric organiza-
tion of the cell. Figure 51 shows a confocal image of a cardiomyocyte
obtained empolying the differentiation protocol described above. Nu-
cleus is stained in blue while ¢TnT in green. Immunostaining of ¢TnT
shows a clear sarcomeric organization, represented by the well de-
fined stripes marked in green in the image. Such sarcomeric organi-
zation is typical of heart muscle cells.

5.3 HFF CELL LINE

We used commercially available human postnatal foreskin fibroblast
HFF-1 (ATCC) to text the citotoxicity of our substrate and to first eval-
uate the properties of cell-adhesiveness and cell-repellency of specific
areas of the substrates.



CONFOCAL MICROSCOPY

6.1 CONFOCAL ANALYSIS

In confocal microscopy the light from the specimen that does not
come from the microscope’s focal plane is excluded, and the image
of a thin cross-section of the sample is acquired, obtaining an image
with a better contrast than that of a conventional microscope. Thus,
fine details of the specimen can be observed and three-dimensional
volumes of the sample can be reconstructed assembling a series of
thin slices taken along the vertical axis [214]. The majority of confo-
cal microscopes image either by reflecting light off the specimen or
by stimulating fluorescence from dyes (fluorophores) applied to the
specimen. In this work fluorescence confocal microscopy has been
performed as it is the mode that is most commonly used in biological
applications.

6.1.1  Confocal microscopy

In fluorescence microscopy the entire field of view of the specimen is
completely illuminated. The highest intensity of the excitation light
is at the focal point of the lens, but the other parts of the specimen
receive also some light of lower intensity. To reduce this effect the
confocal microscope pinhole is an aperture placed in front of the light
source detector, so that light, which originates not from the focal vol-
ume is not allowed to pass [214, 215]. Thus, the only regions that are
illuminated are a cone of light above and below the focal point, while
the out-of-focus light is rejected.

As confocal microscopy is based on the creation of an image point-
by-point, there are few emitted photons to collect at any given in-
stant. Thus, each point must be illuminated for a long time to collect
enough light to make an accurate measurement. This causes image
acquisition to be very time consuming. The solution is to use a light
source of very high intensity as a laser light source. In confocal mi-
croscopy, a computer is connected to the detector, to assemble the
point-by-point images acquired by the microscope, building up the
image one pixel at a time. The image created by the confocal micro-
scope through this scanning process is of a thin planar region of the
specimen. Out-of-plane unfocused light are rejected, resulting in a
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Figure 52: Basic setup of a confocal microscope. Light from the laser is
scanned across the specimen by the scanning mirrors. Optical sec-
tioning occurs as the light passes through a pinhole on its way to
the detector. (Adapted from Semwogerere et al.,, 2005 [214] with
permission).

sharper, better resolved image. In Figure 52, the scheme of a confocal
microscope is depicted. The fluorescent specimen is excited by the
laser light and fluoresces. The fluorescent (green) light is descanned
by the same mirrors that are used to scan the excitation light (blue)
from the laser and then passes through the dichroic mirror. After
that, the light is focused onto the pinhole. As last step, the light that
makes it through the pinhole is measured by a detector. Confocal mi-
croscopy can be employed to create images where small features such
as proteins within a cell are visualized using a different fluorophores
for each protein of interest. To visualize them in different colors two
methods can be employed: in one method fluorophores are selected
to correspond with the wavelengths of a multi-line laser and in the
other fluorophores that emit at different wavelengths are selected to
tag each protein [214].

6.1.2  Confocal microscopy on living cells

Confocal microscopy can be used effectively for the study of dynam-
ics in living cells. However, when living specimens have to be an-
alyzed the challenge of maintaining the normal function of the cells
during the experiments must be taken into account. Cells can be dam-
aged by the focused high intensity excitation light that has to hit the
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specimen repeatedly for tracking the cellular dynamics, a problem
that is worsened for 3D data collection. A further problem is that
fluorophores can affect the cell behavior. Finally, oxygen molecules
reacting with fluorophores in triplet excited states may generate free
radicals that damage the cell. Despite the challenges, a wide variety
of sophisticated fluorophores, designed to mark specific parts of the
cell interior, have been developed to study different aspects of cell bi-
ology [214, 216]. The fluorophores molecules make their way into the
cell and attach to the intracellular structures of interest. Fluorescent
labeling is also applied to the study of dynamic processes of the cell.
For example, some fluorophores have been developed for the mea-
surement of membrane potentials and ion concentrations [217].

6.1.2.1  Fluo-4 calcium dye

Fluorescent calcium dyes are probes that show a strong enhance-
ment of the fluorescence upon binding to Ca®*. Fluo-3 and Fluo-4
are some of the most used calcium dyes in live-imaging. Figure 53 re-
ports the mechanism by which a molecule of fluo-3 binds to a calcium
molecule: carboxylic acid groups present in the molecules interacts
with the Ca®" ions. Such interaction causes a conformational change
of the molecule fluo-3, that determines the fluorescent signal. Fluo-3
responds to Ca®* binding with an increase of fluorescence intensity
but no spectral shift [218].

COsH CO,H  COzH COzH 0 0

Fluo 3 O Fluo 3-Ca complex

Figure 53: Mechanism of fluo3 and Ca** binding. Carboxylic acid groups
present in the molecules interacts with the Ca** ions. Such in-
teraction causes a conformational change of the molecule fluo-3,
that determines the fluorescent signal.

Fluo-4 (Figure 54) is an improved version of fluo-3. Fluo-4 presents
increased absorption of the exciting light at 488 nm and consequently
higher fluorescence signal levels. Because it absorbs 488 nm excita-
tion more efficiently than fluo-3, fluo-4 generates more intense fluo-
rescence when used with an argon-ion laser sources [218]. It is com-
monly used as the non-fluorescent acetoxymethyl ester (Fluo-4 AM)
which is cleaved inside the cell to give the free, fluorescent fluo-4.
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Cell-permeant formulations can be loaded in cell media and are able
to cross cell membrane. When the Ca** inside the cytosol is high,
Ca*" binds to fluo-4 probes that emit a fluorescent signal. As the Ca**
concentration decreases, because the ion is pumped outside the cells,
the free Ca?* concentration inside the cell decreses, thus ions detach
from the fluorofores, according to Chatelier’s principle. In vitro, fluo-
4 exhibits high fluorescence emission, a high rate of cell permeation,
and a large dynamic range for reporting [Ca**]. Fluo-4 is well suited
for photometric and imaging applications that make use of confo-
cal laser scanning microscopy, flow cytometry, or spectrofluorometry,
or in fluorometric high-throughput microplate screening assays. Be-
cause of its high fluorescence emission intensity, fluo-4 can be used
at lower intracellular concentrations, making its use a less invasive
practice [218].

HO O O

Figure 54: Chemical structure of Fluo-4.

6.1.2.2 Di-8-ANEPPS cell membrane dye

Substituted aminonaphthylethenylpyridinium (ANEP) dyes are mole-
cules that fluoresce in response to electrical potential changes in their
environment. These are fast-response probes that operate by means
of a change in their electronic structure, and consequently their fluo-
rescence properties, in response to a change in the surrounding elec-
tric field. Their optical response is sufficiently fast to detect transient
(millisecond) potential changes in excitable cells, and they can be
used to mark cell membrane as we did in this work to detect CMs
membrane in particular on the area where cell anchors to the mi-
cropillars.
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6.1.2.3 Voltage sensitive dye

A key challenge for optically monitoring the presence of an action
potential is to develop sensors that can give large and fast responses
to changes in transmembrane potential. To monitor cardiomyocyte’s
action potential we used a fluorescent sensor that has been developed
by Miller et al. [219]. The sensor detect voltage changes by modula-
tion of photo-induced electron transfer (PeT) from an electron donor
through a synthetic molecular wire to a fluorophore. A molecular
wire is a molecule where the charge (an electron in this case) can
easily transfer between the two terminal groups of the molecule. The
molecular wire minimizes the exponential distance dependence of in-
tramolecular electron transfer and allows efficient electron transfer
over a major fraction of the thickness of the plasma membrane. Fig-
ure 55 shows the functioning scheme of the probe.

extracellular

depolarization

o
‘_

hyperpolanzation

- - - - - + + + + +

intraceliular

Figure 55: Mechanisms of fluorescent voltage sensing. A flux of electrons
is transferred by a molecular wire (black) from an electron-rich
donor (red) to a fluorescent reporter (green). At hyperpoarizing
potentials, the electric field is aligned antiparallel to the direction
of electron transfer, resulting in efficient photo-induced electron
transfer (PeT) and quenched fluorescence (Left). Depolarization
aligns the electric field in the direction of PeT, decreasing the rate
of electron transfer and increasing fluorescence (Right). (Adapted
from Miller et al., 2012 [219] with permission).

At hyperpolarizing potentials, there is an efficient electron trans-
fer between the donor and the reporter, preventing fluorescent emis-
sion. Upon depolarization of cell membrane, the reverse electric field
hinders the electron transfer from the donor to the reporter, result-
ing in fluorescence emission by the fluorphore, just as Ca®>* binding
dequenches indicators like fuo-3 or fluo-4. Electron transfer occurs
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within pico- to nanoseconds after photon absorption and returns to
its initial state within a microsecond. Such timescale is suitable for
biological assays.

The structural formula of the voltage sensor is reported in Fig-
ure 56. The molecule incorporates dichlorosulfofluorescein as a mem-
brane-impermeant fluorophore, a p-phenylenevinylene molecular wire,
and N,N-dimethyl- or dibutylaniline as an electron-rich quencher.
The molecule also comprises 2,7-dichlorosulfofluorescein connected
via one vinylene unit to dibutylaniline.

n-Bu

O = SO3H
—N
|
n-Bu

Figure 56: Chemical structure of the voltage sensitive dye.

To obtain fluorescence brightening upon depolarization the fluo-
rophore must be located at the extracellular leaflet of the membrane.
Correct positioning of the fluorophore-wire donor within the mem-
brane is fundamental to take advantage of the vectoral nature of the
transmembrane electric field and electron transfer. The longitudinal
axis of the molecular wire must be normal to the plane of the plasma
membrane. Furthermore, the voltage-sensitive dye molecules must
all align in the same direction to avoid canceling out the electron
transfer effect. The negatively charged sulfofluorescein allows an ap-
propriate positioning of the molecule, precluding dye internalization
and forcing an orientation in which the fluorophore adsorbs to the
outer leaflet of the plasma membrane, with the lipophilic molecular
wire and alkyl aniline dangling into the lipid bilayer.



PHYSICAL PLASTICITY OF THE NUCLEUS IN
HUMAN PLURIPOTENT STEM CELLS

7.1 PHYSICAL PLASTICITY OF THE NUCLEUS OF HPSCS SEEDED
ON MICROSTRUCTURED ELASTOMERIC SUBSTRATES

Nuclei of osteosarcoma cells have been reported to be highly de-
formable when seeded on microstrucutred substrates [139]. Despite

the nuclear deformation they keep a degree of viability and capacity
to proliferate similar to osteosarcoma cells seeded on flat substrates

where nuclei keep a round shape.

In this work we were interested in evaluating physical plasticity of
human pluripotent stem cells, using the same approach of Davidson

et al. [139] and Badique et al. [145] to induce a morphological con-
strain to cell nuclei: cells were seeded on matrigel-coated microstruc-
tured polymeric substrates characterized by square micropillars with

a width of 7 micrometers, an interaxial distance of 14 micrometers

and a height of 7 micrometers. The geometrical structure of the sub-
strates has been designed in order to impose a geometrical constrain

to cell body and nucleus: the available space among micropillars is

smaller than the average diameter both of cells and cell nuclei. The

substrates were fabricated in polydimethylsiloxane (PDMS) as descri-
bed in Chapter 3. Hoechst or 4’,6-diamidino-2-phenylindole (DAPI)

stain was used to mark cell nuclei of all cell lines and observed through
fluorescent or confocal microscope. Figure 57 reports an image of the

substrate used for this cell study (left) and an image of cell nuclei of
human embryonic stem cells (hESCs) seeded on the substrate (right).
Nuclei clearly deform to adapt to the substrate morphology. In Fig-
ure 58 a further example of the nuclear response of hESCs seeded

on microstructured substrates is reported: nuclei assume an highly

deformed shape, penetrating into the micropillar interspaces. Nuclei

are able to assume very unusual, branched shapes, to adapt to the

morphological environment.

To understand if this physical plasticity of the nucleus could be re-
lated to the degree of differentiation of the cells, we decided to com-
pare the deformability of the nucleus of cell lines at different degree

of differentiation: human embryonic stem cells (hESCs) and human in-
duced pluripotent stem cells (hiPSCs), cord blood mesenchimal stem

cells (CBMSCs), and human epithelial renal cells (hERCs). The behav-
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ior of such cell line in response to geometrical constrain of the sub-
strate was also compared to the results obtained by Davidson et al.
on osteosarcoma cells (SaOs-2).

Figure 57: Image of the substrate used for the study on nuclear deformabil-
ity. A) PDMS micropillars obtained from a square lattice of 7x7
pum. B) hESCs adhering to the micropillar substrate. Note the ev-
ident nuclei deformation (stained in blue with DAPI) of the stem
cells adapting to the microstructured geometry.

In Figure 59 images of fluorescent labeled nuclei of different cell
lines seeded on microstructured substrates are shown. SaOs-2, hESCs
and hiPSCs nuclei are highly deformable. Most of the nuclei of hERCs
keep a round shape, while CBMSCs are characterized by an intermedi-
ate behavior, with some nuclei more and some other less deformable.
Qualitative results suggest that nuclear capability to deform adapt-
ing to the substrate morphology is related to the degree of differen-
tiation of the cell: the more differentiated and therefore specialized
is the cell, the less deformable is the nucleus. To quantitatively eval-
uate nuclear deformation, we calculated two parameters, which are
related respectively to nuclear penetration among micropillar inter-
spaces and to nuclear shape: nuclear deformability (Np) and nuclear
concavity (N¢), based on image analysis methods described in Chap-
ter 10 and in Appendix B.

Briefly, Np has been calculated as the percentage of the nuclear
volume that lies below pillar height: we named V} (volume below)
the part of the nucleus which penetrates among pillar interspaces
and V, (volume above) the part of the nucleus which stays above the
pillar heads. Nuclear deformability (Np) is defined here as Np =
(ﬁ) * 100. Figure 60 shows a confocal image of a fluorescent
labeled deformed nucleus which volume lies in part above the head
of the micropillars and in part below this height. In Figure 61 the
nuclear deformability values calculated respectively for SaOs-2, hESCs,
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P

Figure 58: hESCs seeded on microstructured PDMS substrate after 48 hours
from seeding. Cell nuclei penetrate among micropillar inter-
spaces assuming very unusual deformed shapes. A) Immunostain-
ing of nuclei with DAPIL. B) Immunostaining of nuclei (blue) with
DAPI and actin filaments (green) with phalloidin. Scale bar is 30

pm.

hiPSCs, CBMSCs and hERCs after fixing the cells at day 2 are plotted.
Pluripotent stem cells present an high nuclear deformability (above
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Sa0Os-2 hRECs

Figure 59: Evaluation of nuclear deformability for different cell lines. DAPI
stained nuclei of SaOs-2, hiPSCs, hESCs, and CBMSCs acquired
through fluorescent microscopy at day 2. Images show very
deformed nuclei that assume unusual concave and sometimes
branched shapes in hESCs, hiPSCs and SaOs-2. hERCs keep a round
shape and CBMSCs show an intermediate behavior. Scale bar is 20

pm.

50%) which progressively decreases in the case of partially (CBMSCs,
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Np = 23% =+ 12%) and completely (hERCs, Np = 11% =+ 4%) dif-
ferentiated cells. SaOs-2 present values of Np which are higher than
the values calculated for human pluripotent stem cells lines (Np =
85% £ 12.6%).

Along with nuclear deformability (Np), nuclear concavity (N¢) was
quantified to evaluate the physical plasticity of the nucleus of differ-
ent cell lines seeded on microstructured substrates. This is an interest-
ing parameter as any concave structural element has been caused by
substrate perturbation as the native cells (i.e. cells not in contact with
a microstructured substrate) do not exhibit any concave structures.
N is the percentage of nuclei that present at least one concave ele-
ment. Figure 62 shows five images of fluorescent labeled nuclei that
present respectively 0, 1, 2, 3 and 4 concave elements. For each cell
line the distribution of the number of concavities (N ) was also eval-
uated: cell lines where the majority of the cells present none or only
one concavity can be considered less deformable than cells where
high number of nuclei show three or four concavities. Figure 63 re-
ports the value of nuclear concavity calculated for each cell line and
the corresponding distribution of the amount of concavities (1, 2, 3 or
more) for each cell line. Hardly deformable cells such as CBMSCs and
hERCs are characterized by nuclei that never present three or four con-
cavities. Concave shapes appear only in deformable nuclei to adapt
to pillar interspaces. SaOs-2, hESCs and hiPSCs have value of Np above
60%, i.e. more than a half of the analyzed cell nuclei presented one
or more concave structure due to the adaptation of the nucleus to
the microstructures of the surface. In contrast to that, CBMSCs and
hERCs have value of N¢ below 25%. Furthermore nuclei of CBMSCs
and hERCs were found to never present 3 or more concavities. The
quantification of N¢ reported in Figure 63 shows that pluripotent
cells present higher capability to adapt to the substrate morphology
than multipotent and adult cells. Such results confirm that the pro-
cess of cell differentiation leads to an increase in nuclear stiffness.

7.2 MAINTENANCE OF PLURIPOTENCY

After assessing how hESCs have a highly deformable nucleus, we in-
vestigated if maintenance of pluripotency in hESCs is affected by the
strong variation in nuclear shape due to the geometrical constrain
imposed by microstructured substrates.

Human embryonic stem cells were seeded both on flat (Ctrl) and
microstructured (uP) matrigel-coated PDMS substrates, and cultured
in expansion medium. After 6 days cells were fixed and immunoflu-
orescence analysis of pluripotency markers Oct-4, Nanog and SSEA4
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Figure 60: Definition of nuclear deformability. Confocal image of a fluores-
cent labeled deformed nucleus: Vy (volume below) is the part
of the nucleus which penetrates among pillar interspaces; Vg,
(volume above) is the part of the nucleus which stays above
pillar height. Nuclear deformability (Np) is defined as Np =

( Vi )*100.
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Figure 61: Quantification of nuclear deformability for different cell lines. Nu-
clear deformability values were calculated respectively for SaOs-2,
hESCs, hiPSCs, CBMSCs and hERCs after fixing the cells at day 2.

hESCs , hiPSCs and SaOs-2 present a nuclear deformability above
50%.

was performed, as reported in Figure 64. Cells expanded in Ctrl and
uP substrates show a qualitatively comparable expression of the pluripo-
tency markers. In order to confirm these data, we performed quantita-
tive real-time polymerase chain reaction (qRT-PCR) on the two mRNA
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Figure 62: Concave structures of the nuclei. Confocal images of fluorescent
labeled nuclei. The concave structures of the nuclei, due to cell
adaptation to the geometry of the substrate, are marked in red.
Examples of nuclei with 0 concavities (Number of concavities =
N¢ = 0), 1 concavity (N. = 1), 2 concavities (N, = 2), 3 con-
cavities (N = 3) and 4 concavities (N, = 4) are shown. The
presence of such concavities in the nucleus is related to nuclear
capability to deform.
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Figure 63: Nuclear concavity (N¢), meant as the percentage of cell nuclei
having at least one concave structure when seeded on microstruc-
tured substrates, has been evaluated on different cell lines. hESCs,
hiPSCs and SaOs-2 have high values of N ¢ (above 50%). In contrast
to that, CBMSCs and hERCs have low values of N¢ (below 25%).
Furhtermore CBMSCs and hERCs do not present highly branched
nuclei, (i.e. nuclei where 3 or more concave structures are not
present), as reported by the histograms.

transcripts OCT4 and NANOG, encoded by pluripotency genes POU5F1
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and NANOG, respectively. The results of the qRT-PCR, shown in Fig-
ure 65, report that the quantity of mRNA transcripts OCT4 and NANOG
found in cells expanded on Ctrl are comparable to that found in cells
expanded on pP. Pluripotency is maintained by hPSCs also when the
expansion is performed in uP substrates, where cell nuclei present
very deformed shapes. Consequently, alteration of nuclear shape does
not affect maintenance of pluripotency.

A Oct-4 - Hoechst Nanog - Hoechst SSEA4 - Hoechst

- ¥ 4 -

B Oct-4 - Hoechst Nanog - Hoechst SSEA4 - Hoechst

Ctrl

Figure 64: hESCs pluripotency maintenance on microstructured substrates.

A) Immunofluorescence panel of cells cultured on flat PDMS sub-
strates (Ctrl), showing cell nuclei and pluripotency marker ex-
pression of Oct-4, Nanog and SSEA4. B) Immunofluorescence
panel of cells cultured on PDMS microstructured substrates (uP),
showing cell nuclei and pluripotency marker expression of Oct-
4, Nanog and SSEA4. Marker expression between Ctrl and pP is
similar. These panels show how nuclear deformation seems to
have no effect on pluripotency maintenance. Scale bar is 50 pm.
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Relative fold change

Ctrl uP Ctrl uP

Figure 65: qRT-PCR on OCT-4 and NANOG mRNA transcripts of hESCs cul-
tured on flat PDMS (Ctrl) and micropillared PDMS substrates (uP)
shows comparable expression of pluripotency transcripts be-
tween the two conditions. Relative fold expression normalized
on GAPDH (n = 3).

7.3 NUCLEAR DEFORMATION AND EARLY GERM LAYER SPECI-
FICATION

As next step, we analyzed if the alteration of nuclear shape induced
by the substrate morphology can influence the process of early germ
layer committment into the three germ layers (ectoderm, endoderm,
mesoderm). Again, we seeded hESCs both on flat (Ctrl) and microstruc-
tured (1P) matrigel-coated PDMS substrates. The scheme in Figure 66
shows the different steps of the experiment: from cell seeding on
microstructured substrates, to cell specification into the three early
germ layers, to quantification of the nuclear deformation for each

germ layer. Cells were first expanded for two days in expansion medium

to achieve 70 — 80% cell confluence. Early germ layer specification
was induced for 5 days, after which the nuclei, which had been fluo-
rescently labeled, were observed through fluorescent or confocal mi-
croscopy. To understand if early germ layer specification took place,
we immunolabeled a specific marker for each germ layer: Beta-III
tubulin (Beta-III Tub) for ectoderm, brachyury-T (Bra-T) for mesoderm
and alpha fetoprotein (AFP) for endoderm. Figure 67 shows fluores-
cent microscope images of immunostained cells seeded on flat sub-
strates (panel above) and on microstructured substrates (panel be-
low). Interestingly, when seeded on microstructured substrates, nu-
clei from ectoderm germ layer tend to escape from pillar interspaces
and assume a round shape, whereas nuclei from mesoderm and en-
doderm germ layers still lie among the microstructures and keep a
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deformed shape. Immunofluorescence analysis of ectoderm, meso-
derm and endoderm markers seems normally expressed in cells on
uP, compared to flat controls, and both in cells with a deformed nu-
cleus (mesoderm, endoderm) and in cells with an undeformed nu-
cleus (ectoderm). However, immunofluorescence analysis does not
provide quantitative information on the expression of the above men-
tioned markers.

To quantitatively assess possible changes in gene expression of the
cells due to the variation of nuclear shape in response to the mi-
crostructured environment, qRT-PCR was performed to evaluate the
expression of Beta-III Tub, Bra-T and AFP for each germ layer, both for
ctrl reference (flat) and pP substrates.

In Figure 68, qRT-PCR results are reported. AFP, which is the marker
of endoderm committment, is significantly higher expressed in endo-
derm differentiating cells both on flat and pP substrates. Beta-III Tub,
which is the marker of ectoderm specification, is significantly higher
expressed in ectoderm differentiating cells both on flat and microstruc-
tured substrates. Bra-T, which is the marker of mesoderm, is signifi-
cantly higher expressed in mesoderm differentiating cells both on flat
and microstructured substrates. Interestingly, Bra-T results also signif-
icantly more expressed in endoderm differentiating cells cultured on
uP than in endoderm differentiating cells cultured on flat (Ctrl) sub-
strates.

Our data suggest that when ectoderm or mesoderm early germ layer
committment was performed, the morphology of the substrate, which
lead to a reorganization of the nuclear shape, did not influence the
process of cell specification. In contrast to that, when endoderm early
germ layer committment was performed, we found an unusually high
expression of the mesoderm marker Bra-T on cells cultured on mi-
crostructured substrate. From such data it seems that changes in nu-
clear morphology influence the process of endoderm early germ layer
committment. On the other hand, the processes of ectoderm and
mesoderm early germ layer specification seem to evolve despite the
variation in nuclear shape. The reasons why the effect of variation in
nuclear morphology influences only the process of endoderm early
germ layer committment are still under investigation.

The qualitative analysis of the nuclear morphology along the pro-
cess of differentiation into the three germ layers, revealed that when
cells were induced into ectoderm specification on microstructured
substrates, their nuclei raised up from micropillar’s interspaces as-
suming a round shape. Cell nuclei respond in a different way to the
morphological environment along the process of differentiation, in
the case of ectoderm committment. Initially when cells are in the
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Figure 66: Schematic experimental procedure of early germ layer commit-
ment in hESCs with self-deformed nuclei. Cell are passaged on mi-
crostuctured PDMS substrates and expanded for 2 days. Different
replicates are then induced with specific media into 3 germ lay-
ers for 5 days. Nuclear concavity is then calculated in the three
different conditions (ectoderm, mesoderm, endoderm early germ
layer specification).

pluripotent stage, nuclei strongly adapt to the geometry of the sub-
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ECTODERM MESODERM ENDODERM

Figure 67: Immunofluorescence panel showing hESCs after early germ layer
specification performed both on flat PDMS substrates (Ctrl) and
on PDMS substrates (UP). Cells are marked with Beta-III Tub for ec-
toderm, Bra-T for mesoderm and AFP for endoderm. Notably, ecto-
derm cell nuclei tend to homogeneously emerge from the pillars
and gain round shape. Mesoderm and endoderm cells tend to dif-
ferentiate while maintaining highly deformed nuclei.

strate. Then, as long as the process of early germ layer specification
takes place, cell nuclei are not capable to squeeze in between micropil-
lar interspaces, and gain a round or oval shape.

In Figure 69 a time-course of live-stained hESCs nuclei from pluripo-
tent state at day 1, with highly deformed shapes, to early ectoder-
mal commitment at day 3, with almost entirely round-shaped nuclei,
is shown. In Figure 70 the quantification of the nuclear concavity
parameter, calculated day by day, is plotted. Notably, major shape
changes happen between day 1 and day 2 - 3 of early germ layer
committment, with a big part of cells losing self-deformation capac-

ity.
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Figure 68: qRT-PCR of Beta-III Tub, Bra-T and AFP performed on cell committed
to early germ layers both on flat (Ctrl) and on microstructured
substrates (UP). Beta-IIl Tub, which is the marker of ectoderm, is
significantly higher expressed in ectoderm differentiating cells
both on flat and uP substrates. Bra-T, which is the marker of
mesoderm, is significantly higher expressed in mesoderm differ-
entiating cells both on flat and pP substrates. Interestingly, Bra-T
results significantly more expressed in endoderm differentiating
cells cultured on UP than in cells cultured on flat (Ctrl) substrates.
AFP, which is the marker of endoderm, is significantly higher ex-
pressed in endoderm differentiating cells both on flat and pP sub-
strates. Relative fold expression normalized on GAPDH (n = 3).
Student t test p-values P < 0.01 (*%).

The investigation of nuclear membrane protein expression along
the process of ectoderm specification, and in particular the analysis
of the differences in protein expression between day 1 and day 3 of
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DAY 1 DAY 2 DAY 3

Hoechst

-Hoechst

Figure 69: Immunostaining of actin and nuclei on hESCs along ectodermal
committment on micropillared surfaces. Nuclear morphology at
day 1 of the specification process is still very deformed. From day
2 nuclei assume a less and less deformed shape and raise up from
the micropillars.

early germ layer committment is currently in progress and will help
in uderstanding which proteins play a major role in the process of
nuclear stiffening, typical of differentiated cells.

7.4 DISCUSSION

One of the most fundamental problem in tissue morphogenesis is the
question of how changes in cell shape produce alteration of nuclear
form and function [148, 149]. Nuclear structural properties strictly de-
pend on the composition and organization of both lamina and chro-
matin and physical malleability or rigidity of the nucleus is funda-
mental to assure a specific cell function.

Maniotis et al. proposed that cell shape information are transduced
into gene expression through mechancial forces transmitted by the
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Figure 70: Nuclear concavity time-course of pluripotent cells (day O) in-
duced to ectoderm commitment (Day 4). Major drop of N¢ is
in between day 1 and day 2 of ectodermal committment process.

cytoskeleton [148]. The importance of the mutual connection between
nucleus and cytoskeleton is also reported by Khatau et al., who show-
ed the presence of a dome-like actin structure, called actin cap, that
covers the top of the nucleus. Their results suggest that this struc-
ture is partially involved in the process of nuclear shape adjustment
[147, 132]. Varsaevel et al. reported studies on the connection betwen
cell and nuclear shape on endothelial cells, showing how in adult
cells actin filament are essential factors in the mechanical process of
nuclear remodeling [149]. In particular, they assessed that interme-
diate filaments provide resistance to nuclear deformation and thus
help to maintain the mechanical integrity of the nucleus, whereas
the mechanism governing nuclear elongation and orientation relies
on actomyosin activity and actin filament organization. Badique at
al. described a strong connection between nuclear deformability and
cytoskeletal organization also on different cancerous cell lines. In his
work it is shown how actin filaments play a fundamental role in the
process of nuclear deformation [145].

Concomitant with these recent discoveries, significant advances have
been made in terms of identifying the molecular links between the
nuclear envelope and the cytoplasmic filaments (as discussed in Chap-
ter 1), and new insights have been gained into the mechanistic main-
tenance of the nucleus [140, 141, 150]. However, despite the proofs of
the involvement of cytoskeletal actin filament interplaying with the
proteins of the nuclear enevelope in the alteration of the intracellu-
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lar force balance, the mechanical and biological explanations of the
adaptive remodelling of the nucleus are still unclear.

In this scenario, the study of the physical plasticity of human pluripo-
tent stem cell nuclei and its modification along the process of differ-
entiation can represent a powerful model to assess how, when and
through which mechanisms, nuclear shape is regulated in differenti-
ated cells.

Swift et al. in a recent work revealed that lamin-A plays a fundamen-
tal role in defining nuclear stiffness and in regulation of the process
of differentiation from mesenchimal stem cells to soft or stiff tissues
[150]. According to their work, lamin-A seems to be the protein of
the nuclear envelope that regulates cyotoskeletal response. Low level
of lamin-A lead to differentiation in soft tissue (fat), increased levels
of lamin-A leads to differentiation in stiffer tissue (bones). This same
work shows also that high lamin-A level impedes nuclear remodeling
under stress.

Pajerowski et al. [141] measured the nuclear stiffness of pluripotent
stem cells which is shown to progressively increase along the process
of differentiation. Such results are in agreement with our experiments
on hPSCs, CBMSCs and hERCs seeded on microstructured substrates:
our analysis shows that nuclei of cells at the pluripotent stage alter
their shape to adapt to the geometry of the substrate and this pecu-
liarity is progressively lost for more differentiated cells. This process
can be related to the expression of lamin A/C in the nuclear envelope
that connect and interact with cytoskeletal filaments to maintain the
nuclear integrity in differentiated cells, as proposed by Pajerowski
[141] and Swift [150]. However, several other complexes link the nu-
clear membrane to the cytoskeleton, as described in Chapter 1, and
they can play a role in the process of nuclear remodeling.

In this work, we were interested in understanding if the alteration of
nuclear shape typical of hPSCs seeded on microstructured substrates,
would affect cell function, since this strong change on the morphol-
ogy of cell nucleus can imply a reorganization of chromatin and a
rearrangement of chromatin-lamina interaction. A relationship be-
tween morphological organization of cell nuclei and gene expression
would support the hypothesis of a high correlation and cooperation
among the different specific areas of cell nucleus called nuclear do-
mains [133] which final function could be related also to their spatial
location in the nucleus.

The immunofluorescence and qRT-PCR analyses on hPSCs expanded for
6 days both on flat and micrsotructured substrates revealed that the
maintenance of pluripotency is not influenced by nuclear morpho-
logical reorganization induced by micropillars. Immunofluorescence
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anlaysis of pluripotency markers Oct-4, Nanog and SSEA4 showed
similar marker expression on flat and microstructured substrates. A
further quantitative analysis of OCT-4 and NANOG performed by
qRT-PCR confirmed that there is not a significative difference in the ex-
pression of important pluripotency markers when cells are expanded
on flat (not deformed nuclei) or on microstructured (deformed nuclei)
substrates. Such data demonstrated that at the pluripotent stage a
clear morphological organization of the nucleus and of the cytoskele-
ton is still not developed and not necessary. In contrast to that, a
precise control of the nuclei and cytoskeleton interplay to regulate
cell and nuclear integrity will be required in most differentiated cells.
Pluripotency was kept despite the high nuclear deformation of hPSCs
when seeded on microstructured substrates. However, the process of
early germ layer commitment in endoderm, mesoderm and ectoderm
did not always evolve in the same way when cells were differentiated
on flat or on microstructured substrates. After 5 days of committ-
ment into the three germ layers both on flat and on microstructured
substrates, we observed that nuclei from ectoderm germ layer tend
to escape from micropillar interspaces and assume a round shape,
whereas nuclei from mesoderm and endoderm germ layers still lie
among the microstructures, keeping deformed shapes. The change
in nuclear shape typical of ectoderm early germ layer committment
took place in particular between day 1 and day 2 - 3 of differentiation,
when nuclear concavity decreased from a value of 87% to a value of
30%. Such increase in nuclear stiffness could be related to variation
in protein expression and function at the level of nuclear envelope,
in good agreement with previously reported evidences that during
differentiation there is a stiffening of cell nuclei regulated by the de-
velopment of lamins and cytoskeletal filaments typical of the process
of differentiation. According to our results, such development occurs
between day 1 and day 3 of early germ layer committment, therefore
further experiments will focus on the analysis of differences in pro-
teins expression during this time lapse.

When we quantified gene expression of three markers specific for
each germ layer (Beta-III Tub for ectoderm, Bra-T for mesoderm and
AFP for endoderm), we discovered that the expression of Beta-III Tub
(normally higher in ectoderm germ layer) and AFP (normally higher
in endoderm germ layer) were not significatively different between
ctrl and pP, whereas the level of expression of Bra-T (typical of meso-
derm commitment) was unusually high in cells committed to endo-
derm on microstructured substrates. Such result suggests that the
process of differentiation in endoderm was hindered when cells pre-
sented deformed nuclei during differentiation. Further experiments
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will be addressed to confirm such hypothesis and to clarify which
mechainisms, that impede a normal process of endoderm early germ
layer committment, are involved.

7.5 CONCLUSIONS

In summary, our study showed that:

e Maintenance of pluripotency of hPSCs is not affected by alter-
ation in nuclear shape.

e The process of early germ layer committment into mesoderm
and ectoderm takes place also when cells are differentiated on
microstructured substrates.

e Along the process of ectoderm committment, a stiffening of cell
nuclei is reported;

e The process of endoderm germ layer committment seems to be
hindered by the alteration of nuclear shape, reported on hPSCs
seeded on microstructured substrates. In fact, alteration in nu-
clear shape affects the expression of Bra-T.

All together, these results revealed that the physiological process
of specification from human pluripotent stem cells to early germ
layer committment can be influenced by nuclear shape. Further ex-
periments are in progress, to elucidate which proteins of the nuclear
envelope and of the cytoskeleton are involved in the process of nu-
clear stiffening reported between day 1 and day 2 - 3 of early germ
layer committment. Additionally, further quantitative comparison be-
tween gene expression of cells differentiated on flat and on pP sub-
strates will be developed. New results will help to understand how im-
portant nuclear shape is in the process of cell differentiation, which
role nuclear morphology plays in gene expression and which are the
key proteins and molecules in the nuclear envelope and cytoskele-
ton that play a fundamental role in defining nuclear shape along the
process of cell differentiation.



CALCIUM DYNAMICS AND CONTRACTION FORCE
QUANTIFICATION ON HUMAN PLURIPOTENT
STEM CELLS DERIVED CARDIOMYOCYTES

8.1 CELL-SUBSTRATE INTEGRATION

We evaluated the contraction force of hESC-CMs by placing cells on mi-

cropillared elastomeric substrates: from micropillar deflection it was

possile to quantify the force of contraction applied by the cells ac-

cording to the finite element model (FEM) described in Chapter 4. The

elastomeric microstructured substrates where formed by micropillars

having a width of 10 um, a heigth of 20 pum and a interaxial distance

of 25 um. We also evaluated the duration of hESC-CMs calcium tran-
sients both on flat and on microstructured substrates, to understand

if the mechanical stimuli provided by micropillar deflection could in-
fluence the process of functional maturation of the cells. In both cases

(flat and microstructured substrates), the surface was photopatterned

to guide cell adhesion and tune cell shape.

The fabrication protocols are described in more detail in Chapter 3.
Briefly, flat P(nBA-co-4%MABP) substrates were obtained by spin-
coating the polymer on a previously silanized glass slide and crosslink-
ing it by UV light exposure. Microstructured P(nBA-co-4%MABP) sub-
strates were obtained by pouring a drop of polymer into the appro-
priate PDMS stamp and crosslinking it by UV light exposure. In both

cases polyacrylamide (PAA) was selectively crosslinked to the top

of the P(nBA-co-4%MABP) surface by UV light exposure through a

chrome mask.

We first tested the cell response to our engineered substrates using

human foreskin fibroblasts (HFF) cells. HFF were seeded on flat P(nBA-
co-4%MABP) substrates photopatterned with PAA in such a way that

stripes of cell-adhesive areas and stripes of cell-repellent areas were

obtained. Hydropilic PAA stripes are protein-repellent so they do not

adsorb the proteins present in the cell medium. In contrast to that,
hydrophobic P(nBA-co-4%MABP) stripes adsorb such proteins. Since

cell adhesion is mediated by transmembrane receptors that interact

with the proteins present in the environment, HFF adhered to the

protein-adsorbent P(nBA-co-4%MABP) stripes, whereas adhesion of
HFF to PAA stripes was prevented. In response to surface chemistry
and topography, a strong cellular alignment was observed in the di-
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rection of the patterns. Figure 71 shows HFF after seeding on sub-
strates having cell-adhesive stripes with a width of 100 um (images
above) or 50 pm (images below). The images show how HFF selec-
tively grew and aligned on the cell-adhesive areas. The capability to
guide cell-adhesion through the described approach was therefore
demonstrated.

Figure 71: Bright field image of HFF growing on P(nBA-co-4%MABP) pho-
topatterned substrates. Cell-adhesive areas have a width of 100
um (images above) or of 50 pum (images below). In both cases
cells grow only onto cell-adhesive stripes and tend to align in the
direction of such stripes.

We then evaluated human embryonic stem cell derived-cardiomyocytes
(hESC-CMs) response to our substrates. First, we seeded hESC-CMs on
flat P(nBA-co-4%MABP) where a thin PAA network was attached by
the photochemical process described above everywhere except that
on rectangular areas measuring 30 x 15 um. Such substrates were
exposed to laminin solution before cell seeding. During this expo-
sure to the laminin solution, a thin laminin layer was adsorbed to
the hydrophobic P(nBA-co-%MABP) areas. After 3 - 4 days cells were
contracting. Figure 72 shows a bright field image of hESC-CMs seeded
on such substrates: cells selectively grew on cell-adhesive areas and
assumed a rectangular shape to adapt to the morphology of the cell-
adhesive areas.
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Figure 72: Bright field image of hESC-CMs seeded on photopatterned sub-
strates: the rectangular areas are the cell-adhesive areas of P(nBA-
co-4%MABP). Cell growth is clearly visible on the cell-adhesive
areas: cells elongate and assume a rectangular shape to fill all the
available space. Scale bar is 30 pm.

In the following step, we fabricated P(nBA-co-4%MABP) microstruc-
tured substrates and we then attached PAA on the surface everywhere
except that on rectangular areas that extended from one pillar to
another pillar. Cell-adhesive areas had a rectangular shape measur-
ing 30 x 15 pm. Substrates were exposed to laminin solution before
hESC-CMs seeding. After 3 - 4 days cells were contracting on such
substrates. Figure 73 shows a cardiomyocyte that adheres to the rect-
angular cell-adhesive area and elongates between two micropillars
(above): the cell anchor to the micropillars and bend them upon con-
traction (below). The displacement of the top of the micropillars (Ax)
is clearly visible.

From these tests, we confirmed that hESC-CMs were guided to grow
only onto the cell adhesive areas of the surface. Cells maintained their
contractility and could be analyzed also several days after seeding (up
to 8 weeks).

8.2 HESC-CMS IMMUNOHISTOCHEMISTRY

To evaluate cell phenotype and structural organization and to localize

the points of adhesion of the cells to the micropillars, immunofluo-
rescence analysis on hESC-CMs seeded both on flat and on microstruc-
tured substrates was performed.

To evaluate the sarcomeric organization of hESC-CMs, cardiac troponin-
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Figure 73: Bright field image of a cardiomyocyte seeded on a microstruc-
tured and photopatterned substrate. A) Cell adheres to the cell-
adhesive areas elongating between two micropillars. B) Scheme
of the cell at rest. C) Micropillars top is displaced by the cell
upon contraction. D) Scheme of the cell bending the micropillars
upon contraction. the displacement of the micropillar top (Ax) is
marked by red dotted lines. Scale bar is 10 pm.

T (cTnT) protein was marked through immunofluorescence staining,.
Troponin-T is one of the three troponins (along with troponin-C and
troponin-I) that are component of the thin filament of the sarcom-
ere of striated muscle and that allow the physiological process of re-
laxation and contraction of the cell. Because they are components
of the sarcomeres, immunohistochemistry of ¢InT allows to identify
the sarcomeric organization of the cell [220]. To confirm cell phe-
notype we also immunostained sarcoendoplasmic reticulum calcium-
ATPase (SERCA-2a). SERCA-za is the main responsable of the removal
of cytosolic Ca** from the cytosol, that results in muscle relaxation
[221]. To localize the focal adhesion points of the cells anchored to
the micropillars, we immunostained vinculin. Vinculin is a cytoskele-
tal protein involved in the linkage of integrins to actin. Along with
other proteins, it can form the focal complexes of the cell, i.e. the
adhesion sites of the cell to the surrounding surface or ECM [3]. Im-
munostaining protocols are descripted in Chapter 10.

In Figure 74, immunostaining of ¢TnT on hESC-CMs seeded on flat pho-
topatterned substrates is reported. Cell-adhesive areas are rectangu-
lar areas measuring 30 x 15 pm. Cells adhere and spread to the cell-
adhesive areas. The stripe-like structure of ¢InT (highlighted by the
white circles in the image), corresponds to a sarcomeric organization
of the cell typical of cardiomyocytes [222].
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Sarcomeric organization

Figure 74: Immunostaining of ¢InT on hESC-CMs seeded on flat photopat-
terned substrate. Cell adhere an spread to the rectangular cell-
adhesive areas. Immunostaining of ¢TnT (red) shows a clear sar-
comeric organization, typical of cardiac muscle cells, as high-
lighted by the white circles in the image. Scale bar is 15 pm.

In Figure 75 immunostaining of ¢TnT on hESC-CMs seeded on mi-
crostructured and photopatterned substrates is reported. Cells adhere
to the cell-adhesive areas and assume an elongated shape, anchoring
their extremities to two different micropillars. A clear sarcomeric or-
ganization was detected by immunostaining of ¢TnT (red signal), per-
pendicular to the direction of elongation of the cell, as displaced in
physiological cardiomyocytes [222].

Figure 76 shows the SERCA-2a immunofluorescence analysis of a
cardiomyocyte seeded on microstructured and photopatterned sub-
strate. Cell elongate between two elastic micropillars. The presence
of SERCA-2a is typical of cardiac muscle cells phenotype [221]. The
image shows the presence of SERCA-2a (red signal) all along the cell.

When cells shorten due to the contraction mechanism, the mi-
cropillars to which they are attached is bended. In this work, we
determined the force of contraction exerted basing on an indirect
method. Cell force was evaluated basing on microplllar deflection. In
the circumstance of the same exerted force, the higher are the cell
adhesion points to the micropillars (i.e. the points of application of
the force), the higher are the micropillar deflection. Therefore, it is
of paramount importance to know at which height of the micropillar
the cell is anchored. For this reason, immunofluorescence analysis
of focal adhesion points has been performed on hESC-CMs seeeded
on microstructured and photopatterned substrates. Figure 77 shows
confocal images of 4 different cardiomyocytes where vinculin has
been immunostained. During the acquisition of the images by con-
focal microscopy, the z-scan of the micropillar (from micropillar base
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Figure 75: Immunostaining of ¢TnT on hESC-CMs seeded on microstructured
and photopatterned substrates. Confocal images of four different

cTnt-DAPI

cTnt-DAPI

hESC-CMs anchored between two p-pillars: ¢InT is stained in red
and a clear sarcomeric organization perpendicular to the direc-
tion of elongation of the cell is visible. Nuclei are stained in blue.
p-pillars walls are visible in blue due to some emission of the
benzophenone of P(nBA-co-%MABP). Scale bar is 10 um in all
images.

to micropillar head) was performed and the location of the cell-to-
micropillars adhesion sites was determined.

8.3 CALCIUM DYNAMICS AND U-PILLAR DEFLECTION DETECTED
THROUGH CONFOCAL ANALYSIS

Before fixing the cells and immunostaining them, live imaging was
performed by confocal analysis. From such measurements we were
able to record simultaneously the calcium dynamics of the cells (re-
lease and uptake of calcium from the sarcoplasmic reticulum (SR) and
from outside the cell to the citosol) and micropillar bending due to
cell contraction.

Calcium dynamics was recorded following the variation of the inten-
sity of the fluorescent signal emitted by the fluorescent probe fluo-4
(described in Chapter 6) along time. Such variation is related to the
changes of calcium concentration in the citosol. Figure 78 describes
how calcium dynamics was acquired. Figure 78 A shows a CM an-
chored between two micropillars, where calcium signal is marked in
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SERCA 2a - DAPI

Figure 76: Immunostaining of SERCA-2a on hESC-CMs seeded on microstruc-
tured an photopatterned substrates. SERCA-2a (red signal) is visi-
ble all along the cell. The presence of SERCA-2a is typical of cardiac
muscle cells phenotype. Nuclei are stained in blue. p-pillars walls
are also visible in blue due to some emission of the benzophenone
of P(nBA-co-4%MABP). Scale bar is 10 um.

green. When calcium concentration increases inside the cell, fluo-4
molecules bind to the ion and emitt a fluorescent signal. The increas-
ing (calcium release phase) and decreasing (calcium reuptake phase)
fluorescent signal emitted by the analyzed cell was recorded for few
seconds. Figure 78 B shows the variation of the intensity of the signal
emitted by fluo-4 along time. The plot of the variation of the intensity
signal along time provides the shape of the calcium transient curve,
as reported in Figure 78 C. From such curve, it was possible to deter-
mine different parameters: calcium release phase (Ca®* Rel), calcium
reuptake phase (Ca?t Up) and the duration of the calcium transient.
Ca®* Rel was defined as the time from baseline to 95% of the peak,
Ca’* Up was defined as the time from 95% to 50% relaxation curve.
The total duration of the calcium transient (Ca?t Tot) was defined
as:

Ca’*Tot = Ca’*Rel + 2% (Ca’*Up) (23)

Further information concerning the calculation of such parameters
are provided in Chapter 10.
The acquired calcium transients are slower than that registered in
adult CMs, in agreement with other studies [223, 224, 225]. Therefor,
in adult CMs calcium release from the SR contributes almost 70% of
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Figure 77: Immunostaining of vinculin of hESC-CMs seeded on microstruc-
tured and photopatterned substrates. Confocal images of four
different hESC-CMs anchored between two p-pillars are reported:
vinculin is stained in green and thanks to confocal analysis the
height of the micropillar at which cell anchor can be detected.
Scale bar is 10 pm in all images.

the total calcium release. On the contrary, hPSC-CMs have very little SR
function in the early phase, and most cation influx is through the cell
membrane. This is the reason of slower and usually smaller calcium
transients. Such calcium transients reveal an immature phenotype of
hPSC-CMs [225].

Micropillar deflection was evaluated recording the variation of mi-
cropillar walls position along time, due to cell contraction and there-
fore shortening. Confocal analysis revealed such deflections due to di-
8-ANEPPS fluorescent dye adsorbed to micropillar walls. The recorded
deflection coincide to the displacement of the micropillars at the height
at which the cell adhere to the pillar through focal adhesion points.
When cells adhere to the micropillar top, the deflection of micropillar
head is recorded. When cells adhere to lower parts of the micropillar,
the deflection of the micropillar at that height is recorded. Figure 79
shows how micropillar deflection was detected. In Figure 79 A, a CM
embracing two micropillars is visible. Micropillar edges are visualized
in red. Figure 79 B shows a live-scan acquisition where a variation of
micropillar edges (red lines) position along time is detectable. Such
variation is then converted into um as plotted in Figure 79 C. The
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Figure 78: Calcium dynamics of hESC-CMs detected through confocal analy-
sis. A) Image of a CM anchored between two p-pillars acquired
while calcium is released inside the citosol and can be detected
thanks to fluo-4 fluorescent dye. Scale bar is 10 pum. B) Line scan
acquisiton of the variation of fluo-4 intensity due to cell contrac-
tion and relaxation along time. C) Plot of the variation of the
intensity of fluo-4, due to calcium release and uptake along time.
From such curves it is possible to evaluate biological parameters.

peak of such curve was the value employed to evaluate the contrac-
tion force exerted by the cells.

Since fluo-4 and di-8-ANEPPS emit at two different wavelengths
(490 to 550 nm for fluo-4 and 600 to 700 nm for di-8-ANEPPS) it
was possible to record simultaneously the calcium dynamics and the
consequent micropillar deflection from which cell contraction force
could be quantified. Figure 8o shows an example of simultaneous ac-
quisition of calcium dynamics and micropillar deflection. In Figure 8o
A a CM embracing two micropillars is shown. Calcium signal is vis-
ible in green, micropillar shape and position are detectable in red.
Figure 8o B shows a live-scan recording of a calcium transient (green
signal which intensity increases and then decreases), and the corre-
sponding micropillar deflection (red line). In Figure 8o C the plots
of the acquired calcium transient (green) and micropillar deflection
(red) are reported.

8.4 QUANTIFICATION OF CONTRACTION FORCE THROUGH FI-
NITE ELEMENT MODELING

Contraction force exerted by the cells has been quantified combining
the information regarding the location of the focal adhesion points,
detected by immunostaining of vinculin as described in Section 8.2,
with the data of micropillar deflection. Micropillar deflection was
quantified at the micropillar height where focal cell adhesion sites
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Figure 79: Micropillar deflection detected through confocal analysis. A) Im-
age of a CM anchored between two p-pillars: di-8-ANEPPS ad-
sorbed to p-pillar walls allows to visualize pillar shape and posi-
tion. B) Line scan acquisiton of di-8-ANEPPS adsorbed to p-pillar
walls: it is possible to visualize p-pillar deflection due to cell con-
traction. C) Plot of p-pillar deflection. The peak of the curve is
the value employed to quantify cell force.

were detected, as discussed in Section 8.3. Since the evaluated car-
diomyocytes act between single couples of pillars, it was possible to
estimate contractile forces of cells through an indirect method, by
applying assigned values of deflection to the pillars and estimating
the corresponding forces. Deflections of the pillar were applied as
imposed displacement in the FEM. Figure 81 shows an example of im-
posed deflection and consequent developed force according to our
model. Figure 81 A shows the modeled micropillars upon deflection.
Such deflection is due to a tangential force applied at a height of 16
um. Such tangential force is visualized in the model of Figure 81 B.
The area of action of the force is highlighted in the model by the red

and yellow colors.
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Figure 8o: Simultaneous acquistion of hESC-CMs calcium dynamics and mi-
cropillar deflection through live-imaging confocal analysis. A)
Image of a CM anchored between two p-pillars. Calcium is
marked by Fluo-4 (green signal), micropillar walls are marked
by di-8-ANEPPS (red signal). B) Live-scan image of the process
of contraction of a CM along time: the variation of fluo-4 inten-
sity is marked in green, while micropillar deflection is visible in
red. C) Plot of the simultaneous acquisition of calcium dynamics

(green) and micropillar deflection (red).

8.5 CASE STUDY: EVALUATION OF HESC-CMS FUNCTIONAL MAT-
URATION.

Current protocols for the derivation of human cardiomyocytes from
pluripotent stem cells recapitulate the events of early embryogenesis
through chronologically defined sequences of cytokine stimulation.
Although large amounts of contracting cardiomyocytes can be ob-
tained, their application is limited by their early and immature phe-
notype. hPSC-CMs can differ from adult cardiomyocytes with respect
to structure, proliferation, metabolism and electrophysiology, better
approximating fetal cardiomyocytes [225]. However, time in culture
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Figure 81: Examples of FEM to quantify hESC-CMs contraction force. In this
case the force is applied at a height of 16 um. The displacement
recorded at the height of 16 pm is 0.99 um (A) and the corre-
sponding tangential force is 720 nN (B).

appears to significantly impact phenotype, affecting action potential
characteristics as well as expression of key ion channels [225].

We hypothesize that an integration of the time in culture with me-
chanical and morphological cues would probably better mimic the
cardiac development, which involves a proper electrical/mechanical
environment. Therefor, it has been reported that elastic boundary
of the cells can enhance the development of the sarcoplasmic retic-
ulum (SR) [226], and that the elongated structure typical of adult CMs
is an important feature to fulfill cardiac muscle cell function [35].

In our experiments, the chemistry of the surface was tuned to guide
cell adhesion into rectangular areas, where cells attached and spread,
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hCMs on flat substrates - Week 1

‘ Ca’* Rel ‘ Ca’* Up ‘ Ca’* Tot

Mean (s)
Sd (s)

0.38 0.50 1.38

0.17

0.09

0.05

Table 1: Calcium transient of hESC-CMs on flat substrates, week 1.

assuming an elongated shape. The mechanical stimuli was provided
by the presence of the elastomeric micropillars: cells contract repeat-
edly displacing such micropillars that oppose a mechanical force.

To validate our hypothesis, calcium dynamics of hESC-CMs seeded
both on flat and on microstructured photopatterned substrates has
been measured and compared on cells after 1 week from seeding and
on cells after 5 weeks from seeding. Additionally, contraction force of
hESC-CMs seeded on microstructured and photopatterned substrates,
was quantified after 1 week and after 5 weeks from seeding. The aim
was to evaluate if the combination of morphological and mechanical
stimuli to the cells, would lead to variations of the calcium transients
characteristics and of the developed forces.

Our results on hESC-CMs seeded on flat substrates, showed that the
total duration of the calcium transients (Ca’" Tot) decreased from a
value of 1.38 + 0.17 s to a value of 1.07 4+ 0.09 s, as reported in Ta-
ble 1 and Table 2. Such decrease was mostly releated to a variation of
the calcium reuptake phase, as described by the graphs in Figure 82.
The graph on the left shows the variation of calcium release phase
from week 1 to week 5 of culture, both for cells seeded on flat and
on microstructured substrates. When cells were seeded on flat sub-
strates, there was no a significant variation of the duration of calcium
release in the cell. The graph on the right shows the results concern-
ing the calcium reuptake phase, both for cells seeded on flat as well
as on microstructured substrates. In this case, there was a statisti-
cally significative decrease in the calcium reuptake phase from week
1 to week 5 of culture on flat substrates. In the same figure, the re-
sults concering calcium dynamics of hESC-CMs seeded on microstruc-
tured substrates are reported. Such experimental condition lead to a
decrease in both calcium release (Figure 82 A) and calcium reuptake
phase (Figure 82 B) between cells analyzed after 1 week and after 5
weeks of culture. The total duration of the calcium transients varied
from a value of 1.17 £ 0.13 s to a value of 0.5 4+ 0.08 s, as reported in
Table 3 and Table 4.
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hCMs on flat substrates - Week 5

‘ Ca’* Rel ‘ Ca’* Up ‘ Ca’* Tot

Mean (s) 0.31 0.38 1.07
Sd (s)

0.03 0.05 0.92

Table 2: Calcium transient of hESC-CMs on flat substrates, week 5.

hCMs on pP substrates - Week 1

‘ Ca’* Rel ‘ Ca’* Up ‘ Ca®* Tot

Mean (s) 0.35 0.36 117
Sd (s)

0.03 0.07 0.13

Table 3: Calcium transient of hESC-CMs on microstructured substrates, week
1.

hCMs on uP substrates - Week 5

‘ Ca’* Rel ‘ Ca’* Up ‘ Ca’* Tot

Mean (s) 0.19 0.16 0.50
Sd (s)

0.02 0.02 0.08

Table 4: Calcium transient of hESC-CMs on microstructured substrates, week

5.
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Figure 82: Comparison of calcium dynamics parameters of hESC-CMs after
1 week and after 5 weeks of culture on flat (light gray) and mi-
crostructured (black) substrates. A) Calcium release phase (Ca®*
Rel) does not significatively decrease from week 1 to week 5
of culture when cells are seeded on flat substrates. On the con-
trary, there is a consistent decrease in Ca?™ Rel when cells are
cultured on microstructured substrates. In particular, Ca?* Rel
goes from a value of 0.35 + 0.03 s to a value of 0.19 +0.02 s.
B) Calcium reuptake phase (Ca?* Up) significatively decreases
from week 1 to week 5 of culture when cells are seeded both on
flat (from 0.5 4 0.09 to 0.38 £ 0.05) and on microstructured sub-
strates (from 0.36 £ 0.07 to 0.16 4= 0.02). When cells are cultured
on microstructured substrates such decrease is more pronounced.
Student t-test p-values, P < 0.001 (**), P < 0.001 (*).

Contraction force of hESC-CMs seeded on microstructured substrates
has also been measured both at week 1 and week 5 of culture, in
concomitance with the acquisition of calcium transients. Figure 83 A
shows two examples of cells where calcium transient and correspond-
ing developed force were acquired simultaneously. The image on the
left shows an example of calcium transient and contraction force of
a hESC-CM after 1 week of culture. The image on the right shows
an example of calcium transient and developed contraction force of a
hESC-CM after 5 weeks of culture. During the cardiac action poten-
tial, Ca?" enters the cell and triggers Ca’* release from the sarcoplas-
mic reticulum. The combination of Ca?* influx and release raises the
free intracellular Ca’* concentration (raising part of the calcium tran-
sient curve), allowing Ca’" to bind to the myofilament protein tro-
ponin C. The contraction process is therefore triggered (raising part
of the contraction force curve). For relaxation to occur (descending
part of the contraction force curve) cytosolic Ca?* must decline (de-
scending part of the calcium transient curve), allowing Ca’" to disso-
ciate from troponin. The evaluated calcium transient and contraction
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force curves present a shape that is qualitatively comparable with
the transient of calcium and contraction process curves descripted by
Bers in his work on excitation-contraction coupling [152]. Figure 83
B displays the relationship between calcium transients duration and
consequent developed contraction force. Interstingly, cells character-
ized by shorter transients of calcium, tend to develop stronger forces.
In general, cells analyzed after 1 week of culture present longer tran-
sients of calcium and develop weaker forces than cells analyzed after
5 weeks of culture.
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Figure 83: Examples of simultaneous acquistion of calcium dynamics and
contraction force on hESC-CMs. A) Plots of the calcium transient
and consequent developed force of hESC-CMs analyzed after 1
week (A.1) and 5 weeks (A.2) of culture. B) Plot of contraction
force vs duration of calcium transients of hESC-CMs analyzed af-
ter 1 week (blue squares) and after 5 weeks (black squares) of
culture. Shorter transients are often associated with higher devel-
oped forces.

Our results showed that there was an increase of the developed
force when cells were kept in culture for several days and that our
system is sensitive enough to detect variation of contraction force
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of few nN. The final force values calculated at week 1 and week 5
of culture are reported in Figure 84. Contraction force varied from
a value of 502 + 122 nN at week 1 to a value of 719 + 101 nN at
week 5 of culture. These results, combined with the data on calcium
transients, support the concept that hPSC-CMs require cell-substrate
interaction for activation of mechanotransduction pathways promot-
ing functional cardiac maturation, as in physiological cardiomyocyte
development.
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Figure 84: Comparison of contraction force of hESC-CMs after 1 week (light
gray) and after 5 weeks (black) of culture on microstructured sub-
strates. The developed force increases from 502 4+ 122 nN on cells
analyzed at week 1to 719 = 101 nN on cells analyzed at week 5.

8.6 CORRELATION OF HESC-CMS ACTION POTENTIAL TO CAL-
CIUM DYNAMICS AND CONTRACTION FORCE

Calcium is the most important ion regulating the mechanism of con-
traction in CMs and its release and uptake from and into the SR is
directly responsible of the contraction process in the cell and of the
force developed. Recording calcium dynamics and contraction force
provides significant information on the physiological or pathologi-
cal condition of the cells, on drug response, or on the process of
maturation of human pluripotent stem cells derived cardiomyocytes
(hPSC-CMs). Nevertheless, one could be interested in obtaining infor-
mation on the dynamics of another fundamental parameter: the ac-
tion potential of the cells. The action potential is the first event that
triggers the entire mechanism of contraction: cell membrane depolar-
ization caused by the action potential allows the opening of mebrane
Ca’* channels. The increase of calcium inside the cells triggers the
release of Ca?t from the SR and the consequent cell contraction. Us-
ing the fluorescent dye presented in Chapter 6, the voltage sensitive
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dye (VSD), it is possible to record the action potential of the cells
through confocal analysis. Figure 85 shows an example of acquisition
of the action potential by confocal analysis. In Figure 85 A the vari-
ation of the intensity of the fluorescent probe along time, related to
the process of depolarization and repolarization of cell membrane, is
shown. Figure 85 B reports the plot of the variations of the intensity
signal, which directly represents the shape of the action potentials.
The presented method allows to record the shape, the duration and
the frequency of the action potential of hESC-CMs by simply perform-
ing live-cell confocal analysis. The employed voltage sensitive dye
has an emission spectra (500 to 600 nm) that superposes to that of
fluo-4, therefore the two fluorescent probe can not be recorded with
the same sample. However, the use of a calcium sensitive dye with
a different emission spectra will allow the simultaneous acquisition
of calcium dynamics, contraction force and action potential. Once ac-
quired simultaneously, the three parameters could be correlated to
gain physiological and pathophysiological information of the investi-
gated cells.

8.7 DISCUSSION

We presented here an in vitro platform based on human pluripotent
stem cells derived cardiomyocytes and ad hoc micro-fabrication tech-
nologies for studies of the physiology of such cells. In particular, cal-
cium dynamics and contraction force of single hESC-CMs could be si-
multaneously detected on hESC-CMs after 1 week and after 5 weeks of
culture to evaluate the relevance of cell-substrate interaction in the
process of cell maturation. Substrate chemistry and geometry have
been tuned to guide cell adhesion and shape: axial contractile proper-
ties and calcium dynamics could be detected on single hESC-CMs with
an elongated shape.

Recent studies reported that the key modulators of heart output are
not only the cell composition, differentiation, and orientation [227,
228, 114], but also the embedding matrix composition [157] and the
external stimuli such as cyclic stretching or electrical stimulation
[156, 228, 229, 230]. Rodriguez et al. [231] and Jacot et al. [232] re-
ported how the variation of substrate stiffness influence cell develop-
ment on neonatal rat hESC-CMs. In response to these inputs, the most
important outputs of heart tissue are force generation and contrac-
tion characteristics. Unfortunately, current protocols for deriving car-
diomyocytes from stem cells and induced pluripotent stem cells rely
on staining for cardiac myocyte markers [233, 234, 235] rather than
on force generation. Few methods are available to measure contrac-
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Figure 85: Detection of hESC-CMs action potential through confocal analysis.
A) Line scan acquisiton of the variation of the voltage sensitive
dye (VSD) intensity due to the action potentials. C) Plot of the
variation of the intensity of the VSD, due to the depolarization of
cell membrane during the action potential.

tion performance of hESC-CMs in a reproducible and high-trhoughput
manner. The use of elastic micropost platforms can be considered
a valid approach for assessing the contractile properties of various
types of cardiomyocytes [82, 93, 85, 94, 95, 167, 231, 226]. The con-
traction force can be derived from the deflection of the elastic mi-
cropillars induced by cell shortening [78]. However, up to now the
majority of these studies have been applied to adult or neonatal rat
cardiomyocytes. Recently, Rodriguez et al. [169] characterized con-
traction force, velocity and power of hiPSC-CMs on single cardiomy-
ocytes spreading on dense arrays of elastic micropillars: through this
method cells adhere to a large number of microposts. The limits of
this work are that the force is measured as the sum of the forces ap-
plied to each micropost and cells don’t assume an elongated (more
physiological) shape. Since hESC-CMs shape is one of the regulators
of functionally fundamental myocyte features, such as assembly and
organization of sarcomeric structure, proper calcium handling abil-
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ity and modulation of cardiac ion channel properties [236, 237, 238],
meaningful in vitro studies should be carry out on cells that resemble
as more as possible a physiological morphology. Taylor et al. [168]
achieved to measure the uni-axial contractile properties of single
hESC-CMs modifying a traditional force post assay [85] by enlarging
the posts and lattice constants and by filling the volume between the
posts with a sacrificial layer. Through this platform they quantified
only the contraction force of the cells, but in cardiac myocytes, the
contraction force produced by the contractile apparatus is directly re-
lated to the momentary calcium concentration in the cytoplasm. For
this reason, we realized a platform which combines the measurement
of the uni-axial contractile force of hESC-CMs with the detection of the
corresponding calcium transients while cell adhesion and shape were
guided by substrate chemistry and geometry.

In our experiments we compared calcium dynamics and contraction
force of hESC-CMs seeded on flat and microstructured substrates af-
ter 1 week and after 5 weeks of culture, to verify if and how the
environment in which cells have been cultured could influence their
performance and eventually contribute to their functional matura-
tion. In particular, cell seeded on our enginereed substrates have an
elongated shape and at each contraction they deform the elastomeric
micropillars which acts as springs. Our results support the hypothe-
sis that morphological and mechanical stimuli influence the process
of functional maturation of the cells. When cells were seeded on mi-
crostructured substrates, the transients of calcium shortened from
cells analyzed after 1 week of culture and cells analyzed after 5 weeks
of culture. Concerning the contraction force, this could be measured
only on cells seeded on microstructured substrates, since we needed
information on micropillar deflections to deduce the force. Contrac-
tion force was found to increase from a value of 502 4 122 nN at
week 1 to a value of 719 + 101 nN at week 5 of culture.

Previous experiments with adult cardiomyocytes and carbon fibers
demonstrated peak isometric forces ranging from 2.42p N [87] to
5.7u N [239]. Per post measurements of 39 nN have been reported
by Kim et al. on neonatal rat cardiomyocytes, using elastomeric force
post arrays [78] and of 13.3 to 17.6 nN on human induced pluripo-
tent stem cells cardiomyocytes by Rodriguez et al. [169]. It is diffi-
cult to compare such measurements with our results because in the
mentioned works the cells had spread out into shapes that are not
physiologically realistic. Using micropost arrays, uni-axial measure-
ments of both neonatal rat cardiomyocytes and human embryonic
stem cells derived cardiomyocytes have been performed by Taylor et
al. [168]. They found twitch forces around 150 nN on neonatal rat
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cardiomyocytes and from 50 to 100 nN on human embryonic stem
cells derived cardiomyocytes. In this work they used arrays of micro-
posts with an interaxial distance of 80pum, about three times bigger
than the interaxial distance of our arrays, hence a comparison with
our measurements is again difficult to make. Kajzar et al. [167] mea-
sured forces of around 400 nN on neonatal rat cardiomyocytes using
micropost arrays with an interaxial distance of 30pum, comparable to
that of our platform. Our measurements have values in between the
minimum reported value of 13 nN and the maximum reported value
of 5.7uN. A direct comparison with the forces calculated in the pre-
viously mentioned works is not straightforward since the final value
is influenced by several factors such as cell type, cell shape, substrate
geometry and method of calculation of the force.

Our results show an increase of the force developed by the cells from
week 1 to week 5 of culture, which could be related to an improve-
ment in organization of cardiac cell structural features. Simultaneous
analysis of calcium transients and consequent developed forces, sug-
gest that cells with a faster calcium dynamics develop stronger forces.
The combination of a microstructured and photopatterned substrate
and the use of confocal images to detect both micropillar deflection
and calcium dynamics in the cells, overcomes some of the limits of
the current in vitro studies of isolated cardiac muscle cells: (i) thanks
to chemical and morphological patterning cells assume an elongated,
more physiological shape; (ii) contraction force is combined with in-
formation on calcium dynamics which are acquired simultaneously;
(iii) hPSC-CMs instead of animal derived CMs are used in this work.
All together, our results support the concept that cell-substrate in-
teraction is necessary for the maturation of human pluripotent stem
cells derived cardiomyocytes and further validate the studies which
proved how CMs shape along with mechanical stimulation of the cell,
contribute in regulating cardiac myocyte function [236, 238]. This
platform can be used not only to monitor the process of differenti-
ation and maturation of hESC-CMs but possibly to induce functional
maturation of the cells. Cardiac differentiation protocols from pluripo-
tent stem cells are, to date, the best promise for a human cardiac in
vitro model feasible for drug screening and disease modeling, but the
immature phenotype of the derived cardiomyocytes is still a matter
of concern for these applications. Therefore, understanding the pro-
cesses behind in vitro maturation is of great interest. Furthermore,
since both calcium dynamics and micropillar displacement are de-
tected through confocal analysis, this technique is also suitable for
high-throughput monitoring of drug-induced changes in spontaneous
frequency or contractility of hPSC-CMs. Additionally, collecting infor-

127



128

in vitro ASSAYS ON HUMAN DERIVED CARDIOMYOCYTES

mation about the functional properties of hPSC-CMs could give a clearer
scenario about pathological effects on hPSC-CMs.

8.8 CONCLUSIONS

Our platform is suitable to perform quantitative in vitro studies on
hPSC-CMs: the platform allows the simultaneous detection of the uni-
axial contraction force and calcium dynamics of hPSC-CMs with an
elongated morphology. To guide cell shape, we combined a cell-adhesive
photopolymerizable elastomeric polymer with a cell-repellent poly-
mer. The final substrate consisted of elastomeric micropillars and
presented rectangular areas of cell-adhesive polymer where CMs se-
lectively grew extending between two micropillars and assuming an
elongated shape. Calcium dynamics was acquired through confocal
analysis of CMs where calcium was detected by using the fluorescent
probe fluo-4. Micropillar deflection was also detected by confocal im-
ages and converted into contraction force values employing a FEM
that describes the deflection of the micropillars when a tangential
force is applied. We reported that the duration of the transient of cal-
cium decreases when cells are kept in culture on our substrate for sev-
eral weeks and the contraction force developed by the cells increases.
The platform can be suitable for physiological and pathophysiologi-
cal in vitro assays as well as for monitoring functional maturation of
hPSC-CMs.



SUMMARY

Stem cells are currently considered fundamental for understanding
basic biology, for developing tissue models for drug testing, and for
clinical applications in regenerative medicine because of their unlim-
ited self-renewal capacity and high multilineage differentiation po-
tential. However, stem cell studies face significant challenges in iden-
tifying stem cell populations, controlling their fate, and characteriz-
ing their phenotype because such cells are ultimately functionally
defined, and thus can often be identified only retrospectively [240].
To overcome these limits the use of in vitro assays represents a cru-
cial strategy: the ability to culture cells in vitro has revolutionized
hypothesis testing in basic cell and molecular biology research and
has become a standard methodology in drug screening. However, the
traditional cell culture methodology consisting of the immersion of
a large population of cells in a homogeneous fluid medium has be-
come limiting. First of all, such in vitro assays do not correctly rep-
resent the complex cell in vivo microenvironment. Additionally, they
are not suitable for a high number of parallel in vitro studies, which
would result too expensive and time consuming. In contrast to that,
microfabrication technologies have facilitated the implementation of
in vitro assays where the biochemical composition and topology of
the substrate, as well as the medium composition surrounding the
cells, could be controlled with micrometer resolution. Such assays
are well suited for the development of fast, low-cost in vitro systems
that allow for high-throughput culturing and analysis of cells under
large numbers of conditions [61].

Innovative microtechnologies can contribute to the quantitative un-
derstanding of how phenomena at the microscale can determine stem
cell behavior basing on the increasing ability to control culture con-
ditions and the throughput of data while reducing times and costs.
In particular, microtechnologies must be designed and developed to
capture the complexity of cell-substrate, cell-cell, and cell-soluble en-
vironment interactions considering the characteristic time and length
scales of biological phenomena [63].

In this work, we focused our effort on tuning cell environment through
microfabrication technologies. Microfabrication technology, has an
inherent potential for the development of fast, inexpensive cell cul-
ture systems that produce results at high throughput, i.e. probing
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large numbers of single cells under a large set of different conditions.
Furthermore, it enables to design, with micrometer control, the bio-
chemical composition and topology of the substrates employed for
biological studies, that influences cellular processes such as adhesion,
migration, growth, secretion, and gene expression.

The aim of this work was to use microfabrication technique, to tune
morphological, chemical and mechanical properties of the substrate
in order to reproduce a cell environment that induce specific cell re-
sponses and/or through which physiological parameters of the inves-
tigated cells could be deduced.

9.1 EFFECTS OF GEOMETRIC CONSTRAINTS ON HPSCS EARLY
GERM LAYER COMMITTMENT.

We investigated the physical plasticity of human pluripotent stem
cells (hPSCs) nuclei and its variation along the process of specification
to the three early germ layers (ectoderm, mesoderm and endoderm).

Nuclear shape and structure in eukaryotic cells are recognized to be
deeply related with cell function during developmental, physiological
and pathological modifications [127, 128, 129, 130, 131, 132] and a grow-
ing number of studies try to analyze nuclear mechanics behavior to
investigates the possible relationship between nuclear properties and
cell diseases [127, 128, 130, 136], since one of the most fundamental
problem in tissue morphogenesis is the question of how changes in
cell shape produce alteration of nuclear form and function [148, 149].
In this context, we aimed at evaluating possible effects of geometric
constraints, which influences nuclear shape, in the process of early
germ layer committment and therefore gene expression.

To address this aim we investigated hPSCs nuclear capacity to self-
deform under defined geometrical constraints, or in other words the
spontaneous response of the cell adhesion and nuclear deformation
to the topography of the environment. The geometrical constraints
have been induced by the use of microstructured polymeric substrates.
Microfabrication techniques based on photolithography (to realize
the silicon template) and soft lithography (to obtain the final sub-
strate) were applied to fabricate microstructured PDMS substrates. The
substrates were formed by a lattice of micropillars with a pillar to pil-
lar distance (7pum) that was smaller than the average nuclear size. De-
formable nuclei could penetrate among micropillar interspaces and
assume an unusual branched shape. Stiffer nuclei did not penetrate
among micropillar interspaces or, if they did, they kept an oval or
round morphology. The use of a simple microfabrication technique,
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allowed us to quantify in a straightforward way the spontaneous nu-
clear deformability of the cells under study and to follow the evolu-
tion of cell deformability along the process of early germ layer com-
mittment through image analysis methods.

Our results showed a substantial difference in nuclear deformabil-
ity among pluripotent stem cells (hiPSCs, hESCs), multipotent stem
cells (CBMSCs) and somatic epithelial cells (hERCs), in agreement with
previously reported results that attribute an high deformability to
pluripotent stem cells which is progressively lost along the process
of differentiation [141]. This process could be related to the expres-
sion of lamin A/C in the nuclear envelope that connect and interact
with cytoskeletal filaments to maintain the nuclear integrity in dif-
ferentiated cells. The immunofluorescence and qRT-PCR analyses on
hPSCs expanded for 6 days both on flat and microstructured substrates
showed that the maintenance of pluripotency is not influenced by
nuclear morphological reorganization induced by micropillars. On
the other hand the process of early germ layer commitment in en-
doderm, mesoderm and ectoderm did not always evolve in the same
way when cells were diferentiated on flat or microstructured sub-
strates. Early ectoderm, endoderm and mesoderm specification was
induced both on microstructured and flat PDMS substrates. We then
performed qRT-PCR to detect gene expression of 3-III tubulin (ecto-
derm marker), Brachyury-T (mesoderm marker) and «-fetoprotein
(endoderm marker) . Our results showed that gene expression of meso-
derm marker Bra-T was significatively higher in cells differentiated to
endoderm early germ layer on micrsotructured substrates, compared
to the differentiated on flat PDMS substrates. Such data reveal that the
physiological process of differentiation from human pluripotent stem
cells to early endoderm committment can be influenced by nuclear
shape. Future work will address in further investigating the possible
differences in gene and therefore protein expression of cells differen-
tiated on flat or on uP substrates.

We also observed that early ectoderm specification on microstruc-
tured substrates took place while nuclei raised up from pillar inter-
spaces and assumed a round shape. This process happened in par-
ticular between day 1 and day 2-3 of ectoderm committment. Such
data reveal that the process of nuclear stiffening, due by structural
and functional modification of citoskeletal and nuclear envelope pro-
teins, takes place during the first 2-3 days of ectoderm committment.
Further experiments on ectoderm will be adressed to define which
proteins are expressed in the nuclear envelope and in the cytoskele-
ton between day 1 and day 2-3 of differentiation, that are the respon-
sible of nuclear stiffening and nuclear morphological reorganization.
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New results will help to understand how important nuclear deforma-
tion is during differentiation, which role plays nuclear morphology in
gene expression and which are the key mechanisms related to nuclear
organization and protein expression in the nuclear envelope and cy-
toskeleton that play a fundamental role in cell differentiation.

The advantage of our method, compared to other studies in which
nuclear stiffness was evaluated after inhibition of cytoskeletal struc-
ture [141, 129], is that nuclear behavior can be evaluated investigating
live and intact cells. Furthermore, it is a simple method, thus several
experiments can be perfomed in parallel. Additionally, nuclear de-
formability, which is directly related to nuclear shape, can be straight-
forwardly quantified by fluorescent or confocal microscope images
analysis.

Since we demonstrated a correlation between the degree of cell dif-
ferentiation and nuclear deformability, a possible application of this
methodology could be the evaluation of the stage of differentiation
of the cells from the physical plasticty of the nucleui on microstruc-
tured substrates. This approach could be also employed to evaluate
the percentage of obtained induced pluripotent stem cells from a cell
reprogramming protocol, in order to establish its efficiency.

9.2 DETECTION OF HESC-CMS FUNCTIONAL PARAMETERS TO
INVESTIGATE THE EFFECT OF CELL SHAPE AND MECHAN-
ICAL STIMULI ON CELL MATURATION.

Microfabrication techniques have been applied in this work to assess
a further biological aim concerning the study of human pluripotent
stem cells derived cardiomyocytes (hPSC-CMs). Because heart disease
is a major public health concern, much effort has been devoted to
study heart cells, namely cardiomyocytes. In this scenario, the mi-
croscaled, high throughput approach and the use of human samples
can represent the most effective way to produce new generation and
effective cardiac human in vitro models, which would be representa-
tive of the human biology and physiology.

In this work we developed an in vitro model based on human car-
diomyocytes and ad hoc micro-technologies for physio-pathological
studies. Microfabrication techniques played a crucial role to obtain
substrates where chemical, mechanical and morphological properties
have been tuned to guide cell growth in specific cell-adhesive areas.
This way, cells assumed an elongated physiological shape and could
anchor their extremities to elastomeric micropillars thanks to which
part of the biological assay could be performed.
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The aim of this part of the work, has been to realize an in vitro

platform where calcium dynamics and contraction force of single

hESC-CMs with an elongated shape could be simultaneously detected.

Such platform was then employed to evaluate the effect of morpho-
logical an mechanical stimuli in the process of hESC-CMs in vitro mat-
uration.

Microstructured substrates have been fabricated through replica mold-
ing using the photocrosslinkable and cell-adhesive material P(nBA-
4%MABP). The substrate surface presented elastomeric square mi-
cropillar with a width of 10 um and a height of 20 um. The me-
chanical properties of the polymer and of the micropillared surface

have been thoroughly investigated through DMTA analysis and nano-
indenter tests, to evaluate the Young’s modulus of the material and

the mechanical response of the micropillars when bended by the ap-
plication of a tangential force. A finite element model (FEM) of the

substrate has been developed according to the effective geometry of
the surface and the mechanical behavior of the material. A thin layer

of cell-repulsive crosslinked PAA was photochemically attached to the

rubber substrates by exposing it to UV light through a chrome mask.
The mask allowed local control of the surface chemistry. In the ex-
posed areas cell repellent PAA was attached, in the non-exposed areas

the rubber remained unmodified, which allowed protein adsorption.
Cells seeded on these substrates could grow only on the rectangular

areas where no cell-repellent PAA was attached to the rubber. Cells

anchored between two micropillars assumed an elongated shape. A

clear sarcomeric organization perpendicular to the direction of con-
traction of the cell was evidenced through cardiac troponin-T (c¢TnT)

immunostaining. Spontaneous contraction of the cells displaced the

top of the micropillars. Thanks to confocal analysis we could simul-
taneously detect calcium dynamics of the cells (through Fluo-4 live

imaging staining) and the consequent micropillar deflection due to

the fluorescence of di-8-ANEPPS adsorbed to the micropillar walls.
The location of the cell adhesion points to the micropillar walls -
which correspond to the point of application of the force by the cell

to the substrate - were determined by confocal analysis of the cells

after immunostaining of vinculin. The recorded deflection was then

applied to the finite element model (FEM) who provided the quanti-
taive value of the contraction force exerted by the cell. Contraction

force increased from a value of 502 + 122 nN at week 1 to a value of
719 £ 101 nN at week 5 of culture. In the literature, contraction force

measurements range from a minimum value of 13 nN by Rodriguez et

al. [169] of human induced pluripotent stem cells CMs seeded on dense

arrays of elastomeric micropillars and a maximum value of 5.7uN by
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Nishimura et al. [239] of adult rat CMs analyzed by carbon fiber tech-
nique. A direct comparison with the forces calculated in other works
is not straightforward since the final value is influenced by several
factors such as cell type, cell shape and strength of cell adhesion and
in some cases also substrate geometry and method of calculation of
the force.

Calcium dynamics measurements revealed that the duration of the
calcium transients decreases on cells cultured for 5 weeks compared
to that of cells cultured for 1 week regardless of whether cells were
cultured on flat or on microstructured substrates. This was probably
due to the "time in culture" maturation effect. However, cells seeded
on microstructured substrates displayed a much more consistent de-
crease in the duration of the calcium transients from week 1 to week
5 of culture. Such decrease was probably related to the mechanical
stimuli provided to the cells by the micropillar opposition to bending.
This study demonstrated the feasibility of developing an in vitro based
test for hESC-CMs, able to give insight on both viability and function-
ality of hESC-CMs. In particular, we could monitor the variation of
physiological parameters as calcium transient and contraction force
on hESC-CMs seeded on flat and microstructured substrates at differ-
ent days of culture. Our results showed how functional and structural
maturation of hESC-CMs is strictly related not only to the endogenous
and exogenous factors but also to the mechanical stimuli of the envi-
ronment and to cell shape (as described and discussed in Chapter 8),
which can influence the mechanotransduction pathways responsible
of cell maturation. This platform can be used not only to monitor the
process of differentiation and maturation of hESC-CMs, but possibly to
induce functional maturation of the cells. Furthermore, since both cal-
cium dynamics and micropillar deflection are detected through confo-
cal analysis, this technique is also suitable for high-throughput moni-
toring of drug-induced changes in spontaneous frequency or contrac-
tility of CM:s.

9.3 CONCLUSIONS

Microfabrication techniques offer the potential to modulate, on a cel-
lular and subcellular level, the biochemical composition as well as
the topography of the substrate, the type of cell neighboring each
cell, and the medium surrounding each cell. In this work, we ex-
amined examples of the unique applications of microfabrication in
addressing biological questions. Topographical contact guidance of
hPSCs and their nuclear behavior along the process of differentiation
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has been studied with microfabricated substrates. Some effects of cell
shape and cell-substrate interactions on cell proliferation, differenti-
ation, and communication have been reported. Controlled organiza-
tion of human derived heart cells have been achieved by surface pho-
topatterning, while microfabrication has also enabled precise mea-
surements on live cells, such as mechanical forces. Compared to tra-
ditional cell culture techniques, microfabrication techniques, in com-
bination with surface chemistry methods, have the intrinsic ability
to precisely control and separate the effects of many of the parame-
ters that affect cellular and subcellular events and signaling pathways.
However, most current in vitro studies using microfabrication tech-
niques have been conducted in an artificial 2D environment (2D cell
patterns and/or constant flow conditions) that still cannot reproduce
the complex 3D organization found in vivo. Therefore, as in any cell
culture study, results must be interpreted with caution and, whenever
possible, be validated later with in situ and in vivo studies. However,
an added benefit of microtechnology is that microsystems are most
often amenable to high-throughput studies either because microde-
vices cost less to operate, produce, or buy, or simply because they
are smaller and faster. In cell biology applications, "high-throughput
benefit" combined with "small-scale benefit" represent the key to re-
alize in vitro studies in which hundreds or thousands of cells will be
cultured, controlled, and monitored in parallel on a small area and/or
volume, precisely tuning cell environment. This approach can allow
a consistent reduction of expensive, time consuming and ethically
debated in vivo tests. Furthermore, the use of human stem cells will
provide more reliable physiological and pathophysiological models.
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10.1 MATERIALS

10.1.1  Chemical reagents

3EBP and n-butylacrylate (n-BA) were purified as described by Belardi
et al,, [175]. All other chemicals and solvents used throughout this
work were used as received from standard suppliers without further

purification.
Table 5: List of chemicals, solvents and reagents
Substance Supplier
Acetone Roth or Sigma Aldrich
Acrylamide Sigma Aldrich

AZ-1518 photoresist
AZ-1518 developer
«,-azobisisobutyronitrile
Dichloromethane

Ethanol

Ethyl acetate

Irgacure

Isopropanol

Methanol

Sylgard 184

Toluene
(tridecafluoro-1,1,2,2-tetrahysrooctyl)

-1-trichlorosilane

MicroChemicals, Germany
MicroChemicals, Germany
Fluka

Roth or Sigma Aldrich
Roth or Sigma Aldrich
Roth

BASF

Sigma Aldrich

Sigma Aldrich

Dow Corning

Sigma Aldrich

Sigma Aldrich
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Table 6: List of substrates

Substrate Supplier

Glass substrates, 25mm diameter Menzel-Gléaser, Germany
Silicon wafer, diameter 150 mm,

thickness 650um Si-Mat, Kaufering, Germany

10.2 POLYMER SYNTHESIS
10.2.1 Synthesis of methacryloyl-4-oxy-benzophenone (MABP)

In a typical run, 11.5 g of methacryloyl chloride in 40 ml of dichloro-
methane (DCM) was added to a solution containing 19.8 g of 4-hydroxy-
benzophenone and 11.12 g of triethylamine in 200 ml of DCM, while
the reaction mixture was cooled in an ice bath. The mixture was al-
lowed to warm to room temperature and stirred overnight. After com-
pletion of reaction, the mixture was thoroughly washed with 5% HCl,
NaHCOj3 solution and water (three times each). Then, the solution
(organic phase) was added into a beaker containing cold n-hexane
(T : 10) and kept in a freezer at -20°C overnight to complete precipi-
tation: Subsequently, the precipitate was filtered off at 0°C, dried in
vacuum and re-crystallized from 10% ethyl acetate-hexane mixture

(1:9) [241].
10.2.2  Polymerization of P(nBA-co-MABP)

The copolymer P(n-BA-co-4% MABP) was produced by free radical
polymerization, employing 2.7 ml n-BA (19.2mmol), 208 mg MABP
(0.8 mmol) and 3.3 mg azobisiobutyronitrile (AIBN) (0.1 mmol%) in
50 mL ethyl acetate. The reaction vessel was degassed by four freeze-
thaw cycles and then placed in a preheated water bath at 60°C for
16 hours. Afterwards, the polymers were precipitated by drop wise
adding a solution to a large excess of methanol/water 1 : 1 as pre-
cipitation agent and subsequently filtered off. At last, the polymers
were dried in the vacuum oven at 100°C with a pressure of 300 mbar
for 3 hours. The yield was 58%. P(nBA-co-10%MABP) and P(n-BA-co-
20%MABP) have been fabricated emplying hte same protocol, but dif-
ferent quantities of n-BA and MABP. For P(nBA-co-10%MABP) 2.6 ml
n-BA (18 mmol) and 533 mg MABP (2.0 mmol) have been employed.
For P(nBA-co-20%MABP) 2.28 ml n-BA (16 mmol) and 1.07 g MABP
(4.0 mmol) have been employed
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Table 7: Material for cell culture

Material Supplier

Multiwell plates Starstedt, Germany
Dulbecco’s MEM F-12 Invitrogen
KnockOut (KO) Serum Invitrogen
basic-fibroblast growth factor (b-FGF) Invitrogen
Penicillin Streptomycin (Pen-Strep) Invitrogen

Matrigel, Basement Membrane Matrix
B27 Supplement
Neurobasal medium

N2 Supplement

StemPro 34

L-glutamine

Ascorbic acid

Activin A

BMP-4 Protein

RPMI 1640 Medium
Sodium butyrate

Wnt-3a recombinant
mTeSR1 medium

Trypsin

Norepinephrine

Dimethyl sulfoxide (DMS)
CHIRg9021 inhibitor
Laminin protein

Claycom Medium
Dulbecco’s phosphate buffered saline
w/o Ca?t and MgzﬁL (PBS)

BD Bioscience
Invitrogen
Invitrogen
Invitrogen
Invitrogen
Invitrogen
Sigma Aldrich
R&D Systems
R&D Systems
Invitrogen
Sigma Aldrich
R&D
Invitrogen
Invitrogen
Sigma ldrich
Invitrogen
Invitrogen

BD Biosscience
JRH Bioscience

Invitrogen
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Table 8: Material for biological assays

Material Supplier

Fetal Bovine Serum (FBS) Sigma Aldrich
Paraformaldheyde Sigma Aldrich
Triton-X 100 Sigma Aldrich
Mouse monoclonal anti-cTnT Sigma Aldrich
Mouse monoclonal

anti-o-actinin Sigma Aldrich
Mouse monoclonal anti-Cx43 Millipore
Goat polyclonal anti-SERCA2a Santa Cruz
Goat polyclonal anti-GATA4 Santa Cruz
Mouse monoclonal anti-vinculin Sigma Aldrich
Mouse monoclonal anti-Oct4 Invitrogen
Mouse monoclonal anti-SSEA4 Invitrogen
Mouse monoclonal ant-Nanog invitrogen
Mouse monoclonal anti-brachyury T Invitrogen
Mouse monoclonal anti-alpha fetoprotein Invitrogen
Mouse monoclonal anti-beta III Tubulin Invitrogen
Secondary antibody goat anti-mouse Invitrogen
Secondary antibody goat anti-rabbit Invitrogen

4 ,6-diamidino-2-phenylindole (DAPI) Sigma Aldrich
Hoechst Invitrogen
4-(2-hydroxyethyl)-1-piperazineethane-sulfonic

acid (HEPES) Invitrogen
Fluo-4 AM Invitrogen
Pluronic F-127 Invitrogen
Sulfinpyrazone Sigma Aldrich
di-8-ANEPPS Invitrogen




10.3 SUBSTRATE FABRICATION METHODS

Table 9: List of instruments

Method Supplier
AFM Digital Instruments Multimode
Optical microscope Leica DMI6ooo B, Leica Mycsrosystem

Fluorescent microscope Leica DMI6ooo B, Leica Micorsystems

Confocal microscope Leica TCS SPs, Leica Microsystems
DMTA Instron 4502 Tensile Machine
Nanoindenter Nanoindenter CSM Instrument
Spin coater Laurell WS-400b-6npp/ILITEHOR)
Image] National Institutes of Health, USA
Matlab MathWorks

10.2.3 Polyacylamide solution

Acrylamide solution was prepared diluting acrylamide (Sigma Aldrich,
Germany) in deionized water obtaining a final concentration of 8%.

The solution was obtained mixing 2 ml of 40% acrylamide solution

(Sigma Aldrich) with 110ul 4-(2-hydroxyethyl)-1-piperazineethanesul-
fonic acid)HEPES, and 7.525 ml Milli-Q water. PAA was supplemented

with 30 mg of photoinitiator (Irgacure, BASF, Germany) previously

diluted in T00ul methanol.

10.3 SUBSTRATE FABRICATION METHODS
10.3.1 Photolithography

Silicon wafers were pre-baked at 100° C for ten minutes and slowly
cooled down at room temperature for dehydration and subsequently
spin coated with a 2um thick layer of AZ-1518 photoresist (Micro-
Chemicals, Germany) for 30 s at 2000 rpm. After spin coating, a soft-
baking step of 1 minute at 100° C was performed. The photoresist
was illuminated with UV light (A = 365 nm, P = 6.5 mW) through a
chrome mask (Delta Mask, The Netherlands) that consisted of square
and rectangular lattice of different sizes and distance. Uncross-linked
resist was removed rinsing the wafer in an AZ-1518 developer (Micro-
Chemicals, Germany) for 20 s. The developing process was stopped
by immersion in isopropanol. The silicon wafers with resist struc-
ture were then etched through reactive ion etching (RIE) in order
to fabricate the microstructures at the desired depth. After the pro-
cess of etching the 2pum layer of resist was removed and final mi-
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crostructured wafers purely in silicon were obtained. The obtained
microstructurated Si-wafers were subsequently silanized by exposure
to the vapor of (tridecafluoro-1,1,2,2-tetrahysrooctyl)-1-trichlorosilane
in vacuum for 30 minutes.

10.3.2  Fabrication of polydimethylsiloxane (PDMS) microstructured sub-
strates

PDMS (Sylgard 184, Dow-Corning, Midland, MI) elastomer was thor-
oughly mixed with the silicone elastomer curing agent in a 10 : 1
ratio, poured over the microstructured Si-master and kept under vac-
uum for 1 h to allow the complete filling of the patterns and air bub-
bles removal. The sample was then cured at 80°C for 2 hours and
subsequently peeled off the Si-wafers. These samples were used for
cell culture or as stamp for the subsequent fabrication of P(nBA-co-
%MABP) elastomeric and microstructured substrates.

10.3.3 Silanization

In order to provide organic groups for the following process, the glass
slides were covered with a solution of 3EBP silane 20 mg/mL toluene.
The solution was spincoated on the glass at a rotation speed of 800
rpm for 60 s. The silane was cured for 12 h at 120°C on a preheated
hotplate.

10.3.4 Fabrication of P(nBA-co-%MABP) microstructured substrates

P(nBA-co-4%MABP) microstructured substrates were frabicateed by
replica molding. 300 mg of P(nBA-co-4%MABP) were dissolved in
1 ml toluene and a 60ul drop of the resulting solution was poured
on the appropriate PDMS stamp. A glass coverslip was then gently
pressed on the top of this drop, allowing the still not crosslinked poly-
mer to completely fill the pattern of the stamp. The glass surface was
previously silanized (using 3EBP silane) to achieve a covalent bond
between the glass slide and the elastomer during UV light irradia-
tion.This sandwich formed by PDMS stamp, P(nBA-co-4%MABP) and
silanized glass was then exposed at UV light (A = 365 nm, 6.5 mW
power) for 20 minutes. The cross-linked microstructured samples co-
valently bonded to the glass slide were then peeled off from the PDMS
stamp.
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10.3.5 Polyacrylamide cross-linking on P(nBA-co-%MABP) microstruc-
tured substrates

A 70ul drop of PAA and Irgacure solution was poured on a glass cover-
slip, the microstructured P(nBA-co-2MABP) sample was turned up-
side down and put in contact with the acrylamide solution, and a
black and transparent mask characterized by the desired micropat-
tern was gently lean on the top of the glass that supported the elas-
tomeric sample. This sandwich-like sample was then irradiated for 90
s through UV light(A = 365 nm, 6.5 mW power) . As a result of this
process in the irradiated areas a surface-attached polymer network
was generated in a rather complex mechanism, described. After UV
light exposure, all the microstructured elastomeric sample is covered
by a thin layer (~ 200 nm) of cell-repellent PAA, except the areas that
have not been exposed to UV light thanks to the use of the mask. The
sample was rinsed with dionized water for 3 minutes to remove all
the not cross-linked PAA residual.

10.3.6  Fabrication of P(nBA-co-%MABP) bulk material for mechanical
tests

The bulk material for DMTA analysis was fabricated by casting. A solu-
tion of P(nBA-co-%MABP) in toluen (300 mg/ml) was prepared and 1
ml of this solution was poured on a rectangular teflon stamp (2x5 cm).
The solution was then exposed at UV light (365 nm) for 30 minutes.
The sample was peeled-off, turned upside-down, and exposed to UV
light to further 30 minutes until the film was completely crosslinked.
The film thickness ranged from 3 to 3.5 mm.

10.4 MECHANICAL TESTS

10.4.1 DMTA test

dynamic mechanical thermal analysis (DMTA) was performed on P(nBA-

co-%MABP) samples to evaluate the influence of cross-linking den-
sity on the polymer mechanical properties. Rectangular samples of
P(nBA-co-4%MABP), P(nBA-co-10%MABP) and P(nBA-co-20%2MABP)
were fabricated, a preload of —0.02 MPa was applied to assure that
the rectangular samples were in tension at the beginning of the test
and a sinusoidal stress was applied with an amplitude a that was
chosen in order to keep the strain € ~ 1%. The frequency of the sinu-
soidal stress was fixed at 1 Hz whereas the temperature changed. The
E modulus of P(nBA-co-4%MABP) has been measured from -40°C to
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40°C , the E modulus of P(nBA-co-10%2MABP) has been measured
from -20°C to 40°C and the E modulus of P(nBA-co-20%2MABP) was
evaluated at 20°C and at 36.5 °C. .

10.4.2 Bending test

The bending test was performed through a nonaindenter (Nano-inden-
ter CSM instruments, Switzerland). The instrument has a cantilever
with a diamond or glass tip (depending on the shape and diameter of
the tip) at its end through wich it is possible to apply and record nor-
mal and tangential forces on samples that can be also very small (few
hundreds pwm). The presence of an in-situ camera allows to record
the modification of the sample surface during the test. In this work
P(nBA-co-4%MABP) microstructured samples have been tested. The
samples consisted of a lattice of square micropillars having a height
o 10 um, a width of 10 um and an interaxial distance of 20 um. A
round glass tip with a radius of 500 um was put in contact to the
top of the microstructured substrate, without applying a normal load
to avoid compression of the micropillar. Then the tip was slightly
moved laterally, and the tangential force produced between the tip
and the bended top of the elastomeric micropillars was recorded by
the instrument while the camera showed the deflection of the top
of the micropillars. The glass tip was in contact with ¢ micropillars:
we assumed an equally distributed force among all the micropillars
in contact since the radius of the glass tip is muh biggr than the mi-
cropillar width, and we calculated the tangentail force f; acting on
a single pillar as the tangential force recorded by the instrument F;
divided by the number of micropillars in contact. In this case:

fi=1h o

The deflections of the micropillars were evaluated analyzing the recor-
ded images through a MATLAB (MathWorks) algorithm. The algo-
rithm calculates the position of the centroid of the top of each pillar
in contact both in the undeformed (c_undeformed) and deformed
configuartion (c_deformed). For each pillar the deflection Ax; is cal-
culated as Ax; = c_deformed — c_undeformed. The final value of
the deflection d is given by the mean value of the deflections calcu-
lated for each micropillar.

a=y Axi (25)
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10.5 CELL CULTURE
10.5.1 Human ESCs and human iPSCs lines culture and expansion

HESCs line (hES2, from National Stem Cell Bank, Madison, WI) were
expanded in gelatin-coated Petri dishes, in co-culture with mouse
embryonic fibroblasts (MEF, Chemicon) mitomycin C-inactivated, for
various passages. Expansion medium is composed of DMEM F-12 (In-
vitrogen), 20% KO serum (Invitrogen), 10% MEF conditioned medium,
20 ng/mL basic fibroblast growth factor (b-FGF, Invitrogen), 0.1 mM
(3-mercaptoethanol (Invitrogen), 1% non-essential amino acid (Invit-
rogen) and 1% Pen/Strep (Invitrogen). HESCs were passaged to new
feeder using trypsin 0.25% (Invitrogen) and disaggregating to single
cell solution. For MEFs depletion and cell expansion and differen-
tiation, cells were passaged on matrigel-coated (MRF 50%, BD Bio-
sciences) microchannels. HiPSC lines ADHF#1 (from Center for iPS
Cell Research and Application, iCeMS, Kyoto University) , Send#1
(generated with Sendai viruses), mRNA#1- #2 (generated with mm-
RNA technology) were cultured and expanded during this PhD work.
Human iPS reprogramming using modified mRNA (mmRNA) was
performed according to Warren et al. [242]. Cells were cultured in
gelatin-coated multiwells with mitomycin c-treated MEFs co-culture,
in expansion medium DMEM F-12, 20% KO serum, 10 ng/mL b-FGF,
0.1 mM (-mercaptoethanol, 1% non-essential amino acids and 1%
Pen/Strep. HiPSCs were passaged to new feeder using CTK solution
(trypsin 0.25% - collagenase 4 - Ca’") and manually detached by pick
to keep technique, under stereoscopic microscope inside biological
safety cabinet.

10.5.2 Human ESCs early germ layer committment

For early germ layer induction and analysis, we used proper cell
seeding concentration to achieve 70 — 80% cell confluence after 2
days. Ectoderm differentiation was induced with DMEM F-12 and
Neurobasal medium (both from Invitrogen), 1 : 1 ratio, supplemented
with B27 1% (Invitrogen), N2 1% (Invitrogen) and (3-met 0.1 mM.
Medium was changed every 2 days. Mesoderm differentiation was
induced with StemPro-34 (Invitrogen) supplemented with 2 mM L-
glutamine (Invitrogen), transferrin 200 ng/mL, 0.5 mM ascorbic acid
(Sigma), activin A 0.3 ng/mL (R&D), BMP-4 3 ng/mL (R&D). Medium
was changed every 2 days. Endoderm differentiation was induced
with RPMI1640 containing 1X B27 (both from Invitrogen), ImM sodium
butyrate (Sigma), 100 ng/ml activin A (R&D) and 50 ng/mL Wnt3a
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(R&D) for the first 2 days. The second endoderm medium was KO
DMEM with KO serum 20%, L-glutamine 1 mM, NEAA 1%, DMSO
1%,3-met 0.1 mM, P/S 1% for other 3 days. HPSCs specification was
induced for 5 days in all three germ layers.

10.5.3 Cardiac differentiation and disaggregation

Cardiomyocyte differentiation protocol has been adapted from Lian

et al., [171]. The hPSCs are initially cultured on Matrigel-coated (0.05%

solution) plates on mTeSR1 medium (Invitrogen) until they are fully

confluent. Differentiation is initiated by removing the mTeSR1 medium
and adding RPMI/B-27 medium lacking insulin (Invitrogen) and con-

taining a GSK3 inhibitor, such as CHIRg9021 and 1% Pen/Strep. After

24 h, the medium is changed to RPMI with 1% B27 supplement w/o

insulin, and 1% Pen/Strep for another 2 days. The medium is then

changed to RPMI with B27 supplement w/o insulin and IWP4. At day

5, the culture is switched to RPMI-B27 and maintained for the entire

culture time. Medium is changed every week. For disaggregation, a

digestion mix solution is prepared with collagenase .(2mg/ml), colla-
genase IV (Img/ml), DNase I (2ul/ml) and TOuM Y-27632 in PBS with

Ca’" and Mg?". Cells are incubated for 5 minutes at 37°C in this

solution, then everything is removed, centrifuged and risospended in

RPMI-B27 before seeding on the appropriate substrates.

10.5.4 hCMs seeding on microstructured substrates

Single cell suspensions were plated on the substrates after incubation
for T hour with 20pg/ml laminin (BD, Bioscience, USA) at a 4000
cells/mm? density. A 100ul drop of cell and medium solution was
plated over the substrate and left over night. The following day 2 ml
of medium are added.

10.6 IMAGE ANALYSIS
10.6.1  Nuclear deformability

Nuclear deformability is defined here as the capability of the nuclei
to penetrate among pillar inter-spaces and it was quantitatively eval-
uated as the percentage of the nuclear volume which lies below pillar
height. The quantification was performed through the use of a Matlab
(MathWorks) algorithm that analyzes a set of z-stack confocal images
of fluorescent labeled nuclei (DAPI or Hoechst). The algorithm counts
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the number of blue pixels in each image and sum all of the pixel from
each z-stack image above pillar height: this sum represents an approx-
imation of the nuclear volume above pillar height (V). Subsequently
the algorithms evaluate through the same method the volume below
pillar height (V). As final step, nuclear deformability (ND) is evalu-
ated as:

Vb
Np = <—) 100 6
D Vorvi) (26)
Np was evaluated for at least 50 nuclei for each cell line. Mean and
standard deviation have been evaluated for each cell line.

10.6.2  Nuclear concavity

Nuclear concavity (N¢) is defined as the capability of cell nucleus
to assume unusual concave shapes when it penetrates among pillar
interspaces in order to adapt to the available area, and it was quanti-
tatively evaluated as the percentage of nuclei having at least one con-
cavity. A set of confocal images of DAPI or Hoechst stained nuclei (5
to 8 images for each cell line) which were acquired at a height of 4pum
have been analyzed by a suite of Matlab (MathWorks) algorithms.
Nuclear images are first of all turned into black and white, then the
contour of the nuclei is found. In the following step a function that
calculates the convex area surrounding the nucleus is applied ("con-
vex hull"). Afterwards, the area defined by the nuclear contour is sub-
tracted to the area defined by the convex hull.In presence of nuclear
concavities the result of this subtraction is not zero because the con-
vex hull includes also one or more zones that don’t belong to the
nucleus. In order to avoid to consider as concavity some very small
curvatures in the nucleus or some artifacts due to image acquisition,
we considered as concavities only the areas with a size equal or big-
ger than the 10% of the nuclear area. The algorithm also displays
were these concave areas are located and it was possible to make a
statistics of how many nuclei have just one concavity, two concavi-
ties or three or more concavities for each cell line. N¢ was evaluated
for at least 120 nuclei for each cell line. The final value is given by
the mean and the error bars are the standard deviation among all the
analyzed nuclei.
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10.6.3  Calcium and pillar deflection acquistion through confocal anal-
ysis

HESC-CMs were loaded in serum-free Dulbecco’s modified Eagle me-
dium containing 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid)
(HEPES) 25 mmol/l (Invitrogen) and supplemented with 2.5 mmol/l of
fluorescent calcium dye Fluo-4 AM (Invitrogen) for 20 minutes at 37°
C in the presence of 2 mmol/l of Pluronic F-127 (Invitrogen) and 20
mmol/l of sulfinpyrazone (Sigma-Aldrich), then incubated for addi-
tional 10 minutes at 37° C without Fluo-4 AM, and added with 0.2
mmol/l of di-8-ANEPPS (Invitrogen). Cell dynamics were obtained
in recording solution: NaCl, 125 mmol/l; KCIl, 5 mmol/l; Na3POy, 1
mmol/l; MgSO4, T mmol/l; 4-(2-hydroxyethyl)-1-piperazine-ethanesul-
fonic acid, 20 mmol/l; CaCly, 2 mmol/l; and glucose, 5.5 mmol/l, to
pH 7.4 with NaOH. Line scans were acquired with a Leica TCS SP5
fluorescence confocal microscope using a 63x oil immersion objec-
tive, with 488 nm Ar laser line as an excitation source and 400 Hz
acquisition frequency. Line scans were then analyzed using Matlab
(MathWorks) software to obtain calcium transient profile and quan-
tify micropillar displacement. Figure 86 reports an explanation of
how the two parameters considered in tis thesis to evaluate calcium
dynamics have been calculated. In particular, calcium release (Ca?*
Rel) was calculated as the time that it takes to the transient to go
from the baseline to 95% of the peak value of the recorded signal. For
evaluating the calcium reuptake rate (Ca’* Up), the half time of the
calcium decay was considered, calculated here as the time necessary
to go from the 95% of the peak value of the intensity of the signal, to
the 50%.

Micropillar’s deflection was recorded thanks to di-8-ANEPPS flu-
orescence from cell membrane embracing micropillars. Since fluo-4
and di-8-ANEPPS emit at two different wavelengths (490 to 550 nm
for fluo-4 and 600 to 700 nm for di-8- ANEPPS) it was possible to
record simultaneously the calcium dynamics following the variation
of intensity of fluo-4 and the consequent micropillar’s deflection from
which cell contraction force has been quantified. Through image anal-
ysis it was possible to plot the transient of calcium as the variation
of the fluo-4 intensity (green signal) of the line scan along time; the
deflection has been evaluated following the variation of micropillar
edges position along time. The points of the micropillars where cells
anchored were detected by immunostaining of the focal adhesion
points through vinculin: in this way it was possible to determine the
exerted force through the FEM according to the measured micropillar
deflection and the effective localization of the applied force.
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Figure 86: Quantification of the parameters that define calcium dynamics.
A) Calculation of Ca™ Rel: this parameter is the time that takes
the transient to go from the base-line value to the 95% of the max-
imum value, registered by the confocal microscope as the peak of
fluorescent intensity. B) Calculation of Ca™ Up: this value is cal-
culated as the time that takes the descending part of the transient
to go from a value of 95% of the peak to a value of 50% of the
peak.

10.7 BIOLOGICAL ASSAYS
10.7.1  Immunofluorescence analysis

10.7.1.1 Immunostaining on pluripotent and early germ layer differen-
tiated stem cells

Immunofluorescence analyses were performed after fixing cells on
paraformaldehyde 4% for 15 min. Blocking and permeabilization was

performed with heat inactivated serum 5%, TritonX-100 (Sigma Aldrich)

0.1% for Th. Cells were stained using primary antibodies in blocking
buffer 1 h room temperature for pluripotency markers, or overnight
4°C for differentiation markers, depending on the antibody. Immunos-
taining was done with secondary antibodies Alexa Fluor 488, 594 (In-
vitrogen) and DAPI or Hoechst nuclear staining incubation for 1T h at
37°C.

10.7.1.2 Immunostaining of hPSC-CMs

Cells were fixed with PBS containing 2% paraformaldehyde (Sigma-
Aldrich) for 7 minutes, permeabilized with PBS containing 0.5% Tri-
ton X-100 (Sigma-Aldrich), and blocked in PBS containing 2% horse
serum for 45 minutes, at room temperature. Primary antibodies were
applied for 1 hour at 37°C. Cells were washed in PBS (Invitrogen) and
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incubated with fluorescence-conjugated secondary antibodies against

mouse, rabbit, or goat, depending on primary antibody used, for 45

minutes at 37° C. Finally, nuclei were counterstained with DAPI (Sigma
Aldrich), and samples were mounted viewed under Leica TCS SPj5

fluorescence confocal microscope (Leica Microsystems, Wetzlar, Ger-

many). Primary antibodies used were the following: mouse mono-

clonal anti-cTnT (Sigma Aldrich; 1:100 dilution), mouse monoclonal

anti-x-actinin (Sigma-Aldrich; 1:100 dilution), mouse monoclonal anti-
Cx43 (Millipore; 1:100 dilution), goat polyclonal anti-SERCA2a (Santa

Cruz; 1:200 dilution), and goat polyclonal anti-GATA4 (Santa Cruz;

1:200 dilution), a mouse monoclonal anti-vinculin (Sigma-Aldrich;

1:100 dilution). Secondary antibodies used were the following: goat

anti-mouse (Invitrogen; 1:200 dilution), goat anti-rabbit (Invitrogen;

1:200 dilution), and donkey anti-goat (Jackson ImmunoLab; 1:300 di-

lution). All antibodies were diluted in 3% bovine serum albumin (Sigma
Aldrich).

10.7.2  Quantitative real time PCR

The qRT-PCR was performed with TagMan gene expression assay probes
(Invitrogen) according to manufactures instructions, using glyceraldehy-
de 3-phosphate dehydrogenase GAPDH, POU-5F1 (oct4), NANOG (Nanog),
TUBB3 (beta-III tubulin), AFP (alpha-fetoprotein), T (brachyury) probe
sets (all from TagMan Invitrogen). Reaction was done on ABI Prism
7000 machine and results were analyzed with ABI Prism 7000 SDS
software. glyceraldehyde 3-phosphate dehydrogenase (GAPDH) expres-
sion was used to normalize values of gene expression, and data are
shown as relative fold change, with a minimum replicates of n = 3
for each experimental condition.

10.8 STATISTICAL ANALYSIS

Data are presented as means +/- standard deviation. Data pairs were
compared by non-directional Student’s t-test- All data manipulation
and computation was performed with Matlab software.
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A.1 PRINCIPLE OF VIRTUAL WORK AND FEM

In mechanics the relationships between the stresses and the displace-
ments developed in the structural elements can be obtained relying
upon two fundamental requirements of basic structural behavior: the
requirement that the structure must be in equilibrium and the re-
quirement that the deformation must be compatible and consistent
to boundary conditions. These two characteristics of structural be-
havior can be satisfied through a method that involves a quantity de-
pendent both on force and displacement, namely, work. Work is the
product of a force and the displacement on its point of application
in the direction of the force. If we consider a deformable body both
the external and the internal forces may do virtual work.The virtual
work is the work of a force on a particle along a virtual displacement.
Virtual displacement are infinitesimal changes in the position coor-
dinates of a system such that the constraints remain satisfied. The
surface of the body can be subdivided in two parts: one part where
displacement are prescribed but the reactive force in this area are not
prescribed (S,,), and the remaining part where displacement are not
prescribed but reactive surface force are prescribed (S¢), Figure 87 .
If we consider a body of an elastic material, the following equations

S
t Volume: V
«_fi Surface: S
S< / S,= surface where displacement are prescribed
S,= surface where load are applied
b = external volumetric forces
X t = external forces acting on the surface
SXXX b F,= internal forces acting on the body

u

Figure 87: External and internal forces acting on an element. S, correspond
to the area of the surface where displacements are prescribed.

hold in the body:

e Force balance
do i
de

+b;=0; (27)
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e Strain-displacement relations

c— o (S B, 8
€ij 2<dX) + dXi (2 )

e Stress-strain relations
0ij = Cijpg€pq- (29)

In S¢, the traction vector t defined as:
oyny =t (30)

is prescribed. n; is the unit vector normal to the surface. Now, we
define u as virtual displacement field in the body. u is unrelated to
the real displacement field in the body. The field is arbitrary, except
that it vanishes on the part of the boundary S,,, where the actual
displacement field is prescribed, i.e. u = 0. We define the external
virtual work as:

AW, = J b dV -+ J tiu; dA (31)

The first integral extends over the volume of the body, and the second
integral extends on the surface of the body. Note that the traction
is known on Sf. Associated with the virtual displacement field is a
virtual strain field €;;, defined by:

1 /dw dy
=3 (a &) )

We define the internal virtual work as:
dW; = J%‘ ey dV (33)

The integral extends over the volume of the body. The principle of
virtual work (PVW) states that the stress, body force and traction are
in equilibrium if and only if dW; equals the dW, for every virtual
displacement field.

A1 Principle of virtual work applied to finite element analysis (FEA)

To maintain dW; = dW, for every virtual displacement field is a
very complex task. Instead, in FEA dW; = dW, is maintained for
a subset of virtual displacement fields. This leads to an approximate
solution of the actual displacement field. The finite element method
is a particular way to construct this subset of virtual displacement
fields, as outlined below:
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e The body is divided into elements. The basic variables are the
displacement vectors at all the nodes, called the nodal displace-
ments.

e The displacement field is interpolated by the nodal displace-
ments and the virtual displacement field is interpolated by the
virtual nodal displacements.

e The strain-displacement relations are used to express the strain
field in terms of the nodal displacements.The same procedure
is used to express the virtual strain field in terms of the virtual
nodal displacements

e The stress-strain relations are used to express the stress field in
terms of the nodal displacements.

e The relationship dW; = dW, is required for every set of vir-
tual nodal displacements. This leads to a set of algebraic equa-
tions for the nodal displacements.

When the elements become very small, the nodal displacements ap-
proach the actual displacement field. In practice, the element sizes
are finite, not infinitesimal; hence the name finite element method.






APPENDIX B

B.1 NUCLEAR DEFORMABILITY - MATLAB CODE

Nuclear deformability is defined here as the capability of the nuclei
to penetrate among pillar inter-spaces and it was quantitatively eval-
uated as the percentage of the nuclear volume which lies below pillar
height through the Matlab code reported in Figure 88.

B.2 NUCLEAR CONCAVITY - MATLAB CODE

A set of confocal images of DAPI or Hoechst stained nuclei (5 to 8
images for each experimental condition) which were acquired at a
height of 4 um have been analyzed.Figure 89 shows how two dif-
ferent images (the first of a round nucleus, the second of a nucleus
presenting 4 concavities) are elaborated by the algorithm. Nuclear
images are first of all turned into black and white, then the contour
of the nuclei is found. In the following step a function that calculates
the convex area surrounding the nucleus is applied ("convex hull").
Afterwards, the area defined by the nuclear contour is subtracted to
the area defined by the convex hull. In presence of nuclear concavi-
ties the result of this subtraction is not zero because the convex hull
includes also one or more zones that don’t belong to the nucleus. In
order to avoid to consider as concavity some very small curvatures in
the nucleus or some artifacts due to image acquisition, we considered
as concavities only the areas with a size equal or bigger than the 10%
of the nuclear area.

Figure 9o and Figure 91 show the Matlab code that allows the de-
tection of nuclear concavities.
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Figure 88: Matlab code to calculate nuclear defomability.
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Confocal Thresholded Convex Hull Concavities

Figure 89: Subsequent steps of the Matlab algorithm that calculates the num-
ber of nuclear concavities from the nucleus confocal image. The
row above shows the consecutive steps starting from a round nu-
cleus: the last image of the sequence shows that no concavities
have been found. The row below shows the consecutive steps of
the algorithm starting from a deformed nucleus: the last image of
the sequence shows that 4 concavities have been found.
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clc;

clear all;
close all;
workspace;

% Open up an image .
filename = '/Users/Documents/MATLAB/concavity MATLAB/concave_cancer.jpg';
originallmage = imread(filename);

figure(l)
imshow(originallmage, []);
title('Original Image');
Image~originalImage(:,:,3);

% Threshold the image.

binaryImage = Image > 70;
binarylImage=bwareaopen(binarylImage, 140);
figure(2)

imshow(binaryImage, []);
title('Thresholded Image');

% Take the convex hull
[convexHullImage hullVerticesX hullVerticesY) =imConvexHull(binarylImage);

% Show original image with convex hull outline plotted over it.
figure(3)

imshow(binarylImage, []);

hold on;

plot(hullVerticesX, hullVerticesY, 'r','LineWidth',2);
title('Convex Bull');

% Calculate the Euclidean Distance Map.

edmImage = bwdist(binarylImage);%

figure(4)

imshow(edmImage, []);

title('Original EDM Image - note high values in corners');

% Mask it by the convex hull.

edmImage2 = edmImage .* single(convexHullImage);
figure(5)

imshow(edmImage2, []);

title('Concavity Areas');

Figure go: Matlab algorithm to calculate nuclear concavity.

[function [convexHullImage hullVerticesX hullVerticesY) =imConvexHull(binaryImage)
[rows columns) = size(binaryImage);

b daries = bwb daries(binarylImage);

numberOfBlobs = size(boundaries, 1);

blobVertices = [];

for k = 1 : numberOfBlobs

thisBoundary = boundaries{k};

blobVertices = [blobVertices; thisBoundary);

end

hullIndexes = convhull(blobVertices(:,2), blobVertices(:,1));
hullVerticesX = blobVertices(hulllIndexes,2);

hullVerticesY = blobVertices(hulllndexes,l);

convexHullImage = poly2mask(hullVerticesX, hullVerticesY, rows,columns);
return;

Figure 91: Matlab function to calculate the convex area surrounding the nu-
cleus, named "convex hull".
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