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Abstract

This thesis brings advances in the field of microsystems for mechanobiology by providing
a miniaturized cell stretcher for measuring living cell monolayers Young’s modulus over
time. The presented device provides the first demonstration that standard mechanical testing
techniques can be integrated within a miniaturized device and interfaced with living cells,
opening the door for diagnosis and drug screening applications in mechanobiology.

Everyday life physiological functions such as breathing, muscle contraction, and blood circula-
tion rely on the ability of single cells to organize into higher complexity structures, sustain and
perform mechanical deformations. Cell monolayers are the simplest tissues in the body and
play a critical role since the embryogenesis stage, when they drive differentiation into organs,
to acting as physical barriers and partitioning organs in the adults. Because of their specific in-
terface location, cell monolayers stabilize tissues by sustaining external physiological stresses.
While it is known that altered elasticity from cells to tissues is closely related to anomalous
behaviour and diseases, the advancements in the field are still quite slow. This is mainly due to
the fact that current techniques for measuring cell and tissue mechanics rely on complex and
bulky measurement platforms with low repeatability rate, difficult integration with standard
cell protocols and limited measurement time-scales.

This thesis presents the development of the design, fabrication processes and biological tests
of a compact device for measuring cell monolayers Young’s modulus which overcomes the
main challenges of existing techniques.

The measurements principle is based on planar deformation of cell monolayers by pneumatic
actuation and strain optical read-out. Cell monolayers adhere to a deformable membrane
specially designed to be soft (~ 30 kPa) and thin (~ 5-10 um) as the layer of cells to achieve
high sensitivity in measuring cell contribution to the overall membrane mechanical properties.
The core of our technology is the use of differential strain measurements between a region of
the substrate covered with cells and a bare region. During the actuation, the strains of both
regions are optically measured by a pattern recognition algorithm. This allows to measure
the mechanical properties of the adherent cell layer by subtracting the contribution of the
membrane itself. Furthermore, the use of a differential read-out makes it possible to avoid
complex force measurement equipment, thus making the whole device more compact and
compatible with long time measurements in sterility conditions.
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Abstract

We report measurements of the Young’s modulus of two cell types. The results show that
cell monolayer Young’s modulus for both cell types is around one order of magnitude higher
than in single cells (such as obtained by atomic force microscopy). This indicates the relevant
contribution of cell anisotropy and conformation to their mechanical response.

In addition, changes in Young’s modulus due to external additional chemical and physical
stimulations have been explored. In particular, chemicals targeting precise proteins have been
used to determine their contribution to the overall mechanical properties of the cell layer.
Physical stimulation is also tested by cyclically stretching the cells for 1 hour and by decreasing
the temperature to 33°C, both experiments resulted in an increase of the cell Young’s modulus.
This was a reversible modification, cell mechanical properties returned to their initial values
after the restoration of the initial conditions.

This device can be easily adapted to perform measurement with several types of adherent
cells. It provides highly repeatable Young’s modulus measurements in the physiologically
relevant range between 3 kPa and 300 kPa, over time and in cell culture conditions, thus
allowing experiments over longer time scales. The obtained results altogether demonstrate
the capability of measuring changes in cell mechanics over time and therefore the device
potential for determining the effect of diverse stimuli and thus advancing our understanding
of cell mechanics.

Key words: Cell stretcher, elastomers, cell monolayer Young’s modulus, mechanobiology, cell
population, pneumatic actuation.
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Résumé

Cette these contribue a 'avancée du domaine des microsystemes pour la mécanobiologie
par le développement d'un actionneur en polymere miniaturisé pour mesurer les propriétés
mécaniques des cellules humaines. Ce travail se veut étre la premiére démonstration réussie
d’une intégration d’essai standard de traction dans un dispositif miniaturisé pour des mesures
du module de Young de cellules biologiques, ouvrant ainsi la porte a nombreuses applications
dans le diagnostic et criblage de médicaments.

Les fonctions physiologiques de la vie quotidienne, telles que la respiration, la contraction
musculaire et la circulation sanguine, dépendent de la capacité des cellules individuelles
a s’organiser en structures plus complexes et a supporter des déformations mécaniques.
Les monocouches de cellules sont les tissus les plus simples du corps et jouent un role
essentiel des le stade de I’embryogeneése, lorsqu’elles engendrent la différenciation entre
organes, a leur role de barrieres physiques ou encore en assurant la compartimentation des
organes chez les adultes. En raison de leur nature d’interface, les monocouches de cellules
stabilisent les tissus en supportant des contraintes physiologiques externes. Elles sont donc
utiles pour caractériser les comportements cellulaires collectifs, les interactions cellule-cellule
et la réponse mécanique collective a la déformation.

Bien qu'’il soit admis qu'une altération de I'élasticité des cellules aux tissus est étroitement liée
aleur détérioration et au développement de plusieurs maladies, les progres dans le domaine
sont encore assez lents. Cela est principalement d au fait que les techniques actuelles de
mesure de la mécanique des cellules et des tissus reposent sur des dispositifs de mesure
complexes et volumineux, avec un faible taux de répétabilité, une intégration difficile avec les
protocoles cellulaires et des échelles de temps de mesure limitées.

Cette thése présente la conception, le développement des procédés de fabrication et des
tests biologiques d'un dispositif compact pour mesurer le module de Young de monocouches
de cellules, avec de nombreuses améliorations par rapport aux techniques existantes. Le
principe de mesure est basé sur la déformation dans le plan des monocouches de cellules
par actionnement pneumatique et mesure optique de la contrainte. Les monocouches de
cellules adherent a une membrane déformable spécialement congue pour étre aussi souple
(~ 30 kPa) et mince (~ 5-10 um) que la couche de cellules, permettant ainsi d’atteindre une
sensibilité élevée dans la mesure de la contribution cellulaire aux propriétés mécaniques
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Résumé

globales de I'’ensemble. Le fondement de notre technologie repose sur I'utilisation de mesures
de déformations planaires différentielles entre une région du substrat recouverte de cellules
et une région vierge de cellules. Au cours de I'actionnement, les contraintes des deux régions
sont mesurées optiquement par un algorithme de mesure de champs de déformation. Cela
permet de mesurer les propriétés mécaniques de la couche de cellules adhérant ala membrane
en soustrayant la contribution de la membrane elle-méme. De plus, la lecture différentielle
permet de s’affranchir d’équipements de mesure de force complexes, rendant ainsil’ensemble
du dispositif plus compact et compatible avec les mesures de longue durée dans en conditions
stériles.

Nous rapportons les mesures du module de Young de deux types de cellules. Les résultats
montrent que le module de Young de monocouches cellulaires pour les deux types de cellules
est environ un ordre de grandeur supérieur a celui des cellules individuelles (comme par
exemple celui obtenu par microscopie a force atomique). Cela indique une contribution
importante de I'anisotropie et de la conformation des cellules a leur réponse mécanique. De
plus, des modifications du module de Young dues a des stimulations chimiques et physiques
externes supplémentaires ont été explorées. En particulier, des composés chimiques ciblant
des protéines précises ont été utilisés pour déterminer la contribution de ces protéines aux
propriétés mécaniques globales de la couche cellulaire. Deux types de stimulation physique
ont été également testés : étirer cycliquement les cellules pendant 1 heure, et en abaisser la
température a 33°C — les deux expériences aboutissant a une augmentation du module de
Young de la cellule. 1l s’agit d'une modification réversible : les propriétés mécaniques des
cellules reviennent a leurs valeurs initiales apres le rétablissement des conditions initiales.

Ce dispositif peut étre facilement adapté pour effectuer des mesures avec plusieurs types de
cellules adhérentes. Il fournit des mesures du module de Young hautement reproductibles
dans une fourchette physiologiquement pertinente comprise entre 3 kPa et 300 kPa, et dans
des conditions de culture, permettant ainsi des expériences sur des échelles de temps plus
longues. Les résultats obtenus démontrent dans leur ensemble la capacité de mesurer les
changements de la mécanique cellulaire dans le temps et le potentiel offert par le dispositif
proposé pour déterminer I'effet de divers stimuli, et ainsi faire progresser notre compréhension
de la mécanique cellulaire.

Mots clefs : Actionneur en élastomere, biocompatible, milieu de culture déformable, mono-
couche cellulaire, module de Young, mécanobiologie, actionnement pneumatique.



Riassunto

Questo lavoro di ricerca descrive lo sviluppo di un microdispositivo per misurare le proprieta
meccaniche di popolazioni di cellule in seguito a deformazioni esterne.

Linnovazione di questo lavoro consiste nella possibilita di interfacciare metodi standard per la
misura delle proprieta meccaniche, come il test di trazione, con dei campioni biologici. Grazie
alla sua versatilita e possibilita di monitorare I’evoluzione della risposta meccanica cellulare
nel tempo, questo dispositivo apre le porte per nuove applicazioni della meccanobiologia in
diagnostica e screening di medicinali.

Le funzioni fisiologiche della vita di tutti i giorni come la respirazione, la contrazione muscolare
ela circolazione del sangue si basano sull’abilita delle singole cellule di organizzarsi in strutture
con grado di complessita pil elevato e rispondere in modo appropriato alle deformazioni
meccaniche imposte dall’esterno. Le popolazioni cellulari, in particolare nella conformazione
di singolo strato di cellule, sono i tessuti pitt semplici nel nostro corpo e svolgono un ruolo
critico fin dall’embriogenesi, dove regolano il processo di differenziazione in tessuti e organi,
fino all’adulto dove agiscono come barriere fisiche tra diverse zone interne o come ripartizione
degli organi. Essendo la loro una posizione di interfaccia, i monostrati cellulari stabilizzano i
tessuti sostenendo compressioni e tensioni.

I monostrati cellulari sono formati da cellule meccanicamente legate tra loro e possono quindi
essere utilizzati come semplici modelli per studiare i comportamenti cellulari collettivi, le
interazioni cellula-cellula e la risposta meccanica complessiva in seguito a deformazioni
esterne. E’ noto infatti che 'elasticita delle cellule e dei tessuti & strettamente correlata a
numerose patologie, tuttavia i metodi attualmente disponibili per effettuare queste misure
sono particolarmente complessi, voluminosi, con bassa ripetibilita e soprattutto di difficile
integrazione con i processi normalmente usati in cultura cellulare. Questi metodi prevedono
infatti la misura dell’elasticita cellulare in condizioni non fisiologiche per le cellule e su periodi
di tempo limitati.

Questo dottorato presenta lo sviluppo del concetto, dei processi di fabbricazione e dei test
biologici di un dispositivo compatto e miniaturizzato per misurare il modulo di Young di
monostrati cellulari, che presenta numerosi vantaggi rispetto alle tecnologie esistenti.

In questo dispositivo, i monostrati di cellule aderiscono a una membrana deformabile apposi-
tamente disegnata per essere morbida (~ 30 kPa) e sottile (~ 5-10 ym) come l'aggregato di
cellule stesso. Questo fa si che la membrana sia molto sensibile alle deformazioni e permetta
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Riassunto

di distinguere il contributo dovuto alla presenza delle cellule dalle proprieta meccaniche
complessive. Il principio di misura si basa sulla deformazione planare della membrana e di
conseguenza delle cellule mediante un’attuazione pneumatica. Linnovazione principale della
nostra tecnologia consiste nell’'uso di misure differenziali di deformazioni tra una regione
della membrana coperta da cellule e una regione senza. Durante la misura, le deformazioni
di entrambe le regioni sono quantificate attraverso 'uso di un algoritmo di riconoscimento
di pattern su immagi ottiche del campione. In questo modo, le proprieta meccaniche della
popolazione di cellule possono essere misurate sottraendo il contributo della membrana
stessa. Questo metodo differenziale, consente inoltre di evitare complesse apparecchiature
per misurare la forza esercitata durante la deformazione, rendendo cosi l'intero dispositivo
pilt compatto e compatibile con misurazioni di lunga durata in condizioni di sterilita.

In questo lavoro, riportiamo misure del modulo di Young effettuate su due tipi di cellule. I
risultati mostrano che il modulo di Young per entrambi i tipi di cellule e misurato sull’'intera
popolazione di cellule é circa un ordine di grandezza piu alto rispetto a quello misurato su
cellule singole (per esempio mediante microscopia a forza atomica). Questo risultato indica
I'importante contributo dell’anisotropia cellulare (deformazione planare verso deformazione
perpendicolare al substrato) e della conformazione delle cellule (singole o in aggregati) alle
loro proprieta meccaniche.

Inoltre, riportiamo I'effetto di vari tipi di stimoli esterni chimici e fisici sulla risposta meccanica
cellulare. Riguardo agli stimoli chimici, abbiamo usato sostanze chimiche che mirano a
modificare precise proteine, cosi da determinare il loro contributo alle proprieta meccaniche
complessive della popolazione di cellule. La stimolazione fisica ¢ stata effettuata in due modi :
deformando ciclicamente le cellule per 1 ora e diminuendo la temperatura a 33°C. Entrambi
questi esperimenti hanno dimostrato un aumento reversibile (nel caso in cui le condizioni
inziali siano reinstaurate) del modulo di Young.

Questo dispositivo e metodo di misura puo essere facilmente adattato per misurare diversi
tipi di cellule aderenti. Il modulo di Young della popolazione di cellule e il suo evolversi nel
tempo puo essere misurato nell’intervallo fisiologicamente rilevante tra 3 kPa e 300 kPa, e in
condizioni di sterilita e compatibilita con i processi standard per la cultura cellulare. Questo fa
si che esperimenti su scale temporali pit1 lunghe siano possibili. I risultati ottenuti dimostrano
complessivamente la capacita del dispositivo sviluppato in questa tesi di misurare le proprieta
meccaniche nel tempo, da cui il suo potenziale uso per determinare 'effetto di stimoli esterni
e far progredire la nostra comprensione della meccanica cellulare.

Parole chiave : dispositivi dinamici per cultura cellulare, elastomeri, popolazione di cellule,
modulo di Young, meccanobiologia, attuazione pneumatica.
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|§ Introduction

1.1 Background and motivation

In the human body, cells experience a complex mechanical environment that includes tensile,
compressive and shear stresses [1, 2]. Mechanotransduction comprehends the processes
used by cells to sense the mechanical stimuli of the neighbouring environment and accord-
ingly respond by modifying their shape, differentiating, proliferating as well as programming
apoptosis.

One of the main achievements in mechanobiology in the last decades consisted in the corre-
lation between several pathologies and unusual mechanical properties of tissues [1, 3]. An
example of this is given by tumours diagnosis by clinicians, often based on differences in
tissue rigidity sensed by palpation. Further studies in mechanobiology have demonstrated
that changes in cellular mechanics can lead in cellular malfunctions and even to pathological
conditions [4]. Cell mechanical responses have been thus identified as a mean to evaluate the
progression state of several pathologies. In the last decades a lot of effort has been made to
advance in this field as it could provide new cues and in-vitro tools to understand diseases
development and how to treat them.

Because of the high complexity and ethical issues in performing in-vivo experiments, re-
searchers heavily rely on in-vitro studies. These, historically relied on culturing cells on hard
substrates such as glass or polystyrene. Nowadays there is however an increased need of
reproducing as close as possible the conditions felt by the cells within the body. For this,
novel in-vitro platforms which includes cell mechanical stimulation by using soft deformable
substrates, known as cell stretchers, are becoming more and more popular. Researchers in
the field try to develop miniaturized device which can be easily used in parallel for higher
measurement throughput and therefore better statistics [5].

However, cell stretchers are not easily interfaced with set-ups for measuring cell mechanics.
While measuring cell mechanical properties is of high interest because of its correlation
with diseases, this field is still not yet mature. Existing methods to measure cell mechanics
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are mainly relying on very bulky set-ups and often perform measurements on cells outside
their physiological morphology and environment [6, 7, 8]. It is indeed difficult to combine
bulky systems with standard equipments such as incubators, microscopes and long term
measurement because of the lack in sterility, and they lead to impractical parallelization when
high-throughput measurements are performed. Furthermore, results obtained using different
methods are rarely comparable because of the different approaches and cell configuration
used in the measurements. There is therefore a great interest in developing miniaturized
devices for measuring the mechanical properties of living cells that could be interfaced with
standard cell culture protocols and equipments.

In this thesis, I focus on developing a novel device for measuring the mechanical properties
of adherent cell monolayers combining in-plane stretching and therefore continuous opti-
cal monitoring of the sample with miniaturization of the set-up and high sensitivity to cell
elasticity and its changes over time. The main challenge was related to the integration of
actuating and sensing techniques with biology standard techniques and equipments. The
other big challenge is due to the mechanical properties mismatch between cells and their
substrate which makes it difficult to measure the effect of cells. In this work, I overcame these
challenges by implementing a differential read-out between bare and cell covered regions of
the membrane, which allows to avoid complex and bulky force measurement equipment. The
final device is therefore compact and easily interfaced with cell culture environment. The
sensitivity to cell mechanics was optimized by the use of a thin and soft membrane allow-
ing to decouple cell mechanical response from the bare membrane one. The measurement
method relies on pneumatic actuation within a miniaturized device which allows to deform
in-plane a suspended membrane where cells are cultured. During the deformation, the strain
is measured by pattern recognition analysis of the microscopy images.

This method has the advantages of low cost and ease of use, the miniaturization to chip
dimensions and in performing real time optical observation during the measurements. Thanks
to its small dimension, the device could be used to deform several substrates in parallel with
the same strain profile thus allowing higher measurement throughput as well as the possibility
to compare measurement of cells with different treatments or conditions at the same time.
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1.2 Research objectives

My thesis was founded by a Swiss National Foundation grant (grant number 205321_153365)
and the goal of the project was to develop a novel, sensitive, miniaturized measurement plat-
form for cell mechanics studies. This project involved the cooperation between the 'Emerging
micro and nano technologies’ group at the Swiss Center for Electronics and Microtechnology
(CSEM SA) whit strong expertise in Micro-Electro-Mechanical Systems (MEMS) and cell me-
chanics as well as biology facilities available, and the ’Soft Transducers Laboratory’ (LMTS)
group at EPFL with great experience in sensors and actuators development using elastomers
and deformable materials.

The main objective of this thesis is to provide the first demonstration that cell tensile me-
chanical properties can be measured on chip over time and in physiological conditions. This
study advances the knowledge in miniaturized systems for cell studies and provide a new
tool with several advantages over state of the art techniques for further investigation of cell
mechanobiology.

The concept of the miniaturized device for cell Young’s modulus measurements is illustrated in
Figure 1.1: the device can fit a standard cell dish, cells are cultured on a suspended elastomer
membrane, and measurements are directly acquired on a computer. More in detail, the final
device working principle relies on stretching cells in plane by pneumatic actuation while
acquiring differential strain optical measurements between a region covered with cell and a
bare region of the membrane.

Figure 1.1 — Final working principle of the device developed within this thesis: the device
allows simple acquisition of the measurement directly on the computer, its working principle
is based on pneumatic actuation combined with a differential strain optical read-out.
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The final device I developed in this thesis is shown in Figure 1.2. It fits a 55 mm diameter
cell culture dish which has been engineered for the pneumatic actuation connections while
keeping the sample in sterile conditions.

Figure 1.2 — Picture of the final device developed within this thesis and placed in a 55 mm
diameter Petri-dish for cell culture.

In order to ensure representative results and an interesting alternative to current measurement
platforms, the device should meet the following requirements:

¢ The device must allow measurements in cytocompatible environment over few days at
least. The materials must therefore be non-cytoxic and transparent for optical imaging.

¢ The device should allow to deform cells in-plane for ensuring continuous imaging, and
with a range of deformation up to 10%-15%.

¢ The device must provide stable actuation and cell adhesion on the device during the
deformation.

e It is highly desirable that the measurement approach could allow evaluation of cell
mechanics over long time. This would represent an important step forward in respect to
existing technologies.

In order to validate the technology and demonstrate its application it is necessary to demon-
strate that:

¢ Itis possible to measure the mechanical properties of cells. And these measurements
should be validated by calibration of the device with known elasticity samples.
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* Itis possible to measure elastic modulus changes over time due to additional external
stimulation such as drugs or physical changes.

1.3 Thesis outline and contributions

This thesis advances the micro-systems for mechanobiology field by developing and validating
the first on chip measurement of tensile cell mechanical properties. In addition, it presents
techniques for ultra-soft substrate fabrication, chemical functionalization for cell adhesion
and patterning, and experimental response of cell Young’s modulus to chemical and physical
external stimulations. The main contribution of the thesis is to provide the first demonstration
of interfacing tensile elastic measurements with cell culture environment. This opens the
door to new possibilities in cell mechanobiology as it allows to perform experiments that were
not feasible before such as adherent cell population Young’s modulus monitoring over several
hours in physiological environment combined with real-time optical imaging of the sample.
This thesis is organised as following:

Chapter 1 introduces the thesis objectives and summarizes its challenges and contribu-
tions.

Chapter 2 covers the concept of cell mechanobiology focusing on cell mechanical
properties measurements. State-of-the-art devices are presented discussing their key
features, and analysing how well the measurement approaches represent the in-vivo
environment felt by the cells.

Chapter 3 provides a proof of concept set-up demonstrating the feasibility of adhering
cell Young’s modulus measurements. The sensitivity requirements for measuring the
Young’s modulus of adherent cell populations are discussed. The substrate material
characterization and the design optimization to meet the requirements are presented.
The measurement concept is validated through a customized calibrated pull-test device
used to assess the feasibility of cell measurements.

Chapter 4 summarizes the integration of the proof of concept set-up into a miniaturized
device. The chapter also describes the choices taken in order to obtain a cytocompatible
device, in particular allowing sterilization through ethanol, incubation, and immersion
in cellular culture medium. The final fabrication process is described as well as the
device characterization and calibration using known elasticity samples.

Chapter 5 presents cell measurements results. The mechanical adhesion between the
cells and the membrane is experimentally validated. Also, the possibility to perform
live-fluorescence monitoring of the cells is demonstrated. The Young’s modulus values
of two cell types measured 5% strain are reported.
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Chapter 6 reports the results of additional external chemical and physical stimulations
effects to cell Young’s modulus. The changes in cell mechanics due to chemicals target-
ing known cellular proteins are used for validation purposes. Also, physical stimulation
is performed in two experiments: (i) continuous mechanical deformation for 1 hour
and (ii) by decreasing the temperature from 37°C to 33°C. Both stimulations have found
to influence cell Young’s modulus and to be reversible when the initial conditions are
restored. All together, these results demonstrate the capability of measuring cell Young'’s
modulus over time and thus the device potential for determining the effect of diverse
and unknown physical and chemical stimuli on cell mechanics.

Chapter 7 concludes the thesis by summarizing the main achievements and giving a
general outlook on the work with some propositions for the future work.
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2.1 Summary

In this chapter, I introduce the concept of cell mechanobiology, an interdisciplinary field that
focuses on how cells and tissues sense and respond physical forces as well as the contributions
of cellular mechanical properties to cell fate. The origin of mechanobiology can be traced
back to the early twentieth century with the publication of the book "On Growth and Form"
describing how biological entities are shaped by developmental changes [9]. Since these first
observations on cell shape deformation and force exertion during development and migration,
the application of physics and modeling became an integral part of many biological studies
[10, 11]. The interest in this field fostered the development of several tools to investigate the
relationship between biological entities and the mechanical properties within their environ-
ment. In the next sections I will explain the main notions for single cell and cell population
mechanobiology and discuss their relevance for significant modelling and understanding of
the in-vivo behaviour. I will also discuss the limitations of current technologies as well as the
need for new tools to advance in this field.

2.2 Introduction to mechanobiology

Mechanobiology is an field of science at the interface between biology and engineering that
studies cellular mechanotransduction processes. It aims to elucidate how external mechanical
stimuli as well as internal mechanical properties of cells are transduced into molecular and
intracellular responses that govern cell health and behaviour. Cells are dynamic, complex
structures that can generate and resist mechanical forces as part of their normal physiology [1].
Mechanobiology encompasses a very wide range of all these complex phenomena regulating
cell behavior. An non exhaustive list of what mechanobiology comprehends, includes: cell
force exertion [12], contractility [13], shape modification [14], cell rheological and elastic
properties [15], interaction with neighbouring cells and the ECM [16], aging [17] and tissue
regeneration [18]. In this thesis, I focus on the mechanical properties of cells layer, i.e. the
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condition when cells are not only attached to a substrate but also interacting among each
other through physical connections. This simple model can be used to adequately investigate
the mechanical response of tissues in our body as well as their ability to sustain stress and
deformations.

Our body is continuously subjected to mechanical stimulation: muscles exert tensile forces
on bones during motion, blood flow exerts shear stresses on vessels, lung tissue is cyclically
stretched when breathing etc... Through mechanotransduction, the mechanical forces are
translated into biochemical signals that influence several cellular activities as differentiation,
proliferation, migration and disease. In a similar way, chemical and physical signals are also
known to influence the ability of cells to sense and sustain mechanical stimulation within
their environment [2, 19, 20].
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Figure 2.1 — Cells in the body continuously sustain complex mechanical loading. Impaired
ability in sensing and responding to mechanical stimulation can lead to anomalous behavior
and disease. The figure shows some the associated mechanical diseases to the most common
internal mechanical stimuli in the human body (From [21]).

This mechanism play an essential role since tissues and organs embryogenesis to the mainte-
nance of homeostasis in the adult organism [21]. It has been known since many years that
appropriate mechanical stimulation leads to tissue growth and remodeling for preserving a

8
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proper structural function. For example embryonic morphogenesis and differentiation results
from rearrangement and deformation of cell layers subjected to forces; skeletal and cardiac
muscles can respond to increased load such as intensive exercise by changing their shape,
density and stiffness [22, 23] and in a similar way blood vessels are remodeled by changes in
blood pressure and shear stress [24, 25]. On the contrary, abnormal mechanical stimuli or
anomalous cell response to stimuli can alter the cell itself and the extra-cellular matrix (ECM)
structure, eventually leading to tissue and organ pathologies as shown in Figure 2.1. Loss
in contractility of the heart muscle cells can lead to heart failure, loss in compliance of the
blood vessel walls is commonly related to hypertension and other cardiovascular diseases
[26, 27], immobilization over time lead to muscle atrophy, glaucoma has been associated with
increased cellular rigidity [28], whereas asthma has been linked to a reduced deformability
of bronchial muscle cells [29]. Although in the past few decades it became more and more
evident that cell mechanics and the mechanics of the environment around the cells are in-
fluencing the physiology and pathology of tissues, the fundamental mechanisms behind the
mechanotransduction processes remain still unclear. This is even more complex because
cells are living, dynamic entities and their structure depends on the environment they sense.
There is therefore a great interest in the development of new tools for mechanobiology that
are matching as much as possible the environment cells sense in the body for more signifi-
cant measurements. In addition, miniaturized, high-throughput platforms are necessary to
combine high accuracy with statistically relevant results. Advances in this field could lead
to deeper understanding of the mechanotransduction mechanisms and therefore to better
diagnosis and treatment of several pathologies.

2.3 Mechanical properties of living cells and tissues

In the body, cells and tissues exhibit specific mechanical properties that are determined by
their function as well as the structure and tensions of their cellular components [30]. The
ability of cells to resist deformation, is typically measured through the Young’s modulus.

Nonlinear

Normal strain &= Al/l

Normal stress o = F/A Linear

Stress
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Figure 2.2 — Definition of the Young’s modulus of a material. (a) Stress is defined as the force
per unit area while the strain is the deformation per unit length. (b) The relationship between
stress and strain defines the Young’s modulus. Cells typically exhibit a linear stress versus strain
relationship for small deformations, while for large deformations the relationship becomes
non linear and the stress increases more rapidly. (Adapted from [1]).
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The Young’s modulus or elastic modulus is a fundamental property of solids determining
their ability to sustain their shape in response to an applied stress (Figure 2.2). In the cells
this function is mainly fulfilled by the cytoskeleton, an interconnected network of protein
filaments that give to cells their structural rigidity [1]. However, because cell are complex
heterogeneous material containing liquids as well as numerous filaments and organelles, they
exhibit also viscous properties. When a viscoelastic material deformes, it stores and dissipates
mechanical energy simultaneously. Typical viscoelastic response are stress relaxation, when
stress in the material relaxes in response to constant deformation and creep response when
strain increase over time at constant stress. Cells are known to be intrinsically viscoelastic,
they display infact both elastic and viscous properties when a deformation is applied [1].
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Figure 2.3 - Common rheorogical models for biological materials are represented accompa-
nied by their characteristic equation and the creep and stress relaxation behaviour. (Adapted
from [31]).

Several models have been proposed to take into account the elastic and the viscous com-
ponents of the cells in a mathematical formalism. The basic elements are springs for the
elastic components and dashpots for the viscous ones. The stiffness k of the spring set the
force necessary to deform it and the deformation is fully reversible at the removal of the force.
Dashposts are instead parametrized by their viscosity n that impose the rate at which they can
be deformed, in this case the deformation is not fully recovered. Combinations of these two
elements have been used to mathematically model cell or tissue dynamics. Every dashpot
element introduces a time constant 7 indicating the time need for the system to reach the
equilibrium. The most common models are the linear solid model, the Maxwell and the
Kelvin-Voigt models; these can be also assembled in power-law models corresponding to
series of infinite viscoelastic solids (Figure 2.3).
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Most of the biological cells are within tens to hundreds of pm in size, exhibit elastic modulus
values in the range from a few hundred Pa to tens of kPa and a viscosity in the order of a
few hundred Pa:s [1]. However, these values are significantly affected by the chemical and
mechanical environment as well as cell-cell and cell-ECM interactions [32]. Furthermore, the
sample size plays a significant role in determining the mechanical properties as they strongly
depend on the inner structure of the sample.

A single cell is covered by a thin lipid bi-layer, the cell membrane, that forms a barrier dividing
the interior of the cell from the extra-cellular environment. The interior of a cell is called
cytoplasm and it is a fluid, crowded with organelles, that leads to cell rheological properties.
The nucleus lies at the center of the cell and it also plays a role in mechanotransduction. Within
the cytoplasm there is the cytoskeleton, a highly ordered network of filamentous proteins that
allows the cells to sustain mechanical stress, move by modyfying their shape as well as transmit
and generate cellular forces [1, 33]. The cytoskeleton is composed by three groups of protein
filaments: actin microfilaments, microtubules and intermediate filaments as illustrated in
Figure 2.4.

a. Microtubule b. Microfilament c. Intermediate filament
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Figure 2.4 — The three types of cytoskeletal filaments and their localization inside a cell: (a)
microtubule radiating from the centrosome; (b) actin microfilaments are found in many cell
types just beneath the cell cortex to strengthen the membrane; and (c) intermediate filaments
(Picture from [34]).

These protein filaments are highly dynamic and rapidly reorganize in response to external
signals enabling cells to maintain shape by resisting tensions, contract and apply forces on
the substrate to migrate. Also, they take part in cell adhesion to the substrate, stabilizing the
organelles’ position inside the cytoplasm and maintaining cell shape by resisting compression
[35, 33]. The cytoskeleton capability in sustaining deformations is thus not only affected by
the rigidity of the single filaments but it rises as a consequence of their forming structures at
higher level and from interacting with the other filaments inside the cells [35].
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Furthermore, cellular internal structure is strongly influenced by the external environment.
In particular, isolated single cells exhibit a different structure than cells at higher organiza-
tion level such as cells in a tissue or an organ. In fact in addition to cell-substrate coupling,
neighboring cells form mechanical connections that make the mechanics of multicellular
populations drastically different from single cells [36]. These junctions have critical mechan-
ical functions in normal physiology as they can sustain tensile forces that would otherwise
tend to tear the tissue apart. The strength and type of cell-cell contacts not only promote
the mechanical adhesion among cells but also active communication through the exchange
of chemical and electrical signals as well as force transmission modulation [33]. From this
communication, collective cell behaviours can occur such as the organization of smaller
sub-domains in tissues, collective migration, invasion to glass-like states in dense epithelial
layers [37, 38].
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Figure 2.5 — In multicellular aggregates, cells are mechanically attached among each other
through different types of intercellular junctions. Also, mechanical adhesion sites are present
for bonding to the surrounding ECM through focal adhesion sites. The schematic represent
the main types of of cell-cell and cell-substrate junctions (Adapted from [33]).

Cell—cell junctions that intracellularly connect two or more cells can be divided in three types:
tight junctions, gap junctions, and anchoring junctions (Figure 2.5). The tight junctions
are presents only in the type of cells that form barriers in the body such as epithelial cells.
They act as barriers that regulate solutes diffusion between cell layers by forming a seal
between neighboring cells. Gap junctions are pores that allow for direct chemical exchange
between adjacent cells. Anchoring junctions promotes cytoskeletal connections among cells.
Depending on the type of proteins they mechanically connect, it is possible to distinguish
among: adherens junctions (connecting the actin filaments of neighboring cells), desmosomes
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(joining cellular intermediate filaments), and hemidesmosomes (linking a cell’s intermediate
filaments to the extracellular matrix through integrins) [33].

Research in mechanobiology in the last decades have dealt with the mechanics of biological
samples at different scales from cellular proteins [39, 40, 41], single cells [42, 43, 44] to tissues
[45, 30, 23] and organs [46, 47]. In general it has been shown that there is a trend for elastic
properties of biological components to decrease when considering larger structures. The
protein fibers that form cell cytoskeleton are significantly stiffer than tissue assemblies which
in turn are significantly stiffer than bulk tissue sample as shown in Figure 2.6.
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Figure 2.6 — Mechanical properties of biological components at different length scales. The
graph summarizes experimental data from previous studies showing that there is a clear
decrease in Young’s modulus when passing from the micro to the macro scale of the sample.
(Picture adapted from [48])

The Young’s modulus of single cells ranges from values as low as few hundred Pa (for example
in glial or neuronal cells) [49] to tens of kPa (such as in human thrombocytes) [50]. With this
high variability single cells partially follow this trend as they are altogether softer than the
proteins that compose them, however they are also softer than tissues and organs [48]. Cells
are much softer than the protein filaments that compose them because these filaments are
folded inside the cells and only partially unfold upon cell deformation. The higher Young’s
modulus of tissue compared to cells can be explained by the presence of cell-cell interactions
that give a higher structural rigidity. While, when considering bulk samples a large part of the
sample volume is occupied by the soft ECM matrix surrounding the cells which dominates the
overall mechanical properties.
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2.4 Mechanical properties as hallmark for disease

The importance in sustaining mechanical forces and stress at different scales, from the intra-
cellular filaments to the tissue level, is even more evident when considering pathologies that
arise because of inadequate elasticity of cells and tissues [1, 3].

Several studies have shown that in many diseases cell cytoskeleton exhibit abnormal features.
For example, sickle cell anemia and malaria involve the disruption of actin filaments as
well as actin binding to the red blood cell membrane leads to anomalous cell shape and
compromised function [41, 51]. On the other hand, the excessive presence of F-actin inside
the cells results in increased cellular viscosity and impairing cell duplication [52]. Also, diseases
such as Bullosa Simplex are often associated to genetic mutations of intermediate filaments
leading to increased tissue fragility [53]. At the tissue level, the mechanical functions of
cell layers is particularly evident where pathogens or mutations affect cell-cell junctions
resulting in increased fragility of tissues [54]. Also, cell layer mechanics is particularly critical
during embryogenesis as it can results in the failure of proper embryo development [46, 55].
During embryogenesis, altered mechanics of cell layer such as the disruption of intercellular
adhesion or impairment in cellular contractility results to anomalous tissue morphologies and
congenital diseases such as issues of neural tube, abnormal alveolar structures and pulmonary
hypoplasia [56, 47]. Another example is the impairment of ephitelium cell-cell junctions
that can hinder their barrier function such as in exacerbations in asthma [57]. Also, fibrotic
diseases such as pulmonary fibrosis, systemic sclerosis, and cardiovascular disease involve
the hyperproliferation of fibroblasts and excessive ECM secretion. This also happen in wound
healing, where it is very common that damaged tissue is replaced by highly fibrous one because
of increased ECM deposition and crosslinking. In the pathological case of hypertrophic scars
it is well know the formation of fibrotic masses called keloids. Depending on where this scar
stiffening occurs, it can have consequences on normal cellular behavior [46], for instance
limiting joints movements, fibrotic cardiac disease [58] or for scarring of the central nervous
systems it can seriously impair tissue function [59, 60]. Aging is another factor that alter
tissue mechanical properties and therefore may disrupt tissue homeostasis [46, 48, 17]. For
example, the muscle ECM structure becomes stiffer with age because of highly crosslinking
[61], blood vessels have also been observed to become stiffer (arteriosclerosis) with increased
cardiovascular risk factors [62] while bones or cartilage become more fragile as in osteoarthritis
[63]. One of the most studied disease associated with mechanical properties of cells and cell
aggregates is cancer. Although increased stiffness is a hallmark feature associated with cancer
development [46], cancer cells and in particular metastatic cells are characterized by increased
deformability and elasticity [64]. It has been suggested that increased cell deformability
correlates with the ability of metastatic cells to squeeze through the surrounding tissues and
spread within the body [65, 66].

Mechanical properties measurements have thus emerged as a potential method to characterize
diseases and even determine their state [4]. In the next two sections I will explain some of the
most common methods to asses the mechanics of biological samples. Even if the vast majority
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of these platforms and experimental protocols are custom-made, few commercial devices
exist [67, 68, 69, 70]. However, their use is quite limited as there are still several challenges to be
met before their use in clinical applications such as providing high throughput measurements
performed in a configuration resembling the in-vivo environment.

2.5 Single cell mechanobiology

Most of the mechanical tests on cells up to now have been performed on single cells, either
adherent or in suspension. Single-cells mechanical stimulation has been used for studying
mechanotransduction [71, 72] as well as characterizing the mechanical properties of cells
[73, 74]. In these measurements, the elasticity of the cells is measured by typically stretch
or squeeze cells and by quantifying the deformation for a known applied stress. For small
deformations (up to 5% strain) the response is within the linear regime and it is dominated by
actin and intermediate filaments [75, 76]. When larger deformations are applied, between 5%
and 25% strain, cytoskeleton behavior can result in nonlinear responses which depend on the
type of cells involved [77, 78]. Even larger deformations are sustained by microtubules, and
nuclear mechanics comes into play when cells are forced to move into narrow channels or are
highly compressed. [79, 6].

The most common techniques for investigating the mechanics of single cells in-vitro are
grouped in Table 2.1 with their main advantages and drawbacks. In general, single cell tech-
niques have lead to great advancements in our understanding of the mechanics of whole cells
and sub-cellular components. However, these approaches have the main disadvantages of
being quite invasive (e.g. surface functionalization for beads attachment) and to measure cell
mechanics in configurations that are quite different from the state in-vivo (cells are suspended
in a fluid or weakly adherent to the substrate). All these factors significantly influence cell
response and behavior [37]. Furthermore cells considered as single entities have different
mechanical response than when they are interacting with other cells as happens in the body
making it difficult to put these results into context. Few techniques have been developed to
overcome this limitation and allow studies on cell populations and aggregates, as I discuss in
the next paragraph.
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90], DNA
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micropipette aspiration timescales Single cell
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tive responses ¢ Suspended cells cells 143,
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[40, 39]
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@\ [100, 101],
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. ¢ Complex design dicity 1105
ijg'e ! Miniaturization icity [105,
_ 106, 107]

¥ Displacement

Table 2.1 — Comparison among the most common measurement techniques for single cell
mechanics, advantages and drawbacks are also summarized [37, 33, 32].
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2.6 Cell population mechanobiology

In tissues and organs, cells do not exist as isolated entities but they are surrounded by other
cells as well as by the ECM. Because of the radical difference in cytoskeletal organization due
to the mechanical coupling with surrounding cells, it is not possible to have information on
cell populations mechanical behavior from single cell experiments [8]. In general, collective
dynamics is not simply the sum of individual response, instead cells coordinate their move-
ments by actively interacting with each other [36]. Cell monolayers can be considered as the
simplest tissues in the body and the easiest model for studying the mechanical response of cell
populations allowing to obtain results that are more representative of the in-vivo environment.
Cell monolayers are present in several cavities in of the human body, acting as physical barriers
to partition organs. Because of this specific interface location, they have to withstand external
physiological stresses (stretching of the skin, peristalsis motion in the gastro-intestinal tract,
urothelium stretching due to hydrostatic pressure etc...).

In recent years, there has been a huge increase in the development of cell stretcher devices to
study the response of cell populations to cyclic dynamic loading over time [5, 108, 109, 110].
However, very little is known about their mechanics. For example how tissue-scale mechanical
properties such as elasticity and tension are affected by intercellular junctions formation, or
the contribution of each type of cytoskeletal junction to monolayer mechanics [45]. Including
elasticity measurements into state of the art cell stretchers is not straightforward because of
the significant difference between the elasticity of the cell population and the substrate. In
the next section I review the most common techniques for cell stretcher devices and the few
existing ones that have been cleverly modified to allow mechanical properties measurements.

2.6.1 Cell stretcher devices for cell population mechanical studies

Scientists have mainly relied on cell stretchers devices to study the mechanical response of cell
populations. They consist in deforming a layer of adherent cells by stretching their substrate.
The deformations imposed on the cells mimic their physiological mechanical environment
within the body and depending on the experiment can be applied in one, two or all directions
(uniaxial, biaxial or equiaxial strain) as shown in (Figure 2.7). Cell stretchers are generally used
to determine the effects of controlled mechanical stimulation on several properties of the
cells, for example: morphology, metabolism and anomalous behaviour [111, 112, 113].

Devices for stretching a layer of cells are mainly custom made set-ups for laboratory research,
however a few exist that are commercially available. For example Strex USA proposes systems
consisting in elastic chambers that are linearly pulled by a linear motor for uniaxial strain of
the cell culture (Figure 2.8a). Flexcell International Corporation, on the other hand sells a
system where cells are cultured on deformable membranes located on the top of pneumatic
chambers. The membrane can slide on a central loading post when vacuum is created below
the membrane leading to around 20% radial in plane deformation of the suspended membrane
(Figure 2.8b). These devices are however difficult to integrate within standard cell culture
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Uniaxial Biaxial Equiaxial

Figure 2.7 — Schematic of the different types of strain applied to cells by cell stretcher devices:
(a) uniaxial strain exhibiting compressive strain in the transversal direction, (b) biaxial, with
deformation induced on two perpendicular directions and (c) equiaxial where a radial force is
applied (Adapted from [114]).

Petri-dishes and have low throughput which limits their use and wider applications. In order
to overcome those limitations, significant effort to miniaturize cell stretcher devices has been
made over the last years. The main approach for miniaturized devices is to use pneumatic
actuation to stretch a thin suspended membrane where cells are cultured. For example, a
device for organ-on-chip has been first developed by the Wyss Institute at Harvard University
to recreate the in-vivo mechanical stimulation of the alveolar-capillary interface in the lung
(Figure 2.8c). When the pressure is decreased in the two pneumatic side-chambers, the
membrane is deformed in uniaxial strain configuration. Variations of this design have been
proposed to reproduce other organ-on-chip [115, 116] or to induce biaxial strain to the cell
population [109].

The main limitation of the cited cell stretcher devices is the fact that because of their design
and working principle they do not allow to measure the mechanical properties of the cell
population under study. The main challenge is to be able to extract information of the cell
layer mechanics alone decoupled from the substrate. While the cell layer form a very thin
(few um) and soft layer (few Pa to kPa), the substrate used in the presented devices are mainly
made of few mm thick silicone material. The are easily deformable but still 1-2 orders of
magnitude stiffer (hundreds of kPa to MPa) than the cell layer cultured on them. Therefore,
the mechanical properties of the substrates are dominating the mechanical response, making
it very difficult to measure the stiffness of the cell layer [119, 120]. A second challenge is how
to precisely measure the force exerted by the substrate during the deformation to be able
to obtain stress-strain curve for the cell monolayer. Few approaches have been proposed to
overcome this challenge. Some of these are based on bulge tests, making use of out of plane
deformations [121, 122], others use unsopported cell monolayers [8, 123, 124]. In general, the
cell stretcher devices allowing measurements of cell population mechanical properties can
be divided in two main groups: the ones relying on out-of plane deformation and the one
employing in-plane deformations in a uniaxial tensile test configuration.
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Figure 2.8 — Schematic representing different types of cell stretchers designs: (a) Motor-based
uniaxial cell stretcher produced by STERX (From [108]), (b) Vacuum-based cell stretcher,
commercial device from Flexcell (From [117]) and (c) Microfluidic cell stretcher device for
lung-on-chip experiments (Adapted from [118]).

Bulge test based approaches for measuring cell layer elasticity

The bulge testing technique is a well-known method mainly used to measure the mechanical
properties of thin metals through out-of-plane deformation [125]. In a classic bulge test
experiment, inflation pressure is applied to a free-standing thin film which has clamped
boundaries. The resultant deflection is recorded using a non-contact method such as laser
interferometer. Knowing the geometry, the applied pressure and the associated deformation it
is possible to estimate the Young’s modulus value of the material. Thanks to the low out-of-
plane rigidity of thin suspended material, the bulge test a suitable method to detect even very
low changes in Young’s modulus of the suspended membrane.

This method has been successfully adapted to measure the mechanical properties of cell
monolayers cultured on thin deformable silicone membranes which are clamped at their
edges. This design has been adapted to either strecth [121, 122, 126, 127] or compress a cell
layer [128]. A first design and experimental apparatus was proposed in 2007 for measuring
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Figure 2.9 — Schematic of two devices designed for measuring the mechanical properties of a
cell monolayer through the bulge test approach: (a) The membrane where cells are cultured is
deformed by increasing the pressure below the membrane, the deflection is measured through
a laser sensor (Adapted from [121]) and (b) the membrane stretching is induced by adding
cell medium on top of the membrane, the deformation in the vertical direction is optically
measured (Adapted from [122]).

a layer of ephidermal keratinocytes [121]. Gas pressure is applied on the bottom of a mem-
brane where cells are cultured and the deformation is measured using a laser displacement
sensor (Figure 2.9a). A similar approach was also shown in 2013 [122], where the membrane is
deformed by adding a defined volume of medium on top of a nanometer-thick membrane
(Figure 2.9b). More recently the same method has been proposed with the addition of electri-
cal strain read-out [126, 127]. In one approach, the membrane deflection caused by pressure
applied above the membrane is measured as a change in conductivity in an ionic liquid-filled
microfluidic channel placed below the membrane [126]. The deforming membrane is inte-
grated within a microfluidic chip and sandwiched between the electrofluidic channel (on
the bottom) and a pressure channel (on the top) (Figure 2.10a). Another study [127] propose
the integration of carbon nanotubes-based strain sensors in the deformable membrane (Fig-
ure 2.10b). The addition of electrical strain read-out allows to miniaturize the testing platform
and even to parallelize the tests [129].
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Figure 2.10 — Schematic of two devices combining bulge test approach with electrical strain
read-out: (a) pressure is applied above the membrane, the deformation is measured through a
change in resistance in the ionic liquid filling a channel below the membrane (Adapted from
[126]) and (b) strain sensors (represented in black) made of carbon nanotubes (CNT) and
PDMS composite are placed in the membrane hosting the cells (From [127]).

Bulge test has the advantages of having a membrane fully clamped which increase the robust-
ness of the test even when using very thin or soft membranes. Also, cells’ contribution to the
total rigidity can be measured quite easily and without imposing too many constraints on the
membrane itself. A range of membrane stiffnesses for out of plane deformations allowing to
see the effect of cells mechanical properties, can be defined by compromising the elasticity of
the material with the membrane thickness. Substrates up to 100 times stiffer than the cells
can be used if they are thin enough [122]. On the other hand, the use optical read-out of
the vertical deflection result in bulky set-up, while the addition of electrical strain sensors
makes the sample non-transparent and can have stability issues for long time measurements
in humid environment. In addition, because this method is based on vertical deflection,
it has the intrinsic drawback of making it quite difficult to observe the sample during the
experiment. This is a critical limitation for biological applications where optical inspection of
sample morphology during the experiment is essential to assess its well-being and therefore
the validity of the measurements.

Uniaxial tensile test based approaches for measuring cell layer elasticity

In a uniaxial tensile test (or pull-test) the mechanical properties of a material are measured
by pulling the sample in-plane in a controlled way while measuring the force exerted during
the deformation normally using a load cell. This type of test is commonly used for testing
metals [130], polymers [131] and has also been used for biopsies [119, 132]. Adapting this
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measurement technique to living biological samples is desirable because thanks to the in-
plane movement, it is possible to monitor cells during the stretching. However its application
is not trivial due to the low stiffness values at stake. Normally, motorized stages are used to
apply a known strain to the sample through custom-made connector that allows the sample to
be placed in liquid. The forces to be measured are in the order of sub-mN to few mN, making
it quite difficult to find a reliable and sensitive enough commercially available force sensors.
Because of this, custom solutions based on optically monitoring calibrated structures to
extract the stress from the observed deformation have been proposed (Figure 2.11b). The main
critical point is the selection of material properties and geometry along with their fabrication
feasibility so that the substrate does not fully dominate the mechanical response [120]. The
only works published on measuring cell in plane elasticity overcome this latter challenge by
using completely suspended cell layers, i.e. without substrate. Harris et Al [133, 133] managed
to obtain a fully suspended cell monolayers between two rods by removing an hydrogel
substrate through enzymatic digestion. One of the rod is then displaced to obtain a certain
deformation of the cells while the force is measured by monitoring the deflection of calibrated
rod of known elasticity attached to the fixed side 2.11a.
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Figure 2.11 — Schematics of the measurement set-up for investigation of the mechanical
properties of cell monolayers. (a) The suspended cell monolayer is placed under a camera for
imaging and it is suspended between one fixed rods and one moving rods used to deform it.
(b) Schematics of the operating principle for force sensing, the rod is characterized so that by
knowing the defletion itis possible to retreive the exerted force. (Pictures from [8])

A more recent publication report measurement of suspended vascular smooth muscle cell
monolayers Young’s modulus using a Hall-effect based force sensor [124]. Cells are cultured
on thermo-responsive polydimethylsiloxane (PDMS) substrates and carefully detached from
the it after 7 days culture by just placing the samples at room temperature. The cell sheets are
then glued to mounts on the tensile stretcher. The force sensor they developed combining a
cantilever with a Hall-Effect sensor as well as magnets for measuring the force with a range of
measured forces ranging from the uN to the N.

These two approaches described above, are the only two uniaxial-based techniques to measure
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Figure 2.12 — Hall-effect based uniaxial tensile tester schematic. The uniaxial tensile tester is
composed of three subparts: the linear actuator, the test cell consisting in an acqueous bath
for the sample and the force Hall-Effect sensor (Picture from [124]).

in-plane cell elasticity that have been published so far. Their advantages over bulge approach
rely in the possibility to continuously monitor the sample during the stretching and to apply
uniaxial deformation instead of equiaxial. The latter point is particularly important because of
the anisotropy of cells, the elasticity measurement is in fact influenced by the direction of the
force exerted on the sample. In addition using a suspended cell monolayer allow to perform
direct measurement with high sensitivity without the need to subtract the substrate influence.
This, however, comes with several limitations in terms of fragility and difficult repeatability.
Furthermore, the significance of the results can be questioned because of the difference in
cytoskeletal conformation compared to adherent cells. Also these techniques cannot be used
over prolonged time periods because of the suspended layer low stability over time as well as
the fact that none of these set-up are compatible with a biological incubator.

2.7 Conclusion

In this chapter, I explained the relevance of mechanobiology at different scales, from proteins
to tissues, in understanding healthy and diseased states. Also, I focused on the importance of
recreating an environment similar to the one experienced in-vivo to rely on more significant
results. For this it is particularly important to take into account that most of the cells in our
body are chemically and mechanically connected to each other to form higher hierarchy
structures. However most of the techniques to study cell elasticity up to now are single-
cell based. Because of the numerous challenges to extend elasticity measurements to cell
populations, only few techniques have been proposed. As I discussed in Section 2.6.1, there
are still several improvements that can be made to improve the significance, versatility and
impact of this measurements.
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The next chapters of the thesis focus on the contribution I brought to this field by overcoming
the main limitations of current cell stretcher for cell elasticity measurements. As described in
detail in Chapter 4, by integrating in-plane stretching in a microfluidic device and differential
strain optical read-out, I have developed the first miniaturized device for measuring in-plane
adherent cell monolayers mechanical properties over time. Being based on in-plane stretching,
my device allows continuous monitoring of the sample, and it is at the same time compatible
with cells adhering on a substrate. This opens new possibilities for longer time investigation
of cell mechanics.
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Substrate design and validation

3.1 Summary

Measuring the mechanical properties of cell layer adhering to a substrate is highly desirable
because of the resemblance with the in-vivo environment. The main challenge consists in
decoupling cell and substrate contributions to the overall mechanical response. Existing
techniques use out-of-plane displacement to take advantage of the lower rigidity compared to
tensile deformations. However, this results in bulky set-ups and the difficulty in continuous
imaging of the sample.

In this chapter, I explain how I designed a device which combines for the first time, mechan-
ical properties measurements of cells adhering to a substrate using in-plane deformations.
I present the theoretical calculations and experimental validation of uniaxial tensile mea-
surements performed on adherent cells. I first explain the sample modelling and the critical
parameters that influence the capability to measure cell’s mechanical contribution. I then
show the characterization and choice of the materials as well as the geometry optimization
to increase the measurement sensitivity. I finally detail the assembly of a uniaxial tensile
apparatus allowing measurements in liquid and the experimental verification by measuring
calibration samples and cells.

3.2 Measurement method

In an uniaxial tensile measurement, the sample is deformed along a single axis and the force is
measured during the deformation. By cyclically stretching the sample, stress-strain curves are
obtained. The relationship between stress and strain allow to calculate the Young’s modulus
of the sample. As shown in Figure 3.1a, I designed an uniaxial tensile apparatus that allows to
perform measurements of thin and fragile materials such as a cell layers. The method consists
in sticking the sample on a substrate with carefully engineered properties and then comparing
the stress strain response of the bare substrate and of the composite made of the substrate
and sample to be measured. I apply this concept for adherent cell layer measurement, by
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comparing the mechanical response of a bare substrate with the one obtained after culturing
a cell layer to the same substrate. The substrate plays thus a crucial role in the feasibility of
this measurement. In order to be able to see a change in the composite elastic modulus when
cells are present, it is necessary that the substrate has an elastic constant that is comparable or
even smaller than the one of the cell layer. If the measurement substrate is properly designed,
the slope in the stress-strain graph increases when cells are adhering to the membrane, as a
consequence of the higher Young’s modulus (Figure 3.1b).

Deformation & O'[Pa]
Force measurement

« - — ) —

=5

(@) (b)

Figure 3.1 — Schematics representing the customized uniaxial tensile test and the expected
measurements: (a) standard uniaxial tensile test is adapted to perform measurement in liquid
by mean of customized holders; (b) the slope in the stress-strain graph increases when cells
are present indicating a higher Young’s modulus. In this chapter, I show the optimization of
the substrate so that it is possible to see a clear difference in the slope when cells are present
on the membrane.

This method is highly versatile and can be generally used when the sample is too thin or
cannot be handled and measured on commercial set-ups. This was demonstrated by the fact
that the same set-up was also used within two other projects at LMTS Laboratory at EPFL for
measuring the mechanical properties of thin stretchable electrodes [134, 135].

3.3 Design and optimization

3.3.1 Model of the sample and sensitivity requirements

We consider an adherent confluent cell layer that fully covers a deformable substrate. Assum-
ing that the cells strongly adhere to its surface, the composite made of the adhering cells and
the elastic substrate itself can be considered as two materials perfectly glued to each other as
schematically represented in Figure 3.2.

In the simplest case when the cells fully cover the surface the two materials deform together
as two springs in parallel when an external deformation is imposed. This model requires two
assumptions: (i) perfect adhesion of the cell layer to the substrate and (ii) full coverage by the
cell layer.
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Figure 3.2 — Schematic of the cell layer on the membrane and its modelling as two layers
bonded together. The configuration of two parallel springs is used for better visualization of
the composite behaviour: the strain is the same for both material while the force is shared
between the two, according to their individual spring constant.
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Where E is the Young’s modulus, o the stress and ¢ the strain. As the stress is force per unit
area, the total stress can be calculated from the stress within the individual regions and their
respective dimensions as:

Oror=01f+02(1-f) (3.2)

Where f represents the volume fraction of layer 1 and 1-f the volume fraction of layer 2.
Combining together Equations 3.1 and 3.2 it is possible to obtain the rule of mixture that can
be used to calculate the mechanical properties of composite materials [136]:

Ewr=E1f+E(1-f) 3.3)

Assuming that cell uniformly cover the membrane, the only difference in geometry is given by
the difference in thickness between the two layers, and Equation 3.3 can be simplified to:

Eror (tsubstrate + tcells) = Esubstrate Lsubstrate + Ecells Leells (3.4)

In order to see the contribution of cells to the mechanical response of the composite, the two
factors on the right side of Equation 3.4 should be in the same order of magnitude. To increase
the sensitivity of the measurement, the product of the Young’s modulus and the thickness of
the substrate should therefore be comparable or lower than the cell layer one. Cell monolayer
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thickness ranges from few pm to tens of um depending on the cell type. Regarding cell layer
Young’s modulus, the few sources available in literature report values between 20 kPa, for
kidney epithelial cell monolayer [8, 122], to 155 kPa for vascular smooth muscle cells [124].

In the next sections I detail the material characterization and modelling to optimize the
substrate material and geometry for adherent cell mechanical properties measurements.

3.3.2 Material mechanical properties characterization

Ideally the substrate Young’s modulus should be as low as possible to increase the measure-
ment sensitivity. However, the material should be chosen taking into account the trade-off
between sensitivity and fabrication feasibility. This means that the substrate material should
be soft but it should also have a certain degree of mechanical rigidity to sustain deformation
and transfer them to the cells cultured on top.

In the range of few kPa to hundreds of kPa Young’s modulus we can find hydrogels and
polymers. Hydrogels have become very popular thanks to their unique properties such as
tunable low Young’s modulus (few tens of kPa down to hundreds of Pa), biocompatibility and
high water content that make them closely resemble natural living tissues [138, 139]. However,
because of their lack in structural integrity they are quite difficult to be given an accurate shape.
Polymer typically used in cell analysis applications can be divided into two major categories:
thermoplastics and polydimethylsiloxane (PDMS). Thermoplastics (poly(methyl methacrylate)
(PMMA), polycarbonate (PC), polystyrene (PS) to cite a few) have high biocompatibility andlow
water-absorption however, their Young’s moduli in the order of 1-3 GPa makes them much
stiffer then the cells and difficult to deform [140]. Polydimethylsiloxane (PDMS) is nowadays
the most used material in microfluidic devices thanks to its standard fabrication process,
biocompatibility, high optical transmissivity and gas permeability. Furthermore, it combines a
low Young’s modulus ranging between tens of kPa to few MPa as well as mechanical stability,
characteristics that makes PDMS an ideal material for the cell substrate.

Given the importance of the substrate mechanical properties, I performed the mechanical
characterization of different PDMS formulations and investigated the relationship between
the mechanical properties and the membranes’ thickness. 10 pum thick suspended PDMS
membranes were fabricated following a casting process developed at the Soft Transducers
Laboratory (EPFL, Switzerland) [67]. Briefly the uncured PDMS solution is casted on a Polyethy-
lene terephthalate (PET) foil (Figure 3.3a) on top of a water soluble sacrificial layer (Poly(acrylic
acid), PAA). After heat curing, the membranes are released from the PET foil by simple im-
mersion in water and gentle peel-off, which allows to fabricate very thin membranes with
high yield. Membranes are attached on PET laser-cut frames using double side tape prior to
membrane suspension to keep the desired shape (Figure 3.3b).

I selected few commercially available PDMS formulations and characterized thin membranes’
mechanical properties using a commercial pull-tester (3340 Single Column Universal Testing
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(b)

Figure 3.3 — (a) PDMS uncured solution is spread at the desired thickness on a PET foil using
a blade caster. This method allow to have relative big area covered with PDMS [and high
reproducibility of the membrane thickness. After curing in the oven, the membranes are
suspended on PET frames as holders by water immersion. (b) Picture of a 1:6 aspect ratio
suspended membrane.

System from Instron, Figure 3.4a). The following silicones were selected:

* Sylgard 186 (S186, Dow Corning®), the standard PDMS used in most microfluidics and
devices for cell studies

e MEDA4901 (NusSil), medium stiffness silicone that can be used in medical implants

* MED4086 (NuSil), a very stiffness and low viscosity silicone elastomer used in medical
implants

I fabricated suspended membranes of the selected silicones following the producers’ in-
structions and I suspended them on custom-made frames compatible with our commercial
pull-tester as illustrated in Figure 3.4b. The membranes were 10 um thick and had 1:10 aspect
ratio to minimize the necking at the edges during the deformation.

Force versus elongation curves were obtained for the three materials at a strain rate of 6
mm/min with deformations up to 20%. I chose a deformation rate of 6 mm/min so that the
samples deform very slowly in a quasi-static regime. In this case the acceleration is very small
and can be neglected so that inertial forces due to acceleration do not affect the measurement.
The force and elongations data are then converted into stress versus strain. As the stress is
defined as the force over the cross-sectional area, it is essential to calculate the modification
in thickness and width during the deformation. PDMS is in fact a non compressible material
(Poisson’s ratio v = 0.5) which means that its volume remains constant during the deformation.
In the 1:10 aspect ratio configuration used for the experiment, I considered negligible the
inwards compression at the edges and assume that the membrane width (w) remains constant.
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Figure 3.4 - (a) Commercial set-up for mechanical properties measurement used for character-
izing the substrate Young’s modulus. (b) 1:10 aspect ratio membrane placed on the instrument
during a test. Customized PMMA holders are used to hold the sample on the instrument.

As a consequence, when the length (1) is stretched of 1;, the thickness (t) change accordingly
to keep the volume constant:

Vo=Vy = logywo=Istrwys, where: wr=wo, Ilr=IA; and tr=1A; (3.5)

Where A; is the applied stretch to the material length and A, the resulting stretch in thickness
due to volume conservation. We can therefore calculate the change in cross sectional area as
[141]:

lfthUf 1 So
==—=1=11 Aj=— Sr=t = oA =— 3.6
10t0 0 Ny = 1 /1,§ = f fLUf o0/ltWo /11 ( )

W=V,
Stress versus strain curves are therefore obtained taking into account the cross sectional area
change during the deformation, the results for the selected PDMS are shown in Figure 3.5.

As the membrane deformation is limited along the y direction (the frame constraints the width,
see Figure 3.4b), a stress is exerted on the membrane in that direction. Therefore the Young’s
modulus cannot be simply calculated as the slope of the stress-strain graph which is the case
when the only applied stress is the one along the impose deformation direction (in this case
along x). Using the generalized Hook law in 3D (Equation 3.7) and imposing that £,,=0, 0,=0
and v=0.5 it is possible to find that in this configuration, the Young’s modulus is 3/4 of the
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Figure 3.5 — Comparison among different type of commercially available silicones strain stress
curves (3 cycles per PDMS formulation). Their slopes indicate the considerable difference
among their mechanical properties. MED4086 is chosen as the substrate material for its low
elasticity in the orders of 30 kPa (The Young’s modulus is calculated as 3/4 of the slope as
explained in the text).

The resulting Young’s modulus values averaged over 5 samples per each material are: (857.5+
52.2) kPa for S186, (229.6 + 31.5) kPa for MED4901 and (27.8 +9.7) kPa for MED4086. The
hysteresis in the MED4901 stress-strain curves (Figure 3.5) also shows that this material has
higher viscosity than the other two silicones. The variability in Young’s modulus, is mainly due
to small variability in the fabrication process or in the measurement sample preparation. From
these results, MED4086 was selected because of its low Young’s modulus which is comparable
to the one expected from the cell monolayer [8]. Another possibility to have low Young’s
modulus silicone was to modify the material crosslinking ratio by changing the amount of
curing agent in the liquid silicone mixture [142]. However, we decided not to use this method
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as it may lead to mechanical instability, difficult reproducibility of mechanical properties as
well as for the cytotoxicity of the residual uncured silicone [143].

3.3.3 Thickness versus Young’s modulus characterization

As explained in Section 3.3.1, the requirements for a high sensitivity substrate are: low Young’s
modulus as well as using thin membranes. I therefore characterized the Young’s modulus at
different membrane thickness from 750 nm to 20 um. The results show that the mechanical
properties are constant down to 3.5 ym, and then rapidly increase when the thickness is
further diminished (Figure 3.6).

401 1

Young's modulus [kPa]

0 5 10 15 20
Membrane thickness [um]

Figure 3.6 — The relationship between Young’s modulus and membrane thickness for MED4086
reveals that around a critical thickness of 3 um there is a transition from the bulk material
properties to the surface properties with an increase in Young’s modulus (measurements
averaged on 3 samples per point).

This is in agreement with previous results [144, 145] and can be explained by the fact that
when lowering the surface to volume ratio, as when decreasing the thickness, surface effects
are dominating the mechanical properties. Because of the higher cross-linking ratio and the
different the polymer chains arrangement at the surface [145], the Young’s modulus increases
when decreasing the thickness. There is therefore no advantage in lowering the thickness
of the PDMS membrane below the 3-4 um range. The thickness is therefore fixed in a range
between 5 and 10 pym which allows to combine low Young’s modulus with low thickness
and thus increase the measurement sensitivity. In this way, the substrate contribution in
Equation 3.4 is very similar to the cell layer one and cell mechanical contribution should be
distinguishable from the bare substrate response.
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3.3.4 Geometry optimization

The membrane geometry was chosen taking into account the following factors: limiting the
lateral necking on the sides during deformation, strain uniformity and miniaturization of
the membrane and the set-up. By increasing the membrane aspect ratio, it is possible to
minimize the lateral necking and obtain a good strain uniformity. On the other hand, high
aspect ratio membranes can be challenging to fabricate because of the very small length
and also to integrate in miniaturized measurement device. The surface strains at different
membrane aspect ratio were compared using COMSOL Multiphysics FEA (Finite Element
Analysis) simulations. Rectangular membrane of 1:2, 1:3 and 1:5 aspect ratios undergoing
a 10% deformation were considered (Figure 3.7). We concluded that a 1:5 aspect ratio can
combine strain uniformity and dimensions compatible with standard equipment. Better
uniformity could be achieved by using even higher aspect ratio membranes at costs of having
amore challenging fabrication process and difficulty to integrate the membrane with standard
equipments (sample dishes size, optical imaging field of view...). In the rest of this thesis,
unless mentioned otherwise, (3x15)mm membranes are used.
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Figure 3.7 — Membrane geometry design comparison using COMSOL Multiphysics FEA struc-
tural mechanics module simulations. Different aspect ratio are compared in terms of their
surface strain uniformity (first principal strain is showed in the figure) when a 10% defor-
mation is applied. The 1:5 design was selected as optimal geometry because of the strain
homogeneity combined with fabrication feasibility.

3.4 Apparatus assembly

I explain here the assembly of the tensile set-up used for the substrate design and to validate
the feasibility of the measurement. The need for building this set-up came from the specific
requirements necessary for my measurement. The set-up should in fact allow measurements
of small forces in liquid environment, it should be compatible with inverted optical microscopy
and it should ideally be compact enough to allow displacing it for measurements inside the
incubator. As no commercially available instrument was found with these characteristics, the
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device was built in-house. This pull test device was therefore assembled by carefully choosing
the different components and the configuration to fulfil the mentioned requirements.

The final set-up is shown in Figure 3.8a. It is composed of a linear motor (Linear motor UAL
from Saia-Burgess) to apply the desired deformation, a load cell (Futek LSB200, capacity 10g)
for measuring small forces during the deformation and the sample holder. I chose thatload
cell for its high sensitivity below the mN. Also, I developed a LabView code to control the
motor and to acquire the elongation and force data over time.

A customized piston structure made of Teflon and stainless steel is used to connect the motor
and the load cell to accurately constrain the movement in the horizontal direction. The sample
holder consists of a xzy manual stage for the alignment with a Petri-dish on top where the
sample is placed during the measurement. Customized PMMA holders have been designed
and fabricated with a computer numerical control (CNC) machine for holding the sample
inside the Petri-dish: one is glued inside the Petri-dish’s surface and another one is screwed to
the force sensor outside the Petri-dish Figure 3.8b. Plastic pins are used to fix the membranes’
frame on the holders. Before the measurements, the frame is laterally cut on the sides to allow
the stretching of the membrane. When placing the membrane on the holder it is important to
align it using the xyz stage so that it is perfectly horizontal during the deformation. After the
measurement, it is possible to remove the membrane for future use by attaching a new frame
around it and carefully removing the pins from the holders.

This apparatus allows thus to perform pull-test experiments in liquid environment and thanks
to its small dimension it can be easily displaced. For example it can be placed under an inverted
optical microscope for imaging the sample or placed inside the incubator for measurements
at physiological conditions.

I used this set-up throughout my thesis to mechanically characterize the PDMS membranes for
cell culture, and to validate the measurement approach. In addition, I also used it in two other
projects collaborating with colleagues from LMTS Laboratory for measuring the elasticity of
thin stretchable electrodes used for dielectric elastomer actuators (DEA). As the electrodes
are too thin and fragile to be used as pull-test samples themselves, we characterized them
using the same approach as for the cells. By measuring bare membranes and membranes
coated with the electrodes, we were able to measure the Young’s modulus of the electrode
alone. Within the first project together with my colleague Xiaobin Ji, we measured the Young’s
modulus of carbon nanotubes monolayer electrodes deposed on PDMS membrane through
Langmuir-Schaefer process and the results have been published in Sensors and Actuators
Journal [134]. In the second project I collaborated with my colleague Samuel Schlatter and
use the set-up I developed to measure the Young’s modulus of inkjet printed carbon black
electrodes for dielectric elastomer actuators [135].
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Figure 3.8 — Pictures of the pull-test device designed and assembled. (a) Final apparatus
comprising a load cell and linear motor screwed to each other and to a connector holding the
sample inside a liquid bath. The sample is placed inside a Petri-dish for containing the cell
medium (b) on a xyz micro manipulator used for aligning the two connectors.

35



Chapter 3. Measuring adherent cell mechanics - Substrate design and validation

3.5 Experimental validation

The set-up has been first calibrated using known-elasticity samples and then tested to measure
cell monolayer elasticity. In the next paragraph, unless otherwise specified, a measurement
with the set-up consists in at three or more cycles up to 10% strain at a 0.6 mm/min strain rate.
The Young’s modulus values are calculated from the force displacement data as explained in
Section 3.3.2.

3.5.1 Measurement validation through calibrated samples

In order to validate the measurement approach, calibrated samples with known Young’s
modulus have been used. The Young’s modulus measured using my approach was then
compared to the one measured using the commercial pull-test device.
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Figure 3.9 — Calibration samples measurement results. The Young’s modulus measured using
the composite membrane approach I developed is compared to the one measured through a
commercially available pull-test device. The results obtained for three PDMS formulations
show that the two methods give comparable results within the error bar and thus validate the
proposed approach. (The graph represents the results obtained over 4 samples per condition.)

As calibration samples, I used membranes with known elasticity attached to the measurement
membrane. Two groups of suspended membranes were prepared from the same PDMS casted
foil, one group of membranes was mechanically characterized on the commercial device
and the other was used on my set-up in place of the cells using Equation 3.4. The same
parameters such as speed and deformation strain where used in both tests. Within my set-up,
the calibration samples have been attached to the measurement membrane by simply adding
a small ethanol drop before bringing the two surfaces into contact. After two hours drying
the two membranes show strong adhesion between them. The calibration sample Young’s
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modulus is then measured from the composite (measurement membrane+calibration sample).
This procedure was repeated for three PDMS formulations with different stiffness in order to
test our method on several orders of magnitude. The results for S186, MED4901 and MED4086
are shown in Figure 3.9.

The obtained results show the reliability of my method as the Young’s modulus is comparable
to the one measured using a commercial instrument within the error bar. These results validate
the proposed measurement approach within the tested range ~20 kPa - 800 kPa. In order
to test the set-up for lower stiffness samples, hydrogels (Young’s modulus tunable between
hundreds of kPa and hundreds of Pa) could be used. However this was not feasible because of
the difficulties in shaping hydrogels as thin membranes, making them adhering to the PDMS
surface and having a standard method for results comparison.

3.5.2 Cell Young’s modulus measurement

The experimental procedure with living cells consists in comparing the elasticity measured
before seeding the cells on the surface, after cell adhesion and then after detaching the
cells from the substrate. In these experiments sarcoma osteogenic cell line (SaOS;) was
used. Osteoblasts-like cells, such as SaOS, are found on the bone surface to isolate the
mineralized internal structure from the external body fluids. Because of their structural
function, osteoblast layers Young’s modulus is an essential property for sustaining bone
deformations during movement avoiding bone damage [146]. The choice of these cells was
done because of the expected high Young modulus in respect to other cell lines (based on
AFM-based measurements on single cells).

Figure 3.10 — SaOS; cells adhering on the membrane after 3 hours culture at 5x and 10x
magnifications. Thanks to the surface functionalization and high concentration of seeded
cells, it is possible to achieve a good cell coverage on the membrane. (scale bar is 200 pm)

All experiments were done within one day because of the difficulty in keeping the sample
sterile when placed on the measurement set-up. Because of the holder presence, in fact, it is
difficult to ensure good sealing of the sample. Temperature control during the experiment

37



Chapter 3. Measuring adherent cell mechanics - Substrate design and validation

was achieved by placing the Petri-dish with the sample inside a portable incubator (Stage Top
Incubator from Okolab) compatible with inverted microscope imaging.
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Figure 3.11 — Sa0S; tensile measurement results at a 0.6 mm/min strain rate. Typical stress-
strain curves of the three measured conditions: after membrane functionalization, after cell
adhesion and after cell removal. The first stretching cycle with cells is considerably different
from the following ones, where the response stabilizes at slightly higher slope than the non-cell
measurements. This can be due to an adaptation of the cells to the imposed deformation after
the first stretching cycle.

The set-up is carefully sterilized with ethanol using tissues and placed under an inverted
microscope. A membrane of known thickness is placed on the set-up and the lateral frames are
cut to allow it to deform (details on the membrane fabrication can be found in Section 4.5). The
Petri-dish is then filled with ethanol for sterilization purposes, and washed three times with
DI water. The surface is chemically functionalized for 1 hour by incubating 1 mg/ml human
fibronectin (Corning) solution in HEPES 10 mM to facilitate cell adhesion and spreading on
the surface. The surface is then washed three times in DI water, then the Petri-dish is filled
with complete cell medium (McCoy 54, Sigma) and the first measurement is performed. The
cell solution (3 10° cells/ml) is prepared by collecting cells with 0.25 % trypsin-EDTA (Gibco)
from a flask, and few drops of the cell solution are placed on the membrane to cover it. The
cells are let 2 hours to adhere, medium is then added all around in the Petri-dish. After another
hour, and provided that the cells are forming a confluent layer on the surface (Figure 3.10),
a measurement is performed. The medium is then removed from the Petri-dish and trypsin
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solution is added for 5-10 minutes to detach the cells. After complete removal of cells from
the surface, the Petri-dish is again filled with medium a final measurement is performed. The
measurement results are shown in Figure 3.11.

A clearly different response is measured when cells are adhering on the membrane. Also,
as shown in the graph the curve goes back to the initial response after removing the cells.
These measurements clearly indicate that it is possible to see the cell contribution to the total
mechanics of the membrane and that the membrane was successfully designed. The first
cycle of the cell measurement significantly differs from the following ones where the curve
stabilizes. This may be due to an initial higher resistance of cells to deformation followed
by their adaptation to the stretching that makes the following cycles very repeatable. In
Figure 3.12 the Young’s moduli measured in the three conditions are compared. From these
measurements the Young’s modulus of the cell monolayer itself is (66 + 12) kPa assuming the
osteoblast cell thickness to be 10 um [146].
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Figure 3.12 — The measured Young’s modulus increases when cells are adhering to the surface
and goes back to initial value after cell removal. The measurements are performed on ~ 5um
and 5 samples per point are averaged. The reversibility of the measurement allows to prove
that the increase in stiffness is actually due to the cell presence.

These measurements allowed to successfully validate the design of the membrane and that
measurement of adhering cells to an appropriately designed substrate are feasible. However,
reliable values of the Young’s modulus could not be measured because of the lack of a fully
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mature cell monolayer on top of the membrane. Due to the difficulty in assuring a good
sterility of the sample overtime we decided to limit the experimental time to few hours so that
there was any influence from possible contaminations of the sample.

3.6 Conclusion

In this chapter, I showed that by carefully choosing the substrate mechanical properties and
design so that its elastic constant is in the same order of magnitude as the cell monolayer’s
one, it is possible to measure the stiffening effect of cells adherent to it. This measurement is
performed by comparing the mechanical response of the substrate covered with cells with
the bare membrane response. The proposed Young’s modulus measurement approach was
validated through calibration and then cell measurements. The ability to measure the cells
contribution from the overall mechanical response clearly indicates that the design of the
membrane was successfully achieved. The material and thickness choices explained in the
previous sections result in a substrate that is sensitive enough to allow cell measurements.
Also, when removing the cells from the substrate, the response goes back to the one before
cell seeding. The reversibility of this test confirms that the stiffening effect is due to the cell
presence.

The possibility to measure in plane Young’s moduli of adherent cells is a considerable improve-
ment in respect to state of the art techniques [8, 124] based on tensile test which were limiting
the measurement exclusively to suspended cell monolayers. Our approach, not only is more
robust and easier to implement but also allows to measure the mechanics of adherent cells,
i.e. in a similar configuration as would be found in the body.

Although this set-up is very sensitive and versatile, it has two main limitations associated to
the sample sterility and measurement throughput. Because of the difficulty in keeping the
membrane in sterile conditions, measurement could not be performed over long time-scales.
Also, measurements can be performed only in a sequential way, thus limiting the impact and
the possibilities of using this device outside the research environment. These limitations could
have been overcome by small changes in the set-up design. However, as the key concepts and
measurement feasibility were validated, I preferred to take a step further and miniaturize the
elasticity measurement down to chip-scale dimensions as I will explain in the next chapter.

40



Miniaturized device for cell layer
mechanics - Design and fabrication

4.1 Summary

In this chapter, I detail the conception and development of the miniaturized device to measure
the Young’s modulus of adherent cell population (Figure 1.2). The results validated in Chapter 3
are here applied on a more advanced stage by miniaturizing the measurement set-up. Thanks
to its novel working principle and miniaturization, the proposed device overcomes most of the
limitations of state-of-the-art devices such as bulky equipment, repeatability, measurement
time limitation, difficulty in continuous sample observation etc. In the next paragraphs,
I will show the design and fabrication steps I have developed to build this device. I first
summarize the operating principle highlighting the novel approach that allows to combine
in-plane deformations within a miniaturized measurement set up and I explain how the
mechanical properties are measured. I then justify the design choices in order to meet the
targeted stretching and read-out requirements. I finally present the final fabrication process I
developed and the performance characterization of the device.

The potential of measuring cell elasticity on-chip is demonstrated by the capabilities of
measuring Young’s modulus and its variations over time as presented in Chapter 5. The
heart of the technology I developed is the combination of the high sensitivity membrane
(Chapter 3), differential strain read-out and actuation on-chip. Cells are cultured on suspended
membranes and are exposed to tensile strain applied by pneumatic actuation. The core of the
proposed approach is to measure the force exerted on the composite (membrane+cells) by
monitoring the deformation of part of the membrane itself where cells are not present. As the
membranes’ mechanical properties are known, it is possible to extract the Young’s modulus of
the cell monolayer by just measuring their elongation. In this way, the force measurement is
integrated within the measurement device making the miniaturization possible.

Part of the sections on the operating principle and processes have been presented at the
MicroTas conference 2018 [147]. Additional information on the design fabrication and charac-
terization methodology are provided in this chapter.
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4.2 Requirements

The main requirements for the miniaturized device for measuring cell layer elasticity are
summarized in Table 4.1. The measurement platform must be cytocompatible and optically
transparent, it should be easily kept and used in a sterile environment and apply physiologi-
cal range strain to the cells. Regarding the cytocompatibility, the material should not affect
cell physiology, it should sustain standard cellular culture protocol such as sterilization and
incubation and its properties should not be affected by ethanol or cell media. Transparency
is necessary to optically monitor the sample during the measurement to asses cell viability.
Compatibility with standard inverted microscopy and ideally with fluorescence microscopy
implies that the cells should be placed at a distance compatible with the working distance
of standard objectives, and they also should remain in the same focal plane during the mea-
surement. To keep the sample in a sterile environment, the easiest approach is to make it
compatible with standard Petri-dishes. Regarding the strain range, commercially available
cell stretchers normally allow deformations up to 20% strain with frequencies up to 5Hz [117].
We chose to fix the strain between 5% and 10% in order to avoid active modification of the
cell monolayer due to the imposed strain. Also, in order to ensure measurements within the
elastic regime we chose to have low frequency deformations.

Parameter Requirement
Biocompatibility Essential
Compatibility with sterilization Essential
In-liquid operation Essential
Physiological & sterile environment Essential
Optical transparency Essential
Miniaturization Highly desirable
Easy parallelization Highly desirable
Strain type Uniaxial tensile strain
Strain amplitude 5% —10%
Deformation frequency Below 0.1 Hz
Working lifetime 2hto24h

Table 4.1 — Key requirements summary for the cell elasticity measurements device.

4.3 Choice of the operating principle

The choice of the operating principle is important because it determines the possibility to
miniaturize the device. Young’s modulus measurements require to quantify deformation and
force at the same time.

Regarding the actuation, the most common techniques used in cell stretcher devices are
pneumatic actuation, piezoelectric actuation, electromagnetic actuation and dielectric elas-
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tomer actuators (DEA). The most crucial parameters considered in the choice of the actuation
are summarized in Table 4.2. Pneumatic actuation combines a simple set-up without any
direct contact with the biological sample or the cell culture medium, that is essential to avoid
contamination. Also it can be easily miniaturized and parallelized. Piezoelectric actuation
has the key advantage of the precision and wide range of controllable strains while electro-
magnetic actuators provide high precision and programmability. However, piezoelectric such
as electromagnetic actuators actuators require a direct physical contact with the biological
entities, which is severely limiting its applications [108]. Furthermore, electromagnetic actua-
tors may include heating and contamination through lubrication. While electromagnetic and
piezoelectric techniques have been excluded because of the difficulty in keeping the sterility
of the sample, DEA and pneumatic actuations do not have these limitations. However, DEA
may have stabilities issues and failures when operated in liquid environment over long time.
Also as the electrodes are incorporated within the cell culture substrate, it is quite difficult
to combine material optimization for both actuation and cell mechanics measurements. We
therefore chose to implement pneumatic actuation.

Property ‘ ‘Actuatiop technique .
Pneumatic Piezoelectric Electromagnetic DEA
Miniaturization v v ~ 4
Parallelization v ~ X v
Long term in-liquid measurements v X X ~
Substrate choice v v v X

Table 4.2 — Crucial requirements among the most common used method for cell-stretcher
actuators are compared. For cell mechanical properties measurements it is important that the
substrate can be designed to be as sensitive as possible, that measurements can be performed
inside the incubator maintaining the sterility. Also miniaturization and possible parallelization
are important parameters for future development stages of the device.

While actuation can be easily implemented, the force measurement is not straightforward.
Most of force sensing methods are based on measuring deformations of components with
known Young’s modulus for example cantilevers [148], pillars [149] or beads embedded into
a matrix (as in traction force microscopy, TEM) [150]. Forces can also be measured as the
change in resistance when the resistive path is deformed as in strain gauges. Force sensors
that are based on resistance measurements can be easily miniaturized but are very sensitive to
temperature and humidity variations and they need to be insulated [151] to be used within cell
culture platforms. As PDMS is a permeable material, it is very difficult to integrate strain gauges
and assure their stability in liquid over time. I chose therefore to base the force measurement
on optical deformation tracking thus removing any influence of temperature and humidity.

I chose to use part of the membrane dedicated to cell culture also for the force measurement.
By making cells adhering only on part of the membrane, it is possible to monitor the deforma-
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tion of the remaining part in order to measure the force exerted. Membranes’ Young’s moduli
are in fact characterized for every device before experiments with the cells. Measuring the
force from the deformation of the cell membrane allows to miniaturize even more the device.
This approach results in a differential measurement between the membrane with and without
cells which allows to subtracts effects due to the membrane itself and comparing in-real time
the response of the two conditions.

The final working principle of the device is illustrated in Figure 4.1. The pneumatic actuation
relies on the deformation of a thin wall in contact with the suspended membrane were cells
are cultured. In contrast to already published stretching devices where pneumatic actuation
is used to stretch cells over two sides or even radially [118], the membrane is stretched only
on one direction, keeping the other side of the membrane fixed. This choice was done to
assure a precise and uniform stretch over the membrane surface. It can in fact be quite
difficult to obtain exactly the same stretching on both sides of the membrane: even if the
pressure is changed in both chambers at the same time, the deformation on the two sides
can slightly differ because of small differences from the fabrication or assembly processes.
The deformation of the two regions is continuously monitored optically by placing the device
under a microscope during the measurements.

/ Pneumatic \ K Optical read-out \

actuation
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Figure 4.1 — Schematic of the device showing the chosen actuation and sensing approaches.
Controlled negative pressure in the right chamber of the fluidic device allows in plane stretch-
ing of the confluent cell monolayer. The relative elongations of the cell and bare regions are
optically monitored during the stretching. The strains of the two regions differ because of the
cell presence increasing the stiffness.

Using the differential strain configuration, the bare and cell regions of the membranes can
be modelled as two springs in parallel, of which, the one comprising the cells consists of two
parallel springs as detailed in Chapter 3 (Figure 4.2).

When a negative pressure is applied and the membrane is deforming in plane, the two regions
(bare and composite) sustain the same force. By equating these two forces and rewriting the
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Figure 4.2 — Schematic of the cell layer and substrate model in the differential approach: the
same force is exerted on both regions as in two springs in series, they therefore deform of
different amount depending on their Young’s modulus.

formula in terms of stress and strain it is possible to obtain:

Fpare = Fcomposite = Obarelbare = Ocompositelcomposite (4.1)

€pareEbaretbare = 5compositeEcomposite tcomposite (4.2)

Substituting then Equation 3.4 for the composite region, the following formula to measure the
Young’s modulus of the cell monolayer is obtained:

Ebare_ (4.3)

Epare _ 1) Ihare
Leell

Ecenr = (

Ecomposite

Where the strain of the two regions are measured during the stretching, while the other
parameters like the thickness and the PDMS Young’s modulus are characterized prior to the
measurement.

4.4 Stretching design and modelling

The device has been modelled using COMSOL (structural mechanics module) to optimize its
dimensions and geometry for the desired strain range. As the deformation should happen only
at the interfacing wall, I decided to use a stiffer type of PDMS (S186) to fabricate the device and
design its geometry to make different regions more or less easily deformable. The modelled
design is quite simple, a suspended membrane (MED4086) is fixed on one side and attached
to a deformable wall (§186) on the other. Negative pressures down to 100 kPa are applied over
the whole wall surface (Figure 4.3a) and the deformation of the membrane is measured when
varying its thickness. Figure 4.3b reports the modelling results, comparing the membrane
strain when different pressures are applied and for a range of thickness varies between 100
pm and 1 mm. The thinnest the wall, the higher deformation is possible at lower pressure,
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nevertheless fabrication constraints should be taken into account. The desired strain range is
between 5% and 10 % strain, we decide therefore to use a wall thickness of around 500 ym
that would combine ease of fabrication and desired strain range. I also analysed the influence
of the wall length on the membrane strain uniformity. In general, it is in fact preferable to
have some space laterally for a more uniform deformation. A length or around 50% of the
membrane width is added on each side to make the wall longer and therefore its deformation
in the central area more uniform.
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Figure 4.3 — FEA was performed to design the device geometry for pneumatic actuation. The
schematics report the surface stress when pressure is imposed on the vertical deforming wall.
Half of the suspended membrane connected to the deforming wall is used for the study taking
advantage of the system symmetry. The parameters taken into account are the membrane
thickness and the lateral wall length. (b) The strain is plotted for different applied pressure
and wall thickness, the configurations suitable for 5% — 10% strains are taken into account
and among them the 500 ym thick wall is chosen for its fabrication ease.

4.5 Fabrication process

In this section, I detail the finalized device fabrication process, which consists in three steps:
the device molding, the membrane fabrication and the final assembly.

The device moulding, this is done by curing the PDMs formulation $186 in a custom mould
to shape the bottom and top parts of the device. A single device is fabricated by assembling
and glueing a bottom and a top piece together. Custom moulds shown in Figure 4.4a are
fabricated in Teflon using a CNC milling machine (Step-Four CNC Basic 540 from Laumat).
They consists of a layer with extruded adjacent channels giving shape to the middle wall.
The mould has also an intermediate layer used to define the piece thickness. The different
components of the mold are tightly fixed together using screws. S186 is mixed in a 1:10 ratio
in a planetary mixer (Thinky mixer, ARE-250), the liquid mixture is then poured inside the
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closed mould and then placed inside a desiccator to remove any bubbles from the mixture.
After degassing, the pieces are placed inside the oven at 80°C for at least three hours. Thanks
to the hydrophobic properties of Teflon, the PDMS can be easily removed from the mould
once it is cured. Channels defining a middle wall of 500 um width and 2 mm thickness were
easily fabricated as shown in Figure 4.4b.
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Figure 4.4 — Schematics and pictures from the fabrication process: (a) SolidWorks exploded
view of the mould, (b) Picture of the molded bottom part of the device with the two channels
parallel channels defining the cell and pressure chambers, (c) Suspended PDMS membrane
on a frame designed especially for the pre-stretch, and (d) Picture of the pre-stretching step
which is performed by uniaxial elongation of the membrane on a customized membrane
stretcher. A new frame is then glued to the membrane to maintain the tension.

The membrane is made of the PDMS formulation MED4086 and is fabricated using a casting
process developed in LMTS [152]. After curing of the membrane on the PET foil, (3x15)mm
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rectangular shapes are cut and attached to custom laser-cut frames as shown in Figure 4.4c.
The membranes are then pre-stretched of 1.5 stretch (50% strain) to keep them in tension and
avoid sagging. The pre-stretch is also necessary for the cells to better adhere and spread on the
surface. This pre-stretching step is performed on a customized membrane stretcher allowing
to elongate uniaxially the suspended membrane of a precise amount (Figure 4.4d). After the
pre-stretch, a new PET frame is attached to the suspended membrane to keep it in tension.
The mechanical characterization of the pre-stretched membranes show that the Young’s
modulus does not vary from the non-pre-stretched membrane as it is still in the linear region
of the stress versus strain curve (Figure 4.5).
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Figure 4.5 — The stress versus strain response is analysed for the membranes before and after
the pre-stretch. The resulting curves show that the mechanical properties remain the same.

Each membrane is mechanically characterized using the custom set-up presented in Sec-
tion 3.4 and their thickness is measured using a custom spectrometer developed within the
LMTS laboratory at EPFL. Membranes are then glued to the bottom part of a device using a cy-
tocompatible silicone glue RTV (Room-Temperature-Vulcanizing silicone, E43 from Elastosil)
and are left in the incubator for one night as the glue cures in high humidity conditions. After
this time, the lateral sides of the frame can be carefully cut leaving the membrane suspended
within the cell culture channel. Few features were included to optimize the fabrication and
measurement process and are shown in Figure 4.6. First, the frame holding the membrane was
designed so that it is also partially suspended within the channel. This has two advantages:
minimize the possibility that the glue is spread on the suspended part of the membrane which
would interfere with the elasticity measurement, and second it allows to have an easily visible
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line to track during the strain measurement even during the wall deformation. Another feature
was to add laser-cut reference lines on the frame border to facilitate the positioning when the
sample is observed at high magnification and therefore the membrane is not entirely visible.

Figure 4.6 — Top view of the membrane for cell culture within the device. The fabrication
process has been optimized by suspending the membrane (light pink zone) within a frame
(light blue zone) to avoid glue to be in contact with the membrane; also reference lines are
added to make it easier to locate the position at high magnification. (scale bar is 2 mm)

Silicone glue Rigid cover
Tape
sealing

Petri-dish

Figure 4.7 — Cross-section of the final device. The assembly consists in sealing the bottom
and top molded pieces with the suspended membrane in the middle. Silicone glue is used to
ensure the sealing during the deformation. Glass cover-slips are attached to the bottom and
top surface to avoid their deformation during the actuation.

After gluing the membrane on the bottom part of the device, the top part is glued using both
double side tape and RTV glue. The use of the glue is especially important for the two parts
of the deforming wall to avoid leakage. The final assembled device is shown in Figure 4.7. In
order to avoid deformation of the bottom or top surfaces when negative pressure is applied,
glass cover-slips are attached using optically clear double side tape (ARclear 8932EE, from
Adhesive Research). This was done so that the bottom piece could be thin enough to allow
high magnification microscopy without deforming. Also a laser cut reservoir is added on top
to contain more liquid and a hollow needle is inserted into the sealed chamber to have a tube
connection towards the pressure control set-up.
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4.6 Experimental set-up

The experimental set-up used during the elasticity measurement is shown in Figure 4.8a.

T o Gy G N
- -

(@)

(b)

Figure 4.8 — Pictures of the experimental set-up used during the measurements. (a) A mi-
croscope compatible with imaging inside the incubator is connect to the computer outside
the incubator, while the device is connected by a tube to an external pressure controller and
sensor, these are controlled through a LabView interface. (b) Zoom-in on the device inside a
standard cell culture dish with the engineered connectors for the tube to the outside.
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The device is placed inside a standard Petri-dish (60 mm or 35 mmm are normally used in
this work) and under an inverted microscope. The inverted microscope (Etaluma’?, 1.5460)
has been chosen for its compatibility with incubator environment over long time scales so
that the sample can be kept in physiological conditions for the whole measurement. The
Petri-dishes containing the device are engineered with connectors for the negative pressure
tube (Figure 4.8b), thus assuring sample sterility. The tube connects the device to a pressure
sensor (general fluids pressure sensor, PSE560 from SMC) and a pressure controller (electronic
vacuum regulator, ITV009 from SMC) placed in series. The negative pressure source used was
either the building vacuum supply or a portable pump (DS27 pump, D3K series from TCS
micropumps). The pressure controller and sensor are controlled through a data acquisition
card and a LabView program that I developed to apply a cyclic deformation over time. Also, the
microscope is connected through a USB port to the computer for image acquisition. During
the measurement pictures are acquired at 10 frames/second rate.

The whole set-up is quite simple, very versatile and portable. It allows to keep the samples
inside the incubator while controlling the stretching and the imaging from the outside, without
the need to open the incubator during the measurement.

4.7 Device performance characterization

The final device was characterized before starting experiment with the cells. In the next
paragraphs I report the results from the strain versus applied pressure response and the
creep behaviour characterization. Finally, I validated this measurement approach by using
calibration samples in a similar way as in Chapter 3. All the presented characterization tests
are performed when the cell culture chamber is filled with liquid and inside the incubator.
The strain measurements are optical and based on a pattern recognition algorithm as detailed
in Section 5.3.2.

4.7.1 Strain versus pressure response

The relationship between strain and the applied pressure is characteristic of each device as
it highly depends on the fabrication process. This characteristic curve is measured for each
device and defines which pressure should be applied to obtain a certain strain. I perform this
characterization on each device prior to cell culture. In fact the response may considerably
change depending on small fabrication details such as the amount of silicone glue added
during the device assembly or the alignment between the two pieces.

An example of curve is shown in Figure 4.9 where the strains in the central and lateral regions
of the membrane each over 3 cycles are reported. In the graph only the way up of the curve
are compared. The obtained results show that for every applied pressure the resulting strain
is comparable among the central and the later regions of the membrane, indicating the
uniformity of the strain over the surface. Also, the response is the same over several cycles
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(here only 3 are shown for simplicity) demonstrating the response repeatability.

T fﬁ.

o 5 -0 -5
Actuation pressure [kPa]

Figure 4.9 — The graph reports the results of the strain response of the device at different applied
negative pressures. The strain is optically measured in 3 different parts of the membranes
over 3 cycles each. The resulting curves demonstrate the uniformity and repeatability of the
applied deformations. (scale bar is 2 mm)

4.7.2 Creep response

The device response over time was also characterized through creep experiments. For this,
a pressure step is applied and then kept constant while optically measuring the membrane
strain. The obtained results show a stable response of the device over up to 30 minutes
(Figure 4.10). The device’s response was compared with and without the membrane inside the
device to investigate its effect. As expected, when the membrane is not present the device has
a very similar response with just higher strain for the same applied pressure because of the
decreased stiffness. As PDMS is intrinsic viscoelastic, it is possible to observe that the strain
does not instantaneously reach its maximum level after a change in pressure. A rising time of
3 seconds is needed before the strain reaches its maximum value. It is important therefore to
wait at least this time during the experiment so that the final strain is exerted on the cells.
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Figure 4.10 — The graph shows the strain evolution over time when a step in pressure is
applied. Because of the viscoelastic properties of the material, the strain reaches its maximum
value after a 3 seconds rising time. The membrane presence has the only effect to decrease
the exerted strain for the same applied pressure as its presence increase the rigidity of the
deformable parts of the device.

4.7.3 Set-up validation using calibrated samples

The measurement approach was validated in a similar way as presented in Section 3.5.1 using
samples of known Young’s modulus. In this case the calibrated samples were attached only on
half of the membrane by carefully aligning the known membrane elasticity sample in a way
that it covers only part of the measurement membrane (Figure 4.11a). Calibration samples’
(MED4086) Young’s modulus was measured over 3 stretching cycles using Equation 4.3 and
compared with the commercial pull-tester device (3340 Single Column Universal Testing
System from Instron). The results indicate that the two methods are comparable within 15%
of their mean value (Figure 4.11b). This is comparable with the error of the measure and
therefore validate the differential approach for measuring elasticity of samples adherent to
the membrane.
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Figure 4.11 — Picture and schematic representing the known-elasticity thin membranes that
are used as calibration samples instead of the cells. (a) The sample can be modelled as two
springs in series, one representing the bare membrane and one the composite (in this case
measurement membrane plus known elasticity membrane) (scale bar is 2 mm). (b) The
measured values of the Young’s modulus at 5% strain between the differential strain read-out I
propose and a commercial pull-tester device are comparable within 15% of their mean value
thus validating our approach (measurement on 5 devices each).

4.8 Conclusion

In conclusion, in this chapter, I presented the design for a compact cell stretcher allowing
measurements of cell mechanical properties. The high sensitivity membranes developed in
Chapter 3 are combined with a careful design of the actuation and sensing methods allowing
miniaturization of the measurement. The main challenges in performing mechanical proper-
ties measurement with cells are discussed. Pneumatic actuation is chosen for its simplicity,
scalability and compatibility with sterile measurements. Tensile uniaxial strain above 10%
can be exerted with the presented device, however I chose to limit the strain to 5% during the
Young’s modulus measurements in order not to actively modify cells’ morphology.

The design of the stretching device and its fabrication process have been detailed. The final
device is made of cytocompatible and transparent materials, it can be easily sterilized and
used with cell medium over several weeks. Table 4.3 summarize the fulfilment of the previously
defined requirements.

The reported measurement approach, based on differential strain read-out, allows to avoid
complicated force sensing methods and to miniaturize the device to chip-scale dimensions.
This comes along with several advantages such as versatility, portability, compatibility with
most of cell culture analysis platforms and techniques. Furthermore, using a differential
approach makes the system independent of many variables (surface covered by the cells,
pressure variations) that would otherwise significantly affect its precision. In addition, as the
read-out is based on optical methods, there are no limitations in terms of stability or sensitivity
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Parameter Requirement Result
Biocompatibility Essential Achieved
Compeatibility with sterilization Essential Achieved with ethanol

In-liquid operation Essential Long-term (days-weeks)
Physiological, sterile environment Essential Long-term (days-weeks)
Optical transparency Essential Achieved
Miniaturization Highly desirable Achieved
Easy parallelization Highly desirable Feasible, not demonstrated
Strain type Uniaxial tensile strain Unixial strain profile
Strain amplitude 5% —10% 2% —15%
Deformation frequency Below 0.1 Hz 0.025Hz - 0.25 Hz
Working lifetime 2hto24h Several days

Table 4.3 — Key requirements summary and obtained results for the cell elasticity measure-

ments device.

when performing measurements inside the incubator.

Thanks to the miniaturization of the device, it is therefore possible to perform investigation of

cell monolayer mechanical properties over time in physiological environment. This represents

a major step forward towards more representative of the in-vivo conditions investigation, to

date in fact most of the mechanical measurements are performed in ambient conditions, thus

being relatively far from those felt within the in-vivo physiological environment [1].

55






Measurements of cell mechanical
properties

5.1 Summary

In this chapter, I demonstrate the successful application of the miniaturized device presented
in Chapter 4 for measuring the mechanical properties of cells in vitro.

I first demonstrate that the strain imposed to the membrane is entirely transferred to the cells
by tracking cellular strain during the actuation. The linear correlation between cellular and
monolayer strains indicates that cells tightly adhere to the substrate and deform together
with it. This is also confirmed by the spreading of focal adhesions imaged through confocal
microscopy, indicating that cells homogeneously form bonds with the PDMS membrane.
Furthermore, I show that it is possible to perform live cell imaging by staining the nuclei of
living cells and tracking their deformation during the stretching. The elasticities of two cell
lines are then quantified by cyclically exerting 5% tensile strain at 0.01 Hz on the cell population
and measuring their Young’s modulus using the differential strain read-out. Finally, I report
the creep response results showing that the cell rheological behaviour is distinguishable from
the PDMS one. For this, I analyse the creep response of the bare membrane and the membrane
with cells by fitting the experimental curves with a Kelvin-Voigt model. The time constants
of both regions are measured and show a clear difference between the cell and bare regions.
This indicates the feasibility in quantifying the rheological properties of cells as well using this
device.

All together, the results showed in this chapter provide the first demonstration of adherent cell
mechanical properties measurements on-chip.

5.2 Epithelial cells

Epithelium is one of the primary tissue types in animals along with connective, muscle and
nervous tissues. Cells within the epithelium form cohesive sheets and can be arranged in a
single layer of cells or in a stratified conformation. Their main function is the lining of the inner
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and outer body surfaces and cavities such as in skin, guts and ducts. Also, they chemically
separate different physiological environments thanks to the tight association between cells
through mechanical junctions that stabilize the tissue.

Because of their role as interfacing surfaces throughout the body, epithelial cells are continu-
ously subjected to mechanical deformations. By sustaining tensile and compressive stresses
and transmitting the mechanical information over several cell diameters, epithelial cells
ensure proper organ stabilization since morphogenesis [21]. Understanding epithelial cell
mechanotransduction processes in terms of forces, displacements and their time evolution is
a key issue in mechanobiology. It is known that applied stress within short time-scales (around
1 minute) and below 10% strain, elastically deform the cellular sheet while preserving its
integrity [153]. These deformations are elastic and reversible. On the other hand, when stress
is applied over long time scales (tens of minutes or more), the cell layer exhibits a so-called
fluid behaviour where cells move in a similar way as particles diffusing within a liquid [154].
One of the most common model for mammalian epithelial cells are Madin-Darby Canine
Kidney (MDCK) cells. These cells are used for a wide variety of studies in research such as cell
polarity, cell-cell adhesions, collective cell dynamics as well as self-assembly into 3D structures
[155].

5.3 Materials and methods

5.3.1 Cell culture protocol

Prior to cell culture, the PDMS membrane is chemically functionalized to allow cell patterning,
the process is illustrated in Figure 5.1a. The device is placed inside a Petri-dish and sterilized
with ethanol. After three washing steps with DI water, a rectangular shaped Mylar piece,
is carefully aligned on to the suspended membrane inside the device. This step is quite
challenging because of the fragility of the membrane and the difficulty in manually reaching it.
Fibronectin solution (50 pg/ml) in HEPES 10mM is incubated for 1 hour at room temperature
to promote cell adhesion. The membrane is then washed and the Mylar membrane carefully
removed. Pluronic F-127 diluted in DI water at 0.4% w/v is then added to the surface and
let to incubate for 1 hour. The pluronic functionalizes the surface where fibronectin is not
present and thus creates two regions on the surface with different chemical functionalization.
MDCK cells (NBL-2, ATCC, CCL-34TM) gre cultured following the manufacturer protocols
[156] and seeded on the chemically functionalized membrane at a concentration of 250 000
cells/ml. The device is incubated at 37°C for 1 hour. Within this time, cells adhere only to the
regions functionalized with fibronectin (Figure 5.1b). Unattached cells are therefore removed
by gentle washing of the membrane surface with PBS. When the patterned is not needed,
the membrane is simply treated with fibronectin for promoting cell adhesion on the whole
surface. The cell culture chamber is then filled with cell culture medium (Eagle’s Minimum
Essential Medium (EMEM) supplemented with 1% streptomycillin and 10% inactivated fetal
bovine serum), and the device is placed again inside the incubator for 4 hours. Thanks to
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the high cell concentration, the cells form a confluent monolayer within around 5 hours of
incubation at 37°C, 5% CO, and 95% relative humidity. The pluronic and fibronectin coatings
on the membrane has been experimentally proved to not affect the mechanical properties of
the membrane itself (Figure 5.2).
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Figure 5.1 — Cell patterning protocol: (a) schematics of the protocol steps to obtain a double
surface functionalization; (b) obtained patterning of MDCK on the suspended membrane.
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Figure 5.2 — Stress versus strain graph comparing the mechanical response of the pristine
membrane and after protein functionalization (3 samples each). The effect of both pluronic
and fibronectin to the membrane mechanical properties can be considered negligible.
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5.3.2 Mechanical stimulation and strain optical read-out

All the measurements are performed in liquid and inside the incubator after a 30 minutes
conditioning time to let the device and liquid adapt to the temperature and humidity levels. A
measurement consists of three consecutive pressure cycles. The applied pressure is chosen
after the device calibration to reach a membrane strain of around 5%. Each cycle consists
in decreasing the pressure and keep it constant for around 30 seconds before returning to
the initial position. During each of these steps, pictures are continuously taken at 10 frame/s.
The pictures are then analysed using a pattern recognition algorithm using Vision Assistant
software (from National Instruments). Briefly, regions of interest to be tracked are defined
on one image and then a batch process is run to analyse the whole series of images from the
measurement. This allows to automatically obtain the strain of the whole membrane and of
the individual regions (bare and cell regions) over time. The Young’s modulus is measured
from the ratio of the bare and cell regions’ strains using Equation 4.3. For this, the strain values
at constant pressure are used and values are averaged over 3 cycles.

5.3.3 Staining and microscopy

The immunostaining protocol consists of the following steps. Cells are treated with 0.4%
Triton-X, 0.4% formaldehyde solution for 3 minutes. They are then fixed in 4% formaldehyde
for 20 minutes, permeabilized in 0.4% Triton X-100 for 10 minutes and finally blocked in 5%
BSA (bovine serum albumin) for 2 hours. The primary antibody is added (a-Vinculin or a-ZO-
1 produced in mouse) at 1:100 concentration in blocking buffer (5% BSA, 0.01% Triton X-100
in PBS) and incubated overnight at 4°C. The secondary antibody is then incubated (a-mouse,
1:500) for 2 hours and after that Phalloidin-488 at a concentration of 1:20 in blocking buffer is
added for 45 minutes. The membranes are then mounted on glass slides using DAPI mounting
medium for long term storage. Images were taken at a confocal microscope (Leica TCS SP5)
and a fluorescence microscope (JPK Microscope Axiovert 200, Zeiss). The obtained images
were processed using Image]J software.

5.3.4 Cell layer thickness measurements

Cell thickness measurement is needed for the Young’s modulus measurement (see Equa-
tion 4.3). For this, MDCK layer thickness was measured when cells are cultured on the sus-
pended PDMS membrane by confocal z-stack analysis. A confluent cell layer patterned on
half of the membrane was fixed and stained for actin, ZO-1 and DAPI.

I acquired confocal images of the layer at different sample heights in a z-stack configuration.
The group of images were then combined and analysed with Image]J software to obtain a
3D image of the monolayer and to measure its thickness. The resulting images, show that
after an incubation time of 5 hours, cells homogeneously cover the membrane surface. The
height is calculated as an average among different regions and results in (8.25 + 0.3) um which
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-—>

Figure 5.3 — Confocal imaging (20x magnification) of the cell layer on the membrane. A z-stack
is acquired and its projection is used to measure the thickness of the cell layer. In the picture
MDCK layer is shown with green staining for Alexa-488, red for tight junction protein ZO-1
and blue for DAPI. Performing a linear cut of the z-stack allows to estimate the thickness of
the layer which results in (8.25 + 0.3) um.

correspond well to previously reported literature values [157].

5.4 Celllayer adhesion on the membrane

Cell adhesion is an essential requirement for the Young’s modulus measurement approach
I developed. Cells need to well adhere to the PDMS suspended membrane also during the
deformation so that the imposed strain is transferred to the cell layer.

5.4.1 Focal adhesion immunofluorescence imaging

As a first proof that cells adhere to the PDMS surface, I imaged their focal adhesion sites on
the suspended membrane. Cells were cultured on a suspended membrane but not inside
the device because of the difficulty in doing high magnification confocal imaging on the
membrane when this is inside the device. Figure 5.4 shows the resulting imaging of focal
adhesion after 5 hours incubation time. Focal adhesions are showed as the red dots, which
are quite homogeneously distributed over the surface indicating the proper spreading of cells
on the surface and their mechanical adhesion to it. This indicates that thanks to the protein
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functionalization of the PDMS, cells can form adhesion sites in a similar way as they would do
on standard cell culture substrates.

10 pym

Figure 5.4 — Focal adhesion immunostaining (Leica confocal microscope, 60x magnification)
on MDCK adhering to the PDMS membrane (Vinculin in red; DAPI in blue). The distribution
of focal adhesions (in red) indicates the proper adhesion of cells on the surface.

5.4.2 Cellular strain versus monolayer strain characterization

In order to asses the quality of the cellular bond to the membrane, I correlate the strain of single
cells within the monolayer to the whole monolayer one. For this, a suspended membrane
inside the device was fully coated with fibronectin and then cells so that the whole surface
was covered by a confluent cell layer. In this configuration, the membrane strain is the same
as the cell monolayer strain. Cyclic deformation was applied and the monolayer strain was
compared to the strain measured for single cells within the monolayer itself. The cells were
imaged using a 5x objective to observe the whole monolayer deformation and then using a
10x objective to allow observing single cells deformations. In both cases, the recorded images
were then analysed using the pattern recognition algorithm as explained in Section 5.3.2 to
track both the monolayer and the cells deformations. The results are illustrated in Figure 5.5
and show a linear correlation between cell and monolayer strain up to 10% membrane strain.
This confirms that the strain applied to the membrane is successfully transmitted to the cells
in the range of strain used during the measurement.

Single cell strain within the monolayer was also measured in the direction perpendicular to
the actuation (Figure 5.6). Along the actuation direction, the cell strain averaged on 8 cells
within the monolayer is 5.21+£0.43 and matches tightly to the whole monolayer strain which
was measured as 5.12+0.13 averaged on 4 consecutive cycles. Along the transversal direction,
cellular strain is tightly close to zero with a value of -0.22+0.24 averaged on 8 cells within the
monolayer. The small negative value of strain in the transversal direction, indicates a small
compression of the cells. However, this is negligible compared to the deformation along the
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actuation axis. During actuation, cells are therefore deformed with an almost pure uniaxial

strain.
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Figure 5.5 — Linear correlation between cellular and whole monolayer strain indicates that
the cells deform together with the substrate. The strain is completely transferred from the
membrane to the cells resulting the same deformation for both.
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Figure 5.6 — The individual cell deformation happens in the same direction of the imposed
strain in this case 5%, and it is almost zero in the transverse direction. This confirms that cells

undergo uniaxial strain during the actuation.
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5.4.3 Living cells fluorescence tracking during mechanical stimulation

Live cell fluorescent imaging is interesting for the possibility to image in real-time cellular
protein variations [158] and correlate them with the elasticity measurements. I demonstrate
here that the developed device is also suitable for living cell fluorescence imaging during
the stretching by tracking living cell nuclei deformations. A device with the membrane fully
covered with cells was incubated with NucBlue reagent (Hoechst 33342 from ThermoFisher), a
cell-permeable nuclear stain for 20 minutes in the incubator. Then the device was placed under
the fluorescence microscope and the nuclei images were taken at 6% and 12% membrane
strains. Nuclei relative displacement was measured on several cells and in both cases it well
correlates with the whole membrane strain as shown in Figure 5.7.
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Figure 5.7 — Live cell fluorescence imaging of the nuclei during the actuation allows to track
their displacement. We measure the nuclei relative displacement at 6% and 12% membrane
strain and observe that the nuclei (represented with the dots) undergo the same strain imposed
by the membrane (dotted line).
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The fluorescence imaging was performed using inverted fluorescence microscopy on the
whole device and using a 10x objective. During the deformation there was no need in adjusting
the focus, indicating the planar deformation of the membrane. It was not possible to perform
measurement at higher magnification than 10x with the current configuration because of
the substantial distance between the membrane and the objective. Long working distance
objectives may be used to overcome this problem or the design should be adapted to allow the
objective to come closer to the cell layer. For example, the device could have a thinner bottom
layer or upright microscope may be used to image the cells from above in immersion mode.

This experiment demonstrate the compatibility of the device with fluorescent live cell imaging
and gives a further confirmation of the good adhesion between the whole cells and the PDMS
membrane.

5.5 Adherent cell layer Young’s modulus measurements

Measurements were performed on both epithelial cells and osteoblasts cells (the latter intro-
duced in Section 3.5.2). To measure cell layer Young’s modulus, the cell were cultured inside
the device using the patterning protocol as explained in Section 5.3.2, the monolayer was
cyclically stretched up to 5% strain at 0.01 Hz and pictures were taken at 10 frames/s during
the deformation.

The pictures were then analysed to measure the strains of the individual regions over time.
Figure 5.8 illustrate an example of pictures captured at 0% and 10% strain and in yellow
the borders that are tracked by the pattern recognition algorithm. This allows to obtain a
measurement of the whole membrane strain and the individual regions’ strains over time.

The measured strain for the individual regions is considerably different because of the cell
presence stiffening the membrane. As shown in Figure 5.9, for a total applied deformation
of around 4% on the membrane, the bare region deforms of almost 6% while the cell region
deforms of 2.5%. The experimental strains measured on the individual regions at constant
pressure together with the already known geometrical dimensions of the sample and the
Young’s modulus of the suspended membrane, allow to measure the Young’s modulus of the
cell layer using Equation 4.3.

As explained in Section 5.6, around 15 s are needed for the strain to rise to its maximum level.
I therefore consider only the strain values after 15 s the pressure is changed for the Young’s
modulus measurements. The final Young’s modulus is obtained as the average over the strain
during three pressure cycles. The result obtained for the MDCK cell monolayer averaged over
10 samples is (24.5+7.5)kPa. This is in accordance with previously published studies using the
same cells and performing measurements on monolayers [8, 122]. The same procedure was
also performed on osteoblast cell layer and the resulting Young’s modulus is (72.9+10.3)kPa
over 5 samples. This result is in accordance with the measurements obtained using the
custom pull-test set-up presented in Section 3.5.2. However these measurement could not be
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compared with already published results as there is no published work on osteoblast cell layer
measurements.

Figure 5.8 — Example of the images taken during the experiment, in this case comparing the
0% and 10% membrane strain. The three borders corresponding to the membrane edges and
the border line between the cell and bare regions (illustrated as the yellow dotted lines) are
tracked by a pattern recognition algorithm. The batch analysis of all the pictures acquired
during the experiment allows to obtain the strain in the individual regions over time.

All together these results indicate a higher Young’s modulus when cells are measured in a
monolayer configuration than when they are measured as single cells. The Young’s modulus
of the cell monolayer was 15 and 30 times higher for SaOS, and MDCK respectively than the
elasticity of single cells measured with AFM [159, 160]. This can be explained by the fact that
AFM measures a local point on a single cell in the transversal direction while with our method
we consider the global response of cells as a population and in the in-plane direction. Our
results indicate therefore the big effect of anisotropy in cell mechanics as well as the cruciality
of cell-cell contacts in the overall mechanical properties.

66



5.5. Adherent cell layer Young’s modulus measurements

g of —
= 101 _
S -20¢ -
2 30} 1
£ a0t 1
X 6f i
= '

s 4 1
Pl i
© i

2 of -
i Cell region |
2 gl ' Bare region| |
2 i f"—'- r——-— r.._--—-—-

-a 4 | -
] !

w ol i
© i

RN - — —
> 1 " 1 " 1 "

'-é 0 50 100 150
- Time [s]

Figure 5.9 — Typical measurement graphs are the pressure applied, the total strain of the mem-
brane and the corresponding individual strains of the two regions over time. The stiffening
effect of the cells results in half of the strain within the cell region in respect to the bare region
as shown in the bottom graph. The Young’s modulus of the cell layer is then calculated from
the ratio between the two regions’ strains.
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5.6 Measuring the viscoelastic properties of cell monolayer

As explained in the previous paragraph, during the Young’s modulus measurements the mem-
brane deformation is kept constant for 30 seconds to allow the strain to reach its maximum
value for that applied pressure. As both the PDMS and the cells are viscoelastic materials,
in fact, the response over time is not immediate as it would be for a purely elastic material.
In order to investigate the viscoelastic response when cells are present on the membrane I
performed creep measurements, where the strain is measured over the 30 minutes at constant

pressure.
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Figure 5.10 — Typical graph reporting the creep response of cell and bare regions over 30
minutes. After an initial response where the strain stabilizes, the cell region exhibits a drift
over time which can be explained by active rearrangements of single cells and within the cell
monolayer [161].

Figure 5.10 shows a typical trend of the creep measurements, where after around 10 minutes at
constant strain, the cell region exhibits a drift with increasing strain over time. This behaviour
is similar to previously observed behaviour of single cells under constant stress which results
in a strain relaxation over time because of the cell re-adaptation [161]. In order not to take
into account active modification of the cell layer, I therefore investigate only the first part of
the curve where the strain in both regions rises until reaching a stable value. By observing
the normalized response of the cell and bare regions over the first 30 s (Figure 5.11), it is
possible to distinguish two main regions: a rising region characterized by a certain rising time
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5.6. Measuring the viscoelastic properties of cell monolayer

to reach the maximum strain value and a stable region. The Young’s modulus measurements
reported in the previous section are performed using strain value within the stable region, and
therefore considering the sample as fully elastic. However, the rising time of the curve can give
information on the viscoelastic properties of the material under study.
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Figure 5.11 - Normalized strain over time over 30 seconds. The normalized strain response
over the first 30 seconds shows a different trend between the two regions because of the higher
viscosity of the cells. A double Kelvin-Voigt model with two time-constants is used to fit the
creep curves.

These curves can be fitted with a Kelvin-Voigt model that is typically used for viscoelastic
material creep response modelling [4]. To fit at best our curves, I chose to use this model
with two time-constants. By fitting the normalized creep curves with the double exponential
law predicted by the model, I could measure the time constants of both regions. The results,
summarized in Table 5.1, show a clear difference between the bare and cell regions in terms
of viscoelasticity. The cell region has both time constants higher than the bare region, in
particular 7, is around three times higher and 7, two time higher. Cell mechanics is therefore
measurable on our device also in terms of their higher viscoelastic properties in respect to the
substrate.

The creep response measurements show the possibility to extract information on the viscoelas-
tic properties of cells in addition to the elastic modulus. However further investigation of this
feature should be done in the future to be able to extract quantitative information on cell rhe-
ological properties. It is in fact not straightforward to relate and validate the correspondence
between cellular components and elements of the Kelvin-Voigt model. Furthermore, the
viscoelastic properties of the membrane have not been quantified within this study. Therefore,
cell rheological properties cannot be measured at this stage. However, the evidence that cell
behaviour can be differentiate from the bare membrane, open the possibility for rheological
measurements in the future.
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Bare resion | 71 | G18£147)s
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Table 5.1 — Time constants values extracted from a Kelvin-Voigt fitting of the curves (average
over 5 curves) show a clear difference between cell and bare regions, indicating the possibility
to extract information on the viscoelastic properties of cell in addition to the fully elastic ones.

5.7 Conclusion

In summary, I demonstrated in this chapter the first measurements of adherent cell monolayer
mechanics performed on-chip. Measurements were performed on two cell lines, MDCK and
Sa0S; and results showed the same trend as previously published measurements. I demon-
strated that cells adhere on the suspended membrane by imaging their focal adhesions and
from the linear correlation of single cell and whole monolayer deformation. Also, I demon-
strated the possibility to perform live fluorescence tracking of the cells at 10x magnification
during the stretching and the capability in measuring the rheological response of cells through
creep experiments. The measured cell layers Young’s moduli are around one order of magni-
tude higher than the values measured on single cells. This result indicates the significant effect
of cell mechanical anisotropy as well as cellular configuration to their mechanical response.
Cell mechanical response seems to be anisotropic: the response to in-plane deformations (as
in the measurements I performed) is substantially different from out-of-plane ones (such as
using AFM). Also, the fact that cells organize differently within a monolayer than in single cells
(different cytoskeleton arrangement and cell-cell mechanical coupling) plays a role in their
mechanical response.

The significant difference between single cell and cell layer Young’s moduli highlights the
importance in performing measurements on cell monolayers as they better represent the
in-vivo environment leading to more relevant results.
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Measurements of cell monolayer me-
chanics under external stimuli

6.1 Summary

Cell elasticity is known to change at different stages of several diseases [162]. Being able to
accurately determine elasticity is therefore of great interest because of the applications in
diagnosis and drug screening. In this chapter, I summarize the experimental results obtained
measuring cell elasticity over time under external stimulations.

Three types of external stimuli have been imposed to the cell culture: chemical treatment
and physical changes of the environment, more in specific additional mechanical loading
and temperature modifications. The experiments were performed on MDCK (Madin-Darby
Canine Kidney) epithelial cells and several control tests were performed as well to validate the
obtained results. Regarding the chemical modifications, I present results of both stiffening and
softening the cell layer using known chemicals for validation purposes, however the developed
device is envisioned for determining the influence of chemicals with unknown effect on cells.
Regarding the physical stimulation of cells, I report an increase in Young’s modulus due to
cyclic stretching at 0.25 Hz for 1 hour. A stiffening effect was also observed when lowering the
temperature to 33°C.

In the next sections, I describe each experiment detailing the protocol used to stimulate the
cells, the validation through control experiments and the measured changes in cell layer
elastic modulus over time. The results presented in this chapter altogether demonstrate the
capability of measuring changes in cell mechanics over time and therefore its potential for
determining the effect of diverse physical and chemical stimuli on cell mechanics.

6.2 Chemical modification of the cell layer

In this section, I present the results obtained by chemically modifying the cell layer using
chemicals of known effect. The interest in these type of measurements lies in the possibility to
determine the contributions of single proteins to the monolayer mechanics. The chemicals

71



Chapter 6. Measurements of cell monolayer mechanics under external stimuli

can in fact be chosen for their targeting a specific protein within the cells, thus providing
information on that protein contribution to cell elasticity. I chose to use glutaraldehyde
which by crosslinking actin filaments makes cell stiffer and EDTA (Ethylenediaminetetraacetic
acid) which by disrupting the tight junction proteins (ZO-1 proteins) removes the mechanical
bonding among cells. The experimental procedure consists in comparing the Young’s modulus
before and after treatment on the same device. Control experiments (Figure 6.1) show that the
chemicals themselves do not affect the membrane mechanical properties.
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Figure 6.1 — Stress versus strain curves comparing the response of pristine PDMS membrane
and after EDTA and glutaraldehyde treatments (3 samples each). These two chemicals do not
affect the mechanical properties of the PDMS membrane.

6.2.1 Stiffening of the cell layer

I chose glutaraldehyde as chemical to stiffen cells. Thanks its high reactivity to proteins,
glutaraldheyde is used in biology and biochemestry as a fixative and preservative for long-
term storage of biological samples. As a fixative, glutaraldheyde crosslinks actin filaments
within cells thus making them stiffer and allowing to preserve them without altering their
shape and conformation [163]. A confluent cell layer was measured after 5 hours cell culture.
The cells were then treated with 4% glutaraldehyde for 3 minutes and finally washed in PBS. A
measurement was performed again to determine the effect of the treatment. Cells treated with
glutaraldehyde showed an increase in Young’s modulus of more than 10 times higher with
a final Young’s modulus of (249.58+31.02)kPa in respect to their value before the treatment
(24.5+7.5)kPa (Figure 6.2a).
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Figure 6.2 — Measured Young’s modulus when (a) stiffening the cell layer with glutaraldehyde
(values obtained over 3 samples) and (b) softening the cell layer by EDTA incubation (values
obtained over 3 samples).

6.2.2 Softening of the cell layer

I then investigate the contribution of cellular junctions to the overall mechanics by treating
the cell monolayer with EDTA. EDTA is used in biochemistry and molecular biology as a
ion depletion agent. Through this action, EDTA deactivates metal-dependent enzymes. In
particular, in cell culture EDTA binds to the calcium present in the cell culture medium which
prevents the joining of cell-cell connection proteins. Therefore, cells cultured in medium
containing EDTA do not exhibit the mechanical coupling among cells.

The first step consisted in choosing the treatment protocol for efficient disruption of cellular
tight junctions. For this, EDTA at 3 mM concentration was incubated on cells for different times.
The choice of the EDTA treatment incubation time was made by comparing confocal images
of one protein (ZO-1) presents in cell tight junctions at 0, 30 minutes and 1 hour incubation
(Figure 6.3). Longer incubation times have been discarded to avoid harming the cells. After
1 hour time incubation the junctions are almost completely disrupted in comparison to a
control sample, however the cells still adhere to the substrate. The modification of the tight
junctions led to a significant decrease of the measured Young’s modulus (Figure 6.2b) from an
initial value of (24.5+7.5)kPa to (6.835+3.27)kPa. This 70% decrease in Young’s modulus clearly
indicates the importance of tight junctions for mechanically stabilizing the whole monolayer.

The proposed device allows therefore to measure both an increase or decrease in cell elasticity
due to chemical modification of known protein in the cell layer. The results obtained with
EDTA and softening of the monolayer because of cell junction rupture, prove the importance
of cell-cell mechanical connections to the stability of cell layers. This further points to the
relevance of measuring cells within a population configuration instead than single cells.
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Control 30 min EDTA 1h EDTA

Figure 6.3 — Confocal images of MDCK cultured on a suspended PDMS membrane at different
EDTA incubation times (DAPI in blue and ZO-1 in red). In the control figure the tight junc-
tions (ZO-1 protein) are well developed and are uniformly present, after 30 minutes EDTA
incubation, cellular tight junctions start to be damaged and at 1 hour incubation time they are
almost completely disrupted. (scale bar is 50 ym)

6.3 Response to dynamic loading

It is known that continuous stretching of cells and tissue has an influence on their morphology,
physiology and mechanics [164]. The mechanical properties of smooth muscle cells are altered
in response to elevated blood pressure in order to maintain adequate blood circulation [165].
Also, bone cells proliferation rate and ECM secretion increase when subjected to mechanical
loading [166]. I measured therefore the effect of cyclically stretching MDCK cells on the device
over one hour to determine the effect of dynamic loading on their mechanical properties.

6.3.1 Dynamic loading protocol

The total deformation and frequency necessary to actively modify the cells are highly de-
pendent on the cell type. From literature reported values, I choose to keep the deformation
constant to 5% as during a measurement and increase the stretching frequency to 0.25 Hz
[167]. The cyclic stretching protocol consists in stretching the cells at higher frequency (0.25
Hz) than during a normal measurement (0.02 Hz) and for 1 hour. Measurement cycles at lower
frequency are performed at time 0 and then every 15 minutes. After one hour of mechanical
loading, cells are kept at rest without any deformation and finally measured after 1 hour resting
time.

The loading protocol is schematically illustrated in Figure 6.2b. The pressure varied to obtain
around 5% deformation of the membrane. A measurement consists on three cycles at 0.02 Hz,
while the stretching applied for the rest of the time is a cyclic deformation at 0.25 Hz frequency.
The measurement cycles are performed at time 0, and then after 15, 30, 45 and 60 minutes
after the mechanical loading. Also, the sample is measured again after 1 hour rest with no
mechanical loading.
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Figure 6.4 — Schematic illustrating the stretching profile during the mechanical stimulation of
the cell layer. The mechanical stimulation consists in cyclic deformation up to 5% strain at
a frequency of 0.25 Hz for one hour. Measurement cycles at lower frequency are performed
before the measurement, during the stimulation at 15, 30 and 60 minutes and after one hour
rest.
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Figure 6.5 — The graph illustrates the results obtained over 4 samples when stretching for one
hour followed by one hour without mechanical stimulation. The obtained results show an

increase in Young’s modulus of the cells reaching a 60% increase after one hour stretching.
This was followed by a recover of the initial properties after one hour without stimulation.
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6.3.2 Cell layer stiffening induced by dynamic loading

The results obtained by measuring the sample every 15 minutes during the mechanical
actuation and then after 1 hour rest are grouped in Figure 6.5. The results shown are an
average over 4 samples and indicate a clear increase in Young’s modulus during the mechanical
stimulation as well as the returning to the initial Young’s modulus value after the resting period.
An average increase of around 60% in Young’s modulus is measured after one hour dynamic
stimulation. The restoring of Young’s modulus to the initial value after 1 hour resting time
shows the reversibility of this experiment and indicates that the stretching is actively modifying
the cells for a limited amount of time.

Overall, the presented results are in line with numerous previous studies demonstrating
that cyclic stretch induce a Young’s modulus increase [164, 167, 168, 169]. However, it is not
straighforward to compare the exact change in elastic modulus with literature results because
of the high dependence of these measurements on the cell type and stimulation profile used.
Rapid increase in Young’s modulus value (within 5 min) was observed in vascular smooth
muscle cells subjected to similar stretching profile as in my experiment (10% stretching at
0.25 Hz) [167]. Furthermore, the stiffening effect has been correlated by immunofluorescence
imaging to an increased number of focal adhesion sites and conformational changes in
filamentous actin compared to the unstretched control [168, 169].

6.3.3 Control experiment for the dynamic loading

I performed two experimental controls to validate that the mechanical stimulation is not
affecting the device itself leading to false changes in measured elasticity. These controls
tests are necessary to ensure that the obtained results arise uniquely from a change in cells
Young’s modulus induced by the mechanical stimulation. The two control experiments had
the following objectives:

* Validating that the Young’s modulus of PDMS samples measured in the place of the cells
is constant when subjected to the same cycling actuation over 1 hour. This will allow
to conclude that the cyclic stretch does not affect the device itself or the measurement
principle.

¢ Prove that over 2 hour cells that are not subjected to mechanical stimulation do not
exhibit a similar increase in Young’s modulus. This control will allow to conclude that
the change in Young’s modulus is due to the mechanical stimulation alone.

Figure 6.6a reports the results obtained on simple PDMS membranes measured in the device
instead of the cells following the same mechanical stimulation protocol. The graph illustrates
the change in Young’s modulus after 60 minutes mechanical loading and after another 60
minutes resting. The reported values are averaged over 3 samples, and report a difference
within +5% of the initial value. These results thus confirm that the mechanical stimulation
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Figure 6.6 — Graphs illustrating the control experiments results: (a) shows that when the
dynamic loading is applied on a calibrated membrane instead of the cells, no change in its
mechanical properties is observed, while (b) confirms that the increase in elasticity is not
happening when cells are not mechanically stimulated. These two controls prove that the mea-
sured modification in elastic modulus are indeed coming from cellular active modifications
due to the cyclic stretching.

does not affect the device itself or the measurement procedure and that the difference in the
results comes indeed from the cells.

The results of the second control experiment are illustrated in Figure 6.6b and show that cell
Young’s modulus over two hours remains between +5% of the initial value when no mechanical
stimulation is performed on the cell culture. This confirms therefore that cells do not exhibit
significant changes in their elasticities without the mechanical stimulation.

Both control experiments clearly indicate that the change in Young’s modulus is entirely
resulting from mechanical stimulation induced cellular modifications.

6.4 Response to temperature changes

Changes in temperature occur everyday throughout the body. They can be a consequence
of cellular metabolism, dissipation after cyclic mechanical loading and disease states to
cite few examples. In addition, within living cells, several phenomena such as cross-linker
binding rates, molecular motor activity and actin filaments polymerization are known to
be temperature dependent [170]. Thus, temperature changes directly affect cell activities,
their architecture and mechanical properties. However, the relation between cell mechanics
and temperature is still largely unknown. And this is mainly due to the lack of measurement
platforms compatible with temperature modifications. In the next section I present the results
obtained when modifying the culture temperature cyclically between 37°C and 33°C. This
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range was chosen within the physiological temperatures that cell can feel within the body
[171].

6.4.1 Temperature changes protocol

In order to cyclically modify the temperature of the cultured cells, I perform measurements
outside the incubator and placing the petri-dish with the device onto a heater.

Tprobe

A\

(a)
=1 Cool down Heat up
§ & wait 30min & wait 30min
s 37°C | 33°C 37°C
: ﬂ ﬂ H H ﬂ ﬂ
N& {
(=9
< >
Time
(b)

Figure 6.7 — Schematics representing the experimental set-up and protocol used to study the
effect of temperature on cell mechanical properties: (a) The Petri-dish containing the device is
placed on a heater and a temperature sensor is insert inside the medium surrounding the cells
to have a real-time measurement of the temperature around the cells, (b) the temperature is
cycled between 33°C and 37°C, the sample is let 30 minutes at each temperature before the
measurement to let the cells adjust to the new conditions.

The resistive heater was custom-made with a hole in the center allowing continuous optical
monitoring of the cells. Furthermore, a temperature probe (thermistor based) was placed
in contact with the medium inside the device to have a direct measurement of the temper-
ature around the cells as shown in Figure 6.7a. The protocol, schematically represented in
Figure 6.7b is the following: a first measurement consisting of 3 stretching cycles up to 5%
strain and at 0.02 Hz is performed at 37°C, the sample is then cooled down to 33°C let 30
minutes at constant temperature before performing another measurement. Few temperature
cycles are performed to estimate the repeatability of the measurements.
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6.4.2 Cell layer mechanical properties dependence to temperature

The temperature is cycled between 37°C and 33°C and measured in real time thanks to the
temperature sensor. The temperature is kept constant for 30 minutes at each temperature
to ensure enough time for cell adaptation to the new conditions. Mechanical properties
measurements are effectuated at time 0 and then after 15 minutes.
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Figure 6.8 — Graphs representing the results of temperature modification on cell mechanical
properties. The temperature is cycled between 33°C and 37°C and measured thanks to a
temperature sensor. The cell layer Young’s modulus is measured after 15 and 30 minutes
at each temperature. The obtained results show that decreasing the temperature results in
stiffening the cells and that this effect is reversible when the temperature is restored to the
initial value.

The resulting change in cell elasticity is illustrated in Figure 6.8. The Young’s modulus is
initially around 18 kPa at 37°C and increase up to 54 kPa after 30 minutes at 33°C. When
the temperature goes back to 37°C, also the elastic properties return to their initial values
and the same happens for the following cycles. These results show therefore that Young’s
modulus increases with decreasing temperature and this is a reversible effect. Literature in
the field is quite controversial as some papers report the increase of Young’s modulus with
decreasing temperature [172, 173] while others [174] report a decrease in Young’s modulus
at lower temperature. This difference is most probably due to the different measurement
approach, different configurations for the cells (adhering to a surface or suspended) and
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also because of the different cell types. The fundamental reasons for these changes are not
presented here as they are still under study.

In addition, I compared the strain time constants when a pressure step is applied for the two
temperatures. The curves showing the cell region strain versus time are reported in Figure 6.9.
The graphs indicate an increase in the viscoelasticity of cell at lower temperature because of
the longer time needed to reach the maximum membrane strain after a pressure step.
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Figure 6.9 — Graph representing the the cell region strain step response over 30 seconds at 37°C

and 33°C. Decreasing the temperature result in an increase in the time needed for the strain to
reach its maximum value. This can be related to an increase of cellular viscosity.
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Table 6.1 — The table summarizes the time constants for both the cell and bare regions at 37°C
and 33°C. These values were obtained from the Kelvin-Voigt double exponetial fit of the strain
versus time curves. While the values remain comparable for the bare region, the cell region
exhibits an increase of both time constants when decreasing the temperature.

The measured rising times obtained from a Kelvin-Voigt fit of the curves (see Section 5.6) are
summarized in Table 6.1. While both time constants of the bare region remain within the error

80



6.4. Response to temperature changes

bar difference, the cell region time constants both significantly increase when decreasing the
temperature (one almost double, the other has almost 10 times fold increase). The presented
results suggest therefore that temperature has a direct influence on the rheological properties
of cells as well as their Young’s modulus. Similar trend in the strain creep response was shown
in literature [175].

6.4.3 Calibration sample measurements

In this case as well, I performed control experiments to confirm that the measured Young’s
modulus is indeed a consequence of cell modification because of the temperature change and
that temperature change is not having an effect on the measurement set-up.
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Figure 6.10 — Control experiment results performed to verify the validity of temperature-
induced cell modifications. When calibrated samples are used instead of the cells, no signifi-
cant Young’s modulus change is measured between the two temperatures 33°C and 37°C (a).
Also, MED4086 has relatively stable mechanical properties within that range of temperature
as shown by their stress versus strain curves (b).

PDMS samples were placed on the device instead of the cells and their elastic modulus mea-
sured over time while varying the temperature. No substantial difference in the mechanical
properties was observed as shown in Figure 6.10a. With a change in Young’s modulus of 2%,
these results allow to conclude that the temperature changes do not affect the device or the
measurement principle. Also, the mechanical properties of the membrane were measured
at both temperatures. The resulting stress versus strain graph of suspended membrane in
liquid made of PDMS formulation MED4086 and at different temperatures are shown in Fig-
ure 6.10b. The slopes at room temperature, 33°C and 37°C are essentially the same, indicating
the constant mechanical properties over that temperature range.

Both control experiments show that within the chosen range of temperatures, the membrane
and the device are not considerably affected regarding their mechanical response. This
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indicate that the Young’s modulus changes are due to cellular modifications induced by the
temperature difference.

6.5 Conclusion

This chapter summarizes the results obtained by measuring cell Young’s modulus changes
externally induced by chemical or physical stimulations. The developed device is successfully
applied for measuring elasticity changes in real-time.

I showed it is possible to measure changes in cell mechanical properties due to chemical
modification of the cell layer. The reported experiments consist in treating the cells with
chemicals with known effect on cell mechanical properties such as softening through EDTA
and stiffening by glutaraldheyde fixation. The successful measurements of both cell stiffening
and softening validates the capability of measuring mechanical properties modifications due
to drug incubation. In particular, the 70% decrease in Young’s modulus after EDTA treatment,
suggests the significant contribution of cell-cell junctions to the overall mechanics of the cell
monolayer. This opens several possibilities for testing the effect of unknown chemicals on
cells or for determining the contribution of specific cellular proteins to the overall mechanics.

The application of physical stimuli, in this case cyclic stretching and temperature fluctuations,
and the associated change in mechanical properties was reported. In both cases, the obtained
results show an increase in the elastic modulus that is reversible when the initial conditions are
restored. I report a 60% increase in Young’s modulus after 1 hour stretching at 0.25 Hz followed
by a recovering of the initial value after 1 hour without mechanical stimulation. This result is in
agreement with previous works demonstrating an increase in elasticity induced by mechanical
stimulation and was correlated to an increase in cell focal adhesion sites and actin reorganiza-
tion.

Regarding the temperature stimulation, I report an increase in Young’s modulus of around 3
times when the temperature is decreased to 33°C. This also happens along with an increase of
the time constant for the strain to reach its maximum value when a deformation is imposed,
indicating a change in the rheological properties of cells as well. The results obtained from
the mechanical and temperature stimulations have been validated through control experi-
ments and are in line with previously published results even if they cannot be quantitatively
compared because of the difference in cell used.

All together the results presented in this chapter, show the possibilities and potential of the
developed device for measuring changes in cell mechanics in real-time. This has several
applications not only in understanding the fundamental processes in mechanotransduction,
but also in more applied studies for determining the influence of drugs or other type of
stimulations on the cells.
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7d Conclusion

7.1 Summary

My thesis contributes to the field of micro-systems for cell mechanobiology by providing a
simple and effective method to interface tensile mechanical testing with cell culture within a
miniaturized device. This work, also demonstrates the relevance of measuring the mechanical
response on cell monolayer instead of individual cell because of the different morphology,
cytoskeleton organization which results in measurements that are more representative of the
in-vivo environment.

The key innovation consists in the combined use of culture cells substrates with elasticity in the
same order of magnitude as the cells and the use of differential strain read-out between bare
and cell covered regions of the membrane. Through optical differential strain measurements,
it is possible to avoid complex and bulky force measurement equipments and make the
whole device much more compact. In order to meet the specific requirements for combining
adherent cells with Young’s modulus measurements, I optimized the substrate geometry and
mechanical properties for choosing the best combination allowing high sensitivity. The final
design is the best trade-off between fabrication feasibility, cell proliferation compatibility
and measurement sensitivity. I also developed specific fabrication process and cell protocols
with high performance reproducibility. Also, the use of optical read-out and pneumatic
actuation does not involve any contact directly with the biological sample or the cell culture
medium, that is an essential aspect to avoid contamination. The final device is compatible with
measurements on adherent cells in their physiological environment and with standard biology
equipments and protocols. In general, the fabrication of the device and the measurement
principle itself are quite simple but only thanks to the overall proper design and material
choice this measurement is feasible.

Main results
In this thesis, I successfully designed, developed and experimentally tested a novel device for

Young’s modulus tensile measurements of cell monolayers. For the first time, a miniaturized
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device allows to combine in-plane cell stretching capabilities with the possibility to measure
cell mechanics within cell physiological environment.

The core of our technology is the use of differential strain measurements between a region
covered with cells and a bare region of the membrane. This allows to measure the mechanical
properties of the adherent cell layers by subtracting the effect of the membrane. Furthermore,
using a differential approach makes the system independent of many variables (surface
covered by the cells, pressure variations) that would otherwise significantly affect its precision.

The substrate hosting the cells was designed to fulfil the sensitivity requirements and thus
allowing to decouple cell mechanical response from the substrate’s one. The successful design
of the membrane hosting the cells has been demonstrated by proof of concept measurements
using a customized pull test set-up. These involved measurements on calibrated samples and
then on cells which validated the measurement approach.

Following the proof of concept of the measurement procedure, the platform has been minia-
turized into a fluidic device. The device is actuated through pneumatic actuation and relies
on optical strain measurements, thus being scalable and fully compatibility with sterile mea-
surements.

I developed the fabrication process for this device taking particular care for its being com-
patible with conventional biological cell culture equipments and protocols, such as ethanol
sterilization, protein functionalization of the surface, incubation at 37°C, culture medium
immersion, and cell immunostaining. Also, the system is compatible with imaging using
inverted microscopes, and cells could be imaged while the deformation was occurring (up to
20x magnification).

This compact cell stretcher allows to achieve up to 15% uniaxial tensile strain with minimal
inward lateral compression thanks to the high aspect ratio of the membrane used a substrate.
In addition, the deformation is highly planar, which can be observed by the fact that the
membrane and the cells remains in the focal plane when imaging in real-time during the
deformation.

Cells are cultured using standard techniques on suspended membranes within the device.
Thanks to a pre-stretch of the membrane, which avoids membrane sagging, cells can be
cultured on the membranes for up to one week. In order to perform differential strain read-
out, I developed a cell patterning protocol allowing to define a cell and a bare regions on the
membrane. The protocol is easily reproducible and allows a stability of cell patterning over 2
days.

During the stretching, cells adhere on the membrane and deform together with it as indicated
by the linear correlation between single cell and whole monolayer deformation.

The developed device has been used for measuring the Young’s modulus of two cell types.
Populations of around ~100 10° cells of Sarcoma Osteogenic cells (Sa0S,) and Madin-Darby
Canine Kidney cells (MDCK) have been measured at 5% tensile strain and 0.025 Hz. The
results show that cell monolayer Young’s modulus for both cell types is around one order of
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magnitude higher than in single cells (based on out-of-plane deformations such as in atomic
force microscopy). This result indicates the significant effect of cell anisotropy and thus the
importance of performing in-plane tensile measurements on cell populations.

Finally, I designed experiments where cells were subjected to additional external chemical or
physical stimulation to asses their effect on cell mechanical properties and demonstrate the
device capabilities to measure Young’s modulus changes over time.

I performed experiments using chemical of known effect on cells for validation purposes.
The successful measurements of both cell stiffening and softening validates the capability of
measuring mechanical properties modifications due to drug incubation. In particular, the
70% decrease in Young’s modulus after EDTA treatment, suggests the significant contribution
of cell-cell junctions to the overall mechanics of the cell monolayer.

The device can thus be envisioned for determining the influence of chemicals with unknown
effect on cells mechanics and for determining the contribution of specific cellular proteins to
the overall mechanics.

Regarding the physical stimulation, I report an increase in cell monolayer Young’s modulus
after both mechanical (1 hour cyclic deformation at 0.25 Hz lead to 60% increase in Young’s
modulus) and temperature (measurements at 33°C, leading to an increase in Young’s modulus
of 3 times) stimulations. Both experiments were reversible, and cell mechanical properties
returned to their initial value after restoring the initial conditions. Control experiments
were performed for every test and demonstrate that the change in Young’s modulus is to be
attributed indeed to changes within the cells.

This developed device can be easily adapted to perform measurement with all types of adher-
ent cells. Depending on the expected elasticity of cells to be measured, the membrane design
can be optimized by tuning either its Young’s modulus or the thickness to achieve the neces-
sary sensitivity. The overall performance of the device as a cell stretcher was comparable to
other existing platforms in terms of strains, but with the remarkable improvement of allowing
tensile mechanical measurements at the same time.

All together the obtained results validate the capability of measuring cell population Young'’s
modulus over time, and thus indicate the potential use of the developed device for determin-
ing changes in mechanical properties. This has several applications not only in understanding
the fundamental processes in mechanotransduction, but also in more applied studies for
determining the influence of drugs or other type of stimulations on the cells.

Impact statement

The work that I accomplished during my thesis provides the first demonstration that mechani-
cal tensile measurements can be interfaced with cell monolayers. The presented device has
been optimized for performing measurements over time when cells are within their physi-
ological environment. Measurements of cells mechanical properties and under additional
external stimuli such as drugs or physical stimulations validate the use of the device for biolog-
ical applications. This is an important step towards long time cell measurements and better
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representation of the in-vivo environment, thus opening the doors for further advancements
in mechanobiology.

7.2 Future work

In this section, I propose three research topics which would broaden the application and
the impact of the device developed within this thesis. With the demonstrated successful use
of the device, the next steps consist into exploiting its capabilities through experiments on
real-world biological applications. The current state of the device is already well developed for
its scope and to meet the requirements needed for most biological experiments. However, I
propose some additional improvements that could be useful and allow a broader applicability.
In particular, to increase the relevance of the measurements, it is highly desirable to achieve
measurements parallelization and possibly use electrical instead of optical read-out.

7.2.1 High throughput implementation
Measurement parallelization

As statistical studies are essential for advancements in cell biology, it is highly desirable to
parallelize the measurements allowing high throughput experiments. The miniaturized de-
vice for measuring cell monolayer tensile mechanical properties presented in this thesis is
designed for single experiments. However, it can be easily integrated into arrays for parametric
or statistical studies. This is mainly an engineering work consisting in adapting the measure-
ment principle to multiple measurements at a time, with main challenges in fabrication and
assembly processes.

Two main approaches can be considered in the future: the development of engineered Petri-
dishes hosting the measurement membranes and the pressure connections, or the integration
of several membranes within the same fluidic device. The first approach (Figure 7.1a) consists
in customized Petri-dishes having the low pressure connections and disposable inserts with
the membrane could be placed inside the wells. This approach would allow to have several
individual measurements and it is highly versatile regarding the number of measurements
done in parallel. It has the advantage of relying on components that are fully compatible with
standard biological equipment. The second approach (Figure 7.1b) is interesting because
of the possibility to measure cells in the exact same conditions and thus minimize the ex-
perimental variability. In both approaches one low pressure source can be used if the same
deformation profile is desired in all cell cultures, or different stretching conditions can be
applied to the cells by controlling the individual negative pressures. Also for both approaches,
the measurement should be automated using microscopes with a motorized stage for the
read-out.
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Figure 7.1 — Schematics representing two possible configurations for high throughput mea-
surement arrays: (a) engineered multi-well Petri-dishes, (b) Cross-section representing the
integration of multiple membranes into the same fluidic device.

Electrical read-out

Optical imaging of the sample is an essential requirement in biology. The choice of using
optics as a read-out method was done in this thesis because of the minimal effect of cell
culture environment on optical read-out. However, having an electrical-read-out, even if
very challenging, would be an enormous step forward for higher measurement automation.
For this reason, it is interesting to develop resistive or capacitive strain sensors that could be
integrated within the membrane for cell culture. This would allow to eliminate the need of
acquiring pictures during the strain and thus simplifies the measurement procedure.

The first challenge consists in developing strain sensors that are compatible with the thickness
and Young’s modulus sensitivity requirements of the substrate. Adding strain sensors on top
of the membrane inevitably turns into an increase of the membrane stiffness, thus reducing
its sensitivity. The strain sensors should be therefore soft enough to have a minimal impact on
the mechanical response of the membrane. The second challenge consists in obtaining stable
and reproducible measurements in liquid. The implementation of strain sensors compatible
with in-liquid measurements is quite challenging because of the presence of ions within the
cell growth medium as well as the high dependence of electrical response to temperature and
humidity. In order to solve this, the strain sensors could be encapsulated in a non permeable
material to avoid the ions to reach the conductive path. Again this may increase the overall
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stiffness of the membrane leading to a trade-off between the measurement sensitivity and
stability.

7.2.2 Biological cell experiments
Disease and healthy cells differentiation

From a biological point of view it would be of great interest to test the developed device for
differentiating diseased and healthy cells through Young’s modulus measurements. For this,
collaborative work with partners with deep knowledge of a specific disease should be chosen
and higher throughput platforms should be implemented to facilitate a statistical analysis.
Biological testing could be performed by comparing cell mechanical response obtained from
the same device before and after a drug treatment (known to induce or to cure a specific
disease). These type of experiments would allow to decrease the experimental variability
because measurements are performed on the same device. Another interesting experiment
would be to culture healthy and diseased cells on different devices. This approach would give
more relevant results, but requires a high number of devices and experiments.

The biological validation that healthy and diseased cells are differentiable through their me-
chanical properties would open the door for the use of the developed device in collaboration
with hospitals as a diagnostic platform.

7.3 Concluding remark

Mechanobiology has progressed tremendously in the last decades. Several experimental and
modelling-based advances have resulted in a better understanding of cell mechanics. Although
the complexity of living cells, an increasing amount of information is nowadays available,
several studies start to merge together and form a bigger picture of mechanotransduction
processes. The technologies in the field have now started to be commercially available and rise
the interest from biotechnology and pharmaceutical companies. This is therefore an exciting
time in mechanobiology research for its unique potential in leading to better understand
diseases mechanisms, their development as well as possible treatments.
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Annex: FTIR spectroscopy for cell
proliferation measurements

During the last year of this thesis I had the opportunity to lead an internal project within the
group at CSEM. The main purpose of this project was to strengthen the working relationship
within our group by working on an project involving our main expertises (optics, mechanical
design and biology). The process to decide the technical content of this project consisted
in having every member proposing an idea and then voting among these propositions. The
proposition I made was selected and I have then been in charge of organising the work of this
project. The work presented here has been performed by all the group members.

The technical objective of this project was to measure living cell proliferation using Fourier
transform infra-red spectroscopy (FTIR) and validate the obtained results through comparison
with a standard technique.
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Figure 7.2 — Typical biological sample spectrum showing biomolecular peaks and the compo-
nents to which they correspond (from [176]).

FTIR is a technique rapidly gaining interest for the analysis of biological samples. It has several
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advantages over traditional analysis such as fluorescence based ones. It allows in fact rapid
chemical identification without being destructive and allowing the investigation of sample
dynamics [176].

This measurement is therefore very interesting for cell investigations, with the potential to
distinguish between different type of cells as well as for detecting anomalies. FTIR relies on
measuring the infra-red vibrational modes by analysing the interaction of the sample with
light. These vibrational modes are strictly correlated to the molecular bonds within a sample
and thus results in giving a quantified chemical fingerprint of the structure of the specimen as
shown in Figure 7.2.

The interesting range for biological tissues lies within the mid-infrared range of 3 ym - 12.5
pm where it is possible to examine the structure and chemical composition of molecules such
as phospholipids, proteins, nucleic acids and their interactions [177].
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Figure 7.3 — ATR element for spectroscopy on liquid samples: (a) illustration fo the working
mechanisms of ATR with a sample (from [177]), (b) Customized chamber built in this project,
which makes the ATR element compatible with cell culture procedures.

Three major modes are commonly used for the analysis: transmission, transflection and
attenuated total reflection (ATR). ATR has the main advantage to allow measurements in
presence of water, thus analysing samples without modifying them through drying processes.
Water shows in fact a very strong absorption over a broad range in the mid-IR which may
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masks the absorption of other components of the tissue. ATR measurement principle relies
on total internal reflection (Figure 7.3a). An IR beam enters the ATR element which acts as a
wave-guide by reflecting the beam several times through its length. When a sample is in close
contact to the crystal surface, the evanescent wave formed at the surface will lose energy at
frequencies corresponding to the sample’s absorbance.

In this project, we built a chamber for interfacing the ATR element with biological standard cell
culture process and performing the cell proliferation measurements. The customized chamber
shown in Figure 7.3b is made in biomedical grade stainless steel and is fixed onto the ATR
element by means of lateral screws. This creates a chamber on top of the ATR element allowing
the addition of liquid, also it allows to keep the sample sterility during the measurement.
Sterile gas exchange is provided thanks to filters allowing air to enter the chamber.
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Figure 7.4 — Cell proliferation quantification through standard fluorescent Alamar Blue assay
and FTIR: (a) The Alamar absorbance intensity increase with higher number of cells and a
similar behaviour is showed by the FTIR results (b) where two peaks increase of intensity
over time indicating an absorption increase from the sample. The increasing rate is similar
between the two methods: characterized by a fast initial change followed by a saturation.

Human melanoma cells (WM239) are cultured on top of the ATR element within the chamber
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and FTIR measurements are performed over few days to monitor their proliferation. In order to
validate the FTIR measurement results, we compared FTIR measurement of cell proliferation
over 4 days with a commercially available fluorescence method, Alamar Blue assay.

The Alamar Blue results obtained on melanoma cells over 4 days are showed in Figure 7.4a and
show the intensity increasing fast up to the first three days and then slowing down because of
the cell saturation on the surface.

The analysis of the FTIR measurement show the increase of two peaks height, indicating
a higher absorption from the sample (Figure 7.4b). These peaks are in the IR region corre-
sponding to lipid compounds suggesting that the measured signal is coming from the cell
membrane, mainly made of lipid. These measurements show a response over few days which
is very similar to the Alamar Blue assay one, an initial rapid increase of absorption followed by
a saturation. The agreement with standard fluorescent assay indicates the validity of the FTIR
measurements.

Within this project, we achieved the successful measurement of cell growth over few days
performed with FTIR. These first results were in agreement with standard fluorescent-based
assay. Further experiments are planned for the future, in particular to test the possibility to
distinguish between two melanoma cells at different cancer stage.
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