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Abstract

Cancer is the third cause of death in the world. Despite recent advances in medical science,
mortality rates are stagnating for most of diagnosed tumours and cancer is foreseen as the
disease of the 215t century. Indeed, the capability of cancer to eventually form metastases is a
major obstacle towards full and definitive recoveries. Hence, the development of new early
screening tools or the formulation of models describing the spreading capability of cancerous
cells will be instrumental in cancer research.

In this thesis, | will discuss how microfabricated sensors, when arranged in arrays, could
advantageously solve the above-mentioned problems. In particular, the development of two
devices will be presented. First, a two-dimensional cantilever array capable of simultaneously
assessing the mechanical properties of multiple cells is proposed. The design of the array
introduces a new technique that allows the batch fabrication of spherical tips with a radius of
curvature up to 7 ,,m. Thus eliminating the tedious manual gluing of beads at the cantilever
end to provide a spherical tip. The fabricated cantilever arrays were successfully integrated
within a custom-made AFM system and multiple force-indentation curves on cancerous cells
were acquired with a throughput of 4 cells/min.

In a second part, | present a molecular sensing platform based on a membrane-type surface
stress sensors (MSS). Finite element simulations based on ANSYS were used to optimise the
sensor design towards highest signal-to-noise ratio. MSS were then functionalised with a
polymer layer (Cellulose acetate butyrate) sensitive to water molecules and characterised
as humidity sensors. The sensors presented a linear response from 0% to 70% of relative
humidity. Time constants were 0.8 s 8 0.1 s. Compared to classical cantilever-based sensors,
the MSS were on average 7.5 times more sensitive. In addition, while the reproducibility of
cantilevers is closely correlated with that of their coating, the MSS were five times less sensitive
to the same coating variability. The high sensor-to-sensor reproducibility, combined with
a sub-second response time and linear behaviour, makes the MSS a powerful platform for
molecular detection. As a demonstration, an MSS array of eight sensors, each functionalised
with a different polymer, was used in an electronic nose system. The system successfully
distinguished healthy persons from patients suffering from neck-and-head cancer based on
the analysis of their exhaled breath.

While the two proposed microfabricated sensor arrays have been specifically designed for
cancer research, they could find numerous applications in life sciences, from mechanobiology
studies to the detection of specific antigens in the blood.

Keywords: Microsystems, Microfabrication, Piezoresistive readout, Cell force spectroscopy,
Nanomechanical sensors, Electronic nose
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Résume

Le cancer est la troisieme cause de mortalité dans le monde. Malgré les récentes avancées mé-
dicales, les taux de mortalité stagnent pour la plupart des tumeurs diagnostiquées et certains
prédisent que le cancer sera la maladie du 21°™¢ siécle. En effet, sa capacité naturelle a former
des métastases est un obstacle majeur a une guérison totale et définitive. Par conséquent, le
développement de nouveaux outils de dépistage précoce ou bien la formulation de modéles
décrivant la propagation des cellules métastatiques sont des enjeux primordiaux pour la
recherche contre le cancer.

Dans cette thése, je vais explorer diverses solutions aux problémes ci-dessus qui peuvent
étre proposées par des micro-capteurs. Le développement de deux dispositifs sera présenté.
Dans un premier temps, un réseau de micro-leviers est suggéré pour mesurer les propriétés
mécaniques de plusieurs cellules en paralléle. Son développement introduit une nouvelle
technique qui permet la fabrication en série de pointes sphériques ayant un rayon de courbure
jusqu’a 7 ,,m. Ainsi, I’étape fastidieuse consistant a coller une micro-bille a la fin des leviers
pour obtenir une pointe sphérique est supprimée. Des courbes "force-indentation' ont été
finalement obtenues sur plusieurs cellules cancéreuses avec une vitesse d’exécution d’environ
4 cellules/minute.

Dans un second temps, je présente une plateforme de détection moléculaire basée sur des
capteurs de stress de surface de la forme d’une membrane suspendue (MSS). A I'aide du
logiciel de simulation par éléments finis ANSYS, le design du capteur a été optimisé pour un
ratio signal-sur-bruit maximal. Des MSS ont ensuite été fonctionnalisés avec une couche de
polymeére (Cellulose acetate butyrate) sensible aux molécules d’eau, puis ils ont été caractéri-
sés en tant que capteurs d’humidité. lls ont présenté une réponse linéaire entre 0% et 70%
d’humidité relative avec des temps de réponse de 0.8 s 8 0.1 s. Comparés a des capteurs plus
classiques de type micro-leviers, les MSS sont 7.5 fois plus sensibles. Alors que la répétabilité
des leviers dépend fortement de celle de leur couche active, les MSS sont cing fois moins sen-
sibles aux variations de leur fonctionalisation. Cette haute répétabilité, combinée a un temps
de réponse sous la seconde ainsi qu’'un comportement linéaire, fait du MSS une plateforme
de détection moléculaire idéale. Pour en faire la démonstration, un réseau de huit MSS a été
utilisé dans un systeme de nez électronique. Ce dernier a permis de distinguer un groupe de
personnes saines d’un groupe de personnes souffrantes d’'un cancer de la gorge grace a la
seule analyse de leur haleine.

Bien que les deux réseaux de micro-capteurs présentés dans cette these ont été développés
pour la recherche contre le cancer, ils auraient potentiellement des applications trés diverses
en science de lavie.

Mots clés : Microsystémes, Microfabrication, Piezorésistances, Spectroscopie de force sur
cellule, Capteurs nanomécaniques, Nez électronique
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Thesis introduction

Some people think that microtechnology was born with the invention of the transistor at
Bell’s Lab in 1947. | prefer to believe that it has its roots from an earlier time, when batteries
did not yet exist and steam engines were still experimental. Between 1767 and 1774, Pierre
Jaquet-Droz, with the help of his son and Jean-Frédéric Leschot, created three automata dolls
with the goal of showing off his watchmaking skills. The most famous one, known as "The
Writer", has in his chest a mechanism composed of more than 6,000 parts and is still in working
order. With the help of exchangeable cams, it is capable of writing any sentence up to 40
characters. Miniaturised, programmable, and reliable, these automata are a perfect example
of microtechnology, 150 years before the first computers developed by IBM.

Today, we, as engineers, face challenges that cannot be solved only with our mechanical or
electrical background. As these precursors who relied equally on mechanics, material sciences,
and their fabrication skills to create incredibly complicated pieces, we have to combine our
knowledge with the expertise of others, such as biologists and medical researchers. Silicon was
the material of the 20t century, cells and DNA will probably be those of the 215. Therefore,
the combination of microtechnology and life sciences may well lead us to new paradigm shifts
in many domains.

Motivations

Despite the fact that tumours have been known since ancient Egypt, cancer is still the third
cause of death in the world today. In comparison, the human immunodeficiency virus (HIV)
was only discovered thirty years ago but through research, proper care and awareness, is slowly
shifting from a lethal to a chronic disease. While medical researchers are able to control a
virus with such a high mutability, they are struggling to decrease the mortality rate of cancer,
despite the arsenal of available therapeutic treatments. Why is it so? If the risk factors are
known, if the treatments are established, what is preventing them from curing cancer?

Without answering this challenging question, one aspect is crucial to understand the difficulty
to treat such a disease: its capability to form metastases. This fact describes a unique char-
acteristic of cancer, which allows it spreading from its initial location to other organs in the
body. Once diagnosed with cancer, a patient has very different chances of survival depending



on whether it has metastasised or not: a localised tumour is much easier to remove and
treat. Since every cancer will eventually evolve to a metastatic stage, the moment of diagnosis
becomes critical. The earlier the disease is detected, the higher are the chances of recovery for
the patient. While routine diagnoses already exist for a few cancers, such as breast or prostate
tumours, many are still detected too late, when the disease has reached an advanced state.
To prevent cancer from becoming the disease of the 215t century, researchers and medical
doctors must not only develop new diagnostic tools but they need also to understand the
spreading capabilities of tumorous and metastatic cells.

Some solutions to such challenge may come from a field that is now mature enough to explore
applications in life sciences. Micro-electro-mechanical systems, or MEMS, have evolved from
the semiconductor industry since the 1970’s and are now part of our daily life as much as
microprocessors. Accelerometers and pressure sensors help us drive safely while gyroscopes
and RF-switches can be found in any new smartphone hitting the market. These demanding
fields have pushed for more reliable fabrication processes while driving the costs down. Other
domains, which were once unreachable by the MEMS technology, can now benefit from these
tiny sensors or actuators, from the space industry to, of course, life sciences. Their dimensions
are, without any doubt, their main advantage over traditional devices. Indeed, in many cases,
size does matter. Economically first, since smaller sensors can be produced in larger quantities
on the same surface. Physic laws are also different at the micro- or at the nano-scale. Hence,
MEMS can be sensitive to forces that we, at the human scale, are not even aware of.

Another very interesting strategy, which is allowed once more by their small size, is to rely not
on asingle but on arrays of MEMS. In the case of a serial process, such a parallelisation can
dramatically increase its throughput by dividing the work between each unit within the array.
Following this principle, IBM developed a decade ago the Millipede: an ultra-high density
data storage system that used an array of 64x64 probes to write and read bits with a rate in
the range of 100 Megabytes/sec. Additionally, an array of sensors can give a more reliable
and detailed result compared to that of a single sensor. The CMOS sensor found in digital
cameras is a perfect example of the advantage of numbers. It is composed of thousands of
photodiodes that individually capture light to form the pixels of the picture. Therefore, the
more photodiodes are contained in the CMOS sensor, the closer to reality the picture will be.

In the field of life sciences, microsystems are ideal tools to interact with bio-components,
from DNA to living cells. Faster, smaller, and even cheaper than the gold standards, they
may revolutionise how health care services are managed. Today, our cellphones are capable
of taking pictures. Tomorrow, they will probably perform health checks and blood tests as
quickly as a snapshot. While such a vision may still be long-term, | will show in this thesis two
examples of how MEMS-based sensor arrays could be used to advance cancer research and
develop applications in life science in general.



Context of the thesis work

The work | present in this thesis has been accomplished within the framework of a Swiss-
funded project called "Probe Array Technologies for Life Science Applications" (PATLiSci),
which involved multiple laboratories and research partners between March 2010 and October
2013. It focused on the development of probe-based MEMS arranged in arrays for applications
in cancer research and diagnostics. The project aims were to take advantage of MEMS-based
arrays to investigate (1) the mechanical properties of cancerous cells and (2) the possibility of
a non-invasive diagnosis of lung and neck-and-head cancers.

The Sensors, Actuators and Microsystems Laboratory (SAMLAB), of which | am part, was
responsible for the design and fabrication of two distinct MEMS-based platforms, one for each
aim. Among the various partners of the project, | collaborated closely with Dr. Martha Liley’s
group from the Swiss Center for Electronics and Microtechnology (CSEM) and Prof. Christoph
Gerber’s group at the University of Basel (UniBas). CSEM was coordinating the parallel force
spectroscopy on cells while UniBas was responsible for the non-invasive diagnosis of cancer.

As the two tasks were running in parallel, | had to regularly switch from one to the other. It
was initially decided to develop two generations of devices for each side of the project. | had
to design and fabricated four MEMS platforms during the three years and a half of my thesis.
Hence, beside the technological challenges, | also had to face time management aspects to
keep the delivery times as tight as possible.

Overview of dissertation

This thesis presents two distinct technologies separated in two parts. In part one, | introduce a
two-dimensional cantilever array developed for parallel force spectroscopy on cells. Designed
specifically for cancer research, this tool is capable of assessing the mechanical properties
of multiple tumorous cells. The second part of this thesis is dedicated to a membrane-type
sensor for molecular detection in gaseous phase. Arranged in arrays, it has been used as a
non-invasive screening tool for lung and neck-and-head cancers. Only an exhalation was
necessary to distinguish sick patients from healthy people.

Both parts focus on the technology aspects of the sensors, from their design to their fabrication
and characterisation. As these platforms are meant to be used in arrays, a particular attention
was directed on their reproducibility and the homogeneity of their characteristics. Results,
which were obtained with these sensors within the framework of the PATLIiSci project, are
presented at the end of each part. While these results represent the successful demonstration
of the microfabricated sensors presented in this thesis, they were obtained by other researchers
and do not belong to me. As a consequence, | have deliberately restrained their presentation
to the essential.






Part |

2D Cantilever Array for Parallel Force
Spectroscopy on Cells






1 || Introduction and fundamentals

Cells are one of the oldest forms of life on Earth. They are known as "the building blocks
of life", of which all living organisms are made. From a single cell, they grow, divide, and
differentiate themselves to finally formm complex organs perfectly interconnected. More than
just bricks, cells are therefore capable of actions independently, such as motility, reproduction,
and cell-cell communications. These activities are made possible by the collaboration of
proteins, amino acids and lipids, working in concert at a smaller scale than a human hair. In
some cases however, this beautiful mechanics spirals out of control. Cells that were supposed
to die continue to divide, again and again. They do not respect their natural order any more
and create clusters of useless cells, which are called tumours. Eventually, some cells will detach
from their primary tumour and migrate throughout the body to form secondary clusters, or
metastases.

The transformation of normal cells into highly malignant cells is neither instantaneous nor
trivial. It is a multistep process that requires a succession of genetic changes [1]. Several
milestones, which have to be reached by the cell in order to become malignant, have been
identified [2, 3]. These ones include, for instance, the ability of the cell to evade its pro-
grammed death or its ability to proliferate. Each of these hallmarks are made possible with
the acquisition by the cell of molecular, biochemical, or biomechanical traits that are passed
over its daughters. While most of the mechanisms involved in this progressive evolution
are understood, little is known about the invasion and metastasis characteristics of cancer-
ous cells, which is their ultimate, and mostly fatal, state [3]. The loss of cell-cell adhesion
molecules [4] or the cross-talk between cancer cells and surrounding healthy cells [5] have
been, for example, identified to contribute to the spreading of metastatic cells. As metastases
are responsible for 90% of all human cancer deaths [6], depicting the full mechanism that
enables their migration is instrumental. The development of new models and theories would
allow, for instance, creating cancer treatments that efficiently target metastatic cells.

For the past few years, advances in biomechanical tools have raised new interests in the
mechanical properties of cells. With the help of microsystems, such as the atomic force micro-
scope (AFM) or microfluidic devices, researchers have been able to probe and mechanically
interact with individual cells or micro-organisms. These tools have provided them the capa-
bility to apply and sense forces and displacements at the cellular level. As with electrical or
chemical stimuli, cells react to these mechanical signals and convert them into biochemical
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responses that can be recorded. This new apparatus has lead to discoveries in fields as broad
as touch sensitivity [7, 8] or stem cell differentiation [9, 10]. Rapidly, cancer cells have also
attracted some attention. It is not surprising that researchers found discrepancies in the
mechanical properties of cancerous and metastatic cells compared with healthy ones. The
complex transformation experienced by cells during the evolution of a tumour has critical
impacts on their shape, stiffness, and adhesion forces. Hence, the assessment of those prop-
erties would lead to (i) further improve the existing models of cancer evolution, (ii) enable
straightforward diagnostics strategies, and (iii) develop new drug screening methods.

I have organised this first thesis part in the following sequence: the rest of the current chapter
focuses, first, on cell mechanics and on the existing technologies to assess their mechanical
properties. The latter are then discussed as possible cancer biomarkers. Finally, | introduce
the fundamentals of cantilever microfabrication and the two-dimensional array approach
that we have chosen to probe cancerous cells in parallel. The design strategies that | have
adopted for the 2D cantilever array are presented in chapter 2 and are followed, in chapter
3, by its fabrication and characterisation results. This part is concluded by the parallel force
spectroscopy experiments on cancerous cells that were conducted in collaboration with CSEM.

1.1 | Cell mechanics

While cells are about 70% water, they mechanically do not behave just as tiny water balloons.
Besides the cell membrane and the cytoplasm, i.e. the liquid medium within the cell, there
are several components that participate to the cell structure, such as the nucleus or the
cytoskeleton. In this section, | will briefly introduce the mechanical properties of these
elements as well as the forces experienced or generated by cells. Additional information about
the cell functions and general biology can be found in very good books such as the "Molecular
Biology of the Cell" [11].

1.1.1 | Structural components of the cell

Figure 1.1 represents a schematic view of a typical animal cell. It is composed of many
subcellular components but three of them mainly are responsible, at different degrees, of the
structural behaviour of the cell: the membrane, the nucleus, and the cytoskeleton.

The membrane

The cell membrane consists of a phospholipid bilayer measuring ... 6 nm in thickness that
delimits the boundaries of the cell. Glycolipids, cholesterol, and various membrane-associated
proteins, which are responsible for the cell-cell and cell-extracellular matrix communications,
are integrated within this bilayer. While these proteins account for 50% of the membrane
by weight, they are too dispersed on the cell surface to have a significant influence on its
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Figure 1.1: Diagram of a typical eukaryote cell. Its mechanical properties are mostly defined by the
cytoskeleton, the nucleus, and, to a lesser extent, the membrane. Adapted from [12].

mechanical properties. Cholesterol is however critical for the integrity of the membrane. It
adds firmness and makes the membrane less permeable to water-soluble molecules [13].

The nucleus

From all the organelles of a cell, the nucleus is the biggest and stiffest. Various studies of
its mechanical properties showed a broad range of measured Young’s moduli up to two
orders of magnitude depending on the cell type [14]. All of them agree however on the
significant difference of stiffness between the nucleus and its surrounding cytoplasm, and on
its viscoelastic behaviour [15].

This stiffness difference between the nucleus and the rest of the cell highlights the fact that
a cell cannot be modelled as a uniform body. There are significant intracellular discrepan-
cies of viscosity, stiffness, and rheology that have to be considered. The choice between a
measurement technique that probes the overall rather than the local surface of the cell will
therefore influence the result analysis. In the former case, for instance, statistical results would
be needed to average the influence of the nucleus.

The cytoskeleton

The cytoskeleton is a network of biopolymers contained in the cytoplasm that provides the
structural support to the cell. As such, it has the most influence on the cell shape, viscosity,
or migration. The cytoskeleton is composed of three main components that have various
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