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Summary

Single cells, the smallest living entities of the human body, are constantly interacting with each
other and the surrounding tissue through mechanical, biochemical, and electrical signals. Out
of these, the mechanical cues are the most widespread and emerge as the fastest information
pathway cells can exploit. Contractile elements within the cells have the ability to genera-
te forces. The physical adhesions that cells make to both their environment and neighbors
propagate the internally generated forces. These same adhesions also act as mechanosensors
for external forces to which cells are able to adapt. This mechanical communication pathway
is the main interest of the field of mechanobiology, which makes use of specialized tools to
measure the mechanical interaction between cells and their environment.

The methods to measure cellular forces have seen vast improvements in the last decades. The
state-of-art protocols for measuring forces generated from cell collectives, single cells, and
even single adhesions are generally summarized as traction force microscopy. The common
procedure of all the traction force microscopy approaches is to visualize deformations of a
mechanically characterized material. The deformations, in conjunction with the material cha-
racterization, can be used to calculate the produced cellular forces. The methods, however,
differ strongly in how the forces are visualized and each comes with an inherent limitation.
These range from the need for a load free reference image to measure displacements, the in-
troduction of topography that alters cell behavior, or simplifying materials to the point where
measurements are unreliable.

In this thesis, I will present a newly developed method for traction force microscopy and its
application to several relevant biological processes. The new technology overcomes limitations
from currently available methods. It does not need a reference image, which allows for live
assessment of the forces and downstream processing, such as immunofluorescence. It uses an
accurate material model in a finite element analysis to account for non-linearities of both
material and geometry. And it employs a flat, non-intrusive substrate that does not impede
the cellular behavior.

In the first part of the thesis at hand, I will explain how the new method termed confocal
reference free traction force microscopy, or cTFM in short, works and why it does not require
a reference image to determine the cellular forces. Next, I will demonstrate the usefulness
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of this property on relevant biological studies that require immunofluorescence to colocalize
traction forces and the expression of proteins of interest.

In the second part, I will further expand the capabilities of cTFM by introducing a robust
and fast analysis pipeline using new algorithms. The new computational pipeline proves fast
enough to keep up with the pace of image acquisition of relevant biological processes. The
speed of analysis and the reference free capabilities allow for a live assessment of forces. These
capabilities are demonstrated during a study where cells are exposed to controlled shear
stress in flow chambers. The cells have varying reactions to different magnitudes of shear,
which is most evident in the cell shape, but also manifests itself in the measured forces. The
characterization of the cells and their collective behavior under the influence of the external
shear flow allows us to model the monolayer as polar nematic liquid crystals to make further
prediction on its behavior.

Altogether this thesis presents a new traction force microscopy method with capabilities that
have the potential to advance our understanding in the field of mechanobiology.
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Zusammenfassung

Zellen sind die kleinste lebende Einheit des menschlichen Körpers. Durch mechanische, bio-
chemische, und elektrische Signale interagieren sie ständig mit anderen Zellen und mit dem
umgebenden Gewebe. Insbesondere die mechanischen Signale sind sehr vielseitig und stellen
den schnellsten Kommunkationspfad zwischen Zellen dar. Kontraktile Elemente innerhalb der
Zellen haben die Fähigkeit, Kräfte zu erzeugen. Die physikalischen Adhäsionen der Zellen
zu ihrer Umgebung und zu benachbarten Zellen leiten die intern erzeugten Kräfte weiter.
Diese Adhäsionen wirken auch als Mechanosensoren für äussere Kräfte, auf welche die Zel-
len reagieren und an die sie sich anpassen können. Der mechanische Kommunikationsweg ist
das Hauptinteresse der Mechanobiologie, die spezielle Werkzeuge zur Messung mechanischer
Interaktionen zwischen Zellen einsetzt.

Die Methoden zur Messung zellulärer Kräfte haben sich in den vergangenen Jahrzehnten
stark verbessert. Modernste Verfahren zur Messung von Kräften aus Zellkollektiven, Einzel-
zellen und Einzeladhäsionen werden im Allgemeinen als Traction Force Microscopy (TFM)
bezeichnet. Alle TFM-Verfahren visualisieren Verformungen eines mechanisch charakterisier-
ten Materials. Die Verformungen können in Verbindung mit den Materialeigenschaften zur
Berechnung der erzeugten Zellkräfte benutzt werden. Obschon alle TFM-Methoden Verfor-
mungen messen, unterscheiden sie sich stark in der Art undWeise, wie sie diese Verschiebungen
visualisieren. Zudem haben all diese Methoden inhärente Einschränkungen. Diese reichen von
der Notwendigkeit eines lastfreien Referenzbildes für die Messung von Verschiebungen, über
die Einführung einer Topographie, die das Zellverhalten verändert, bis hin zur Vereinfachung
von Materialien, sodass die Auswertung unzuverlässig wird.

In dieser Arbeit stelle ich ein neu entwickeltes TFM-Verfahren vor und wende es an mehreren
relevanten biologischen Beispielen an. Die neue Technologie überwindet die Einschränkungen
der derzeit verfügbaren Methoden. Das Verfahren benötigt kein Referenzbild, was eine Echt-
zeitüberprüfung der Kräfte und der nachgelagerten Prozesse, wie beispielsweise der Immun-
fluoreszenz, ermöglicht. Es verwendet ein genaues Materialmodell in einer finiten Elemente-
Analyse, um Nichtlinearitäten von Material und von Geometrie zu berücksichtigen. Und es
besteht aus einem flachen, nicht-intrusiven Substrat, welches das Zellverhalten nicht beein-
trächtigt.
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Im ersten Teil dieser Arbeit stelle ich die neu entwickelte Methode vor, welche die Einschrän-
kung der derzeit verfügbaren Methoden überwindet. Das neue Verfahren, genannt Confocal
Reference Free Traction Force Microscopy (cTFM), benötigt kein Referenzbild, um die Kräfte
zu berechnen. In einem weiteren Schritt demonstriere ich den Nutzen dieser Eigenschaft an
Beispielen, die Immunfluoreszenz erfordern, um Traktionskräfte und das Vorkommen eines
Proteins zu kolokalisieren.

Im zweiten Teil dieser Arbeit erweitere ich die Möglichkeiten von cTFM, in dem ich eine
robuste und schnelle Analysepipeline mit neuen Algorithmen einführe. Die neue Pipeline ist
schnell genug, um mit der Bilderfassung relevanter biologischer Prozesse Schritt zu halten.
Dies wird dann an einem Beispiel demonstriert, bei dem Zellen einer Scherkraft ausgesetzt
sind. Die Zellen zeigen unterschiedliche Reaktionen auf die variierenden Scherkräfte, was sich
am offensichtlichsten bei der Form der Zelle, aber auch in den erzeugten zellulären Kräften
zeigt.

Insgesamt stellt diese Arbeit eine neue TFM-Methode vor, die das Potenzial hat, das Ver-
ständnis auf dem Gebiet der Mechanobiologie zu verbessern.
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Resumaziùn

Las zelas en las ple pintgas unitads d’igl tgierp human. Ellas reageschan cuntstàntameing
antras signals mecanics, biocemics ad electrics cun otras zelas a cun la tela digl conturn.
Oravànttut en igls signals mecanics fetg polivalents ad en la ple sperta veia da comunicaziùn
trànter las zelas. Igls elements da contracziùn andavains las zelas en capavels da crear forzas.
Las adesiùns fisicalas da las zelas anviers igl sieus conturn a tier las zelas vaschinantas datan
anavànt las forzas creadas agl intern. Quellas adesiùns opareschan ear sco mecanosensurs
par forzas externas, sen qualas las zelas reageschan a pon s’adatar veda lezas. La veia da
comunicaziùn mecanica e igl interess prinzipal da la mecanobiologeia, ca dovra guafens spezials
par masirar las interacziùns mecanicas trànter las zelas.

Las metodas par masirar las forzas zelularas ân samigliuro igls davos ons fetg ferm. Igls ple
moderns prozess par masirar las forzas or da colectivs da zelas, zelas singularas ad adesiùns
singularas sanumnan generalmeing Traction Force Microscopy (TFM). Tut igls prozess TFM
visualiseschan la defurmaziùn dad egn material cun caracteristicas mecanicas. Las defurma-
ziùns agl conex cun igl caracter d’igl material pon vagnir duvradas par masirar las forzas
creadas an las zelas. Schagea ca tut las metodas TFM masiran las defurmaziùns, dat igl gràn-
das diferenzas an la moda a maniera da visualisar quellas defurmaziùns. Plenavànt ân tut
quellas metodas restricziùns inerentas. Quellas tànschan d’igl basegn d’egn maletg referenzial
sainza mulestis par masirar las dislocaziùns, sur l’introducziùn d’egna topografeia ca modifi-
zescha igl cumportamaint da las zelas, antocen tar la simplificaziùn d’igls materials, ascheia
ca la evaluaziùn vean malfidevla.

An quella lavur vignt jou a preschantar egn nov svilup d’egn prozess TFM cun la si’aplicaziùn
veda plirs relevànts exaimpels biologics. La nova tecnologeia dumogna las restricziùns da
las metodas c’en actualmeing disponiblas. Igl prozess dovra nign maletg referenzial, tge ca fa
pussevel egna controla an tains real da las forzas ad igls prozess posteriurs, sco par exaimpel la
imunofluorescenza. El dovra egn exact model da material an egna analisa finita d’igls elements
par cunsiderar las nunlinearitads d’igl material a da la geometreia. Plenavànt cunsista igl
prozess d’egn nunintrusiv substrat plat, ca disturba betga igl cumport da las zelas.

An l’amprema part da quella lavur preschaint’ jou la nova metoda, ca riva da surmuntar
las restricziùns da las metodas c’en actualmeing disponiblas. Igl nov prozess, numno Confocal
Reference Free Traction Force Microscopy (cTFM), dovra nign maletg da referenza par masirar
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las forzas. An egn savund zap demonstresch jou igl nez da quella caracteristica veda exaimpels,
ca dovran la imunofluorescenza par colocalisar las forzas da tracziùn a l’existenza da proteins.
An la savunda part da quella lavur schlargel jou las pussevladads da cTFM, antras ca jou
introdutgesch egna pipeline d’analisa robusta a sperta cun algoritmus novs. La nova pipeline
e avunda sperta par taner pass cun la registraziùn da maletgs da relevànts prozess biologics.
Quegl vean demonstro veda egn exaimpel, noua ca las zelas vignan exponadas a la forza da
stuschada. Las zelas mussan diferaintas reacziùns sen las forzas da stuschada ca varieschan.
Quegl samussa igl ple cler veda la furma da la zela, mobagn ear veda las forzas zelularas
creadas. Agl antier preschainta quella lavur egna metoda TFM, ca â igl potenzial da migliurar
la capientscha an la sparta da la mecanobiologeia.
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General Introduction
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1 | Cellular Forces

1.1 Mechanobiology

Collective cell activities play a fundamental role in tissue development, repair, and disease.
But how can the underlying biological events, such as cell shape change and motion, which
combine in space and time within the spatial boundary of a living organism, be accounted
for by physics1? The answer to this question is what the field of mechanobiology, situated
at the interface of biology, engineering, physics, computer science, and medicine is trying to
answer2,3. The aim is to describe in physical terms the complex interplay between cells and
their environment, which ranges vast scales in both space and time. From a molecular level
where processes, such as protein unfolding, can occur in microseconds to macro-scale processes,
such as the growth of embryos over months4. While the two-way communication of cells among
one another or with the extra cellular matrix (ECM) can be of mechanical, biochemical, and
electrical nature5, mechanical forces are emerging as the fastest communication pathway
between cells5. These inter- and intra-cellular forces are the focus of mechanobiology as
they generate cues for cells to migrate individually or as a collective, to proliferate, and to
differentiate4.

In other words, mechanical stimuli that are presented to the cells by external forces or by
the properties of the micro-environment critically affect cell functions, behavior, and overall
biological identity. Indeed, cells are mechanosensitive, meaning that they are able to translate
extracellular and intracellular mechanical forces into biochemical signals6. These signals,
through the activation of diverse molecular pathways, modulate important cellular functions
that are critical for the development and homeostasis, such as protein synthesis, secretion,
proliferation, migration, viability, apoptosis, and differentiation. Understanding how cells
sense these biophysical stimuli and ultimately translate them into specific biological outcomes
is essential for advancing the field and for applying this knowledge to develop new clinical
therapies. In this complex and exciting frame, new platforms are necessary to study the
cellular reaction to physiological and pathological stimuli. These new technologies must have
a temporal and spatial resolution sufficient to access the cellular processes under investigation
and a sensitivity in the range of values comparable with cellular activities.
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1 Cellular Forces

1.1.1 Mechanosensors

Cells generate and respond to many types of forces. Several mechanisms exist by which such
forces are transduced to mediate different responses4,7. A selection is given in Figure 1.1,
while a comprehensive review can be found here8. All cells respond to mechanical load-
ings by adapting their cellular functions6. These changes include short-term or long-term
responses, which are triggered by multiple overlapping and cross-talking signaling pathways9.
In addition, forces applied to cells are usually of dynamic nature, requiring a continuous adap-
tive response. Cellular mechanosensing is based on force-induced conformational changes in
mechanoreceptor proteins10. These changes, such as protein unfolding, activate intra-cellular
signaling10. In addition, over the last decade, numerous biological components have been
identified to act as mechanosensors (Figure 1.2). Some of them are common among different
cell types, while others are strictly specific to tissues functioning under mechanical load, such
as the skin or the endothelium11.
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Figure 1.1: Mechanobiological Correlations. Flow chart of experimentally determined mechan-
ical cues and cellular responses. Reprinted with permission from Manuel Zündel [28]

The core mechanical element in the cell and thus the primary mechanosensor is the cy-
toskeleton29,30. The cytoskeleton is comprised of fibrous protein polymer systems including
actin, microtubules, and intermediate filaments31–33. Together, these proteins define the cell’s
structural integrity. Conformational changes of its elements activate intra-cellular signaling
pathways9. Along the filaments, crosslinker and motor proteins can induce sliding move-
ments, leading to contractions of the cytoskeleton and the cell as a whole34. In particular,
acto-myosin contractility represents the main source of force generation in cells35. Actin fil-
aments are linked to the ECM through transmembrane protein complexes and can transmit
forces from or to the ECM over long distances24,31,36. As a response to external mechanical
cues, micro-filaments assemble and disassemble, driving shape change of individual cells and
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Mechanobiology

behavioral change of cell collectives37. The interruption or inhibition of individual steps in the
interplay of internal and external forces leads to complete failure of mechanotransduction38.
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External
 Force

Figure 1.2: Cell Schematic. The most important mechanoreceptors, internal and external stimuli.
cf. [39]

The connection of the cytoskeleton to the ECM is mediated by transmembrane proteins of the
integrin family40. Clusters of integrins, along with other proteins, form adhesion complexes
called focal adhesions (FAs)41. They enable the cells to exert traction forces on the ECM and
simultaneously sense external forces or cues40, such as ECM-rigidity and topography42–44,
to reinforce developing adhesions45. This allows the cell to sense the mechanical input, the
response of its environment, and to react appropriately by softening, stiffening, reorientating,
or polarizing the cytoskeleton and the cell as a whole. In all, this represents an adaptive
remodeling of the cell functionality in response to the surrounding local stimulation39,46.
Beyond integrins, the FA contains signaling proteins, such as focal adhesion kinase (FAK),
phosphatases, and paxillin which, upon activation, induce biochemical intracellular signaling
that are controlling gene expression47,48.

Cells are rarely isolated in the body. Epithelial and endothelial cells in particular form con-
tinuous layers of cells. Epithelial cells line the boundaries of inner epithelial organs, such

5
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as lungs, mammary glands, kidneys as well as the outermost layer of the skin - the epider-
mis49. Endothelial cells line the inner boundaries of blood and lymphatic vessels50. They
form single, continuous layers and separate two different media, exerting a control and filter-
ing activity. These cell types form cadherin-based cell-cell junctions to ensure the integrity
of the monolayer and its separating function51. Cadherins, like integrins, are transmembrane
proteins. They are responsible for physically connecting to neighboring cells and integrating
the cell into tissues52,53. In epi- and endothelia, cadherin-based adherens junctions couple
the contractile cytoskeletons of cells together to generate tissue-scale contraction54,55. Junc-
tional tension cascades through entire tissues as a form of communication between cells56,57.
Examples of this are mechanical stress waves propagating from leader cells to the rear, driv-
ing collective migration during wound healing, and repulsive forces preventing the merger of
epithelia during epithelial boundary convergence58,59.

In addition to integrin and cadherin proteins, stretch-activated ion channels60–62 and the gly-
cocalix localized in the plasma membrane63 complement the arsenal of cells’ mechanosensitive
elements. The ion channels open and close in response to membrane strain and allow the en-
try of calcium and other ions into the cytoplasm of the cells. These ions, acting as second
intracellular messengers, also modulate cellular responses64,65. The glycocalix is a layer of
carbohydrate-rich proteins localized on the cell surface that mediates mechanotransduction
signaling in response to fluid shear stress in endothelial cells66.

The nucleus itself has also been proposed to act as a mechanosensor67. Indeed, mechan-
otransduction events may occur at the nuclear envelope and within the nucleoplasm68. Forces
applied at FAs propagate through the cytoskeleton and are transmitted to the nucleus primar-
ily by actin stress fibers and intermediate filaments69–71. This way, ECM strains and loads
deform the nucleus72. The alteration is associated with changes in gene expression profiles
because nuclear deformations can alter chromatin conformation and modify the contact of
transcription factors73–75. However, a direct evidence for this mechanism is still lacking.

1.1.2 Physiopathology of Mechanotransduction

Tissues in vivo are continuously under remodeling by changing their mechanical and biochem-
ical properties76. The overall results of these changes influence morphogenesis and differen-
tiation, which are crucial parts of the development of organisms. Indeed, key developmental
processes are driven by mechanotransduction77. Conversely, malfunctioning of mechanotrans-
duction often leads to pathological consequences due to genetic mutations or changes in the
extracellular environment, in cell structure and organization, or in cellular sensing and sig-
naling as summarized in Table 1.178.

For example, one of the first maladies that has been associated with defects in biomechanics
and mechanotransduction is atherosclerosis, a disease that is the underlying cause of about
50% of all deaths in developed countries89. Briefly, in this pathology, the disturbed fluid shear
stress at bifurcations correlates with sites of atherosclerotic plaque formation and dramati-
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Disease Primary cell/tissues affected References

Arteriosclerosis Endothelial and smooth muscle cells [79,80]
Osteoporosis Osteoblasts [81]
Asthma Endothelial cells [82,83]
Cancer Multiple cell types and tissues [84–86]
Immune system disorders Leukocytes [87,88]

Table 1.1: Diseases in connection with mechanotransduction. cf. [78]

cally alters the endothelial cell organization, in particular, the cytoskeleton90. The plaque,
which is a product of inflammation and a compromised endothelium, builds up and eventu-
ally impinges on the flow profile of blood91. In this case, the abnormal mechanical stress
at cellular level affects cellular processes through normal and correct mechanotransduction
signaling, which can result in failure of normal tissue functions. In another example, genetic
mutation leading to the deficiency of dystrophin, a cytoskeletal protein responsible for con-
necting the cytoskeleton of each muscle fiber to the underlying basal lamina, increases muscle
compliance and causes an aberrant mechanotransduction signal in muscles92. This leads to
the development of Duchenne muscular dystrophy93. The full identification of the molecular
components that are involved in normal and defective mechanotransduction will eventually
lead to a better understanding of the mechanisms driving normal cellular function as well as
disease development and could, in turn, provide new targets in the therapeutic approaches
to these diseases94–96. For this, the study of cells’ reaction to mechanical stimuli and their
ability to produce such stimuli becomes fundamental.

1.2 Measuring Cellular Forces

When talking about cellular forces, it is important to distinguish between internal forces, such
as those generated by acotmyosin contraction35, and external forces like tension, compression,
and shear stress stemming from exposure to flowing liquid11,16,17. These are closely linked, as
internal forces are propagated to the environment and vice versa14,35 (Section 1.1.1). There
exists a vast variety of techniques to visualize and measure both internal and external cellular
forces in vitro. However, the internal forces are typically measured after propagation to the
extracellular environment. Far fewer techniques exist to directly measure the internal forces,
such as Förster resonance energy transfer (FRET)97, but they are typically less reliable and
not part of this thesis.

The concept of forces is not difficult to understand. It is defined as an influence that accelerates
mass or deforms bodies. In cellular environments, the Reynold’s number, which relates the
inertial to the viscous forces, is typically low98. In other words, inertia is not relevant on the
cellular scale and acceleration can be neglected. This leaves deformations as the measurable
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quantity to infer forces. However, their measurement is less trivial than, for instance, distance
or time and typically relies on the deformation of another mechanically characterized body.
This is akin to a spring that deforms under load in macroscopic measurements99. Cellular
forces, which are in the sub-micro-Newton range, pose an additional challenge that requires
careful fine-tuning of the employed dynamometer.

Attempts to visualize and qualitatively assess cellular forces date back 40 years100,101. Early
methods incorporated cells into 3D collagen lattices101, which resemble closely the in vivo
extra cellular matrix (ECM) produced by fibroblasts. The collagen lattices are detached from
any underlying rigid surface and allowed to float in medium and thus deform freely. The
cells within the lattice form adhesions to the collagen fibers and contract the lattice as a
whole102. This method is a qualitative way to measure the contractility of a population
of cells and is used to this day. It is, however, hardly quantitative and has poor spatial
resolution, meaning that single cells cannot be resolved, let alone single adhesions. Another
early method investigated how the contractile forces generated by cells deform and wrinkle
a freely moving silicone disc surface (Figure 1.3 (a,b)). The wrinkles are indicators for the
presence of contractile forces. Wrinkles, however, are hard to quantify and are additionally
often larger than individual cells, thereby limiting also this method to purely qualitative
statements.

More recent methods to measure cellular forces have been successful at making the forces quan-
titatively accessible (Table 1.2; [99]). This visualization of forces actuating cellular movements
and shape change added a critical overlapping layer of information in the understanding of
mechanotransduction. Especially in the context of cell collectives, breakthrough discoveries
were made possible by works which extended classic traction force microscopy (TFM) tech-
niques to whole epithelial sheets103,104. TFM refers to a family of optical methods capturing
the deformations induced by cell generated tractions on compliant substrates105. A general
classification separates discrete methods based on point-wise measurement of forces25,106 and
continuum methods exploiting elastic substrates doped with randomly dispersed fluorescent
beads acting as deformation markers103,107. In the following sections, the existing, commonly
used techniques to measure forces are introduced, along with their goals, their advantages,
and their limitation.

1.2.1 Discrete Methods

The methods to measure forces point-wise are categorized as discrete methods. Here, the
force measurement is decoupled into individual force sensors, such as pillars106 (Figure 1.3
(c,d)) or molecular force sensors110 (Figure 1.3 (e,f)). They typically report localized forces,
for instance from single cells111, or single adhesions106.

Micropillar arrays are micro-fabricated from an elastic material. Given the high aspect ratio
of the pillars, the apparent spring constant can be tuned such that the pillars are soft enough
for cells to deflect them108. These deflections from the resting position point-wise reveal the
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a c e g

Figure 1.3: Force measurement methods. (a) Schematic of cell wrinkling a thin sheet of silicone.
(b) An example of a cell generating traction forces and wrinkling a thin silicone sheet. (c) Schematic
of a cell deflecting micro pillars from their resting position. (d) An example of a cell on micro
pillars. (e) Schematic of molecular tension probes with the orange fluorophore and blue quencher. (f)
Example of intensity map generated from molecular tension probes stretch by a cell. (g) Schematic
of a cell displacing a continuous substrate incorporated with fluorescent bead. (h) Example of a cell
expressing gfp-paxillin sitting on red fluorescent bead embedded in a compliant substrate. (a,c,e,g) cf.
[108], (b,d,f) were reprinted from [106,109,110], respectively. Scale bars are 10µm

generated cellular forces. The point-wise measurement of force is direct and thus very fast.
An additional advantage of the micropillars stems from regularity of the array. The micro-
fabrication is precise enough, such that the resting position of each pillar can be assumed.
Thus, there is no need for a load-free reference image to measure the displacements of the
pillars and subsequently the forces applied to them. While speed of analysis and being ref-
erence free are two advantages over other TFM methods, there is a major downside to pillar
arrays. The micropillars introduce topography, which is known to influence cellular behavior
by restricting their adhesion sites to a fraction of the area covered by the cell or enforcing
shape-anisotropy of the adhesions42,112.

The use of molecular force sensors is another prominent discrete method. Typically, a fluo-
rophore is attached to a quencher molecule through an elastic link108. The quencher is fixed
on a rigid surface and the cell can bind to the other end where the fluorophore is located
(Figure 1.3 (e)). Upon force generation, the cell increases the distance between quencher
and fluorophore, thereby increasing its quantum yield113. In other words, the intensity of
the fluorescent signal is a function of the cell-generated forces (Figure 1.3 (f)). The linker
is usually made from a protein or DNA strand, both of which lengthen step-wise at discrete
force levels. A calibration of these force levels then links the fluorescent intensity to the gen-
erated forces113. This discrete method does not introduce topography, as the adhesion sites
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are continuously and abundantly available, thus not limiting the cell’s adhesion. The method,
however, comes with its own limitations. First, the output signal is a scalar field and does
not reveal force direction. Second, there is background fluorescence from un-engaged sensors.
And third, the number of engaged sensors per adhesion site may vary due to adhesion size and
heterogeneously distributed sensor density. Thus, the calibration of the signal is not straight
forward108.

1.2.2 Continuum Methods

With continuum methods, unlike discrete ones, cells are adherent to either a continuous
2D environment or within an isotropic 3D environment. These approaches thus report a
continuous and directional field of forces. The benefits come at the cost of more involved
analysis.

2D Traction Force Microscopy. Despite many advances in the field, such as using super
resolution microscopy techniques114, the most commonly used technique is the in-plane TFM.
Here, cells deform a soft elastic substrate with a stochastic pattern of fiducial markers, typi-
cally fluorescent beads (Figure 1.3 (g,h)). For higher resolution, two differently colored fluo-
rescent beads are sometimes used115. Displacements of the markers are determined between
a load free reference image and the deformed image using particle image velocimetry (PIV)
or, in cases where the markers are easily distinguishable, with particle tracking velocimetry
(PTV)116. The displacements of the markers are then used either in some form of Fourier
Transform Cytometry (FTTC)117,118 or a finite element (FE)119 solver to determine the sur-
face cellular traction forces. FTTC has fast computation times, but assumes both geometrical
and material linearity, which does not hold for some materials and especially for large strains.
In these cases FE analysis is used108.

3D Traction force microscopy. Recently, the capabilities of 2D TFM have been expanded
to not only detect out-of-plane displacements of the 2D substrate, but in fact embed cells in
full 3D matrices. Here, the fluorescent markers are tracked in a 3D environment, revealing
deformations in 3D120. The underlying technique, however, remains the same. A reference
image must be taken without load to estimate the displacements. Additional complexity
stems from the structure of the 3D matrices. They consist of a network of fibers to which
the cells adhere. Local interactions between the fibers and the cells are highly complex,
and fibrous materials are microscopically anisotropic. Even a single fiber, let alone an entire
network, that is subject to different modes of deformation, like stretching, compressing, and
bending, will have a different reaction in each case. However, when assuming isotropic material
instead, these locally heterogeneous material parameters make current 3D TFM methods
imprecise. They can be improved with the knowledge about the fiber orientation, density,
and topology121,122, which comes at high imaging and computational costs.
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Measured Quantity Strengths Limitations

2D Traction
Force Micrscopy

Substrate
displacement

Continuous 2D
output

Computationally heavy;
Requires a reference

image

3D Traction
Force Microscopy

ECM
displacement

Measures forces
in 3D

Computationally very
heavy; Uniform ECM
properties assumed

Micropillars Pillar
displacement

Fast;
Reference free

Discrete measurement;
Introduces topography

Molecular
Force Sensors

Fluorescence
signal

High
Resolution;

Reference free

No directional
information;

Difficult calibration

Table 1.2: Techniques to measure cellular force. cf. [99]

Even with the advances of continuum TFM, often times linear and homogeneous material
parameters are chosen in both 2D and 3D models, which is known to be microscopically
false for fibrous networks121–123. On top of that, the methods all suffer from the inherent
limitation that the displacements of the markers must be determined after the removal of
the cells. This renders any downstream processing of the experiment impossible. Anything
that requires fixation of the cells, for instance immunofluorescence staining, is therefore not
possible. Additionally, there can be no live assessment of the forces. On-the-fly measurements
are only possible if the reference image can be calculated.

1.2.3 Inter-cellular Stresses

The above-described methods reveal the traction forces the cells apply to their environ-
ment through integrin mediated adhesions. Many cell types, prominent among them epi-
and endothelial cells, grow cadherin-based cell-cell junctions. These junctions between cells
have the capability to propagate forces among cells. A recently introduced computational
method makes it possible to derive values of inter-cellular tension from maps of substrate
tractions124,125. This protocol, termed monolayer stress microscopy (MSM), computes the
inter-cellular tensions through a balance of forces within the cell monolayer (Figure 1.4). The
process introduces several simplifying assumptions, like homogeneous properties throughout
the cell layer, which limit its applicability to specific experimental conditions, such as model
wound healing125,126. Access to this additional layer of information highlighted the existence
of fundamental modes of migration typical of epithelial collectives. In particular, plithotaxis,
by which each cell in the collective tends to migrate along a trajectory which minimizes the
shear stresses exerted upon neighboring cells, and kenotaxis, by which cells proximal to a void
exert a traction on the substrate which is aligned to the direction of the open space124,125.
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Figure 1.4: Inter-cellular stress. Cross-section of monolayer with side-view of cells. Red arrows
depict the cellular traction forces. Integrating tractions leads to increasing inter-cellular stresses,
depicted with blue arrows. cf. [127]
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2 | Aim and Content of this Thesis

The accurate measure of cellular forces has helped to identify and better understand cellular
behaviors, responses and signaling pathways in mechanotransduction. While there are cells
acting as individuals, the vast majority function as a collective in the human body. TFM has
played a decisive role in studies of both and has, for instance, led to the definition of general
patterns in the migratory behavior of epi- and endothelial cells128,129.

The knowledge gained from TFM served as a platform to identify the role of cellular ma-
chineries establishing contact with the substrate (the integrin adhesions130), generating con-
tractile forces (the actomyosin complex131,132), or responding to molecular (gradients of sol-
uble molecules133) or physical (i.e. density of adhesion points134, rigidity24, surface topog-
raphy135) directional stimuli. In addition, the established model of mesenchymal migration
provided a reference to resolve alternative migration modalities, which are adopted by specific
cell types136,137. The use of TFM was also instrumental to reveal unexpected force patterns
propelling the advancement of epithelial edges during wound healing103,138.

However, current TFM methods feature intrinsic limitations as they cannot detect out-of-
plane forces and may introduce artifacts due to their structured and intrusive nature (Section
1.2.1,105,139) or require the acquisition of a reference image, which is captured upon cell
removal and therefore precludes the generation of corresponding maps of molecular activities
by immunofluorescence (Section 1.2.2).

The aim of my work has been is the development of a traction force platform that overcomes
the limitations introduced in section 1.2. This includes the development of hardware and
software, as well as testing the application on biologically relevant settings and processes. The
hardware must be entirely reference free, must not introduce topography, and must be able
to visualize forces in and out-of-plane (Chapter 3). The software must be able to robustly
and accurately produce traction maps in a pace that keeps up with biological phenomena
(Chapter 6). Together, this fulfills the criteria for high throughput traction force microscopy
with capabilities for on-the-fly measurements. Finally, the method must be applicable to
both single cells (Chapter 4) as well as cell collectives (Chapter 5 and 8) and be able to distill
information to generate a cell model and make predictions.
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As discussed in section 1.2, all the currently widely used TFM methods suffer from inherent
limitations when extended beyond the application for which they were developed. Today’s
TFM cannot, at the same time, provide out-of-plane, high resolution, high sensitivity, and
reference-free force detection at the single cell as well as at the multicellular level. The avail-
able continuum methods require a load-free reference image, which means that the cells need
to be removed from the TFM platform before being able to compute the traction forces. The
discrete methods either introduce topography that alters cell-behavior or the measurement is
non-directional.

In this part of the thesis, Chapter 3: "Confocal Reference Free Traction Force Microscopy"
shall introduce a novel technology, termed confocal reference-free TFM (cTFM) that over-
comes these limitations. cTFM enables the direct calculation of traction forces generated by
cells from a single fluorescent image. It is based on compliant silicone substrates with well
characterized mechanical properties, onto which a highly regular triangular array of quantum
dot nanodiscs is printed using electrohydrodynamic nanodrip printing140. The regular array
is printed with nanometer-order precision, and provides a stable fluorescent signal, which can
be tuned over the entire visible and infrared spectrum to be combined with other fluores-
cent reporters. The regular array is naturally deformed by cells upon interaction with the
substrate. Imaging of this deformation renders both in plane and out of plane traction compo-
nents without the need of cell detachment to obtain a load-free reference image. Calculation
of cell-generated forces is very robust and shows a sensitivity of 200 Pa without the need
of any arbitrary regularization steps. cTFM allows for the overlay of cell-generated traction
fields with immunofluorescence, simultaneously revealing the location and activity state of
proteins for which no live reporter is available.

Immunofluorescence is a technique used to mark the location of specific proteins in the cell.
Fluorescently labelled antibodies attach to specific proteins through binding sites and make
localization of proteins possible with fluorescence microscopy. The antibodies, however, do
not penetrate the cell membrane and any proteins located in the cytoplasm cannot be accessed
with this technique in live cells141. Therefore, the cells are fixed, meaning that any ongoing
cell activity is stopped, and covalent chemical bonds are made between proteins. This keeps
all proteins in place and links soluble proteins to the cytoskeleton141. Most importantly,
however, the membrane becomes permeable to the antibodies and fluorophores. cTFM, in
combination with immunofluorescence, can be used to gain insight in colocalization of proteins
and the development of traction forces.

In addition to permitting downstream processing, with the cTFM platform, the cells are
adherent to a continuous flat substrate, which eliminates any unwanted artifacts introduced
by topography. The software that goes with the platform implements a robust finite element
solution based on a non-linear elastic material model which was experimentally validated for
the use of a soft silicone. The output from the solver is a continuous directional traction field.
This goes beyond what any discrete method can achieve.
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These advances are demonstrated on two biologically relevant examples. First, in Chapter 4:
"Cell Cycle-Dependent Force Transmission in Cancer Cells", cTFM is employed to assess the
force generation capabilities of single human epithelial cancer cells transfected with the cell-
cycle reporter Fucci142. We therefore obtain a multiplexed set of data providing overlapping
information on the cell cycle phase, the generated forces, and the activation state at the
level of individual focal adhesions. Moreover, we demonstrate, through colocalization, the
correlation of the generated traction forces with FAK-mediated paxillin phosphorylation.

Next we looked at MCF-10A epithelial cell monolayers. Isolated epi- and endothelial cells
adhering to a flat substrate will spread and proliferate in the attempt to occupy the entire
available space. The low level of interaction between cells supports a sustained motility, which
in the absence of directional signals displays a gas-like diffusion. When cell density becomes
sufficient to cover the entire substrate, and therefore achieve confluency, the migration speed
begins to decrease143. Cells are now physically confined by the neighbors and cell-to-cell
junctions are established144,145 Collective motion, that is the coherent migration of groups of
cells in the same direction at the same time, appears146. In this phase the monolayer dynam-
ics is reminiscent of a fluid147. Collective movements decrease with increasing cell density
eventually leading to the generation of a mature epithelium where cells assume a character-
istic cobblestone shape145, are stably confined, and largely immotile. This transition to a
solid-like state, identified as jamming, is characteristic of mature and functional epithelia148.
In specific conditions, collective cell motility can be re-activated and the system unjammed.
This occurs during wound healing or upon invasion of healthy tissues by groups of carcinoma
cells149. In Chapter 5: "Endocytic Reawakening of Motility in Jammed Epithelia", cTFM is
used to compare the force generation of tissues in two different phases - Either in a liquid
phase that manifests itself as highly dynamic cell collective that produces strong forces to the
substrate, or in solid phase that is considered jammed with low cell motility and lower traction
forces. Interestingly, ease of transitions between the two phases is increased by enhancing the
expression of a single protein controlling endocytosis - Rab5.
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3 Confocal Reference Free Traction Force Microscopy

3.1 Introduction

Cells exert forces on their environment, mainly but not exclusively through the contrac-
tile acto-myosin machinery. These forces are transmitted to the extracellular surroundings
through integrin-based adhesions (that is, focal adhesions) and enable shape changes and di-
rectional migration151. The biological function of this mechanical machinery goes beyond the
simple physical anchoring and conveys environmental signals, which cells sense and respond
to152.

Traction force microscopy (TFM) provides a powerful tool to experimentally access cellular
forces. In the last two decades multiple protocols for the measurement of cell-generated trac-
tions have been developed, based on the optical detection of force-dependent deformations
of compliant substrates105,108,153. Of these, lower-resolution discrete methods such as arrays
of elastic micro-posts106,154 allow the estimation of forces from a single image, yet carry sig-
nificant limitations to the detection of out-of-plane components of traction forces, as well
as artefacts due to their non-continuous, structured and intrusive nature105,139,155,156. Con-
tinuum TFM methods exploit elastic substrates containing randomly dispersed fluorescent
beads107,115,157. These approaches yield high-resolution in- and out-of-plane force maps but
require the additional acquisition of a reference (load-free) image, typically captured on cell
removal and destruction, which markedly complicates experimental procedures and precludes
post-processing such as the colocalization with immunofluorescence staining. Attempts to
bypass these shortcomings, by applying micro-patterning of adhesive islands158,159 or litho-
graphic photoresist into ordered arrays160, are hampered by major drawbacks such as the poor
spatial resolution or the introduction of intrusive topographical features. Molecular methods,
such as DNA-based force sensors113, entail very high spatial resolution (about 200 nm) and
one-shot force magnitude detection on flat, non-intrusive surfaces, but are unable to discern
any force directionality.

Here we use highly precise electrohydrodynamic nanodrip-printing of quantum dots140,161–163

(QDs) into monocrystalline, confocal arrays on elastomeric substrates and introduce a high-
resolution and reference-free method (called confocal TFM or cTFM), capable of in- and
out-of-plane force detection, which takes advantage of many assets of previously developed
approaches while significantly advancing the landscape of reference-free force detection in cell
biology and medicine.
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3.2 Results

3.2.1 Design of the cTFM platform

The cTFM set-up in Figure 3.1a–c is comprised of a typical, 170µm glass coverslip spin-coated
with a ≈ 30µm thick layer of a highly deformable CY52-276 silicone (Dow Corning)164–167. The
CY52-276 silicone is a two-component elastomer yielding bulk elastic moduli ranging from 1 to
20kPa for mixing ratios close to 1:1 (Supplementary Figure A.2a). Standard PDMS (Sylgard
184) requires mixing ratios of around 1:60 to yield stiffnesses in the same range168,169. Silicones
in general are very viscous and sticky before curing, and handling small amounts proves to
be difficult. Thus, substrate preparation, especially for the small volumes required for spin-
coating applications (ml regime), is simpler and more reliable with CY52-276 than for Sylgard
184. CY52-276 has a refractive index of n632nm = 1.403 (ref.170) and is optically transparent
(Supplementary Figure A.2b). The point spread function measured in standard fluorescence
wide-field microscopy is similar to the one obtained with commonly used polyacrylamide gels
(Supplementary Figure A.2c–e). A unit of 0.05% poly(dimethyl-siloxane-b-ethylene oxide) is
added during silicone fabrication to increase hydrophilicity171, which aids nanodrip-printing
precision140,161. All cTFM analyses shown in this work use a CY52-276 mixing ratio of
9:10, which provides an elastic modulus of ∼ 12.6kPa according to our mechanical tests.
A nonlinear hyperelastic material model, required for the analysis of large deformations of
the substrate, is defined based on a comprehensive mechanical characterization of thin-cast
samples in multi-axial mechanical tests172 (Figure 3.1d and Supplementary Figure A.2f; for
details see Methods). In addition, cyclic uniaxial strain rate sweep tests were performed
between 0.3%s−1 and 5.2%s−1 at large strains, and showed negligible rate dependence of the
material response (Supplementary Figure A.2g).

The silicone surface features a monocrystalline array of fluorescent nanodiscs, so that the
lines connecting nearest neighbours form a grid of equilateral triangles (Figure 3.1e). Each
printed fluorescent nanodisc contains a countable number of custom-made QDs162 (Supple-
mentary Movie 1). Individual nanodiscs are about 200nm in diameter (Figure 3.1e) and
≤ 30nm in thickness and thus represent confocal point sources of light, emitting a bright and
stable fluorescent signal (Supplementary Figure A.1), without introducing intrusive surface
topography173. By varying the size and composition of the QDs (see Methods for details),
fluorescent nanodiscs with various and well-defined emission spectra can be created (Figure
3.1f), comparable and compatible with standard live-cell fluorescent proteins (for example,
green fluorescent protein or mCherry). Sequential nanodrip-printing on a single substrate can
interlace multiple arrays to yield a palette of emissions, without crosstalk between QDs of
different colour (Figure 3.1g).

As previously demonstrated, electrohydrodynamic nanodrip-printing allows the generation of
ordered nano-structures with spatial resolution of 100 − 200nm on dry surfaces140. As a first
step in the adaptation of this technology to TFM and based on the requirements of the cases
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Figure 3.1: Overview and characterization of the cTFM platform (on page 22). (a)
Schematic of the cTFM set-up and involved techniques. (b) Workflow of the classical continuum
approach versus the one-step cTFM process. (c) Scanning electron microscopy (SEM) image of cross-
section of elastic silicone layer on glass coverslip. Scale bar, 20µm. (d) Results of tensile (uniaxial)
and inflation (equibiaxial) testing of CY52-276 silicone mixed at a 9:10 ratio. Free sample dimensions
40 × 10mm (uniaxial) and diameter 30mm (inflation). Thicknesses were in the range from 0.5 to
0.75mm; exact thickness was measured for each sample independently (see Methods). Shaded area:
s.d.; n = 10 samples per test. (e) Representative example (n = 20) of QD nanodisc printing on elas-
tic silicone substrates. Scale bar, 2µm. Red box: SEM image of QD nanodisc on glass. Scale bar,
100nm. (f) Emission spectra of blue, green and red QDs, as well as Hoechst, eGFP and mCherry for
comparison. (g) Blue, green and red QDs were printed on the same substrate. Lower right image
shows the merging of the three colours. Scale bar, 3µm. (h) Representative distribution of actual
spacing between fluorescent QD nanodiscs after printing. (i) Overview of the analysis procedure.
Subpixel detection of the QD nanodisc centre (Detection), followed by computational reconstruction
of the triangular mesh (Meshing). From the displacement field (Displacement) the surface tractions
are reconstructed using FEA (Surface tractions). Scale bars, 500nm.

we studied, we printed monocrystalline nanodisc arrays of custom-made QD dispersions on
hydrophilic glass substrates with inter-disc spacing ranging from 0.75 to 3mm. This resulted in
a positioning precision of 30−45nm, which was almost independent from the inter-disc spacing
(Supplementary Figure A.3a). Printing of QDs was subsequently optimized for elastomeric
substrates such as CY52-276 and yielded the same precision in nanodisc positioning (Figure
3.1h). In general, electrohydrodynamic nanodrip-printing is not limited to this particular
silicone and can be equally applied to other silicones. Moreover, with future optimization of
the chemistry to ensure stable binding of QDs to polyacrylamide, a cTFM substrate based on
a hydrogel could be envisioned (Supplementary Figure A.4).

The achieved printing accuracy (Figure 3.1h) is a key enabler in omitting cell removal for
the acquisition of a reference image (Figure 3.1b). An in silico analysis based on the defined
material model (Figure 3.1d) revealed that with a printing error of 35nm the resulting noise in
the calculated surface tractions increases from 100 to 500Pa as the inter-disc spacing decreases
from 3 to 0.75mm (Supplementary Figure A.3b,c). We therefore applied monochromatic
arrays featuring inter-disc spacing of 1.5mm to single cells and of 3mm to cell monolayers as
an ideal trade-off between spatial resolution and force sensitivity.

After coating with fibronectin, adhering cells generate deformations of the substrate, which
are captured as distortions of the fluorescent nanodisc array. A host of different cell types
including, but not limited to, rat embryo fibroblasts (REF-Pax174), HeLa cells, human umbil-
ical vein endothelial cells and MCF10A mammary epithelial cells proved compatible with the
cTFM platform and induce dynamic deformations of the substrate to different extents (Fig-
ures 2a, 3a and 4b, and Supplementary Movies 2 and 3). In addition, the cTFM platform is
fully compatible with biological applications, as no cytotoxicity is detected175 (Supplementary
Figure A.5).
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On imaging of the cTFM platform in confocal or wide-field fluorescent microscopy, the position
of individual nanodiscs on the deformed substrate is determined with sub-pixel resolution by
calculating their weighted centroid (Figure 3.1i). An analyis using in silico generated images
(for details see Methods) revealed that this detection algorithm has a precision of 4 − 8nm
depending of the amount of imaging noise (Supplementary Figure A.6a,b). A custom-made
algorithm is next utilized to construct the triangular mesh by identifying the six original
neighbours for each individual QD nanodisc (Figure 3.1i; see Methods and Supplementary
Methods for details). The corresponding (load-free) regular arrangement of the disc array is
then computationally reconstructed by relaxing the triangular mesh back to an equilateral
configuration (see Methods). This procedure tracks individual nanodiscs and allows to reliably
extract displacement vectors (Figure 3.1i, Supplementary Figure A.6c–e, and Supplementary
Movies 3 and 4). Analysis of the in silico generated images showed that the reconstruction
algorithm is precise, resulting in positioning errors ≤ 30nm (Supplementary Figure A.6b),
which are within the limit of our printing precision. On the basis of the displacement vectors
obtained from the reconstruction algorithm, the kinematic boundary conditions of each node
on the surface of a finite element mesh are defined by means of interpolation with radial basis
functions (see Methods). Surface tractions, defined in the deformed configuration (Cauchy
tractions), are finally obtained using nonlinear finite element analysis (FEA, Figure 3.1i,
for details see Methods). The FEA accounts for both the nonlinear material properties of
the substrate and the inherent geometrical nonlinearity associated with large deformations
observed in cTFM experiments, typically with strains larger than 100%. For a 9:10 CY52-276
mixing ratio, this method provides a sensitivity of stress detection of 200Pa (Supplementary
Figure A.7). Owing to the nanometre precision in the printing of nanodiscs and in the
detection of their displacement, the calculation of generating traction fields does not require a
regularization step, circumventing this difficulty present in particle image velocimetry (PIV)-
based TFM procedures. cTFM is thus free from subjective parameterizations, which are prone
to the underestimation of tractions in regions of the substrate where high deformations are
detected176,177.

3.2.2 High-resolution force detection at single focal adhesions

To validate our force detection system we plated REF-52 cells stably expressing YFP-Paxillin
(REF-Pax) on a red-emitting cTFM platform. This allowed for simultaneous analysis of
substrate deformations and imaging of cell adhesion structures (Figure 3.2a). The recon-
structed traction peaks were mainly located at the cell perimeter, with nearly exact corre-
spondence to focal adhesions (Figure 3.2b). The integral of surface tractions (ranging from
2 to 20kPa; Figure 3.2b) over the area defined by the Paxillin signal yields corresponding
values for forces exerted per focal adhesion, which range from 1 to 30nN (Figure 3.2b,c).
These results are in good agreement with values obtained on similar cells via classical contin-
uum approaches178,179, elastic PDMS pillars106,154,180 or DNA-based force sensors113. More-
over, compared with other continuum reference-free methods based on lithographic or micro-
patterning approaches158–160, cTFM features significant advantages: electrohydrodynamic
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Figure 3.2: High-resolution detection of forces exerted at focal adhesions. (a) REF-Pax
cell on cTFM substrate with red QD nanodiscs (spacing: 1.5µm). Scale bar, 10µm. Reconstructed
surface tractions peaks are located at the cell circumference. (b) Surface traction peaks and focal
adhesions colocalize. Scale bar, 10µm. The lower right panel depicts the magnitude and direction
of forces exerted by individual focal adhesions. (c) Force and traction exerted by individual focal
adhesions (only focal adhesions with an area > 0.5µm2 were analysed). Data from n = 337 focal
adhesions detected in four cells from independent experiments via integration of traction stress over
focal adhesion area.

nanodrip-printing enhances spatial resolution, while simultaneously reducing the size of the
fluorescent marker below optical resolution, allowing for a highly precise and robust spatial
detection. In addition, cTFM provides a homogenously adhesive substrate with height differ-
ences ≤ 30nm (compared with 300nm; [160]), which is below the threshold at which substrate
topography interferes with cells173.

3.2.3 Out-of-plane force detection

Confocality of individual QD nanodiscs and of the nanodrip-printed disc array enables the
monitoring of substrate deformations in all directions and with all fluorescent microscopy
setups. Cells on planar substrates exert forces in all dimensions, with normal (out-of-plane)
traction components typically being lower than in-plane ones181. Detection of these out-of-
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plane force components has led to fundamental findings in the field of cell adhesion biol-
ogy181,182. To demonstrate the capability of cTFM in terms of out-of-plane force detection,
we obtained three-dimensional (3D) image stacks of the fluorescent nanodisc array, deformed
by spreading MCF10A cells. Intensity profiling along the Z axis was used to detect normal
displacements (see Methods for details). We found that MCF10A cells generate significant
normal displacements on spreading on the substrate, well above our vertical detection limit
(Figure 3.3a–c and Supplementary Figure A.8). In line with previous work181,182 cells pull
upwards at the leading edge, and tend to push downwards towards the cell centre (Figure
3.3b,c). The detected vertical displacements are included in the reconstruction algorithm
to calculate the volumetric traction field at the surface of the substrate, as well as corre-
sponding principal traction vectors (Figure 3.3d,e). The ratio of out-of-plane and in-plane
components of the tractions ranges from 0.1 to 0.5, illustrating the substantial magnitude of
normal tractions182. Our results demonstrate that the cTFM platform is capable of separate
detection of in-plane and out-of-plane components of cell tractions with high resolution. This
is a remarkable advantage over other available discrete or continuum reference-free methods.
PDMS pillars106,154 have lower spatial resolution and only detect in-plane tractions, whereas
molecular force sensors113, despite their very high spatial resolution, cannot discriminate force
direction. In addition, no out-of-plane force detection has been demonstrated using continuum
reference-free methods158–160, to the best of our knowledge. cTFM is thus the first reference-
free TFM method based on a two-dimensional substrate capable of detecting cellular tractions
exerted in all directions.

3.2.4 Correlative cTFM

The cTFM platform enables the direct correlative overlap of high-resolution continuous trac-
tion force fields with spatial localization of proteins via immunofluorescence methods. This
capability has so far been limited to micropillar substrates106,184–186, which geometrically
constrain cell adhesion and might alter cell behaviour. cTFM thus expands the portfolio of
possibilities, in addition to the use of live-cell reporters. Such capability is of unique value
when addressing post-translational protein modifications such as site-specific phosphoryla-
tion, where, to the best of our knowledge, no live reporter exists that detects the presence
of specific phospho-groups on target substrates. We illustrate this potential visualizing the
phosphorylation pattern of the focal adhesion protein Paxillin47 (Supplementary Figure A.9).

To further showcase the capability of cTFM, we applied it to a recently discovered molecular
pathway implicated in the transduction of mechanical signals in epithelial monolayers. Sig-
nalling pathways activated by mechanical stimuli can drive whole sheet responses, while being
active only in a subset of cells at specific locations within the cell layer, such as wound edges,
replicative foci and others187. Perhaps the most prominent example is the mechano-sensitive
pathway of Hippo188, which controls the nuclear translocation of the transcription factor YAP
(yes-associated protein). Gradients of YAP activation, commonly revealed by immunostain-
ing, develop from the edge of the epithelium to the rear positions. Therefore, cells at the
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Figure 3.3: Detection of out-of-plane forces. (a) Spreading MCF10A cell on cTFM substrate
with red QD nanodiscs (spacing: 1.5µm). Scale bar, 10µm. (b) Smoothed 3D surface plot of the
area underneath the cell in a. For traction force reconstruction, the unsmoothed displacements in
Z-direction are taken into account. (c) Z-profile of the substrate obtained from line scans underneath
four independent cells. Cell dimensions were normalized so that cell outlines reach from 0 to 1. (d)
Overall traction magnitude of the cell in a. (e) Out-of-plane (Z−) components of the traction field for
the cell in a.

boundary retrieve positional information, which is assumed to be functionally linked with
forces, including both intercellular and cell–extracellular (ECM) traction forces183 (Figure
3.4a). We applied cTFM to directly correlate epithelial force generation and nuclear translo-
cation of YAP. To this end, MCF10A mammary epithelial cells were seeded in dense clusters
on red cTFM substrates. At the edge of the epithelial colony we detected traction forces
within the cell monolayer (Figure 3.4b), followed by immediate fixation and immunofluores-
cence processing for YAP and Hoechst (Figure 3.4c,d). As suggested by previous literature, we
found that cells in the proximity of the free, migrating edge of the colony display a strong cor-
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Figure 3.4: Correlative traction force microscopy. (a) Current model of YAP activation in
epithelial monolayers (modified from ref. [ 183]). (b) Edge of a colony of epithelial MCF10A cells
seeded on a cTFM substrate with red QD nanodiscs (spacing: 3µm). After live imaging of the
fluorescent QD nanodiscs cells were immediately fixed and processed for immunostaining. Scale bar,
10µm. (c) Nuclei and decreasing cell density along the x axis. (d) Immunostaining for the transcription
factor YAP. (e) Surface traction exerted by the MCF10A monolayer. (f) Binning of nuclei into 50µm
regions of interest (ROIs) perpendicular to the colony edge. (g) On the basis of segmentation of the
brightfield image, individual cell outlines were defined and nuclear/cytoplasmic YAP was quantified
for each cell. (h) Mean surface traction per cell. Blue region corresponds to cells with cropped nuclei.
Therefore no nuclear/cytoplasmic YAP could be quantified and cells were excluded. Hatched area
corresponds to a region devoid of cells. (i) Cells from four independent colony edges were binned
in four ROIs (as defined in f) and surface traction per cell and nuclear/cytoplasmic YAP ratio were
determined. n=number of analysed cells; error: s.e.m.
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relation between increased nuclear YAP signal and the magnitude of surface tractions183,188

(Figure 3.4d–i).

We are not aware of any other studies and methods that have directly (for the same cells)
and quantitatively correlated YAP localization with the magnitude of traction forces. There-
fore, cTFM fully preserves the information on cell position and identity during downstream
processing. This information enables the generation of colocalization maps and allows for spa-
tially resolved quantitative analysis of traction forces and cellular signalling (Figure 3.4f–i).
Further, the data show that cTFM is not limited to single-cell analysis but can be applied to
cell cohorts and collectively migrating cell monolayers.

3.3 Discussion

The presented results establish cTFM as an easy-to-use, high-resolution force sensing method
markedly advancing the state of the art over current TFM approaches. The highly deformable
silicone-based substrate combined with a nanodrip-printed monocrystalline array of fluores-
cent landmarks constitutes an optically transparent, continuum environment, which can be
adapted to a broad palette of biological applications. The selected two-component silicone
allows for traction measurements over a wide range of physiological forces with straightfor-
ward fabrication requirements. For the cells and applications described here, the used 9:10
mixing ratio proved to be suitable in terms of magnitude of displacements and resulting ma-
terial strains. Cell-induced displacements were well above nanodrip-printing noise (≈ 30nm),
while the resulting strains in the substrate were within the regime analysed in the mechanical
tests (Figure 3.1d). For other cells or applications, fabrication and characterization of further
CY52-276 mixing ratios can expand the force detection range of the cTFM platform in the
future.

The well-defined and highly stable QD emission is homogenous across the nanodisc-lattice
and can be tailored over a large palette of colours. Similar to conventional TFM, overlays of
crystalline array with multiple colours could be used in the future to further increase spatial
resolution of the cTFM platform115. The use of the nanodrip-printing technology enables
the deployment of QDs into sub-resolution nanodiscs arranged in a confocal and crystalline
triangular pattern. Therefore, it yields a substrate for cells, which is homogeneously adhesive
and devoid of any intrusive topography. Finally, the corresponding fully nonlinear analysis
enable application of the cTFM platform to highly deformable substrate materials and large
strain problems, beyond the validity of linear methods108.

The synergistic effect of the above-mentioned technologies enables a one-step-imaging pro-
cess, which directly provides all necessary information to compute the intensity and direction
of in- and out-of-plane traction forces produced by cells. This substantially simplifies the
experimental workflow and supports a rapid and high-throughput analysis. Importantly, it
removes the requirement for cell detachment and acquisition of a load-free reference image,
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enabling correlative visualization of traction forces and cellular signalling activity, and render-
ing cTFM a significant methodological advancement in cell force determination and activity
for the biological and medical communities.

3.4 Materials and Methods

3.4.1 Cell culture

HeLa cells (American Type Culture Collection; ATCC) and rat embryonic fibroblasts stably
expressing YFP-Paxillin (REF-Pax174) were grown in high-glucose Dulbecco’s modified Ea-
gle’s medium (DMEM) supplemented with 2mM L-Glutamine, 10% FBS, 1% penicillin/strep-
tomycin (all Sigma-Aldrich). Human Umbilical Vein Endothelial Cells (HUVECs, Life Tech-
nologies) were grown in M200 medium with Low Serum Growth Supplement (all Life Tech-
nologies). MCF10A cells (G. Scita, IFOM Milan, Italy) were grown in Dulbecco’s modified
Eagle’s medium /F12 medium (Life Technologies) supplemented with 10% horse serum, 1%
penicillin/streptomycin, 0.5µg ml−1 hydrocortisone, 10µg ml−1 insulin, 20µg ml−1 epidermal
growth factor (all Sigma-Aldrich) and 100µg ml−1 Cholera toxin (List Biological Laborato-
ries). All cells were cultured in a humid atmosphere containing 5% CO2 at 37○C.

PC12 cells (ATCC) were grown in RPMI-1640 medium supplemented with 10% horse serum,
5% FBS, 2mM L-glutamine and 1% penicillin/streptomycin (all Sigma-Aldrich). Details on
the cytotoxicity test are described elsewhere175. Briefly, PC12 cells were grown for 4 days in
RPMI-1640 medium supplemented with 2% FBS, 2mM L-glutamine, 1% penicillin/strepto-
mycin and 100µg ml−1 nerve growth factor (induction medium), followed by measuring the
mean neurite length.

3.4.2 Substrate fabrication and nanodrip-printing

The two components of CY52-276 polydimethylsiloxane (Dow Corning) and 0.05% (v v−1)
poly(dimethylsiloxane-b-ethylene oxide) (Polysciences) were mixed thoroughly at the desired
ratio for 5min, degased for 2min and spin-coated on 170mm thick coverslips for 1min at 1500
r.p.m. The silicone was then cured at 70○C for 30 min. Afterwards the substrates were kept at
all stages in a clean, dust-free and dry environment to prevent fouling. With respect to ageing
properties of polydimethylsiloxanes172 , we always used CY52-276 samples of the same age
for experiments (2 − 3 weeks). The red core-shell-shell CdSe-CdS-ZnS QDs with an emission
peak at 627nm were synthesized following a published recipe189 . The detailed recipe, as well
as recipes for the blue and green QDs can be found in the Supplementary Methods. The
QDs were transferred from hexane dispersions to tetradecane for the printing process. To
ensure a reproducible printing process and reduce clogging at the printing nozzle, the optical
density of the dispersion at the first absorption peak was adjusted to 0.5 for a 1mm path and
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then further diluted 1:1 in tetradecane. The deposition precision was further increased by
adding 5% vol of octanethiol-capped gold nanoparticles190 to the QD ink from a tetradecane
dispersion with an optical density of 5 for a 1mm path. These gold nanoparticles enable a
more stable printing process, leading to a reproducible droplet ejection and thus a higher
placement precision, but do not adversely affect the fluorescence.

The QDs were deposited on the substrate by electrohydrodynamic nanodrip-printing, details
of which have been published elsewhere140,161–163. Briefly, the substrate is placed on a con-
ducting grounded plate. A gold-coated glass capillary with an opening diameter of 1− 1.5µm
is filled with the QD dispersion and brought within 5µm of the substrate using a piezoelec-
tric stage with nanometre precision. By applying voltage pulses between the nozzle and the
grounded plate, nanoscale droplets with a diameter of 50 − 100nm are rapidly ejected from
the apex of a larger meniscus formed at the nozzle exit with frequencies of 100 − 200Hz. The
droplets land softly on the substrate (no splashing or sizable spreading) and the tetradecane
evaporates before the arrival of the next droplet, leaving behind only the nanoparticle con-
tent. To print one nanodisc of the triangular array, d.c. voltages of 200−250V are applied for
70ms. In this manner, the QDs of several nanodroplets land at the same location each time
and form collectively one brightly emitting disc at a well-defined position. Arbitrary patterns
can be created moving the substrate with the piezoelectric stage. Voltage, pulse length and
stage position are controlled using a custom-built control unit. The electrohydrodynamic
nanodrip-printing technology is freely available for laboratory research and, in addition, can
be commercially obtained through an ETH Zurich spin-off company (http://www.scrona.ch).

3.4.3 Mechanical characterization of the substrate

The mechanical properties of the substrate were evaluated for thin cast samples loaded in
different modes. Uniaxial-tension tests were performed on a tensile testing set-up mounted on
a MTS 793 testing rig (MTS Systems, Eden Prairie, USA). Equibiaxial deformation behaviour
of the material was characterized on a custom-built inflation set-up172. All measurements used
for the evaluation of the elastic properties were performed at low strain rate (ε̇ = 0.3%s−1)
and within the range of deformation expected to occur during cTFM (up to 175% strain).
Strain was quantified by tracking optical features on the sample surface using a CCD (charge-
coupled device) camera (Pike 100B Allied Vision Technologies GmbH) and a customized
tracking algorithm172. The thickness of each sample was determined post testing by optical
measurements of the cross-section of sliced samples in a microscope (LSM 5 PASCAL, Zeiss).
The stress–strain data of the tests were used to fit the parameters of a hyperelastic Ogden
material191 with two terms (Table 3.1).

µ1 (kPa) α1 (-) µ2 (kPa) α2 (-)

4.073 2.132 0.167 -0.600

Table 3.1: Ogden material parameters.
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3.4.4 ECM coating and cell seeding

Before coating with the ECM protein fibronectin, substrates were incubated in a custom-built
vacuum oven at 90○C for 1h, washed 1min in methanol and incubated for another 2h in the
vacuum oven to remove ligands and anneal QDs to the silicone. Substrates were then glued in
35mm Petri dishes. For coating 50µg ml−1 fibronectin (Life Technologies) in PBS was applied
to the substrates for 1h at room temperature. Substrates were washed twice with PBS before
applying medium and seeding of cells at desired concentrations.

3.4.5 Live-cell imaging

Cells were allowed to spread from at least 3h till overnight before imaging (except otherwise
noted) using an inverted Nikon-Ti wide-field microscope equipped with an Orca R-2 CCD
camera (Hamamatsu Photonics, Japan) or an iXon Ultra 888 EMCCD (Andor, UK). Tem-
perature, CO2 and humidity were controlled during imaging using an incubation chamber
(Life Imaging Services, Switzerland). Images were collected using a ×60 Plan Apo l 1.40 Oil
or and ×60 Plan Apo VC 1.20 water objective. Focal drift during the experiments was avoided
using the autofocus system of the microscope.

3.4.6 Image analysis

The pointspread function of individual 50nm fluorescent beads on polyacrylamide and CY52-
276 silicone was distilled from 3D image stacks acquired with conventional wide-field fluores-
cent microscopy using Huygens software (Scientific Volume Imaging).

Focal adhesion structures were segmented based on a previously described method192, except
that the mathematical exponential step was omitted. Briefly, on background subtraction, the
local contrast of the image was enhanced via Contrast Limited Adaptive Histogram Equaliza-
tion. After applying a Laplacian of Gaussian filter, the image was manually tresholded and
particles were analysed. Only focal adhesions with a size > 0.5µm2 were considered for the
analysis.

3.4.7 Immunofluorescence

Cells were fixed with 3% paraformaldehyde in PBS for 10min at room temperature and
permeabilized via incubation in 3% paraformaldehyde with 0.1% Triton in PBS for 5 min.
After blocking with 5% BSA in PBS for 2h, samples were incubated at 4○C overnight with
a monoclonal primary antibody against YAP (Cell Signaling (D8H1X), dilution: 1:300) or
phosphorylated Paxillin (Tyr118, Cell Signaling (#2541), dilution: 1:300). Alexa Fluor 647
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Chicken anti-Rabbit (Thermofischer (#A-21443)) was used 1:200 as secondary antibody for
1h at room temperature. For staining of nuclei, Hoechst was added at 10µgml−1 during a
washing step.

3.4.8 In-silico image generation

A synthetic image that simulates a real image acquired in the microscope was created with the
following procedure193. First, the positions of the QD nanodiscs in perfectly regular arrays
and arrays with positioning errors of 35nm (recapitulating the printing error) were determined
using MATLAB. Then, in some regions these positions were displaced to a maximum of 1.5µm
to simulate cell tractions. A synthetic image was obtained by creating Gaussians with s.d.
of 0.2µm at the exact positions of the nanodiscs, to simulate the signal convolution of the
microscope. Finally, Gaussian noise with s.d. of 10 was added to the synthetic image in
ImageJ to mimic imaging noise.

3.4.9 Data analysis and statistics

Data were analysed, tested for statistical significance, fitted and visualized using R or MAT-
LAB (The MathWorks). No statistical method was used to predetermine sample size. No
estimation of variance was performed. The Shapiro–Wilk test was used to test for normality
of data. For non-normal distributed data, Mann–Whitney U-test was performed.

3.4.10 Data availability

cTFM software featuring algorithms for QD nanodisc detection, meshing, reference configura-
tion estimation and displacement reconstruction, and surface traction evaluation is available as
Supplementary Software (cTFM_Package_NatComm.zip and cTFM_Examples_NatComm-
.zip) at https://dx.doi.org/10.6084/m9.figshare.3493685.v1. cTFM_Package_NatComm.zip
contains the software package used to analyse cTFM images (including documentation).
cTFM_Examples_NatComm.zip contains example images to be analysed with the cTFM
software. Further relevant data are available from corresponding authors on request.
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Parts of this chapter are published in: M. Panagiotakopoulou, T. Lendenmann, F. Pramot-
ton, C. Giampietro, G. Stefopoulos, D. Poulikakos, A. Ferrari, "Cell cycle-dependent force
transmission in cancer cells", Molecular Biology of the Cell 29 (2018): 2528. [194]
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Contribution

I was partially involved in this project. My work involved the investigation of traction forces
throughout the cell cycle of both HeLa and MCF-7 cells. Additionally, I developed algorithms
for measuring the amount of phosphorylation in focal adhesions, and for the colocalization of
phosphorylation and traction forces.

4.1 Introduction

Beyond their genetic heterogeneity, solid tumors display unique characteristics of size, shape,
stiffness86,195,196, and deformability197. This biophysical fingerprint depends on the compo-
sition, architecture, and type of cancer198. Within neoplastic lesions, cells are embedded in
a complex three-dimensional (3D) environment, which contributes overlapping biological and
mechanical signals impinging on the metastatic dissemination of cancer seeds. This mechan-
ical interplay is of particular relevance in defining the ability of pervasive cells to migrate
in dense interstitial tissues and proliferate in distant body locations199,200. In this context,
traction forces exerted by cells on the surrounding environment via integrin contacts (i.e., the
focal adhesions [FAs]) orchestrate a process of mutual evolution, during which metastatic cells
remodel the extracellular matrix (ECM201,202), acquire the ability to repair DNA damage203,
and develop resistance to drugs204.

A number of studies have evaluated the correlation between cell cycle progression and migra-
tion of cancer cells. In particular, the “go or grow” hypothesis postulated that the two activities
are mutually exclusive in space and time205–208. Emerging evidence, however, shows that tu-
mor cells do not defer proliferation for migration209,210. Along this line is the pathological
observation that highly proliferative tumors are often likewise invasive211. This correlation is
linked to frequent relapses and a very poor prognostic outcome.

The existence of a link between cell proliferation and migration remains elusive, yet a growing
number of indications suggest that the key may be found in the way cells generate actomyosin-
mediated traction forces and transmit them to the surrounding environment to propel migra-
tion128. We recently provided evidence that the efficiency of penetrative migration in small
interstitial pores varies during the cell cycle progression of cancer cells212. Nuclear deforma-
bility increases immediately after division, a phase in which the biochemical decondensation
of chromatin takes place (M/G1 phase). Cells can thus efficiently penetrate small openings
due to the reduced physical resistance provided by the nucleus213. Nuclear stiffness increases
in the ensuing G1 and S phases214,215. This, however, does not impede the pervasion of pores
demanding a very large deformation. The same narrow openings become insurmountable
obstacles as soon as the cell progresses from the early S to the late S/G2 phase212.
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A pivotal role in regulating both cell proliferation and migration is played by cell adhesions
to ECM, which are established upon integrin activation216–218. Integrin contacts are partially
lost during cell division219 and gradually reassembled by daughter cells upon abscission. Can-
cer cells feature a greater number of large adhesions to the substrate in the G1 and S phase212.
It is therefore logical to speculate that in these specific phases of the cell cycle, the transmis-
sion of cellular forces to the substrate is sufficient to actuate the necessary deformation and
squeezing of a relatively stiff nucleus.

Actomyosin-generated contractility is transmitted to the substrate at the level of FAs130.
Mature adhesions connect with actin stress fibers at their cytoplasmic sides (i.e., the adhesion
plaque40). Beside actin dynamics220,221, master regulators of this mechanical maturation
are focal adhesion kinase (FAK) and paxillin47,222–227. In particular, FAK-mediated paxillin
phosphorylation induces the recruitment of vinculin at the adhesion site, thus reinforcing
the connection to the actin cytoskeleton40. This process may support the transmission of
traction forces to the substrate in correspondence with individual integrin contacts, yet a
direct demonstration is still missing.

Traction force microscopy (TFM) provides access to cellular forces transmitted to the sub-
strate via FAs. TFM detects the resulting substrate deformations by tracking the displacement
of optical landmarks99. To do this, classic TFM approaches, based on continuum hydrogels
or silicon substrates, require the acquisition of a reference image115, which renders them in-
compatible with the analysis of protein activity by immunohistochemistry. Discrete TFM
methods do not require this disruptive step, yet introduce significant artifacts in the forma-
tion of integrin contacts115. A reference-free continuum TFM method, recently developed
in our laboratory, allows the generation of spatially resolved overlapping maps of protein
activity and traction forces150. Here, we exploit this approach to investigate the variation
of force transmission to the substrate in cancer cells during their progression along the cell
cycle and link it to the corresponding dynamics of FA maturation via FAK-mediated paxillin
phosphorylation.

4.2 Results and Discussion

HeLa Fucci2 cells were adopted as a general model of cell cycle progression in human epithelial
cancer. Their adhesion to the substrate and migratory behavior in standard culture and
in vitro models of interstitial invasion are well established228–230. The cells stably express
the Fucci two-color cell cycle reporter142, which is characterized by the alternate nuclear
expression of hCdt1-mCherry during the G1 phase (red fluorescent channel) and hGem-Azami
Green during the S/G2/M phases (green fluorescent channel;142). Calibration of the relative
signals from the two fluorescent channels and their correspondence to the cell transition in
distinct cell cycle phases were previously reported for these cells. In particular, cells in M/G1
show no fluorescent emission, while the G1, early S, and S/G2 phases are identified by red,
orange, or green emissions, respectively (Figure 4.1A212).
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Figure 4.1: Cell cycle–dependent force transmission in cancer cells on page 38. (A) Merged
transmission and fluorescence images of a HeLa Fucci2 cell over a complete cell cycle. The corre-
sponding cell cycle phase, as defined by the Fucci2 reporter, is indicated in the bottom left corner of
each panel. The elapsed time from the initial cell division is reported in the top right corner. Scale
bar is 10 µm. (B) Corresponding maps of actuating traction obtained by cTFM. A white dashed line
indicates the basal profile of the cell under analysis. (C) Relative duration of each cell cycle phase.
(D) Typical displacement of the QD nanodisc array induced by a HeLa Fucci2 cell in G1. Scale bar
is 10 µm. (E) Dynamics of absolute total forces along cell cycle progression. Force is averaged over
all tracked cell cycles. (F) Corresponding phase-resolved dynamics of cell spreading and (G) traction
transmitted to the substrate along individual cell cycles. *p <0.05, **p <0.01, ****p <0.0001. n =
number of cells and n’ = number of independent experiments.

To access the forces imparted by cells to the substrate, HeLa Fucci2 cells were seeded at
low density and care was taken to avoid the generation of large clusters, which interfere
with the measurement of individual cell contractility (initial seeding density 4 × 104/cm2).
To measure the spatial and temporal variation of cellular traction as a function of the cell
cycle phase, a red-emitting confocal TFM (cTFM150) platform was used. The force sensor
array was based on a silicone substrate (9:10, CY52-276) yielding an elastic modulus of ∼12.6
kPa, on the surface of which a triangular pattern of red quantum dot (QD) disk-shaped
layers of diameter ∼200 nm was printed, with a 2-µm pitch. This configuration provided
sufficient spatial resolution and sensitivity to capture deformations induced by single FAs150.
Individual cells were monitored through live-cell microscopy along the entire duration of their
cell cycles, from one division to the next. The average duration of these cycles was 20.2 h;
therefore a total observation period of 30 h made it possible to monitor a sufficient number
of complete progressions. The resulting time lapses yielded stratified information on cell
cycle and spreading dynamics and on corresponding deformation of the QD nanodisc array.
From the latter, the actuating traction forces were derived by means of a dedicated algorithm
(Figure 4.1B; [150]).

The average duration of each cell cycle phase was extracted as the first quantitative data
layer (Figure 4.1C). During the recorded cycles, cells spent more time in the G1 phase, while
their residence in M/G1 (early stage G1), early S, or late S/G2 phase was shorter. Similarly,
phase-resolved values of cell spreading were obtained. The graph in Figure 4.1F reports the
linear increase of basal area upon progression from the M/G1 to the G1 phase. The cell
surface increment continued in the ensuing development to reach a plateau in late S/G2.

Cell-induced displacement of the QD nanodiscs from their original, perfectly-ordered position
in the triangular array (through the deformation of the elastic substrate to which the nan-
odiscs firmly adhered) was automatically captured under each tracked cell and over the entire
cell cycle (Figure 4.1, B and D). A finite element analysis of the resulting vectorial displace-
ment field, based on the constitutive material model of the substrate150, rendered spatially
and temporally resolved maps of the actuating traction forces. Using the overlapping cell
profiles, stress magnitudes were integrated under the entire cell surface, yielding the total
force intensity exerted by the cell under analysis (Figure 4.1E). Forces transmitted by HeLa
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Fucci2 cells increased from the M/G1 phase (699 ± 144 nN) to G1 and lasted through early
S (1741 ± 89 nN), in line with previous reports establishing a linear correlation between cell
area and force generation86,231. A slight decrease was instead measured toward the end of
the cell cycle, in the late S/G2 phase (1638 ± 101 nN; Figure 4.1E).The same total force and
cell area trends are well captured by measurements along individual cell cycles (Supplemental
Figures C.2–C.5).

To better understand the link between cell spreading and force generation in cell cycle pro-
gression, the measured cellular force (Figure 4.1E) was divided by the cell basal area (Figure
4.1F) to obtain the average traction (Figure 4.1G). This derived descriptor corresponds to the
density of force exerted by individual cells on the substrate and increased significantly from
the M/G1 to the G1 phase (1.126 ± 0.2 kPa to 1.65 ± 0.2 kPa). It persisted upon transition
to the S phase (1.54 ± 0.2 kPa) while dropping significantly when cells entered the S/G2
phase. In the S/G2 phase the average traction was only slightly higher than that measured
in M/G1 (1.3 ± 0.2 kPa). These results suggest that the cellular machinery supporting force
transmission matures during cell cycle progression along with cell spreading, but with different
dynamics. The highest average traction is transmitted to the substrate before the cell surface
reaches its full extension (Supplemental Figures C.2–C.5). Finally, no direct correlation be-
tween cell shape and exerted traction could be detected in individual cell cycles (Supplemental
Figure C.6), suggesting that the small and rapid variations of cell shape recorded under our
experimental conditions did not significantly impinge on the force generation dynamic.

cTFM provides a reference-free detection of cell-mediated substrate deformations from which
a measure of transmitted cell contractility can be obtained directly without the necessity of
disruptive cell removal150. The phase-resolved evolution of average traction obtained from
fixed samples (Figure 4.2A), and thus from different cells, revealed the same temporal variation
as that captured by the live cell analysis (Figure 4.1G). This result has a twofold value. First, it
validates cTFM as conducive to endpoint sample processing (i.e., immunostaining) to reveal
the level of activity of specific molecules as an additional layer of information. Second, it
demonstrates that the G1 traction peak is significant beyond intercellular variability.

Hence, the total (total-pax) and phosphorylated paxillin (phospho-pax) distributions were vi-
sualized in cells contacting the cTFM substrate, providing a direct map of adhesions, paxillin
activation, and resulting transmitted forces (Figure 4.2B). A first, qualitative analysis indi-
cated that large FAs featuring prominent paxillin phosphorylation colocalized with regions
of high transmitted force, while smaller adhesions with correspondingly lower phospho-pax
levels were found in regions of low force transmission (Figure 4.2C).

Quantitative large-scale analysis confirmed this observation. HeLa cells do not display resolv-
able paxillin accumulation at the basal surface during M/G1212, consistent with the absence
of mature integrin contacts in this phase232. In the ensuing phases, FAs were mostly detected
at the cell periphery (Figure 4.2B). Here, higher levels of phospho-pax correlated linearly
with the size of individual adhesions (Supplemental Figure C.7), thus linking FA growth to
their mechanical maturation86,218. Notably, phospho-pax levels were significantly higher in
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Figure 4.2: Combined analysis of forces and focal adhesion maturation. (A) Cell cy-
cle–dependent variation of traction forces transmitted to the substrate in fixed samples. *p <0.05,
***p <0.001, ****p <0.0001. n = number of cells and n’ = number of independent experiments. (B)
Basal distribution of total (green) and phosphorylated (red) paxillin signals obtained from immunos-
taining. (C) Corresponding map of actuating stresses (top panel). Magnification of the cell periphery
(bottom panel), including a group of individual focal adhesions. Green area outlines the total paxillin
profile, and gray area outlines phosphorylated paxillin regions.

the G1 phase than for FAs of the same size detected in later phases of the cell cycle (Figure
4.3, A and B). Both the sizes of individual FAs and the corresponding phospho-pax levels
were proportional to the amount of force exerted locally on the substrate (Figure 4.3, C and
D). Yet the correlation slope was significantly steeper for cells in the G1 and early S phases.
Thus, in the S/G2 phase, individual FAs of the same size exerted relatively less force.

Previous work has shown that the density of stresses is dependent on the shape of the cell and
the location of focal adhesions233,234. Here, the specific biochemical inhibition of FAK activ-
ity (Figure 4.4A) greatly reduced the levels of paxillin phosphorylation detected at individual
FAs and in all cell cycle phases (Supplemental Figure C.8). However, it did not perturb the
overall size and number of integrin contacts (Supplemental Figure C.9). Consistently, the av-
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Figure 4.3: Paxillin phosphorylation and force transmission. (A) Cell cycle–dependent vari-
ation of paxillin phosphorylation at focal adhesion sites. (B) Global variation of paxillin phosphory-
lation during the cell cycle progression of HeLa Fucci2 cells. **p <0.01, ***p <0.001. Correlation
between force transmitted by individual focal adhesions and corresponding total focal adhesion size
(C) and size of phosphorylated paxillin signal (D). Red, yellow, and green dots represent individual
focal adhesions detected in G1, early S, and S/G2 cells, respectively. Lines of corresponding colors
represent the linear fit to each data set. For panels A, C, and D, n = number of individual focal
adhesions from seven independent experiments. For panel B, n = number of cells and n’ = number
of independent experiments.
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erage tractions transmitted to the substrate dropped significantly in all analysed cells (Figure
4.4B). To further demonstrate that paxillin phosphorylation is necessary for the modulation
of force transmission to the substrate during the cell cycle, the force analysis was extended to
HeLa Fucci2 cells transfected with wild type (WT) and with nonphosphorylatable (Y2F) or
phosphomimetic (Y2E) paxillin mutants226. Cells expressing either paxillin mutant displayed
decreased average traction (as compared with the WT control) in the G1 phase. Moreover,
Y2F mutants exhibited a reduction of average traction in the early S phase, while Y2E mu-
tants exhibited a reduction in the S/G2 (Figure 4.4C). Altogether, these data indicate that the
mechanical maturation of integrin contacts is supported by FAK-mediated paxillin phospho-
rylation regulating FA turnover. This process culminates in the G1 phase, thus colocalizing
in space and time with higher transmission of actomyosin-mediated contractility.

To assess whether the cell cycle–dependent variation of force transmission to the substrate is a
feature of epithelial cancer cells beyond the type already examined, we extended our analysis
to highly metastatic human breast cancer cells MCF-7 and their tamoxifen- resistant (TamR)
offspring (MCF-7 TamR; Figure 4.5). Tamoxifen is a widely used drug in chemotherapies
against hormone-dependent breast carcinoma235. The molecule interacts competitively with
the estrogen receptors on cancer cells, thereby blocking the estrogen activity236. Lack of
estrogen stimulation halts cell cycle progression and directs cells toward apoptosis.

Interestingly, tamoxifen treatment arrests WT MCF-7 cells in G1237. TamR MCF-7 cells are
insensitive to the abovementioned effects of the drug. In addition, they are characterized by
dysregulated cell cycle progression and apoptotic pathway, which contribute to their survival
under long-term tamoxifen treatment217.

WT and TamR MCF-7 stably transfected with the Fucci2 sensor were generated by viral
infection (see Materials and Methods). The introduction of the Fucci sensor did not affect the
cell cycle duration of either cell type (Figure 4.5A). When compared, the two cancer strains
displayed a significantly different cell cycle dynamic (Figure 4.5, A and B). In the absence of
tamoxifen treatment, WT MCF-7 were characterized by faster proliferation (average cell cycle
duration 27.3 and 32 h for MCF-7 WT and TamR, respectively; Figure 4.5A). In particular,
WT cells lingered relatively longer in G1 and showed reduced permanence in all other cell
cycle phases (Figure 4.5B). This observation indicates a delayed progression from the G1 to
the S phase, consistent with the previously reported proliferative anomalies238.

We aimed at investigating the dosage-dependent effect of tamoxifen (4-hydroxytamoxifen on
ethanol vehicle) treatment on the Fucci transfected MCF7 strains, by means of live microscopy
for a total period of 84 h. As expected238,239), the two strains had different responses to
the drug (Supplemental Figure C.1). Treatment with a 5-µM dosage of 4-hydroxytamoxifen
induced the apoptosis of WT MCF7, while the TamR population remained stable. In both
strains, upon treatment with the drug, surviving cells accumulated in the G1 phase of the
cell cycle. A dosage increase to 10 µM caused faster apoptosis in the WT population, while
no significant change was detected in TamRcells. Again, in both strains, the remaining cells
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Figure 4.4: FAK activity and regulation of tractions. (A) Biochemical inhibition of FAK activ-
ity and (B) resulting phasedependent reduction of traction. (C) Average traction in phosphomimetic
(Y2E) and nonphosphorylatable (Y2F) paxillin mutants. n = number of cells and n’ = number of
independent experiments. *p <0.05, **p <0.01, ***p <0.001.

mostly populated the G1 phase.Finally, a dose of 20 µM of 4-hydroxytamoxifen was cytotoxic
for both strains, with rapid cell death starting after 1 d of exposure.

In both strains, the phase-resolved profiles of forces transmitted to the cTFM were obtained
from complete cell cycle analyses of individual cells (Figure 4.6). The resulting trends repro-
duced the phasedependent dynamics measured for HeLa Fucci2 cells (Figure 1). In particular,
the absolute total force peaked in the G1 and early S phases for the WT (Figure 4.6, A and
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Figure 4.5: Proliferation dynamics in WT and tamoxifen-resistant MCF-7 cells. (A)
Average duration of cell cycle in WT and tamoxifen-resistant (TamR) MCF-7 cells. (B) Relative
duration of each cell cycle phase. *p <0.05. n = number of cells and n’ = number of independent
experiments.

D). A significant drop in force transmitted in the late S/G2 phase was detected both in WT
MCF-7 and in TamR cells. Effects of traction upon cell cycle progression were obtained by
integrating the corresponding cell spreading dynamics (Figure 4.6, C and F) and confirmed
the presence of a peak in G1 for both cell strains. Altogether, these data contribute to es-
tablishing the presence of a periodic variation of traction forces exerted by cancer cells on
the substrate during their proliferative cycles. In addition, they individuate the G1 phase as
the most mechanically intense, during which the cells are able to impart the highest levels of
force at the interface with the surrounding extracellular environment.

To assess whether this finding is linked to a specific phenotype in MCF-7 cells, we performed
two independent evaluations of cell invasiveness. The Boyden chamber assay (Figure 4.7A;240)
revealed a more efficient pervasive invasion of TamR MCF-7 cells than of the WT population.
This difference was further increased by the addition of 10 µM of tamoxifen. The drug
treatment almost completely ablated the pervasive invasion of WT cells while showing a
minor effect on the invasion of the resistant counterpart. In addition, a 2D invasion assay
was performed to evaluate cell migration within a dense array of vertical obstacles generating
narrow constrictions241. The patterned area was planar and conducive to live-cell microscopy,
thus allowing the detection of pervasive migration and the concomitant resolution of the cell
cycle phase (Figure 4.7, B–E). Directional movements were pronounced in the G1 phase in
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Figure 4.6: Cell cycle–dependent force transmission in MCF-7 cells. (A, D) Phase-resolved
dynamics of absolute forces during cell cycle progression for WT (A) and TamR (D) MCF-7 cells,
respectively. (B, E) Corresponding dynamics of cell spreading over the cell cycle. (C, F) Tractions
transmitted to the substrate during individual cell cycles for WT (left) and TamR cells (right), re-
spectively. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. n = number of cells from four
independent experiments per cell line variant and n’ = number of independent experiments.
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both WT and TamR MCF-7 cells, yielding more efficient advance in the dense array of vertical
obstacles in this phase of the cell cycle. Enhanced invasiveness in G1 was also measured upon
treatment with tamoxifen, which induced, however, an overall reduction of cell motility.

In summary, the results presented here demonstrate a significant, periodic variation of trac-
tions transmitted to the substrate by proliferating cancer cells. Force transmission in cor-
respondence with integrin contacts is low immediately after division, a phase in which focal
adhesions are not yet fully reassembled. A rapid increase in transmitted forces is detected
in the G1 and early S phases. The mechanical activity of cells changes trend in the S/G2
phase, during which transmitted forces are reduced. These measurements obtained on dif-
ferent strains of human epithelial cancer are in line with what reported for nontransformed
epithelial cells from the human retina (RPE-1; [242]), indicating that this pattern of mechan-
ical activity may be a conserved feature beyond the analysed cell types.

It is generally accepted that cell-generated tractions increase with cell spreading. Therefore,
cells with a larger surface should transmit more force to the substrate. This assumption is
confirmed by the correlative analysis of individual cells over the entire cell cycle. However, the
correlation is not linear, as the two cellular activities, force transmission and spreading, follow
different dynamics. In fact, the density of transmitted forces is maximal in G1. During this
phase, cancer cells are able to exert tractions concentrated on a limited surface, a behavior that
may be conducive to higher efficiency in the penetration of complex environments requiring
a major deformation of the cell nucleus212,243–245.

Finally, the use of a recently developed reference-free approach150 to monitor the mechanical
activity of cells during their progression in the cell cycle offered the possibility of investigating
the role of focal adhesion maturation. The involvement of FAK-mediated paxillin phosphory-
lation is supported by the direct spatial and temporal covariance between the protein activity
and the local variation of traction forces transmitted to the substrate. Using this experimental
framework, future analysis may reveal the full mechanism linking cell migration, proliferation,
and force transmission.

4.3 Materials and Methods

4.3.1 Confocal traction force microscopy

Substrate traction was measured using cTFM substrates with redemitting QDs with an in-
terdisc spacing of 2 µm150. After being coated with fibronectin, adhering cells generated
deformations of the substrate, which were captured as distortions of the fluorescent nanodisc
array. The subpixel detection of the QD nanodisc center was followed by computational re-
construction of the triangular mesh. From the displacement field, the surface tractions were
reconstructed using FEA, as previously reported150.
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Figure 4.7: Migratory and invasive phenotypes of MCF7-WT and MCF7-TamR cells.
(A) Comparison of invasion capacity of WT and TamR MCF-7 cells, with and without tamoxifen,
using a Boyden chamber–based invasion assay. The results come from three independent experiments,
each performed in triplicate. **p <0.01, ****p <0.0001. (B) Migratory properties of MCF7-WT and
MCF7-TamR cells in a 2D invasion assay. ***p <0.001. n = number of cells and n’ = number of
independent experiments per condition. (C) Schematic of the device as reported in Corallino et al.241.
(D) Scanning electron microscope pictures (top panel, top view; bottom panel, side view) of the pillar
array. (E) Merged transmission and fluorescent pictures from the live microscopy experiments.
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4.3.2 Absolute force per adhesion calculation

The absolute force per adhesion was determined based on three elements: the focal adhesion
area (pixels in an image belonging to an individual adhesion), the overall traction forces, and
the conversion from pixels to micrometers. To determine the area of the adhesions, a threshold
was applied to the paxillin signal as previously reported in150. This yielded the positions and
sizes of individual adhesions, as well as a list of pixels belonging to each of them. For the
calculation of the forces per adhesion, traction forces acquired from the FEA were interpolated
onto a quadratic grid corresponding to the pixels in the paxillin image. For each pixel, the
Euclidean norm of the traction was calculated. Based on the adopted magnification and
the pixel size of the microscope camera, the actual pixel’s size (in micrometers) was defined.
Finally, traction magnitudes multiplied by the area of one pixel were summed for all the pixels
within the adhesion area to compute the absolute force per adhesion.

4.3.3 Cell lines and culture conditions

MCF-7 WT and tamoxifen-resistant cells, a kind gift of Stefan Wiemann (German Cancer Re-
search Center, Heidelberg, Germany), have been extensively characterized previously218,238,246.
HeLa Fucci2 cells stably expressing a Fucci construct142 were purchased from Riken Biore-
source Center (Japan) and previously characterized212.

MCF7 and MCF7-TamR cells expressing the Fucci reporter system were obtained by lentivi-
ral infection of mKO2-hCdt1(30/120) and mAG-hGem (1/110) probes142. HeLa cells were
maintained in DMEM (Sigma-Aldrich, St. Louis, MO) supplemented with 100 U/ml peni-
cillin, 100 µg/ml streptomycin, and 10% fetal bovine serum (FBS) at 37○C under a 5% CO2

humidified atmosphere. WT and TamR MCF-7 cells were maintained in DMEM phenol red
free medium (Sigma-Aldrich, St. Louis, MO) supplemented with 100 U/ml penicillin, 100
µg/ml streptomycin, and 10% FBS at 37○C under a 5% CO2 humidified atmosphere. Cells
were routinely analysed by reverse transcriptase-PCR for mycoplasm contamination.

4.3.4 Lentiviral production and infection

HEK293T packaging cells (1 × 106) in a 10-cm (diameter) dish were transfected with equimolar
ratios of pMD2, psPAX2 (Invitrogen), and Fucci expression vectors. Transfection was per-
formed with LipofectAMINE 3000 (Invitrogen) in OPTIMEM in accordance with the manu-
facturer’s instructions. After transfection, cells were incubated for 18 h, and then the medium
containing the transfection reagent has been removed and replaced with fresh culture medium.
After 24 h, culture medium containing lentiviral particles was collected and passed through a
0.45-µm filter, 8 µg/ml polybrene was added, and the culture was immediately used to infect
the target cells.
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4.3.5 Live microscopy

Cell cycle movies were acquired using an inverted Nikon-Ti widefield microscope (Nikon,
Japan) equipped with an Orca R-2 CCD camera (Hamamatsu Photonics, Japan) or a Nikon-
Ti spinning disk confocal microscope (Nikon, Japan) equipped with an Andor DU-888 camera
(Oxford Instruments, United Kingdom), both with an incubation chamber (Life Imaging Ser-
vices, Switzerland) to control temperature, CO2, and humidity. Images were collected using
a 40× objective (Plan Fluor 40× Oil DIC H N2). Multiple nonoverlapping fields capturing all
positions with quantum dots were recorded in parallel (∆T = 1 h, total duration ∼30 h for
HeLa Fucci and ∼48 h for MCF7).

At each time of measurement, a transmission and two fluorescent images of the nuclei of the
cells were acquired using differential interference contrast (DIC), an FITC (fluorescein isoth-
iocyanate) filter set, and a TRITC (tetramethylrhodamine isothiocyanate) filter set. Focal
drift during the experiments was avoided using the autofocus system of the microscope.

For the analysis of the effect of tamoxifen on the phase partition and viability of the cells,
cells were seeded in the presence of 4-hydroxytamoxifen in ethanol solvent (Sigma-Aldrich, St
Louis, MO) or ethanol solvent control.

4.3.6 Image analysis

Cell cycle duration was quantified as the time between birth and division of the same randomly
chosen cell. The cell cycle phase of Fucci2 transfected cells was determined from the ratio
of the absolute intensities of red and green fluorescence of the nucleus. Absolute intensities
were calculated by subtracting the intensity of the background from the relative intensity of
the nucleus, both measured in ImageJ. Transparent cells (M/G1) were distinguished from the
rest of the population because their relative intensity was equal to that of the background.

For the quantification of cell adhesions during the cell cycle, cells were seeded on cTFM
substrates, incubated overnight (O/N), and stained for paxillin and phosphorylated paxillin
(see Immunofluorescence).

Fluorescent Z-stacks of the signals emitted by the focal adhesions (∆z = 0.3µm) were collected
using a Nikon-Ti spinning disk confocal microscope (Nikon, Japan) equipped with an Andor
DU-888 camera (Oxford Instruments, United Kingdom). Focal adhesions (total paxillin) were
quantified as described in the paper by Horzum et al.192. After the regions of interest (ROIs)
of all adhesions were registered, the phosphorylation amount per adhesion was calculated by
dividing the area of the total paxillin ROI of each adhesion site by the area of the phosphory-
lated paxillin ROI. A designated Matlab script was used to colocalize the ROIs of total and
phosphorylated paxillin that belonged to the same adhesion site by comparing their centroid
coordinates.
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4.3.7 Immunofluorescence

Cells were fixed with 4% paraformaldehyde in phosphate-buffered saline (PBS) for 10 min at
room temperature (RT) and permeabilized via incubation in 3% paraformaldehyde with 0.1%
Triton in PBS for 5 min. After being blocked with 5% bovine serum albumin (BSA) in PBS
for 2 h, samples were incubated at 4○C O/N with monoclonal primary antibodies.

The following commercial antibodies were used: mouse antipaxillin, BD Bioscience (#610051),
dilution: 1:200247 and rabbit anti-paxillin Tyr118, Cell Signaling (#2541S), dilution: 1:200231.
Secondary antibodies Alexa Fluor 647 chicken anti-rabbit (LifeTechnologies #A-21443) or Dy-
Light 405 donkey anti-mouse (Javkson Immunofluorescence) were used at 1:200 for 1 h at RT.

4.3.8 FAK inhibition

HeLa cells were treated O/N with 10 µM of FAK inhibitor PF-573228 ([248]; SIGMA Aldrich)
diluted in dimethyl sulfoxide (DMSO). The control samples were incubated with the same
amount of DMSO. After the treatments, cells were immediately processed for immunofluores-
cence and Western blotting analyses.

4.3.9 Plasmids and transfection

YFP-paxillin WT and two YFP-phosphorylation mutants, in which both tyrosine 31 and 118
were replaced either by glutamic acid (Y2E, phosphomimetic) or by phenylalanine (Y2F, non-
phosphorylatable), were a generous gift of Benjamin Geiger (Weizmann Institute of Science;
[226]). Transfection was performed using Lipofectamine 3000 (Invitrogen) in accordance with
manufacturer’s instructions and transfected cells were selected with 800 µg/ml G418.

4.3.10 Invasion assay

The invasive potential was tested using Transwell chambers (pore size 8 µm; Corning, Corn-
ing, NY) precoated with fibronectin (100 µg/ml; Sigma-Aldrich). Briefly, MFC7 WT and
MCF7 TamR cells (5 × 104 cells/well) in 100 µl of serum-free DMEM were placed in the
upper chamber, and 600 µl of culture medium containing 10% FBS was added to the lower
chambers as a chemoattractant, in the presence or absence of tamoxifen (10 µM). After be-
ing incubated for 24 h, the cells remaining on the upper membrane were carefully wiped off
with cotton swabs, while the cells that had invaded through the membrane were fixed in 4%
paraformaldehyde and stained with 4’,6-diamidino-2-phenylindole (DAPI). The stained cells
were imaged and counted from five random visual fields/experiment. For the experiments
with tamoxifen, 10 µM tamoxifen was added 24 h prior to starting.
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4.3.11 Cell migration through the pillar array

The array of pillars was fabricated with two-photon polymerization on glass substrates, as
previously reported in Corallino et al.241. The structure consisted of two components: a
dense micropillar array and gratings with ridges of depth 1 µm and width 1 µm. The struc-
ture components were designed using CAD software (Autodesk Inventor, Autodesk). The
interpillar distance was set to 2.5 µm after parametric testing of various dimensions to en-
sure the mechanical constriction of the cells during their migration through the array. The
pillar thickness was set to 2.5 µm to provide the necessary mechanical stability to the struc-
ture. The structural elements of the pillars and barriers (mesh slicing and hatching) and
the printing parameters of the whole structure (laser power, scan speed) were designed with
the program DeScribe v.2.4.4 (Nanoscribe GmbH), which creates a file readable by the laser
lithography system. The sample fabrication was completed with a 3D laser lithography system
(Photonic Professional GT, Nanoscribe GmbH, Germany) used in conventional oil-immersion
mode. This involved passing a two-photon laser (780-nm laser, laser power 12.5 mW, scan
speed 800 µm/s) from a ×63 objective lens through a layer of oil beneath the glass substrate,
polymerizing the photoresist on the top side of the glass substrate. The photoresist chosen
was a biocompatible organic–inorganic hybrid polymer (Ormocomp, MicroResist Technology
GmbH). The resist was drop-cast on the glass substrates and prebaked at 80○C for 2 min.
After laser writing, the resist was baked at 130○C for 10 min, developed in OrmoDev developer
(MicroResist Technology GmbH) for 10 min to remove the unpolymerized resist, and rinsed
in isopropanol (IPA), followed by drying in a critical point dryer (Automegasamdri R 915B,
Tousimis).

The glass substrate with the microstructures printed on top was attached on the self-adhesive
underside of a commercially available microfluidic chamber (sticky-Slide Chemotaxis, Ibidi),
with the micropillar array placed in the middle area. The chamber was filled with 70% ethanol
for 1 h for sterilization and washed three times with 1× PBS for 5 min, and substrates were
coated with 0.01% poly-llysine (PLL; Sigma) according to the manufacturer’s specification.
Afterward, poly-l-lysine was gradually replaced with 1× PBS and finally with cell medium.
Cells (104) were seeded from the inlets of the cell pool area (Figure 4.7C) and were gently
distributed over the cell pool area, with attention that they did not float over the pillars.
The chambers were incubated O/N at 37○C and once the cells were spread, cell motion was
recorded using a Nikon-Ti spinning disk confocal microscope (Nikon, Japan) equipped with
an Andor DU-888 camera (Oxford Instruments, United Kingdom) with a 20× objective over
a 40 -h period, with pictures taken every 30 min. All the assays were performed using an
environmental microscope incubator set to 37○C and 5% CO2 perfusion. For the experiments
with tamoxifen,10 µM tamoxifen (4-hydroxytamoxifen on ethanol vehicle) was added 24 h
prior to imaging.

The velocity of the cells was quantified using the particle tracking algorithm of Imaris (Bit-
plane Scientific Software, Switzerland). Timelapse videos were uploaded into Imaris, and the
voxel size and time interval were adjusted before particle tracking.
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For the quantification, the component of the velocity that was parallel to the gratings and
perpendicular to the pillar forest was taken.

4.3.12 Western blotting

Total proteins were extracted by solubilizing HeLa cells in boiling Laemmli buffer (2.5% SDS
and 0.125 M Tris-HCl, pH 6.8). Lysates were incubated for 5 min at 100○C to allow protein
denaturation and then spun for 5 min at 13,200 rpm to discard cell debris. Supernatants were
collected and the concentration of proteins was determined using a BCA Protein Assay Kit
(Pierce) according to manufacturer’s instructions. An equal amount of proteins (30 µg) was
loaded on gel and separated by SDS–PAGE, transferred to a Protran nitrocellulose hybridiza-
tion transfer membrane (pore size 0.2 µm; Whatman), and blocked for 1 h at RT in 1X TBST
(150 mM NaCl, 10 mM Tris-HCl, pH 7.4, and 0.05% Tween)–5% BSA. The membranes were
incubated O/N at 4○C with primary antibodies diluted in 1× TBST–5% BSA.

The following primary antibodies were used: FAK (Rb polyclonal 1:1000, 3285S Cell Signal-
ing;[ 213]) and p-FAK Y397 (Rb polyclonal 1:1000, 3283S Cell Signaling;[ 213]). Next, they
were rinsed three times with 1× TBST for 5 min each and incubated for 1 h at RT with
horseradish peroxidase–linked secondaryantibodies (diluted in 1× TBST–5% BSA). Mem-
branes were rinsed three times with TBST for 5 min each, and specific binding was detected
by an enhanced chemiluminescence (ECL) system (Amersham Biosciences) using Hyperfilm
(Amersham Biosciences). The molecular masses of proteins were estimated relative to the
electrophoretic mobility of the cotransferred prestained protein marker Broad Range (Cell
Signaling Technology).

4.3.13 Statistical analysis

Boxes in all box plots extend from the 25th to the 75th percentile, with a line at the median
and a square representing the mean. Whiskers extend to the SD of the data. Data were
analysed, tested for statistical significance, fitted, and visualized using Origin or Matlab
(The MathWorks). The total number of recorded events from three or more independent
experiments is shown in the top or bottom right-hand corners of the presented graphs. The
Shapiro–Wilk test was used to test for normality of data. For nonnormal distributed data,
a nonparametric Kolmogorov–Smirnov test was performed (α = 0.05). Significant differences
between slopes included in Figure 4.3 were calculated using the Akaike information criterion
and F-test analysis.
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5 | Endocytic Reawakening of Motility in
Jammed Epithelia

Parts of this chapter are published in: C. Malinverno, S. Corallino, F. Giavazzi, M. Bergert,
Q. Li, M. Leoni, A. Disanza, E. Frittoli, A. Oldani, E. Martini, T. Lendenmann, G. Deflorian,
G. V. Beznoussenko, D. Poulikakos, K. Haur Ong, M. Uroz, X. Trepat, D. Parazzoli, P.
Maiuri, W. Yu, A. Ferrari, R. Cerbino & G. Scita, "Endocytic reawakening of motility in
jammed epithelia", Nature Materials volume 16 (2017), 587. [249]
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Contribution

I was partially involved in this project. Only what I worked on is displayed in this thesis.
For the full content check Malinverno, et al. (2017). My work involved the investigation of
traction forces and migration for the jammed and unjammed states of epithelial MCF-10A
monolayers. This resulted in traction maps and collective migration correlation lengths for
both states.

5.1 Introduction

Collective cell migration is essential for tissue morphogenesis during development and repair,
and also for tumour dissemination149. Most aspects of multicellular migration are ruled by the
physical interactions that cells establish among each other and with their environment. For
example, during collective migration within confluent monolayers, cell sheets flow like a fluid
yet remain fixed and solid-like at short timescales, with the motion of each cell constrained
by the cell crowding due to its neighbours146,250,251. As cell density rises, neighbouring cells
restrict the motion of each cell, forcing them to move in groups, surprisingly similar to what
is observed in systems of inert particles that undergo a jamming or rigidity transition at
large density146,148,252,253. However, while the transition in inert systems invariably occurs
at a critical particle packing φc 254, epithelial monolayers display limited density fluctuations.
Therefore, material parameters that encode cell properties such as cell–cell adhesion and
cortical tension, rather than density alone, have been proposed to govern the rigidity transition
in cell monolayers252,253,255–257. However, the general validity of this theoretical framework
remains to be investigated. Even less understood are the molecular determinants and cellular
processes that regulate multicellular dynamics by impacting on physical properties.

A cellular process that influences cellular and multicellular motility strategies is membrane
trafficking258,259. Here, we report that perturbation of endocytosis by altering the levels of
its master regulator RAB5A260,261 is sufficient to reawaken the motility of jammed epithelial
monolayers. RAB5A causes large, anisotropic and spatially correlated motility streams by
globally enhancing endosomal trafficking and macropinocytic internalization. These varia-
tions impact on junctional tension, topology and dynamics of junctional proteins, facilitating
coherent cell motion over long distances. RAB5A further promotes the extension of pro-
trusions aligned to the local velocity of migratory cohorts. RAB5A-induced reawakening of
motility is associated with a growing length scale, precluding an understanding of monolayer
dynamics simply in terms of an increase in local rearrangements. A self-propelled Voronoi
model that includes an active cell reorientation mechanism accounts for RAB5A-induced mul-
ticellular dynamics. The model identifies a motility regime that we define as flowing liquid,
where local and long-range collective motility coexist. As a consequence of these emerging
material properties, RAB5A monolayers are not only efficient in directed locomotion during
wound closure or epiboly gastrulation movement in zebrafish development, but also display
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a high degree of plasticity that allows them to migrate under physical constraints typical of
interstitial tissues architecture. These properties may be exploited in tumorigenic settings to
escape the intrinsic motility-suppressive environment of jammed epithelial tissues.

5.2 Results

5.2.1 RAB5A promotes coherent and ballistic collective motility.

To test the role of endocytic tracking on collective epithelial locomotion, we perturbed the lev-
els of RAB5A by generating doxycycline-inducible, RAB5A-expressing populations of human
mammary epithelial MCF-10A cells. These cells form polarized monolayers and, upon reach-
ing confluence, display a typical collective locomotion mode characterized by the emergence
of large-scale, coordinated motility streams, involving tens of cells. As cells keep on dividing,
density increases, causing a near complete kinetic arrest akin to a jamming or rigidity tran-
sition252,262. Unexpectedly, under these latter conditions, elevation of RAB5A reawakened
motility of kinetically arrested monolayer by promoting large and heterogeneous multicellular
streams (Figure 5.1b). RAB5A expression had marginal effects on the rate of cell division of
confluent monolayers, and collective motility was unperturbed by inhibition of cell division.
Finally, RAB5A expression did not alter the migration of individual MCF-10A cells in random
migration assays (Figure 5.1a). Thus, RAB5A effects on motility are emergent properties of
cell collectives that elicit reawakening of locomotion of kinetically arrested, jammed epithelia.

Collective locomotion depends on complex cell-cell interactions and communication occur-
ring during the migration of epithelial sheets263. To characterize the phenotype induced by
RAB5A in MCF-10A cells, we analysed movies by cell image velocimetry (CIV)264 and par-
ticle image velocimetry (PIV)265, focusing on the time window where the full availability of
soluble epidermal growth factor (EGF) enables locomotion. We found that RAB5A expres-
sion robustly enhances cell coordination (Figure 5.1b). A simple indicator of the collective
nature of cell motion is obtained by calculating the velocity correlation length Lcorr as the
width of the correlation function CV V (r) = (⟨(x0 + r) ⋅ v(x0)⟩)/⟨∥v(x0)∥

2
⟩ of the (vectorial)

velocity v(x0). We observe a 20-fold increase of Lcorr from 55±5µm (control) to 1.1±0.3mm
(RAB5A), which corresponds to about 50 cell diameters (Figure 5.1c).

5.2.2 RAB5A induces polarized cell protrusions and traction forces.

One striking feature of RAB5A-induced large-scale streaming flows is their persistent and
ballistic motility, suggesting that individual cells must efficiently orient their motion with the
local direction of migration. Actin-based, polarized protrusions are a proxy of cell-oriented
locomotion. In monolayers, these protrusions extend underneath neighbouring cells and are
called cryptic lamellipodia. By monitoring the dynamics of EGFP-LifeAct-expressing cells
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Figure 5.1: RAB5A promotes coherent, ballistic motion of jammed epithelia. (a), Left
plots: migration paths of control and RAB5A-MCF-10A cells seeded sparsely to monitor individual
cell motility and analysed using the Chemotaxis Tool ImageJ software plugin. Right plots: velocity
and persistence of the locomotion of cells. Data are the mean ± s.d. (n = 40 single cells/experi-
ment/genotype of three independent experiments); NS, not significant. (b), Snapshots depicting the
angular velocity of control and RAB5A-MCF-10A cells seeded at jamming density and monitored by
time-lapse microscopy. Angular velocity vectors are calculated by CIV analysis. The colour code indi-
cates the direction of migration. Homogeneous and inhomogeneous scattered colours indicate regions
with high and low migration coherence, respectively. Scale bar, 100 µm. Representative images from
nD5 time-lapse series. (c), PIV analysis of motion of doxycycline-treated control and RAB5A-MCF-
10A cells seeded at jamming density. Left: velocity correlation functions CV V evaluated in the time
window comprised between 4 and 12 h during which the availability of EGF allows migration. The
continuous lines are best fits of CV V with a stretched exponential function. Right: correlation lengths
Lcorr (five movies/experimental condition out of three to eight independent experiments).
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Figure 5.2: RAB5A promotes polarized cell protrusions and traction forces. (a), Left
images: substrate tractions of control and RAB5A monolayers measured using cTFM150. Grey frames
correspond to areas excluded from analysis due to boundary effects. Scale bars, 25 µm. (b) the median
traction analysed from n time points, obtained from five to six fields of view out of two independent
experiments. p-value calculated with Mann–Whitney-U-Test.

interspersed with non-fluorescent cells, we detected, only in RAB5A monolayers, the forma-
tion of cryptic lamellipodia oriented along the motility direction of supra-cellular motility
streams. RAB5A-induced cryptic lamellipodia are RAC1-dependent, consistent with the role
of RAB5A endo/exocytic cycles in spatially restricting RAC1 signalling for protrusions exten-
sion266. Indeed, a pharmacological inhibitor of RAC1 activation reduced cryptic lamellipodia
formation, and impaired the motility of RAB5A monolayers.

These findings indicate that RAB5A monolayers might exert large traction forces on the sub-
strate during locomotion. To directly assess this possibility, we measured surface tractions
of control and RAB5A monolayers using a novel confocal reference-free traction force mi-
croscopy (cTFM)150. We found that RAB5A monolayers exert significantly higher and more
dynamic substrate tractions (Figure 5.2a,b) that moved with the flow tracking velocity fields.
We obtained higher traction forces of RAB5A than control monolayers also by measuring the
displacements of fluorescent beads embedded into polyacrylamide gel substrates125.

Thus, RAB5A promotes the extension of aligned cell protrusions in combination with in-
creased and more dynamic substrate tractions, both of which combine to promote monolayer
unjamming and collective motility.

5.3 Conclusion

We found that RAB5A controls a diverse set of collective motility processes in vitro and
in vivo by re-awaking the directional, coordinated locomotion of jammed and kinetically ar-
rested monolayers. RAB5A exerts this function by promoting the formation of polarized,
actin-based, lamellipodia that generate traction forces, which can be efficiently transmitted
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at long ranges through enhanced junctional contact and stresses. The increased mechani-
cal coupling also enables a cell to obtain directional guidance cues from their neighbours,
forcing adjacent cells to align their front-rear polarity, resulting in a positive feedback be-
tween polarity and net displacement. This, combined with increased dynamic of junctional
E-cadherin to accommodate for cell neighbouring exchange, volume, density and strain fluc-
tuations, collaboratively enable multicellular entities to acquire a fluid-like character. These
alterations appear primarily to be the results of mechanical changes caused by global mem-
brane trafficking perturbations. However, given the inextricable link between endocytosis and
signalling, we cannot exclude that amplification and rewiring of specific biochemical pathways,
particularly those emanating from EGF receptors, underpins some of the altered mechanical
properties—a possibility that is currently under investigation. Importantly, these changes of
plasticity promote the motility of otherwise jammed and glassy-like monolayers, leading to in-
vasive, collective migration under physical confinement and accelerated multicellular directed
migration during embryonic development.

5.4 Materials and Methods

5.4.1 Cell image velocimetry

Cell image velocimetry (CIV) analysis of monolayer and wound healing time series was per-
formed as previously described44,264,267. Overlays of phase-contrast images and coloured mi-
gration direction were exported from the software. Uniform colour indicates a homogeneous
migration direction, and thus high coherence between cells. Angular correlation during wound
healing was quantified for each frame between cells at a distance of 100 µm.

5.4.2 Traction force microscopy

Substrate tractions were measured using cTFM with an interdisc spacing of 3 µm (ref. [150]).
During the reference configuration reconstruction step, the position of the outermost quantum
dot (QD) nanodiscs plus a region of 2 µm towards the inside was fixed. QD nanodiscs inside
this fixed frame were then relaxed to original positions as described in ref. [150]. As the fixed
QD nanodiscs themselves are distorted, displacement reconstruction is prone to errors close
to the image border. Therefore, final traction analysis was restricted to data originating from
an area more than 15 µm from the image border.
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Live Traction Force Microscopy

61





The cTFM platform described in Chapter 3 advances the capabilities of traditional traction
force microscopy. The regularity of the pattern of quantum dot nanodiscs in the undisturbed
state enables the computation of a reference image, without having to detach the cells and
thus terminate any ongoing experiment. This paves the way for identifying traction forces
during live microscopy. Regions of interest can be determined on the fly and imaging be
adjusted, for example to a higher frame rate or higher magnification.

Live calculation of continuum traction forces needs a robust and fast implementation of the
analysis algorithms. In Chapter 6: "Cellogram - On-the-fly Traction Force Microscopy" and
Chapter 7: "Cellogram - Software and Algorithms" I shall introduce a novel traction force
microscopy (TFM) analysis software, which named Cellogram which converges at the pace of
data acquisition. It is therefore compatible with the online evaluation of an ongoing experi-
ment.

Using the Cellogram software, TFM images are analysed one to two orders of magnitude faster
than with all other available software, and the large majority of images does not require
any user interaction. When the method is applied to images generated by reference-free
TFM, for example cTFM or micropillars, displacement maps are rendered in seconds. I shall
provide evidence that the newly developed pipeline, tackling image processing, reference image
estimation, and finite element analysis at once, is sufficiently efficient to buffer data acquisition
at 10 images per minute. High-throughput and high-resolution investigations of mechanically
driven cellular processes become compatible with the online evaluation of actuating forces.
This extraordinary advancement opens to a range of new applications in biology and medicine.

A further application of Cellogram is provided in Chapter 8: "Bistability of Polar Liquid
Crystals in the Collective Adaptation of Endothelia". Here, I studied endothelial cell mono-
layers exposed to physiological values of flow-generated wall shear stress. In this experimental
set-up, endothelia were grown on cTFM substrates and exposed to laminar flow within a flow
chamber yielding physiological (1.4 Pa) or supraphysiological (8 Pa) values of WSS. The high
WSS values resemble those experienced by endothelial cells upon stenosis or at the luminal
surface of cardiovascular devices. Cell alignment with respect to the flow direction undergoes
a binary switch between the two regimes, while polarization remains facing the flow direc-
tion. The transitions from the same initial condition to the two perpendicular end points
produce strong mechanical deformation energies, which could be measured using cTFM. Sim-
ulations which model the cells as polar liquid crystals exposed to an electrical field show good
congruence in behavior and free energy during transitions.
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6.1 Introduction

Forces transmitted by mammalian cells to the extracellular environment contribute funda-
mental signals and actuation mechanisms to complex biological processes, including migra-
tion, organogenesis and tissue repair104,268. Among cellular forces, actomyosin-generated cell
contractility can be estimated by means of optical methods which capture the deformation
imposed by cells to the substrate99. These experimental approaches have evolved from simple
qualitative observations104 to the current family of traction force microscopy (TFM) protocols
yielding force maps with high spatial resolution114.

Despite these advancements, the accurate measurement of substrate deformations from opti-
cal images remains challenging. In particular, classical TFM techniques114,269 use stochastic
patterns generated by randomly dispersed fluorescent beads in a continuous, compliant sub-
strate177. Their intrinsic limitation is in the requirement of a reference, load-free image of
the same field of view, to reveal the displacement of optical landmarks99. This is obtained
upon de-adhesion of cells, implying that the force map can only be computed after the exper-
iment is terminated. For this reason, reference-based TFM methods are not compatible with
on-the-fly computation of tractions during an ongoing experiment.

In reference-free methods, randomly dispersed fluorophores are replaced by precisely arranged,
regular patterns of markers or force sensors106,150. Specifically, beds of silicone pillars or nee-
dles provide a well-established and scalable approach, which has seen its best application
in the study of forces applied by individual adhesion points106,270,271. Upon force genera-
tion, flexible pillars are bent from their resting position and the ensuing deformation can be
observed using fluorescence or transmission microscopy272. The resulting quantification pro-
vides a time-resolved force vector in correspondence of each pillar106. Tractions maps with
sub-adhesion resolution can similarly be obtained in reference-free modality, using the, by
comparison, novel confocal TFM (cTFM), an approach based on the decoration of a com-
pliant, continuum elastomeric substrate with a regular distribution of electrohydrodynamic
printed quantum dot (QD) nanodiscs150,194. Based on the high precision patterning of ei-
ther pillars or QD nanodiscs, their load-free configuration can be numerically computed150.
Reference-free approaches are therefore conducive to the online determination of force maps
from a single image, in turn opening the way to the iterative education of the ongoing exper-
iment. Such innovative approach is particularly appealing for high-throughput applications
where the user may restrict the experimental evaluation to mechanically-active samples. This
breakthrough development is, however, hampered by the poor automation of currently avail-
able in silico approaches, which are practically non-compatible with the online processing of
large data sets acquired at high frequency.

Here, we provide a novel analysis pipeline for reference-free TFM images, including automated
image processing, reference state determination, and finite element analysis. An estimate of
the displacements is computed in seconds, while the accurate force reconstruction is completed
offline in minutes. The combination of these three steps is a black-box analysis pipeline
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with unprecedented efficiency, compatible with the online generation of force maps in long-
term and/or high time resolution live cell experiments. These features are showcased by two
challenging examples. First, using a cTFM approach, we explore the temperature dependence
of cellular force generation in cancer cells and define a threshold value for thermally-induced
mechanical annihilation. Second, using micro-pillar arrays, we detect the time correlation
between forces exerted by cells on individual adhesions, which provides a direct estimation
of the typical length of basal stress fibers. Altogether, these experimental settings yield an
online information flow, which provides access to additional layers of information and is far
beyond the reach of the existing state of the art.

6.2 Results

6.2.1 The analysis algorithm

Cellogram automatically converts images featuring optical landmarks (pillars or QD nan-
odiscs106,150) into traction forces. Specifically, the algorithm detects the fiducial markers in
the image, estimates their reference positions, and runs a finite element analysis to calculate
the actuating tractions (Figure 6.1 a-b). For most experimental images (more than 95%), the
processing is fully automatic. Minimal user interaction is required in the remaining cases in
which high local deformations, substrate defects, or low image quality create ambiguities.

When compared to existing solvers150,273–276, Cellogram proves superior in terms of calcula-
tion time for all sub-processes (Figure 6.1 c-g) and is overall at least one or several orders of
magnitude faster (Figure 6.1 h). Considering the application to cTFM, the new computational
approach is compatible with imaging at a time resolution of 5 s for the online estimation of
displacements (for approximately 3,000 landmarks). This enables the generation of full trac-
tion maps fully automatically in less than 2 min. This time resolution compares with an
average of more than 20 min for the previous method, which requires lot of user input150.
For the application to the analysis of forces on arrays of deformable pillars, the fully auto-
matic processing time is reduced to less than a second. This compares with 5 min of manual
interaction for previous methods276.

In addition to the fast and automatic generation of force maps, which can run in parallel with
the ongoing image acquisition at high temporal and spatial resolution, Cellogram extends
the analysis to all available images, including those featuring large substrate deformation.
This includes data, which proved unsolvable using previous approaches. In these settings,
reference-free TFM becomes a routine technique (Figure 6.1 i,k), which can be applied to
study transient processes, without investing large amounts of time or requiring trained users.
Together, the increase in speed and robustness opens up reference-free platforms to high
throughput TFM and high temporal resolution online TFM. In what follows, examples are
presented, in which the new capabilities are fully exploited.
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Figure 6.1: Processing pipeline improvements (a) Schematic of the Cellogram processing
pipeline. (b) Software screenshots of the Cellogram pipeline corresponding to the steps in (a). (c-g)
comparison of computation times for individual pipeline stages in Cellogram and previously used soft-
wares on 10 images each. (h) Computation time comparison for the total analysis time per image. (i)
Unsuccessful meshing attempt in cTFM (k) Completed meshing in Cellogram
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6.2.2 Temperature dependence of traction forces generated by cancer cells

Localized temperature increase provides an efficient and non-invasive mechanism to ablate
unresectable tumors in soft tissues277. A safe application of thermal ablation must ensure the
complete eradication of the metastatic seeds, while minimizing the collateral damage to the
surrounding healthy tissues. In this context, it is relevant to evaluate the sensitivity of cancer
cells to increasing temperatures, up to the definition of a threshold value, at which adhesion
and force generation are compromised. A state which, together with genetic and metabolic
damage278, irreversibly leads to cell death279. The response of cancer cells to hyperthermia is
therefore a clinically-relevant biological phenomenon which requires a statistically significant
number of observations with high temporal and spatial resolution to distil a reliable trend of
temperature dependency from a cell population.

Some information is available regarding the integrity of the cell cytoskeleton and integrin
mediated adhesion at low temperatures (i.e. below 37°C; [ 280]). However, a time-resolved
evaluation of the mechanical cell response to supraphysiological temperatures remains unex-
plored. We approached this problem using cTFM to visualize substrate deformations induced
by HeLa cells in a temperature-controlled environment. This cell line was selected as its bio-
chemical and adhesion properties are very well described281. In particular, to visualize the
actin cytoskeleton, we used a cell strain stably expressing mCherry-actin. Environmental tem-
perature was gradually increased from 37°C to 45°C with a ∆T /t of 1°C/h. Multiple individual
cells were imaged in parallel with a time resolution of 30 min. Cells initially (i.e. at 37°C)
conveyed different levels of mechanical strain energy U to the substrate117. Yet, following a
sufficient number of individual cells (n = 43), a general trend could be obtained (Figure 6.2
g-h). Cell-generated substrate deformation remained <10% until the temperature of 42°C was
reached. Interestingly, all cells increased significantly (>25%) their contractility during the
time period in which temperature increased from 42 to 44°C. In this phase cell surfaces started
to shrink, while actin structures could still be detected (Figure 6.2 a,b,f). Above 44°C, the
mechanical activity of all monitored cells rapidly decreased (Figure 6.2 c) yielding an evident
cell rounding which was accompanied by the disassembly of the actin cytoskeleton (Figure
6.2 e). These results indicate that a threshold for the mechanical annihilation of HeLa cells
is reached at 45°C, a value that is in good agreement with clinical reports277. The concomi-
tant remodeling of the membrane protrusions, actin fibers and focal adhesion was evaluated
through an endpoint immunofluorescence analysis (Figure 6.2 d,e). In thermally-annihilated
cells, the actin cytoskeleton appeared completely dismantled, while peripheral integrin ad-
hesions could still be detected (Figure 6.2 e). This observation suggests that the ablation
mechanism initially affects membrane fluidity and permeability, as previously reported282,
leading to cell volume and surface reduction. In this phase the cell adhesion and contractile
machinery may still be intact, yielding a transient increase of substrate deformation due to the
concomitant membrane retraction (Figure 6.2 g,h). Only when the actin fibers are thermally
destabilized (at 45°C), force generation is impaired. Interestingly, integrin-based substrate
adhesions represent the last component of the force transmission chain to be disassembled.
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Figure 6.2: Temperature series (a) brightfield images of HeLa cells in increasingly hyperthermic
environment from left to right. (b) Quantum dots and mcherry actin (c) cellular traction maps (d,e)
HeLa WT cells immunostained for actin (green), paxillin (red), dapi and phosphorylated paxillin
(magenta) at 37°C and 45°C, respectively. (f) Schematic of a cell retracting under hyperthermia. (g)
Average relative displacements on substrate surface wrt to displacements at 37°C. (h) Ratio of strain
energy over area wrt to said ratio at 37°C.
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6.2.3 Functional evaluation of correlation length between individual focal
adhesions

The contractile machinery of cells is able to transmit tractions to the underlying substrate in
a process that regulates cell spreading and migration151. Acto-myosin generated contractility
is coupled to the extracellular environment by the physical interaction between ventral stress
fibers and focal adhesions283. At the basal side of adherent cells, single stress fibers define
linear connections between two oppositely growing focal adhesions, therefore establishing ten-
sion across the cells body. While the typical architecture of these structural elements has
been described, the mechanism of interaction and the resulting cell shape adaptation remains
poorly understood283.

Force sensor arrays featuring elastomeric posts with diameter and pitch of few microns offer
a structured substrate to adhering cells, allowing the establishment of a single focal adhesion
on the upper surface of individual pillars106. The resulting one-to-one interaction renders
therefore a digital representation of the dynamic mechanical activity of adhesions opening
to the investigation of the pattern of force transmission that cells are actuating during the
cell cycle194. In this direction, a spatial and temporal analysis of focal adhesion activity is
possible, which however requires an agile and efficient approach to define the cross-correlation
among several mechanical elements, at high frequency and over long periods of observation.
We approached this application using an array of deformable pillars (4µm pitch, 1.83µm
diameter, 7.1 µm height and 2.5 MPa Young’s modulus) on which HeLa cells expressing a
Fucci2 cell-cycle phase sensor were seeded (Figure 6.3 a; [ 142,194]). Individual cells were
imaged for 160 min with a time resolution of ∆t = 4 min, thus compatible with the typical
dynamic activity of focal adhesions283. The global analysis of pillar bending yielded values
of deformation for individual pillars at each time point. The pair-wise Pearson correlation
coefficient of these plots (on average 38 pillars per cell) was calculated. Pillar couples on which
force transmission increased or decreased at the same time received a positive correlation score
(+1). Pillar couples which on the contrary displayed an antithetic behavior received a negative
correlation score (-1). Pairs of pillars which behaved independently had zero correlation. This
analysis was extended to all possible couples of pillars interacting with individual cells, and
to multiple cells in different cell cycle phases, yielding a total of 22 thousand pillar pairs
analysed. Significantly negative correlation (i.e. smaller than -0.75) was very seldom detected
(0.01%). This result indicates that force generation in cells does not use sliding or oscillation
of rigid bodies. On the other hand, significant positive correlation (i.e. larger than 0.75)
was evident for specific couples of pillars (17.2%), which increased or decreased deformation
at the same time (Figure 6.3 f). Correlated pillars moved at the same time and along the
same direction, but in opposite sense, compatibly with the increase or decrease of contractile
actuation. Based on this global analysis, a plot of correlation score as a function of the
distance between pillars was obtained (Figure 6.3 b,d). It is interesting to note that the
frequency of correlation between pillar couples decreases exponentially at increasing distance
(Figure 6.3 c,e). For cells in the G1 phase of the cell cycle, the most mechanically active283,
this yielded a correlation distance up to 40 µm, and with average values of 18 µm. The
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Figure 6.3: Cell cycle. (a) HeLa Fucci cell cycle phase dependent nucleus coloring. (b,d) Binned
scatter plot of pairwise force correlation between micro-pillars displaced by cells in G1 and G2, re-
spectively. (c,e) Force correlation as a function of distance between micro-pillars. Shaded area is the
ste. The exponential fit (dashed) reveals a correlation length for cells in G1 and G2, respectively. (f)
Two examples of force development of highly correlated micro-pillars. (g) Schematic showing force
correlations of several micro-pillars wrt to a central pillar
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transition to the ensuing S phase significantly reduced this length to 12 µm (Figure 6.3 c,e).
When the correlation map is overlapped with the cell profile, this yields a representation
of its contractile polarity, whereas correlated pillars are aligned along the cell’s short axes
(Figure 6.3 g). Mechanically active stress fibers have a typical length between 10 and 100
µm, depending on the cell type and activity283. This specific architecture was never linked to
the cell cycle phase and overall cell shape anisotropy. The resolved cross-correlation obtained
through the application of Cellogram allows for a deeper insight into force generation and
transmission in adhering cells, which could be easily upscaled to multiple cells and tissues.

6.3 Materials and Methods

6.3.1 Cell culture

Cells were cultured in an incubator at 37°C and in 5% CO2 humidified atmosphere. For the
temperature series on the QD nanodisc array substrates HeLa and HeLa expressing mCherry-
actin were used. They were maintained in DMEM (Sigma-Aldrich, St. Louis, MO, USA)
supplemented with 100 U/ml penicillin, 100 µg/ml streptomycin, and 10% fetal bovine serum
at 37°C in a 5% CO2 humidified atmosphere. For cell cycle synchronization, HeLa cells were
pre-incubated overnight with the G2/M blocker RO-3306284 at a final concentration of 10
µm. The experiments were started at a temperature of 37°C degrees. The rate of temperature
increase was set to one Celsius per hour. The temperature of the cell culture medium was
measured with TSic temperature sensors (IST AG, Switzerland) and cells were imaged every
30 min. For the cell cycle experiments we used HeLa cells stably transfected with the Fucci2
biomarker142 and seeded them on micro-contact printed micropillars. The cells were seeded
onto the pillar array 12 to 18 h prior to the experiment. Images were taken every 4 min for a
total of 160 min.

6.3.2 Live-cell imaging

Cells were allowed to spread on the target substrates overnight before imaging. Temperature,
CO2 and humidity were controlled during imaging using an incubation chamber. QD nanodisc
array imaging was done with a Nikon TI N DIC with a 60x oil immersion objective with 1.35
NA. Micropillar array imaging was done with a Zeiss Axio Observer. Z1 and 40X (EC Plan-
NEOFLUAR 40x/0.75) objective with 0.55 NA.
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6.3.3 Substrate preparation

Arrays of QD nanodiscs were generated as reported in150. Briefly, the QDs were deposited on
the substrate by electrohydrodynamic nanodrip-printing140. The colloidal ink containing the
QDs is ejected from a micro-sized gold-coated nozzle in an electric field onto the elastomeric
substrate. By modulating the electric field and position of the substrate the QDs are deposited
in a controlled orderly fashion. The electro-hydrodynamic nanodrip-printing technology can
be commercially obtained through an ETH Zurich spin-off company (http://www.scrona.ch).
Before performing the experiments, the temperature dependence of the substrate mechanical
properties was evaluated, resulting perfectly stable within the analysed temperature range285.
The PDMS micropillar array was manufactured by a two-step molding process154,286–288.
First, a Si, master mold was created using photo lithography. The master mold was used
to create a negative mold using a 10:1 Polydimethylsiloxane (PDMS) solution, (w/w, base:
curing agent Sylgard 184, Dow, Corning). This negative mold was functionalized with oxygen
plasma and Trichloro(1H,1H,2H,2H-perfluorooctyl) silane and placed it on top of a cover glass
with a drop of 10:1 PDMS and cured for 40 hours in 110 °C. The PDMS negative mold was then
peeled off to recover the PDMS micropillar arrays. Micro-contact printing154,288 was used to
visualize the PDMS pillar tops using a fluorescent ECM proteins to promote cell attachment.
Briefly, 30:1 PDMS stamps were treated with a mixed solution of Alexa-Fluor 647-conjugated
fibrinogen (25 µg/ml; Life Technologies) and fibronectin (50 µg/ml; Sigma-Aldrich) for an
hour at room temperature. The treated stamps were rinsed with DI water, dried and then
placed in contact with the top of the pillar array (pre-treated with ultraviolet light for 7 min),
which transferred the proteins on the pillar tops. The pillars were washed with pure ethanol,
70% ethanol and DI water. The unstamped regions were then blocked with 0.2% Pluronic
(Sigma-Aldrich) solution for 60 minutes and finally washed with DI water. Functionalized
pillars were stored in DI water before loading the cells. To visualize and functionalize the
PDMS micropillar, micro-contact printing was used to modify the top of PDMS micropillar
with fluorescent ECM proteins to promote cell attachment. 7 mm x 7 mm 30:1 PDMS
stamp were treated with 30 µL of mixed solution drops comprising of fibronectin (50µg/ml;
Sigma-Aldrich) and Alexa-Fluor 647-conjugated fibrinogen (25 µg/ml; Life Technologies) for
1 hour at room temperature. Treated PDMS stamps were rinsed with distilled (DI) water
and blown dry with nitrogen gas. Meanwhile, PDMS micropillar arrays were pre-treated with
ultraviolet (UV) ozone for 7 min in a UVO cleaner (Jelight). Functionalized PDMS stamp
was placed in contact with the top of the PDMS micropillar arrays. Through this process,
the functionalization proteins were transferred from the PDMS stamps to the tops of PDMS
micropillar. PDMS stamp was removed and the PDMS micropillar array was washed by pure
ethanol, 70% ethanol and DI water.0.2% Pluronic (Sigma-Aldrich) solution was used to block
the un-stamped regions of the PDMS micropillar array. After 60 min of immersion, DI water
and PBS (Life Technologies) was used to wash away the excess Pluronic solution.
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6.3.4 Immunofluorescence

Cells were fixed with 4% paraformaldehyde in phosphate-buffered saline (PBS) for 10 min at
room temperature (RT) and permeabilized with 0.5% Triton in PBS for 10 min. After blocking
with 5% bovine serum albumin (BSA) in PBS for 1h, samples were incubated at 4°C overnight
with primary antibodies. The following commercial antibodies were used: mouse anti-paxillin,
BD Bioscience (#610051), dilution: 1:100247 and rabbit anti-phospho-paxillin Tyr118, Cell
Signaling (#2541S), dilution: 1:100231. Secondary antibodies Alexa Fluor 647 chicken anti-
rabbit, LifeTechnologies (#A-21443) or Alexa Fluor 555 donkey anti-mouse, LifeTechnologies
(#A-31570), were used at 1:200 for 1h at RT. Actin cytoskeleton has been stained with Alexa
Fluor 488 phalloidin, Life Technologies (#A12379), while nuclei were stained with Hoechst,
Sigma (#H6024).
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This document provides a detailed description of the algorithms used in the image processing
pipeline, which is composed of 4 steps: (1) markers detection, (2) inference of reference graph
topology, (3) computation of displacements, and (4) traction force reconstruction. The 4 steps
are illustrated in Figure 7.1.

Figure 7.1: The 4 pipeline stages, which automatically convert images of reference-free TFM markers
to traction forces.

7.1 Markers Detection

The algorithm input is a gray scale image acquired by fluorescence microscopy (Figure 7.2a).
It contains either quantum dots150 or micropillars106 as markers. The first step of the algo-
rithm analyses the image to extract the 2D position of each marker. First, a Gaussian filter
with a user-defined sigma is applied to the image to reduce noise, i.e. the image is convo-
luted with a 2D-Gaussian (Figure 7.2b). This image is then binarized at the intensity level
determined algorithmically289 to generate a mask with candidate regions where the markers
could potentially be located (Figure 7.2c). In parallel a Laplacian of Gaussian (LoG) filter is
applied to the original image. Here, the image is convoluted with a LoG kernel. The result is
an image with low values in locations where originally there was no gradient of intensity, i.e.
the center of markers, and high values where intensity gradients were strong (Figure 7.2d).
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The LoG image then is subtracted from the Gaussian image to generate a new frame with
sharper peaks at the position of the markers. In this resulting image the local maxima are
determined. A pixel is considered a local maxima if it displays the highest intensity value
among its eight neighboring pixels (Figure 7.2e). If a pixel is a local maxima and is in the
candidate region of the mask, then the pixel’s position is used to least square fit a 2D Gaussian
in its vicinity (Figure 7.2f, [ 290]) in the original unfiltered image. The fitted Gaussian has a
single user-controlled parameter: sigma. Duplicate detections that can arise from two maxima
located close together, for which the Gaussians merge, are eliminated after the fitting.

Figure 7.2: Detection. (a) Original image, (b) Gaussian filter (c) Mask generated from thresholded
image in (b) using Otsu-Threshold, (d) Laplacian of Gaussian (LoG), (e) Detected local maxima in
resulting image from LoG subtracted from Gaussian image. The maxima detected in the mask and
outside of the mask are in green and red, respectively. (f) Least square fit of Gaussians at the detected
local maxima

7.2 Inferring Graph Topology

The previous step generates a set of 2D position of the markers: the regular lattice connectivity
between them shall now be reconstructed. The challenge lies in the fact that the grid is
deformed by the traction forces, which are unknown. The only prior is that, before the
displacement induced by the cells, the markers were positioned over an unknown subset of
a regular triangular lattice of unknown size and orientation. Crucially, for every marker
we only use its position and do not require any additional information. Differently from
previous methods, our reconstruction shall be tolerant to occasional errors in the detection
of markers, correcting false negatives (markers missed by the detection procedure) as well
as false positives (markers “hallucinated” by the detection procedure). For example, false
negatives and positives may be induced by noise, or arise by the misinterpreting two adjacent
markers as a single one.

7.2.1 Formal problem definition

The input of this step is a set of detected 2D points D, each point represented by a pair of
coordinates. The output is a set P ⊂ D of false positives, a set N of false negatives (new
2D points which are inferred to exist although they were never directly observed), and a
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permutation α of 2D points (D/P ∪N) into the position of a regular triangular grid. Once
the permutation is known, the relaxed positions can be inferred by smoothing the grid (Section
7.3) and the displacements are then defined by the difference.

Among all potential choices of N,P,α (for a given observation D), the one minimizing its
unlikelihood is defined as

k1∣N ∣ + k2∣P ∣ +E(α(D/P ∪N)), (7.1)

where ∣X ∣ denotes the cardinality of the set X, k1 and k2 are fixed scalar parameters weighting
the penalty associated to different factors (determining how much false positives and negatives
impact the likelihood of a solution), and E(X) is an approximation of the potential elastic
energy which would be required to deform a regular pattern into the given pattern X (on the
ground that the least energetic configuration is the most plausible).

To define E, the elastic substrate is approximated as a network of Hookean linear springs
connecting each pair of direct neighbors on the lattice, resulting in:

E(X) =

∣X ∣

∑
i=0
∑
xj∈Ni

(∣xi − xj ∣2 −L)
2, (7.2)

where L is the step length of the regular lattice, and Ni is the set pf neighbours of xi.

7.2.2 Problem analysis

This formulation makes the complexity of the problem apparent: it is a combinatorial opti-
mization over a large space, with a strict set of constraints that must be enforced to obtain
valid solutions. As observed in150, an exhaustive search of the optimal solution via a branch
and bound algorithm would be practical only for tiny problem instances (up to around 20
vertices).

We propose an algorithm to efficiently find a low energy solution. While the approach is not
guaranteed to find the optimal solution, in the large majority of cases, it indeed finds the
same solution obtained by an exhaustive search, while being orders of magnitudes faster and
scaling to tens of thousands of markers.

The proposed approach is incremental: an initial guess for permutation is initially proposed,
and then iteratively improved until convergence.

The key novelty of the algorithm is the use of two complementary representation for an
intermediate solution for α: a Mesh-based and a Lattice-based representation. The two
representations are equally capable of expressing any consistent permutations α into a lattice,
but crucially, each can also represent certain inconsistencies of different nature. Switching
from one to the other allows reducing these inconsistencies very efficiently.
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Overview. The initial guess of α is expressed as a Mesh-based representation. This solution
is then converted back and forth between Lattice and Mesh representation, applying an op-
timization step after every conversion. The optimization step improves the solution, greedy
applying a sequence of local operations (i.e. operations affecting only a small, constant por-
tion of the representation). In both representations, a local operation lowers the number of
inconsistencies and the energy term for E in Equation 7.2.

At the end of the process, residual inconsistencies in the final α are interpreted as false positive
and negatives, creating sets P and N respectively.

In summary, the algorithm can be written as:

• Variables: Mesh, Lattice

1. Mesh ← initial_guess( D ) Section 7.2.3 .

2. loop:

a) local_operations( Mesh ) Section 7.2.4 .

b) convert: Mesh → Lattice Section 7.2.5 .

c) local_operations( Lattice ) Section 7.2.6 .

d) if converged then exit loop Section 7.2.8 .

e) convert: Lattice → Mesh Section 7.2.7 .

3. (P,N) ← fix_residual_inconsistencies( Lattice ) Section 7.2.9 .

First, the two representations are described, and then the other parts of the algorithm are
described in more detail.

Mesh representation. In this representation, the permutation into a lattice is represented as
a two-manifold, triangular, mesh whose vertices are D. In other words, a Mesh consists of all
points in D connected by a set of triangles; the sides of the triangles are termed edges. This
structure is the ubiquitous way to represent piecewise linear surfaces, and has been deeply
studied for example in Geometry Processing (e.g. see [291] for an overview). The meshes are
open and simple, meaning that they have an unique loop of boundary edges and vertices (i.e.
there are no internal “holes”). They are two-manifold, meaning that that every edge of each
triangle is either a boundary edge or is shared by exactly another triangle. The valency of
a vertex is defined as the number of triangles sharing that vertex. A mesh is called regular
when each boundary vertex has valency < 6, and each other vertex has valency 6.
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Figure 7.3: An instance of the graph-topology problem consists of a set of 2D points, like in this
toy example (left most). In our system, a solution is represented in either of two alternative rep-
resentations: mesh-based, and lattice-based. Mesh-based representation consists of a two-manifold,
well-oriented and simple triangular mesh (middle column), whose vertices are the given set of points.
A lattice-based solution consists of a regular honeycomb grid of cylindrical cells which can be assigned
to one (or multiple) vertices (rightmost column). Either representation is capable of expressing any
permutation into a lattice, like the one depicted on top (which is, in this case, the energy minimizer,
and therefore the optimum). Each representation is also subject to include inconsistencies of different
types. In the mesh representation, for example, internal vertices can have a valency different from 6
(in the example on bottom: a valency-5 vertex is highlighted in red, and valency-7 vertex in blue). In
the lattice-based representation, there can be internal “holes” in the regular grid, or multiple nodes
assigned to the same grid cell, (bottom-right).

A regular mesh can be interpreted as a permutation α of its vertices D into a lattice, since
it encodes a regular lattice. A mesh which is not regular, conversely, does not correspond to
any such permutation. The inconsistencies of a Mesh representation are, therefore, vertices
breaking the above requirement on the valency (termed “irregular” vertices).

Lattice representation. Our lattice, or matrix, is a 2D regular grid of hexagonal cells (hon-
eycomb tiling). Each element of D is hosted in one cell. A cell can be empty, or host one or
more elements. In the lattice, non-empty cells always form a contiguous subset of the grid,
and all cells on the boundary of the grid are empty.

Ideally, each non-empty cell hosts only a single element of D. Also, empty cells are all found
in one continuous set around the lattice (i.e. there is no island of empty cells completely
surrounded by non-empty cells). A lattice with these properties can be trivially converted
to a valid permutation α. The inconsistencies of a lattice representation are, therefore, cells
hosting more than one element of D (these elements are called “colliding”), or empty cells that
are not connected to the boundary of the grid by a sequence of empty cells (these cells are
called “holes”).
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7.2.3 Step 1: Mesh initialization

The algorithm is initialized by computing the 2D Delaunay triangulation292 of the set of
vertices D. This process is fast and guarantees to produce a two-manifold, simple mesh. In
undeformed areas, this mesh reproduces the connectivity and the shape of a regular grid and
it is thus a correct solution. However, in distorted regions, irregular vertices are introduced.
The next steps address these inconsistencies.

7.2.4 Step 2: Mesh local operations

An edge-flip292 is a standard local operation commonly used in the context of mesh optimiza-
tion and simplification. In the represented context, edge-flips are used to improve the quality
of the mesh, striving to obtain a regular connectivity on the entire mesh and a decreased
energy.

Figure 7.4: An example of an edge-flip operation: in this mesh, flipping the edge B-C decreases the
valency of vertices B and C by one, and increases the valency of vertices A and B by one.

Specifically, the effect of an edge-flip is scored by two numbers (ea, eb). ea is the induced
increase in the number of regular vertices (or decrease if negative): as an edge-flip increases
the valency of two vertices by one, and increases the valency of other two vertices by one
(Figure 7.4), it can either increase, decrease or leave unaffected the total number of irregular
vertices on the mesh. eb is the induced decrease is on energy E: only the edge being flipped
changes its length and thus its contribution to the energy E (Equation 7.2). An edge-flip is
beneficial either when ea > 0, or when ea = 0 and eb > 0.

All potential edge-flips (there is exactly one per edge) are tested, and the ones that are bene-
ficial are performed. In a second pass, the algorithm tests all the possible pairs of consecutive
edge flips affecting a common vertex that have a combined (summed) beneficial effect.

Edge-flip operations which would reduce an internal vertex valency below 3, are always dis-
allowed as it would compromise the two-manifoldness of the mesh.

While this step is effective at solving many locally inconsistent configurations, it might fail
at identifying the long sequences of flips that may be necessary in images with large dis-
placements. The mesh is therefore converted to a lattice representation, to continue the
optimization.
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7.2.5 Step 3: Mesh to lattice conversion

Starting from an empty lattice, the mesh is explored, copying the indices of the encountered
vertices into the lattice cells, one by one. The mesh is visited with a “flood-fill” approach,
i.e. from a “seed” triangle and iteratively proceeding by expanding the visit to neighboring
triangles, until the entire mesh is visited. Crucially, the parts of the mesh which are more
regular are explored first; in this way, the less ambiguous parts of the mesh, which can be
interpreted with higher confidence, serve as a guidance to settle the more ambiguous parts.
In practice the problematic parts of the mesh are surrounded by the visit (thus isolated) and
then conquered from the exterior inwards.

A precise description of the employed algorithm is given below. In the following, we define the
“equilateral factor” of a triangle with sides lengths a, b, c, with a > b > c, as the real number
((c + b)/a − 1). A perfectly equilateral triangle has factor 1, a completely degenerate triangle
has factor 0, and any intermediate case has values in between.

Identifying the seed triangle. Every triangle of the mesh is labelled as either reliable or not
reliable. A reliable triangle fulfills three conditions: (i) it is not on the mesh boundary, (ii) its
three vertices are regular (valency 6), and (iii) its shape is sufficiently equilateral (equilateral
factor larger than 0.85). The seed is selected as the furthest reliable triangle (under hop
distance) from any unreliable triangle; in other words, the triangle which is surrounded by
the maximal number of reliable triangles. The three vertex indices of the seed triangle are
copied into a group of three reciprocally adjacent grid cells.

Enumerating and prioritizing the expansion moves. An expansion move potentially en-
larges the set of visited triangles by one element, traversing one mesh edge adjacent to an
already visited triangle. There is one expansion move for each internal mesh edge. At any
given time, an expansion move is available if at least one of the triangles shared by the corre-
sponding edge has been visited (note that this includes edges with visited triangles on both
sides). During the fill, all available moves are kept in a set, and prioritized, from highest to
lowest confidence, according to summed equilateral factors of the two triangles sharing the
edge. The set of available expansion moves is kept in a priority queue, and is initialized with
the three edges of the seed triangle.

Iteratively, the element with the highest priority is extracted from the set of potential moves,
removed from the set, and the move executed. After the move, up to two new available
expansion moves are added to the set to reflect the expansion of the set of visited triangles
(and evaluate their priority). Traversed edges are flagged as such and never added to the set
of available moves a second time. The procedure terminates when the set is empty (i.e. when
each internal mesh edges has been traversed exactly once).
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Figure 7.5: An example of the execution of an expansion-move. Executing the move crossing the
edge DJ and visiting triangle DJB (left-most diagram), would have the effect of filling the grayed
square of the lattice with the vertex labelled as B (right-most diagram). If that square is already filled
by a vertex other than B, or if vertex B is already allocated anywhere else on the lattice, then this
move would cause an inconsistency. In this case, an edge-flip of one of the other two edges of DJB is
attempted first: flipping the BD edge causes the grayed square to be filled with vertex C instead of B
(mid-left diagram); flipping the JB edge causes it to be filled with vertex M instead of B (mid-right
diagram). If either edge-flip avoids the conflict, then it is performed before the move executed.

Executing an expansion move. An expansion move consists of expanding the visit from the
visited triangle tA, over edge e0, into the (potentially not yet visited) triangle tB. Let vi be
the vertex of tB opposite to edge e0. Executing the move consists of copying vi into a given
cell of the grid with index ci (see Figure 7.5). The cell index ci is fully determined by the cell
position on the grid, of the vertices of tA. Note that, due to previous expansion moves, it is
possible that cell ci is already occupied by a vertex; likewise, and independently, it is possible
that vertex vi is already allocated in a grid cell. Therefore, three cases can arise:

• Expand, when vertex vi is not currently allocated anywhere in the grid, and cell ci is
currently vacant;

• Confirm, when vertex vi is already present in cell ci (i.e. cell ci already contains vertex
vi);

• Contradiction, when vertex vi is already allocated in some other cell position different
from ci, or cell ci is already occupied by some vertex different from vi, or both.

In the Expand case, cell ci is filled with vertex vi. In the Confirm case, nothing needs to
be done; when that case arises, it means that the current expansion moves is consistent
with the lattice layout as inferred from the already visited triangles. This can happen, for
example, because vertex vi was previously reached from a different direction, possibly along a
completely different triangle paths from the seed. Vice-versa, the third case happens because
the starting mesh is not fully regular. Executing the move would create an inconsistency. At
this point, it is checked whether the conflict can be avoided by means of edge flips performed
on the mesh. There are two potential edge flips, corresponding to 2 edges of tB that are
not e0. If either edge flip is viable, it would result in a different vertex indices v′i and v

′′

i in
place of vi (see Figure 7.5), and therefore in a different case. The edge-flip is performed if
it is viable and results in the removal of the contradiction (if the extremely rare case when
both edge-flips qualify, the one resulting in the highest summed equilateral factors of the two
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affected triangles is selected). Note that the edge flips are performed, in this phase, regardless
of their local effect on the valency of the vertices or the energy.

After the expansion move, assuming no contradiction arose or that it could be resolved, the
two external edges of tB are added to the set of potential moves, unless these edges have been
already processed.

Rationale. Importantly, triangles can be assigned to the grid by independently assigning
their three vertices to grid cells, before that triangle is explicitly visited. This happens for
example when the boundary of the visit meets with itself after that the flood-fill encircled a
problematic region (e.g. a region containing irregular vertices) from the two different sides.
Eventually, these triangles will be explicitly visited also. When that happens, the visit can only
either confirm or contradict the previously found grid layout. In case of contradiction, the grid
values are not overwritten, because earlier moves are, by design, considered more reliable than
later moves. Instead, the existing grid values are used to correct the mesh connectivity (by
means of flips). In conclusion, the flip operations which are performed in this phase are driven
by the global grid structure of the mesh, rather than by its local configurations, differently
from the local optimization on the mesh (Section 7.2.4). In this sense, this flip identification
strategy is drastically more “long sighted” and capable of avoiding local minima.

7.2.6 Step 4: Lattice greedy optimization

A Lattice admits three local operations: (1) permutation of a small subset of the vertex indexes
stored in the cells, (2) hole filling and (3) conflicts resolution. A set of local operations is
tested, and all the ones with a positive effect on the global energy are performed (Equation
7.1).

Operation 1: Greedy permutations. Given a set of n vertices v0 . . . vn−1 assigned to cells
c0 . . . cn−1, a cycle permutation is the reassignment of each vertex vi to c(i+1)%n (% being the
modulo operator). A cycle permutation is beneficial if it results in an overall decrease of the
energy. A brute force approach, where each set of 2, 3, and 4 adjacent cells are tested for all
potential cycles is used. Cycles of size 2 (that is, swaps between pairs of cells) are also tested
between any pairs of cells separated by a single cell. In total, 48 cycles are tentatively tried
around each non empty grid cells, in a fixed pattern. The resulting algorithm is linear with
the number of cells and fast, because testing for the effect of a cycle requires to sum up only
a limited number of addendum to the energy in Equation (7.2).

Operation 2: Hole filling. A Lattice “hole” is defined as an empty grid cell that is not
connected to the lattice boundary by a path of empty cells. Each disconnected empty cell
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is a hole, and is evaluated for removal. In order to remove a hole, first, the vertex from a
neighboring non-empty cell must move to fill its position, thus shifting the hole to that cell;
then, the process has to be repeated until the hole ends up neighboring one boundary empty
cell, or the moving vertex is a conflicting vertex (i.e. was one of the two vertices allocated
in the same cell). In the latter case, that “conflict” inconsistency is also removed. Each
movement of a vertex into the empty position comes with an associated increase (rarely, a
decrease) of the energy E. In other terms, in order to fix a hole, a path from that position to
a either a connected empty cell, or to a conflicting vertex needs to be found.

The problem can be cast as a minimum cost path, which is solved using the Dijkstra algorithm
(seeded at the cell presenting the hole, and targeted at any eligible destination of the path).
The cost of every step is defined as the increase (rarely, the decrease) of the energy for the
corresponding swap. Additionally, the cost of the final step is further decreased (possibly
down to a negative number) by the value k0 (Equation (7.1)), to reflect the decrease of the
number of holes. In case that the final destination of the graph is a conflicting vertex, the cost
is also decreased by the additional value k1, to reflect the decrease of the number of conflicts.

When the minimum cost path is identified, it is applied it if and only if its total cost sum up
to a negative number. Otherwise, the total likelihood of the found solution would decrease
(in other words, a more likely justification for the hole is to assume that an existing point was
undetected). To optimize, we abort the Dijkstra search over paths which results in a total
cost larger than (k0 + k1).

Operation 3: Conflict resolution. For conflicts inconsistencies, the situation is conceptually
similar. A conflict is a situation where two vertex indices are located in the same lattice cell.
It can be solved by, first, moving either vertex index to a neighboring cell, thus shifting the
position of the conflict to that cell, and repeating this step until an empty cell is reached. If
the final empty cell is also labelled as disconnected from the boundary (i.e. it is a hole), this
has the additional side effect of simultaneously fixing that hole. Again, the problem is cast as
a minimal cost path search, solved via the Dijkstra algorithm. This time, the path starts from
the conflicted cell and terminates into any empty cell, either connected or disconnected to
the boundary. The cost associated to the move terminating the path is decreased by k1 or by
k0+k1, to reflect the fixing of either one or two inconsistencies. Similarly to the previous case,
the resulting fix is considered profitable if the found path has a negative total cost (otherwise,
it is concluded that the inconsistency would be more parsimoniously explained by assuming
the conflicting vertex to result from a false positive in the point detection).

7.2.7 Step 5: Lattice to mesh conversion

This step is implemented as a variant to Step 4, that is, the mesh is visited again using a
flood-fill seeded at an appropriate starting location. The only difference is that this time, the
lattice is not initialized as empty, but kept unmodified at its current values. Consequently, the
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only two possible outcome for expansion moves are “confirm” or “contradiction” (and never
“expand”) and the only sought effect is to perform edge flips in the latter case.

Rationale. The objective is to modify the current mesh configuration to make it more similar
to the current lattice configuration, but only by means of valid local mesh operations (the
lattice is only used to guide these operations); this ensures that the mesh representation
is kept consistent. The aim is not to obtain a mesh configuration perfectly mirroring the
one represented by lattice, because inconsistencies which are potentially left in the lattice
(“collisions” and “holes”) cannot be represented in the mesh representation.

7.2.8 Step 6: Convergence detection

The algorithm stops when an entire iteration (2 conversions and 2 sets of local operations)
are not changing the lattice representation. In our experience, this never takes more than 4
iterations.

7.2.9 Step 7: Removal of lattice inconsistencies

For every set of points in D allocated to the same cell, one is selected to occupy that cell, and
the others are considered false positives and added to P . Similarly, every set of isolated empty
cells (i.e. separated from the boundary by non-empty cells) are considered false negatives and
added to N . Their position is computed as the average position of their neighbors (the
averaging is repeated until convergence, for islands of two cells of more).

7.3 Displacement Computation

At this stage, the markers in the input image have been detected, and the connectivity
between them computed. The next step is to reconstruct the marker displacements from
the rest configuration, to the configuration captured in the image. This is achieved with a
relaxation process that warps the markers in the image into a regular grid: the displacements
are then computed by taking the difference between the initial and relaxed positions. The
relaxation process is modeled using the graph Laplacian

Lij =

⎧⎪⎪⎪⎪
⎨
⎪⎪⎪⎪⎩

ΣjLij i == j

1 i is a neighbor of j
0 otherwise

(7.3)
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which, for a perfectly regular mesh, satisfies

Lx = 0, (7.4)

where x are the coordinates of the vertices in the mesh. The vertices are split into two groups
- the inner vertices, which need to be relaxed to their original position, and the boundary
vertices which are fixed. The Laplacian L is split accordingly:

x = [
xi
xb

] L = [
Lii Lib
Lbi Lbb

] (7.5)

The system of equations is reduced to

[Lii Lib] [
xi
xb

] = 0 (7.6)

and solving

xi = −L
−1
ii Libxb (7.7)

yields the relaxed positions of the inner vertices. With the boundary vertices fixed, this
has the effect of simultaneously moving all the vertices to the barycenter of their on-ring
neighborhood, thus creating a regular hexagonal grid.

7.4 Force Reconstruction

The displacements computed in the previous step are already a good proxy for the traction
forces. The conversion of the markers’ displacements into traction forces depends on the type
of image. For pillars, the forces are discretely applied to each pillar and can be reconstructed
directly from the displacements. For quantum dots, the forces are applied continuously on
the substrate, and thus their reconstruction requires a finite element method.

7.4.1 Pillars

For pillars, the forces can be directly computed from the displacement field u obtained in the
previous steps as
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F =
3EI

L3
u, (7.8)

where E is the Young’s modulus, I is the moment of inertia, and L is the length of the
pillars106. Results of this procedure are shown in Figure 6.3 in the main paper.

7.4.2 Quantum dots

For quantum dots, we have to solve a volumetric deformation problem, which given the
target displacements of the vertices on the surface, finds the traction forces inducing such
displacement.

Volumetric Meshing. To set up our physical simulation problem, it is necessary to first
discretize the substrate, decomposing it into a mesh composed of tetrahedra. The tetra-
hedral mesh is adaptive, with a higher density in the regions corresponding to the higher
displacement. The meshing proceeds in 4 steps. The meshing proceeds in 4 steps.

Step 1. A background 2D mesh is created as the Delaunay triangulation of the displaced
markers, plus a few additional points on an extended bounding box whose size is user-
controlled. In the following, we will distinguish the inner box (the substrate) from the outer
box (substrate + padding).

Step 2. A sizing field is computed in 2D to indicate the target edge length of the mesh to be
used in the simulation. First, the “source” of the sizing field is determined as the mesh triangles
whose vertices have a displacement larger than a user-given threshold (set as percentage of
the max displacement across all dots – 18% by default in our application). The target size
for the source region is then set as a user-defined percentage of the median distance between
adjacent quantum dots – 30% by default in our app. If no marker falls within this threshold,
the whole inner-box is set to be the "source", and the target size is set to the median distance
between adjacent dots. The sizing field is then propagated from the source region to the rest
of the background mesh so that the ratio between adjacent vertices follow a user-given ratio
(a gradation of 1.2 is used by default).

Step 3. A dense tetrahedral mesh of the outer box is computed in 3D using TetGen293. Let
smax be the maximum target size of the 2D sizing field computed above. The 2D sizing field
is extended through the dense 3D volume so that it is equal to the original field on the top
(the surface), and equal to smax on the bottom.
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Step 4. The dense tetrahedral mesh is remeshed with mmg294 to follow the 3D sizing field.

Finite Element Method. We propose two approaches, one for creating a quick preview of
the forces using a linear elastic material model, and a second one for accurate reconstruction
using a neo-Hookean material model. For both modes the material parameters are obtained
through material testing (Figure 7.6; [ 150]) and assume no additional external forces, which
is a realistic approximation for most experimental setups. We solve for the displacement u

− div(σ(u)) = 0 and u = g on the boundary, (7.9)

where σ(u) is the stress tensor and g are the boundary conditions. Note that, the form of
σ(u) depends on the material model: for linear elasticity

σ(u) = 2µε(u) + λTr ε(u)I, (7.10)

with ε(u) = 1
2
(∇uT +∇u), for Neo-Hookean

σ(u) = µ(F − F −T
) + λ ln(detF )F−T , (7.11)

with F (u) = ∇u + I.

In both cases, the same boundary conditions g are specified. For the bottom side g is zero,
while the for the top side it corresponds to the displacement field reconstructed in Section
7.3. Note that, since a planar displacement field is measured in the xy-direction, we leave the
z-direction free to move to account for buckling effects. Since the displacement field is defined
only on the vertices of the detected points, radial basis function is used for interpolation
with Gaussian kernel295,296 to extend it to the whole plane. Finally, to obtain the traction
forces from the solution of the partial differential equation, we multiply the stress σ with the
face normal. We use isoparametric linear Lagrangian elements in both cases.Results of this
procedure are shown in Figure 6.1 in the main paper.

7.5 Material Characterization

In a previous publication the mechanical properties of the material was thoroughly charac-
terized150. Fitting of the hyperelastic Ogden model191 achieved a very close recreation of the
uniaxial and biaxial material tests. Here, for the sake of implementation and computation
speed a linear model and Neo-Hookean model were fitted to the test data. The data was
least-square fitted for both uniaxial and biaxial simultaneously. Given the incompressible
properties of the silicone used, Poisson ratio was fixed at 0.49 and the only free parameter
was the Young’s modulus E. The Neo-Hookean model shows a very good fit and deviates only
slightly from the Ogden model for large stretches (Figure 7.6). The best overall fit for the
linear model was achieved at a lower stiffness off E = 10.05kPa, in which case the uniaxial did
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not match well (Figure 7.6 (a)). Using the same stiffness as for the Neo-Hooke, the uniaxial fit
was better, but the biaxial fit quite off (Figure 7.6 (b)). Hence, for accuracy the Neo-Hookean
model is chosen, whereas for speed the linear model can be used.

Figure 7.6: Material model fitting. (a) Uniaxial test data and fitted curves. (b) Equibiaxial test
data and fitted curves.
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8 Bistability of Polar Liquid Crystals in the Collective Adaptation of Endothelia

8.1 Introduction

Understanding how cells interact with each other and with their external environment is
pivotal in describing the collective nature of multicellular assemblies such as embryos, tissues,
and organs103,297. Simple physical models stemming from inert soft matter behavior have
been successfully proposed to describe such interactions and formulate testable predictions
relying on key control parameters298. This can be viewed as a form of inverse bio-inspiration
where inanimate matter knowledge inspires the explanation of the more complex behavior of
animate matter.

A paradigm that proved effective in describing high-density epithelial cell layers comes from
liquid crystals: a combination of intrinsic anisotropy and self-propulsion can generate local
order within an epithelium, akin to nematic systems comprising rod-shaped molecules298.
As in inert liquid crystals, the nematic order of epithelia can be locally frustrated yielding
topological defects that trigger the apical extrusion of cells from the monolayer299. The
presence of nematic alignment and topological defects was also observed in other cell types
including fibroblasts300,301. In this system, analogies with the Freedericksz transition of liquid
crystals302 were useful to explain spontaneous shear flows arising in confined monolayers and
their dependence on the confinement width302.

Human endothelia are an exquisite example of a dense cell system actively responding to
flow303. Endothelial cells, like epithelial ones, grow to confluence and mature forming a me-
chanically and biologically-connected monolayer144. In vivo, endothelia occupy the interface
between the lumen of blood and lymphatic vessels and the surrounding tissues304. They are
naturally exposed to unidirectional flow and flow-generated wall shear stress (WSS). The local
hemodynamics provides anisotropic signals fundamentally contributing to tissue maturation
and function305.

Flow induces coordinated planar cell polarity (PCP), whereby cells coherently re-localize cel-
lular compartments, such as the Golgi, and functions306. In addition, they adaptively elongate
and orient the cell body307. Endothelia exposed to unidirectional flow in vitro, polarize to the
upstream direction (i.e. against the flow)306. Parallel cell elongation is typically observed un-
der low WSS values308. At WSS levels higher than 6 Pa, collective cell arrangement falls in a
different regime, and perpendicular (to flow) orientation emerges43,309. These two orthogonal
orientations are similarly observed in vivo. The specific angle of alignment and the direction
of PCP vary depending on the vascular bed, age, and local hemodynamic conditions310, with
perpendicular alignment observed in locations of the body exposed to high flow, as on the sur-
face of heart valves311. Disturbed hemodynamics can compromise this coherent multicellular
adaptation303. In vivo, regions of vessel stenosis or bifurcation, prone to flow recirculation
or reversal, typically feature cells with random PCP and orientation. These locations repre-
sent hotspots for the development of inflammatory processes, and are exposed to endothelial
denudation and atherosclerosis310.
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Little has been done to explain the collective endothelial adaptation to external physical
stimuli, for example by constructing soft matter inspired models. To describe the endothelial
response to flow we employed a custom-developed bioreactor43 and exposed human cells to
laminar flow generating low (1.4 Pa) or high (8 Pa) WSS. We monitored two alternative
transitions yielding orthogonal collective cell alignment but identical PCP. In both cases,
the achievement of coherent organization required dynamic force generation and a transient
increase of junctional tension in the monolayer312.

To explore the physics of this complex behavior, we propose a simple basic description, relying
on polar liquid crystal observations. The model features a collection of polar anisotropic ac-
tive units and incorporates the key symmetries of the problem. Adaptation of polar nematic
elements to an external electric field generates two distinct ordered phases characterized by
identical polarization but orthogonal alignment. The model enables to simulate the tran-
sition between these two ordered phases, revealing the existence of an intermediate state
featuring high nematic disorder and slowly relaxing to the alternative ordered configuration.
The emergence of such metastable configuration in endothelial monolayers was experimentally
verified. A switch in the WSS level or flow directionality induced a randomization of both
ordered states, which evolved into an isotropic configuration where collective alignment was
lost. This development was rapidly followed by disassembly of cell-to-cell junctions and loss
of monolayer integrity. Based on the analogy with polar nematic elements, the transition to
an intermediate disordered state can be explained by the inability of cells to simultaneously
satisfy requirements of shape and orientation on the one hand, and polarity with respect to
the external field, on the other hand.

The resulting physical picture has its origin on the active nature of cells and on the intrinsic
functional polarity of endothelia, piecing together a generic mechanism to interpret the effects
of hemodynamic perturbations on human tissues.

8.2 Results

To investigate the self-organization ability of human endothelia we monitored their response
to flow (Figure 8.1). Monolayers developed in static culture featured cells with weak shape
anisotropy and random planar cell polarity (PCP; Supplementary Figure D.1), a condition
that represented the starting point for the flow experiments (Figure 8.1a). Fully developed
laminar flow coupled to the monolayers of interest was generated in an optically conducive
bioreactor43. Endothelia were exposed to wall shear stress (WSS) of 1.4 or 8 Pa. Onset of
flow prompted a fast response, which induced cell shape elongation and collective orientation
(Figure 8.1b-g). During the adaptation to flow, PCP was visualized by the position of Golgi
relative to the nucleus306. Coherent cell polarity was accomplished within ∼2 h (Figure 8.1h-
j). Cell shape change and collective alignment proceeded with slower dynamics reaching a
plateau after ∼6 h (Figure 8.1b-g). At this point, cell ensembles featured a statistically stable
collective organization that was maintained for extended exposures to unaltered flow.
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Figure 8.1: Alternative transitions in endothelial monolayers under flow. Figure on page
96 (a) Isotropic state in static conditions and (b-g) adaptation to unidirectional flow generating
physiological (i.e. 1.4 Pa) or supraphysiological (i.e. 8 Pa) wall shear stress (WSS). Fluorescent
images of VE-cadherin distribution (green) at cell-to-cell junctions (top panel in (a), leftmost panel in
(b) and (e)). Scale bar is 50 µm. Cell profiles with color-coded aspect ratio (middle panel in (a), (b),
and (e)) and cell orientation (bottom panel in (a) and rightmost panel in (b) and (e)) as encoded by
corresponding color scale bars . (b) Anisotropic state featuring cell alignment along the direction of
flow. Corresponding evolution of cell aspect ratio (c) and orientation. (e) Anisotropic state featuring
cell alignment orthogonal to flow. Evolution of cell aspect ratio (f) and orientation (g). The number
of analysed fields of view is reported as n and the number of independent experiments as n’. The
shaded area indicates the standard deviation. (h) Cartoon defining planar cell polarity (PCP) under
flow. (i) Evolution of PCP in static conditions and upon exposure to unidirectional flow generating
WSS values of 1.4 Pa or 8 Pa. (j) Radial distribution of PCP (i.e. ϕ as defined in (h)) in static
conditions at 0 h (top left panel) and 8 h (top right panel) and under flow generating WSS of 1.4 Pa
(bottom left panel) or 8 Pa (bottom right panel), both at 8h.

Under low WSS (i.e. 1.4 Pa) cell bodies elongated along the flow (parallel alignment at ∼0○;
Figure 8.1b-d). Exposure to high WSS (i.e. 8 Pa), prompted instead a faster remodeling
yielding perpendicular cell alignment (∼90○ to the direction of flow; Figure 8.1e-g). Interest-
ingly, despite orthogonal orientation, both ordered states featured identical PCP with Golgi
positioned upstream of the nucleus (counterflow polarity; Figure 8.1i-j). These emerging re-
sponses were not observed in isolated endothelial cells exposed to the same hydrodynamic
conditions.

Taken together, these results confirm that endothelial cells in confluent monolayers coordi-
nately adapt shape, alignment and polarity in response to flow. Collective cell body elongation
and alignment depend on the WSS level. On the other hand, PCP reflects flow directionality
(Figure 8.1). To assess whether cell orientation and polarity represent independent collec-
tive properties of mature endothelia, we generated monolayers on anisotropic substrates in
static conditions43. Topographic contact guidance was effective in inducing cell elongation
and alignment along the direction of the gratings. Notwithstanding the strong and coherent
orientation of cell shape, PCP remained randomly distributed (Supplementary Figure D.2)
demonstrating that the two properties can be fully decoupled.

We next investigated the dynamics of monolayer transition to either of the two flow-driven
ordered states (Figure 8.2). Confocal traction force microscopy (cTFM), a recently introduced
method to obtain a direct visualization of cell tractions on compliant substrates150,194,249, was
employed. Cells transmitted distinctive patterns of traction to the substrate during collective
orientation and polarization (Figure 8.2a and d). A force peak was measured between 2
and 6 h from the onset of flow (Figure 8.2a-b and d-e). The system relaxed as soon as the
majority of cells reached the final orientation, shape, and PCP. In addition, using monolayer
stress microscopy125, intercellular stresses were mapped (Figure 8.2c and f), further revealing
tension maxima during the adaptation phase. Traction and stress peaks were significantly
higher during evolution to perpendicular alignment (WSS = 8 Pa), yet the trend and dynamics
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were similar between the two orthogonal transitions. Intercellular stresses similarly relaxed
upon attainment of global order313.

Liquid crystal models have proven helpful in describing state transitions in epithelial mono-
layers, as function of cell density, anisotropy (i.e. a nematic index), and self-propulsion314.
Such models however, do not include the effect of an external field and can therefore not
distinguish states with orthogonal collective orientation. On the contrary, polar liquid crystal
models315 contemplate alternative transitions of nematic particles with positive or negative
dielectric anisotropies (i.e. ∆ε).

A monolayer of polar and weakly nematic elements with positive (Figure 8.3a) or negative
(Figure 8.3b) dielectric anisotropy was initially allowed to spontaneously relax. In this phase,
the nematic index increased as a function of time (from time = 0 to 100), enabling the
attainment of nematic order, akin to what described in epithelial monolayers300. The switch
of an external electric field triggered a global configuration change, with a sharp increase of
disorder (time = 102) followed by a monotonous relaxation to a highly ordered state (time
= 102). Specifically, nematic elements with ∆ε > 0 aligned along the field direction, while
orthogonal alignment was obtained with ∆ε < 0. Both ordered states featured the same
polarization.

The qualitative agreement with the reported response of endothelial monolayers exposed to
flow (Figure 8.1) was further validated by the direct measurement of the energy landscape
characterizing the alternative transitions. Free energy was computed from the number of
nematic defects present in each intermediate configuration (see Supplementary Information,
section ‘Modeling Nematic Liquid Crystals’). For both transitions (Figure 8.3a-b), a free
energy peak, indicative of a non-equilibrium state, was reached upon the field switch and
was relaxed (decreased) as soon as a high level of order was obtained (Figure 8.3c-d). These
trends were compared with the relative strain energy measured upon endothelial adaptation
to flow, yielding similar bimodal energy increase and relaxation (Figure 8.2c and f and Figure
8.3c-d). This analogy suggests that the phase of instability experienced by nematic systems
responding to an external field may correspond to the observed peaks of junctional tension in
endothelia adapting to flow (Figure 8.2c and f).

We next inquired the model about the evolution of either ordered states when forced to develop
into the orthogonal configuration (Figure 8.4). This transition was induced by switching the
sign of ∆ε (at time = 160), from positive to negative (Figure 8.4a) or from negative to
positive (Figure 8.4b). In both cases, the nematic system rapidly evolved to a configuration
with higher disorder, from which it slowly escaped (at time = 250) relaxing into the alternative
ordered state. The energy profile of these evolutions indicate the transition into a persistent,
metastable state characterized by a high level of free energy (Figure 8.4c-d). This metastable
state similarly appeared when the system was perturbed by a switch in the field direction
(Supplementary Figure D.3).
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Figure 8.2: Traction and stress during alternative transitions in endothelial monolayers
under flow. Figure on page 99 (a) DIC images and fluorescent nuclei (top row), traction force
(middle row) and intercellular stress (bottom row) maps for endothelia exposed to unidirectional
flow generating WSS of 1.4 Pa. Scale bar is 50 µm. Relative evolution of (b) traction force and (c)
intercellular stress (bottom plot). (d) Corresponding DIC and nuclei (top row) and traction and stress
maps (middle and bottom rows; respectively) for endothelial exposed to unidirectional flow generating
WSS of 8 Pa. The flow direction is indicated by a black arrow. The magnitude of traction and
intercellular stress is indicated by the color scale bar. (e) Relative evolution of traction and (f) stress.
Mean values (black squares) are plotted (b-c, and e-f). (g) Relative strain energy produced by the
endothelium during the transition from the initial isotropic state (static) to the alternative anisotropic
states. The shaded green area correspond to the standard deviation. A corresponding representation
of the polar nematic states is displayed in the circular cartoons. The number of analysed fields is
reported as n and the number of independent experiments as n’.

Figure 8.3: System transitions in polar nematic crystals. (a) Heat maps of the transient order
parameter S̄ for nematic particles with polarity along the long their axis (∆ε > 0). (b) Corresponding
heat maps for nematic particles with polarity along their short axis (∆ε < 0) Both (a) and (b) are
initiated with the same random configuration. At t = 100 the electric field is switched on. (c) Free
energy of the transition depicted in (a). (d) Free energy of the transition depicted in (b).

The same transitions were experimentally reproduced in endothelial monolayers. Perturbation
of fully aligned endothelia (Figure 8.4e and i) were obtained by increasing (Figure 8.4e-h) or
decreasing (Figure 8.4i-l) the WSS. The multicellular systems quickly reacted evolving towards
an isotropic state where coherent cell alignment and elongation were lost (Figure 8.4f-h and
j-l). Cell polarity was not significantly affected by the perturbation. The same transition
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Figure 8.4: Disruptive transitions in endothelial monolayers upon variation of flow in-
tensity. Figure on page 101 (a,b) Transient order parameter S̄ for aligned nematic particles with
switching polarity from ∆ε > 0 to ∆ε < 0 for (a), vice-versa for (b). The switch of polarity occurs at t
= 165. (c) Free energy of the transition depicted in (a). (d) Free energy of the transition depicted in
(b). (e) Anisotropic state featuring cell alignment along the direction of flow generating physiological
(i.e. 1.4 Pa) wall shear stress (WSS) and (f-h) maladaptive rearrangement to WSS increase (from
1.4 Pa to 8 Pa). Fluorescent images of VE-Cadherin distribution (green) at cell-to-cell junctions (top
panel in (a) and (i), leftmost panel in (f) and (j)). Scale bar is 50 µm. Cell profiles with color-coded
aspect ratio (middle panel in (e), (f), and (j)) and cell orientation (bottom panel in (e) and (i) and
rightmost panel in (f) and (j)) as encoded by corresponding color scale bars. (f and j) Isotropic inter-
mediate states featuring intercellular gaps (regions identified by black lines). Corresponding evolution
of cell aspect ratio (g and k) and orientation (h and l). (i) Anisotropic state featuring cell align-
ment perpendicular to the direction of flow generating supraphysiological (i.e. 8 Pa) wall shear stress
(WSS) and (k-m) maladaptive rearrangement to WSS decrease (from 8 Pa to 1.4 Pa). The number
of analysed fields of view is reported as n and the number of independent experiments as n’. The
shaded area indicates the standard deviation.

was observed upon switching the flow direction (Supplementary Figure D.3c-f). The strength
of cell-to-cell junctions during the transition was evaluated through the immunostaining of
VE-cadherin distribution and phosphorylation305. This analysis revealed that hydrodynamic
perturbations significantly decreased the junctional stability along with the loss of collective
order (Supplementary Figure D.5). The intermediate disordered state was, in fact, non-
conducive to further development and led to a loss of monolayer integrity, with the formation
of gaps between cells and ensuing cell loss.

8.3 Discussion

Coordinated movement of epithelial sheets, observed during tissue morphogenesis, manifests
itself through the collective organization of cell shape and orientation. Explaining these
complex activities can be facilitated by rationally adapting physical models developed for
dense nematic systems of inanimate particles268,297. This analogy extends to capture specific
tissue properties, such as the emergence of local topological defects that, in mature tissues,
enable the control of global density and homeostasis299,316. Adult epithelia retain a functional
level of plasticity to respond to external mechanical stimuli, whereby tissue fluidity can be
transiently reactivated adapting to a dynamic physical environment317. At the fundamental
level, subtle variations of cell shape and junctional tension can stir the system towards a
pathological response, as observed in asthma317 and cancer318.In silico models are able to
reproduce these maladaptive processes and individuate their key control parameters.

Much of this largely unexpected behaviour can also manifest itself as collective coordina-
tion in endothelial ensembles, naturally developed to interact with a mechanical environment
dominated by hemodynamic loads. Onset of autonomous circulation at birth exposes the
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vasculature to a complex mechanical landscape, in which the tissue must develop to serve
a growing body. The control of shape changes and cell orientation renders a vascular tree,
which radiates larger vessels from the heart and tapers in the body periphery. Yet, the in-
trinsic endothelial plasticity proves insufficient to adapt to local flow perturbations, such as
those induced by stenosis or deployment of cardiovascular implants. Excessive flow intensity
increase or decrease, or regions of flow recirculation represent hotspots for inflammatory pro-
cesses mining the stability of endothelial junctions305, and therefore of the overall monolayer.
These are locations where endothelial denudation precedes the development of atherosclerotic
lesions319.

Such behaviour generates important and extremely interesting questions, such as, why does
a distinctive global order emerges in different locations of the vasculature? Or, why do adult
endothelia fail to adapt to variations of flow directionality or intensity? It is clear that the
physical description of endothelial monolayers poses new challenges, which go beyond the
capabilities of models developed for epithelial tissues. The explanation lies in the unique
nature of the stimulus instructing endothelial adaptation: A vector quantity encoding at once
directionality, which drives cell polarization, and intensity, for structural remodelling. Two
information that are processed independently, yielding distinct multicellular configurations.

Polar liquid crystals provide a physical description, which, as we observed in the endothe-
lial cell layer, incorporates alternative responses to an external directional stimulus. The
model includes constitutive elements with opposite dielectric anisotropies and resolves ne-
matic states with orthogonal collective alignment but identical polarization. On the resulting
phase diagram, the transition between the two distinct ordered states crosses an intermediate
non-nematic phase characterized by high levels of disorder. When this model is applied to
describe endothelial systems, it predicts the emergence of a random tissue configuration upon
variations of flow direction or intensity. Experimentally, the transition comes to an end by a
disruptive junctional remodelling and eventually leads to loss of tissue integrity.

This catastrophic event may not be considered as a maladaptive response per se, and thus
rooted in the downstream biological signalling, but rather an intrinsic property of a system
that once primed by an external (mechanical or electric) field, loses plasticity and thus adapt-
ability. In this line of thinking, the pathological trigger would be encoded by the variation
of local hemodynamics. Endothelial tissues, like polar nematic crystals, may only be able to
adapt once, but not several times.
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8.4 Materials and Methods

8.4.1 Cell culture, substrate coating and seeding

Primary human umbilical vein endothelial cells (HUVECs; Invitrogen, USA) were grown in
medium 200PRF supplemented with fetal bovine serum 2% v/v, hydrocortisone 1 mg/ml,
human epidermal factor 10 ng/ml, basic fibroblast growth factor 3 ng/ml and heparin 10
mg/ml (all reagents from Invitrogen) and were incubated at 37○C and 5% CO2. All reported
experiments were performed using cells with less than six passages in vitro.

Silicone substrates were incubated in a custom-built vacuum oven at 90○C for 4 h, washed
1 min in methanol and incubated for another 2 h in the vacuum to remove ligands. They
were subsequently coated with 1,5% gelatin (104070, Merck Millipore, USA). Finally, the
surfaces were washed twice with warm PBS before applying medium and seeding cells at
desired concentrations. To generate a confluent monolayer, cells were seeded on the surfaces
at high density (3.5-5 x 104 cell/cm2) and cultured for three days (Supplementary Figure
D.1)320. In developing endothelial monolayers, cell motility decreased and collective motion
emerged as a function of local density. However, even upon proliferation arrest, endothelial
cells continued to be motile and exchange neighbors (Supplementary Figure D.1).

8.4.2 cTFM

The two components of CY52-276 polydimethylsiloxane (Dow Corning) and 0.05% (v /v)
poly(dimethylsiloxane-b-ethylene oxide; Polysciences) were mixed thoroughly at a ratio of
9:10 (A:B) which provides an elastic modulus of ∼12.6 kPa150 for 5 min, degased for 2 min
and spin-coated on 170 µ thick cyclic olefin copolymer (COC) for 1 min at 1500 rpm to achieve
a target thickness of ∼35 µm. The silicone was then cured at 70○C for 30 min. Substrates
were then maintained in a clean, dust-free and dry environment to prevent fouling until use.
To avoid ageing, samples were used 2 weeks after fabrication.

Red quantum dot nanodiscs were deposited on the substrate by electrohydrodynamic nanodrip
printing with a spacing of 3-5 , as previously reported150.

8.4.3 Flow experiments

A custom-designed parallel plate flow chamber was used to apply a unidirectional laminar
flow yielding a constant shear stress of 1.4 or 8 Pa to endothelial monolayers as reported
previously43,321,322.
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To analyse planar cell polarity, endothelial cells were incubated for 16 h at 37○C with the
CellLight Golgi RFP (Bac Mam, Invitrogen) for visualization of the Golgi apparatus (2 µl/104

cell in media). Media was then exchanged and cells were stained with NucBlue (2 drops/ml
of media; NucNlue Live ReadyProbes Reagent, R37605, ThermoFisher) 35 min before the
experiment. The substrates supporting fluorescently labeled monolayers were then placed
mounted in the flow bioreactor.

8.4.4 Antibodies

The following primary antibodies were used: goat polyclonal anti-VE-cadherin (1:200, sc-
6458, Santa Cruz Biotechnology), mouse monoclonal anti-YAP/TAZ (1:100, sc-101199, Santa
Cruz Biotechnology), rabbit polyclonal anti-pY658-VEC305 (1µg/ml), mouse monoclonal
anti-vinculin (1:400, V9131, SIGMA Aldrich). The secondary antibodies were donkey anti-
goat–Alexa 488 (Invitrogen, A11055) and donkey anti-mouse-Alexa 555 (Invitrogen, A21202)
and chicken anti-rabbit- Alexa 647 (Invitrogen, A21443).

8.4.5 Immunostaining

HUVECs were fixed for 20 min with 2% paraformaldehyde (PFA) at room temperature.
Next, the cells were permeabilized with 1% Triton x-100 in PBS for 5 min. After washing the
samples three times for 5 min with PBS, they were incubated in 5% w/v bovine serum albumin
(Sigma-Aldrich, USA) in PBS for 2 h at room temperature. The samples were incubated with
the respective antibodies (See Antibodies section) or with TRITC-phalloidin (Sigma Aldrich),
overnight at 4○C.

Subsequently, the samples were rinsed 2 times for 30 min with PBS and then 2 times for
30 min with 5% BSA in PBS. They were then incubated with the corresponding secondary
antibodies for 45 min at room temperature. Finally, the samples were washed 4 times for 30
min with PBS. For staining of nuclei, Hoechst was added at 10 µg ml−1 during a washing
step.

8.4.6 Cell microscopy

Cell adaptation to flow was monitored using an inverted Nikon-Ti wide-field microscope
(Nikon, Japan) and an incubation chamber (Life Imaging Services, Switzerland). Both the
flow bioreactor and the medium reservoir were maintained at a controlled temperature of
37○C and CO2 concentration of 5%. Images were collected with a 20x, 0.45 NA long-distance
objective (Plan Fluor, Nikon, Japan). Time-lapse experiments were set to routinely collect
images, in different spatial positions of the sample, in the DAPI (nuclei) and TRITC (Golgi
apparatus or fluorescent QDs) channel with a time resolution of 20 or 30 min.
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VEC, Actin, and cell nuclei distribution were acquired in immunostained samples using a 60X,
1.4 NA oil immersion objective (Plan Fluor, Nikon, Japan), and the FITC, TRITC and DAPI
filter; respectively. Samples were images with an inverted Nikon-Ti spinning disk confocal
microscope (Nikon, Japan) equipped with an Andor DU-888 camera (Oxford Instruments,
UK) and a pE-100 LED illumination system (CoolLED Ltd, Andover, United Kingdom).

8.4.7 Modeling of nematic system transitions

We adapted and used a publicly available, previously published algorithm for modeling the
nematic system transitions315. We looked at both positive (dipole moment along the long
molecular axis, ∆ε > 0 ) and negative (dipole moment along the short molecular axis, ∆ε
< 0 ) dielectric anisotropies and two different electric field orientations (E = [Ex,Ey.Ez] =
[1,0,0]; Ê = [0,1,0]). What follows below is a brief summary of the model and the parameters
we used in the simulations. Please see Ref315 for full details.

The orientational order of the nematic liquid crystal is given by the tensor Q. For a uniaxial
system whose molecular orientation is defined by the unit vector u, the we can write, Q ≡

S(nnT − 1
3I), where S = ⟨cos2Θ⟩− 1

3 is the scalar order parameter,n is the director (in nematic
liquid crystals, the rod-like molecules orient themselves in space along an arbitrary direction
called the director), I is the identity matrix, and Θ is the angle of the rods with respect to
the director (cosΘ = n ⋅ u).

8.4.8 Image analysis

A measure for cell orientation and aspect ratio was obtained from the DIC images using the
“Freehand selection” tool of Fiji (National Institute of Health, USA). The initially obtained
values, in degrees, have a range of 0○ to 90○. A value of 0○ indicates perfect, parallel to
the flow alignment, whereas an alignment of 90○ corresponds to an alignment perpendicular
to the flow. A value of 45○ depicts that no preferential alignment of the structures exists
in the image and therefore such values where calculated for randomly oriented endothelia
under static conditions (i.e. isotropic endothelia). For the calculation of the aspect ratio, an
ellipsoidal fit was used. The ratio of the long to the short axis yields the cell aspect ratio.

The evolution of planar cell polarity (PCP) in monolayers was monitored using a custom
developed algorithm utilizing Imaris and MATLAB (Supplementary Figure D.4). First, flu-
orescent time lapse images of the cell nuclei and Golgi were imported in Imaris (Bitplane).
Structures were individuated using the spot detection frame-wise in Imaris. The coordinates
of the cellular structures were then imported to MATLAB, where they were processed with the
following protocol: from the detected nuclei a Voronoi tessellation was generated. Detected
Golgi that are located within a Voronoi cell of a nucleus, are associated to that respective
nucleus. For cases that more than one Golgi was detected, the final position was determined
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by averaging their weighted positions. The weight for the positions decreased with increasing
distance from the nucleus. Last, a vector from the center of the nucleus to the weighted
Golgi position was created. The vector’s angle with the direction of flow (ϕ)was then used to
calculate the PCP index (cos ϕ).

For the migration experiments, the nuclei were initially detected using Imaris. The position of
the nuclei over time was then tracked in MATLAB using a custom made algorithm. The lower
detection limit for actual migration was set to 10 µm/h, below which the cells were considered
stationary. Data for migration velocity were automatically extracted using MATLAB.

Pathfinding measures were performed using cell tracking software Imaris (Bitplane Scientific
Software, Switzerland). Time-lapse videos were uploaded into Imaris, and the voxel size and
time interval were adjusted before particle tracking. The velocity and density of the cells was
obtained by tracking the migration of individual cells over time until confluency.

Cell image velocimetry (CIV)264 toolbox was used for the correlation length calculation. The
velocity fields (u and v) in the two direction (x and y) were provided by the CIV analysis.

The magnitude of the velocity M was calculated with Matlab using the velocity fields: M =

(u(x, y)2 + v(x, y)2))
1
2 . For all purposes, the mean velocity was subtracted from calculated

velocity field to avoid any drift-related bias and to get the fields.

To estimate the distance over which movements are correlated, the velocity spatial correla-
tion function Cvv was calculated. The velocity correlation function Cvv were fitted with a
decreasing exponential function of the form f(r) = e−(r/CL) in order to extract the velocity
correlation length CL.

Traction forces were calculated frame-by-frame utilizing the cTFM software150. The detec-
tion and meshing was done in MATLAB, as described previously150. For the calculation of
intercellular stresses, the protocol suggested from Tambe et al125 was used. According to this,
for each spatial and temporal position the intracellular stresses were calculated. The total
strain energy was calculated according to Butler et al.117 by integrating over the surface the
dot product of tractions and displacements.

For the colocalization analysis, the Pearson’s coefficient was extracted from each image stack
using the colocalization section of Imaris (Bitplane, Switzerland). Before the colocalization
analysis, the "Background Subtraction" function of Imaris was applied to both the blue and
red channels. During the colocalization analysis, threshold values calculated based on323 were
imposed for both channels.
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8.4.9 Proliferation assay

The DNA synthesis–based cell proliferation assay was performed using a commercially avail-
able Click-iT EdU Imaging Kits Protocol (Thermo Fisher Scientific) and following the manu-
facturer recommendations. 3.5-5 x 104 cell/cm2 endothelial cells were seeded on the substrates
and incubated overnight with 10 µM 5-Ethynyl-2’-deoxyuridine (EdU) labeling solution before
the fixing (day 0, 1, 2, 3 and 6). After fixation with 4% formaldehyde and permeabilization
with 0.5% Triton X-100 in PBS, samples were stained and imaged using a fluorescence micro-
scope.

8.4.10 Statistical analysis

The Shapiro-Wilk test was used to test for normality of data. For non-normal distributed
data, Mann–Whitney U test or Wilcoxon signed-ranked test was performed. Boxes in all box
plots extend from the 25th to the 75th percentiles, with a line at the median and a square
representing the mean. Whiskers extend to 1.5x IQR (inter-quantile range) or the max/min
data points if they fall within 1.5xIQR. The total number of events counted is shown in the
graphs. The number of independent experiments is reported as n’ and the number of total
fields of view or cells analysed is shown as n.
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The aim of this thesis is to describe the development of a traction force platform that over-
comes limitations of available methods and demonstrate its use to distill information, generate
cell models, and make predictions. With cTFM such a tool becomes available. It enables en-
tirely reference free measurement of directional cellular traction forces without introducing
topography.Downstream processing is now possible, for example to colocalize protein expres-
sion and force generation through immunofluorescence or for the live assessment of forces in
an ongoing experiment.

My follow-up project to cTFM saw the development of Cellogram - a stand-alone software with
robust and fast analysis algorithms for the calculations of traction forces. The two technologies
combined permit high throughput traction force microscopy and have the capacity for on-the-
fly measurements.

The cTFM platform demonstrated its capabilities on multiple use-cases for single cells. First,
on fibroblasts, where we measured the forces that single focal adhesions (FAs) can generate. A
correlation between adhesion size and force generated was found, by colocalizing paxillin and
tractions. For HeLa and MCF-7 cancer cells we measured the tractions that FAs generated as
a function of phosphorylated paxillin and cell cycle phase. For HeLa cells we also determined
the correlation length of force generation in a high throughput data analysis. In a further
study, we found the temperature dependence of mechanical activity in HeLa cells.

The platform can also be applied to the study of cell collectives. We successfully employed
cTFM with MCF-10A epithelial cells. Here, we measured different levels of tractions depend-
ing on the population’s collective phase. Monolayers that exhibited liquid phase properties
generated higher tractions than monolayers in a solid-like phase. cTFM was also easily used
in combination with flow chambers. There we exposed human umbilical vein endothelial cell
(HUVEC) monolayers to varying levels of wall shear stress induced by the flow of medium
across the cell surface. The measurements of tractions, as well as cell polarity and alignment,
gave us a good foundation for the application of a sophisticated simulation. This simulation
successfully modelled the monolayer of HUVECs as polar, nematic liquid crystals.
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cTFM was developed as a complete package containing both the hardware to collect data as
well as the software to analyse the collected data. Since its commissioning, the cTFM package
has been applied to several use cases, ranging from single cell experiments to monolayer, and
from static single images to time series. With the development of Cellogram, cTFM received
an upgrade on the software side. Not only is Cellogram much faster than its previous software
package versions, but it is completely stand alone. This means it does not require any third-
party commercial software. On top of that, Cellogram is also applicable to other reference free
traction force methods. This software will be released for the public use upon publication.

While there has been an iteration and an upgrade on the software side of cTFM, the hardware
side is still as it was when cTFM was published. The next iteration of improvement should
therefore focus on improving the physical cTFM platform, that is the silicone layer with the
printed quantum dot (QD) nanodisc arrays on top.

Printing. Currently the QDs are deposited through electrohydrodynamic (EHD) nanodrip
printing. This printing process has the advantage of being versatile with respect to the inks
used, as well as the geometry printed. However, both these advantages are not crucial for
cTFM. Furthermore, the printing is restricted to an area of 300 x 300 µm2. For cTFM
the printed geometry is always identical, with only the spacings between the QD nanodiscs
varying from sample to sample. Here, instead of EHD printing, lithography could be a very
useful process for repeatedly producing the same geometry. It is inherently faster than a
printing process. With modern techniques, the error of positioning the QD nanodiscs through
lithography could be kept at a similar or even lower level as compared to EHD printing.
Developing a protocol for manufacturing cTFM substrates with a lithography step would
permit larger QD nanodisc arrays and production time would decrease.

Mechanical characterization. Currently, there exists one material fully characterized and
soft enough for cTFM. Cellogram already accommodates different materials and models, but
in order to expand the capabilities of cTFM to both weaker and stronger cells, new materials
need to be characterized. Developing a larger arsenal of precisely characterized materials
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is desirable. At this point, it would also be interesting to investigate these materials on
microscale instead of using macroscopic tests. The scale at which materials are probed has
been shown to influence the results, especially for fibrous materials.

3D TFM. For the cell types tested in this thesis, the 2D platform with the capacity to
measure out-of-plane forces suffices. Not all cells, however, form planar structures like epi-
and endothelial cells do. For these cell types, a 3D reference free traction force method has yet
to be developed. This is a very challenging task, as every step in the pipeline becomes more
difficult. Fabrication needs entirely new processes to build 3D scaffolds, and imaging within
these scaffolds requires good resolution in all three spatial dimensions. Reference position
reconstruction and force calculation also become much more involved. Nevertheless, this
would be an interesting project, which would enable approaches to measure cellular forces in
realistic environments for many more cell types.
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A | Supplementary Information: Confocal
Reference Free Traction Force Microscopy

A.1 Stability of QDs

Figure A.1: Stability of QDs. Red, green and blue QD nanodiscs were printed on elastic silicone,
post treated and immersed in cell culture medium for 30min. Imaging of the fluorescent array was
then performed every 1min for 100 time steps and mean intensity of QD nanodiscs was measured.
Small fluctuations are caused by focal drift during imaging. n: number of analysed QD nanodiscs.
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A.2 Mechanical and optical properties of CY52-276 silicone

Figure A.2: Mechanical and optical properties of CY52-276 silicone. (a) Elastic moduli
of CY52-276 silicone for different mixture ratios. (b) Transparency measurements of glass and glass
coated with a 30µm thick CY52-276 layer. (c) Examples for PSF of 50nm fluorescent beads on
Polyacrylamide and CY52-276 silicone, imaged with conventional widefield fluorescent microscopy.
Scale bars: 1µm. (d,e) Lateral and axial extensions of the PSF, determined from 3 independent beads
for each condition. Error: standard deviation (s.d.). (f) Results of tensile (uniaxial) and inflation
(equibiaxial) testing of CY52-276 silicone mixed at a 5:6 ratio. Free sample dimensions 40mm10mm
(uniaxial) and diameter 30mm (inflation). Thicknesses were in the range from 0.5mm − 0.75mm;
Exact thickness was measured for each sample independently (see Methods). Shaded area: standard
deviation (s.d.); nuniaxial = 5, nequibiaxial = 3 samples per test. (g) Result of a cyclic uniaxial strain
rate sweep test with CY52-276 silicone mixed at 9:10 ratio.
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A.3 Inter-disc spacing of the cTFM platform

Figure A.3: Inter-disc spacing of the cTFM platform. (a) Red QD nanodiscs were printed
on glass with inter-disc spacing ranging from 3 to 0.75µm and the resulting standard deviation (s.d.)
for the inter-disc spacing was measured based on fluorescent images (σ). Representative data of
n = 2 − 3 nanodisc arrays. Scale bar: 5µm. (b) Images of the undistorted as-printed arrays (a) were
analysed applying the algorithm for estimation of surface tractions (see Methods for details) and the
resulting standard deviation (s.d.) of the obtained tractions, which corresponds to the sensitivity in
force detection, was determined. (c) Simulated undistorted arrays with various inter-disc spacing and
a constant printing noise of 35 nm were used to estimate surface tractions and resulted in similar
traction force noise levels than the as-printed arrays in (a).
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A.4 Electrohydrodynamic nanodrip-printing on polyacrylamide
substrates

Figure A.4: Electrohydrodynamic nanodrip-printing on polyacrylamide substrates. (a)
Red QD nanodiscs printed on dry polyacrylamide (PAA) (spacing: 1.5µm ). Scale bar: 3µm. (b) Red
QD nanodiscs printed on moist polyacrylamide. (c) The sample from B upon immersion in water.

A.5 Cytotoxicity assay

Figure A.5: Cytotoxicity assay. Biocompatibility of the cTFM platform. Plots shows the average
length of neurites generated by PC12 cells after 4 days in culture. In the four tested conditions the
cells were alternatively plated on control glass substrates, on substrates coated with a thin layer of
CY52-276 or on a cTFM platform (CY52-276 + QD nanodiscs). Upon stimulation with NGF, PC12
cells underwent neuronal differentiation with no significant differences between control glass substrates
and substrates with CY52-276 or CY52-276 + QD nanodiscs (Mann-Whitney-U-Test). n = number
of neurites analysed on 2 independent substrates for each condition, except for a single substrate for
glass without NGF.
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A.6 Reconstruction of the displacement field

Figure A.6: Reconstruction of the displacement field. (a) Synthetic images with known
imposed initial and displaced positions were used to estimate errors in QD nanodisc detection and
displacement field reconstruction. QD disc center: imposed center of QD nanodisc, Detected: po-
sition of QD nanodisc after detection, Undeformed array: Position in the initial, undeformed array.
Reconstructed: Reconstructed initial position of the QD-nanodisc. Scale bars: 1µm. (b) Errors of
the detection, the reconstruction and the combined algorithm used to estimate the cTFM displace-
ment fields. Data quantifies mean ± standard deviation (s.d.) of the distances between the following
positions: Detection: QD disc center - Detected; Reconstruction/ Combined: Undeformed array - Re-
constructed. Data for Reconstruction uses QD disc center as input, data for Combined uses Detected
as input. (c) Part of a QD nanodisc array on cTFM substrate with HeLa cells, on the left in distorted
configuration and on the right after cell detachment (see Supplementary Movie 3). Scale bar: 5µm.
(d) Displacement fields obtained with the reconstruction algorithm (see Methods) and from classical
relaxation upon cell detachment. (e) Corresponding displacement magnitude maps. Scale bar: 5µm.
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A.7 Sensitivity of the cTFM platform

Figure A.7: Sensitivity of the cTFM platform. A representative (n = 5) as-printed array of
fluorescent QD nanodiscs on the elastic silicone with a spacing of 1.5µm and a printing error of
σ = 0.033µm (Figure 1h) was used to estimate the sensitivity of the cTFM platform. After the
analysis procedure (Figure 1i), tractions were distributed around 0kPa with a standard deviation
(s.d.) of 0.198kPa.

A.8 Detection of Z -position of QD nanodiscs.

Figure A.8: Detection of Z-position of QD nanodiscs. Flat, undeformed fluorescent nanodisc
arrays (n = 5) with spacing of 1.5µm were imaged as 3D stack using conventional wide-field microscopy
(Z-spacing: 100nm). After evaluation of the Z-position of each QD nanodiscs (see Methods), a
standard deviation (s.d.) of about 20nm was found for the detection of the Z-position, which includes
possible minor deviations from perfect flatness of our spin coated CY substrate as well as imaging
noise. Upon spreading of MCF10A cells, significantly larger Z-displacements were detected. P-Value:
Mann-Whitney-U-Test.
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Correlative traction force microscopy using anti-phospho-antibodies

A.9 Correlative traction force microscopy using anti-phospho-
antibodies

Figure A.9: Correlative traction force microscopy using anti-phospho-antibodies. (a)
REF-Pax cell on cTFM substrate with red QD nanodiscs (spacing: 1.5µm). Upon imaging of the QD
nanodiscs, the cell was fixed and immunostained for phosphorylated Paxillin. Scale bar: 10µm. (b)
Zoom of the region outlined in a. Scale bar: 10µm.
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The initial software developed to analysis cellular traction forces was overhauled and replaced
through Cellogram (Chapter 6). Here, the analysis pipeline used in several studies and pub-
lished in Confocal reference free traction force microscopy150 is described. It follows the same
pipeline of detecting the QD nanodiscs, reconstructing the mesh, calculating the reference po-
sitions and running the finite element analysis, albeit with different implementation compared
to Cellogram.

B.1 QD nanodisc detection and meshing

Traction evaluation starts with the detection of the XY positions of the QD nanodiscs. A
threshold was applied to the image and the connected pixel islands were identified as the QD
nanodiscs. The exact position of the QD nanodisc was calculated by taking the weighted
centroid of the grey scale value of the connected pixel islands. To evaluate the deformation
along the Z axis, 3D image stacks were acquired (≥ 30 slices, spacing 100µm). The spot
detection function of Imaris (Bitplane) was used to detect the Z position of the QD nanodiscs
(spot size: XY , 0.717µm; Z, 1.434µm). By fitting a plane through all points (Matlab,
Mathworks) and taking the difference between the plane and the measured Z coordinates, a
tilt correction was applied to filter for skewness between the sample and the focal plane.

B.2 Triangular mesh reconstruction

The next step in the analysis procedure was the construction of the triangular mesh with a
two-step custom-built algorithm, achieved by identifying the original six neighbours for each
individual QD nanodisc (for a detailed description see Supplementary Information). Briefly,
in a first step the regions of the image with no or low distortion were identified. In the non-
or low-deformed configuration each QD nanodisc has exactly six neighbouring QD nanodiscs
at equal distances and forming angles of 60○. Each QD nanodisc is locally checked for this
condition and connected to its six neighbours only if this condition holds, up to a tolerance
of ≤ 250nm and 10○ to account for small deformations. At the end of this analysis, the
regular parts of the image are meshed, that is, connected to an array of triangles, whereas
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the QD nanodiscs in regions with high deformation remain unmeshed, forming voids in the
mesh (Supplementary Figure B.1). The boundary of each void gives sufficient information
to generate a perfect mesh with the same geometry as the void and has the same number of
vertices as there are unconnected QD nanodiscs in void. The algorithm then computes the
optimal assignment of vertices of the perfect mesh to positions of QD nanodiscs by minimizing
the overall mesh distortion.

The regular pattern printed on the substrate is a perfect triangular mesh whose vertices are
the QD nanodiscs (Figure 3.1e). A custom built algorithm was used to define a mesh whose
connectivity is identical to the original mesh (i.e. each vertex with exactly 6 neighbors). The
algorithm proceeds in two steps, by firstly identifying regions with low distortion (where the
original connectivity is easily recovered), and then filling the remaining regions through an
advanced and computationally more expensive procedure:

B.2.1 Step 1

The low distortion regions are identified based on the properties of the as-printed mesh. Each
QD nanodisc has exactly six neighbors at equal distance and forming angles of 60° between
them. Each individual nanodisc is checked for this condition, and connected to its 6 neighbors
only if the condition holds, up to a predefined tolerance to account for small deformations.
Let pi be the position of a nanodisc and pi1, p

i
2, . . . , p

i
6 be its 6 closest neighbors (with respect

to Euclidean distance) ordered counterclockwise around pi. A nanodisc vertex is regular if
and only if the standard deviation of all six angles and all six edge-lengths is smaller than
10 degrees and 250 nm respectively. Each detected regular vertex is now connected to its
6 neighbors, leading to a mesh that partially covers the image, as displayed in Figure B.1a.
This step robustly detects areas of the image featuring low distortions, while skipping the
regions where the deformations are large (voids). At the end of this phase, all edges incident
with non-regular vertices are removed.

B.2.2 Step 2

To fill the remaining regions, a procedure that finds the most uniform regular tessellation
fitting the void, while snapping to the positions of nanodiscs, is used. Each void is a sequence
of coordinates of vertices b1, . . . , bn at the boundary of the meshed region, in addition to a set
of QD nanodisc positions d1, . . . , dm in its interior. For each boundary vertex bi the number
of regular vertices around it is known and denoted by ni. The notation is illustrated in Figure
B.1b. The void filling algorithm proceeds in 3 phases: First, it identifies the connectivity of a
triangulation that can fill the void (Figure B.1c(II)), then warps the mesh to perfectly match
the given boundary (Figure B.1c(III)) and finally snaps its internal vertices to the nanodisc
positions, while preserving the regularity of the mesh (Figure B.1c(IV)).
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Triangular mesh reconstruction

Connectivity. The connectivity of the mesh required to fill the void is uniquely identified by
the number of neighbors of the vertices on the boundary of the void and can be extracted with a
simple algorithm that walks over a regular triangulation. Since the number of regular vertices
that need to be inserted to make the vertex regular is known, we can uniquely decide which
part of the mesh needs to be copied. The boundary walk is described in Figure B.1d: The first
boundary edge connects to a boundary vertex with 4 connected neighbors. Thus a straight
walk is necessary to find the next boundary vertex. The next vertex along the boundary has
5 neighbors implying a left turn. The next boundary vertex has two connections, therefore
a sharp right must be taken. The entire boundary can be walked following this procedure.
At the end of the walk, a regular mesh with the same boundary geometry is cut out of the
perfect grid.

Boundary fitting. Connectivity alone is not sufficient to close the void, since generally it
overlaps with other triangulated regions of the original image. The regular mesh is thus
deformed solving the following linear system:

Lx = 0 s.t. xi = bi ∈ 1 . . . n (B.1)

where x is a vector containing the coordinates of the mesh vertices. The constraint fixes the
boundary vertices to match the void boundary and L is the uniform Laplacian324, defined as
follows:

Lij =

⎧⎪⎪⎪⎪
⎨
⎪⎪⎪⎪⎩

ΣjLij i == j

1 i is a neighbor of j
0 otherwise

(B.2)

The boundary of the deformed mesh matches (due to the constraints) the boundary of the
void, while each interior vertex is placed at the barycenter of its neighbors, thus keeping the
shape as similar as possible to a regular grid, where this property trivially holds.

QDs snapping. After the boundary fitting, the interior vertices will not necessarily overlap
with the internal nanodisc positions (Figure B.1c(III)). The optimal assignment of vertices of
the mesh to the position of nanodiscs is obtained through an algorithm that preserves their
regular structure. This is done by explicitly encoding the assignment between the internal
vertices of the mesh and the position of the internal nanodisc positions in a permutation
matrix P . The optimal permutation minimizes the following energy:

minP ∥LPD∥2 , (B.3)
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where D is a matrix containing the position of one of the internal nanodiscs in each row, and
P is a permutation matrix (i.e. each row and column sum to 1, and each entry can be either
0 or 1). The energy can be rewritten to explicitly highlights the variables, which correspond
to the entries of P .

∥LPD∥
2
2 =∑

i

∥LPDi∥
2
2 =∑

i

DiP
TLTLPDi = P̃ (∑

i

(I ⊗Di)
TLTL(I ⊗Di)) P̃ (B.4)

Where Mi = P̃

⎡
⎢
⎢
⎢
⎢
⎢
⎣

(P T )1
(P T )2
. . .

⎤
⎥
⎥
⎥
⎥
⎥
⎦

.

This is a binary integer optimization in its canonical form and the globally optimal solution
is found with the Gurobi solver325. The running time of the solver varies from a tenth of a
second for small voids to a few minutes for large voids, but increases dramatically for regions
containing more than 150 vertices. When such regions occasionally appear in our experiments
the operator is asked to manually split them in two parts drawing a straight line (Figure B.1e).

In all, this approach is a good approximation of the material behavior and it is very robust,
as demonstrated in examples featuring a high deformation (Figure B.1f). Each void is inde-
pendently filled and if at the end of this procedure a void is multiply connected, the internal
islands are removed to obtain simply connected regions.

B.3 Reference configuration reconstruction

The regular initial arrangement of the QD nanodiscs permits the reconstruction of the refer-
ence configuration without acquiring a load-free image, exploiting the fact that the reference
distance between two neighbouring nanodiscs is known (L0) and equal for all nanodiscs. For
this procedure, the QD nanodiscs are idealized as point masses and connected to their neigh-
bours (identified in the previous step, see paragraph above) with pre-stretched springs of
reference length L0. Minimization of the potential energy relaxes the deformed spring-mass
network towards the steady-state solution, which corresponds to the stress-free configuration
where all the springs have length L0. To stabilize the computation an inconsequential damp-
ing component is added and the differential equation describing the dynamics of the damped
mass-spring network is solved explicitly using a fourth-order Runge–Kutta integration scheme.

B.4 Nonlinear FEA-based traction reconstruction

To account for both large deformations and material nonlinearity, a custom high-resolution
nonlinear TFM framework was developed based on Python scripts (Python Software Foun-
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Nonlinear FEA-based traction reconstruction

Figure B.1: Triangular mesh reconstruction. a - (left) Only regular regions of the image are
meshed (blue) in the first stage of the algorithm. (right) Each void is separately meshed (white) and
finally combined to obtain the final mesh. b - Notation for the boundary vertices (red), the number
of their connections (green), and internal vertices (white) of a void. c - The three phases of the void
meshing pipeline. Unmeshed region (I), perfect flattening (II), boundary fitting (III) and internal
snapping (IV). d - Walking along the boundary vertices and taking turns according to the number of
connected neighbors. e - Large voids with more than 150 vertices are slow to process. In these cases,
the user shall split the cluster in two parts (green edges), and then process them independently. f -
Even in cases with extreme deformations, the algorithm reliably reconstructs the original mesh. Note
that in certain cases, self-intersection between the edges must be introduced.
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dation) and a commercial finite element code (Abaqus, Dassault Systèmes). The framework
contains three principal steps: (I) model creation and finite element meshing; (II) application
of displacement boundary conditions; and (III) computation of the traction stress field.

In the first step (I), the finite element geometry models a cuboid section of the substrate, whose
height is equal to the actual substrate. In-plane dimensions are chosen larger than the analysed
cell, so that the border zones of the section contain undeformed regions. An adaptive meshing
algorithm was implemented that selects the QD nanodiscs with high displacement magnitude
and automatically meshes with linear hybrid tetrahedral elements the corresponding regions
with a fine mesh (elements five times smaller than QD nanodisc interspacing), whereas the
other regions are meshed by elements of increasing size (up to QD nanodisc spacing). Material
properties were defined based on the nearly incompressible implementation of the Ogden
model (Poisson’s ratio 0.49) provided by the software, with parameters given in Table 3.1
obtained by fitting the experimental data (Figure 3.1d).

To determine the displacement boundary conditions (II), an interpolation based on thin-plate
spline radial basis functions326 is applied to prescribe the displacement at each node of the
finite element mesh on the cell sided surface of the substrate. This is necessary, since image
analysis provides the displacements only at the position of the QDs. To account for the
bonding of the substrate to the glass coverslip and the embedding of the model into a larger
portion of the substrate, the degrees of freedom of nodes on the lateral and bottom sides of
the section were fixed.

Finally (III), the implicit FEA solver is used to compute the strain and stress states in the
substrate, taking into account the applied boundary conditions and the nonlinear material
behaviour. The computed solution includes reaction forces for all the nodes that are con-
strained by displacement boundary conditions. These forces are subsequently related to the
deformed surface area of the elements, finally providing the traction field induced by the cell.
It is important to note that, as required in the case of large deformations, tractions are defined
in the deformed configuration (Cauchy tractions).
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Dependent Force Transmission in Can-
cer Cells

C.1 Effect of 4-hydroxytamoxifen

Figure C.1: The effect of 4-hydroxytamoxifen on the cell cycle partition and viability for wild type
and Tamoxifen-resistant MCF7 cells. Control (ethanol vehicle) (A), 5 µM (B), 10 µM (C), and 20
µM (D) was added and monitored by live microscopy for a total duration of 84h.
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C.2 Individual cell variability

Figure C.2: Individual cell variability for cell area (A, B), forces (C, D) and tractions (E, F) for 4
distinct cells
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Individual cell variability

Figure C.3: Individual cell variability for cell area (A, B), forces (C, D) and tractions (E, F) for 4
distinct cells

133



C Supplementary Information: Cell Cycle-Dependent Force Transmission in Cancer Cells

Figure C.4: Individual cell variability for cell area (A, B), forces (C, D) and tractions (E, F) for 4
distinct cells
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Individual cell variability

Figure C.5: Individual cell variability for cell area (A, B), forces (C, D) and tractions (E, F) for 4
distinct cells
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C.3 Correlation between cell shape and traction

Figure C.6: Correlation between cell shape and traction: The R-Square and Pearson’s r values
indicate that the two variables are not linearly correlated. n= number of cells and n’= number of
independent experiments.

C.4 Correlation between the focal adhesion size (total paxillin)
and the size of phosphorylated paxillin

Figure C.7: Correlation between the focal adhesion size (total paxillin) and the size of phosphory-
lated paxillin. **p<0.01. ****p<0.0001. n=number of individual focal adhesions for 7 independent
experiments. n= number of cells and n’ = number of independent experiments.
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C.5 The effect of FAK inhibition on paxillin phosphorylation per
focal adhesion and per cell

Figure C.8: The effect of FAK inhibition on paxillin phosphorylation per focal adhesion (A) and per
cell (B) ***p<0.001. Panel A: n=number of individual focal adhesions, Panel B: n= number of cells
and n’ = number of independent experiments.

C.6 The effect of FAK inhibition

Figure C.9: The effect of FAK inhibition on the number of focal adhesions per µm2 (A), and the
average size of focal adhesions (B) n= number of cells and n’ = number of independent experiments.
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D.1 Modelling nematic liquid crystals

For the polar nematic liquid crystal simulations, the free energy is defined as

F = ∫ d3r(FI + FII + FIII), (D.1)

where r is position and the three terms are defined as

FI =
A

2
trQ2

+
B

3
trQ3

+
C

4
(trQ2

)
2
+
D

6
(trQ3

)
2, (D.2)

and is obtained from a local expansion of the rotationally invariant powers of the order
parameter where A (nematic vs. isotropic), B (rod vs. disk molecules), C (greater than zero;
ensures that the free energy density functional is bounded from below;327), and D (uniaxial
vs biaxial) are nematic material parameters and

FII =
R1

2
δαQβγδαQβγ , (D.3)

(Einstein notation) which is non-local and is obtained rotationally invariant combinations of
gradients of the order parameter where R1 is an elastic constant and

FIII = −∆εQαβEαEβ, (D.4)
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which is due to the effect of the electric field.

For the simulations, we worked with a [Nx, Ny, Nz] = [256, 256, 1] grid; the constants A, B,
C, D, and R1, were set to -1, -1, 2.67, 0, and 1, respectively. All other values that were used
are given in the figures. The kinetic coefficient, Γ, was set to 1.0. To calculate the global free
energy, we computed the local value at each point and summed at every time point until the
final time tend, which was set to 1000. The spatial steps, dx, dy, dz were set to 1.0, 1.0, and
1.0, respectively, and the time step dt was 0.1. For this model, we made one of the above
constant B inversely proportional to the strength of the electric field and we were able to turn
the field on and off as well as change its direction. When E=0, B=1, and when E=1, B=-1,
and the values vary linearly in between. In some cases, we also made the value of ∆ε variable
in time.
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Generation of mature endothelial monolayers

D.2 Generation of mature endothelial monolayers
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Figure D.1: Generation of mature endothelial monolayers. Figure on page 141 (a) Isotropic
state obtained in static conditions. Fluorescent images of VE-cadherin distribution (green) at cell-
to-cell junctions, and actin cytoskeleton (red). Scale bar is 50 µm. Cell profiles with color-coded
aspect ratio, and cell orientation as encoded by corresponding color scale bars. (b) Corresponding
boxplots reporting the quantification of cell aspect ratio (left), orientation (middle) and PCP index
(right). (c-d) Cell proliferation during maturation. (c) Fluorescent images and (d) quantification of
EdU assay. Time evolution of (e) cell density, (f) velocity, and (g) correlation length. The shaded
area indicates the standard deviation. The number of independent experiments is indicated as n’.

D.3 Anisotropic endothelial monolayer generated in static con-
ditions on microstructured gratings

Figure D.2: Anisotropic endothelial monolayer generated in static conditions on mi-
crostructured gratings. (a) Fluorescent images of VE-cadherin distribution (green; top) at cell-
to-cell junctions. Scale bar is 50 µm. The orientation of the gratings is reported in the lower left
corner. Cell profiles with color-coded aspect ratio (middle), and cell orientation (bottom) as encoded
by corresponding color scale bars. Corresponding boxplots reporting the quantification of (b) PCP
index, (c) cell aspect ratio, and (d) orientation. (e) Radial distribution of PCP (i.e. ϕ as defined in
Figure 8.1h). The number of analysed fields of view is reported as n and the number of independent
experiments as n’.
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D.4 Anisotropic endothelial monolayer exposed to flow reversal

Figure D.3: Anisotropic endothelial monolayer exposed to flow reversal. (a) Transient
order parameter S̄ for aligned nematic particles preconditioned in a field in x-direction (E = [1,0,0]).
At time t = 165 the field switches to be in y-direction (E=[0,1,0]). (b) Corresponding free energy
development of the transition depicted in (a) (c) Cell profiles with color-coded aspect ratio (top),
and cell orientation (bottom) as encoded by corresponding color scale bars for anisotropicly aligned
cell (1.4 Pa) (d-f) after flow reversal. Fluorescent images of VE-Cadherin distribution (green) at
cell-to-cell junctions (leftmost panel in (d)). Scale bar is 50 µm. Cell profiles with color-coded aspect
ratio (middle panel in (d)) and cell orientation (rightmost panel in (d)) as encoded by corresponding
color scale bars. (f) Isotropic intermediate states featuring intercellular gaps (regions identified by
black lines). Corresponding evolution of cell aspect ratio (e) and orientation (f).

143



D Supplementary Information: Bistability of Polar Liquid Crystals in the Collective
Adaptation of Endothelia

D.5 Planar Cell Polarity Evolution

Figure D.4: PCP evolution. (a) Evolution of PCP upon flow intensity increase (WSS values from
1.4 Pa to 8 Pa) or (b) decrease (WSS values from 8 Pa to 1.4 Pa). (c) Evolution of PCP upon flow
reversal. All switches occur at t = 0
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Flow-mediated phosphorylation of VE-cadherin (VEC) reporting on the dynamic instability
of cell-to-cell junctions

D.6 Flow-mediated phosphorylation of VE-cadherin (VEC) re-
porting on the dynamic instability of cell-to-cell junctions
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Figure D.5: Flow-mediated phosphorylation of VE-cadherin (VEC) reporting on the
dynamic instability of cell-to-cell junctions. Figure on page 145 (a) Fluorescent images depicting
the distribution of total VE-cadherin (green, top row), pY658-VE-cadherin (red, middle row) and of
the colocalization (yellow, last row) between total and Y658-phosphorylated VE-cadherin. Panels
from left to right display endothelia under static conditions (static), or exposed to flow yielding WSS
of 1,4 Pa (parallel) or 8 Pa (perpendicular), or to the maladaptive transition upon flow reversal
(reverse). Flow direction is defined by a white arrow. (b) Boxplots reporting the measured Pearson’s
correlation coefficient between VE-cadherin and phosphorylated VE-cadherin (py-VEC) channels for
each condition. The number of analysed fields of view is reported as n and the number of independent
experiments as n’.
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