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SUMMARY

The human body is a construction site brimming with internal processes that steer our
senses, heal our wounds and make us age. If tissues and organs are scaffolds, then cells
are the bricks. Sticking to each other, these minuscule "water balloon-esque" contain-
ers filled with proteins are charged with a multitude of tasks. Think about cell division,
growth and migration, requiring the cells to change shape when they either generate or
are themselves subjected to physical forces. This deformational response, termed cell
mechanics, is directly related to the properties of tissues as a whole. Tissue mechanics
plays an essential part in initial stages of life as well as in the development of diseases
such as cancer. Think about tissues wrapping around each other during embryo growth,
or cells leaving a primary tumour to metastasize through the body. Studying tissue me-
chanics and its dependency on cellular properties therefore forms the key topic in this
dissertation.

When letting multiple cells stick to each other in a well, they will aggregate into a
spherical ball termed spheroid. Spheroids are a popular model to study the relation be-
tween cell and tissue mechanics as they recreate the three-dimensional environment
and multicellularity of in vivo tissues. Similar to liquid droplets, their surface resists de-
formation due to a specific tissue surface tension. This tension depends on the strength
with which the cells stick to each other, alongside the individual robustness of each cell.
Tissue surface tension is directly involved in tissue sorting and fusion, as a tissue with
a low surface tension will envelop another tissue with a high surface tension. Spheroid
surface tension therefore is an important parameter to measure when experimentally
investigating the relation between cell and tissue mechanics. We lay out the available
biophysical tools to measure spheroid mechanics through a literature review in chapter
2. Additionally, we explain existing theoretical frameworks for spheroid surface tension,
and provide implications of cell sorting and tissue mechanics for cell migration and can-
cer metastasis.

Unfortunately, most existing techniques to measure spheroid mechanics are low in
throughput and require tedious handling. For single cell mechanics, many research
groups have resorted to the use of microfluidic devices. These chips allow the manipu-
lation of fluids on the microscale by flowing them through micron-sized channels. Cells
flowing along with the fluid will squeeze through the narrow channels, allowing rheo-
logical measurements of their mechanical properties. Inspired by a previous microflu-
idic device that aspirated cells in parallel, we have scaled and modified the design to
perform spheroid aspiration in parallel. In chapter 3, we introduce our microfluidic mi-
cropipette aspiration device that allows for high-throughput mechanophenotyping of
multicellular spheroids. Here, spheroids are loaded into individual aspiration pockets
and deformed in parallel to quantify their mechanics. We show how the device provides
accurate spheroid deformation data in comparison to previous studies with a significant
increase in throughput (from tens to hundreds of spheroids).

xiii
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Previously, spheroid surface tension was shown to depend on the pressure with which
the spheroid is aspirated, indicating a putative reinforcement of the cells in response to
the applied force. Benefiting from the improved throughput of our microfluidic device,
we investigated the influence of cell contractility and duration of the applied force on
spheroid deformation and its derived surface tension. In chapter 4, we demonstrate that
larger spheroid deformations result in faster retraction of the cells in the device once the
pressure is released, regardless of cellular contractility or applied pressure. Our results
therefore indicate deformation-dependent spheroid mechanics and challenge whether
spheroid surface tension reinforces.

As abnormal cell mechanics are highly involved in cancer progression, the final part
of this dissertation focuses on providing microfluidic tools to unravel the relation be-
tween cancer cell deformability and migration. As it turns out, cells have a larger metastatic
potential (meaning they are more prone to form secondary tumours) when travelling to-
gether as clusters of cells instead of individually migrating. In chapter 5, we therefore in-
troduce microfluidic devices to enable the investigation of cluster migration and its ad-
vantages over single-cell migration. First, we designed a microfluidic device to study cell
deformability with high throughput by flowing cells through parallel blood vessel-sized
constrictions. With this device, we demonstrated that differences in cellular stiffness do
not directly influence cell strain in the narrow constrictions. Second, we created several
microfluidic designs to investigate single cell and cluster cell migration through narrow
constrictions in different shapes and sizes. Proof-of-concept experiments demonstrated
how live high resolution imaging of cell migration through these constrictions is feasible
and opens multiple possibilities to investigate the link between cell deformability and
cluster migration.

Finally, we conclude this dissertation in chapter 6 with a brief outlook on poten-
tial future experiments. Most importantly, we believe that a focus on gap junctions, the
intercellular connections that allow the exchange of ions and fluids between the cells,
could shine further light on spheroid surface tension and its dependency on spheroid
size.



SAMENVATTING

Het menselijk lichaam is een bouwwerf die bruist van de interne processen om onze zin-
tuigen te sturen, onze wonden te helen en ons te laten verouderen. Als weefsels en or-
ganen hierbij de steigers zijn, dan zijn cellen de bakstenen. Plakkend aan elkaar worden
deze minuscule, "waterballon-achtige", met proteinen gevulde containers opgezadeld
met een veelvoud aan taken. Denk aan celdeling, groei en migratie, waarbij een vereiste
is dat de cellen hun vorm aanpassen om fysieke krachten uit te oefenen of zelf te on-
dergaan. Deze mate van vervorming, genaamd celmechanica, is direct verwant aan de
eigenschappen van het weefsel als geheel. Weefselmechanica speelt een essentiéle rol in
de beginfase van het leven als bij de ontwikkeling van ziektes zoals kanker. Denk hierbij
aan weefsels die om elkaar heen kruipen tijdens de groei van een embryo, of cellen die
een primaire tumor verlaten om uit te zaaien in het lichaam. De studie van weefselme-
chanica en de afhankelijkheid van cellulaire eigenschappen vormt daarom het centrale
onderwerp in deze thesis.

Als je meerdere cellen in een gefabriceerd kuiltje aan elkaar laat plakken, zullen ze
een ronde bal vormen die we een spheroid noemen. Spheroids zijn een populair mo-
del om de relatie tussen cel- en weefselmechanica te bestuderen aangezien ze de drie-
dimensionale omgeving en multicellulariteit van in vivo weefsels nabootsen. Net als
bij vloeistofdruppels weerstaat hun oppervlak vervorming door een specifieke weefsel-
oppervlaktespanning. Deze spanning is afhankelijk van de kracht waarmee de cellen
aan elkaar plakken, alsook van de individuele robuustheid van elke cel. Weefsel-
oppervlaktespanning is rechtstreeks betrokken bij het ordenen en mengen van weefsels,
waarbij een weefsel met een lage opervlaktespanning zich om een weefsel met hoge op-
pervlaktespanning heen zal vouwen. Spheroid oppervlaktespanning is zodoende een
belangrijke parameter om te meten tijdens de experimentele bestudering van de relatie
tussen cel- en weefselmechanica. Aan de hand van een literatuuroverzicht presenteren
we in hoofdstuk 2 de beschikbare technieken om spheroid mechanica te bestuderen.
Verder leggen we de bestaande theoretische kaders voor spheroid oppervlaktespanning
uit, en bespreken we de implicaties van celordening en weefselmechanica voor celmi-
gratie en kankermetastase.

Jammer genoeg hebben bestaande technieken om spheroid mechanica te bestude-
ren een lage omzet en een moeizame omgang. Voor het bestuderen van celmechanica
zijn meerdere onderzoeksgroepen daarom overgestapt op het gebruik van microfluidi-
sche apparaten. Deze chips maken de manipulatie van vloeistoffen op de microschaal
mogelijk door ze door kanaaltjes met een ordegrootte van microns heen te stromen.
Cellen die in de vloeistof meestromen zullen zich door de nauwe kanaaltjes heen wrin-
gen, wat rheologische metingen van hun mechanica mogelijk maakt. Geinspireerd door
een eerdere microfluidische chip die cellen parallel naast elkaar kan aspireren, hebben
wij het ontwerp opgeschaald en aangepast voor de parallele aspiratie van spheroids.
In hoofdstuk 3 introduceren we onze microfluidische micropipet aspiratie chip die de
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hoge-omzet mechanofenotypering van multicellulaire spheroids mogelijk maakt. Hier-
bij worden spheroids in individuele aspiratiehokjes geladen en parallel aan elkaar ver-
vormd om hun mechanica te kwantificeren. We tonen aan dat de chip accurate spheroid
vervorming data produceert in vergelijking met vorige studies, met een significante toe-
name in omzet (van tientallen tot honderden spheroids).

Eerder is aangetoond dat spheroid oppervlaktespanning afhangt van de druk waar-
mee de spheroid geaspireerd wordt, wat een mogelijke versteviging van de cellen als
reactie op de toegepaste kracht kan betekenen. Dankzij de verbeterde omzet van onze
microfluidische chip hebben we de invloed van celcontractiliteit naast de duur van de
toegepaste kracht op spheroid vervorming en de afgeleide oppervlaktespanning onder-
zocht. In hoofdstuk 4 tonen we aan dat een grotere vervorming van de spheroid leidt tot
een snellere retractie van de cellen in de chip eens de druk wordt verwijderd, onafhan-
kelijk van celcontractiliteit of de grootte van de toegepaste druk. Onze resultaten duiden
daarom op een vervorming-afhankelijke spheroid mechanica en dagen uit of spheroid
oppervlaktespanning daadwerkelijk verstevigt.

Aangezien abnormale celmechanica een grote rol speelt in de voortzetting van kan-
ker, focust het laatste deel van deze thesis op de creatie van microfluidische apparaten
die de relatie tussen kankercel vervormbaarheid en migratie kunnen onderzoeken. Het
is gebleken dat cellen een groter metastatisch potentieel hebben (wat betekent dat ze
een grotere kans hebben op het vormen van secundaire tumoren) als ze gezamenlijk als
cluster in plaats van individueel reizen. In hoofdstuk 5 presenteren we daarom microflu-
idische chips om de studie van clustermigratie en de voordelen in verhouding tot indivi-
duele migratie mogelijk te maken. Eerst hebben we een microfluidische chip ontwikkeld
om cel vervormbaarheid met hoge omzet te bestuderen door de cellen door parallele
bloedvat-achtige constricties heen te stromen. Aan de hand van deze chip tonen we aan
dat verschillen in de stijtheid van cellen geen directe invloed hebben op celdeforma-
tie in nauwe constricties. Vervolgens hebben we meerdere microfluidische ontwerpen
gemaakt om individuele celmigratie en clustermigratie doorheen constricties met ver-
schillende vormen en groottes te onderzoeken. Proof-of-concept experimenten lieten
zien dat live hoge resolutie imaging van celmigratie doorheen deze constricties mogelijk
is en meerdere mogelijkheden opent voor de studie van de link tussen cel vervormbaar-
heid en clustermigratie.

Ten slotte sluiten we deze thesis af in hoofdstuk 6 met een korte vooruitblik op mo-
gelijke, toekomstige experimenten. Voornamelijk geloven we dat een focus op gap junc-
tions, de intercellulaire verbinding die de uitwisseling van ionen en water tussen cel-
len mogelijk maakt, meer licht kan laten schijnen op spheroid oppervlaktespanning en
diens athankelijkheid van spheroid-grootte.



INTRODUCTION

This was to me among all the marvels that I have discovered in nature the most
marvellous among them all.

Antonie van Leeuwenhoek, on seeing "animalcules"” in a drop of rainwater.

The cells in our body are frequently subjected to physical forces. They are pushed and
pulled upon every time our heart beats, they squeeze through the smallest pores when
travelling towards foreign viruses, and they stretch every time we try to touch our toes or
lick our elbows. How cells respond to these forces, termed cell mechanics, is essential for
growth and health. During early phases of life, cell mechanics is an important determi-
nant of tissue development and shaping [1, 2]. When a tissue gets harmed, cells react to
the deformation and start migrating towards the wound in order to heal it [3]. Mechan-
ics are omnipresent, even on the flipside, when mutations make cells lose their original
function. Here, cells are provided with a new set of abnormal "skills and tricks" to grow
excessively and migrate to distant sites, a process that is known as cancer metastasis [4,
5]. And essential to all these processes is the ability of a cell to respond: to deform and
restructure its shape.

Similar to the bones in our body, cells have a so-called cytoskeleton providing them
with rigidity and structure [6]. The cytoskeleton consists of three protein polymer net-
works: actin filaments, microtubules and intermediate filaments (Fig. 1.1A) [7]. Not only
do these structures protect the nucleus, located at the core of the cell and keeper of our
DNA, but they also provide cells with the ability to migrate and divide (Fig. 1.1B). Along-
side the nucleus and the plasma membrane (being the boundary of the cell protecting
it from the environment), the cytoskeleton is key in governing cell deformability [8, 9].
In response to a force, cells actively translate mechanical stimuli into a biological re-
sponse. Cells sense their surroundings via transmembrane proteins, which link the cell’s
cytoskeleton to the outer environment [10]. For example, the transmembrane protein
integrin transmits forces applied in the environment to the inside of the cell and triggers
downstream activation of signaling pathways [11, 12]. This process, termed mechan-
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A

Cytoskeleton biopolymers:

Microtubule
I Actin network
e Mlicrotubule
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Lamellipodium/lamellum
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Figure 1.1: A) Schematic of a cell when crawling on a 2D substrate, showing the three cytoskeletal components:
the actin network, intermediate filaments and microtubules. When cells migrate, dense and dynamic actin
networks form at the leading edge of the cell to pull on the surroundings. Reprinted from [13]. B) Fluorescent
image of endothelial cells, demonstrating the nucleus (blue) surrounded by the microtubules (green) and actin
filaments (red). Reprinted from Wikimedia Commons.
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otransduction, contributes to the sorting and organization of cells into tissues [10, 14,
15].

How tissues deform under physical stress not only follows from the cytoskeletal prop-
erties of the constituent cells, but additionally depends on intercellular adhesions (how
cells stick to each other) and on the surrounding extracellular matrix (ECM) in which the
cells reside [16-18]. Due to this complex interplay, tissue mechanics are not as straight-
forward as the mechanical properties of normal elastic or viscous (non-living) materials.
Elastic materials such as a rubber band increase their stress upon deformation, and re-
gain their original shape once the applied force is removed. Here, elasticity is expressed
through the ratio of the applied stress o (force per area) to the strain € (unitless measure
of deformation), giving an elastic modulus E = o/e. Opposite to this, viscous materials
like honey keep deforming while a stress is applied and do not return to their original
shape after stress removal. Viscous materials are characterized by the viscosity n = o /¢,
with ¢ being the strain rate. Both tissues and cells, however, exhibit viscoelastic proper-
ties: their deformational behavior to an applied stress is time-dependent, as it transits
from an elastic to a viscous behavior with a characteristic time 7 [19]. Importantly, the
interplay of cells at the tissue-scale regulates future cell fate and tissue maintenance [20,
21]. Understanding how cell and tissue mechanics are intrinsically linked may therefore
shed light on important physiological processes such as tissue development and cancer
initiation.

1.1. SPHEROID MECHANICS

Multicellular spheroids are a widely used in vitro model to investigate the interplay be-
tween cellular properties and tissue mechanics. Being spherical balls of cells, they recre-
ate both the multicellularity and three-dimensional (3D) microenvironment of in vivo
tissues [22, 23]. They are created through the sedimentation and aggregation of dis-
sociated cells in a confined space. Similar to oil drops in water, cells round up into
spheroids over time (though more slowly) in order to minimize their surface energy. This
behaviour leads to spheroids having a specific surface tension y, being the amount of
force required to stretch their surface per unit length [24]. Spheroid surface tension is
governed through an interplay between two cellular properties: (1) The intercellular ad-
hesions, depicting the strength with which cells stick to each other [24], (2) and the cor-
tical (surface) tension of each cell’s cortex, being the plasma membrane-associated part
of their actin cytoskeletons [25, 26]. When spheroids of different cell types come into
contact, differences in their surface tensions will define how the tissues spread [27] and
fuse [28, 29], and how the individual cells sort [30] (see Fig. 1.2, upper-left panel). How
tissues sort even has implications for cancer cell invasion, as shown in a study where
a non-migratory cell type encapsulated an invasive cell type, thereby inhibiting it from
migrating out [31]. As physical traits such as compressive stress or tissue stiffness de-
termine whether cancer cells dissociate and move away from a tumour (Fig. 1.2, upper-
right panel) [5], investigating the biophysical relation between cell and tissue mechanics
through the study of tissue surface tension may therefore provide new insights in cancer
cell invasion [32, 33].
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Tissue sorting Cell invasion

Low surface tension

High surface tension

[ Extracellular matrix

Spheroid mechanics

Probing from without Probing from within
[ TST AFM MPA "1 cavitation Hydrogel Optical |
rheology mechanosensors Tweezers
| - S | |
L | |

Figure 1.2: Mechanical properties of multicellular spheroids have implications for tissue sorting and cell inva-
sion. Differences in intercellular adhesion govern tissue sorting (top left panel), which has direct implications
for cell migration (top right panel). To gain better insights in spheroid mechanics, these multicellular models
are studied with a large variety of biophysical tools (bottom panel).

1.1.1. MEASURING TISSUE SURFACE TENSION

Mechanical properties of spheroids, such as elasticity, viscosity and surface tension, can
be studied with a large array of experimental techniques (Fig. 1.2, bottom panel) [23,
34, 35]. Especially the tissue surface tension y can give important insights in the inter-
play between cell and tissue mechanics [36, 37]. Two conventional techniques to mea-
sure y are tissue surface tensiometry (TST) and micropipette aspiration (MPA). With TST,
the spheroid is squeezed between two parallel plates and the surface tension is derived
from the resulting change in curvature of the spheroid surface [24]. With MPA, a part of
the spheroid is aspirated into a micron-sized pipette under a constant pressure AP and
the advancing creep length L(¢) of the spheroid protrusion is monitored over time (Fig.
1.3a) [38]. In this thesis, we focus on the MPA technique to study our research questions
around spheroid mechanics.

When aspirating spheroids with MPA, the cells that squeeze into the micropipette
first display a fast elastic deformation § followed by an apparently linear and slower vis-
cous response with a constant flow rate L. Here, the elasticity is mainly regulated by the
cell-cell adhesion and cellular cytoskeleton, while the viscosity stems from dissipation
due to cellular rearrangements [19]. Considering volume conservation of the spheroid
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Figure 1.3: (a) Conventional micropipette aspiration, where a spheroid with radius Ry is aspirated into a
pipette with radius R), at a pressure AP. The length of the protrusion of cells L(#) increases over time. Scale
50 um. (b) The creep length L(#) of an aspiration and retraction experiment on one spheroid plotted versus
time. The spheroid is aspirated for one hour at 1 kPa, and then left to retract for another hour. The solid gray
lines represent the viscous flow rate Loo. Reprinted with permission from [39], Copyright 2022 by the American
Physical Society.

during aspiration, the aspiration force f applied by the pipette is given by
f=nR,(AP-AP,), (1.1)

where R, is the pipette radius, AP the applied pressure in the pipette and AP, is the
critical pressure required for aspiration of the tissue to occur. Making the analogy with
liquid droplets, this critical pressure AP, is related to the surface tension y through the
Young-Laplace law

AP, =2y(Rip—%>, 12
with R being the spheroid radius [38]. Even though R is not constant throughout the
aspiration, it can still be approximated by the initial radius of the aggregate Ry as R, <
Ro.

Removing the pressure after spheroid aspiration causes the spheroid protrusion to
retract, driven by the surface tension y (Fig. 1.3b). Importantly, a previous study on the
micropipette aspiration of murine sarcoma S180 cell spheroids showed that y depended
on the applied aspiration pressure AP. Specifically, spheroid protrusions would retract
faster upon pressure release if they had been aspirated at a larger pressure. This find-
ing suggested a putative reinforcement of y due to an active response of the cells to the
mechanical force [38]. However, when subjecting spheroids to a fixed strain with TST by
compressing them between plates, no dependency of the measured surface tension on
the applied force was observed [30, 40]. This questions whether cells actively reinforce
their surface tension with the applied force, or if the current interpretation of viscoelas-
tic spheroid aspiration data is insufficient. A major aim of this dissertation is to provide
an answer to this question.
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Figure 1.4: (A) Set-up for a microfluidic experiment, with the microfluidic device loaded on the microscope
and connected to tubes that flow liquid through the chip. (B) Example of cell deformation in a microfluidic
chip. (1) Cells are flown along with media into the device until they arrive at constriction channels. (2) Here,
the flow redirects them to squeeze and deform through the microchannels, allowing for strain measurements.
Scale 50 pm.

1.1.2. MICROFLUIDICS

Biophysical experiments that measure cell or tissue mechanics are often performed at
the microscale, requiring bulky experimental set-ups with a limited possibility for au-
tomation and hence a low throughput. There is a clear need to improve this throughput
in order to understand differences between cell types or disease conditions [41]. To over-
come this challenge, many research groups have resorted to microfluidic devices [42—
50].

Microfluidics is the research field of manipulating fluid quantities on the microscale
[51]. A typical microfluidic device exists of micron-sized channels on a chip through
which fluid can be flown. Microfluidic devices only require low amounts of reagents,
can easily be reproduced and enable a high throughput [52]. Depending on the design,
different rheological characterization measurements can be performed on the fluids or
particles therein (such as cells or spheroids) [53]. When squeezed through narrow chan-
nels, cells/spheroids deform under a certain stress (Fig. 1.4). Therefore, microfluidics
are highly suitable to measure mechanical properties such as cell strain [44-46, 48], cell
elasticity [42, 49, 50] and cell viscosity [50] in a high-throughput manner. However, while
many microfluidic devices have been created to study single cell mechanics, a scaled
microfluidic device to study spheroid mechanics is still missing. In this dissertation,
we introduce our own custom-made device allowing high-throughput measurements
on spheroid mechanics to fill this gap.

1.2. CIRCULATING TUMOUR CELL MECHANICS

Metastasis, the process where cancer cells adapt their properties and start migrating
through the body;, is responsible for ~90% of cancer-associated mortality, making it the
core challenge in the treatment of cancer [54, 55]. Deviations from normal cell mechan-
ics strongly affect the progression of this disease. First, tumour cells change their me-
chanical properties in response to both chemical and mechanical stimuli in order to
leave the tumour and migrate into the surrounding stroma (Fig. 1.5A(1)) [56]. As a re-
sult of their improved motility, they are subsequently able to reach and enter the blood-
stream, in a process known as intravasation (Fig. 1.5A(2)). Here, the metastasizing cells
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Metastatic site
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Figure 1.5: (A) The process of metastasis, where cancer cells escape from the primary tumor into the surround-
ing stroma (1), then cross the vessel wall, enter the circulation and become CTCs (2). The cells that survive in
the circulation (3) eventually extravasate by exiting the vessel (4) and seed a secondary tumour at a distant site
(5). (B-D) The tumour microenvironment, with (B) biochemical cues (such as lower levels of oxygen and nu-
trients, and higher levels of acidity and carbon dioxide), (C) cellular cues (from fibroblasts, immune cells and
endothelial cells, (D) the extracellular matrix (ECM) with heterogeneous structural properties and (E) mechan-
ical cues, including interstitial fluid pressure and flow, tissue stresses and deformations. Reproduced from [57],
licensed under CC BY 3.0.
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that have entered the vascular system are rebranded as circulating tumour cells (CTCs)
[58]. Of the CTCs that survive in the bloodstream (Fig. 1.5A(3)), some will arrest near
the wall of the blood vessel and exit it, in a process known as extravasation (Fig. 1.5A(4))
[59]. Lastly, after further migration through the stroma, some CTCs will eventually halt
and form secondary tumours (Fig. 1.5A(5)) [60].

During metastatic migration, cells are constantly influenced by several factors in the
tumour microenvironment [57]. These range from biochemical cues such as lower levels
of oxygen to mechanical cues like interstitial fluid pressure (Fig. 1.5B-E). As it turns out,
individual cell migration is quite inefficient to cope with these signals. Single cancer cells
are often killed by the immune system and never even reach the distant tissues [61]. Yet,
when CTCs group together and migrate as clusters, their metastatic potential increases
significantly for reasons that are not well understood [62-64]. In a recent study, half of all
metastatic lesions in orthotopic breast cancer mouse models originated from CTC clus-
ters, even though clusters only constituted ~5% of all CTCs found in the circulation [62].
Individual CTCs are strongly deformed when travelling through narrow blood vessels,
often resulting in cell death [65, 66]. However, the CTCs that outlive these compressive
forces possibly adapt and improve their survival rate and metastatic potential [67]. Sim-
ilarly, CTC clusters demonstrate large mechanical deformations when traversing narrow
microvessels [68]. Yet, little is known about whether and how physical forces exerted on
clusters contribute to a greater metastatic and migrational potential, and what advan-
tages occur when cells migrate collectively [58, 60]. Studying the relation between cell
mechanics and migration for single cells versus clusters may therefore provide signifi-
cant insights into metastasis.

To provide enough statistical significance, large data sets are required when inves-
tigating the migrational advantage that cell clusters hold over single cells. We therefore
developed custom-made microfluidic devices designed to investigate single cell and cell
cluster mechanics in a high-throughput manner. In this dissertation, we first demon-
strate a microfluidic device that flows suspended cells through parallel constrictions
modeling narrow blood vessels to compare the deformability between cell types. We
follow this up with the introduction of microfluidic devices that allow the study of cell
migration through various constrictions, in order to couple cell deformability to migra-
tion and to identify potential advantages when cells migrate as clusters.

1.3. OUTLINE OF THE THESIS

The aim of this dissertation is to research the interplay between cell and tissue mechan-
ics. More specifically, we investigate how tissue elasticity, viscosity and surface tension
arise from single cell properties such as cortical tension and intercellular adhesion. Here,
we mainly focus on spheroid models and their surface tension, as this property is di-
rectly related to the physiologically relevant process of cell sorting. Two previous publi-
cations demonstrating interesting behavior of spheroid surface tension formed the start-
ing point for this dissertation. First, Guevorkian et al. demonstrated that the surface ten-
sion y depended on the applied pressure, due to a putative active reinforcement where
cells mechanosense the applied pressure [38]. Secondly, Yousafzai et al. showed how
the surface tension relates to spheroid size, with smaller spheroids having a larger ten-
sion [39]. However, both discoveries were made with a low amount of probed spheroids
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(~30), with no follow-up studies on possible explanations for these trends. Reproducing
these results for varying conditions in a high-throughput manner, and elucidating the
cause for a pressure-dependent surface tension therefore formed the cornerstone of this
thesis.

First, in chapter 2, we provide an overview of the available biophysical tools to probe
spheroid mechanics, each with their advantages and shortcomings. Based on literature,
we review current studies and theoretical frameworks on how spheroid surface tension
is related to single cell mechanics, including cortical tension and intercellular adhesion.
We subsequently lay out the implications of cell sorting and differences in tissue me-
chanics for cell migration and cancer metastasis. Finally, we indicate the research gaps
and highlight novel techniques that could help in shedding more light on the biophysical
characterization of spheroids.

Then, we focus on overcoming the low throughput of available techniques to study
spheroid deformation in chapter 3. We introduce a microfluidic micropipette aspiration
device that allows for high-throughput mechanophenotyping of multicellular spheroids,
by loading spheroids into individual aspiration pockets and deforming them in parallel.
We demonstrate how the device produces accurate viscoelastic deformation data when
aspirating spheroids of varying cell types at different aspiration pressures.

The high throughput of this microfluidic device allowed us to study spheroid surface
tension with an unprecedented amount of spheroid aspiration data. In chapter 4, we
therefore investigate the influence of cell contractility and time duration of the applied
force on spheroid mechanics when deforming viscoelastically. Importantly, we find that
larger spheroid deformations lead to faster cellular retraction once the pressure is re-
leased, regardless of cellular contractility or applied pressure. Our results therefore indi-
cate a deformation-dependent spheroid viscoelasticity, and challenge whether surface
tension truly reinforces.

Moving away from this dissertation’s main focus on spheroid mechanics, we then
turned our attention to the mechanics of single cells alongside the intermediary size
range of cell clusters and its influence on cancer metastasis. In chapter 5, we introduce
technological developments that will help to unravel differences between single cell and
cluster mechanics and to study how these differences influence circulating tumour clus-
ter migration. Firstly, we demonstrate a microfluidic device to study single cell deforma-
bility with a large throughput by flowing cells through many blood vessel-sized constric-
tions in parallel. Using this device, we identified how differences in cellular stiffness
through actin depolymerization do not directly influence cell strain when compressed
in narrow constrictions. Secondly, we developed a microfluidic device that analyses sin-
gle cell and cluster migration through narrow constrictions in various shapes and sizes.
We demonstrate how live high resolution imaging of cell migration through this physio-
logically relevant 3D environment will enable the future study of cluster migration and
its dependency on cell mechanics.

We conclude this thesis in chapter 6 with an outlook on potential future experiments
to further identify the role of cell mechanics on spheroid viscoelasticity. In our opinion,
an intriguing next step to understand spheroid surface tension and its potential spheroid
size-dependency would be to investigate the influence of gap junctions on the measured
tension. In addition, we provide suggestions on future steps when investigating the link
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between cell deformability and (cluster) migration. We believe that a focus on interme-
diate filaments could provide new insights in differences in cell deformability between
cell types.
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SPHEROID MECHANICS AND
IMPLICATIONS FOR CELL INVASION

True knowledge is to be aware of one'’s ignorance.

Rudolf Virchow, in a letter to his father

Spheroids are widely used in vitro 3D multicellular model systems that mimic complex
physiological microenvironments of tissues. As different cell types vary in deformability
and adhesion, the choice of (heterogeneous) cell composition will define overall spheroid
mechanics, including their viscoelasticity and effective surface tension. These mechanical
parameters directly influence cell sorting and possibly cell invasion into the extracellular
matrix. Spheroid models therefore provide fundamental insights in the relation between
cellular mechanics and important physiological processes, such as tissue formation, em-
bryonic tissue remodeling, and cancer metastasis. In this review chapter, we first summa-
rize and compare current biophysical tools that probe mechanics of spheroids either from
the outside or from within, then relate spheroid mechanics to cell mechanics and cell-cell
adhesion, and subsequently discuss the role of spheroid mechanics alongside surrounding
microenvironment parameters in (cancer) cell migration. We conclude by pointing out the
research gaps and drawing the attention to novel techniques that could shed more light on
the biophysical characterization of spheroids in the framework of tissue remodeling and
cancer metastasis.

This chapter has been published in Advances in Physics: X 6, 1 (2021) [1].
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2.1. INTRODUCTION

The cells in our body routinely encounter a wide range of physical cues both from intra-
cellular forces generated by molecular activity and from external mechanical forces [2].
Cells actively transduce these physical cues into biochemical signals that affect cell mor-
phology, motility, arrangement and function in tissues [3-5]. The mechanical response
of cells to forces and other physical cues such as confinement are therefore critical in the
regulation of many physiological processes, such as cell division, growth and differentia-
tion [3, 6, 7], tissue remodeling [8], wound-healing [9] and morphogenesis [10], and also
in pathological processes like cancer cell invasion [11, 12]. These processes rely heavily
on the precise self-organization and mechanics of cellular systems in space and time.
Furthermore, deviations from normal mechanical characteristics are directly correlated
with the onset and progression of diseases such as cancer cell metastasis, inflammation
and abnormal wound repair [13].

The mechanical response of multicellular tissues arises from the properties of the in-
dividual cells, alongside the interplay between these cells across multiple length scales
[14]. While single cell mechanics are determined by the biophysical properties of their
cytoskeleton and plasma membrane, the mechanical properties of tissues as a collective
whole are determined by the complex linkage between cell adhesion molecules, the cy-
toskeleton and the extracellular environment [15, 16]. In order to unravel this complex-
ity, we therefore require techniques that allow us to probe tissue mechanics on different
length scales, from the nanoscale to the macroscopic tissue scale.

To probe the mechanical properties of tissues and their responses to physical forces,
suitable in vitro models that replicate both the multicellular nature and
three-dimensional (3D) micro-environment found in vivo are required [17, 18]. Nowa-
days, 3D multicellular systems such as spheroids and organoids have become appealing
in vitro models to mimic complex physiological microenvironments of tissues. While
spheroids are 3D spherical aggregates made from immortalized cell lines or primary
cells, organoids arise from embryonic stem cells, induced pluripotent stem cells, or adult
stem cells [19]. Organoid models represent the personalized in vivo environment more
accurately than spheroids, but their generation requires a more complicated process,
and is more time-consuming than spheroid production. As such, spheroids have be-
come the most widespread 3D systems for basic biophysical characterization and are
the focus in this review chapter. Mechanical forces are integral to spheroid development
and self-organization by regulating and changing their overall shape, cell packing den-
sity and internal cell arrangement. For instance, the interplay between various physical
parameters (such as cell-cell adhesion, cortical tension evoked by the cell’s actomyosin
cortex, and elasticity) strongly regulates cell sorting in embryos as shown in both 3D
aggregates [20, 21] and organoids [22-25]. Spheroids therefore allow us to probe a wide
range of key biophysical parameters that influence tissue formation, tumour growth and
cell invasion under relevant physical forces (such as shear stress) and gradients of bio-
chemical cues (such as transforming growth factors and nutrients).

Often, tissues subjected to a force demonstrate viscoelastic behavior, with an elastic
response at short-time scales and a viscous-like response at long-time scales [26]. When
a mechanical load is applied, spheroids alter their shape and microstructure and conse-
quently their mechanical response. This time-dependent behavior and responsiveness
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is reminiscent of that found in many glassy and colloidal systems in the field of soft con-
densed matter [27-31]. Thus, tissue biomechanics has become an appealing field for
physicists to apply soft matter principles coupled with biophysical tools. These tools
allow us to create a unified conceptual framework and unravel how mechanical forces
deform cells in order to create functional healthy tissues and organs, heal wounds or
induce pathological conditions such as cancer cell invasion [18, 32-36].

While there are excellent reviews on spheroid formation [37], the role of physical
principles in tissue formation [17, 38], jamming transitions (in cancer and morphogen-
esis) [31, 32] and probing of mechanical stress in living systems [39], a concise review on
all the experimental tools for quantification of spheroid mechanics and how these tools
have started to reveal mechanisms that govern spheroid mechanics and its implications
for cell detachment and migration away from the spheroid is still missing. The main aim
of this review is to close this gap by discussing the available state-of-the-art tools (Ta-
ble 2.1), the relation between spheroid mechanics and tissue sorting, and implications
for cell invasion. In the first half, the physiological relevance of spheroids as a 3D in vitro
model is explained, followed by a discussion on available techniques for the biomechan-
ical characterization of spheroids both from without and within. The second half of this
review focuses on the self-organization of tissues and spheroids alongside present the-
oretical models explaining this phenomenon, focusing on the role of cellular adhesion,
cortical tension and their coaction. Spheroid self-organization is subsequently linked to
cell invasion in in vitro cancer metastasis models, and the influence of experimental pa-
rameters like interstitial fluid flows and surrounding extracellular matrix (ECM) type and
density is discussed. Finally, the review concludes with a perspective on opportunities
for future research. As the biophysics and soft matter communities gain insights into
the fundamental mechanical properties of spheroids and what distinguishes multicellu-
lar tumour spheroids from healthy cellular aggregates, important biophysical pathways
and biomarkers for novel cancer therapeutics can be identified. Moreover, a fundamen-
tal understanding of the interplay of individual cell mechanics and cell-cell-interactions
in overall tissue mechanics is essential when trying to understand tissue formation, or
when designing strategies for tissue regeneration.

2.2. MECHANICS OF 3D MULTICELLULAR SPHEROIDS

2.2.1. THE PHYSIOLOGICAL RELEVANCE OF 3D in vitro SPHEROIDS

3D cell culture systems influence cell structure and mechanotransduction in a very dif-
ferent manner compared to traditional 2D monolayer culture set-ups [64]. Many cell
types grown on 2D planar substrates become flatter, proliferate at an unnaturally rapid
pace and lose their differentiated phenotype in comparison to their in vivo counterpart
[65, 66]. However, cells regain their physiological form and function when reintroduced
in a 3D environment. 3D cellular spheroids are an excellent in vitro model for tissues due
to their physiologically relevant structure giving them several advantages. Firstly, their
mechanical properties can be measured over both intracellular and intercellular length
scales. Secondly, spheroids can be grown from a single cell line, allowing the reproduc-
tion of experiments on identical and reproducible replicates. Thirdly, cell growth and the
biochemical environment, which alter mechanical properties of cells and tissues, can be
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Technique Analyzed Description Source
parameter
Probing from without
Atomic force Elastic modulus = Measuring cantilever deflection (16,
microscopy and when indenting tissue. 40-44]
(AFM) viscoelasticity
Microtweezers Elastic modulus Tracking cantilever bending [45]
from customized replaceable
cantilevers to determine applied
force and tissue stiffness.
Micropipette Surface tension, Aspirating spheroid into [46-48]
aspiration (MPA)  elastic modulus micron-sized pipette and
and viscosity tracking the displacement of the
front of the tongue with respect
to the pipette tip over time.
Spheroid fusion Bulk tissue Analyzing coalescence of [26,
fluidity spheroids for a suitable amount 49-52]
of time (days).
Tissue surface Surface tension Analyzing relaxation force and [21, 26,
tensiometry and viscosity shape relaxation after squeezing 51,
(TST) spheroid between parallel plates.  53-57]
Probing from within
Cellular scale
Cavitation Tissue interfacial Analyzing pressure-growth [58-60]
rheology tension and relation for a spherical cavity
elastic modulus induced in the material with a
needle.
Hydrogel Spatial Defining the strain (change in [61, 62]
mechanosensors distribution of volume) of incorporated
mechanical hydrogel probes, allowing highly
stress in tissue localized measurements of
traction forces or mechanical
pressure.
Subcellular scale
Optical tweezers Cytoplasmic Measuring force-displacement [63]
stiffness relationship of unidirectionally

dragged particles that are
endocytosed by constituent
cells.

Table 2.1: Techniques to analyse spheroid mechanics from without and within.
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Figure 2.1: Spatial structure of a spheroid. Schematic of a spheroid demonstrating a necrotic core surrounded
by quiescent cells and an outer proliferative layer, with a decreasing gradient of among others oxygen and pH
towards the core, and an increasing gradient of lactate.
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meticulously controlled [67-69]. Due to the 3D nature of spheroids, cells in the core of
the spheroid will receive less oxygen and nutrients and experience a lower pH than the
outer cells, similar to in vivo tumours (Fig. 2.1). When the inner cells are situated beyond
the diffusion limit of approximately 200 um from the edge of the spheroid, cell apoptosis
occurs [70, 71]. This results in the formation of a necrotic core surrounded by quiescent
cells and an outer proliferating layer [72]. In vivo, tissue cells are located no further than
100 to 200 um from the nearest capillary due to the limited diffusion of oxygen [73]. Can-
cer cells are capable of signalling for the formation of new blood vessels to overcome this
fundamental limitation. This process creates a disorganised vasculature with an ineffec-
tive delivery of oxygen and nutrients to the tumour, resulting in similar concentration
gradients as for in vitro spheroids [72].

Many techniques exist for generating spheroids (Fig. 2.2). These include the hang-
ing drop technique [74], liquid overlay [60, 69], a shaking method that folds cell sheets
into spheroids [75], droplet-based microfluidics [76, 77], and many others. Importantly,
spheroids can either be grown using a scaffold or by suspending cells in medium sur-
rounded by non-adhesive walls. When using a scaffold, cells anchor to a 3D platform
that mimics the extracellular matrix (ECM), which can be either natural (e.g. collagen),
semi-synthetic (e.g. chitosan) or fully synthetic (e.g. polycaprolactone) [67]. For non-
scaffold suspension-based techniques, cells float towards each other in suspension due
to gravity after which they aggregate. Here, ECM is still present inside the spheroid due to
proteins excreted by cells during the growth of the aggregate [78]. For a more extensive
overview of the available spheroid culturing techniques and methodologies to analyse
characteristics like size, growth and protein expression, the reader is referred to other
reviews [37, 67, 79].

Importantly, the choice between a scaffold- or non-scaffold-based technique will de-
fine the polarity of cells at the tumour spheroid surface [80-82]. Cellular architecture
and function are fundamentally dependent on this cell polarity, also termed apical-basal
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Figure 2.2: Spheroid growing techniques. Sorted into scaffold based (A-D) and scaffold-free techniques (E-G).
Reprinted from [37], Copyright 2016, with permission from Elsevier.

properties [83]. Epithelial cells that line the exterior and interior surfaces of our bod-
ies form functionally distinct domains, termed apical and basal, and polarize along an
apical-basal axis in order to form selectively permeable barriers (Fig. 2.3(a)) [84]. The
apical side of the cell lines the lumen, hollow spaces in some of our major organs, and
constitutes an exchange interface with other parts of the body. The basal side faces the
basement membrane, the specialized cell surface-associated ECM on which cells live
[85]. In vivo, the apical-basal polarity can differ between healthy and malignant tissues.
For example, the invasive metastatic cancer spheroids found in the peritoneal cavity of
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colon cancer patients display a clear apical-out topology that is inverted compared to
normal epithelial tissues [36]. In vitro, spheroids grown in a type I collagen-scaffold dis-
play an apical-in topology while spheroids in suspension have an apical-out architecture
on their surface (Fig. 2.3(b)) [80]. As such, the spheroid culturing technique should be
carefully selected depending on the relevant in vivo tumour model.

a 2D epithelial sheet
M Microvilli Ap|ca|
m Tight
junctions
] Basolateral
membrane
W ECM Basal
In suspension In gel
Apical-out
villin villin
E-cadherin E-cadherin
DAPI DAPI
Suspended In gel
Apical-out Apical-in

Figure 2.3: Cell polarity in multicellular assemblies. a) Schematic of apical-basal cell polarity in a 2D epithelial
sheet where the basal side faces the ECM, and of spheroids, whose polarity depends on culturing technique.
b) Immunofluorescence staining of colorectal cancer spheroids both in suspension and embedded in type I
collagen cultured for 48 hours, demonstrating apical-out polarity when in suspension or apical-in when in a
scaffold. Red: villin; green: E-cadherin; blue: DAPI. (b) is reprinted and adapted from [80], Copyright 2016,
with permission from Elsevier.
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2.2.2. PROBING SPHEROIDS FROM WITHOUT

SURFACE TENSION AND VISCOSITY

Just like in vivo embryonic tissues, heterogeneous spheroids composed of different cell
lines are able to display spontaneous tissue segregation [54, 55]. Similar to how one im-
miscible liquid tends to envelop another due to their difference in surface tensions, one
cell line can envelop the other in a binary-mixed spheroid depending on cellular prop-
erties [51]. Understanding the physical mechanisms of cell sorting is important both at
a fundamental level and at a more practical level in for example the field of 3D tissue
bioprinting [52]. In the 1960s, the differential adhesion hypothesis (DAH) was formu-
lated to explain this liquid-like phenomenon, and focused on the concept of tissue sur-
face tension [87-89]. The model states that the rearrangement of cells is guided by the
lowering of a cell population’s adhesive-free energy as the amount of cell-cell bonding
increases. As such, the mutual spreading mechanisms of tissues are specified by their
relative surface tensions, which depend on the difference in intercellular adhesion of
the different cell types [90, 91]. For a pair of adhesive tissues, the tissue of lower sur-
face tension will envelop the tissue with a higher surface tension [92]. This outcome has
proven to be independent of the types of adhesion molecules utilized by the interacting
cells [93]. The most widely studied classes of cell-cell adhesion receptors are the cad-
herins [94]. Spheroids have a surface tension that is a direct and linear function of their
cadherin expression level [90]. Thus, a spheroid made out of two cell lines will rearrange
in such a way that the cell line with a lower cadherin expression level spreads over the
other [93]. Nowadays, there are however more sophisticated models that demonstrate
regimes where the DAH breaks down. These will be introduced later on in this chapter.

Perhaps the most straightforward technique to get an indication of relative mechan-

ics between cellular aggregates is spheroid fusion [49, 50]. For this technique, two spheroids

are brought together and allowed to fuse over time to give an indication of cell motility,
also termed bulk tissue fluidity, and surface tension (Fig. 2.4(a)) [26, 51]. Making an
analogy between spheroid fusion and the fusion of liquid droplets, the main parame-
ters that define the fusion process are surface tension and viscosity. According to the
liquid drop fusion model, higher surface tensions should result in shorter fusion times
[95]. However, discrepancies to this model were found when epithelial spheroids with
lower apparent surface tension fused faster than mesenchymal spheroids with higher
surface tension [50]. This was most likely caused by processes such as extracellular ma-
trix remodeling and dense cell packing in the mesenchymal spheroids. Nevertheless, the
technique remains useful as measuring the fusion time gives an indication of how fluid-
like or solid-like tissues are. Additionally, the cell and nucleus shapes during fusion give
an indication of tissue fluidity and bulk mechanical behavior [49]. In samples from can-
cer patients, the degree of tissue fluidity is correlated with elongated cell and nucleus
shapes, which in turn are linked to a higher motility. Cell and nucleus shape may thus
identify metastatic potential during therapeutic treatment.

A widely used method to measure tissue surface tension is tissue surface tensiome-
try (TST), also known as parallel plate tensiometry [53-56]. Here, a spherical aggregate
is placed between two parallel compression plates (Fig. 2.4(b)). Through continuous
recording of both the force used to compress the spheroid and its contact angle with
the plates, an apparent tissue surface tension is determined using the Laplace equation
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Figure 2.4: Probing spheroids from without. a) Spheroid fusion time series demonstrating cell type depen-
dence. Spheroids formed from the non-tumourigenic MCF-10A cell line (top) fuse slower than spheroids
made from metastatic MDA-MB-231 cells (bottom). Scale bar: 100 um. b) Tissue surface tensiometry with
an uncompressed (top) and compressed (bottom) spheroid in culture medium. c) Schematic and image of a
spheroid in contact with a tip-less AFM cantilever. d) (A) Microtweezer set-up and (B) cantilever tips com-
pressing a spheroid. e) Time series of the micropipette aspiration of a spheroid for almost 3 hours, and retrac-
tion of the tongue as the aspiration pressure is set back to zero. (a) is reprinted and adapted from [49], licensed
under CC BY 4.0; (b) is reprinted and adapted from [57], licensed under CC BY 3.0; (c) is reprinted and adapted
from [43], Copyright 2021, with permission from Elsevier; (d) is reprinted and adapted from [45], licensed un-
der CC BY 4.0; (e) is reprinted and adapted from [96], Copyright 2017, with permission from Elsevier.
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originally developed for simple liquids [53, 56]. Only when successive compressions at
different forces yield a similar surface tension, the spheroid can be considered liquid-like
with an actual surface tension. This typically holds as long as spheroids are spherical and
cells do not become fixed in position over time, for instance due to possible extracellular
matrix build-up [54, 55]. Of course, the assumption that spheroids are similar to liquid
droplets is a clear oversimplification. Aggregates of cancer cells for instance often do
not round up into spheroids and they often have a rough surface. Nevertheless, measur-
ing the apparent tissue surface tension holds biological relevance when trying to explain
observed tissue configurations and cell sorting.

STIFENESS AND ELASTICITY

It has long been known that cells and tissues can display both solid-like elastic and fluid-
like viscous behavior, making them viscoelastic [26]. Techniques that are able to mea-
sure this viscoelastic behavior both at a single-cell and tissue-level are of interest for
several reasons. Firstly, defining the time-dependent mechanics of cells is necessary
not only to see how they deform but also to understand how they transduce external
mechanical forces into biochemical-signaling cascades that govern their behavior [97].
Secondly, changes in a cell’s deformability defined by cytoskeletal dynamics have long
been considered as a biophysical marker with diagnostic and therapeutic potential for
malignancy and metastatic ability in cancer cells [98, 99].

A common technique to measure the mechanical properties of single cells and tis-
sues is atomic force microscopy (AFM). The high force sensitivity, spatial resolution and
compatibility with living samples make AFM an ideal technique for probing local me-
chanical properties of tissues, with examples ranging from the rat hippocampus to hu-
man breast biopsies [15, 16, 42, 100]. Using a cantilever, the tissue in question is in-
dented at several points in an array in order to map out its stiffness. Knowing the spring
constant k of the cantilever, the deflection of the cantilever as a function of indentation
depth gives an apparent elastic modulus of the tissue. If the indentations are performed
at a single low speed of indentation, solely an apparent pseudo-elastic modulus is de-
termined and the viscoelastic behavior of the tissue is neglected [101]. With a sharp
AFM tip, the deformation is highly localized and stress dissipation is determined from
viscous drag of the cytoskeletal filaments [102], rather than poroelastic effects [103]. To
determine the viscoelastic response of cells or tissues, the AFM can be operated in a
dynamic mode using sinusoidal oscillations in force/indentation at a functionally rele-
vant frequency (0.5-4 Hz) [40, 104]. The main advantage of AFM is its nanometer-scale
spatial resolution, which allows AFM to evaluate the mechanical heterogeneity between
morphologically distinct regions within small biological samples. However, AFM inden-
tations are limited to small depths (<10 um) making it a surface-based technique [42].
For this reason, it is only suitable to create stiffness profiles of the outer proliferation
layer of a spheroid (Fig. 2.4(c)) [43, 44]. The technique is therefore mostly used on single
cells and flat tissues and rarely for spheroids.

Microtweezers are a novel technique that is more suitable to measure the stiffness
of 3D spheroids [45]. Mimicking a pair of chopsticks, the spheroid is held between two
force-sensing microtweezers and is compressed by displacing one of the tweezers with
a piezo-bimorph actuator (Fig. 2.4(d)). The Young’s modulus of the spheroid is deter-
mined by optically tracking the bending of the tweezers upon spheroid compression
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with a pattern matching algorithm. The dual cantilevers are easily replaceable and are
able to work with forces ranging from less than one hundred nN to one mN. However,
the technique requires fabrication of custom-made tweezers as well as careful calibra-
tion of their spring constants with a precision mechanical stage. As microtweezers are a
novel technique, it has not yet been widely used.

A common technique to measure cell or nucleus mechanics is micropipette aspi-
ration (MPA) [105-107]. Here, a step-wise stress is applied to a single cell by aspirating
it with a micron-sized glass pipette which has a radius that is approximately 3-4 times
smaller than the diameter of the cell [105]. In case of a multicellular tissue, cell aspiration
can be performed on different cells on the surface of the tissue to map variations in cell
mechanics, as demonstrated recently for mammalian embryos [108]. When increasing
the pipette radius, the technique can be used to measure the collective viscoelastic prop-
erties and surface tension of spheroids [47, 48]. Here, a constant stress is applied through
an underpressure in the pipette after which a tissue tongue flows into the pipette (Fig.
2.4(e)). Assuming that spheroids behave as viscoelastic drops when exposed to a suc-
tion force, the response of the spheroid to the aspiration is characterised by tracking the
length of the advancing tongue as a function of the applied underpressure. A drawback
to this technique is that it is time-consuming to fabricate the micropipettes and align
these with the spheroids.

Interestingly, Guevorkian et al. [47] showed how the surface tension of aspirated
spheroids increased with the applied force. Retraction of the aspirated cell tongue from
the pipette was measured at zero pressure, and shown to be dependent on the applied
pressure during the aspiration. In other words, spheroids achieved a reinforced tissue
cohesion after applying a stress, indicating that the cells actively sense and respond to
an applied load. Similar cell reinforcements in response to mechanical perturbations
have been found in experiments on single culture cells [109, 110]. By contrast, tissue sur-
face tensiometry showed that spheroid surface tensions were independent of the applied
force [56]. This discrepancy might be explained by the fact that the aspiration pressure
during MPA is only applied to a part of the spheroid, while tissue surface tensiometry
exerts a force on the whole spheroid. Future research will have to identify the possible
emergence of mechanosensing when applying a local force to a part of the spheroid.

2.2.3. PROBING SPHEROIDS FROM WITHIN

CELLULAR SCALE

Mechanical features of the local microenvironment are well-established to drive cellular
processes [3, 4]. Surrounding tissue stiffness affects cell proliferation, migration, differ-
entiation during development [111], tissue homeostasis [112] and disease progression
[113, 114]. However, techniques to measure mechanical properties of cells and the ex-
tracellular matrix inside tissue are limited. Macroscale tools like TST and MPA are not
able to capture local mechanical variations around cells in the interior of a spheroid, as
they only measure mechanics of a collective whole from the outside.

An interesting technique to measure the elastic modulus of spheroids from within is
cavitation rheology, which compares the work of bubble formation to the deformation
of the spheroid [58, 60]. A spheroid is transferred into a glass capillary, after which a
micron-sized glass needle is inserted into the spheroid using a micro-manipulator
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Figure 2.5: Probing spheroids from within. a) Cavitation rheology, where a 30 pm needle is inserted into a
spheroid to induce a cavity. b) Hydrogel mechanosensors, which can either be osmotically compressed (left,
scale bar: 20 um ) or are thermoresponsive (right). Their final change in volume is determined by the elasticity
of the surrounding tissue. c¢) Schematic of a spheroid embedded in ECM, where the cytoplasmic mechanics
of the periphery cells are determined using optical tweezers pulling on endocytosed particles. (a) is reprinted
and adapted from [60], licensed under CC BY 4.0; (b) is reprinted and adapted, the left half from [62] and the
right half from [61], both licensed under CC BY 4.0; (c) is reprinted and adapted by permission from Springer
Nature: Springer Nature Physics [63], Copyright 2020.
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(Fig. 2.5(a)). By injecting a cavitation medium (air or water), slow pressurization induces
an elastic instability in the form of a cavity. The pressure-growth relationship for this in-
duced spherical bubble relates to the elastic modulus of the spheroid [58, 115]. Addition-
ally, comparing the energy associated with bubble formation to the binding energies of
the cell surface proteins gives an estimation of the cortical tension of the cells that form
the spheroid [60]. During measurements, spheroids are kept in culture medium, which
introduces a technical challenge since they can float away from the needle during in-
sertion. Moreover, determined elastic modulus values are only valid in the "thickshell"
regime, where the induced cavities are small enough so as to not affect the outer diame-
ter of the spheroid.

Similar to tissues, ECMs exhibit viscoelasticity, mechanical plasticity and nonlinear
elasticity, which affect fundamental cellular processes including proliferation, differenti-
ation and migration [116]. When cancerous spheroids are embedded in an ECM scaffold,
they remodel the matrix either through contractility or growth, depending on various pa-
rameters such as cell type, cellular packing density and ECM stiffness [117-119]. Some
cell types form spheroids that, when embedded in collagen gels, induce a contractile
pressure at the spheroid-ECM interface, thereby deforming the collagen network inward
resulting in tensile forces in the matrix that realign fiber bundles enabling cell invasion
[117]. Others form spheroids that grow through cell proliferation, inducing a compres-
sive stress at the spheroid-ECM interface [118, 119]. This stress inhibits cell proliferation
but is reversible once the stress is released [120]. In order to measure these highly local
tissue mechanics, recent studies have developed the use of hydrogel mechanosensors
[61, 62]. In contrast to cavitation rheology which actively probes spheroids, these sensors
are used for passive probing. Mechanically well-defined elastic polyacrylamide (PAA)
microbeads serve as internal cell-like sensors by being incorporated in spheroids grown
under mechanical stress (Fig. 2.5(b), left panel) [62]. They are functionalized to pro-
mote cellular adhesion, show fluorescence when imaged, and exhibit uniform and well-
calibrated elastic properties. The use of PAA gels provides several advantages. Firstly, the
elastic modulus can be easily tuned by changing the relative concentration of acrylamide
to bisacrylamide [121]. Furthermore, the material is itself inert so cell adhesion only de-
pends on the type of ligand coupled to the bead’s surface. The local pressure inside the
spheroid is measured by monitoring the strain (change in volume) of the hydrogel beads.
The bulk modulus of the beads can be calibrated beforehand by osmotic compression,
for instance with high molecular weight dextran that neither penetrates the beads nor
the spheroid [43, 122]. At small enough compressions (i.e., small dextran concentra-
tions), the stress/strain relation is linear and the bulk modulus of the beads can be de-
duced from the slope of the curve. Outside this linear regime, an empirical polynomial
Mooney-Rivlin model is used [62]. After determining the bulk modulus of the beads,
the pressure profile of the spheroid can be quantified based on before-and-after mea-
surements of the incorporated bead size when osmotically compressing a spheroid. The
ideally random distribution of PAA beads across the spheroid enables the determination
of the pressure profile along the spheroid radius. Measurements demonstrated that the
pressure rises towards the core of the spheroid, explained by the anisotropic arrange-
ment of cells.While these sensors have so far solely been used to identify local pressures
in spheroids under isotropic compression, they should also give access to shear stress
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measurements once the deformation of the beads under shear is identified. Further-
more, anisotropic stresses have been measured in tissues (though not in spheroids) us-
ing oil microdroplets functionalized with ligands for cell surface receptors [123]. Similar
to the PAA gels, the deformation from their spherical shape at equilibrium translates to
force measurements. However, their lack of compressibility makes them unsuitable to
identify the isotropic component of the stress.

Recently, a similar type of mechanosensor has been introduced which is temperature-
actuated [61]. Unlike PAA, poly N-isopropylacylamide (PNiPAAM) hydrogels are ther-
moresponsive gels that remain compact at tissue culture temperatures but swell when
cooled by a few degrees (Fig. 2.5(b), right panel). They can be conceptualized as springs
that are pre-loaded by thermodynamic expulsion of water before incorporation in the
tissue. Decreasing the temperature releases this pre-strain and returns the beads to a
new equilibrium volume defined by the rigidity of the surrounding tissue. The change
in volume relates to the elasticity of the tissue after creep. These probes could even be
injected within in vivo mouse tumors where they did not result in signs of additional
fibrosis or inflammation over a period of 3 weeks, suggesting their excellent biocompati-
bility [61]. The PNiPAAM beads are calibrated by encapsulating them in stiffness-tunable
polyacrylamide gels with linear elastic properties and measuring their change in radii af-
ter releasing the pre-strain.

However, both hydrogel mechanosensors present some limitations. First, the ob-
tained spatial distribution of mechanical stress in tissues lacks a time-dependent com-
ponent. Secondly, the sensors may be sensitive to local environmental factors such as
pH, which can be nonuniform in spheroids [124]. Thirdly, both sensors might affect cell
behavior as they are foreign particles and induce a foreign body response [125]. Yet,
functionalizing the hydrogel surface with appropriate matrix molecules might provide a
way to minimize this. Fourthly, the change in temperature needed for PNiPAAM to ob-
tain the measurement may influence the tissue stiffness, though previous studies have
shown that cellular rigidity is not significantly affected between 21 °C and 37 °C [126].
Despite these limitations, the probes provide a unique technique to obtain direct in situ
mechanical measurements inside spheroids and tissues.

SUBCELLULAR SCALE

Optical tweezers are able to study mechanics within spheroids incorporated in an ECM.
While both cavitation rheology and hydrogel mechanosensors probe spheroids at the
cellular level, optical tweezers operate at a subcellular level. Optical tweezers have been
widely used, in combination with nano- and microfluidics, both in the soft matter field
[127] and in biological sciences [128]. The technique uses strongly focused laser light
to trap a refractive particle in the focal point [129], providing excellent resolution in po-
sitioning (+ 1 nm) micron-sized particles and in contactless measuring of forces (+ 50
fN) [130]. Recently, optical tweezers have been used to perform active microrheology
on migrating cells in the periphery of a spheroid embedded in a collagen matrix (Fig.
2.5(c)) [63]. The mechanical properties of the cytoplasm inside the peripheral cells were
measured by embedding small latex particles in the gel that got endocytosed. The force-
displacement curve measured upon dragging the particles with the optical tweezer re-
veals the cytoplasmic stiffness. Importantly, the method is insensitive to the mechanics
of the actin cortex that underlies the membrane, which is a principal determinant of cell
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surface tension. Additionally, a cell’s interior is heterogeneous so care needs to be taken
when determining which cellular components regulate the response. Nevertheless, this
technique arguably brings us the closest to understanding sub-cellular mechanics inside
cell spheroids.

2.3. FROM CELL SORTING TO INVASION

2.3.1. COACTION OF INTERCELLULAR ADHESION AND CORTICAL TENSION

Cell-cell adhesion is mediated by transmembrane proteins called cadherins that inter-
act through extracellular domains [131]. Cadherin bonds are stabilized by the cortical
actin network, with the interaction between actin and cadherins being dynamic and
mechanoresponsive [132-134]. Cadherins also act as signaling molecules that begin lo-
cal reorganization of actomyosin when cells come into contact [135]. While the previ-
ously discussed DAH has successfully accounted for many observations of tissue sorting,
it focuses solely on cell adhesion contributions from cadherins to tissue surface tension,
and neglects the role of the cortical actin network [90]. Studies following up on the DAH
have however shown that the tissue surface tension actually depends on a balance of
adhesion, cortical tension and cortical elasticity [136-138]. These findings helped shape
the differential interfacial tension hypothesis (DITH), which relates tissue surface ten-
sion to the tension along individual cell-cell interfaces and to the role of actin-myosin
activity (Fig. 2.6(a)). The DITH acknowledges that individual cells are not point objects
but finite-sized deformable objects that can adapt their geometry. Since the mechani-
cal energy changes with cell shape, the cortical tension evoked by the thin cortical layer
of actin beneath the cell membrane has to be involved in the energy balance [139]. To
resolve possible discrepancies between the DAH, which states that cell types sort due
to cadherin ratios (Fig. 2.6(b)), and the DITH, Manning et al. developed a model that
explicitly showed how the overall surface tension of a multicellular aggregate is deter-
mined by the ratio of adhesion tension to cortical tension, indicating a crossover from
adhesion-dominated to cortical tension-dominated behavior [21].

To experimentally demonstrate the coaction of cell adhesion and cortical tension
in determining tissue surface tension, Manning et al. treated spheroids made of mouse
embryonic fibroblasts transfected with P-cadherin with actin-depolymerizing drugs (cy-
tochalasin D and latrunculin A), making the cells not only lose cortical tension but also
cell-cell adhesion as the actin anchor of cadherin bonds was weakened [21]. This drug
treatment resulted in rounded surface cells and a lower surface tension of the spheroid
in contrast to untreated control spheroids that had flat cells at the surface that were
stretched across multiple bulk cells in order to maximize cell-cell contact (Fig. 2.6(c)).
This finding demonstrated how changes in surface cell shape influence tissue surface
tension. When the surface cells are compact, they make fewer adhesive contacts than
the bulk cells, and this differential adhesion is the primary contribution to the surface
tension just as in liquids. In this scenario, the surface tension varies linearly with the
effective adhesion as predicted by the DAH. However, the comparison to fluids becomes
invalid once surface cells elongate so they can make contacts with multiple bulk cells. In
this case, there is no longer an adhesive contribution to the surface tension and the DAH
breaks down. The ratio between cortical tension and effective adhesion will determine
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Figure 2.6: Cell sorting and tensions. a) Schematic of contact tension in tissues, and the three main models for
cell sorting, showing differences in homotypic tensions Tj ; and T2 and heterotypic tension Ty 2. The DAH
is regulated by cell adhesion, while the DITH also involves the role of cytoskeletal components, and the HIT
focuses on repulsive mechanisms generated by ephrin-Eph signalling. For the DAH and DITH, heterotypic
tensions are intermediate, in contrast to the HIT where they exceed the homotypic tensions. Inspired by [140].
b) Confocal images of a spheroid made from two cell lines transfected to have different N-cadherin ratios. First,
(A) the spheroid remains mixed after 4h of incubation (B) but after 24h sorts in accordance with the DAH, with
the cell line expressing the lower level of N-cadherin (red) enveloping the cell line expressing higher amounts of
N-cadherin (green). ¢) SEM images of spheroids made from a P-cadherin-transfected L-cell line termed LP2 by
the authors; with up-left a control LP2 aggregate, up-right treated with latrunculin A (LA) and down-left treated
with cytochalasin D (CD) to depolymerize actin. Down-right shows surface tensions measured for all three
types with tissue surface tensiometry. d) Boundary polarization at (A) tissue-culture and (B, C) tissue-tissue
interface. Red dots indicate cadherin bonds, green lines indicate higher-than-average actin density where
the thickness of the line shows the amount of generated tension. Nuclei are either blue or orange to make a
distinction between two cell types. While boundary polarization occurs for tissues in vitro, it (B) may or (C)
may not occur at an in vivo tissue-tissue interface, possibly explaining differences between in vivo and in vitro
cell sorting. (b) is reprinted from [90], Copyright 2005, with permission from Elsevier; (c) is reprinted from [21],
with permission from the authors; (d) is reprinted from [135]. Reprinted with permission from AAAS.
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whether surface tension is in a regime where intercellular adhesion is dominant or in
one where cortical tension dominates.

While the DAH and DITH are based on the assumption that all cells are roughly iden-
tical and can be characterized by properties measured for a single cell, cells at tissue
boundaries mechanically differ from those in the interior [141, 142]. Boundary cells
actively change their mechanical properties; they mechanically polarize [135]. Using
traction force microscopy, cells in pairs and triplets plated on collagen-coated polyacry-
lamide gels were shown to reorganize their adhesive and cytoskeletal properties. The
cells displayed a significantly higher density of actin filaments and a higher tension along
the external boundary interfaces compared to the internal interfaces of the pairs and
triplets [143]. With increasing 2D cohesive colony size (up to 27 cells) on soft substrates,
traction stresses localized at the edge of the colony, demonstrating mechanical polariza-
tion at tissue boundaries [141]. Boundary polarization also occurs in vivo, for example
at compartment boundaries in the Drosophila embryo [144, 145]. However, the possi-
ble relation between mechanical polarization and tissue sorting remains unclear. Tissue
compartmentalization in vivo does not always correlate with in vitro cell sorting, as has
been shown in Xenopus embryos [146]. While in vitro cell sorting is dominated by short-
time scale interactions between the external domains of cadherins, Xenopus embryo re-
sults suggest that in vivo sorting is regulated by long-time scale spatial reorganization
of cadherins and cortical tension upon tissue intercalation [146]. The inconsistency be-
tween in vitro and in vivo cell compartmentalization might occur because contact with
culture medium for in vitro cell aggregates will necessarily mechanically polarize the
system (Fig. 2.6(d)). Next to this, cells in vivo are in contact with complex extracellular
matrix structures, which may influence boundary polarization and thereby cell sorting.

Although differences in cell adhesion and cortical tension suffice to drive cell sort-
ing in vitro, recent experiments show that a local discontinuity in contact tension is
an additional requirement to build an embryonic boundary and induce tissue separa-
tion in vivo [140]. In embryonic tissues, membrane-bound proteins such as ephrins and
Eph receptors induce local repulsion at heterotypic contacts between different cell types
and thereby efficiently sort cell populations and inhibit mixing [147]. This discovery
gave birth to the high heterotypic interfacial tension (HIT) model, where ephrin-Eph-
mediated repulsion creates a higher tension at the heterotypic boundary between two
tissues compared to the tensions at the homotypic contacts inside each separate tissue
(Fig. 2.6(a)). This differs from the DAH and DITH, which assume that the homotypic
tension is higher in one of the two cell populations and intermediate at the heterotypic
boundary [140]. Computer simulations suggest that the most favourable condition for
tissue separation is to have low contact tension (the sum of the two cortical tensions at a
cell-cell contact) in both tissues that contrasts with the high interfacial tension between
the tissues [140]. The strength of cell-cell adhesions within tissues is therefore impor-
tant for tissue separation as long as it creates the correct difference in tension with the
heterotypic interfacial tension. The simulations were confirmed by experiments using
Xenopus embryonic cell types [140]. Tissue separation still occurred when one of the ho-
motypic tensions was equal to or even higher than the heterotypic tension, as long as this
difference was compensated by a large difference between the heterotypic and second
homotypic tension. The DAH and DITH assume that tissues are liquid-like and sample
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many configurations until they find the minimum free energy states. Kinematic effects
such as active cell motility and cell shape fluctuation are assumed to be sufficiently small
such that the system dynamics are governed by a free energy [135]. These assumptions
have been challenged by experiments in which small changes to single-cell properties
caused tissues to transition from a liquid-like to a solid-like state, termed as jamming
[148]. The other way around, epithelial cells that are first in a solid-like jammed state
can start to exhibit a collective phase that is dynamic, migratory and fluid-like, termed
unjammed [149]. Both in vivo and in vitro, for example for primary human bronchial
epithelial cells, cell shapes become more elongated and more variable as the epithelial
layer becomes more unjammed [149, 150]. This change in cell shape, parameterized
through a shape index, reflects the competition between cell-cell adhesion and corti-
cal tension during the jamming/unjamming transition [148, 150, 151]. Here, rearrange-
ments amongst neighboring cells are seen to be hindered by local energy barriers, de-
fined by a combination of cell-cell adhesion, cortical tension and cellular propulsion.
When the propulsive forces are negligible, theory describes how an increase in cell-cell
adhesion or decrease in cortical tension can cause energy barriers to decrease or disap-
pear [148, 150, 151]. When this happens, cells unjam. In the process of metastasis, cells
usually change their adhesion and cortical tension. In order to migrate, tumour cells
lose epithelial characteristics and obtain a more mesenchymal phenotype [152, 153].
This change in characteristics is called the epithelial-mesenchymal transition (EMT).
Once tumour cells have metastasized into the secondary organ environment, the reverse
process can occur (for example through re-expression of E-cadherin) and the cells un-
dergo a mesenchymal-epithelial transition (MET) [154]. Even though epithelial cells are
endowed with plasticity and increased migratory capacity during both EMT and unjam-
ming, the cellular crowded, solid-like epithelial collective can undergo unjamming in the
absence of EMT [155]. Changes in EMT marker protein levels like E-cadherin, vimentin
and N-cadherin do not correlate with unjamming migratory dynamics [156]. Even more,
in forms such as breast cancer, lung cancer and prostate cancer, metastasis is dominated
not by dispersion of individual cells but rather by collective migration of clusters, packs
or strands [157, 158]. To remain in these clusters, carcinoma cells often stay cohesive
and continue to express epithelial markers such as E-cadherin [159, 160]. A recent study
with spheroids showed how cell sorting changes depending on the metastatic proper-
ties of cancer cells, relating to active cell motility, EMT and jamming [142]. The study
analyzed the mechanical properties of three breast cancer cell lines (MCF-10A, MDA-
MB-231, MDA-MB-436), selected because they cover a shift in E-, N- and P-cadherin
levels characteristic of EMT, mixed the cell lines to form heterogeneous spheroids and
looked at the sorting behavior. Surprisingly, the final sorted states of the grown spheroids
proved to be incorrectly predicted by the DAH as cell lines with a lower surface tension
would not always envelop the ones with a higher surface tension. In contrast to em-
bryonic tissues that do sort in agreement with the DAH [51], cell lines that demonstrate
EMT-characteristics apparently do not have to follow these models. Instead of behaving
as simple liquids, active cell motility and processes such as cell jamming may play an
important part in tissue sorting across the epithelial-mesenchymal transition. Dynami-
cal effects such as directional motility, friction and jamming are therefore of importance
when investigating sorting in multicellular tumour spheroids.
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: Definitions of mechanical parameters characterizing cell spheroids

Cortical tension
The apparent surface tension of a cell, presumed to be dominated by myosin motor-driven contrac-
tion of the actin cortex and the interaction of the actin cortex with the membrane. SI unit: N/m.

Stress

Force exerted on a surface area. The direction at which the force is applied to the area determines
whether it is a compressive stress (perpendicular to the surface), shear stress (parallel to the surface)
or elongational stress (perpendicular to the surface). SI unit: Pa.

Strain
The amount by which a material is deformed. Strain is determined from the change in size of the
material before and after a force is applied. Unitless.

Elasticity

The instantaneous response of a material to force by deforming a certain amount that is propor-
tional to the applied stress. An elastic material maintains its deformation while under stress and
recovers to its original shape once the stress is removed. A material’s ’spring constant’ is normally
quantified by the elastic modulus, which is the ratio of stress to strain. Depending on how stress and
strain directions are specified, three primary moduli are defined: the Young’s modulus is the ratio
of tensile stress to tensile strain, when the object deforms along the same axis of applied forces; the
shear modulus is the ratio of shear stress to shear strain, when the object shears and deforms at
constant volume; the bulk modulus is the ratio of volumetric stress to volumetric strain, when the
object deforms in all directions when uniformly loaded in all directions. SI unit: Pa.

Viscosity

Response of a material to force by deforming without limit at a rate which is proportional to the
stress. A liquid increases its deformation in proportion to the duration of the applied stress, and
does not recover its original size/shape once the stress is removed. SI unit: Pas.

Viscoelasticity

Most soft materials have both elastic and viscous responses, making them viscoelastic. When
subjected to a stress, they deform at a rate which is not simply linearly proportional to the stress
and partially recover their shape once the stress is removed. Cellular viscoelastic behavior is
often phenomenologically described in terms of a network of elastic springs and viscous dashpots
connected either in series or in parallel, depending on the model. The creep and stress relaxation
of single cells in reality often displays a power law behavior indicating a continuous distribution
of timescales [102, 161, 162]. Yet for tissue-level mechanics, the debate on whether power laws
describe their viscoelastic response accurately enough is ongoing. As an example, power laws
are insufficient to describe the viscoelastic behavior of muscle tissue as it demonstrates a broad
distribution of timescales around a characteristic time constant determined by acto-myosin activity
[163]. Nevertheless, spring-dashpot models with characteristic timescales remain useful in soft
tissue mechanics to extract viscoelastic parameters [47].

Tissue fluidity

Cell motility corresponding to a fluidization of the tissue on the bulk level. When cells readily
rearrange and are migratory, the tissue is considered to be fluidlike or unjammed. Here, cells often
migrate in multicellular packs and swirls reminiscent of fluid flow. In contrast, when cells are locked
in their positions and often have compact shapes, the tissue is called solidlike or jammed [149, 150,
156].

Tissue surface tension
An analogy is made between tissues and liquids, where liquids have a surface tension which equals
the free-energy change when the liquid surface is increased by a unit area. Tissues also have an ap-
parent surface tension, which arises from the adhesive interactions between cells and their cortical
tensions. SI unit: N/m.
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2.3.2. SPHEROID MECHANICS AND CELL MIGRATION

The architecture of heterogeneous spheroids not only defines their surface tension but
also critically influences the detachment of cells from the spheroid and cell invasion
into the surrounding extracellular matrix. For example, the sorting of heterogeneous
spheroids (1:1 ratio metastatic MDA-MB-231 and non-tumorigenic MCF-10A cells) em-
bedded in a collagen matrix modulated the speed, persistence and mean squared dis-
placement of the MDA-MB-231 malignant breast tumour cells (Fig. 2.7(a)) [164]. At ap-
proximately 4 days of growth, MCF-10A cells enclosed the MDA-MB-231 cells in the core
of the spheroid due to their higher proliferation rate, pointing out how proliferation plays
an additional role in cell sorting. The confinement prevented the malignant MDA-MB-
231 cells from invading outwards, demonstrating the potential influence of cell sorting
on cancer metastasis.

Cells in 3D display multiple modes of migration, among which mesenchymal, amoe-
boid, lobopodial and collective, depending on the local extracellular microenvironment
[167]. They can switch between mesenchymal migration mechanisms depending on
lamellipodia, thin membrane protrusions found at the leading edge of migrating cells,
and alternative migration mechanisms such as amoeboid migration, characterized by
a rounded cell morphology with low adhesive interactions, depending on the degree of
confinement they experience [168]. The nucleus serves as an intracellular mechano-
gauge during these shape deformations [169]. It senses imposed constraints through
an increase in nuclear membrane tension, triggering signaling outputs that increase cell
migratory capacity through actomyosin contractility, thus linking mechanics to migra-
tion [170].

The tumour microenvironment also plays an important role in cell metastasis for
spheroid models. [35, 116, 171-173]. For example, interstitial flows can downregu-
late the cell-cell adhesion molecule E-cadherin on non-tumorigenic cells and promote
spheroid invasion [174]. Furthermore, the choice of surrounding ECM type and den-
sity in spheroid invasion assays also influences cell mechanics and migration. In vivo,
interstitial stromal ECM is a heterogeneous fibrillar network of primarily type I colla-
gen [116]. In vitro, the incorporation of epithelial cell aggregates in type I collagen in-
duces mesenchymal gene expression and an invasive phenotype. By contrast, epithelial
cells incorporated in Matrigel remain non-invasive [166]. In mixtures of collagen and
Matrigel, non-tumorigenic MCF-10A breast cancer aggregates become increasingly in-
vasive as the relative collagen content is increased by downregulating their E-cadherin
expression while increasing mesenchymal markers like vimentin, fibronectin and Snail
(Fig. 2.7(b)). Depending upon cell type and matrix density, cells at the periphery of
spheroids embedded in type I collagen switch between distinct modes of invasion in
a manner that is reminiscent of a non-equilibrium phase separation [165]. Low col-
lagen densities result in a locally unjammed invasive periphery resembling a fluid-like
phase, while high collagen densities ensure non-invasive solid-like behavior (Fig. 2.7(c)).
Here, collagen densities define cell volume, shape and motility, making heterogeneities
within the spheroid not only regional or subclonal but also mechanical. Within a mul-
ticellular tumour spheroid, the core is approximately jammed and solid-like (rounded
cell shapes and limited cell motion) while the periphery of the tumour is more fluid-like
(elongated cell shapes and larger cell motion) [63, 175]. Han et al. used the previously
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Figure 2.7: Spheroid cell invasion. a) Architecture of heterogeneous spheroids (MDA-MB-231: green and MCF-
10A: red) influences cell invasion in collagen matrix. Malignant MDA-MB-231 cells are able to invade collagen
when on the outside of the spheroid, but are constricted and (mostly) prevented from migrating when the
non-tumorigenic MCF-10A cells enclose the malignant core. Inspired by [164]. b) Spheroid microenviron-
ment is involved in metastatic gene expression. Confocal images of actin, E-cadherin, laminin, vimentin and
fibronectin in cell aggregates embedded in gels show an increase in mesenchymal markers and invasion when
in collagen compared to Matrigel. Insets and arrows point out changes in Matrigel (red) and collagen (yellow).
Scale bar: 50 pm. c) Collagen density influences spheroid invasion and distinct modes of migration. Single-cell
migration dominates at low collagen densities (~ 1 mg/ml), while collective migration orchestrates invasion
in higher collagen densities (~ 4 mg/ml). Inspired by [165]. (b) is reprinted and adapted from [166], licensed
under CC BY 4.0.
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mentioned optical tweezer technique to perform active microrheology on embedded
spheroids and demonstrated how the variability in stiffness of different cells within the
population increased as the spheroid matured over time. They seeded spheroids in a 3D
hydrogel network composed of alginate and Matrigel with a shear modulus of approxi-
mately 300 Pa, thus mimicking the mechanical microenvironment of a breast carcinoma
in vivo [63, 113]. In terms of cell mechanics, cells at the spheroid periphery and in-
vasive branches tended to be softer, larger, longer and more dynamic compared to the
cells in the core. Subsequently, they demonstrated how these mechanical changes arise
in part from supracellular fluid flow through gap junctions that allow exchange of ions
and fluids between cells and amplify cell volume variations in tumours[176]. Blocking
these junctions delayed the transition of cells at the periphery into an invasive pheno-
type. As swelling and softening of peripheral cells are important factors in invasive dy-
namics, the authors sought to artificially manipulate cell stiffness and volume. Using
the chemotherapy medication daunorubicin or overexpression of the actin crosslinking
protein a-actinin, the cytoplasmic stiffness of the cells was increased, which diminished
invasion of peripheral cells. Invasiveness was quantified as the percentage of spheroids
forming invasive branches after 11 days. It will be interesting in the future to explore
these effects for different cancer cell types and as a function of ECM composition, in
order to better understand the biophysical cues that govern metastasis.

2.4. CONCLUSION AND OUTLOOK

Current strategies for the mechanical characterization of 3D multicellular spheroids al-
low us to understand how mechanical forces regulate tissue formation, cell sorting and
cell migration. While several new tools introduced here enable identification of spheroid
mechanics both from without and within, a technique that visualizes active mechanosen-
sitive reinforcement of cells and cell-cell contacts is still missing. Furthermore, correl-
ative imaging and multiscale mechanical measurements are needed to deconvolve the
contribution of the actomyosin cortex and cell-cell adhesion to overall tissue mechan-
ics. A new noninvasive method to help with this could be CellFIT-3D, a force inference
technique that estimates tension maps for 3D cellular systems from image stacks [177].
In addition, artificial intelligence algorithms have been implemented on traction force
microscopy to evaluate and predict cellular forces after sufficient training from captured
images [178]. This new machine learning-based approach has great potential for being
implemented in biophysical tools and invasion assays for more high-throughput and
accurate biophysical characterization of spheroids and cell migration. Besides actin and
cadherin, the role of other cytoskeletal elements in cell invasion remains largely unex-
plored. It would be particularly interesting to study the role of intermediate filaments,
a family of cytoskeletal filaments that are expressed in a tissue-specific manner. Upon
the epithelial-mesenchymal transition, expression of intermediate filaments switches
from keratin to vimentin [179]. The mechanical consequences of this switch at the mul-
ticellular level are to be identified. Additionally, what physical mechanisms determine
whether cells leave individually or as collective strands remains an open question to be
further investigated. In summary, identifying the precise relation between spheroid me-
chanics, cell invasion and involved biological processes will provide new opportunities
to understand tissue and cancer biology, and can reveal targets for therapeutic strategies
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for cancer treatment.
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MECHANOPHENOTYPING OF
SPHEROIDS USING A MICROFLUIDIC
MICROPIPETTE ASPIRATION CHIP

To understand a phenomenon, scientists must first describe it;
to describe it objectively, they must first measure it.

Siddhartha Mukherjee, in The Emperor of All Maladies

The mechanical characterization of cell spheroids provides valuable insights in how single-
cell mechanics and cell-cell interactions control tissue mechanics and self-organization.
However, most measurement techniques are limited to probing one spheroid at a time,
require specialized equipment and are difficult to handle. We therefore developed a mi-
crofluidic chip that follows the concept of glass capillary micropipette aspiration in or-
der to quantify the viscoelastic behavior of spheroids in an easy-to-handle, more high-
throughput manner. Spheroids are loaded in parallel pockets via a gentle flow, after which
spheroid tongues are aspirated into adjacent aspiration channels using hydrostatic pres-
sure. After each experiment, the spheroids are easily removed from the chip by reversing the
pressure and new spheroids can be injected. The presence of multiple pockets with a uni-
form aspiration pressure, combined with the ease to conduct successive experiments, al-
lows for a high throughput of tens of spheroids per day. We demonstrate that the chip pro-
vides accurate deformation data when working at different aspiration pressures. Lastly,
we measure the viscoelastic properties of spheroids made of different cell lines and show
how these are consistent with previous studies using established experimental techniques.

This chapter has been published in Lab on a Chip 23, 7 (2023) [1].

55



56 3. MECHANOPHENOTYPING OF SPHEROIDS USING A MICROFLUIDIC CHIP

3.1. INTRODUCTION

Physical properties like cellular mechanics are of undeniable importance in physiolog-
ical processes such as morphogenesis [2], tissue remodeling [3], wound-healing [4] and
cancer growth [5, 6]. During these events, cells are collectively confined,

squeezed, pushed or pulled upon, affecting their self-organization in time and space.
The overall mechanical response to these forces, termed tissue mechanics, will shape
the resulting tissue morphology. This response depends on the properties of the single
cells alongside the interplay between cells across multiple length scales [7, 8]. While the
mechanical deformation of single cells mostly depends on their cytoskeleton, plasma
membrane and nuclear stiffness, tissue mechanics are defined through the linkage be-
tween cell adhesion molecules, the cytoskeleton and the extracellular environment [9,
10].

Cell spheroids have become a popular in vitro model to study tissue mechanics, as
they replicate both the multicellular nature and three-dimensional (3D) micro-
environment of in vivotissues [11]. These spherical aggregates are made from immortal-
ized cell lines or primary cells that adhere to each other and collectively round up. The
resulting spheroid morphology and internal cell arrangement is defined by the interplay
between cell-cell adhesion and cortical tension [8, 12, 13]. Probing spheroids with rele-
vant physical forces therefore increases insight in how tissue composition and resulting
mechanics relate to tissue sorting, cellular mechanosensing and cell invasion [7, 14, 15].

Spheroid mechanics have been quantified using various techniques, probing either
from within or from outside [16]. For example, hydrogel mechanosensors give informa-
tion on the spatial distribution of mechanical stress within spheroids [17, 18]. Cavitation
rheology probes the internal elasticity and tissue interfacial tension by inducing a spher-
ical cavity in the spheroid with a needle [19]. From outside, the elastic modulus has been
quantified by squeezing the spheroid between two "chopsticks" termed microtweezers
[20]. Atomic force microscopy (AFM) determines the viscoelastic response of a spheroid
by indenting the surface with a nano-probe [21, 22], while tissue surface tensiometry
(TST) squeezes the spheroid between two plates [8, 12, 23-25] and micropipette aspi-
ration (MPA) aspirates a spheroid tongue in a glass capillary to look at the viscoelastic
creep response [14, 26-28]. Additionally, TST and MPA quantify a tissue surface tension,
for which the analogy is made between round spheroids and liquid droplets [12, 14, 29].
This surface tension is directly related to tissue sorting, tissue spreading and energetic
constraints on the size of spheroids [8, 27, 30].

However, available techniques to quantify spheroid mechanical parameters such as
the elastic modulus E, viscosity  and surface tension y have a limited throughput. First,
techniques such as AFM, microtweezers, TST or MPA only probe one spheroid at a time.
Second, the handling of nano-cantilevers, small tweezers or glass microcapillaries is a
delicate, difficult and time-consuming task. The resulting low throughput is found in
the previously mentioned studies probing spheroid mechanics, as these usually report a
data set that ranges between a total number of ~5 to 30 probed spheroids. As the tech-
nical challenges form a bottleneck on the size of data sets, it is difficult to quantify dif-
ferences between various spheroid models using present techniques. Given the fact that
biological variability tends to be rather large, mechanical phenotyping, for instance to
compare different cancer types, or in-depth studies of the role of cytoskeletal compo-
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nents or specific (cancer) biomarkers in overall tissue behavior require an assay with
higher throughput than what is currently available.

Microfluidic devices are widely used to measure the mechanical properties of single
cells at high throughput [31-41]. Here, cell deformability is examined by letting large
numbers of cells flow or migrate through narrow channels or micro-pillars. The chip’s
defined geometries are easily replicated into new chips, making this a highly repro-
ducible set-up. Besides overall cell deformability, these devices are able to quantify more
specific mechanical parameters such as both the cell’s and nuclear elastic modulus and
viscosity. For example, the design of a microfluidic array where single cells land in in-
dividual pockets and are aspirated via a pressure gradient enables high-throughput mi-
cropipette aspiration [35, 36]. However, applying the same principles to study viscoelas-
tic mechanics of spheroids or tissues, which requires microfluidic chips with larger chan-
nel dimensions, has remained unaddressed. While microfluidic devices exist that exam-
ine spheroid growth, functionally assess drugs or perform high-throughput compression
of Drosophila embryos [42-44], a high-throughput microfluidic chip to study spheroid
viscoelastic mechanics in parallel and with high reproducibility does not exist to date.

Inspired by the microfluidic micropipette array for single cells [35, 36], we have de-
signed a microfluidic device to perform MPA on multiple spheroids in parallel, thereby
drastically increasing the throughput. After each measurement, spheroids can be easily
removed from the device by reversing the flow and aspirating them at the inlet, allowing
for multiple experiments per chip. As the device is made from a mold, each chip has
the exact same dimensions for the micropipette channels, which is much harder to ob-
tain when pulling glass micropipettes for traditional MPA. The aspiration pressure is pre-
cise and easily controlled for each measurement by using hydrostatic pressure. With a
custom-made Python script for automated image analysis, the creep length of aspirated
spheroid tongues can be analyzed to derive the viscoelastic response of the spheroids.
Our device can aspirate 8 spheroids in parallel per measurement for multiple runs per
day, allowing for much larger data sets while providing the same information as tradi-
tional glass micropipette aspiration. Additionally, we show that our microfluidic device
is sensitive enough to pick up mechanical differences between different spheroid mod-
els, making it a suitable device to mechanically phenotype different cellular systems.

3.2. MATERIALS AND METHODS

3.2.1. CELL CULTURE
Human embryonic kidney 293 (HEK293T) cells were generously provided by the group of
Dimphna Meijer (Department of Bionanoscience, Delft University of Technology). They
were kept in Dulbecco’s Modified Eagle Medium High Glucose (DMEM, Sigma) contain-
ing 4.5 g/L glucose, L-glutamine but without sodium pyruvate, and supplemented with
10% Fetal Bovine Serum (FBS, Sigma) and 1% Antibiotic-Antimycotic solution (Gibco).
NIH3T3 embryonic mouse fibroblasts (ATCC CRL-1658) were kept in Dulbecco’s
Modified Eagle Medium High Glucose (DMEM, Sigma) containing 4.5 g/L glucose, L-
glutamine but without sodium pyruvate, and supplemented with 10% Newborn Calf
Serum (NCS, Sigma) and 1% Antibiotic-Antimycotic solution (Gibco).
Human mammary MCF10A cells (ATCC CRL-10317) were cultured in DMEM/F12 1:1
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medium (Gibco) supplemented with 5% horse serum (Gibco), 0.5 pg/mL hydrocorti-
sone (Sigma), 20 ng/mL human epidermal growth factor (hEGF) (Peprotech), 100 ng/mL
cholera toxin (Sigma), 10 pg/mL insulin (Human Recombinant Zinc, Gibco) and
1% Penicillin-Streptomycin 100x solution (VWR Life Science).

All cells were incubated at 37 °C with 5% CO, and subcultured at least twice a week.

3.2.2. SPHEROID FABRICATION

Spheroids were generated using a custom-designed microfabricated microwell array
platform (which is available at: https://github.com/RubenBoot/
HighThroughput_Spheroid_MPA /blob/main/SpheroidMicrowellArray.dwg), inspired
by work from Minglin Ma’s lab [45]. Following their protocol, two microwell array plat-
forms were created using standard soft lithography at the Kavli Nanolab Delft to al-
low for the creation of spheroids with different diameters. Using SU-8 2150 photore-
sist (Kayaku Advanced Materials) and a pMLA laserwriter (Heidelberg Instruments), the
master wafers were designed to have an array of circular microposts. The first wafer had
posts with a diameter of 200 um and height of 220+20 pum, while the second wafer had
posts with a diameter of 280 pym and a height of 30030 um. The master wafers were
coated with trichloro(1H,1H,2H,2H-perfluorooctyl)silane (Sigma-Aldrich) to allow for
easy demolding. Microwell arrays were molded from the wafers using polydimethylsilox-
ane (PDMS) (Sylgard 184, Dow Corning) and curing agent at a mixing ratio of 10:1 (w/w).
The arrays were placed in a 12-well cell culture plate (Thermo Fisher Scientific) using
rubber glue (Reprorubber), and then sterilized by thoroughly washing with ethanol and
leaving under UV light overnight.

Before seeding cells, the arrays were coated with 1% (w/v) Pluronic® F127 (Sigma-
Aldrich) solution to prevent cell adhesion to the PDMS. The pluronic solution was re-
moved from the well after 45 minutes of incubating. A cell suspension with a concen-
tration of +1 x 10° cells in matching cell media, obtained through trypsinization, was
deposited in the well with the coated array in order to form spheroids. It is important
to note that the resulting spheroid dimensions not only depend on the chosen cell con-
centration but also on the duration of culture, cell adhesion and the cell type-specific
proliferation rate. After deposition, cells divide over the microwells and settle at the bot-
tom due to gravity, where they aggregate into spheroids overnight (see Appendix Fig.
3.6). The spheroids were cultured in the wells for either 2 or 3 days before aspiration ex-
periments, changing the media every day. On the day of the experiment, spheroids were
gently washed out of the microwells using the same media and brought into suspension.

3.2.3. DESIGN AND FABRICATION OF THE MICROFLUIDIC CHIP

The master wafer was created using standard soft lithography at the Kavli Nanolab Delft.
The design is available at https://github.com/RubenBoot/
HighThroughput_Spheroid_MPA. The multi-layer design contains features with differ-
ent heights, so had to be created in two separate photolithography steps using a ukMLA
laserwriter (Heidelberg Instruments). The final chip was designed as a combination of
two slabs of PDMS, one slab with the aspiration channels 50 pm in height plus the top
half of the aspiration pockets +150 um in height (see Fig. 3.1A, PDMS slab 1), and the
other slab containing the bottom half of the aspiration pockets (PDMS slab 2). The molds
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PDMS slab 1!

PDMS slab 21

Aspiration channel Height: 325 pm
Aspiration pocket (Width: 50 um) =175 um (slab 1) + 150 um (slab 2)
(Width: 250 um)

B C Outlet tube
Inlet reservoir

Ah
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Figure 3.1: Overview of the microfluidic chip. (A) 3D schematic showing (left) the top view of the design and a
close-up on the pockets and aspiration channels, and (right) a tilted side view showing the heights of the two
separate PDMS slabs and the resulting height when bonded together. (B) Photograph of two actual devices,
filled with red dye for visualization and a EU 1 cent coin for scale. (C) Schematic of the experimental set-up.
Spheroids enter the PDMS chip at the inlet reservoir, which is a pipette cone, after which they are aspirated
with hydrostatic pressure by changing the height A# of the outlet vial that is mounted to a vertical rod. Note
that the drawing is not to scale: in reality, the vertical rod was placed next to the microscope, requiring a 60 cm
outlet tube to bridge the distance between the chip and the outlet vial. The experiment was captured with an
inverted microscope using a 5x objective. (D) Brightfield top view image of the aspiration pockets loaded with
HEK293T cell spheroids aspirated at 700 Pa, scale bar 200 um.

for both these slabs were fabricated together on one silicon wafer. To obtain this, the first
step of the design was created by spinning SU-8 3050 to an average thickness of 50 pm.
For this, the SU-8 was first spun at 500 rpm for 10 seconds with an acceleration of 100
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rpm/second and then at 3000 rpm for 30 seconds with an acceleration of 300 rpm/sec-
ond. Then, the SU-8 was soft baked at 95 °C for 15 minutes, after which the laserwriter
wrote the first layer. The wafer was post baked at 65 °C for 1 minute, then at 95 °C for
5 minutes and developed in SU-8 developer. The second layer was created with SU-8
2050 and spun to an average thickness of 150 pm. It was first spun at 500 rpm for 10 sec-
onds with an acceleration of 100 rpm/second, after which it was spun at 1200 rpm for 30
seconds at an acceleration of 300 rpm/second. It is important to note that the thickness
was not equal over the whole wafer, as the resist covered both the first half of the de-
sign (consisting of the micropipette channel and part of the aspiration pocket) and the
empty place where the second half of the aspiration pockets will be written. Therefore,
one half of the aspiration pockets (see Fig. 3.1A, PDMS slab 2) resulted in a thickness of
150+2 pm, while the other half containing half of the pocket plus the aspiration channel
(PDMS slab 1) had a different thickness of 175+25 um. After spinning, the wafer was soft
baked at 65 °C for 5 minutes and then at 95 °C for 30 minutes. The laserwriter wrote
the second part of the design, after which the wafer was post baked at 65 °C for 5 min-
utes, at 95 °C for 12 minutes and then developed. The master wafer was coated with
trichloro(1H,1H,2H,2H-perfluorooctyl)silane to allow for easy demolding. PDMS chips
were created using Sylgard 184 at a curing agent ratio of 10:1. Individual chips were cut
and holes were punched in only one slab of the design for the later introduction of tub-
ing. Both halves of the design were plasma cleaned (Harrick Plasma) for two and a half
minutes at 30 W to facilitate bonding, after which one half was slightly wetted with a
droplet of distilled water to allow for better alignment. The two halves were put together
and aligned using the alignment arrows at the border of the design and an optical mi-
croscope (ZEISS Primovert) to check the alignment (see Appendix Fig. 3.7). Finally, the
chip was kept in the oven at 65 °C to bond overnight. The bonding overnight usually
resulted in a slight misalignment between both halves of the device, potentially due to
shrinking of the PDMS [46]. Across the chips used in this study (n = 14), an average mis-
alignment of 16 + 1 um (in the range of 10-22 pm) between the side walls of the pockets,
and an average misalignment of 12 + 1 um (in the range of 5-21 um) between the front
of the pocket and the aspiration channel was measured from brightfield images using
Image]J. We tested by computer simulations that this slight misalignment did not affect
our results (see Results and Discussion section). After fabrication, chips could be stored
indefinitely and used on the desired day for the experiment.

3.2.4. DATA ACQUISITION

Before each experiment, the chip was filled with 1% Pluronic® F127 (Sigma) solution and
left at room temperature to prevent cell adhesion to the PDMS walls. After 45 minutes,
the pluronic solution was flushed from the chip using the culture media that matched
the cell line used in the experiment. For this, vials with cell-free culture media were
connected to the inlet and outlet of the microfluidic chip with PTFE 008T16-030-200
tubing (Diba Industries, inner diameter 0.3 mm, outer diameter 1.6 mm) and a pres-
sure was applied to the media using an MFCS-EZ pressure controller (Fluigent). Once
all the pluronic solution, PDMS debris particles and possible air bubbles were flushed
out, the tube connected to the inlet was gently unplugged from the chip and a loading
reservoir, being a shortened 1 ml pipette tip cut with a scalpel, was plugged into the in-
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let. Then, the vial connected to the outlet was disconnected from the pressure controller
and mounted to a vertical translation stage (Thorlabs, VAP10) with a ruler on the side
such that the pressure in terms of cmH,O could be read off, to be able to exert a pre-
cise hydrostatic aspiration pressure when lowering the stage with the vial compared to
the height of the reservoir. Slightly lowering the stage induced a minor flow in the chip
towards the aspiration pockets, after which 20 pl of spheroid suspension was pipetted
into the reservoir. Spheroids were guided by the flow and entered the aspiration pock-
ets, after which the outlet tube was brought back to the height where no flow is present.
For loading, the inlet hole needed to be punched close enough to the aspiration pockets.
Otherwise, the volume of space in the loading bay of the chip would be too large and
could not induce a high enough flow velocity to sweep the spheroids into the pockets.
Spheroids then sedimented to the bottom instead and remained immobile. Once ready
to perform the experiment, the vial was manually lowered to the chosen aspiration pres-
sure (in this chapter 500, 700 and 1500 Pa, depending on the studied cell line), thereby
inducing spheroid tongue aspiration. The inlet reservoir volume remained constant dur-
ing the duration of the experiment, confirming that there was no leakage at the corners
of the squared aspiration channels and spheroids fully blocked the channels. Whenever
a spheroid did not fully block the channel, a clear flow was visible in the aspiration chan-
nel and the rare experiments where this occurred were not used for analysis.

Brightfield images of spheroid tongues entering the aspiration channels were cap-
tured on an inverted fluorescence microscope (Zeiss Axio-Observer) every 5 seconds for
a total of 5 minutes using a 5x/NA 0.16 air objective and ORCA Flash 4.0 V2 (Hamamatsu)
digital camera with a resolution of 2048x2048 px®>. We ensured that the full aspiration
curve of the tongue was captured by starting the image acquisition before lowering the
outlet tube (Movie S11, to be found online with publication). At the end of the exper-
iment, spheroids were pushed out of the pockets and flown back towards the inlet by
raising the outlet vial above the reservoir. There, they were removed from the chip by
pipetting them up through the reservoir. This way, new spheroids could be inserted and
a new measurement started with the same chip. All experiments were conducted at 37
°Cand 5% CO, using a stage top incubator (ibidi). Chips were used for 4-5 successive ex-
periments on average, and were always discarded after the final experiment of the day.

3.2.5. COMSOL SIMULATIONS ON PRESSURE DISTRIBUTION IN THE CHIP
The design of the device contains 8 parallel pockets, and thus pressure will redistribute
once spheroids start clogging the flow in pockets. To examine the influence of this effect,
the pressure distribution was computationally modeled in the 3D design of the device
using the finite elements modeling software COMSOL Multiphysics 5.6. Considering the
fluid flow to be laminar and following the Navier-Stokes equation [47], the pressure dis-
tribution was modeled for two different cases: (1) all pockets are open, or (2) all pockets
are clogged, except for one where fluid still flows through the aspiration channel.

The Hagen-Poiseuille equation tells us that the pressure drop over a tubular channel
with laminar flow scales with the length of the channel and the inverse of the channel
radius to the fourth power [48]. As the design of our device has much larger dimen-
sions than typical microfluidic chips, the cross-sectional area of the tubing connected
to the chip now has the same order of magnitude as the cross-sectional area of the de-
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vice. Therefore, the hydrodynamic resistance across the tubing is considerable and non-
negligible as long as a flow is present in the device. It is therefore important to realize
that the device is only able to accurately perform spheroid aspiration at a single defined
step pressure once all pockets are filled with a spheroid, thus blocking the flow.

To examine what pressure spheroids experience in pockets when not all are filled
yet, case (1) and (2) were modeled for the design of the device including a 60 cm long
rectangular channel with a 300x300 um cross section that mimics the outlet tube and
corresponding pressure drop. The same average length of tubing was used during our
experiments. Boundary conditions of 700 Pa at the left edge of the inlet region and 0 Pa
at the end of the simulated outlet tube were installed, similar to lowering the outlet tube
with 7 cmH, O. These simulations generated the pressure distribution and correspond-
ing fluid flow profile in the device.

3.2.6. HIGH-THROUGHPUT ANALYSIS OF SPHEROID TONGUE ASPIRATION
The creep length of the spheroid tongues into the aspiration channels over time was ex-
tracted from the experimental images using Fiji (https://imagej.net/software/fiji/) and a
custom-written Python script (which is available at:
https://github.com/RubenBoot/HighThroughput_Spheroid_MPA /blob/main/
SpheroidAspiration_AnalysisScript.py). First, the brightfield aspiration time-lapse im-
ages were rotated to make the aspiration channels vertically oriented (with the tongue
creeping upward over time), and then cropped using ZEN software (Zeiss). The cropped
region captured the whole aspirated spheroid tongue and aligned the beginning of the
channels with the bottom of the cropped images. The cropped time-lapse was saved as
a JPEG stack, and converted to binary images using a threshold in Fiji (see bottom two
frames in Fig. 3.2A). The threshold value was chosen manually to obtain a clear contrast
between the aspirated protrusion edge and the surrounding empty channel. This binary
stack was then imported in the Python script. Using the Fiji interface, the x-coordinates
of pixels along the horizontal line were manually inserted in the Python script to indi-
cate where the middle of all 8 aspiration channels was located. The script was set up
to find the edge of the aspiration protrusion by checking the binary value of every pixel
on the vertical line along these coordinates (from top to bottom) and recording the y-
coordinate corresponding to the protrusion edge. This analyses was repeated for all im-
ages in the stack, returning the set of y-coordinates for all 8 channels and for each time
step. Y-coordinates (pixels) were converted into creep lengths (um) by subtracting the
y-coordinate (which is the distance from the top of the image to the protrusion edge)
from the total height of the image and multiplying this result with the pixel distance.
In some experiments, cells at the protrusion edge of the spheroid tongue were loosely
attached and would break off during aspiration, thus altering the protrusion edge struc-
ture. Spheroids where this occurred were excluded from analysis, alongside the ones
that did not remain round nor retained a constant volume before and during aspiration.
All results were collected in a Microsoft Excel file alongside the time step per image.

3.2.7. STATISTICAL ANALYSIS
Statistical analysis was performed using Python and Microsoft Excel. Student ¢-tests
were executed using the TTEST function in Excel and p values below 0.05 were consid-
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Figure 3.2: Automated data analysis using a custom-written Python script. (A) Preparation workflow before
running the script. First, the 8 pocket-time series (scale bar 200 um) is cropped to the constrictions with
spheroid tongues, where the bottom of the cropped images is aligned with the precise start of the aspiration
channels. Next, the cropped time series is converted to binary images by setting a threshold using ImageJ.
Tongues are analyzed if they have a thresholded edge that does not change structure over time (due to cells
breaking off) and belong to spheroids that remain round and retain a constant volume before and during as-
piration, here indicated by a red star. (B) Plot of the creep length of the 5 HEK293T cell spheroids (indicated by
the red stars in (A), with corresponding pocket numbers) as a function of time, aspirated at 700 Pa. The inset
shows how the tongue length is calculated by subtracting the distance from the top of the cropped image to
the protrusion edge from the total image height.

ered to be significant. Python was used to do standard error propagation calculations on
the fitting parameters to obtain error values. The average human error in reading off the
aspiration pressure when manually lowering the outlet vial is defined by the thickness
of the lines on the ruler indicating the distances, which is 0.2 cmH,0 (~ 20 Pa), and the
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error in dimensions of the aspiration channel is around 5 um (measured with a Dektak
stylus profiler). The error bars in the figures display the standard error of the mean un-
less indicated otherwise, and are always based on at least two independent experiments
with separately prepared chips.

3.3. RESULTS AND DISCUSSION

3.3.1. HIGH-THROUGHPUT DATA EXTRACTION

In order to measure mechanics of cell spheroids in a high-throughput manner, we de-
signed a microfluidic device to parallelize micropipette aspiration. The design consists
of 8 parallel aspiration pockets that are 250 um wide and 325+27 pm tall, in order to be
able to contain a single spheroid with a maximum diameter of 250 um. Each pocket
connects to an aspiration channel that is 50 pm wide and 50+2.5 um tall, chosen to be
similar in size to pipette diameters used in previous glass micropipette spheroid aspi-
ration studies (Fig. 3.1A-B) [14, 27]. We decided to implement 8 pockets as it was the
maximum number of pockets that fit in the field of view of the 5x microscope objective.
To mimic traditional micropipette aspiration as accurately as possible, the multilayer
wafer mold was designed to create symmetric aspiration pockets with aspiration chan-
nels positioned at the centerline of the pockets. This way, spheroids were raised from the
device bottom during aspiration (similar to the single cell aspiration device created by
Lee et al. [36]). Two PDMS halves from the device mold, one side with half the pocket
and the other with the other half of the pocket plus the aspiration channel, were aligned
under a microscope using alignment arrows incorporated in the design (see Appendix
Fig. 3.7) and bonded in the oven overnight.

The chip was flushed with media before starting an experiment. Then, a small vol-
ume of spheroid suspension (~ 20 pL) was added to the inlet reservoir. The spheroids
were moved into the pockets through the flow induced by lowering a media reservoir
connected to the outlet and mounted to a vertical rod, thereby exerting a precise hy-
drostatic pressure gradient that varied between 500 and 1500 Pa in our experiments, de-
pending on the studied cell type (Fig. 3.1C). Once a spheroid arrived in the pocket, it
blocked the flow through the aspiration channel, thus preventing other spheroids from
entering the same pocket. Induced pressure gradients, by lowering the outlet media
reservoir, were at first kept low enough (below ~200 Pa) to ensure that spheroids did not
deform in the aspiration channels yet. Only when all pockets were loaded with spheroids
was the outlet reservoir lowered to a level that induced the chosen step pressure for as-
piration. Spheroid tongues started creeping in the aspiration channels as they were sub-
jected to the pressure difference between the atmospheric pressure at the inlet reservoir
and the hydrostatic pressure exerted by the outlet media tube (Fig. 3.1D). In this way,
spheroids experienced the aspiration force in a similar manner as for traditional mi-
cropipette aspiration, where spheroids are kept at atmospheric pressure and aspirated
by applying an underpressure in a glass capillary.

We developed a custom-made Python script to analyze the spheroid tongue defor-
mations in an efficient and fast manner. Before running the script, brightfield time-
lapse image series were rotated, cropped and changed into binary images to focus on
the creeping protrusions in the channels (Fig. 3.2A). To determine the creep length L(1),
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the script derived the distance from the top of the binarized image to the protrusion
edge, and subtracted this value from the total image height. The Python script thus ex-
tracted the creep lengths for the 8 aspiration channels and each step in time (Fig. 3.2B).
We excluded spheroids that were not round before- or did not remain constant in vol-
ume during aspiration.

3.3.2. PRESSURE DISTRIBUTION IN THE CHIP

In contrast to microfluidic single cell aspiration chips, where channels have smaller di-
mensions than the used tubing [35, 36], the required cross-section for channels to flow
undeformed spheroids in is as large as the tubing (with a diameter of 300 um). Therefore,
the pressure drop over the tubing is non-negligible in comparison to the pressure drop
across the chip. This is a considerable problem, as slight changes in the length of the
tubing may cause significant changes in the experienced pressure drop in the microflu-
idic device. To avoid these pressure drop effects, we designed the device in such a way
that the entire flow is stopped once all pockets are filled with spheroids and the pressure
gradient is fully defined by the hydrostatic pressure. However, spheroids that are loaded
into the device and swept along by the induced flow will reach the aspiration pockets
one at a time. Therefore, pressures will redistribute in the device for each spheroid that
clogs an aspiration pocket and stops the flow through the adjacent aspiration channel.
This might cause a problem, as the spheroids that already arrived in the pockets may ex-
perience an aspiration pressure that increases over time when additional pockets fill up
with spheroids. Instead, all spheroids should experience a single step pressure to allow
correct data analysis. To examine the effect of pressure redistribution, we performed 3D
COMSOL simulations for two different cases: (1) all pockets are open, and (2) all pock-
ets are clogged by spheroids except for one. A 60 cm long rectangular channel with a
300x300 um cross section was incorporated into the 3D design to mimic the outlet tube,
as it induces a considerable pressure drop, and a pressure gradient of 700 Pa was simu-
lated across this total geometry. The model showed how the pressure gradient over the
aspiration channel increases from ~50 Pa when all pockets are open to ~300 Pa when all
but one are clogged (Fig. 3.3A). It is important to note that these values are dependent
on the chosen boundary conditions, and in this context simply serve to estimate the
extent of this effect. Additionally, we ran an identical simulation as case (2), only now
both halves of the design were slightly misaligned by 20 um in both alignment direc-
tions, to test whether the variations between devices had any influence on the pressure
drop across the aspiration channels (see Appendix Fig. 3.8). We found that the pressure
changed by only a few pascal, demonstrating that the effect of slight misalignment on
the aspiration pressure is negligible.

We concluded from these simulations that it is important to ensure that spheroids
arrive at the pockets at approximately the same moment in time. Otherwise, spheroids
might experience a pressure that starts aspiration when almost all pockets are clogged
but jumps once the final pocket clogs. In experiments, we discovered that spheroids all
start aspirating at the same time as long as we punch the inlet hole close to the pockets
and add sufficient spheroids to the inlet reservoir (Fig. 3.3B). To circumvent the effect
of pressure redistribution, spheroids were gently flown towards the pockets by inducing
a minor pressure gradient (~150 Pa) and were halted before the pockets by bringing the
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Figure 3.3: Pressure distribution across aspiration pockets. (A) A 3D numerical simulation of the pressure
distribution assuming the device is connected to a 60 cm long straight rectangular channel mimicking the
outlet tube. A pressure gradient of 700 Pa is simulated for two different configurations: all pockets are open
(left), and all pockets but one are clogged by spheroids (right). (B) Brightfield images from an HEK cell spheroid
aspiration experiment, demonstrating how simultaneous aspiration starts as soon as all channels are clogged.
At first (a), no pressure gradient is present yet and three pockets remain open, indicated by red arrows. Five
seconds later (b), a pressure gradient of 500 Pa has been induced and spheroids flow into the pockets but do
not clog everything yet. After five more seconds (c), all spheroids have clogged the pockets, thereby blocking
further flow and ramping up the pressure to 500 Pa. Spheroids now experience the full induced hydrostatic
pressure gradient as evident from the tongues all creeping simultaneously into the aspiration channels. Scale
bar 200 pm.
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height of the outlet vial back to the starting point with no flow. Then, the final pressure
gradient was induced by lowering the outlet vial again, and all spheroids that were float-
ing near the pockets experienced the flow and filled up the remaining unclogged pockets
at the same time. This ramped up the pressure, and the spheroids experienced the full
pressure gradient, thus starting the measurement at the same time for all pockets.

3.3.3. VALIDATION OF SENSITIVITY AND REPRODUCIBILITY WHEN WORK-
ING AT DIFFERENT ASPIRATION PRESSURES

To confirm the sensitivity and reproducibility of our device, we measured the deforma-
bility of HEK293T spheroids at two slightly different aspiration pressures of 500 and 700
Pa. The obtained creep data alongside visual confirmation showed that the aspirated
spheroids displayed an initial elastic deformation followed by a viscous response (Fig.
3.4A). The tissue relaxation time 7 demarcates these two regimes and is given by 7 =
n/E, with n being the viscosity and E the elastic modulus of the spheroid. We fitted
this viscoelastic response to different spring-and-dashpot models and compared their
coefficient of determination (see Appendix Fig. 3.9). The modified Maxwell model, pre-
viously used in studies on spheroid micropipette aspiration [14, 26, 27], proved to fit the
data significantly better than other more simple models (see Appendix Table 3.2) and
was therefore used to determine the mechanical parameters of our spheroid aspiration
measurements. The model consists of four elements (shown in the inset of Fig. 3.4A): a
dashpot ¢; in series with a modified Kelvin-Voigt element, which consists of a spring k;
in parallel with a dashpot ¢ and spring k; in series. The creep length L(#) in the context
of this model is given by:

f ky = f
Lt)=—(1—-——"—e7c)+=—t 3.1)
ko ktk g

where f is the aspiration force, k) is the spring constant for the elasticity of the spheroid,
ko, relates to the initial increase in L(f), {; represents the viscous dissipation of the flow-
ing tongue and 7. is the rising time of the elastic deformation 6. Here, 7, = % with
¢ being a friction coefficient related to the rising time. Hence, the modified Maxwell
model has four fitting parameters: § = f/ki, Ly = f/&; (being the flow velocity at long
timescales), B = k/(k; + k») and 7.

As shown in Fig. 3.4B, the creep length L(¢) of the spheroid tongue was smaller for
measurements at 500 Pa in comparison to 700 Pa, demonstrating the sensitivity of our
device. However, creep length can only be compared for a precise point in time. To
quantify differences between the entire measurements, we compared the average elas-
tic deformation ¢ by fitting Eq. (3.1) to the creep data. The average deformation 6 was
significantly smaller for measurements performed at 500 Pa (6 = 70 + 2 um) in compar-
ison to 700 Pa (6 = 90 + 4 um), as one would expect when exerting a smaller force (Fig.
3.4C). This demonstrates how the device is sensitive enough to work at small differences
in pressure and create reproducible deformations in agreement with theoretical expec-
tations.
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Figure 3.4: Validation of sensitivity of the device to determine spheroid mechanical properties. (A) Compar-
ison plot of the creep length versus time for one HEK cell spheroid aspirated at 700 Pa (orange) and another
at 500 Pa (blue). The creep curves are fitted with the modified Maxwell model (black dashed lines), which is
explained in the inset. The fast elastic deformation § equals the intercept of the linear viscous flow with the
y-axis, and is shown to be larger when aspirating spheroids at larger pressures. (B) Brightfield images of two
separate aspiration experiments for HEK cell spheroids, showing the creep length L(#) after 23 s of aspiration
at 500 Pa (top) or 700 Pa (bottom), with snapshots focusing on the aspiration pocket (left, scale bar 50 um) and
zoomed in on the aspiration channel (right, scale bar 20 pum). (C) Histograms comparing the average elastic
deformation & for HEK cell spheroids aspirated at different pressures (500 Pa and 700 Pa). ***, p < 0.001 with n
=56 and 24 for 500 Pa and 700 Pa respectively. Error bars are SEM.

3.3.4. MEASUREMENTS ON SPHEROIDS WITH KNOWN MECHANICAL PROP-
ERTIES

To demonstrate the high-throughput mechanical phenotyping capabilities of our device,
we measured the mechanical properties of three different cell spheroid models that have
been probed in previous studies [49]. In addition to our measurements performed with
HEK293T cell spheroids, we studied two stiffer spheroid models made of either NIH3T3
fibroblasts or MCF10A cells. While the HEK293T cell spheroids were probed at 500 and
700 Pa, the two stiffer spheroid models were aspirated at a higher pressure of 1500 Pa as
lower pressures would induce a slower deformation and require a longer time scale to
analyze the full viscoelastic response (Fig. 3.5A).

In traditional micropipette aspiration, the aspiration force f of the pipette when con-
sidering spheroid volume conservation is given by:

f=nRAP, (3.2)

where R), is the radius of the pipette and AP the applied underpressure in the pipette
[50]. Previous studies on micropipette aspiration of spheroids have pointed out that the
actual pressure exerted on the spheroid equals the applied underpressure AP minus a
critical pressure AP, at which aspiration of the spheroid occurs. When aspirating at a
pressure lower than AP, the spheroid will not deform due to its inherent tissue surface
tension y [14, 27].

To calculate this critical pressure, separate measurements of the retraction of the
spheroid tongues are required when the pressure is brought back to zero (see Appendix).
In contrast with traditional glass micropipette aspiration, where spheroids remain stuck
in the pipette and the tongue slowly retracts, on our device spheroid tongues retracted
so fast (displaying a mainly elastic response) that it was impossible to measure a vis-
coelastic retraction curve when the pressure was brought back to zero (see Movie S21,
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Figure 3.5: High-throughput comparison of spheroid mechanics for different cell lines. (A) Brightfield snap-
shots after 23 s of aspiration at 1500 Pa of a NIH3T3 (left) and MCF10A (right) spheroid, scale bars 50 um.
(B) Comparison plot of creep length versus time for a HEK293T spheroid (purple) aspirated at 700 Pa, and a
NIH3T3 (green) and MCF10A (orange) spheroid aspirated at 1500 Pa. The creep curves are fitted with the mod-
ified Maxwell model (black dashed lines). (C) Average elastic moduli and (D) average viscosity measured for
the three different cell lines. ***, p < 0.001 and ns is nonsignificant with n = 80, 75 and 34 for HEK293T, NIH3T3
and MCF10A respectively. Error bars are SEM.

to be found online with publication). This effect was consistent for all three cell lines,
even when a small aspiration pressure of 100 Pa was kept during retraction to make cer-
tain that this fast retraction was not caused by backflow in the chip (see Movie S37, to
be found online with publication). The effect was also not governed by the surface treat-
ment of the aspiration channels, as experiments performed on a chip that was not coated
with pluronic F-127 still resulted in an elastic fast retraction that took tens of seconds
(see Movie S41, to be found online with publication). We therefore investigated the ef-
fect of accounting for AP, through traditional micropipette measurements on HEK293T
spheroids (measuring both aspiration and retraction, see Appendix). We found that AP,
ranged between 50 and 150 Pa (when aspirating at 500 Pa), which changes parameter
values obtained by fitting aspiration curves by maximally 10-30 % (see Appendix Fig.
3.10 and Table 3.3). Additionally, we saw that the spheroids deformed differently in the
glass micropipettes in comparison to our device, displaying a lower elastic deformation
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6 and flow velocity Ly,. One possible explanation for the discrepancy between our de-
vice and traditional MPA is that the chip has square aspiration channels instead of round
capillaries, potentially influencing the creep of the tongue due to the different geometry
or due to wall friction (PDMS instead of glass). Moreover, the pockets on our chip have
rounded walls which the spheroids potentially push back on during relaxation, making
them move slightly backwards in the pocket during retraction. We conclude that creep
curves obtained with our microfluidic device slightly deviate from glass micropipette as-
piration measurements. However, our device has the unique benefit of providing mea-
surements at high throughput, thus allowing systematic comparisons between different
cell types. The creep curves obtained with our microfluidic device showed that the two
stiffer spheroid models made of NTH3T3 or MCF10A cells had alower initial elastic defor-
mation & and slower viscous flow L., than the more deformable HEK293T spheroids (Fig.
3.5B). The observed linear viscous response, where creep length does not reach a plateau
after the elastic elongation but keeps increasing over time, has also been observed in
previous aspiration studies on spheroids that used traditional glass micropipettes [14,
27]. Where in a liquid, viscosity arises from friction between the molecules, for these
spheroids the differences in viscous response potentially arise from differences in cell
adhesion and cortical strength between the three cell types [12]. All curves were fitted
with the modified Maxwell model to extract the relevant mechanical parameters. The
first term in Eq. (3.1) characterizes the elastic regime, with k; = 7R, E, while the sec-
ond term represents the flow at constant velocity L, for longer timescales, with ¢; =
3712an [14, 51]. As our microfluidic device, unlike traditional glass micropipettes, does
not present cylindrical constrictions, a correction for rectangular constrictions needs to
be implemented in regards to Ry, as previously done by Davidson et al [35, 52]. The
effective channel radius R, ¢y is now given by:

R 2 W H 3.3)
eff 3”(1+V—I§)2><f*'
with W and H being the width and height of the rectangular constriction and f* being a
function of the aspect ratio (H/W), given by Son [52]. For W and H values of 50 um, this
results in a corrected channel radius Re ¢y = 27 pm.
When fitting obtained creep data with Eq. (3.1), extracting fitting parameters 6 and
Loo and plugging in Eq. (3.2), the elastic modulus E is derived as:

R.¢rrAP
E= L’ (3.4)
0
and the viscosity n as:
1
= —RerrAP, 3.5
K 3nLoo eff (55

where we thus chose not to include AP, as our chip is not able to capture retraction
measurements.

The measured average elastic modulus and viscosity of the HEK293T cell spheroids
were the same for different applied pressures of 500 and 700 Pa (see Appendix Fig. 3.11).
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Cell line E (Pa) 71 (kPa s)
HEK293T 210 (£5) 12 (1) 80
NIH3T3 780 (x30) 67 (£3) 75
MCF10A 770 (x30) 67 (x5) 34

=

Table 3.1: Spheroid mechanical parameters for different cell lines, derived using the modified Maxwell model
and performing a least squares regression of the experimental creep curves

The two data sets were not statistically significant from each other, allowing us to con-
sider them as one population when comparing them with the other two spheroid mod-
els. For both NIH3T3 and MCF10A cell spheroids, the average elastic moduli were almost
four times as large in comparison to the softer HEK293T cell spheroids, but were not
significantly different from each other (Fig. 3.5C). Similarly, both models had a viscos-
ity almost six times larger than for HEK293T spheroids but again were not significantly
different from each other (Fig. 3.5D). Additionally, as all spheroids varied in size, we
investigated a possible relationship between spheroid size and their mechanical param-
eters. However, the derived elastic moduli and viscosities proved to be independent of
spheroid radius Ry (in the range of 60-125 um) for all three spheroid models (see Ap-
pendix Fig. 3.12).

The obtained values are consistent with values measured in previous studies (Ta-
ble 3.1). For HEK293T cell spheroids, we measured an average elastic modulus of ~210
Pa which agrees with parallel-plate compression on HEK293 cell spheroids measuring
a range of 200-400 Pa [53]. Our NIH3T3 spheroids had an average modulus of ~780 Pa,
which falls within the range of 500-3500 Pa measured with colloidal probe AFM [54].
However, the MCF10A spheroids displayed an average modulus of ~770 Pa which is just
below the range of 1250+320 Pa measured by squeezing MCF10A spheroids with mi-
crotweezers [20]. This discrepancy could be explained by the fact that this range was de-
termined for only 6 spheroids in the microtweezer study, or potentially squeezing might
induce different deformation behavior compared to aspiration. Additionally, the values
obtained with our device for HEK293T cell spheroids at 500 Pa differed from the values
obtained with traditional glass micropipette aspiration (see Appendix Table 3.3). Aspira-
tion with glass cylinder pipettes (at room temperature) resulted in an elastic modulus E
that was approximately two-thirds larger and a viscosity 7 that was three times as large in
comparison to the values measured with our microfluidic device (at 37 °C). Aside from
the possible influence of temperature, this distinction is due to differences in dissipa-
tion and the rate of rearrangement of cells at the entry of the squared as opposed to
cylindrical aspiration channels. Furthermore, we had to omit the critical pressure AP,
from our derivations, affecting the absolute values of E and n with an estimated 10-30%
based on our traditional MPA measurements on HEK293T cell spheroids. Nevertheless,
our results together with previous studies show that relative differences in the mechan-
ical properties of different cell types are much larger than the discrepancies that arise
between microfluidic and glass MPA or between different measuring techniques when
determining absolute values. Altogether, these results demonstrate that our device is
well capable to measure the viscoelastic behavior of multicellular spheroids and deter-
mine their mechanical properties in agreement with other experimental techniques.
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3.4. CONCLUSION AND OUTLOOK

We have developed a microfluidic chip that follows the principles of traditional micropipette

aspiration to quantify the viscoelastic response of cell spheroids in an efficient manner,
making it possible to make statistically meaningful comparisons between different ex-
perimental conditions. The chip performs viscoelastic creep measurements as soon as
spheroids fill up the 8 parallel aspiration pockets and block further fluid flow. The design
of the chip can in principle be adapted to obtain smaller or larger aspiration channels,
but this will influence the overall volumetric flow rate through the chip and thus the
ease of loading spheroids. Similarly, the number of pockets could be increased, though
this would make it more difficult to load them. With the current geometry, our chip is
able to obtain reproducible and accurate results and to detect differences upon small
changes in pressure. Our results are in agreement with values from previous studies
and demonstrate the high-throughput aspect of the chip in context of the much lower
output traditional glass micropipette aspiration: the chip is efficient and easy to use in
contrast to the cumbersome re-use of glass pipettes, and provides large amounts of data
in a smaller amount of time. Therefore, the microfluidic device presented here is a suit-
able technique to investigate the mechanics of a wide range of tissues, from embryonic
to tumor, to provide mechanistic insights in important physiological processes such as
tissue remodeling and cancer metastasis.
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APPENDIX
3.A. SUPPLEMENTARY INFORMATION

FITTING VISCOELASTIC RESPONSE TO DIFFERENT SPRING-AND-DASHPOT MODELS

We fitted four different spring-and-dashpot models to the viscoelastic response of spheroids

aspirated on our microfluidic chip, and compared them by their coefficient of determi-
nation (R?). We tested the Kelvin-Voigt model (K-V, spring and dashpot in parallel), y = A
x (1 - exp(B x 1)), the Standard Linear Solid model (SLS, a spring followed by a spring and
dashpot in parallel), y=A - Bx (1 - exp(C x t)), the Standard Linear Liquid model (SLL,
a dashpot followed by a spring and dashpot in parallel), y=Ax (1 - exp(Bx 1)) + Cxt,
and the modified Maxwell model (MM, a dashpot in series with a Kelvin-Voigt element,
consisting out of a spring in parallel with a spring and dashpot in series), y=Ax (1 - B
x exp(C x t)) + D x t. We calculated the coefficient of determination (R?) value for each
model and spheroid type using Python (see Table 3.2).

GLASS CAPILLARY MICROPIPETTE ASPIRATION

HEK?293T spheroids were aspirated using pipettes with a diameter of 65+5 pm, fabri-
cated by pulling borosilicate glass pipettes (Harvard Apparatus, 1 mm OD, 0.5 mm ID)
with a laser-based puller (Sutter Instruments Co Mode P-2000) and cutting them with a
quartz tile. Cell adhesion to the pipette walls was prevented by incubating the pipettes in
2 mg/mL PolyEthyleneGlycol-PolyLysine (PLL(20)-g(3.5]-PEG(2)/PEG(3.4)-Biotin(20%),
SuSos AG, Dubendorf, Switzerland) in MRB80 solution (80 mM piperazine-N,N’-bis(2-
ethanesulfonic acid) (Pipes), pH 6.8, 4 mM MgClI2, 1 mM EGTA [Sigmal]) for 30 minutes.
Spheroids were suspended in a CO,-equilibrated medium and kept in a custom-made
sample chamber. The chamber was constructed by adhering two microscope slides to
a custom-made aluminum spacer of 3 mm thickness using vacuum grease (Beckman
Coulter). The pipette was introduced into the chamber, aligned with a spheroid and an
aspiration pressure was attained by vertically displacing a water reservoir connected to
the pipette using a vertical translational stage (LTS300, Thorlabs). Spheroids were aspi-
rated using a pressure AP =5 cmH, O and visualized on an inverted microscope (Nikon
Eclipse TI) with a 10x air objective. After aspiration, the pressure gradient was removed
and the retraction of the tongue was recorded. The creep advancement of the tongue
was recorded with an ORCA Flash 4.0 digital camera using a 1 s interval for a total of 10
minutes, of which 5 minutes corresponded to aspiration and the next 5 minutes to re-
traction. Data was obtained for two independent experiments, which were performed
at room temperature. As the experimental set-up did not include a heating stage to
keep the experimental chambers at the physiological temperature of 37 °C, aspiration
of spheroids was only performed in the first hour after they came out of the incubator.

The critical pressure AP, to aspirate the spheroids was derived from

L&,

APC = AP*,
L% + L7,

(3.6)

where L2 and L’ are the aspiration and retraction flow rates respectively [14, 27].
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3.B. SUPPLEMENTARY FIGURES

Figure 3.6: Close-up of the microwell array with HEK293T cell spheroids after 3 days of culture. After deposit-
ing the cell suspension in the microwell array, cells divide over the wells and aggregate into spheroids to reach
a final size that depends on the culturing time, original cell number, and cell type. Here, cells are stained with
Calcein AM (AAT Bioquest) for visualization and confirmation of cell viability. The image is an overlay of a
brightfield image and a fluorescence image, cropped from an original image taken with an inverted fluores-
cence microscope (Zeiss Axio-Observer) using a 5x/NA 0.16 air objective. Scale bar 200 um.
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Figure 3.7: Alignment of PDMS slabs using alignment arrows in the design. (A-D) AutoCAD screenshots of the
full design that was printed on the silicon wafer using soft lithography. (A) First layer, which was printed to a
height of + 50 pm, with the design enframed with alignment arrows. For slab 1, the alignment arrows are writ-
ten by the laserwriter (UMLA, Heidelberg Instruments) as pillars, while for slab 2 an entire rectangular surface
is written except for empty wells complementary to the arrows of slab 1. Alignment crosses are written to fa-
cilitate the alignment of layer 2 with layer 1 in the next step of the writing process. (B) Final developed design,
where the second written layer is indicated in green. (C) Zoomed-in section of layer 1, clarifying the placement
of alignment arrows. (D) Zoomed-in section of layer 2 (with the middle part cut out) to demonstrate how the
right part of the wafer design is mirrored to the left part. This is necessary to create the correct final design,
as PDMS slab 2 is turned over when aligning it with PDMS slab 1. (E) Side view of the final developed design
on the silicon wafer, which is used for PDMS casting. Slab 1 contains arrow pillars and slab 2 complementary
arrow wells (both indicated in red) to facilitate alignment before bonding the two slabs in order to create the
final device.




76 3. MECHANOPHENOTYPING OF SPHEROIDS USING A MICROFLUIDIC CHIP
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Figure 3.8: Pressure distribution across aspiration channel for a microfluidic device that is misaligned 20 pm
along both the x- and y-axis. A 3D numerical COMSOL simulation of the pressure distribution assuming the
device is connected to a 60 cm long straight rectangular channel mimicking the outlet tube. A pressure gradient
of 700 Pa is simulated for the condition that all pockets but one are clogged by spheroids. The misalignment
has negligible effects on the pressure drop across the aspiration channel in comparison to a perfectly aligned
chip (Fig. 3.3A).
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Figure 3.9: Comparison between fits of different spring-and-dashpot models to the viscoelastic creep response
of cell spheroids. Measured viscoelastic creep responses over time (solid circles) fitted to four different spring-
and-dashpot models (represented by dashed lines), explained in the Supplementary Information, for (A) an
HEK293T spheroid aspirated at 500 Pa and one at 700 Pa, (B) an NIH3T3 spheroid aspirated at 1500 Pa, and (C)
an MCF10A spheroid aspirated at 1500 Pa. The Kelvin-Voigt (K-V) and Standard Linear Solid (SLS) models do
not result in a viscous linear increase with time and are thus not suitable to fit the viscoelastic creep behaviour
of spheroids. The Standard Linear Liquid model (SLL) is not able to account for the initial jump in L(#), unlike
the modified Maxwell model (MM) due to its additional spring in the Kelvin-Voigt element. Accordingly, the
RZ2-values are the largest for the MM-model (see Appendix Table 3.2.)
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Figure 3.10: Glass micropipette aspiration experiment. (A) Brightfield images of the micropipette aspiration
of an HEK293T cell spheroid using a glass micropipette with a radius Ry = 32.5 pm. Left and middle panels:
images taken during aspiration at a hydrostatic underpressure of AP = 500 Pa, at the beginning of the exper-
iment at £4 = 0 s (left) and after 4 = 2 minutes (middle). Right image: After 5 minutes, the pressure gradient
is removed and the retraction is measured, here shown after fz = 2 minutes (right). Scale bar 100 um. (B)
Creep curve (yellow) of the aspiration of the tongue over time, and (C) creep curve (yellow) for the retraction
of the tongue, both fitted with the Modified Maxwell model (black dashed lines). (D) Comparison plot of the
aspiration creep curves of two HEK293T cell spheroids aspirated at AP = 500 Pa, one using our microfluidic
device (circles) and one using the traditional glass micropipette (triangles), together with fits to the MM model
(dashed lines).
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Figure 3.11: Pressure independence of elastic modulus E and viscosity 7. (A) Histograms comparing (A) the
average elastic modulus E and (B) the average viscosity 7 for HEK293T cell spheroids aspirated with the mi-
crofluidic chip at different pressures (500 Pa and 700 Pa), demonstrating how the two populations are not
statistically different from each other when aspirated at different pressures. ns is nonsignificant with n = 56
and 24 for 500 Pa and 700 Pa respectively. Error bars are SEM.
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Figure 3.12: Spheroid size independence of elastic modulus E and viscosity 7. Scatter plots of (A) the elastic
moduli and (B) viscosities for HEK293T cell spheroids (n = 80, top-left), NIH3T3 cell spheroids (n = 75, top-
right) and MCF10A cell spheroids (n = 34, bottom-middle), plotted against the spheroid radius Ry (measured
with Image]). All plots are fitted to determine a potential linear relationship (black dashed line), ns is non-

significant.



3.C. SUPPLEMENTARY TABLE 81

3.C. SUPPLEMENTARY TABLE

Coefficient of determination (R?)

Model HEK293T HEK293T NIH3T3 MCF10A
(500 Pa) (700 Pa) (1500Pa) (1500 Pa)
Kelvin-Voigt (K-V) 0.18816 0.31271 0.47405 0.58170

Standard Linear Solid (SLS) 0.98363 0.98549 0.96446 0.97898
Standard Linear Liquid (SLL) 0.65010 0.77660 0.84653 0.88069
Modified Maxwell (MM) 0.99640 0.99692 0.98872 0.99505

Table 3.2: Values of the coefficient of determination (R?) calculated for each model fitted to the viscoelastic
creep response of an HEK293T cell spheroid aspirated at 500 Pa and one at 700 Pa, and an NIH3T3 cell spheroid
and MCF10A cell spheroid aspirated at 1500 Pa.

Nr. Ry (um) Eap-ap. Pa) nap-ap. (kPas) Eap (Pa) nap (kPas) AP, (Pa)

1 92 317 30 383 36 86
2 76 237 21 345 31 156
3 99 328 22 419 28 109
4 101 276 18 319 21 68
5 84 281 23 364 30 113
6 87 270 26 374 37 138

Table 3.3: Mechanical characteristics of HEK293T spheroids with different radii Ry measured by glass mi-
cropipette aspiration. The elastic modulus E and viscosity 1 were derived from creep curves fitted to the
Modified Maxwell (MM) model, either using just the applied aspiration pressure AP or taking the aspiration
pressure corrected for the critical pressure AP (from Eq. (3.6) in the Appendix, AP — AP,.

3.D. SUPPLEMENTARY MOVIES

Movie 1: Microfluidic multi-channel aspiration experiment to determine spheroid
mechanics. A brightfield video of HEK293T spheroids being aspirated into the aspira-
tion channels under an applied hydrostatic pressure of AP = 700 Pa for a total duration
of 5 minutes. Scale bar is 200 pm.

Movie 2: NIH3T3 cell spheroids move out of pockets during retraction measurement.
A brightfield video of NIH3T3 spheroids being aspirated under a hydrostatic pressure
of AP = 1500 Pa for the first 10 minutes, after which the pressure gradient is removed
and spheroid tongues start retracting. The tongues retract within seconds, making it im-
possible to record a retraction curve and extract a retraction rate L’ to derive a critical
pressure AP,.. Scale bar is 200 pum.

Movie 3: MCF10A cell spheroid retraction with remaining small aspiration pressure
of 100 Pa. A brightfield video of an MCF10A spheroid being aspirated under a hydro-
static pressure of AP = 1500 Pa for the first 10 minutes, after which the pressure gradient
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is reduced to a small remaining aspiration pressure of 100 Pa and the spheroid tongue
starts retracting. The tongue again retracts rapidly, within seconds, thereby ruling out
the probability that this fast retraction is caused by a backflow. Scale bar is 50 pm.

Movie 4: MCF10A cell spheroid retraction in chip without pluronic coating. A bright-
field video of an MCF10A spheroid in a chip that was not coated with pluronic F-127
solution, being aspirated under a hydrostatic pressure of AP = 1500 Pa for the first 10
minutes after which the pressure gradient is removed and the spheroid tongue starts re-
tracting. The tongue again rapidly retracts, within seconds, thereby demonstrating that
this fast retraction is probably not governed by the surface treatment of the aspiration
channels. Scale bar is 50 um.
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CELL SPHEROID VISCOELASTICITY
IS DEFORMATION-DEPENDENT

Ifyou've made up your mind to test a theory, or you want to explain some idea,
you should always decide to publish it whichever way it comes out.

Richard P. Feynman

Tissue surface tension influences cell sorting and tissue fusion. Earlier mechanical stud-
ies suggest that multicellular spheroids actively reinforce their surface tension with ap-
plied force. Here we study this open question through high-throughput microfluidic mi-
cropipette aspiration measurements on cell spheroids to identify the role of force duration
and cell contractility. We find that larger spheroid deformations lead to faster cellular
retraction once the pressure is released, regardless of the applied force and cellular con-
tractility. These new insights demonstrate that spheroid viscoelasticity is deformation-
dependent and challenge whether surface tension truly reinforces.

A preprint of this chapter is available in arXiv [1].
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4.1. INTRODUCTION

The physical response of multicellular tissues to an applied stress is critical in the regula-
tion of various physiological processes, such as embryonic morphogenesis [2, 3], wound
healing [4], cell differentiation [5], and cancer metastasis [6, 7]. While the mechanical
response of single cells depends on their cytoskeleton, plasma membrane and nuclear
stiffness [8, 9], overall tissue mechanics is additionally dependent on intercellular ad-
hesions and the extracellular environment [10-12]. When tissues form and merge, their
resulting morphology is defined by this mechanical interplay between cells across mul-
tiple length scales, called tissue fluidity [13-15].

To examine the relation between cellular mechanics and tissue fluidity, dissociated
cells can be manipulated into a spherical assembly, termed spheroid, by letting them
sediment and aggregate in a confined space. Spheroids have become a popular in vitro
model as they recreate both the multicellularity and three-dimensional (3D) microenvi-
ronment of in vivo tissues [16, 17]. They round up over time to minimize surface energy,
similar to liquid droplets [18]. Previous studies have determined the apparent spheroid
surface tension y, which has been related to tissue spreading [19] and cell sorting [20].
Here, the magnitude of y and the related cellular arrangement depend on the interplay
between the intercellular adhesion and cortical tension of the cells [21-23].

A conventional biophysical tool to measure y is micropipette aspiration (MPA), where
the spheroid is partly aspirated into a micron-sized pipette under a constant stress and
the advancing creep length L(¢) of the spheroid protrusion is monitored over time [24].
Aspirated spheroids behave like a viscoelastic liquid, first displaying an elastic response
followed by an apparently linear viscous response. The constant creep rate Ly, of the
linear viscous response during both aspiration and relaxation of the spheroid (once the
aspiration pressure is released) is used to calculate the spheroid surface tension y [24,
25]. Intriguingly, y was shown to depend on the applied aspiration pressure AP, suggest-
ing a reinforcement of y through an active response of the cells to the mechanical force
[24]. However, no dependency of y on the applied force was observed in parallel-plate
uniaxial compression experiments [18, 20]. This raises the question whether cells ac-
tively reinforce their surface tension with the applied force or if the current understand-
ing of viscoelastic spheroid aspiration data is insufficient. In this chapter, we address
this question by studying how the duration that cells are exposed to different aspiration
forces, alongside differences in cell mechanics, affect the tissue surface tension and its
possible reinforcement.

4.2. RESULTS AND DISCUSSION

We have developed a microfluidic micropipette aspiration device that allows for a higher
throughput than the conventional glass micropipette technique [26]. Where the tradi-
tional technique only aspirates one spheroid at a time, our device can aspirate up to
eight spheroids simultaneously [Fig. 4.1(a)]. By flowing spheroids into individual paral-
lel aspiration pockets that are aligned with squared constriction channels of 50x50 um?
(mimicking micropipettes), parallel creep tests can be applied by lowering a water reser-
voir attached to the outlet of the device [Materials and methods, and Supplementary Fig.
4.5]. First, a spheroid aspiration measurement is conducted, where the creep length L(#)
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Figure 4.1: Viscoelastic deformation of NIH3T3 spheroids. (a) Brightfield images of 8 NIH3T3 spheroids aspi-
rated at 0 min (I), 10 min (II) and 30 min (III), with an overview of the microfluidic chip (top, scale bar 200 pm),
and a single spheroid close-up (bottom, scale bar 50 um). (b) The creep length L(t), for the spheroid shown in
(a, bottom), aspirated at 1200 Pa and left to retract at 200 Pa. The data (orange dots) is fitted with the Modified
Maxwell model (black dashed lines), and the derived viscous creep rate values are added to the plot.

increases over time. Next, the pressure is released, thus starting a stress relaxation test,
where the protrusion retracts over time.

By fitting the creep data with a modified Maxwell model [[24] and Materials and
methods], the fast elastic deformation 6 at short times and viscous flow with constant
velocity Lo, at long times can be defined for both the aspiration and retraction curves.
Assuming volume conservation of the non-aspirated part of the spheroid, the aspiration
force for a cylindrical pipette is given by f = JIR’% (AP - AP.), with R, the radius of the
pipette and AP, the critical pressure above which aspiration occurs [24]. Assuming that
the viscosity 1 of the spheroid remains unchanged during the aspiration and retraction
phase, the critical pressure is deduced from AP, = APL?_/ (L. + L%), where L’ and L%
are the retraction and aspiration flow rates, respectively [for full derivation see Materials
and methods]. By applying the Laplace law, the spheroid surface tension is derived from
the critical pressure via AP, = Zy(Rip - %), with R being the spheroid radius, which can be
approximated by the initial radius Ry, as R, << Ry. Following previous work by Davidson
etal. [27, 28], the effective channel radius R,y for our squared 50x50 um? channel is 27
pm [for derivation see Materials and methods].

Homogeneous spheroids of NIH3T3 fibroblast cells and human embryonic kidney
(HEK293T) cells were formed using the Sphericalplate 5D (Kugelmeiers) and ranged be-
tween 65 and 125 um in radius through all experiments [Material and methods, and Sup-
plementary Fig. 4.6]. All details on the microfluidic device can be found in our previous
study [26] and the Materials and methods. Only spheroids with a constant volume dur-
ing aspiration were analyzed. During the stress relaxation test, bringing AP entirely back
to zero often made spheroids move out of the pockets, preventing the monitoring of the
protrusion retraction. This was likely due to the presence of a minor backflow in the
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microfluidic device, as manually bringing back the outlet reservoir to the exact same
starting height proved to be difficult. To circumvent this, all retraction measurements
were performed by leaving a minor pressure that still allowed for the protrusion to re-
tract while keeping it in the constriction channel. This led to a small readjustment in the
derivation of AP. and y [Materials and methods].

First, creep aspiration tests were performed on NIH3T3 spheroids for 30 minutes
(min), long enough for the protrusions to have entered the linear viscous regime (as the
creep rate did not change anymore after 10 min). Next, stress relaxation tests were cap-
tured for an identical 30 min [Fig. 4.1(b)]. We found that the derived viscous retraction
flow velocity L’ was strongly influenced by the duration of retraction [Supplementary
Fig. 4.7]. Even after a 2 hour-long retraction measurement, L;’,o still decreased over time
as the creep curve plateaued [Supplementary Fig. 4.8]. Interestingly, in traditional MPA
studies on murine sarcoma (S180) cell spheroids, where no remaining pressure was left
during retraction, the flow velocity did appear to be linear over time [24, 25]. We hypoth-
esize that the minor pressure left in our retraction measurements induced the plateau,
which would mean that here retraction is not governed by one constant critical pressure
AP,. Instead, the spheroid protrusion first retracts with a large AP upon release of the
aspiration pressure, after which the creep curve plateaus due to the remaining pressure
counteracting the spheroid now retracting with a smaller AP.. To eliminate active con-
traction during spheroid retraction, we treated the NIH3T3 spheroids with the myosin
II inhibitor Blebbistatin and monitored their retraction at 200 Pa. Now, the spheroids
first displayed a minor elastic retraction after which they started aspirating again [Ma-
terials and methods, and Supplementary Fig. 4.9]. This demonstrates how for these
measurements retraction can not be governed by a constant AP, as retraction changed
into aspiration over time. We therefore hypothesize that spheroid retraction is deter-
mined by an interplay between retractile cellular elastic properties and the viscous flow
of the spheroid tongue as a cellular collective, each having their own critical pressure
governing retraction.

To test whether we observe a reinforcement in y for increasing AP as reported in
Ref. [24], measurements with NIH3T3 spheroids were conducted using two slightly dif-
fering aspiration pressures (1000 Pa and 1200 Pa) and a large pressure of 2000 Pa, now
for only 10 min of aspiration followed by 10 min of retraction at 200 Pa as spheroid vol-
umes were not conserved for aspiration times beyond 10 min. At 1000 and 1200 Pa, we
observed pulsed contractions or "shivering" in ca. 50% of the aspiration curves [exam-
ples in Supplementary Fig. 4.10], resembling observations reported with glass MPA [29].
This shivering effect did not occur at the large pressure of 2000 Pa, where the protrusion
flowed smoothly in the constriction. Despite the shivering, aspiration curves could still
be fitted with the modified Maxwell model and retraction curves were comparable for
spheroids that did or did not shiver during aspiration [Supplementary Table 4.1]. The
small influence of shivering on LZ did not significantly influence L’ nor y for different
conditions, so we included these data. For the three different aspiration pressures, we
indeed observed an apparent force-dependent y, where the derived surface tension in-
creased for larger AP [Fig. 4.2(a)]. Accordingly, the stress relaxation curves demonstrated
an increase in retraction flow velocity L'go for larger AP [Fig. 4.2(b)], formerly also ob-
served in glass MPA measurements [24]. Previously, this was interpreted as the spheroid
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Figure 4.2: Tissue relaxation behavior is deformation-dependent. (a-c) Histograms comparing NIH3T3
spheroids aspirated at 1000 Pa (30 min aspiration, 30 min retraction, n = 48), 1200 Pa (30 min aspiration, 30
min retraction, n = 57), and at 2000 Pa (10 min aspiration, 10 min retraction, n = 35). Retraction was performed
at 200 Pa. (a) 7, (b) LS, and (c) Linqax are compared. For (b), the two green bars on the right of the dotted line
depict the derived L., when only fitting the first 10 min of retraction. (d) L., plotted versus Ly, x for NIH3T3
spheroids aspirated at 1200 Pa (30 min aspiration, 30 min retraction). **, p < 0.01, ***, p < 0.001 and ns is non-
significant. Error bars are SEM.
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protrusion actively mechanosensing the magnitude of the aspiration force, causing it to
reinforce and retract faster. However, for our measurements L’ depends on the time
frame during which the relaxation is investigated. Intriguingly, when fitting only the first
10 min of retraction for the measurement at 1000 Pa, we find that the average Lgo at
1000 and 2000 Pa is the same [Fig. 4.2(b), right-side]. While the total deformation length
Lp,qx of the spheroid protrusion at the end of aspiration is understandably larger when
aspirating at larger pressures, we find that the same average length has been reached
when aspirating for 30 min at 1000 Pa or 10 min at 2000 Pa, indicating a deformation-
dependency for retraction [Fig. 4.2(c)]. Indeed, we find that L;’,o is linearly dependent on
Linax, where the further the protrusion has reached after aspiration, the faster it retracts
when comparing identical time frames [Fig. 4.2(d), Supplementary Fig. 4.11 (1000 Pa
and 2000 Pa)]. In addition, a larger aspiration flow velocity LZ results in a larger L;;
and thus larger L7 [Supplementary Fig. 4.12]. While these trends were observed at 1000
and 1200 Pa, they were not significant for the measurements at 2000 Pa, likely because of
the larger standard deviation in L, at the shorter timescale, alongside the smaller range
in Ly, and the smaller number of data points. Altogether, these measurements show
that L and the derived y do not solely depend on either the applied force or time frame
but directly relate to the product of both, being the resulting length of deformation L, 4.

What cellular properties govern retraction flow velocity and its deformation-
dependency is unclear. We therefore sought to investigate the influence of cell contrac-
tility on the retraction flow and spheroid viscoelasticity. Alpha-smooth muscle actin (a-
SMA), the mesenchymal marker and cytoskeletal protein that is incorporated into stress
fibers of fibroblasts, upregulates their contractile activity and ability to remodel tissues
[30-32]. We found that increasing the NIH3T3 cell seeding density during fabrication
strongly influenced the o-SMA concentration in our spheroids [Fig. 4.3(a-b)]. West-
ern blots analysis showed that doubling the cell seeding density from 1.5x10° (used in
Fig. 4.2) to 3x10° cells increased the average protein concentration of a-SMA by a fac-
tor of 6 [Supplementary Fig. 4.13]. We hypothesize that cells differentiated at higher
density, similar to fibroblasts increasing their a-SMA concentration in response to the
cytokine TGF-31 when seeded at a larger cell density in 2D [33]. Identical to the previous
spheroids, we aspirated the 3x10° cell spheroids at 1200 Pa for 30 min and then let them
retract at 200 Pa for 30 min. Our results showed that y did not change, despite the larger
concentration of a-SMA [Fig. 4.3(c)]. This was unexpected, as the 3x106 cell spheroids re-
tracted slower [Fig. 4.3(d)]. Additionally, they had a significantly lower aspiration rate L%
and reached less far in the constrictions, demonstrating a smaller deformability [Supple-
mentary Fig. 4.14]. From this, we calculate that the 3x10° cell spheroids have a higher
average viscosity of = 150 + 9 kPa.s in comparison to the 1.5x10° cell spheroids with
1 = 68 * 3 kPa.s [details in Materials and methods], explaining their different deforma-
bility at the same y. In contrast, previous measurements with parallel-plate tensiometry
on spheroids composed of different cell lines showed a linear correlation between bulk
viscosity and surface tension [34]. However, our findings on a time-dependent retrac-
tion raise the question whether the viscosity and/or AP, remain constant during MPA
retraction. If this assumption would prove to be incorrect, disentangling 17 and y when
interpreting the measured L% and L’ becomes very difficult, as we are left with two
separate responses (aspiration and retraction) each with two unknown variables.
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Figure 4.3: A larger concentration of o-SMA does not influence derived tissue surface tension. (a-b)
Max intensity confocal fluorescent images of nuclei (cyan) and «-SMA (green) in NIH3T3 spheroids seeded
with (a) 1.5x108 cells/well and (b) 3x10° cells/well. (c-d) Histograms comparing NIH3T3 spheroids aspirated
at 1200 Pa at a seeding density of 1.5x10° cells (30 min aspiration, 30 min retraction, n = 57) and a seeding
density of 3x10° cells (30 min aspiration, 30 min retraction, n = 19). Retraction was performed at 200 Pa. (c) y
and (d) L., are compared. ***, p < 0.001 and ns is nonsignificant. Error bars in histograms are SEM.

To untangle n and AP;, we aspirated spheroids without the influence of AP, us-
ing human embryonic kidney (HEK293T) cell spheroids with a very low surface tension
[Fig. 4.4(a)]. In order to keep spheroid volume constant, we aspirated the HEK293T
cell spheroids for 5 min at 200 Pa and 500 Pa. We then monitored retraction for 5 min
at a remaining minor pressure of 50 Pa. After 200 Pa aspiration, spheroid tongues re-
tracted elastically and then started aspirating again, indicating that their AP, was indeed
minimal (below 50 Pa) [Supplementary Fig. 4.15]. Upon 500 Pa aspiration, spheroid
tongues deformed further into the constrictions [Fig. 4.4(b)] and now displayed a lin-
ear viscous retraction over time, resulting in an average y = 1.9 + 0.1 mN/m, consis-
tent with a deformation-dependent retraction. Importantly, at these low pressures we
find a pressure-dependent viscosity [Fig. 4.4(c)]. This contrasts with our NIH3T3 mea-
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Figure 4.4: For soft HEK293T cell spheroids, viscosity is pressure-dependent. (a) Brightfield image of a
HEK293T cell spheroid after 5 min of aspiration at 200 Pa. Scale bar 50 ym. (b-c) Histograms comparing
HEK293T spheroids aspirated at 200 Pa (5 min aspiration, 5 min retraction, n = 54) and at 500 Pa (5 min aspi-
ration, 5 min retraction, n = 43). Retraction was performed at 50 Pa. (b) L;;4x and (c) 7 are compared. ***, p <
0.001. Error bars are SEM.

surements, where the viscosity was pressure-independent [Supplementary Fig. 4.16(a)],
similar to the previous study by Guevorkian et al. with S180 cell spheroids [24]. In our
own previous study with a slightly different microfluidic design (aspiration pockets were
rounded instead of rectangular) [26], we aspirated HEK293T spheroids at 500 and 700
Pa and also showed their viscosity to be pressure-independent. We believe that the dis-
crepancy with our new data can be explained by the smaller pressure range (factor 1.4,
compared to a factor 2.5 in the current work) and the larger standard deviation in L%
for our previous microfluidic device. Our new measurements clearly display a signifi-
cant increase in 17 when raising the pressure, from n = 4.0 + 0.1 kPa.s at 200 Pa to ) =
6.7 = 0.2 kPa.s at 500 Pa [Fig. 4.4(c)]. For 200 Pa, we calculated n by assuming AP, =
0 Pa, thus giving an upper bound for 1. For 500 Pa, we calculated 7 via our derived AP,
from L2 and L’ . Interestingly, the proportional change in the initial elastic deformation
84 during aspiration was larger than the change in L2 between the two pressures [Sup-
plementary Fig. 4.17], suggesting that the increase in force differently affects the elastic
deformation and the viscous flow of cells. Moreover, we do find a pressure-dependent
for our NIH3T3 spheroid measurements when we reanalyze the data, neglecting the in-
crease in L’ and using that AP, is the same at 1000 Pa and 1200 Pa [Supplementary Fig.
4.16(a)]. Similar to the HEK293T measurements, the increase in force induces a larger
proportional change in §,, than for L% [Supplementary Fig. 4.16(b-c)]. This implies that
another possible framework exists besides tissue reinforcement, in which not surface
tension but spheroid viscosity is pressure-dependent for MPA measurements. In that
case, either n or AP, is different between aspiration and retraction, as the flow velocity
is deformation-dependent during retraction.

In this study, we have measured a force-dependent spheroid surface tension y cou-
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pled to an increased viscous flow rate L’ at larger deformations. The reinforcement of
Y has previously been explained by an active response of cells to mechanical forces, in-
volving cytoskeletal remodeling potentially due to stress fiber polymerization by myosin
II motors, stretch-activated membrane channels or the clustering of cadherins [24, 35—
40]. Next to this, spheroid surface tension has also previously been coupled to the size of
spheroids [25], where spheroids in the size range of 160-360 um in diameter displayed a
smaller y as the size increased. Unfortunately, the size range that our microfluidic device
can aspirate was too small to reproduce this effect [Supplementary Fig. 4.18]. However,
our results have generated new insights in the viscoelastic behavior of spheroids during
MPA and the interpretation of y thanks to the large amount of data we could obtain by
high-throughput microfluidic aspiration. We therefore propose a different framework
than tissue reinforcement to interpret viscoelastic spheroid MPA data, in which L7 is
governed by the total deformation Ly, making n and/or AP, different between aspira-
tion and retraction.

4.3. CONCLUSION

How to distinguish tissue surface tension and viscosity from each other during aspiration
measurements, and how to identify whether y, 1 or both are pressure-dependent during
MPA remains an open question. Previous studies have shown how the liquid-like prop-
erties of cellular tissues are determined by tissue flow via cells rearranging and slipping
past each other [14, 15, 41-44]. In an experiment with mCherry-transfected NIH3T3 cells
and a microfluidic device modified to allow detailed imaging in the constriction chan-
nel, we did not observe cells slipping past each other, demonstrating that the viscous
flow was unlikely to be governed by cell rearrangements [see Supplementary Movies 1
and 2, and Materials and methods for the device modifications]. We hypothesize that
the deformation-dependent viscoelasticity can be explained by the number of individ-
ual cells that have been aspirated into the constriction channel. If each cell has its own
relaxation rate, then a spheroid protrusion with more cells in series will have a larger L7,
being the sum of all these individual cellular retraction rates. Yet, how the tissues’ effec-
tive viscosity is precisely governed at the cellular level, and how different cytoskeletal
elastic and viscous components work over different timescales to govern AP, remains
to be examined. Overall, we show that spheroid viscoelastic behavior is pressure- and
deformation-dependent for MPA, challenging the assumption that both n and AP, are
identical during aspiration and retraction.

4.4, MATERIALS AND METHODS

4.4.1. CELL CULTURE

NIH3T3 embryonic mouse fibroblasts (ATCC CRL-1658) were kept in Dulbecco’s Mod-
ified Eagle Medium (DMEM, Gibco) containing 4.5 g L} glucose, L-glutamine, with-
out sodium pyruvate, and supplemented with 10% Newborn Calf Serum (NCS, Gibco)
and 1% antibiotic—antimycotic solution (Sigma-Aldrich). Transfected LifeAct-GFP_NLS
mCherry NIH3T3 cells, used for the Supplementary videos, were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM, Thermo Fisher Scientific), supplemented with 10%
Fetal Bovine Serum (FBS, Thermo Fisher Scientific), 1% penicillin/streptomycin (Pen/
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Strep, Thermo Fisher Scientific), and 1 ug/ml of Puromycin (Thermo Fisher Scientific).

Human embryonic kidney 293T (HEK293T, ACC 635) cells were kept in DMEM/F12
with GlutaMAX (Gibco), supplemented with 10% Fetal Bovine Serum (FBS, Sigma) and
1% penicillin-streptomycin solution (Gibco).

All cells were incubated at 37 °C with 5% CO,, in TC T-25 or T-75 flasks (Sarstedt), and
subcultured at least twice a week, until a maximum passage number of 30. Cells were
periodically checked for mycoplasm.

4.4.2. CELL TRANSFECTION WITH NLS-MCHERRY AND LIFEACT-GFP FOR
SUPPLEMENTARY VIDEOS

The pCDNA_Lifeact-GFP_NLS-mCherry was a gift from Olivier Pertz (Addgene plasmid
#69058). From this vector, a Smal-EcoRV fragment containing the NLS-mCHERRY ORF
was cloned in the Hpal site of the pLV-CMV-IRES-PURO vector. Next, the EF1a promoter,
from pcDEF3, was cloned in the BstZ171 site of pLvV-PURO-NLS-mCHERRY. Finally, the
Ndel-HinclI fragment, containing LifeAct-GFP (from pCDNA_Lifeact-GFP_NLS-mCherry),
was cloned in the Ndel-EcoRV sites.

Lentiviruses were produced by co-transfecting cDNA expression plasmids with helper
plasmids pCMV-VSVG, pMDLg-RRE (gag/pol), and pRSV-REV into HEK293T cells using
polyethyleneimine (PEI). Cell supernatants were harvested 48 hours after transfection
and stored at -80 °C. NIH3T3 cells were labelled by infecting for 24 hours with LifeAct-
GFP_NLS mCherry expressing lentiviral supernatants diluted 1:1 with cell culture medium
and 5 ng/ml of polybrene (Sigma-Aldrich). Forty-eight hours after infection, cells were
placed under Puromycin (Thermo Fisher Scientific) selection. Cells were cultured with 1
pg/ml of Puromycin to obtain a stable fluorescent cell line and maintain selection pres-
sure.

4.4.3. SPHEROID PREPARATION

Spheroids were fabricated using the Sphericalplate 5D (Kugelmeiers), a 24-well cell cul-
ture plate with 12 functional wells each containing 750 microwells. Depending on the de-
sired NIH3T3 cell spheroid size, cell suspensions with concentrations ranging between
1.5-3 x 10° cells, determined with a TC20TM automated cell counter (Bio-Rad), were ob-
tained through trypsinization with 0.25% trypsin-EDTA (Gibco), and subsequently de-
posited in a functional well to form spheroids. For HEK293T cell spheroids, a total of
0.75x 10° cells was seeded in the well. All cells were deposited in a total final volume of 2
mL of corresponding cell media. After deposition, cells sediment in the microwells due
to gravity and aggregate into spheroids. The resulting spheroid dimensions depended
on the initial cell concentration, which was observed both by eye and from images taken
right before running the MPA experiments. All cell spheroids were cultured in the wells
for 2 days before aspiration experiments, and the media was refreshed every day. On
the day of the experiment, a spheroid suspension was generated by gently washing the
spheroids out of the microwells using the culture media already present in the well, and
finally taking out 1 mL of this same media with suspended spheroids.
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4.4.4. IMMUNOCYTOCHEMISTRY

Bovine type I collagen 2.4 mg/mL (reported purity = 99.9%, Advanced Biomatrix) was
prepared for 3D hydrogels as described in the protocol provided by Advanced Biomatrix.
The collagen gel was polymerized in p-Slide 8 well chambers (ibidi) for 45 minutes at
37 °C. NIH3T3 spheroids were pipetted on top of the collagen gels and incubated for 30
minutes at 37 °C and 5% CO,, to ensure attachment. Medium was removed from the
wells and the spheroids were fixated with 4% formaldehyde (Thermo Fisher Scientific)
in phosphate buffered saline (PBS, Sigma-Aldrich) for 10 minutes. After fixation, the
spheroids were washed three times with PBS and permeabilized with 0.5% Triton-x 100
(Sigma-Aldrich) in PBS for 3 minutes. Spheroids were blocked overnight in 3% bovine
serum albumin (BSA, Sigma Aldrich) in PBS with 0.1% Tween 20 (PBST, Sigma-Aldrich) at
4 °C. The next day, spheroids were incubated overnight with mouse anti-alpha-smooth
muscle actin 1:500 (A257, Sigma-Aldrich) in 1.5% BSA/PBST at 4 °C. After incubation,
spheroids were washed three times with PBST and incubated with goat anti-mouse 568
(al105, Thermo Fisher Scientific) 1:1000 and Hoechst 33342 (Thermo Fisher Scientific)
1:1000 in PBST for 4 hours at room temperature. After secondary incubation, spheroids
were washed three times with PBST. The spheroids were imaged on a Stellaris 8 confocal
microscope (Leica), equipped with a supercontinuum white light laser, 405 nm laser and
three hybrid detectors. Imaging was performed with the 405 nm laser, a 568 nm laser line
and a 20x/0.75 air objective. For both seeding conditions of 1.5 and 3 million cells, three
biological replicates were made that were all used for two technical replicates, resulting
in n = 6 for each condition.

4.4.5. WESTERN BLOTTING

Spheroids were transferred to Eppendorf tubes and lysed in cold radioimmunoprecip-
itation buffer (RIPA, Thermo Fisher Scientific). Lysed samples were agitated at 4 °C
for 3 hours, sonicated with a bath sonicator (Branson 2510 Ultrasonic Cleaner, Mar-
shall Scientific) for 30 seconds and stored at -20 °C. Laemmli buffer (Bio-Rad) and 4%
beta-mercaptoethanol (Sigma) were added to the lysed samples and heated at 95 °C
for 5 minutes. SDS-PAGE was performed with Mini-PROTEAN TGX gels (Bio-Rad) us-
ing 120V for 80 minutes. Western Blot was executed with a Trans-Blot Turbo Transfer
System (Bio-Rad) and Trans-Blot Turbo Mini 0.2 pm PVDF Transfer Packs (Bio-Rad) and
membranes were blocked in 5% Bovine Serum Albumin (BSA, Thermo Fisher Scientific)
in PBS overnight. Membranes were stained with primary antibodies: mouse anti-alpha
smooth muscle actin (#A257, Sigma-Aldrich) 1:500 and rabbit anti-GAPDH (#CST2118S,
Bioke) 1:1000 in 5% BSA overnight on a shaker at 4 °C. Membranes were washed thrice
with 0.1% Tween (Sigma-Aldrich) in PSB (PSBT) on a shaker, and incubated for 3 hours
with secondary antibodies: rabbit anti-mouse HRP (#ab97051, Abcam) 1:5000 and goat
anti-rabbit HRP (#ab6728, Abcam) 1:5000 in PBST. Afterwards, membranes were washed
thrice with PBST and imaged with an enhanced luminol-based chemiluminescent sub-
strate kit (Thermo Fisher Scientific) on a gel imager (Bio-Rad). For each seeding condi-
tion (1.5 and 3 million cells), two biological replicates were made (n = 2). Signal inten-
sities of o-SMA and GAPDH bands were measured in Image]J with three regions of inter-
est (ROIs), each subtracted from different background spots in the corresponding lane,
resulting in six datapoints for each condition [45]. To compare relative a-SMA protein
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levels between cells, a-SMA band intensities were normalized to corresponding GAPDH
band intensities.

4.4.6. BLEBBISTATIN TREATMENT

Myosin Il inhibitor (-) Blebbistatin (Abcam) was dissolved in dimethyl sulfoxide (DMSO)
at a stock concentration of 5 mM. Spheroids were incubated in a dilution concentration
of 10 uM for at least 3 hours before experiments.

4.4.7. FABRICATION OF MICROFLUIDIC ASPIRATION DEVICE

The microfluidic micropipette aspiration chip used in this study is an updated version
of the chip introduced in our previous study [26]. In contrast to the previous design with
round spheroid aspiration pockets, the pockets in this study were squares to minimize
the contact area between the spheroids and the walls of the pockets [Supplementary Fig.
4.5(a)]. The updated design is available at:
https://github.com/RubenBoot/HighThroughput_Spheroid_MPA. The multi-layered de
sign contains features with different heights, which were created in two separate pho-
tolithography steps using a UMLA laserwriter (Heidelberg Instruments). The final chip
was designed as a combination of two slabs of crosslinked polydimethylsiloxane (PDMS)
(Sylgard 184, Dow Corning); one slab containing the aspiration channels of 50 um in
height plus the top half of the aspiration pockets, and the other slab having the bottom
half of the aspiration pockets. The first layer was created by spinning SU-8 3050 (Kayaku
Advanced Materials) to an average thickness of 50 um. For this, the SU-8 was first spun at
500 rpm for 10 seconds with an acceleration of 100 rpm per second and then at 3500 rpm
for 30 seconds with an acceleration of 300 rpm per second. Subsequently, the SU-8 was
soft baked at 95 °C for 15 minutes, after which the laserwriter wrote the first layer. The
wafer was post baked at 65 °C for 1 minute, then at 95 °C for 5 minutes and developed in
SU-8 developer (Propylene glycol monomethyl ether acetate (PGMEA), Sigma-Aldrich).
The second layer was created with SU-8 2050 (Kayaku Advanced Materials), and spun to
an average thickness of 170 um. For this height, the SU-8 was first spun at 500 rpm for
10 seconds with an acceleration of 100 rpm per second. Then, it was spun for 30 sec-
onds with an acceleration of 300 rpm per second at 1100 rpm. The thickness was slightly
unequal across the whole wafer, as the resist covered both the first half of the pockets
from the first layer as well as the empty spot where the other half of the pockets in the
second layer would be written. Therefore, one half of the aspiration pockets including
the aspiration channel resulted in a thickness of 176 + 9 um while the other half of the
pocket had a different thickness of 160 + 20 um. After spinning, the wafer was soft baked
at 65 °C for 5 minutes and then at 95 °C for 30 minutes. The laserwriter wrote the second
part of the design, after which the wafer was post baked at 65 °C for 5 minutes, then at 95
°C for 12 minutes and then developed again.

The master wafer was coated with trichloro(1H,1H,2H,2H-perfluorooctyl)silane to
allow for easy demolding, and PDMS chips were created using Sylgard 184 at a curing
agent ratio of 10:1. Individual chips were cut and 2 mm holes were punched in only one
slab of the design for the introduction of tubing using a revolving punch plier (Knipex).
To facilitate bonding, both halves of the design were plasma cleaned (Harrick Plasma) for
two and a half minutes at 30 W, after which one half was slightly wetted with a droplet
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of distilled water to aid the alignment. The two halves were aligned with the help of the
alignment arrows at the border of the design and by using an optical microscope (ZEISS
Primovert) to check the alignment. Finally, the chips were kept in the oven at 65 °C to
bond overnight. After fabrication, they could be stored indefinitely and used on the de-
sired day for experiments.

Modification of microfluidic chip for Supplementary Movies 1 and 2, available online with
arXiv publication

When imaging cells inside the microfluidic device consisting out of two bonded PDMS
slabs, we could only get the cells in focus with the 5x/NA 0.16 air objective of our in-
verted fluorescence microscope using an excitation wavelength of 587 nm and an emis-
sion wavelength of 610 nm (Zeiss Axio-Observer). As we needed higher resolution to
observe individual cells moving in the constriction channel for Movies 1 and 2, we cre-
ated a modified chip by bonding only the PDMS slab including the constriction channel
directly to a glass coverslip. This modified chip was only 175 um high, with the constric-
tion channel positioned at the bottom of the device. The experiment in Movies 1 and 2
therefore does not represent exactly the same aspiration and retraction conditions as in
the rest of the experiments performed in this study, but it does provide valuable insights
into the movement of cells within the constriction during aspiration of spheroids.

4.4.8. MICROFLUIDIC ASPIRATION DATA ACQUISITION

The microfluidic aspiration data was acquired following a similar protocol as in our pre-
vious study [26]. To prevent cell adhesion to the PDMS walls, the chip was coated before
each experiment with 1% Pluronic® F127 (Sigma) in PBS (Gibco) solution and left at
room temperature. After 45 minutes, the Pluronic solution was flushed from the chip
using the culture medium that matched the cell line used in the experiment. Vials with
cell-free culture media were connected to the inlet and outlet of the microfluidic chip us-
ing PTFE 008T16-030-200 tubing (Diba Industries, inner diameter 0.3 mm, outer diame-
ter 1.6 mm) and a pressure was applied to the media with a MFCS-EZ pressure controller
(Fluigent). After the Pluronic solution, small PDMS debris and possible air bubbles were
flushed out, the tube connected to the inlet was gently unplugged from the chip, and a
loading reservoir, being a shortened 1 ml pipette tip cut with a scalpel, was plugged into
the inlet. Then, the vial connected to the outlet was disconnected from the pressure con-
troller and mounted to a vertical translation stage (Thorlabs, VAP10) with a ruler on the
side where the pressure in terms of cmH, O could be read off from. The average human
error in reading off the pressure was defined by the thickness of the lines on the ruler in-
dicating the distances, which was 0.2 cmH, O (~ 20 Pa). This allowed us to exert a precise
hydrostatic aspiration pressure when lowering the stage with the vial compared to the
height of the reservoir [Supplementary Fig. 4.5(b)]. Slightly lowering the stage induced
a minor flow in the chip towards the aspiration pockets, after which 20 pL of spheroid
suspension was pipetted into the reservoir. Guided by the flow, spheroids entered the
aspiration pockets, after which the outlet tube was brought back to the original height
to stop the flow again. Once ready to perform the experiment, the vial was manually
lowered to the chosen aspiration pressure, thereby inducing spheroid tongue aspiration.
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The inlet reservoir volume remained constant during the duration of the experiment,
confirming that there was no leakage at the corners of the squared aspiration channels
and spheroids fully blocked the channels. A clear flow was visible in the constriction
channel whenever a spheroid did not fully block it, and the rare experiments where this
occurred were not used for analysis.

Brightfield images of spheroid protrusions entering the constriction channels were
captured on an inverted fluorescence microscope (Zeiss Axio-Observer) using a 5x/NA
0.16 air objective and ORCA Flash 4.0 V2 (Hamamatsu) digital camera with a resolution
of 2048 x 2048 px?. The NIH3T3 spheroids were imaged every 5 seconds for 10 minutes
(for the short 10 min measurements at 2000 Pa) and then every 30 seconds for a remain-
der of 20 minutes (when doing a 30 min measurement at 1000 or 1200 Pa). The much
softer HEK293T spheroids were imaged every 5 seconds for 5 minutes. We ensured that
the full aspiration curve of the tongue was captured by starting the image acquisition
before lowering the outlet tube. After the aspiration measurement, a retraction mea-
surement was started by increasing the height of the outlet vial back to a remaining 2
cmH, O of aspiration pressure to keep the spheroids in the pockets while the protru-
sion tongues retract. For the HEK293T spheroids, a remaining pressure of 0.5 cmH,0
was maintained during retraction. The retraction measurement was captured using the
same conditions as for the aspiration measurement. Only for Supplementary Fig. 4.8,
NIH3T3 cell spheroids were aspirated for 30 minutes at 1000 Pa, and then left to retract
for 2 hours at 200 Pa, from which the first 10 minutes an image was captured every 5 sec-
onds and then for the next 110 minutes every 30 seconds. At the end of the experiment,
spheroids were pushed out of the pockets and flown back towards the inlet by raising
the outlet vial above the reservoir. There, the spheroids were removed from the chip by
pipetting them up through the reservoir. This way, new spheroids could be inserted to
start a new measurement with the same chip. All experiments were conducted at 37 °C
and 5% CO, using a stage top incubator (ibidi GmbH). Chips were used for multiple suc-
cessive runs and were always discarded at the end of the day.

Modification for acquisition of Supplementary Movies 1 and 2, available online with arXiv
publication

For both Supplementary Movies, we recorded the experiment using a 40x/NA 1.3 oil ob-
jective with the same inverted fluorescence microscope. For movie 1, we started record-
ing after +10 minutes of aspiration at 1000 Pa to capture the viscous retraction, and took
an image every 10 second for 20 minutes. For the retraction in movie 2, we also took an
image every 10 seconds for 20 minutes at a remaining pressure of 200 Pa. Both movies
with mCherry-transfected nuclei were captured at an excitation wavelength of 587 nm,
emission wavelength of 610 nm, a light source intensity of 2% and an exposure time of
80 ms.

4.4.9. DATA ANALYSIS OF SPHEROID PROTRUSION CREEP

The creep length of the spheroid protrusion edges over time was extracted from the ex-
perimental images using Fiji (https://imagej.net/software/fiji/) and a custom-written
Python script (which is available at:
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https://github.com/RubenBoot/HighThroughput_Spheroid_MPA/blob/main/
SpheroidAspiration_AnalysisScript.py) previously introduced and explained in [26]. In
short, the brightfield time-lapse images are cropped to the region of interest and bina-
rized (using the Thresholding function from Fiji) to provide a clear contrast between the
protrusion edge and the surrounding channel. The script detects the distance from the
protrusion edge to the start of the constriction channel and writes all results in a Mi-
crosoft Excel file alongside the time step per image. If the protrusion edge did not main-
tain its integrity due to cells breaking off, or if spheroids did not retain a constant volume
and roundness during aspiration, they were omitted from the analysis.

4.4.10. THEORETICAL FITTING OF VISCOELASTIC PARAMETERS AND DERIVA-
TION OF y

The viscoelastic creep curve of cell spheroids was fitted with a modified Maxwell model,
being a dashpot ¢; in series with a Kelvin-Voigt element consisting out of a spring k;
in parallel with a spring k» and dashpot ¢, in series [24-26]. Here, k; represents the
elasticity of the spheroid, k» accounts for the initial jump in L(¢), ¢, is a local friction
coefficient associated with the rising time of the elastic deformation and ¢, represents
the viscous dissipation of the flowing spheroid. According to the Maxwell model, the
creep length L(¢) is given by:
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where f is the aspiration force and 7. is the rising time of the elastic deformation &.
Therefore, the model has four fitting parameters: § = f/kj, L;’,O = fl1és, B=kol(ky+ k)
and 7.

As described in the main text, for a cylindrical micropipette with a radius R, and
an applied underpressure AP, the aspiration force is f = ﬂRf,(AP —AP.), with AP, the
critical pressure below which the spheroid does not aspirate into the pipette. For times
that are long enough such that spheroid protrusion advancement has entered the vis-
cous regime, this aspiration force is balanced by a dissipative force due to viscous flow
into the pipette (assuming there is no friction between the spheroid and the wall of the
constriction):

RS (AP — AP.) = 37°NR) Lo, (4.2)

where 1) is the viscosity of the spheroid [46]. For aspiration, the stress is 0 = AP — AP,
and for retraction 0 = AP; = APremaining (as we left a minor underpressure APyemaining
= 200 Pa during our retraction measurements to keep the spheroid protrusions in the
constrictions). Thus, we can rewrite Eq. (4.2) as:
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with L2, n, and L%, n, the flow rates and viscosities during aspiration and retraction,
respectively. Assuming that n, = 7,, the critical pressure AP, is:

L
AP =[(AP- APremaining)#] +APremaining (4.5)
La + L7,
Similarly, the spheroid viscosity n = n, =, can be derived independently from AP, by
summing up Eq. (4.3) and Eq. (4.4) into:
_ Rp(AP_ APremaining)
3m(L4, +LL)

) (4.6)

From the Young-Laplace law, we can thus obtain the spheroid surface tension y through:

1 1
AP, = 2}/(Rp R), 4.7)
with R the radius of the spheroid.

Since the microfluidic device used in our study has squared constrictions, the mi-
cropipette radius R, needs to be corrected. The effective channel radius R,rf in our
study is given by:

4 2 WxH

R,.=—————, 4.
eff 3”(1+%)2Xf* (4.8)

with W and H being the width and height of the constriction and f* being a function of
the aspect ratio (H/W), given by equations (7) and (19) of Son [27, 28].

4.4.11. STATISTICAL ANALYSIS

Two-sided t-tests were executed using the TTEST function in Microsoft Excel, and p val-
ues below 0.05 were considered to be significant. The average human error in reading off
the aspiration pressure when manually lowering the outlet vial is 0.2 cmH, O (~ 20 Pa),
defined by the thickness of the lines on the ruler indicating the distances. The error in di-
mensions of the aspiration channel was measured with a Dektak Stylus Profiler (Bruker)
and determined to be 5 um. Error bars in the figures display the standard error of the
mean unless indicated otherwise, and are always based on at least three independent
days of experiments.
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APPENDIX
4.,A. SUPPLEMENTARY FIGURES

(a) (b)

N Outlet tube

=
?:l rTT T T T T T T T T T n Inlet reservoir

T

=

\

Ah

I

|

|

|

|
I
|

|
L

t,% PDMS
Aspiration channel Height: 335 um Height: 50 um
Aspiration pocket (WIdth:SOKM) < 475 m (slab 1) + 160 um (slab 2)

(Width: 250 pm)

Figure 4.5: Overview of the microfluidic chip. (a) 3D schematic showing (left) the top view of the design with a
close-up on the 8 parallel pockets and aspiration channels and channels widths indicated, and (right) a tilted
side view showing the height of the chip when bonding the two separate PDMS slabs together with channel
heights indicated. (b) Schematic of the experimental set-up, reused from [26]. Spheroids enter the PDMS
chip through a pipette cone serving as the inlet reservoir. Aspiration is performed with hydrostatic pressure
by changing the height A h of the outlet vial that is mounted to a vertical rod. Note that the drawing is not to
scale: in reality, the vertical rod was placed next to the microscope, requiring a longer outlet tube to bridge the
distance between the chip and the outlet vial. The flowing spheroid protrusions were imaged in bright field
with an inverted microscope using a 5x objective.
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Figure 4.6: Spheroid size distribution for the spheroids measured throughout all experiments. Histograms
of the number of fabricated spheroids used in this study, binned for spheroid radius Ry, for (a) the NIH3T3
spheroids and (b) the HEK293T spheroids.
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Figure 4.7: Tissue viscoelastic relaxation of NIH3T3 fibroblast spheroids is time-dependent. The first 10 min-
utes of the aspiration (a) and retraction (b) of the experiment in Fig. 4.1(b), with viscous creep rates derived by
only fitting these first 10 minutes. Yellow: data points, dashed black line: modified Maxwell model fit from Eq.
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Figure 4.8: Two hour long retraction plot. The decreasing creep length of a NIH3T3 spheroid protrusion when
retracting for two hours at a remaining pressure of 200 Pa. First, the spheroid was aspirated for 30 minutes
at 1200 Pa. The derived creep rate Lgo is an order of magnitude lower than when fitting the first 30 minutes
of retraction [see Fig. 4.1(b) in the main text, here for a different measurement], suggesting that the critical
pressure AP decreases over time. Yellow: data points, dashed black line: modified Maxwell model fit from Eq.
(4.1).
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Figure 4.9: Aspiration and retraction measurements of a Blebbistatin-treated NIH3T3 spheroid. Aspiration at
1000 Pa for 10 min (left) and retraction at a remaining pressure of 200 Pa for 30 min (right) for a Blebbistatin-
treated NIH3T3 spheroid. During retraction, the spheroid elastically retracts at first and then aspirates again.
This challenges the assumption that spheroid retraction is governed by one single critical pressure APg, as it
now seems to depend on both retractile elastic properties and the collective flow of the spheroid tongue as a
whole, potentially each having a separate critical pressure. Yellow: data points, dashed black line: modified
Maxwell model fit from Eq. (4.1).
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Figure 4.10: Shivering occurs at moderate pressures when aspirating NIH3T3 spheroids. For some mea-
surements, the spheroid protrusion “shivered” in the constriction, meaning it briefly contracted and then
re-expanded to its previous length. This effect only occurred at moderate aspiration pressures of 1000 and
1200 Pa, and not at the highest pressure used of 2000 Pa. (a) The aspiration creep curve for an aspiration mea-
surement at 1000 Pa (yellow) fitted with the modified Maxwell model in Eq. (4.1) (dashed black line). When
the shiver prevented the fit from accurately following the linear viscous part of the plot (left), the shiver was
manually cropped from the data (right) and the parameter values obtained from the fit to the adapted creep
curve were used in further downstream analysis. (b) The aspiration creep curve for an aspiration measure-
ment at 1200 Pa fitted with the modified Maxwell model, demonstrating an example of shivering that did not
significantly affect the modified Maxwell model fit to the linear viscous response.
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Figure 4.11: At long enough timescales, spheroid relaxation is deformation-dependent. The retraction flow
velocity L., plotted versus Ly, 4x for NIH3T3 spheroids aspirated at (a) 1000 Pa (30 min aspiration, 30 min
retraction, indicated as 30m/30m, n = 48) and (b) 2000 Pa (10 min aspiration, 10 min retraction, indicated as
10m/10m, n = 35). At the short timescale of 10 minutes for 2000 Pa, no significant linear trend is present in the
data. ***, p <0.001.
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Figure 4.12: The viscous creep rate Lgo and Lgo for NIH3T3 spheroid protrusions are in direct proportion to
each other. The aspiration flow velocity L% plotted versus L4y (left) and LL, (right) for NIH3T3 spheroids
aspirated at (a) 1000 Pa (30 min aspiration, 30 min retraction, n = 48), (b) 1200 Pa (30 min aspiration, 30 min
retraction, n =57) and (c) 2Q00 Pa (1() min aspiration, 10 min retraction, n = 35). At 2000 Pa, no significant linear
trend is present between L%, and L, potentially because the derived L, after 10 minutes was still partially
elastically governed. ***, p <0.001 and ns is nonsignificant.
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Figure 4.13: Western blots of «-SMA in NIH3T3 spheroids for different seeding conditions. Relative protein
levels of a-SMA in respect to GAPDH for NIH3T3 spheroids seeded with 1.5x10° and 3x108 cells/well. ***, p <

0.001.
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Figure 4.14: NIH3T3 spheroids seeded at a larger cell density display less deformability. Histograms com-
paring NIH3T3 spheroids aspirated at 1200 Pa at a seeding density of 1.5x108 cells (30 min aspiration, 30 min
retraction, n = 57) and a seeding density of 3x10° cells (30 min aspiration, 30 min retraction, n = 19). Retraction
was performed at 200 Pa. (a) The aspiration flow velocity Lgo and (b) resulting creep length at the end of the
aspiration Ly, qx are compared. ***, p < 0.001. Error bars are SEM.
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Figure 4.15: Aspiration and retraction measurements of two HEK293T spheroids. (a) Aspiration at 200 Pa for
5 min (left) and retraction at a remaining pressure of 50 Pa for 5 min (right) for a HEK293T spheroid. During
retraction, the spheroid elastically retracts at first and then aspirates again, demonstrating how the critical
pressure AP, is negligibly small. (b) Aspiration at 500 Pa for 5 min (left) and retraction at a remaining pressure
of 50 Pa for 5 min (right) for a HEK293T spheroid. During retraction, the spheroid now retracts with a viscous
regime, showing a deformation-dependent retraction as cells deformed further into the constriction at this
larger pressure. Yellow: data points, dashed black lines: modified Maxwell model fits from Eq. (4.1).
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Figure 4.16: Viscosity n of NIH3T3 spheroids is pressure-dependent when assuming that surface tension y
does not reinforce at larger pressures. Histograms comparing derived mechanical parameters for NIH3T3
spheroids aspirated at 1000 Pa (30 min asp, 30 min retr, n = 48) and at 1200 Pa (30 min asp, 30 min retr, n =
57). Retraction was performed at a remaining pressure of 200 Pa. (a) The viscosity n at 1000 Pa [derived using
Eq. (4.6)] is compared to the viscosity at 1200 Pa assuming surface tension has increased [derived using Eq.
(4.6)] and when assuming that the surface tension has remained unchanged [derived using Eq. (4.3) and filling
in AP; from 1000 Pa measurements]. (b) The elastic deformation &, at 1000 and 1200 Pa. (c) The aspiration
flow velocity L%, at 1000 and 1200 Pa. *, p < 0.05, ***, p < 0.001 and ns is nonsignificant. Error bars are SEM.
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Figure 4.17: Different proportional change in elastic and viscous deformation for HEK293T spheroids under
increasing force. Histograms comparing HEK293T spheroids aspirated at 200 Pa (5 min aspiration, 5 min re-
traction, n = 54) and at 500 Pa (5 min aspiration, 5 min retraction, n= 43). Retraction was performed at 50 Pa.
(a) The elastic deformation &, and (b) the aspiration flow velocity L%, are compared. ***, p < 0.001. Error bars
are SEM.
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Figure 4.18: At the fabricated spheroid size range, no size-dependency in surface tension y was observed. The
surface tension y plotted versus Ry for NIH3T3 spheroids aspirated at (a) 1000 Pa (30 min aspiration, 30 min
retraction, n = 48), (b) 1200 Pa (30 min aspiration, 30 min retraction, n = 57) and (c) 2000 Pa (10 min aspiration,
10 min retraction, n = 35). No clear, significant trend was observed. *, p < 0.05 and ns is nonsignificant.
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4.B. SUPPLEMENTARY TABLE

L% (um/s) LT, (um/s) Lpygxy (Mm) 7y (mN/m) n

No shiver 1000 Pa 0.030 0.011 128 8.8 18
Shiver 1000 Pa 0.028 0.013 126 9.6 30
t-test 1000 Pa ns ns ns *

No shiver 1200 Pa 0.034 0.016 148 10.8 31
Shiver 1200 Pa 0.027 0.015 143 11.5 26
t-test 1200 Pa o ns ns ns

Table 4.1: Comparison for the NTH3T3 cell spheroids of derived values for the viscous creep rates during
aspiration L% and retraction L., the total deformation length after 30 min of aspiration L4y, and the sur-
face tension y for creep curves where shivering did or did not occur (‘shiver’/no shiver’), for an amount of n
spheroids. The t-test demonstrates how significant the occurrence of shivering influenced the derived param-
eters by comparing the two sets of data at each separate AP of 1000 and 1200 Pa. *, p < 0.05, **, p <0.01, ns is
nonsignificant.

4.C. SUPPLEMENTARY MOVIES

Movie 1: NIH3T3 spheroid with mCherry-transfected nuclei aspirated at 1000 Pa in
a modified microfluidic device allowing for high-resolution imaging. A fluorescent
video of a NIH3T3 cell spheroid being aspirated under a hydrostatic pressure of AP =
1000 Pa for 20 minutes. The video was started after the spheroid had already aspirated
for £10 minutes, thus capturing the viscous part of the aspiration. Near the end of the
video, the spheroid tongue slightly retracts due to the “shivering” effect that occurs in
this experiment. We do not observe any cells slipping past each other during viscous
deformation. Scale bar is 20 pm.

Movie 2: NIH3T3 spheroid with mCherry-transfected nuclei retracting with a remain-
ing pressure of 200 Pa in a modified microfluidic device allowing for high-resolution
imaging. The follow-up on Movie 1, where the retraction of the same NIH3T3 cell spheroid
at a remaining pressure of 200 Pa is recorded for 20 minutes. The video is started right
before bringing back the pressure from 1000 to 200 Pa. Again, we do not observe any
cells slipping past each other. Scale bar is 20 um.
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USING MICROFLUIDIC DEVICES TO
UNDERSTAND THE IMPACT OF CELL
DEFORMABILITY ON CONFINED
CANCER CELL MIGRATION

Life before death.

Brandon Sanderson, in The Stormlight Archive.

Cancer cells present in the blood circulation of patients, termed circulating tumour cells
(CTCs), have a significantly higher metastatic potential when travelling together as clus-
ters instead of single cells. These aggregates of 2 to 20 cells are able to squeeze collec-
tively through narrow vessels, eventually forming metastatic lesions at distant sites. In
order to study the influence of cell deformability on cell (cluster) migration through vessel-
sized constrictions, we have designed two microfluidic platforms. The first device allows
for high-throughput cell deformability measurements, by continuously flowing cells and
squeezing them through narrow constrictions. We find that differences in cellular stiff-
ness upon drug-mediated actin depolymerization do not have a direct influence on mea-
sured cell strain in the vessel-sized constrictions. Interestingly, cell volume increased upon
squeezing into narrow constrictions, suggesting a potential change in cortical tension. The
second device recreates a physiologically relevant 3D environment in which live high reso-
lution imaging can be performed on cells migrating either individually or collectively. We
performed proof-of-concept experiments by seeding cells in devices with 5 um-channels
and staining for the cytoskeleton and nucleus. We found that cells were able to reach the

Cell deformability experiments were performed by Imke van Dijk and Ruben Boot. Proof-of-concept confined
cell migration experiments were performed by Imke van Dijk and Anouk van der Net.
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constriction area and deform between the pillars. In future experiments, dynamic de-
formations of cells and the potential migrational advantage of clusters may therefore be
studied.
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5.1. INTRODUCTION

Metastasis, where cells leave a primary tumour to enter and travel through the blood
circulation system before exiting and proliferating at a distant site in the body, accounts
for the vast majority of cancer-related deaths [1-4]. Despite being so lethal, it is a highly
inefficient process [5, 6]. Cancer cells travelling through the vasculature, termed circu-
lating tumour cells (CTCs), often do not survive due to oxidative stress, shear forces and
attacks by the immune system [7, 8]. Additionally, most CTCs prove to be apoptotic [9].
However, clinical studies from the last decade revealed that breast cancer CTCs traveling
together as clusters have a significantly enhanced metastatic potential [8, 10, 11]. These
clusters of 2 or more aggregated CTCs, which undertake the full metastatic cascade of
intravasation and circulation as one conserved unit, display a metastatic potential that
is up to 50 times larger than for individual CTCs [10, 12]. The presence of CTC clusters in
the blood therefore signifies a significantly worse clinical outcome.

Polyclonal CTC clusters are highly improbable to originate from grouping of single
CTCs in the bloodstream [3, 10]. Instead, the principle of cell jamming proposes that
tumour cell dissemination is regulated by an increasing confinement from the grow-
ing tumour or from the surrounding extracellular matrix (ECM) [13-15]. For example,
melanoma MV3 and fibrosarcoma HT1080 cells switch from single-cell to collective in-
vasion when placed in a higher collagen density mimicking a more confining ECM [16].
However, further experimental studies on cluster dissemination through interstitial spaces
and how they undergo deformations are still lacking.

The arrest of CTCs when travelling through narrow capillary beds, either due to con-
stricting vessel sizes or to hemodynamic forces, is a fundamental step in the metastatic
cascade [17-19]. When CTC cells and clusters traverse narrow microvessels (down to ~3
pm), they undergo large mechanical deformations [20]. Here, biomechanical forces ex-
erted by the capillaries significantly deform the cytoskeleton and nucleus of CTC cells
and clusters thereof, often resulting in cell death [21, 22]. However, these forces may in-
duce adaptive mechanisms in the remaining CTCs, improving their survival and metastatic
potential [23]. For example, strong confinement can dynamically regulate their cellu-
lar stiffness [24], or even induce an epithelial-to-mesenchymal transition (EMT) that
gives them a more invasive phenotype [25, 26]. The mechanotransduction pathways
involved in the metastatic potential of individual cancer cells may similarly affect CTC
clusters [23, 27, 28]. Additionally, computational work demonstrated that clusters scaled
their migrational persistence time with the number of cells, potentially explaining their
greater migrational efficacy [29]. Yet, whether and how physical forces exerted on cell
clusters contribute to their greater metastatic potential remains an open question [30,
31].

Here, we establish microfluidic devices that will enable researchers to study how dif-
ferences in cell deformability affect migration through a physiologically relevant envi-
ronment with vessel-sized constrictions. Inspired by a microfluidic device mimicking
human capillary constrictions by Au et al. [20], we designed a similar microfluidic de-
vice to perform high-throughput cell deformability measurements in parallel. We could
thus investigate how strain differs between cell types of varying stiffness when squeezed
through vessel-sized constrictions. We subsequently introduce custom-made microflu-
idic chips, inspired by Davidson et al. [32], that allow the study of the migrational effi-
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cacy of these cells, alongside their cytoskeletal and nuclear deformation, when traveling
through varying designs of confined environments.

5.2. MATERIALS AND METHODS

5.2.1. CELL CULTURE

Human fibrosarcoma HT1080 cells and human melanoma MV3 cells were generously
provided by the group of Peter Friedl at the RadboudUMC. The HT1080 cells were kept in
Dulbecco’s Modified Eagle’s Medium High Glucose (DMEM, Sigma) containing 4.5 gL™!
glucose, L-glutamine, sodium pyruvate and sodium bicarbonate, and supplemented
with 10% FBS (Gibco) and 1% Penicillin-Streptomycin (Sigma-Aldrich). The MV3 cells
were kept in DMEM/F12 1:1 medium (Gibco) supplemented with 10% Fetal Bovine
Serum (FBS, Gibco) and 1% Penicillin-Streptomycin (Sigma-Aldrich).

All cells were incubated at 37 °C with 5% CO, and subcultured at least twice a week.

5.2.2. CLUSTER PREPARATION

Clusters were created with a custom-designed microfabricated microwell array platform
(which is available at: https://github.com/RubenBoot/CellandClusterDeformation/
blob/main/Cluster_microwell_array_50um.dwg), inspired by work from Minglin Ma’s
lab [33]. Following their protocol, a microwell array platform was created using standard
soft lithography at the Kavli Nanolab Delft to generate clusters with a maximum diame-
ter of 50 um. An array of circular microposts with a diameter of 50 um and a height of 80
pum was fabricated by spinning SU-8 3050 photoresist (Kayaku Advanced Materials) on a
clean wafer. The coated wafer was first baked at 95 °C for 15 minutes, after which the de-
sign was written with a uMLA laserwriter (Heidelberg Instruments). The wafer was post-
baked at 65 °C for 1 minute followed by 95 °C for 5 minutes and then developed using
SU-8 developer (Propylene glycol monomethyl ether acetate (PGMEA), Sigma-Aldrich).
The master wafer was coated with trichloro(1H,1H,2H,2H-perfluorooctyl)silane (Sigma-
Aldrich) to allow for easy demolding of the microwell arrays, which were made from
polydimethylsiloxane (PDMS) (Sylgard 184, Dow Corning) and curing agent at a mix-
ing ratio of 10:1 (w/w). The arrays were placed in a 12-well cell culture plate (Thermo
Fisher Scientific) using rubber glue (Reprorubber), and subsequently sterilized by thor-
oughly washing the wells with ethanol and leaving the plate under UV light overnight.
To prevent cell adhesion to the PDMS, the microwell arrays were coated with 1% (w/v)
Pluronic® F127 (Sigma-Aldrich) solution before cell seeding, which was removed from
the wells after 45 minutes of incubation. After trypsinization, a cell suspension with
a concentration of + 1x10° cells in appropriate cell medium was deposited in the well
with the coated array in order to form clusters. After deposition, the cells divide over
the microwells and settle at the bottom due to gravity, where they aggregate into clus-
ters overnight (Fig. 5.1). The clusters were left to aggregate in the wells between 1 to 3
days before migration experiments, changing the media every day. They were harvested
by gently washing them out of the microwells using the same media and bringing them
into suspension.
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Figure 5.1: (A) Brightfield and (B) fluorescence microscope images of NIH3T3 cell clusters on day 2 after seed-
ing in our custom-made microwell array with 50 um wells. The cells are stained with calcein (green) and pro-
pidium iodide (PI) (red) for live/dead viability imaging. Scale 200 pum.

5.2.3. CELL DEFORMABILITY DEVICE FABRICATION

Cells were deformed using a custom-designed device consisting out of 18 parallel mi-
crochannels (which is available at: https://github.com/RubenBoot/

CellandClusterDeformation), inspired by [20] and [34]. By fusing the parallel microchan-
nel array from [20] with the T-junction design from [34], which incorporates a main
channel that leads past the array, the overall volumetric flow rate through the device
was greatly increased thus improving the throughput of cells reaching the microchan-
nel array and travelling though the constrictions. The microchannels had dimensions of
10x10x280 pm?® (width by height by length), while the main serpentine channel was 100
pm wide and high. This multi-layered design was created using standard soft lithography
at the Kavli Nanolab Delft, with a uMLA laserwriter (Heidelberg Instruments). For the
first layer containing the microchannel array, SU-8 2010 photoresist (Kayaku Advanced
Materials) was spun on a clean 4-inch silicon wafer to a height of 10 um. The coated
wafer was then baked at 95 °C for 3 minutes, after which the first layer was written and
post-baked at 95 °C for 4 minutes. After development with SU-8 developer (Propylene
glycol monomethyl ether acetate (PGMEA), Sigma-Aldrich), a second layer was spun to
a height of 100 pm using SU-8 2050 (Kayaku Advanced Materials). It was now baked at
65 °C for 5 minutes followed by 95 °C for 15 minutes, written, post-baked at 65 °C for 3
minutes followed by 95 °C for 10 minutes and developed again. The heights of the SU-8
features were determined to be within + 10% of the desired heights using a Dektak Sty-
lus Profiler (Bruker). Lastly, the master wafer was coated with trichloro(1H,1H,2H,2H-
perfluorooctyl)silane (Sigma- Aldrich) to allow for easy demolding. The devices were
made by pouring PDMS (Sylgard 184, Dow Corning) and curing agent at a mixing ratio
of 10:1 (w/w) onto this master mold. The PDMS was degassed, and cured at 65 °C for
3 hours. After curing, the PDMS was peeled off, 2 mm inlets and outlets were punched
using a revolving punch plier (Knipex), and the devices alongside glass coverslips were
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plasma cleaned (Harrick Plasma) at 30 W for 2.5 minutes. The devices were kept in the
oven at 65 °C to bond overnight.

5.2.4. CELL DEFORMABILITY DATA ACQUISITION

Before experiments, the microfluidic device was filled and incubated with 1% Pluronic
F127 solution (Sigma) in phosphate buffered saline (PBS, Sigma-Aldrich) for 45 minutes
at room temperature to decrease cell adhesion to the PDMS. Afterwards, the device was
flushed with the same medium that was also used to create a cell suspension. Our design
has three connective ports, one for cell entry, one for the perfusion buffer and one outlet
port (denoted P;, P, and P3 respectively in Fig. 5.2A). The long serpentine main channel
served to minimize the pressure drop over the parallel constriction channels at the cen-
ter of the design. PTFE 008T16-030-200 tubing (Diba Industries, inner diameter 0.3 mm,
outer diameter 1.6 mm) was cut to three pieces with an identical length of 50 cm (to pre-
vent the influence of different pressure drops over tubing of differing lengths), measured
with a ruler, and then flushed with the perfusion media using an MCFS-EZ pressure con-
troller (Fluigent). After connecting each tubing piece to one of the connective ports, the
pluronic solution, PDMS debris particles and possible air bubbles were flushed out by
inducing a flow from P, and P3 towards Py, with P; connected to a waste tube. Once the
main serpentine channel was free of obstacles, the tubing of P; was connected to the cell
suspension while a minor flow was still present from P, to Pj, to prevent air from enter-
ing the tubing when connecting the cell suspension. A cell suspension of 1 mL (having
various concentrations for different experiments, ranging between 0.5-3.5x106 cells/mL)
was used. After reversing the flow direction, cells were subsequently flown through the
main channel using a pressure gradient of 10 mbar (P; at 40 mbar, P, at 30 mbar). Outlet
P3 was kept at atmospheric pressure, such that the cells felt the pressure difference near
the center of the design and were forced into the constriction channels (Fig. 5.2B).

Brightfield images of the deforming cells were captured using an inverted fluores-
cence microscope (Zeiss Axio-Observer) in brightfield mode with a 10x/NA 0.45 air ob-
jective and ORCA Flash 4.0 V2 (Hamamatsu) digital camera with a resolution of 2048x2048
px?. We recorded image sets of 30 seconds, using an interval of 25 ms. Multiple sets were
recorded per chip to capture data for a large number of cells, and the device was always
discarded at the end of the experimental day. For all experiments, the cell suspension
was kept at 37 °C using a Compact Dry Bath incubator (S 200-240V, Thermo Fisher Sci-
entific), and image sets were only recorded during the first hour after connecting the cell
suspension to the chip, eliminating the need for CO, injection.

®

5.2.5. PASSIVE TRANSIT IMAGE ANALYSIS

Analysis of the deformation of cells in the constrictions was conducted using Fiji
(https://imagej.net/software/fiji/). For each image set, multiple cells squeezed through
the parallel constriction channels. Only the cells for which both the original diameter Dy
when deformed in the inlet of the channel (Fig. 5.2C, left panel) and the deformed length
D once fully entered in the constriction (Fig. 5.2C, right panel) were clearly visible were
included in the analysis. As the cells were not always perfectly round at the inlet, Dy was
determined by taking the average of the long and short diameter of the cell. Using Fiji,
Dy and the deformed length D were measured in the separate images to determine the
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Figure 5.2: Overview of the microfluidic cell deformability device. (A) 3D schematic showing (left) the top
view of the design and a close-up on the parallel constriction microchannels, and (right) a tilted side view
showing the differing heights for the main channel and the microchannels. (B) Brightfield top view image of
the parallel microchannels with HT1080 cells flowing freely through the main channel and being squeezed
through the microchannels due to a pressure gradient from top to bottom. Red arrow indicates flow. Scale 100
um. (C) Brightfield images from a HT1080 cell entering the constriction inlet with a diameter Dy (left panel)
and subsequently stretching in the microchannel to a length D. Scale 20 um.

deformation strain S by taking their ratio:

D-Dy

§=—— (5.1)

Dy

The theoretical strain S, being the strain expected if the total cell volume was conserved
during the experiment, was calculated based on the cell volume estimated from the size
measurements. Assuming the cell in the inlet to be an approximate cylinder with a di-
ameter Dy and a height H of 10 um (Fig. 5.3A), we know the volume V; of a cell in the
inlet to be:
_ HnDg?
==

Once the cell enters the constriction channel, we approximate it as a beam of length L
with a hemisphere on each end, having a radius R equal to half the width W and height
H of the constriction (here, R =5 um) (Fig. 5.3B). From this, the volume of the cell V, in
the constriction is found as:

%] (5.2)

Vo = (WHL) + Vige, (5.3)
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Figure 5.3: Schematic of geometric assumptions made to derive the theoretical strain Sx in case of cell volume
conservation when transiting through a narrow squared constriction, with (A) the cell being geometrically
confined into a cylindrical shape at the inlet, with diameter Dy and height H, and (B) once it has entered the
constriction channel, the volume of the cell to be determined as the sum of a beam of length L with width W
and height H and two hemispheres with a radius R (= % W= %H)
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with V4. = %ﬂRS being the combined volume of the two halve spheres. Assuming vol-
ume conservation (V7 = V»), the length of the beam L is found by equating Eq. (5.2) and
Eq. (5.3):

L= ADy>-B, (5.4)

with A=n/4W and B = Vy;4./ W H. Inserting Eq. (5.4) into Eq. (5.1), we find the theoret-
ical strain S, as:

_ (L+2R)-Dy

Dy (5.5)

*

5.2.6. MODELING OF FLUID DYNAMICS IN CELL DEFORMABILITY DEVICE

Due to the T-junction design of the cell deformability device, a pressure gradient ex-
ists both horizontally and vertically along the constriction channel array. To determine
the extent of these gradients and differences in fluid pressure, we have computation-
ally modelled the pressure distribution inside the device using the finite elements mod-
eling software COMSOL Multiphysics 5.6. We considered the fluid flow in the three-
dimensional (3D) model to be laminar and following the Navier-Stokes equation. The
pressure gradient was examined for two different cases: (1) all constrictions are open,
and (2) the flow through all constrictions is blocked (this occurs when all channels are
clogged by traversing cells).

The pressure drop over a tubular channel with laminar flow scales with the length
of the channel and the inverse of the channel radius to the fourth power. As the tubing
used in our experiments had a long length of 50 cm and a cross-sectional area with the
same order of magnitude as the main channel, the pressure drop over the tubing was
non-negligible. For this reason, both cases were modeled including 50 cm long rectan-
gular channels with a 300x300 um? cross-section connected to all three ports, thereby
mimicking the tubing used in our experiments. Boundary conditions of 4 kPa at the far
edge of the channel connecting to the cell entry port Py, 3 kPa at the edge of the channel
connected to the perfusion port Py, and 0 kPa at the edge of the channel connected to
the outlet port P3 were used, similar to the pressures used during experiments.
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5.2.7. ACTIN POLYMERIZATION INHIBITION WITH CYTOCHALASIN D
Previous research has shown that incubation of chicken embryo fibroblasts with the
actin polymerization inhibitor cytochalasin D (CD) at a concentration of 0.25 pM led
to a 50 percent reduction in cell stiffness [35]. In our study, we therefore incubated MV3
cells with cytochalasin D (Sigma-Aldrich), diluted in dimethyl sulfoxide (DMSO), at the
identical concentration of 0.25 uM for 30 minutes before experiments.

5.2.8. MICROINDENTATION MEASUREMENTS

The effective Young’s modulus of the cells was measured using a Chiaro Nano-indenter
(Opticsl1 Life), with a probe that had a stiffness of 0.027 N/m and a spherical tip with
a radius of 3 pm. Measurements were performed on cells attached to the glass bottom
of a 35 mm dish (ibid #81218-200) in appropriate media. Cells were seeded at least 24
hours before experiments in order to adhere to the bottom. Indentations were made
above the cell center with a loading rate of 2 pum/s. The modulus was calculated using
the Hertzian contact model from the Optics 11 Life data viewer software (version 2) [36].
Measurements without a distinct contact point or with an otherwise unreliable model fit
(<0.9 R?) were regarded as outliers and discarded from further analysis.

5.2.9. CELL MIGRATION DEVICE FABRICATION

We designed a microfluidic device tailored for observing cell deformation during migra-
tion through different custom-designed constriction areas (available at:
https://github.com/RubenBoot/CellandClusterDeformation), inspired by [32]. The
multi-layered master mold was created using standard soft lithography at the Kavli
Nanolab Delft, with a pMLA laserwriter (Heidelberg Instruments). Similar to [32], the
design consists of a 5 um tall and 440 um wide constriction area aligned with an adjacent
50 um tall perfusion channel for cell loading, chambers that end at the constriction area,
and a bypass channel to equilibrate the fluid levels between the reservoirs positioned at
the outer sides of the chambers (Fig. 5.4A).

For this study, we have created three different constriction areas (Fig. 5.4B). The first
design is identical to one of Davidson et al.’s designs to study nuclear deformations [32].
It has several open channels that are interconnected through spaces between the pillars
dividing the channels. Each channel row has three identical 5 um constrictions made of
25 pym wide pillars with a 5 um spacing, and wider spaces between the pillar constrictions
to avoid deformation of cells in between. The second design is similar to the first design,
but now the three constrictions become sequentially narrower, starting at 30 pm width
between the pillars, then 15 pm and lastly 5 pum. The third design is a Y-junction made
out of sequential, connected arcs instead of straight walls, to more closely mimic the
heterogeneous structure of the extracellular environment. It has a 30 um wide main
channel, and splits into either a 20 pm and 10 pm wide channel or into a 10 um and 5 pm
wide channel.

To create the master mold that contained all designs, SU-8 2005 photoresist (Kayaku
Advanced Materials) was spun on a clean 4-inch silicon wafer to a height of 5 um to fab-
ricate the first layer with the constriction area. The coated wafer was soft baked at 95 °C
for 2 minutes, exposed to the first-layer design, and then post-baked at 95 °C for 2 min-
utes. After development, the second layer was spun with SU-8 3050 (Kayaku Advanced
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Figure 5.4: Overview of the microfluidic cell migration device. (A) 3D schematic showing (left) the top view
of the design and where the media reservoirs are punched (dark blue) to connect the by-pass channel and cell
loading area (green), and (right) a tilted side view showing the constriction area situated in between the two
chambers. (B) The three different designs for the constriction areas: (left) rows with identical constrictions of
5 um in width between the circular pillars, (middle) rows with sequentially narrower constrictions of 30 pm, 15
pm and 5 pm in width, and (right) Y-junctions with a 30 um wide channel splitting into either a 10 pm and 5
um wide channel (above), or into a 20 pm and 10 pm wide channel (below).

Materials) to a height of 50 pm. The wafer was soft baked at 95 °C for 15 minutes, exposed
to the second-layer design, post-baked at 65 °C for 1 minute followed by 95 °C for 5 min-
utes and finally developed using SU-8 developer (Propylene glycol monomethyl ether
acetate (PGMEA), Sigma-Aldrich). The heights of the SU-8 features were determined to
be within + 10% of the desired heights using a Dektak Stylus Profiler (Bruker). The mas-
ter mold was coated with trichloro(1H,1H,2H,2H-perfluorooctyl)silane (Sigma- Aldrich)
to allow for easy demolding of the chips, which were made from PDMS (Sylgard 184,
Dow Corning) and curing agent at a mixing ratio of 10:1 (w/w). The PDMS was poured
on the silicon mold, degassed an cured at 65 °C for 3 hours. After curing, the PDMS was
peeled off and 5 mm reservoirs were punched using a revolving punch plier (Knipex).
The inlet and outlet of the perfusion channel where cells are loaded into the device were
punched with a 0.75 mm diameter punch (Rapid-Core, WellTech). Subsequently, the de-
vices alongside glass coverslips were plasma cleaned (Harrick Plasma) at 30 W for two
and a half minutes, and kept in the oven at 65 °C to bond overnight.
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5.2.10. CELL MIGRATION DATA ACQUISITION
Before migration experiments, microfluidic devices were sterilized by filling them with
70% ethanol inside a tissue-culture hood. The devices were then cleaned twice with
MilliQ water, by aspirating the ethanol and filling one well with the water. Next, the de-
vice was rinsed once more with PBS (Sigma-Aldrich). To promote cell adhesion, devices
were coated with PureCol type 1 bovine collagen solution (Advanced Biomatrix) diluted
in PBS to 100 pg/mL. For each chip, 90 pL collagen solution was added via the small side
port opposite of the by-pass channel and incubated at room temperature for 2 hours.
From here, a cap from a 15 mL Falcon tube filled with MilliQ was placed beside the de-
vice to prevent evaporation. After rinsing the device with cell medium, 6 uL aliquots
from a cell suspension of 3x10° cells/mL in the corresponding cell media were added to
the small side ports at the opposite sides of the by-pass channels. Once the cells were
in the device, the reservoirs were gently topped off with media and the cells were left to
adhere overnight. The device was sealed with a glass coverslip to prevent evaporation.
For visualization of the cells’ cytoskeletons, medium was removed the next day and
80 pL staining solution (stock in cell medium) was added to the reservoir on the side
where cells were loaded. After 2 hours of incubation, the staining solution was removed
and changed with medium topping off the reservoirs. The device was hence resealed
with a glass coverslip. Cell nuclei were stained with Hoechst 33342 (Thermo Fisher Sci-
entific) at a concentration of 2 nM, o-Tubulin with SPY555-Tubulin (Tebu-bio) at a con-
centration of 1 uM, and actin with SiR700-Actin (Tebu-bio) at a concentration of 1 pM.
Cell migration was imaged using a 40x/NA 1.25 glycerol objective of a Stellaris 8 con-
focal microscope (Leica) with an environmental control box to maintain a constant tem-
perature of 37 °C and a constant CO, level of 5.0%. The laser intensity was set between
0.1 — 1% to reduce toxicity and avoid overexposed pixels. The laser lines used were 405
nm (Hoechst), 557 nm (SPY555-Tubulin) and 698 nm (SiR700-Actin).

5.2.11. STATISTICAL ANALYSIS

Statistical analysis was performed using Microsoft Excel. Two-tailed Student’s z-tests
were performed using the TTEST function in Excel, with significance thresholds con-
sidered as *, p < 0.05, **, p < 0.01 and ***, p < 0.001. Error bars represent the standard
error of the mean. The passive deformation data is based on at least three biological
replicates.

5.3. RESULTS AND DISCUSSION

5.3.1. CELL DEFORMABILITY

Microfluidic devices mimicking capillaries from the blood vascular network were devel-
oped consisting of 18 parallel microchannels narrowing into 10x10 um? constrictions. At
first, cells flow through a large 100x100 um? main channel due to a pressure difference
of 1 kPa between the cell entry port P; and the perfusion port P,. They are then directed
towards the constriction microchannels due to the pressure gradient between the main
channel and the outlet port P that is left at atmospheric pressure (Fig. 5.2A). Here, the
cells that enter the microchannel at the inlet (with a width of 50 pm) first are only con-
fined in height to a diameter Dy, and next fully deform in the 10 um wide constriction
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to a deformation length D (Fig. 5.2B-C). The two pressure inlets P; and P, allow precise
control of the flow velocity of cells through the main channel, and of the pressure with
which the cells are squeezed into the microchannels. Additionally, both inlet ports have
an array of pillars to prevent dust or debris to enter the main channel.

As the tubing used for the experiments had a cross-sectional area of the same or-
der of magnitude as the main channel in the design, the pressure drop over the tub-
ing could not be considered negligible. Through 3D COMSOL simulations of the design
with identical pressure conditions and 50 cm long rectangular channels connected to
the ports, mimicking the tubing, we find that the horizontal pressure gradient across the
parallel microchannel array is negligible (~ 30 Pa, Fig. 5.5A). However, simulations also
showed that the pressure that cells experience when entering the constrictions depends
on whether the other channels are clogged by traversing cells. The pressure changed by ~
20% between the case of all channels being open versus closed (from ~ 2.9 to 3.5 kPa, Fig.
5.5B). While this pressure change is expected to influence parameters such as entry time
and traversal time of cells crossing the constriction [20], our data clearly demonstrated
that the detection of differences in deformability between different cell types was not
affected by this pressure change. A possible improvement to minimize the influence of
clogging channels on the pressure gradient that cells experience in the constriction in-
let would be to lower the cross-sectional area of the microchannel array in comparison
to the main channel, by for example decreasing the amount of parallel microchannels
in the array or adapting its area to 7x7 um?, or even to 5x5 um? (though here cells are
expected to get stuck at the inlet faster).

To test the device, we have compared the deformability of human melanoma MV3
cells and human fibrosarcoma HT1080 cells. We performed these experiments sequen-
tially on the same device. After collecting data for one cell type, the main channel was
flushed with medium by connecting a tube of medium after reversing the flow from P,
to P; to prevent air from entering the tubing at P;. Next, a suspension with the other cell
type was connected to the device for further measurements. By measuring the cell diam-
eter Dy before and after entering the channels, we determined that the strain S increased
with Dy for both cell types (Fig. 5.6). The larger the cell, the more it has to stretch in the
channel due to the confinement. For this reason, we binned cells by sequential pairs of
Dy (e.g. cells with Dy = 15 pm and 16 um were combined in one bin), and compared S
between the respective bins for each cell type. We find that the HT1080 cells consistently
had a larger strain than the MV3 cells for the same Dy, indicating a larger deformability.
Interestingly, this also means that cell volume is not conserved as cells with the same
original volume in the constriction inlet display different deformations. Using Eq. (5.5),
we determine a theoretical strain S, in case of volume conservation, which is indicated
in Fig. 5.6 by the red dotted lines. Comparing this theoretical limit to the data, we find
that both the MV3 and HT1080 cells increased in volume in the constrictions. This po-
tentially indicates rupturing or altering of cytoskeletal elements which oppose the inter-
nal cell pressure. Assuming a balance between the cell’s internal pressure versus the sum
of the outer fluid pressure and the cell’s cortical tension, the tension must have lowered
to explain the increase in cell volume. Following this reasoning, we hypothesize that the
change in cortical tension was larger for the HT1080 cells than for the MV3s.

To investigate the relation between cell deformability and cortical stiffness, we inhib-
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Figure 5.5: Simulation of pressure distribution across the microfluidic passive deformation device. (A) A 3D
numerical simulation of the pressure distribution assuming the three ports are connected to 50 cm long rect-
angular channels mimicking the experimental tubing. A pressure gradient of 1 kPa is simulated between the
far end of the tube connected to the cell entry port P; (4 kPa) and the tube connected to the perfusion port
P2 (3 kPa), while the far end of the tube connected to the outlet port P3 is kept at atmospheric pressure (0
kPa). (B) Zoomed-in simulation of the horizontal and vertical pressure gradients across the microchannel ar-
ray, demonstrated by the dashed rectangle in (A), for two different configurations: all microchannels are open
(left) and all microchannels are clogged (right).
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Figure 5.7: Boxplot of the Young’s modulus of HT1080 cells (
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ited actin polymerization in the MV3 cells through treatment with cytochalasin D (CD).
By indenting the cells with a spherical probe, we measured a ~ 5-fold decrease in the
Young’s modulus after the MV3 cells were treated with CD (Fig. 5.7). We did not mea-
sure a significant difference in the Young’s modulus between the non-treated MV3 cells
versus the HT1080 cells. Next, we tested the influence of CD treatment on deformation
of the MV3 cells with the microfluidic deformation chip. Interestingly, we found that a
significant change in cellular stiffness did not influence the measured cell strain S (Fig.
5.8). Both the treated and the untreated MV3 cells deformed slightly more (~10-20%)
than the theoretical strain S, would predict when cell volume is conserved. Previous re-
search suggested that differences in cell strain, measured for MCF-7 and MCF-10A cells
squeezed through a similar microfluidic constriction, were related to the cellular elastic-
ity [37]. However, our results indicate that the measured cell strain in narrow constric-
tions does not necessarily correlate to cell stiffness. We hypothesize that cell deformabil-
ity could be more influentially governed by the intermediate filament network. We base
this hypothesis on recent work showing that vimentin intermediate filaments limit the
resulting strain when cells are subjected to stress, as vimentin and F-actin form an in-
terpenetrating network with interactions at multiple length scales [38, 39]. The potential
presence of a dense vimentin network could therefore explain why actin depolymeriza-
tion did not influence cell strain.

5.3.2. CONFINED CELL MIGRATION

To investigate the influence of differences in cell deformability on (cluster) cell migration
through narrow constrictions, we have designed different microfluidic designs based on
previous work by Davidson et al. [32]. All designs consist of parallel migration chan-
nels that can be functionalized with collagen or fibronectin to promote cell adhesion
and crawling (Fig. 5.4). The narrow constrictions formed by either PDMS pillars or walls
mimic the 5 to 30 pm wide pores found in the ECM [40]. The two media reservoirs on
both side of the device are connected with a wide bypass channel to enable fast equili-
bration of fluid height between both reservoirs (Fig. 5.4A). In contrast to long, straight
channels, the designed pillars or walls made of interconnected arcs mimic the discon-
tinuous spatial environment found in the ECM (Fig. 5.4B). First, we designed an array
of parallel channels with sequential constrictions of 5 pm. Secondly, we created con-
strictions that narrow from 30 pm to 15 pm and than to 5 um. This design should allow
the study of cluster cell speed when travelling through narrower constrictions, and to
test whether there is a limiting size for clusters to pass through. Thirdly, Y-junctions that
start as 30 um wide channels and then split into either a 20 um and 10 um wide channel,
or into a 10 pum and 5 pm channel, allow to investigate how cell deformability influences
the migration path when cells face a choice between different constrictions, and how
this relates to cell clusters migrating as trains. We performed first proof-of-concept ex-
periments by seeding HT1080 cells in the 5 um-constriction device and staining for the
cytoskeleton and nucleus (Fig. 5.9). These preliminary experiments demonstrated how
cells are able to reach the constriction area and deform between the pillars. Addition-
ally, we find that the high resolution imaging of cytoskeletal structures in living cells will
allow detailed measurements of cell migration. Here, nuclear deformations, cytoskele-
tal mechanics and cell volume changes are potential parameters for future exploration.
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Figure 5.9: Confocal fluorescence image of HT1080 cells migrating in the microfluidic device with 5 um con-
strictions. The cells are stained for actin (yellow, SiR700-Actin), a-tubulin (red, SPY555-Tubulin) and their
nucleus (blue, Hoechst).

Moreover, cell clusters can be grown in future work using our cluster microwell array
(Fig. 5.1), and loaded into the microfluidic device to unravel their migrational efficacy
and dependency on individual cell deformability.

5.4. CONCLUSION AND OUTLOOK

A better understanding of how individual cell deformability may contribute to the mi-
grational ability of cell clusters is highly relevant to provide insights in cancer metastasis.
We have designed a microfluidic device that allows for high-throughput cell strain mea-
surements to compare differences in deformability between cell types. Using this device,
we found that cell volume can change when squeezing into narrow constrictions, which
we hypothesize to be explained by changes in cortical tension. Importantly, cells with a
similar Young’s modulus as measured by indentation differed in strain when squeezed
through constrictions. Additionally, lowering cellular stiffness by inhibiting actin poly-
merization with cytochalasin D did not affect cell strain, indicating that stiffness is not
of significant influence on cell strain in narrow constrictions. Instead, we hypothesize
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that for our experiments cell strain may be governed by the intermediate filament net-
work, rather than by actin filaments. Future experiments with vimentin-knockout cells
are therefore of interest to confirm or reject this hypothesis.

To couple cell deformability to the ability of the cells to perform confined migration,
we have designed a second microfluidic device that allows for live cell imaging of migra-
tion through a 3D environment of narrow constrictions with varying sizes. Future exper-
iments with this device will enable the quantification of dynamic deformations of cells
that either travel individually or collectively. Here, the contribution of the actomyosin
cortex, intermediate filament network and intercellular adhesions to (cluster) cell mi-
gration could be studied using confocal fluorescent imaging. Eventually, understanding
the role of cell deformability in cell migration through blood-vessel sized constrictions
will shed further light on why cell clusters are provided with a greater metastatic ability
than individual CTCs.
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CONCLUSION

In this thesis, we focused on understanding the complex interplay of cell and tissue me-
chanics using specially developed microfluidic devices. Here, we briefly summarize our
conclusions and give our perspective on future research directions.

6.1. BRIDGING CELL AND SPHEROID MECHANICS

Understanding how tissue mechanics arise from single cell properties is a necessary
step to obtain new insights in tissue sorting and cancer cell invasion. Since the surface
tension of multicellular spheroids depends on the ratio of individual cell cortical ten-
sion and intercellular adhesion, it forms an ideal parameter to study the link between
cell and tissue mechanics. In this dissertation, we provided an extensive literature re-
view in chapter 2 on the current theoretical frameworks and experiments investigating
this interplay using spheroid models. We concluded that multiscale mechanical mea-
surements and correlative imaging will be required to deconvolve how cortical tension
and intercellular adhesions influence tissue mechanics. Most importantly, experimental
techniques to probe spheroid mechanics have until now been mostly low in throughput
as they usually probe one spheroid at a time and are difficult to handle. It has there-
fore remained difficult to make statistically meaningful comparisons between different
experimental conditions.

To overcome this problem, we designed a high-throughput microfluidic micropipette
aspiration device to probe multiple spheroids in parallel in chapter 3. The device al-
lowed us to obtain viscoelastic spheroid mechanics data sets that were unprecedented
in size (~300 probed spheroids). We demonstrated that our device was able to give repro-
ducible, accurate results in agreement with previous studies. Additionally, it is sensitive
enough to detect small differences in pressure, demonstrating its suitability to investi-
gate the putative reinforcement of spheroid surface tension at different pressures.

Using this device, we then proceeded to investigate the surface tension y of spheroids
when aspirating at different pressures in chapter 4. We found a pressure dependency
consistent with previous findings of Guevorkian et al [1]. However, in contrast to a re-
inforcement due to active mechanosensing of the cells, we discovered that the viscous
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retraction flow velocity depended on the total deformation of the spheroid protrusion
after aspiration. This behaviour has previously been unaccounted for when interpreting
spheroid aspiration data. We therefore propose an alternative framework to interpret
spheroid MPA data, in which the viscoelastic response is deformation-dependent. This
makes the assumption that both the viscosity 17 and the critical pressure AP, remain con-
stant during spheroid aspiration and retraction invalid. However, being able to discern
viscosity and surface tension from each other during spheroid aspiration and retraction
remains complex, as the spheroid protrusion flow velocity is governed by both these
properties. Future experiments will have to investigate how tissue viscosity is regulated
at the cellular level, and which cytoskeletal components work at different timescales to
govern elastic and viscous responses. We like to point out that HEK293T and NIH3T3
spheroids form ideal models for future investigation due to their spherical compactness
during aspiration, and their significant differences in elastic and viscous behaviour. In
order to distinguish which components determine which mechanical response regime,
spheroids could be aspirated over different length scales, in combination with partial
knock-out or inhibition of the investigated components. Previously, micromanipulation
measurements at different length scales have demonstrated how the cell nucleus has dis-
tinct mechanical response regimes [2, 3]. Here, nuclei stretched for small deformations
(<30% of the original length) showed a chromatin-dependent resistance, whereas larger
deformations were governed by the expression levels of the nuclear envelope proteins
lamins A/C. Following this example, inhibiting components such as actin, intermediate
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Figure 6.1: Schematic demonstrating how spatial variations in cell volume within spheroids is driven by non-
uniform solid growth stress and gap junction-mediated ion flow. Compressive stress at the spheroid core
pushes water and ions through gap junctions towards cells at the periphery, increasing their volume. Repro-
duced from [4], licensed under CC BY 4.0.
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filaments or cadherins and subsequently aspirating spheroids for different deformation
lengths could provide new insights in distinct tissue mechanical regimes. One complex-
ity to keep in mind, however, is that actin acts as an anchor of cadherin bonds [5]. There-
fore, actin-depolymerizing drugs that lower cortical tension additionally weaken inter-
cellular adhesion. Decoupling the influence of actin and cadherins on spheroid me-
chanics thus remains an important point of investigation. Additionally, potential drugs
or inhibitors to single-out cytoskeletal components will have to be carefully chosen in
order to not compromise the integrity of spheroids during aspiration.

Besides pressure-dependency, spheroid surface tension has been shown to depend
on spheroid size, with smaller spheroids having a larger tension [6]. Unfortunately, the
size range that our microfluidic device could aspirate was too small to reproduce this
effect. For future experiments, the width and height of the aspiration pockets on the
microfluidic chip could be increased to allow a larger size range for spheroid measure-
ments. However, less pockets would fit in the microscope objective’s plane of view, de-
creasing the throughput. In addition to making improvements to the microfluidic de-
vice, we believe that a focus on gap junctions could provide new insights in the puta-
tive size dependency of the surface tension of spheroids. Gap junctions are intercellular
connections that allow the exchange of ions and fluids between cells [4]. Previously,
spheroids placed in a hydrogel of alginate and Matrigel displayed a greater compressive
stress at their core with increasing spheroid size [7]. Due to this stress, water and ions
were pushed from the core of the spheroid to the periphery through gap junctions, caus-
ing spatial variations in cell volume with cells swelling at the periphery (Fig. 6.1) [4].
This effect was negated once gap junctions were blocked with an inhibitor. Interestingly,
Yousafzai et al. showed that larger spheroids with a lower surface tension displayed a
reduced myosin concentration at the surface, likely due to an increase in cell volume at
the periphery [6]. Performing future aspiration experiments on spheroids with blocked
gap junctions (e.g. using the gap junction inhibitor carbenoxolone [7]) could therefore
shine new light on the potential impact of cell volume variations on tissue mechanics.

6.2. ROLE OF CELL DEFORMABILITY IN MIGRATION

Besides spheroid mechanics, we have also focused on the role of cell mechanics in can-
cer metastasis. For this, we created high-throughput microfluidic devices that help in-
vestigate the role of cell deformability in cell (cluster) migration. In chapter 5, we have
introduced our multi-layered microfluidic device to compare cell deformability between
cell types in a high-throughput manner. With this device, we demonstrated that actin
depolymerization did not influence cell deformability for MV3 cells. Additionally, we
showed that HT1080 cells deformed more than MV3 cells when squeezed through vessel-
sized constrictions. For future advancements, we believe intermediate filaments to be an
interesting topic of focus. For example, staining for vimentin (alongside other cellular
components) could provide insights in potential differences between the cytoskeletons
of MV3 and HT1080 cells. Additionally, working with knock-out cells could shine light
on what cytoskeletal components govern the difference in deformability between the
cell types.

Next, we developed a microfluidic device to investigate how differences in deforma-
bility influence migration through a physiologically relevant 3D environment of narrow
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constrictions. Proof-of-concept experiments demonstrated that cells are able to reach
the constriction area and squeeze between the pillars. For future experiments, it would
be of interest to seed cell clusters in the device and investigate whether they are able to
reach the constriction area without breaking up into single cells. If this would prove to
be the case, confocal fluorescent imaging could shed light on the role that cytoskeletal
elements play in the migration of clusters in comparison to single cells. Additionally,
persistence time and migrational velocity would be important parameters to investigate
in order to test whether clusters hold a migrational advantage over single cells, as has
been demonstrated computationally [8].
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