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Abstract

Cancer is a diseaseesponsible for a large numberof deaths in society. Specifically, cancer
cell migration is associated with malignancy and difficult to treatMigration is influenced by
mechanical and chemical properties of the environmenas well as thecellular phenotype
and behavior. Cancer cells can adapto the properties of ther environment by adjusting
their phenotype and they can alter the tissue aroundhem. In the following, the influence of
fiber stiffness, confinement, and adhesion properties on cancer cell migration in porous
collagen gelsis investigated. Soft collagen gels with short fibers hindermigration and
promote a round, noninvasive phenotpe. Longer and giffer collagen fibers lead toan
adhesive phenotype and confiné migration due to their more adhesiveproperties. With
TGFr kadhesionis lowered and the cancer cells switch from theadhesive phenotypeto
highly motile amoeboid phenotypes In stiff collagen gels withpores of about cell sizehe
highest migration speeds and longest displacements are achievby cells with an amoeboid
phenotype. Themechanical properties of collagen geldirectly influence the phenotype and
subsequently migation, which is mostefficient with an amoeboid phenotypeand in gels

with stiff fibers, cell sized pores, and low adhesian

This was also inestigated for cancer cell aggmgates in highly oriented collagen gels. By
using a microfluidic channelsetup the collagenfibers were alignedtangentially and radially
with respect to the spheroid surface The alignment can be describe by finite element
simulations. This specific orientation of the collagen matrix influencedinvasion from the
cancer cell spheroid aeating a strong bias of invasion towards radial as compared to
tangential fiber orientation. Brownian diffusion model simulations suggest acompletely
blocked migration perpendicular to fibers, allowing migration only along fibers. The actual

invasion is slowed down inareaswith tangentially oriented fibers, but it is still possible.

Furthermore a new method to detect proliferating tumor cells in situ by using multiple
consecutive click reactions with dendrimeric moleculesand clickable dyesis presented
#A11 0 AOA ¢cOi xT ET OEA whed OAEJY Aecomés pdtEtkel Ul Z
genome during proliferation. After the cells werefixed and permeabilised the incorporated
alkynes of the EdUare functionalized with AUE A A Z AT 1otbphéresEhroGgh e @z
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catalysed alkyngazide click reaction.TheseAUEAAZ AT A Al EUT AzZi T AEEEARA
OEA AOOAAI EOEI AT O 1T &£ OAT AxEAEZOUDPA AAOAAOQEIT 1T /£
OECT Al ET OAT OE OE A ©s iArbféxenc Fo@dmpdrahi@chniuest OA OA O

4EA 2.172&)3(ZAAOAA A Adpkoded if thé followiEg By intreasing e A1 O1
number of fluorophores per oligonucleotide probe.Currently, the RNAFISH detection

i AOET A OOAO OAOGO 1T &£ OET cl Az &l Obesiha BybridiZezdA 1 T OAET
the mRNA of interest This reliable detection of transcription events and the localization

and quantification of particular mRNA allows diseae states to be characterized more

directly. For the early detection of virus infections, when spreading of the virus and

outside of the organism can be controlled much better, this is particularly important (e. g.

SarsCo\f2). To receive a reliable gjnal, a large number of probe strands (>30)s required,

but OEA 17T O0A T1ECITOAI ATOEAA DPOI ARG AOA OOAAR Ol
xEEAE AOAAOA AAAECOI OT A T1EOCA8 4EOI OCE OEA 00/
DNA oligonucleotides mubE D1 Az £ O Ol PET OAZAT 1T OAET Etipg HOT AAO
labeled probes allow reliable detection ad direct visualization of mRNAwith only a very

small number (5z10) of probe strands. In anin situ experiment this lead to lower

background noise anda better signal to noise ratio,whereby viral transcripts can be

detected 4 hours after infection.

RNA viruses induce formation of subcellular organelles that provide microenvironments
beneficial to their replication. These replication factories of rotavwiuses are proteinRNA
condensates, formed via liquidiquid phase separation. Through phase separation rotavirus
proteins NSP5 and NSP2 form RNAch condensates, which can be reversibly dissolveih
vitro by aliphatic diols. These RN#rotein condensates became less dynamic and
impervious to aliphatic diols during infection, indicating a transition from a liquid to solid
state. The selective enrichment of viral transcripts seem® be a unique feature of these
condensates, but other aspects of assembly asmilar to the formation of cytoplasmic
ribonucleoprotein granules. By targeting these complex RNAprotein condensates that
underlie replication of RNA viruses promising novel therapeutic approaches could be

developed.
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1. Introduction

1. Introduction

1.1. Characteristics of cancer

Cancer isone ofthe main causes of death worldwide. In Germany alone there were nearly
half a million diagnosed cases of cancer in 201[d]. Despite several decades of intense
research on this illness the mechanisms and functions regarding cancere not fully
understood and will require a lot more research in the future. Howevethere were found

ten enabling characteristics(figure 1.1) that are shared in common by most types of human

tumors|2, 3].

Sustaining Evading
proliferative growth
signaling suppressors

Deregulating Avoiding
cellular immune
i destruction

Resisting Enabling
cell replicative
death immortality
Genome Tumor-
instability & _ promoting
mutation inflammation
Inducing Activating
angiogenesis invasion &
metastasis

Figure 1.1: Ten criteria most types of human amor share in common: evasion of growth

suppressors (brown), avoidance of immune destruction (magenta), enabled replicative




1.1. Characteristics of cancer

immortality (light blue), inflammation promoting the tumor (orange), activated invasion
and metastasis (black), induced angiogenesised), genome instability and mutation (dark
blue), resistance to cell death (grey), deregulated cellular energetics (violet), sustain of

proliferative signaling (green) [3].

Most prominent is a genomic instability in cancer cells, which leads to randomutations
(figure 1.1: dark blue). These mutations can lead to the appearance of other enabling
characteristics. The genomic instabilitycan be derived directly from external influences
(e.g. radiation, chemicals, viral infection) or from a breakdown in one or several
components of the genomic maintenance machinery inside the cellg]. Spontaneous
mutation is usually verylow during each cell generation.To acquire enough muant genes
to trigger tumorigenesis, cancer cells often increase their mutation rates through an
increased sensitivity to mutagenic agentsaltered genomic maintenance machinery or

compromisedsurveillance systems for genomic integrityf4-9].

A second enabhg characteristic involves the inflammatory state of premalignant and
malignant lesions, driven by cells of the immune system (figure 1.1: orangg)l0].
Inflammation can supply bioactive molecules to the tumor microenvironmentthat support
other tumor criteria, including growth factors that sustain proliferative signaling, survival
factors that limit cell death, proangiogenic factors, extracellular matrismodifying enzymes
that facilitate angiogenesis,invasions and metastasis[11-14]. Additionally, inflammatory
cells can releasaeactive oxygen specie®r other chemicals, whichaccelerate thegenome

instability and progress geneticmutations [12].

Cells and tissues are constantly monitored by the immune system and it can recognize and
eliminate the vast majority of incipient cancer cells [L5-17]. Solid tumors have avoided
detection by the immune systemand limited the immunological killing of cancer cells
(figure 1.1: magenta).In fact highly immunogenic cancer cells are often eliminated by a
sound immunesystem, but weakly immunogenic variants sometimes survive and can grow
solid tumors [16-18]. Cancer cellsalso evade immune destruction by disablingcomponents

of the immune system, they forexample paralyze infiltrating cytotoxic T lymphocytes

z

(CTLY and natural killer (NK) cells, by secretng TGF 1 O 1T OEAO EIi 1 OT 1T OODt

2
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factors [19, 20]. Another mechanism is the recruitment ofinflammatory cells that are
actively immunosuppressive, e.g. regulatory T cells (Tregs) and myeloidderived
suppressor cells(MDSCs) 21, 22].

Another characteristic is the self supply with growth signals figure 1.1: green). Normal
tissues carefully control the production and release of growtfpromoting signals that
instruct entry into proliferation. Thereby, a homeostasis of ell number and thus a normal
tissue architecture and function is ensured. Cancer celtan either produce growth factos
by themselves, resulting in autocrine proliferation, or stimulate normal cells within the
supporting tumor-associated stroma to supplythem with various growth factors. Another
way to deregulate the growth signals is to alter number or structure of the receptor
proteins displayed at the cancer cejlor the activation of components of signaling pathways

operating downstream of these recepars [23-28].

The uncontrolled cell proliferation requires adjustments of the energy metabolism in order
to fuel cell growth and division (figure 1.1: violet). Cancecells can reprogram their glucose
metabolism by limiting their energy metabolism largelyto glycolysis,even in the presence
I £ T @UcAih 1AAAET ¢ O A OOAOA OEAR®H3EAO
AT 1T PAT OAOA -mid wed &fiiendy miPATP production, glucose transporters,
notably GLUT1, which increases glucose import intihe cytoplasm are upregulated32-24].
Increased glycolysisalso allows the diversion of glycolytic intermediates into various
biosynthetic pathways, which facilitate the biosynthesis of the macromolecules and
organelles required for assembling new cell§35, 36]. Some tumors have been found to
contain another population of cancer cellswhich usethe lactate produced bythe glucose
dependent cells agheir main energy sourceby employing part of the citric acid cycle[37-
39].

The evasion of growth suppressors is also an important factor for cancer development
(figure 1.1: brown). Antigrowth signals block proliferation and ensure cellular quiescence
and tissue homeostasisThey are received via surface receptors on cell membrasse similar
to their growth signal counterparts and are evaded by similar meang$40]. Tumor cells
disrupt for example the pRb pathway governed by the transforming growth factorbeta

(TGFy), by downregulating or altering their TGFy receptors [41-44]. Caner cells can also
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turn off expression of integrins and other cell adhesion molecules that send antigrowth

signals, favoring instead those that convey progrowth signalg] .

Another important criterion for tumor cells is the resistance against cell death {gure 1.1:
gray). Programmed cell death by apoptosisis induced for example by DNA damage
associated with hyperproliferation or signaling imbalancesresulting from elevated levels
of oncogene signalingand serves as a natural barrier taumor development[45-47]. Most
commonly, cancer cells lose ecritical DNA-damage sensor that functions via the TP53
tumor suppressor and induces apoptosis. Alternatively tumors increase expression of

antiapoptotic regulators, or of survival signals, by downregulating proapoptotic factorg3].

Acquiring limitless replicative potential is another key factor for tumor formation (figure
1.1: light blue). In each cell cycleduring transcription of the chromosomes normal cells
lose 507100 bp telomeric DNA andafter too many doublingsa massive cell deatltaused by
karyotypic disarray associated with endto-end fusion of chromosomesccurs |48, 49]. In
cancer cellsthe expression of the telomerase enzyme, which adds hexanucleotidepeats
onto the ends of telomeric DNA, is upregulatedor the telomeres are protected through
recombination-based interchromosomal exchanges of sequence informatiob(-52]. These
mechanisms keep the telomeres above the critical length and therefore enaldelimitless

replicative potential.

A tumor needs to be supplied with additional oxygen and nutrientslue to the unregulated
proliferation of the cancer cells. A stimulated angiogenesis is therefore a necessitior
explosive growth ofatumor (figure 1.1:red). In a tumor several proangiogenic signals, such
as different fibroblast growth factors (FGF) or vascular endothelial growth factor (VEGF),
are upregulated andcausing normally quiescent vasculatureto continually sprout new
vessels that help sustainexpanding neoplastic growths[53-57]. These blood vesse,
produced within tumors, often show convoluted and excessive vessel branching, distorted
and enlarged vessels, erratic blood flow, microhemorrhaging, leakiness, and abnormal

levels of endothelial ell proliferation and apoptosis [68, 59].

The last criterion is the ability of a tumor to invade surrounding tissue and form metastasis
(figure 1.1: black).During the development of most types of human cancer, primary tumor

cells spawn pioneer cells that mee out and invade adjacent tissue. Through the vascular

4
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system these cells cartravel to distant sites where they may succeed in founding new

colonies.This formation of metastasess the cause of 90% of human canceateaths[60].

These ten characteristics already give us some targets for possible therapeutics, bhet
more precise the mechanisms and processes behind tumdiormation are understood the
better the treatment of this mortal diseasebecomes [3]. The capability of cance cells for
tissue invasion andmetastasis enables them to spread through the whole human body,
which complicates treatment significantly Therefore, the main focus of this thesis is on

understanding the principles behind tumor cell movement through its strounding tissue.

1.2. Tissue invasion and metastasis formation

Invasion and metastasis areextremely complex processes and theinfluence of genetic,
biochemicalor biophysical factors remain incompletely understood.The metastasis cascade
(figure 1.2) is a multistep process, whictbegins with cells escaping from the confinement of
the primary tumor site via breakdown of the basement membrangThis process is initiated
by the activation of signaling pathways that regulate cytoskeletal dynamics, loss of adhesion
amongst tumor cells and turnover of the surrounding extracellular matrix (ECM)d1]. Then
tissues as well as nearby blood and lymphatic vesselsare invaded (intravasation).
Dispersion of tumor cellsvia the lymphatic system leads to lymph node metastasis in the
first instance, while dissemination via the blood circulation (hematogenous) can lead to
metastasis at distant site§62, 63]. These cirailating tumor cells (CTCs)exist as single cells
or clusters coated with platelets andare transported via vascular systemso distant tissues
where they intercept into smaller capillaries, or adhere to the larger blood vesselsThe
cells,which survive shear stress and evad clearance by the immune systemexit the blood
vesselthrough paracellular, or transcellular transendothelial migration (extravasation) and
colonize the distant tissue [64]. This process can be promoted by alterationsof the
surrounding matrix, induced by secreted factors(cytokines) and extracellular vesicles
(exosomes)derived from the primary tumor, before the establishment of metastase$65].
Pre-metastatic niches are formed through tissue alterationswhich involve fibroblasts,

endothelial cells and immune cells and provide a beneficial environment for th€TCsto
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settle down and grow[66, 67]. These CTCs are called disseminated tumor ce{(BTCs)and
form small nodules ofcancer cells (micrometastases), whictcan grow into macroscopic

tumors [68].

Primary tumor Key
— ECM © Exosome

(== Epithelial cell “p™= Blood vessels

° @ o @ Tumor cell oe Cytokines
: e @ Platelet s Basement
' Invasion ° membrane
@ o < | Endothelial cell
Intravasation  °

- - | = - - | = OQO L JE JE JE JEKE 2 _JEK
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—_—
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Figure 1.2: Schematicof the multistep metastatic cascade, involving tumor cells invading
the surrounding tissue, intravasaing into blood vessels, being transported to and
extravasating into distant tissue. Smetimes tumor cells settle in pre-metastatic niches
form micrometastases and proliferate into large macrometastasesduring the colonization

process[69].

Less than 1% of tumor cells undergo this process, but metastasis contributes to more than
90% of cancerrelated deaths [70, 71]. Cells in metastatic colonies may proceed to spread,
not only to new sites in the body, but they also can go back to the primary tumor sit€his

self-seeding can accelerate tumor growth, angiogenesis, and stromal recruitmeff2].
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Cancer cells not necessarily disseminate from the fully malignant primary tumor, but can

disperse remarkably early from ostensibly noninvasive premalignant lesions/3, 74].

1.2.1. Dormant cancer cells

Successful disseminationhowever, is not strictly coupled with an immediate colonization

of the invaded tissue DTCs carbe present for years or decades and stay in a latent state as
single cells or micrometastaseq75-77]. Thistumor dormancy can be induced for example
by tissue microenvironments that arenot suitable for the cancer cellswho try to colonize it.
Most disseminated cancer cells are likely to be poorly adapted, at least initially, to the
microenvironment of the tissue in which they have landedThey have toadapt to the new
environment via tissue remodeling or mutations until they thrive in the foreign tissue
[76, 77]. A specific example ignadequate vascularization.When DTCsare not provided
with sufficient nutrients they can shrink and adopt a state of reversible dormancyThey
may exit this state and resume active growth when angiogenesis has progressed, and the
explosive proliferation can be sustained with enough nutrient§78-80]. Another reason can
be the release of systemic suppressor factors by the primary tumoOnceit has been
surgically removed or pharmacologically destroyed macroscopic metastases may erupt
again from these dormant celld76, 77]. The anti-growth signals can also be embedded in
the normal extracellular matrix [81]. Other factorsresulting in DTCs entering a quiesent
state are clearanceor supression of the DTCs by the immune system. If the cancer cells
were held in check, in a dormant state, by a fully functional immune system, they can be
reactivated by an illness or thetreatment of the primary tumor with chemotherapeutic

agents,which weaken the immune systenj76, 82].

1.2.2. Biochemical feedback on cancer cell invasion

Metastasis involves genetic ancepigenetic alteration of tumor cells, but it also greatly
depends on the biochemical and biophysical microenvirmments of the cancercells [83-85].

Transcriptional factors, for example,including Snail, Slug, Twist, and Zebl/Zesponsible
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for the epithelial-mesenchymal transition (EMT) and related migratory processes during
embryogenesis have been found tocause metastasis when overexpressedat the wrong
place [86-88]. In addition, these transcription factors can causéoss of adherens junctions
expression of matrixdegrading enzymesjncreased motility and heightened resistance to
apoptosis, which are all important traits in the processes of invasion and metastasis.
Several of these transcription factors can directly repress -Eadherin expression, a
homotypic cell-to-cell interaction molecule on epithelial cells E-cadherin induces bridges
between adjacent cellsresulting in the suppresson of growth, motility and invasiveness
[89, 90]. Furthermore, an altered distribution of the intracellular transcriptional regulator

[ -catenin, e.g. caused by stromal cellsy cytokines, can change the tumor cells behavior
and induce malignant cell phenotypes The EMTFinducing transcription factors are able to
orchestrate most steps of the invasiormetastasis cascade, except for the colonization

process [L4, 91].

Also sveral different protein classes, which areinvolved in the binding of cells to their
surrounding tissue and convey regulatory signals,are altered in cellswith invasive or
metastatic properties. The affected proteins include ceficell adhesion molecules (CAMs),
members of thecell-to-cell interaction controlling, immunoglobulin and calciumdependent
cadherin families, and integrins, which link cells to etracellular matrix substrates. Changes

in expression of these CAMs of the immunoglobulin superfamily also appear to play a
critical role in the invasion and metastasis processes92, 93]. N-cadherin, for example,
which is normally expressed in migrating neurons and mesenchymal cells during

organogenesis, is upregulated in many invasive carcinoma cej84].

An adjustedintegrin expressionis alsocommonin invasive and metastatic cells, due to the

different tissue microenvironments they experience during their journeys. The cell
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to the large number of distinct integrin genes, the even larger number of heterodimeric
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the complex signals emitted by the cytoplasmic domains of these receptor85, 96]. But
evidently these ntegrin receptors can induce or inhibit invasive and metastatic behaviarA

successful colonization ohew sites demands adaptation through shifts in the spectrum of
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different integrin subtypes with distinct substrate preferences.The carcinoma cells shift
their expression to integrins that preferentially bind the degraded stromal components
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98].

Another parameter involved in the invasive and metastatic capabilityof cancer cells are
extracellular proteases[99, 100]. In tumor cells protease genesget upregulated, inhibitor
genes are downregulated and inactive zymogen forms of proteases are converted into
active enzymes causingmatrix-degrading proteasesto bind to specific protease receptors,
or integrins on the cell surface 101, 102]. The increasedrelease in the cells vicinity and
docking of active proteases on the surface can facilitate invasion by cancer cells into nearby
stroma, across blood vessel walls, and through normal epithelial cell layer&dditionally,
other human tumor criteria are influenced by the proteasesincluding argiogenesis and
growth signaling [101-103]. Furthermore, cancer cels recruit other cells to produce
stimulants for invasion and metastasis formation For example, mesenchymal stem cells
(MSCs) present in the tumor strana have been found to secrete CCL5/RANTES in response
to signals released by cancer cells. Theytokine CCL5in turn acts on the cancer cells to
stimulate invasive behavior [104]. In many carcinoma types matrix-degrading proteases
are produced by conscriped stromal and inflammatory cells [L01, 105, 106]. These
conscripted cells thenreleasethe proteases for thecarcinoma cells. For example, certain
cancer cells induce urokinase (uUPA) expression in cocultured stromal cells, which then
binds to the urokinase receptor (UPAR) expressed on the cancer ce[l$07]. This activation

of extracellular proteasesand the altered binding specificities of cadherins, CAMs, and
integrins are a necessity to developgnvasive and metastaticcapabilities. Butthe molecular
mechanisms and regulatory circuitshat govern theseprocessesremain poorly understood

and seem to differ from onetissue environment to another.
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1.3. Influence of the extracellular matrix on cancer cell invasion

The extracellular matrix is a mechanically stablenetwork for epithelial cells. It is composed
of a biopolymer fiber matrix of proteins, proteoglycans and glycosaminoglycans that differ
in composition and structure throughout various parts of the body. The size of the
biopolymer fibers, the density and interconnection of the fiber network determine the

mechanicaland morphologicalproperties of the extracellular matrix (ECM [108].

The ECM morphology has a direct impact on the cellgtvelling through it, for example if
the elongated cell, or more precisly the nucleus crossection, is the same size or slightly
below the mesh size of the matrix, the cedlcan move freely through thenetwork. But in an
ECM with much larger mesh sizethe cell migration is hindered due to a loss of celfiber
attachement sites, which are needed for pushing or pulling the cslbnward. On the other
hand, if the mesh size is too smallthe cells could get stuck in the matrix [109]. The cells
sense these properties and can adapgb them by changingthe mode of movement, e.gf
there is a high confinement and low adhesion, some cells switch &n amoeboid migration
mode. Amoeboid migration is characterized through actin-rich pseudopods,
hydrostatically-generated blebs and a highhkcontractile uropod, resulting in a rapid
motility. Furthermore ; the cells show weak or absent adhesion to the network and little or
no extracellular matrix proteolysis.If cellsface a pore smaller than their apss section, they
can force the fibers of the matrix out of the way andremodel their shape until they fit

through, or degrade the network with proteolytic enzymes [116112].

The ability of cells to perceive mechanical properties of their surroundings is rkown as
mechanasensingand can be facilidated by integrin-mediated adhesions and downstream
mechanosensor protein signaling [113].The forcethat cells need to apply on the fibersto
move, while pushing themout of the way, is determined by the rheologicd properties of the
ECM Rheological properties that can influencethe invasion are frequency-, strain- and
strain-rate-dependent  visceelastic shear modulus, strairdependent plasticity,
compressibility, and Poissonrratio. These mechanical parameters arstrongly determined
by structural protein content (e.g. collagen or elastin) fiber thicknessand the extent of

intrafibrillar cross -links [114]. A stiff matrix allows cell protrusions, high-traction forces
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and elongated cell shapes, through a reinforcement of focal adhesions and increased RhoA
mediated actomyosin contraction [115]. In contrast, a soft surrounding ECM enables a
round cell shape with little focal adhesion reinforcement and cytoskeletal contraiity
[116]. This effect on the cells leads tdurotaxis, a stimulation of directed cell migration to a

matrix region with greater stiffness [117].

Especially tumor cells remodel the ECMnaking it stiffer and thus inducinginvasion. The
higher rigidity is accompanied byincreased collagen crosslinking,enhanced PI3 kinase
activity and increasedfocal adhesion formation[118]. Furthermore, cancer cells align the
fibers of the matrix and orient themselves along these aligned fiberd.his behaviour is
mediated by mechanosensory integrins that, together with Rho/ROGknediated
cytoskeletal orientation and directional contraction, further increases directional

persistence incell invasion [119, 120].

Tumor cells migrate either collectively through connective tisue, while retaining their
intracellular junctions, or they convert into individually migrating cells. The loss of polarity
and cellcell adhesion in place of invasive propertiess called epithelial-mesenchymal
transition (EMT) andis caused by the downrgulation of Ecadherin due to the suppression
of transcriptional regulators like Snail or Twist (figure 1.3) [121]. The EMT is a relatively
slow process, due to the extensive alterations in gene transcription needethe migration
modes adapted bythe invading single cells are refered to as either mesenchyah or
amoeboid [122]. DuringECM invasionsingle cancer cells can switch their migration mode
depending on the suppression or enhancement of specific molecular pathwaysnd
depending on the surrounding ECM properties This process is called mesenchymal
amoeboid transition (MAT), or amoeboid-mesenchymal transition (AMT) depicted in figure
1.3. Cancer cells have an abnormal plasticity and can quickly adapt to thesurrounding
tissue environment, for example through switching between those two modes This process

is very fast compared to the EMBnd can happen in minuted108].
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Figure 1.3: Collective and single cell invasion modes of cancer cells with the different
transition capabilities, epithelial-mesenchymal transition (EMT), mesenchymaémoeboid

transition (MAT) and amoeboidmesenchymal transition (AMT)[108].

The mesenchymal invasion mode can be observed with fibroblasts, keratinocytes,
endothelial cells, macrophages and many tumor cells typebhe cellsare polarized andhave
an elongated shape with one or more leading pseudopods. They move through the
formation of actin-rich filopodia and lamellipodia at the leading edge, which is regulatebly
the RacGTPaseand Cdc42The cells then adhere tadhe ECM where theyform stress fibers
and after a contraction the cells detach from the matrix at their rear end By repeating the
adherence, contraction and detachment process the cells move forwafd23-125]. This
process can be supported by ECiegrading enzymes(e.g. MTEMMP, cathepsins), if the
surrounding matrix is too dense[126, 127]. The proteolytic remodeling of the ECM is
critical for mesenchymal tumor cell invasion Migrating cancer cells can undergo a MR
through the influence of physicalproperties of the surrounding matrix, or after the blocking

of pericellular proteolysis or integrins, to continue their movement with an amoeboidlike
invasion [128, 129].

The amoeboid migration mode is derived from themotility of amoeba and has been

observed with leukocytes and many different tumor cells The usually round cells have a
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more uniform distribution of cortical actin and move through alternating expansion and
contraction of the cell body. This processrelies on RhoGTPase activated myosin
contractility. They form either F-actin networks, which are regulated by actirmyosin
interactions, or membrane blebs in the direction of migration [129-133]. A strong
characteristic of amoeboid migration isweak or absent ahesion to the matrix and
independency on proteolytic degradation othe ECM Amoeboid cells cansqueezethrought
the network at relatively high velocities. Depending on the stiffness of the tissue and the
used cell ling velocities up to 25t | ¥ [ &h beobservedin a 3D environmentin vitro
[134].

In a stiff ECM fibroblasts use a lobopodial movement mod&here they have an elongated
shape and translocate using blunt, cylindrical protrusions. When surrounded by a soft
collagen matrix the cells move in a lamellipodial fashion with branched, fingerlike
pseudopodia with Racl and Cdc42 activated at the tips. Both these movement modaa be
canceledby integrin inhibition, because their motion depends orintegrin-based adhesions
The nuclei of the fibroblags migrating in the ECM are located at the ceat or rear of the
cells [153]. However, epithelial cells migrating in 3D collagen matrices have their nuclei at
the cell front, with the cell body trailing behind. The nuclei are driven forward with
actomyosin contraction, leading the migration of these cells. Normallycell migration in

ECMs depends on myosin based contraction within theseudopodia [154].

The network rigidity not only changes cell migration behavior, but also affects the tumor.

A stiff ECMleads toan overexpression of ErbB2 a transmembrane receptor tyrosine kinase,

which indirectly regulates cell growth, differentiation, and apoptosis, among other critical
processes in tumor cell136]8 % OA" ¢ BOT OAET EO 1 Gévaskezehdd A OOA
metastatic breast cancers and increases intracellular mechanical sensitivity, which in turn

results in a bigger intracellular apparent stiffnes4137, 13§].

However, a deep understanding of underlying mechanisms of tumor formation and invasion
related to the mechanical properties of the surrounding ECM is still hampered by the
complexity of the involved signaling cascades, the heterogeneity of relevant cell populations

and the shortcomings of model systems.
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1.3.1. Cancer cell mobility on surfaces

Cel migration has been extensively studied ontwo-dimensional (2D) substrates. The
involved mechanism usually is a combination of front protrusion, rear contraction and
graded adhesion 139]. Actin polymerization forms protruding lamellipodia at the leading
edge. A the rear myosin-induced contraction and disassembly of the actin network
generates contraction and a forward movement of the cell [L40]. In the lamellipodia region
dynamic adhesions are formed, whichmature and disassemble as they moveloser to the
centre of the cell L41]. The balance between actin polymerization, retrograde actin flow
and adhesion drag dictates the migration speed of the cell§142]. The big advantage
experiments in 2D have is the lower complexity compared to studys in 3D eneinments.
The complex motility of cells can be understood more clearly in controlled and confined
microenvironments and these environments can be designed, tuned dmeproduced most

easily in 2D.

Artificial micropatterns are widely used to examine the shape migration and internal
chemistry of cells in a wellcontrolled and highthroughput fashion. Studies with cells on
microlanes have shown for example a relation between persistence and cell velocity or
novel migratory behavior [143, 144]. Microlanes with ratchet geometries indued directed
migration, circular adhesion islands lead to rotational migration of small cohorts of cells
and introducing gapsinto the microlanes induced astochastic cell reversal and transits
[145-147]. Another insight was the change of persistent cell migration on linear
microlanes, to striking oscillations upon depolymerization of microtubules or by depletion

of zyxin, a protein that concentrates at focal adhesions and actin cytoskeleton components
[148, 149. In combination with computer simulations, migration of cells can be predicted

and reproducedwith these micropatterns.

Zhou et al. designed short microlanes and investigated the migration of single cells on them
[150]. Both ends(poles) of the microlane were coated withpolyethylene glycol (PEG).The
cells showed a quasi oscillatory poldo-pole migration mode, with repetitive
depolarization-repolarization cycles.At the poles of the microlanes, actin polymerization in

the leading protrusion is quenched due to the reduakcapability to form focal adhesions in
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the PEGylated areaThe cell stopps, protrusions form at the opposite edge of the cell and
the cell moves in the opposite direction. The time needed for this reversal mechanism does
not depend on the length of the mirolanes and hence appears to be independent of the
migration history. Furthermore, by changing the shape of the ends of the microlanes, it was
found that a concave tip shape leads to split protrusions, showing local quenching of actin
activity in the middle. However, in microlanes ending in sharp tipghe lamellipodium does
not split and enters the sharp tip. Thusprotrusions into constrictions are enhanced, while
protrusions at concave interfaces are splitThe general mechanism behind the poko-pole
cell migration and the behavior at the microlanepoles is driven by the dynamics and

reinforcement of exploring protrusions at both ends of the cell

By designing a twestate micropattern system with two adhesive sitesconnected by a thin
constriction, Briickner et al. studied thedynamics of cellmigration in a confined system
[151]. They observedmigrating cells perform repeated stochastic transitionsand found a
deterministic driving that controls the traversal of the thin constriction with MDA-MB-231
and MCF10A cells.The MCF10A cell line shows an amplification of velocity at the
constriction, ensuring a rapid transition to the other side of the micropattern The MDA
MBcaop AATT O AiIT60 AAAAIT AOAOAite sgedifidrespohsd oithe OE A
presence of the constriction With many recorded single-cell trajectories, an equation of cell
motion with deterministic and stochastic contributions that reproduces the observed
migration statistics, could be determined The experiments also shw a deterministic trend
to invade the thin bridge of the micropattern, which suggests that constrictions can provide
guidance cues to celland excitable bistable dynamics foMCF10A cells, which are known
to be less invasive With this theoretical framework distinct dynamical features of cell
locomotion and thar response to physical obstaclescan be captured Additionally the
importance of environmental factorsis shown throught the use ofdifferent adhesion site
areas or geometries in the experimentThe effect of the environment on cell migration can
be quantified through comparison of mean dwell times and steadgtate occupancy
probabilities. Statistical evaluation of individual trajectories and transition ratesshow an
indirect connection between escge rates, protrusion dynamics and cell polarization in

confining microenvironments [152]. The results of these experimentscan be used to

15



1.3. Influence of the extracellular matrix on cancer cell invasion

describe cells moving along filaments or through pores of a biopolymer meshworkand to
further understand microscopic processes driving cell migration as well as the dynamics of

cells in more complex environments

The big drawback of these experiments in 2D is thiack of comparability to the actualin
vivo situation for tumor cells and therefore thelack of transferability of the insights to real

tumors in humans.

1.3.2. Movement of cancer cells in 3D model systems

The study of tumor cells in three dimensions 3D) is closer toin vivo tumor studies, than
experiments on surfacesCancer cells can be introduced to hydrogelshe properties (e.g.
rigidity) of which are not as well defined as on surfaces, but they can be altered fairly easily
compared toin vivo experiments. The pore size or stiffness of a hydrogel model system, for
example changes with the used concentration, and this in turn influences the cell motility

or phenotype. In pathology studies metastatic tumor cells were found to have highly
branched morphologies anda bias to move parallel toan aligned ECM during metastatic
tumor progression[84, 85]. With a 3D hydrogel network a tunable orientation in the matrix

and an environment close tan vivocan be achieved in one experiment.

The complex migratory behavior of tumor cellsin a 3D environmentwas examined in the
computational study of J.Zhu and A. Mogilner [155]. They demonstratethe importance of
protrusion formation in different directions and the contraction ofthe cytoskeleton forcell
migration in 3D. Furthermore, they showthat a steady flow of actin is the main driving
force for cell migration. However, adhesion to the ECM is dispensable there are strong
steric interactions betweencell and ECMAIso, the migration strategy a cell usesbased on
the physical properties of the ECM and thenteractions between cell and ECM was
predicted. By altering the spatial distribution and dynamics of actin protrusion, actinz
myosin contraction and adhesion six migration modes were determined, which were

similar to observedonesin normal and tumor cells (figure 1.4).
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=56 min (=122 min

t="104 min =156 min
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Figure 1.4. Snapshots of the simulated mosment modes. a) Mesenchymal modd))
chimneying mode, ¢) amoeboid mode,d) blebbing mode, e) finger-like mode andf) rear-
squeezing mode.The actin network is shown in green the nuclei are depicted as grey
circles and the cell membrane is colored blue. The ECM is shown as grey triangular
meshwork outside the cell,the proteolytic region is colored in red and celtECM adhesion

sites aredepicted as white dots on the membrand155].

The mesenchymal modes common in cancer cells with strong proteolyticactivity and
adhesions (also described in 1.3) The simulated cels have anelongated shapeand the
nucleusis located at the rearof the cell (figure 1.4a). The polymerization and expansionof
the actin network pushes the front end through the matrixand at the same timethe rear

end is retracted by the adhesion sites between theell and the ECMIn addition, transient
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adhesion bondsare formed at the cell front, connecting the actin network and the ECM.
These bonds detach from the cell as theynove towards its rear, during the continuous
migration through the matrix. In this mode, efficient migration is only possible through

proteolytic activity, which removes the hindering ECM nodes at the frortL55].

If adhesion is inhibited, the simulated cells switch to the chimneying movement mode.
Through the formation of protrusions, which invade ECM poresext to the cell, it can meoe
through dense ECM structuregfigure 1.4b). Theactin inside the protrusions is connected
with the whole actin network of the cell and thus aretrograde actin flow in the cell
generates traction forces via steric effect between the protrusionand the ECM.This mode

is less efficient than the mesenchymal mode, because the generation of the traction forces is

more complex[155, 156].

With an inhibited proteolysis and low adhesion levelssimulated cells resort to amoeboid
modes of movement. In this modgthe cells form random pseudopodidike protrusions and
push them into adjacent pores of the ECMigure 1.4c). Through actin polymerization at the
front, the protrusions grow and the cell is pulled in the direction of the dominating

protrusion, due to the conservation of cell volumgl155].

The simulated blebbing movementmode looks similar to the amoeboid mode, but the die
AT AOT 60 & Oi AT U AAEAOEIT OEOAO AT A 110AO
in a lower movement speeddue to the ineffective generation of traction forces[155, 157,
158].

In the finger-like protrusion mode, the simulated cells form long protrusions from the cell
body into the surrounding ECM(figure 1.4e). During cell movement, actin polymerization
and adhesion formation occur in the protrusion and generatemany adhesion sites and
traction forces at the tip. Then, the cell induces astrong myosin-mediated contraction
between the protrusion and the rest of the cell body through the actin networlkand the cell
is pulled along the protrusion For continuous migration the protrusion tip is pushed
deeper into the ECM pore throughactin polymerization. Due to the necessity of severing
ECM linksin the neck region of the migrating cell, the migration mode is greatly enhanced

by local proteolysis[155, 159].
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In the last migration mode simulated, most of the actin network is concentrated baid the
cell nucleus, which squeezes the nucleus, and hence the cell forward. Therefoingss mode

is called rearsqueezing mode (figure 1.4f). The contact regignand thus the steric
interactions between the cell andthe ECMare very small during the migratonh OEA 08 O x
cell-ECM adhesion is essential in this movement modgl54, 155. These simulated
movement modes suggest that cell migratioms driven by continuous front polymerization
and rear contraction of the actigmyosin network, generating a steadyretrograde flow
inside the cell.If the cell is additionally connected to the ECM through adhesion molecules
or steric effects, this flow generates traction forces and moves the cell through the EChMhe
traction forces of the cell are countered withresisting adhesion and friction forcesof the
ECM [160].

The migration speed of the cell is influenced by the flow of actin networks well asthe
contraction rate of the cell Finger-like, mesenchymal and reaisqueezing modes rely on
myosin-induced contraction of actin networks, while amoeboid, blebbing and chimneying
modes depend on the expansion of the cortex into the pores of the ECMhe transient
adhesion of cells to the ECMalso has a great impact on cell movement speed. Strong
adhesion and a low detachment rate enable cell movement Ipyoviding traction, but if it is
Oi1T O060o1T1T ¢ OEA AATT AAT 8<uckAMHYA detachiedtirdtealsO E A %:;
can slow down the cell by lowering the traction. Especially he mesenchymal and rear
squeezing modesare affected by this balanceAnother factor on migration speed is the
mesh size of the matrix surrounding the cell. Due to the different movement mechanism
used, each cellhas ani POET Al  OEI O AP Aherk he®ghedtEridvEmentu
O b A Ady) canzbe achieved (figurel.5a)For the amoeboid and blebbing modgthe best
tecmis 13um. Cells in finger-like or chimneying mode move fastest irS to 4 um pores,and a
smaller poresize of 2um is best for the mesenchymal and reasqueezing mode Smaller
pores hinder the formation of pseudopodiaand the passing ofcell nuclei into the ECM

A N £ 9~ A

to push themselves forward[155].
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Figure 1.5: Cell speed in different movement modes depending osimulated matrix

properties, a) Cell speed i) dependence on the ECM mesh sizezgy), b) Cell speed i)
dependence on the ECM Young'sadulus (| ecy) [155].

The simulation results ofJ.Zhu andA. Mogilner explain 3D cell migration by a single model
with protrusion, contraction and adhesion as its three main components. The most
important matrix property , regarding the cel® movement sped, is stiffness or Young's
modulus. A cell can exert stronger traction forces through adhesion on a stiff matrikan a
soft one, and therefore move faster through it.But the higher stiffness aggravates the
deformation of the ECMby a cell andwill increase the above mentionedresisting and
friction forces. Also, a stiff ECMvith a tight mesh sizeand tunnel like structures leads to
persistent movement.According to simulations, a stiff matrix seems to be beneficial for the
blebbing and amoeboidmodeh x E OE A Ecwdi R2@Fa foAtheanjoeboid movement.
Whereas, cells in mesenchymal rear-squeezing, chimneying and finger-like mode are
suggested tomove faster in a softenvironment by the simulations, with a maximum for
finger-like mode at 12 Pa[155]. Experiments on tis change of cancer cell migration modes
due to the physical properties of the ECM are discussed further in chapter 3. Therethe
relation between the migratory phenotype of MDAMB-231 cancer cells anctollagenmatrix
stiffness, pore size and adhesiois further described [190].
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lllina et al. reconstructed collaga with low to high interfibre space (0.4@12 um), which is
in the space rangedetected in human tumors. Additionally, the collagen gels contained
tube-like tracks of variable width, which werecreated by laser ablationand used as a cell
derived tissue pattern. MCR7 cell aggregates were introduced to these networks with
different collagen densities. With sufficient space the MCF7 cells showed a collective
invasion, decreasing with increasing collagen densityBy repressing Ecadherin in the
introduced cell aggregées, the cell-cell adhesionwas decreased andsingle-cell migration
was detected in networks with low to intermediate collagen dengy. In an ECM with high
collagen density, he cellsswitched to collective dissemination.Thus, multicellular invasion
persists, despite compromised adherens junction organizationwhen tissue confinement is
high. Furthermore, the collective invasion of MCF7 cells depends on either preexisting, or

by means of proteolysisfreshly generated 3D tissue spacgl91].

The interaction of cancer cells with the ECMvhile they pass through its porescan alter the
structure of the matrix and prepare it for following cancer cells, as mentioned at the
beginning of chapter 1.3.2. Hart al. conductedin vitro experiments to study the influence
of aligned ECM®n migration behavior of cancer cell§161]. In a parallel aligned ®@llagen |
matrix, the nuclei of MDA-MB-231 breast cancer cellsshow an elongation along the
alignment axis, compared to cells in a randomly aligned environment. This indicates the
guidance of the metastatic brest cancer cells by the locallyorganized collagen fibers.
During 96 hours of observaton, the cellsmoved along the direction of alignment [162]This
persistent and sometimes collective migration of the cancer cells might occur due to contact
guidance and mechanical regulationcaused by the aligned ECMIhe cdls intravasation
speed wasabout 31 | 7, &1d some cells invaded up to 20Qm into the matrix. Also, the
collagen fiber network was remodeled during this invasion by the cells, possibly through
the expression of matrix metalloproteinases (MMPs)that degrade the ECM and generate

local paths, which help following cell§161].

To further understand the mechanisms in a tumor,Careyet al. investigatedmulticellular
spheroids, made of MCEOA cells and malignant MDAMB-231 cells,embedded in three
dimensional collagen matrices which mimiced the in vivo tumor stroma [163]. These cell

aggregates consisted of a core MDA-MB-231 cells, which was encased within a densely
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packed shell ofMCF10Aepithelial cells, which wasin turn surrounded by an outer rim of
highly motile malignant MDA-MB-231 cells. The surrounding uniform collagen matrices
contained randomly organized collagenfibers, with a concentration of 1.5 mg/ml. MCFLOA

cells (red) in the spheroid were unableto invade the matrix on their own and exhibited

non-invasive expansive growth but malignant MDA-MB-231 cells (green) invaded the

surrounding tissue in a disorganized manner After 48 hoursthe malignant cells (green)
reached maximal invasion distancesaround 300 um and triggered a small portion ofnon-

invasive epithelial MCHAOA cells(red) to invade into the matrix in cohesive strandgwhite

arrowheads, figure 1.6a). In figure 1.6 one or more leading malignant cellscan be seen
positioned at the tip of invasive strandswith red, nornrinvasive celk trailing behind.

Apparently, this phenomenon & not limited to MDAMB-231/MCF10A co-cultures, and for

example can also be seen in MCF10CA1a/MCF10A orFHErEC cocultures [163].

b

MDA-MB-231 / MCF-10A

Figure 1.6: Fluorescence image of miticellular tumor spheroid invasion into a randomly
organized collagen matrix after 48 hars. a) expansive growth of MCEOA cells (red),
disorganized invasion of MDAMB-231 cells (green) into the surrounding tissue and
cohesive strands of MCEOA cells invading tissue (white arrowheads). b) MB-MB-231 cells
(green) leading (white arrowheads) strands of MCROA (red, black arrowhead) cells into

the collagen matrix[163].
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The leadingMDA-MB-231 cells were elongated and radiallyoriented, whereas the following
MDA-MB-231 and MCF10A cells tended to show rounded morphologies. The invading
malignant MDAMB-231 leader cells left celscale microtracks in the matrix that facilitated

collective cell invasion, as shown by Wolf, et al. [111]. If extracellular matrix remodeling is
prevented by treating the cells with inhibitors of MMPs (GM6001) and ROC#ediated cell
contractility (Y27632), no matrix microtracks are formed malignant cell invasion and

matrix alignment is reduced and epithelial coinvasion is prevented [164]. Also, invasion

from spheroids into highAAT OEOU AT 1 1 AC Aig/ml) id (essEefiidiedt inf D 8 Tt
presence of these inhibitors, as they provided a barrier to MMPand ROCKindependent

invasion [163].

Soheroids, consisting only of epithelial MCF10A cells remodel the collagen fibers
tangentially around their surface, due totheir non-invasive expansivegrowth and rotation.
The persistent and coordinated rotation of the spheroid is part of anunjamming
mechanism, which increases tissue fluidization and rearrangement dynamecs at the
periphery of the spheroid in contact with the ECM[189]. In MDA-MB-231/MCF10A co-
cultured spheroids, the reorganization and alignment was driven by the invading tumor
cells. The fibers were oriented in invasion direction and perpendicular to the spheroid
surface through cell contractility-mediated matrix reorganization [120]. While the
underlying mechanisms how cancer cells react to the changed properties of the ECM
microstructure are not fully understood, the metastatic potential of tumor cellss suggested
to be significantly increased by the orientation of the collagen matrix [161]. This claim is
further substantiated by the experiments and simulations described in chapter 4. There,
cancer spheroids were placed in aligned collagen networks viaraicrofluidic chamber. It
was shown, that the spread of the spheroid directly correlated to the fiber orientation
relating to its surface. This data was described by several simulations of cell spheroids and

collagen fibers inside the microfluidic channel.
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1.4. Designed model systems for tumor cell motility

While the study ofin vivo systems on how tumor cells are influenced by the extracellular
matrix are elaborate to investigate and difficult to reproduce, they still hold the most
accurate information [165]. To come closerto these in vivo experiments, tunable model
systems have to be developed, which can be adjustedadly to the requirements of the
experiment. In vitro experiments try to recreate the situation of single tumor cells or bulk
tumor aggregates in different 3D tissues This offers a better representation of
physiologically and pahologically relevant conditions, than 2D experiments The most
commonly used compounds are matrigelor collagen[166, 167]. Type | collagenis often
used for cell experiments due to its high biocompatibility and the microenvironment it
provides, which is close to invivo. This is because ofits natural derive and high abundance
in mammalian tissues[168]. Collagen| matrices facilitate cell attachment, proliferation and
differentiation , through receptor-mediated interactions predominantly via integrins [169].
Additionally, its physical properties, such agensile strength, resistance to deformationand
poresize, can be tuned fairly easily by changing the rate of creisked collagen fibers,
collagen concentration,pH-value, or the temperature during polymerization. Collagen also
exhibits strain stiffening behavior, whereby the naterial stiffness increaseswvhen strained.
It can be manipulated even after the polymerizationto fit the experimental requirements
[165-173].

As mentioned before,the intrinsic fibril alignment of collagen in the ECM has atrong
influence on the cell behaviour. Currently, there are several available methods talign
collagenfibers in artificial tissues, including electrospinning and directional solidification.
These methods areexpensive, elaborate and expose the sample to high voltage or
lyophilization, which means cells have to be introduced to the matrix after alignment
[174-176]. This could lead toinhomogeneity or the distortion of the data by boundaries,
which influence cells behavior greatlyBut these methods give the possibility to design the

matrix with a precision down to single fibers.

The sarre holds true for 3D bioprinting. In this casethe whole tissue is build layerby-layer

and cellscan ke introduced throught the bioink during the printing, because of the miler
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conditions. 3D bioprinting technologies are already used in hospitals to manufacture hard
tissue engineering scaffolds. The technique is relatively fast, cheap, readily available and
has ahigh resolution, but the heat, ultrasound, and mechanical stressesfect cell viability.
Furthermore, expensive hardware and software are neede@nd only low cell numbers can
be printed [177, 178|.

Another related method is two-photon polymerization. In this case the network can be
directly built using a photosensitive compound, whiclgenerates freeradicals upon light
absorption. The free radicalsthen promote polymerization of monomers, or crosslinking of
polymers [179]. With this technique biomaterials can be fabricated andhanipulated in situ
and fiber stiffness or poresize can be dusted, by selectively crosslinking collagen fibers
[180]. On top, it is a nozzle freemethod with a high precision, but therefore it is a very time
consuming process to print large matrices and the laser or the free radicals can damage
cells [177].

A nondestructive method for structuring collagen gel is the use of ethanical strainduring
or after the polymerization. A polymerized collagen sample can be perforated and
connected to two linear transducersand then the gel can be stretched at defined strain
rates, or to specific distances.Above 5% strain, the fibers inside the gel get aligned and
network density increases. This alignment is maximal along the pulling axis of the two
transducers and decays further away from it. This effect is edaic and canbe reversed if the
strain on the gel was not too big. Nonethelesshis method produces an inhomogeneous
matrix and the physical properties are not extensively tunablgdespite beingcheap,fast and

gentle to cells [181]

Other methods like magnetic bead alignment, Surface Acoustic Waves (SAWS) or
microfluidic approaches, use shear flow during the polymerization of collagento create
permanently structured artificial tissues (figure 1.7). The alignment via magnetic beads
allows for controlled fiber orientation with streptavidin coated iron oxide beads, which get
dragged through the polymerizing collagercell mixture by a strong magnetor a magnetic
stir bar [120]. The beads move according to the magnetic field linesd align fibers parallel
to theselines [182, 183]. The resulting alignment is rather weakfor thicker gels, but can be

amplified slightly by using au-shaped magnetand dragging the beads through the sample
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multiple times. Despite the rather weak rate of alignment this method is cheap, gato use
AT A AT AOT 60 AAI AQiguréar).1 O 1T O OPEAOI EAO

random’ 7 -~ magnetic beads microfluidic.channel
>~ 4 o -

Figure 1.7: Collagen fiber without orientation (random) and aligned via different shear
flow methods, these being magnetic beads, surface acoustic waves (SAWSs) amda

microfluidic channel.

SAWs also use shear flow to align collagen beads, but the force transferred into the collagen
gel can be tuned much betterand therefore the rate of alignment can be controlled easier
compared to magnetic bead alignment. The function of SAWSs is describ@dmore detail in
chapter 2.4. Depending on the architecture and the combination of interdigital transducers
(IDTs) used, many different flow patterns can be designed to align collagen fibers. Since the
SAW essentially only stirs the collagen in an elabomtmanner, inhomogeneities of collagen
concentration and fiber alignment can occur depending on the SAW architecture and force
of the flow created in the gel. Howeverit is possible to arrange cells in collagemuring
polymerization in a precise manner byusing acoustic wavesand the fiber orientation is
rather strong in bigger volumes of collagen gel compared to magnetic alignmeffigure 1.7)
[184-186].

Another shear force driven method is the use of a combination of two different matrix
components layered over one another. A matrigel collagen sandwichECM can be
assembledin a microfluidic chip, and it mimics the interface between interstitial matrix
(collagen) and basement membrane (matrigel). Collagen is injected while fluid onto the
matrigel, and during the composite ECM solidification, the matrigel volume expands while
the collagen section shrinks, resulting in a collagen fiber orientation induced by internally

developing strain fields. This alignment is different in degreerad orientation, depening on
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the force and direction of the strain field making it rather inhomogeneous. Additionally , the

interface between the two components might also influence cell behavi¢t61].

A promising method to orient collagen fibers is the alignmenthrough microfluidic chips
(figure 1.7). The technique, different designs and combination of microfluidics with SAWSs
are described in chapter 2.5.Usually, flow chips with different dimensions are built from
polydimethyl siloxane (PDMS) and glas substratesan combination with one or more
syringe pumps. Then collagen is pumped through the chip with differemates, during or
before polymerization, which results in a structured collagen gelLeeet al. show, that ina
simple microchannel the degree of alignment depels mostly on the applied flow ad the
channel width (figure 1.8). The control made without microchannels had an average
orientation of 41° (solid line) with a standard deviation of 8° (dashed line). The fiber
orientation was analysed without initial flow (white circle), meaning the collagen mixture
was filled directly into the channel and then sealed with a glas slid@he other experiment
used initial flow (black square), where the channels weresubjected to initial pressure,
filling them with collagen. The fiber aligment was parallel to the channel axisand varied
with channel size The orientation was only atistically significant in channels up t0200

pum in width and with initial flow [187].
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Figure 1.8: Average collagen fiber alignment angle aa function of channel width, without

initial flow ( ) and and with initial pressure driven flow ( ). The solid line describes the
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fiber angle in the absence of microchannels, with the dashed line as its standard deviation
[187].

Therate of alignment in the whole channelwas uniform, suggestinghat the flow within the
AEATT AT ETAOAAA OHrdits tA hligd ik @elrhicroidid éhankdl. @ e
shape offiber precursorsis assumedcylindrical or elongated,a flow field could orient them
in a parallel fashion, and if these nucleation sites remained immobilesubsequent fiber
polymerization would occur in an alignedmanner. The larger the channels getthe weaker
the shear forces generated by theapplied flow field become resulting in less unibrm
aligned collagen fibers. Additionally, thevicinity of the channel walls might be vital for
creating collagen nucleation sitesThe microfluidic method is also suitable for cef and cell
aggregates, which can be incorporated into the used collagen rire [187, 188]. These
different methods enable a wide variety and many possibilitieson how an artificial model
system for cell mobility experiments can be designeand have to be chosen depending on
the application. For the experiments in this thesisonly methods using shear flow were

applied, due to their simplicity and highbiocompatibility .

In this thesis the influence of the mechanical properties of hydrogels omancer cell
migration properties was investigated. Due to minimal matrix remodeling bythe cells in the
presented study, the influences of environment on cell phenotypecould be analyzed
without further complexity , due to changes in the environmentThe migratory phenotype
and migration parameters are significantly influenced by confinement and adhesion on
continuous substrates such asglass or plastic channelg192]. Usually, tissue is highly
heterogeneous andesemblesporous collagen meshworks 193z196], which hasa different
influence on migration properties of cells, compared to a continuous substrate. Fiber
stiffness, confinementand the number of adhesion sites strongly influence the migratory
phenotype of cancer cells and consequently thar migration parameters in porous

hydrogels.

This strong effect of the surrounding matrixon cell migration was further studiedin highly

oriented callagen gels and with cell aggrgates, mimicking the conditions in a tumor.
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1.5. RNA labeling as tool to investigate cancer and virus replication

To further understand cellular mechanismsit is important to detect and quantify molecules

related to the respective mechanismProliferati on, for example, is an important process in

cellsand its rate oftenhas to be determined preciselff197z199]. In cancer diagnostics, it is

required to measure the proliferation of cells with high precision and to identify single

cancer cells in a sampleto be able to begin treatment as soon as possiblendcessary R0O,
201]. A precise way to measure cell proliferation is tantroduce # v ZAOE ET UUuAMy5 j %A
proliferati on, where it is incorporatedinto the genome[202, 203). EdU isan antimetabolite,

which interferes with cell growth and cell division.The incorporated EAU quantity can be
measured by treating the alkynes of the EAUx EQOEET OEA $. | xEQOE .
fluorescent dyes through the Cuz A A O A1 U Gézille chick ieadtiod[204, 205. The Cu-

atoms are loosely precoordinatedto the electronz OEAE AAT OOAO AGknQEA 1
this DNA labeling method very efficient [205]. This technique is used in several
commercially available kits where each dtyne is functionalized with one dye moleculeThe
sensitivity is limited by the number of EdU incorporated during the culturing phase often

leaving slowly proliferating, but still carcinogenic cellsunmarked and undetected206].

In the following, OAT Ax EAEZ OUD A s vieleldablBtedusing ADDANOET AOZOL
tetraazide and a dendrimerZ OUD A O A BistAcklls Brd igrBwn in the presence of
AOEET Ul zZ ABen thedalkyheg of the incorporated EdU are functionalized through

multiple consecutiveCuZ A A O A1 U Qézille cick feadtiodwith dendrimeric molecules.

Finally, dickable dyes are attached to theAAT AOE | AO&@dd.Dhkse assays yield

enhanced signal intensities with AAOOAO OECT Al Z Ol zrprozeOtheir OAOE |
suitabilityfor Ei ACET ¢ AT A EECEZOEOI OCEDPOOZAT 1T OAT O AO
Another technique to detect specific DNAor RNA sequencess the fluorescence m situ
hybridization (FISH)[207]. It can be used to get an early diagnosis and characterization of a
OEOAI ET ZAAOGET T h AOA O OEA OPAAEEZEA AAOAAOI
Since in general,most pathologiesinduce transcriptional changes, which alter the levels of

specific messenger RNAs (mMRNAg)side the cell, detection and quantification of a specific

MRNA is highly desirable from a diagnostic point of view208, 209]. The method also
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reveals localization patterns of individual RNA transcripts in cells or tissueswhich is very

interesting for example for understanding the mechanisms and progression of a virus

infection in a cell[210z212].2 . ' z&) 3( EO AAOAA 11 1 QN COEEZIOR 103D
OET CI1 AZOOOAT AAA j OO Gabo8it 22 nudeitied by (figure E.& Risbe A O A

DNA). A fluorophore is attached to each probe oligonucleotide which is typically

introduced in the form of an activated NHS ester to an amino group atthe 8 ZAT A 1T £ OE A
probe [210, 211]. When these fluorescent ssDNA probes are added to fixed and
permeabilized cells they hybridize with the target RNA and can be detected via

fluorescence microscopy(figure 1.9; Denature and Hybridize)

Denature and
Hybridize

Probe DNA

TLabeIing with Fluorescent Dye

(RN ENERREN] Piirtd
Probe DNA

Figure 1.9: Scheme of an in situ hybridization for DNA detectiorFirst the DNA probe is
labeled with a fluorescent dye, then the ®be DNAdenaturizesinto single strands which

hybridizes with its matching segment in the denaturizedarget DNA[213].

30



1. Introduction

However, intracellular localization and quantification of mRNA faces a number of
challenges that hinder routine useOne challenge is high offarget staining, due to the large
number of probe strands needed to create a sufficiently strong fluorescent signdlhis can

be countered by reducing the number of probe strands needed for a successfigtection.
This has led to efforts to modify the probe oligonucleotides with, for example locked nucleic
acids (LNAs) which increase the thermal duplex stability and the discrimiation between
perfectly matched and mismatched target nucleic acids214]. By using LNAs, more dye
molecules bind to the desired complementary DNA or RNA, increasing the signal to noise
ratio, and thereby less probe is needed to detect the signal. Anothgtrategy to reduce the
number of probe strands, while staying above detection limit, is to increase the signal per

strand.

In the following a DNA probe for mRNA with three fluorophoresinstead of one was
developed The additional fluorophores were attatcied using the Ciz AAOAT UUAA AUEA
click reaction [215z7218]. They were functionalized with two additional sulfonate groups, to

prevent stacking of the fluorophores on top of each other, whici ECEO ET AOAA
guenching. The negatively charged sulfate groups minimize the interaction of the
fluorophores with each other and with the negatively charged DNAThis design allows
visualization, quantification and localization of RNA transcripts witha small number of

probe strands (5¢10) and enablestranscOED O AT A1 UOEO OOET ¢ A 1 xZAU

The RNA labeling techniquesdescribed abovecan be used toquantify and localize for
exampleviral RNA.Viruses gather their replicative enzymes within specialized organelles,
calledviral factories to replicate. These factories bind and concentrate cognate nucleic acids
and proteins, which form virus assembly lines that support viral replication. Mst viral RNA
replication requires membranedelimited replication compartments, but recent studies
suggests thatthis is also possible throughiquid -liquid phase separation (LLPS]219z222].
With LLPS RNArich replication factories could be assemblegdwhile solely depending upm
physical forces p23z226].

In chapter 7.we showthe formation of rotavirus replication factories via phase separation
of the non-structural multivalent protein NSP5 and viral RNA chaperone NSPRISP5 and

NSP2 form liquid condensakes when mixedin vitro at low micromolar concentrations, or
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when co-expressed in cells.Cytoplasmically dissolved proteins (NSP5) and viral RNA
(NSP2)is re-distributed and exchangedbetween thesespherical condensatesduring the
early infection stage.Small aliphatic alcohols, like 1,éhexanediol or lower molecular
weight 1,3- and 1,2propylene diols, rapidly and reversibly dissolve these NSP5/NSP2
condensates as well as thespherical rotavirus replication factories. Upon dissolution
rotavirus transcripts are released,which can reassociae upon removal of the aliphatic
alcohols. At a later stage of infection (>12 h) the exchange of NSPGFP between the
cytoplasm and viroplasm decreases and the replication factories are no longer spieai
shaped. Futhermore, the rotavirus replication factories are no longer dissolved by small
aliphatic diols, suggesting a liquieto-solid transition of the condensatesduring infection.
These properties of the rotavirus replication factories are similar to those of cgplasmic
ribonucleoprotein granules, with the exception of the selective enrichment of viral
transcripts in the condensates.The rapid and reversible responseof the RNAprotein
condensatesto external stimuli shifts the understanding of the replication mechanism of
multi-segmented viral RNA genomesnd could be used as a target for novel antiviral

therapeutics.
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2. Preparation and Characterization

2. Characterization and methods

2.1. Fluorescence microscopy

The advantage of fluorescence microscopyompared to regular microscopy is that the
features of interest can be highlightedwith fluorescence. If the probe has no auto
fluorescenceit is stained with a dye and is excited with a light source, for example a laser
or a light-emitting diode. The dyes have to be excitedavith light of a specific range around
an optimal excitation wavelengthand energyj E aw@jch is specific for ech dye.The light
excites electrons to a higher energetic statés to §). This excited species is not stable and
can decay in two waysThe first is the nonradiative decay. The excited species dissipates
thermal energy as motion into the surrounding medium, by transferring it into its
vibrational modes and in the transfer itself. This is describedn a cutout of a Jablonski
diagram (figure 2.1) with the relaxation from 5 to 0 in the S state. The second way is the
radiative decay, where the excessieAOCU EO OAIl A A Q~AaAd these phibtorB ET OF

can be observed with a microscope as fluorescengg, 2].

Energy
=] (=3 [¥] #7] 'y ]
<

o I~ I~ W & 0

So

Figure 2.1: Jablonski diagram showing the formation and decay of an excited species

including vibrational energy levels[2].
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2.1.Fluorescence microscopy

Due to the nonradiative decay thelight that is emitted by the dye molecules has a bigger
wavelength and a lower intensity compared to the lasorbed light (figure 2.2). This red shift
is also called stokes shiftand occurs due to the loss of energy duringhe non-radiative

decay, that takes place prior to the radiative ong8, 4].

Stokes Shift
| —

Absorption
Emission

Intensity

Wavelength

Figure 2.2: Schematic absorption and emission sper of a fluorescentdye [4].

Additional, relaxation processes that can occur amongst others are quenchinghoto
bleaching fluorescence energy transfepr intersystem crossing which leads to
phosphorescence. These are other ways for the excited species to get rid of the excess
energy, but they have other effectsand can for example damage the dye moleculehoto
bleaching).
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2. Preparation and Characterization

2.1.1. Widefield microscopy

With a widefield microscope the interaction of cells with their environment, like different
hydrogels or particles, can be observed down to the molecular level. With multiple
fluorescent dyes even several different aspects can be sbrved simultaneouslyin real
time. A widefield fluorescence microscopy setup is build according to figure 2.3 ar@hn be
used tomonitor intracellular components, as well as their associated diffusion coefficients
or the membrane potential. It can also & used to investigate the pH value, viscosity,
refractive index, ionic concentrations, solvent polarity and other environmental

parameters.

The schematic in figure 2.3 shows aetup with incident reflected light illumination. The
microscopeis built with a trinocular observation head, which is coupledo a cooled charge
coupled device (CCD) camera syster@ne light source is used fotransmitted light images
and another is usedfor the excitation of the fluorophores (tungsten-halogenlamp for UV
wavelengths and mercury arcdischarge lamp for the visible range). Optical excitation
filters cut off all wavelengths except the specific one needed to excite the used fluorophore
in the sample throughthe objective. The emitted light from the sample is collected vth an
objective and then separated from the excitation wavelength with a dichroic mirrarThis is
possible, because of thepreviously described Stokes shifhappening in the fluorophore The
separation of the lightbeams maximizes the amount of light the s#ple is excited with and
the amountredirected to the camerasAn emission filter cuts off unwanted background and

finally the signal can be observed with the eyepieces or the CCD camera
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2.1.Fluorescence microscopy
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Figure 2.3: Schematic of aupright fluorescence microscope setupd].

In a widefield microscope,a much bigger volume of the specimen is exposed to the
excitation light, compared to aconfocal microscope(figure 2.4). In confocal microscopes,
the light is focusedthrough a pinhole, before it is focused on theegions of interest of the
sample The light emitted from the sampleis collected by the same objective angasses a
second pinhole,before reaching thedetector behind the focussing lens. The second pinhole
blocks most of the light emitted by planesabove or belowthe focal spotin the sample,

resulting in a lower background.
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Confocal Widefield

detector detector

emission emission

filter filter

pinhole
excitation excitation
filter filter

dichroic dichroic

mirror mirror

objective pinhole objective

in-focus /— sample

plane /
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Figure 2.4: Schematicof the optical pathin a confocal microscope, compared to a widefield
microscope. Excitation light (green) is redirected by a dichroic mirror (dark blue), hits the
sample (lightblue) and the emitted light (red) reaches the detector. In the confocal

microscope the light emitted by outof-focus planess blocked (orange lines).

Widefield microscopes are therefore less complex build, but there Isss exclusion of out
of-focus or background fluorescence. In turna lot more signal is collected by the camera
and weaker light sources can be used for illumination. Alsthe damage done to the probe
through the light is not focused as it is with confocal mroscopy, but distributed over the

specimen when high excitation intensitiesare used[8, 9].

The used widefield microscope in chapter 7 was the Eclipse TE from Nikon. Theimages
were acquired with a 0.7 NA 60xS Plan Fluor ELWDpil immersion objective from Nikon.
Measurements were performed at room temperature.A pE-4000 illumination system
(CoolLED) was usedas light source DAPI wasimaged using a385 nm LED at 30.1pW
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2.1.Fluorescence microscopy

intensity and 55 ms exposure time EGFPand ATTO 488were imaged using a 40 nm LED
at 69.5uW intensity with 300 ms exposure timeand 7.8 uW intensity with 55 ms exposure
time respectively. mCherry was imaged with a 550nm LEDat 40.8 pW intensity and 300 ms
exposure time The light path was regulated with aDapi/FITC/Cy3/Cy5 Quad HCFilter Set
(Semrock). The images were acquired usinga scientific complementary metakoxidez

semiconductor (sCMOS)amera (Andor Technology).

Image acquisition was controlled using the NKElements AR V.4.50 Software (Nikon).

2.1.2. Spinning disk confocal microscopy

A further specialization of the classic widefield microscope is thepinning disk confocal
microscope, which uses a different setup, that can focus distinct sections of the observed
specimen The spinning disc microscope was usetb study the intracellular mechanisms of
virus infected, fixed cells in 2D. It was also used to study the migration dfydrogel
embedded cancer cells in 3D over a lorigme period. Figure 25 showsthe schematic build
of a spinning disk confocal microscopeThe main difference compared to a widefield
fluorescence microscopeis the introduction of two spinning disks with holes in the
excitation and detection pathway to block the owtof-focus fluorescence.The excitation light
(blue line) first passes through the microlenses on the surface of the first spinning disk,
then it traverses the 50micrometer pinholes in the second disk (Nipkow spinning disk).
This light hits the probe through the micrascope optical camera porand an objective(pink
line). The emission light goes the same way backrom the sample through the confocal
pinholes of the Nipkow spinning diskand is redirected via a dichromatic beamsgitter
(pink, then yellow line). A seconddichromatic beamsplitter divides the shorter emission
wavelengths (greenline) and the longer wavelengths (redline). Then they respectively pass

through a filter wheel, to the camera[6].
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Figure 2.5: Setup and light pathways of the used Spinning diskiicroscope (Zeiss Cell
Observer SD with a Yokogawa CSX1L spinning disk unit)[6] .

Due to this setup the spinning disk microscope is capable atcording thin optical sections
even in thick samplesvery fast, with high spatial resolution. Especially theaxial resolution

is increased This isacquired with the spinning disks that create many confocal spots which
are screened over the sample. A drawback is the necessity of strong lasers when using this
method, because a huge part of the light gets blockedylihe spinning disk while passing
through the pinholes(6, 7].

The cell migration experiments (chapter 3. and 4.)were conducted with a1.40 NA 63x Plan

apochromat oil immersion objective from Zeiss. Measurements were performed at 3T
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2.1.Fluorescence microscopy

and a 5% C@humidified atmosphere. Hoechst 33342 was excited with a 405m laser at
11.2 yW intensity for 200 ms. FITGcollagen and LifeActTagGFP2 were imaged using a
488 nm laser at13.0 uW intensity with 100 ms exposure timeand at50.6 pW intensity with
200 ms exposure time respectively. LifeAct-TagRFPand Alexa Fluor 546were imaged with

a 561nm laser at70.7 pW intensity and 200ms and 1000ms exposure time respectively.
Images with ATTO-633 dye were taken with a 639 nm laser at3.7 pW intensity and 100 ms
exposure time or at 5.5uW intensity and 200 ms exposure time Cell spheroids were
imaged with a tungstenhalogen bmp with 682.0 pywW and 200 ms exposure time Each
image was a zstack consisting of 50 frames with a 0.pam distance between themA cell
spheroid® image consisted of 120 to 160 pictures, depending on the spread of the spheroid
over time, and each picture had an 11 frame-stack with a 15 um distancebetween them.

In the excitation path a quadedge dichroic beamsplitter (FF410/504/582/669 -Di01-
25x36, Semrock) was usedkFor two color detection of FITCcollagen and LifeActTagRFP
fusion protein or LifeAct-TagGFP2 fusion protein and ATT®33, a dichroic mirror (660 nm,
Semrock) and bandpass filters 525/50 and 690/60 (both Semrock) were used in the
detection path. Separate images for ea fluorescence channel were acquired using two
separate  electron  multiplier charge coupled devices (EMCCD) cameras
(PhotometricsEvolve™). Time-lapse images were acquiredeither with a frame time of

20 min and 50frames, or for cell spheroidswith a frame time of 2 hours over several days.

Experiments concerningRNA andDNA detection via click chemistry (chapter 5. and 6.)
were conducted with a 1.40 NA 100x Plan apochromat oil immersion objectiieom Zeiss
Measurements were performed atroom temperature. DAPI was imaged using a 406m
laser at 11.2 yW intensity and 800 ms exposure time, eGFP wasnaged using a 48&m
laser at 16.9 uW intensity and 200 ms exposure timeand 5-TAMRA was imagedwith a
561 nm laser at29.2 yW intensity and 200 ms exposure time In the excitation path a quas
edge dichroic beamsplitter(FF410/504/582/669 -Di01-25x36, Semrock) was used. For two
color detection of eGFPand 5-TAMRA adichroic mirror (660 nm, Semrock) and banepass
filters 525/50 and 690/60 (both Semrock) were used inthe detection path. Separate
images for each fluorescence channel were acquired using two separate electron multiplier

charge coupled devices (EMCCD) cameras (PhotometricsExel).
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2. Preparation and Characterization

The experiments in chapter 7. were conducted with a 1.40 NA 63x Plan apochromat oil
immersion objective from Zeiss. Measurements were performed at room temperature.
Photo bleachingfor FRAP (Fluorescence recovery aftgphoto bleaching experiments was
done with a 488 nm laser at 148.3 uW intensity and 3000 ms exposure time eGFP was
imaged using a 48&m laser at36.9 uW intensity and 200ms exposure time andnCherry
was imaged with a 561Inm laser at29.2 uW intensity and 200 ms exposure time.Images
recorded as zstacks consisted of either 10 or 50 frameswith a 0.5um distance between
them, depending on the sampleln the excitation path a quadedge dichroic beamsplitter
(FF410/504/582/669 -Di01-25x36, Semrock) was used. For twaolor detection of eGFP
and mCherry a dichroic mirror (660 nm, Semrock) and banepass filters 525/50 and
690/60 (both Semrock) were used in the detection path. Separate images for each
fluorescence channel were acquired using two separate electron multiplier charge coupled

devices (EMCCD)ameras (PhotometricsEvolvé").

Image acquisition was controlled using the Zeis&en (blue edition) 2011 Software (Zeiss).

2.2. Rheology

A rheometer can measure the flow and deformation behavior of a substance. For such a
measurement three factors have to be taken into account, first the internal structure of the
sample, second the external force applied to the sample, and third the environmtah
conditions (e.g. room temperature). Theplate rheometer depicted in figure 2.6 applies a
defined torque to the sample and raasures the resulting deflectionTo get the viscosity of a
sample, it is first fixed between the measuring system (e.g. conglate, parallel plate or
cylinder) and the lower pressure plate. Thera defined current is set at the electrical motor
that corresponds to a certain torque.Upon the force application he sample provides
resistance or a reset togue, resulting in a deflection angle, which immeasuredat the optical
encoder [10, 11].
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Figure 2.6: Setup of an airbearing rotational and oscillatory rheometer [11].

The rotational speedof the measuring systemis calculated from the deflection angleand
the duration of the deformation. From these parametersthe rheological properties of the
material can be calculated11].

SEAAO G MerAto af theforce F (torque) and the area A it is applied to.

O o
T = w
0

Deformation r is calculated with thedeflection angle3.

3
c“ i (I)?)Hﬂp

The shearrate [ is calculated with the difference in speedof the two measuring systems

(

(rotational speed dz and the distance betweerthem dy.

A
[V

Theviscosity s in turn is defined by theOEAAO O OO Asteérraer AT A OEA
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2. Preparation and Characterization

T

0 o
=0

A rheometer can measure in two different modes, the rotational or the oscillatory test. For
the rotational measurement the measuring system only moves in one directiohis mode
is usually used for more liquid samples, becaudbey are deformed instantly by the applied
torque. Therefore the determination of the deflection of the measuring systemis more
accurate and the calculation of the rheological parameters is nais difficult. An oscillatory
measurement is usually used with samples, where the viscoelastic properties are
important. The rheometeragaindetermines the deflection of the measuring system and the
required torque. The viscoelastic properties of the sampleause a phaséag) meaningthe
response wave is timedelayed commred to the set oscillation.

4EA OOT OACANdi T 501 OODAOCE OO ' 606 raldds mdakured Byitha O A A
rheometer (deflection angle, torque, and phase shiftand the converson factors for the

measuring system [1013].

For the bulk rheology measurements in chapter 3 MCR 100 rheometer (Anton Paar) with
a PP25 measuring plate was used (figure 2.7). The sample was prepared directly on the
rheometer and measured at 37C and agap size of 0.5nm. The deformation was measured

stepwise up to 10% & afrequency of 1Hz. (oscillatory measurement).
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2.3. Atomic force microscopy

Figure 2.7: MCR 100 rheometer left) with a PP25 measuring plate(right) used for bulk

rheology measurements

2.3. Atomic force microscopy

An atomic force microscope (AFM) is a scanning probe microscope with a resolution in the
nanometer regime. It can be used for force measurement, topographic imagirand
manipulation of the sample[14]. The microscope is buildvith a specimen table, where the
sample is fixed uponas depicted in figure 2.8. Then a cantilever with a sharp tig lowered
onto the sample in a stressed position andcans over the surface fothe sample. At the same
time a laserbeam is deflected of the surface at the tipf the cantilever and detected by a
photodiode. During the scan the cantilever gets bent up or dowrdue to thetopography of
the sample or otherforces between the tipand the surface (e.g. varder-Waals,coulombic

or capillary forces). The photodiode can detect tese changes and mapneelevation profile

of the sample The cantilever or the specimen table is moved presgly by piezo elements

until the whole area of interestis mapped.
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Figure 2.8: Schematic drawing of the setup and working principle of an AFM [15].

The described method is called contact mode, because the cantilever tip touches the sample.

This is the most basic method, but it has several drawbacks. The spaip for example gets

worn down quickly and can even break during the scanning. This can peevented with the

second mode, thenon-contact mode, where the cantileveoscillates close to the resonance
frequency over the sample with a disgance between 10to 100 nm. That way the tip is safe,

but the measurement is not as precise as with the first methodl'he third mode is the

tapping mode, where the tip is tapped at defined distances on the sample. It ian
intermediate between contact and noncontact mode but takes more time to measure the

sample [14-16]. These methods are used to create topographioaps of thesample surface,

with a high resolution. The modified method used to measure the9 | O1T C6 O df I AOI (¢

fibers and gels inrheological measurementsis described in the following chapter.
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2.3. Atomic force microscopy

2.3.1. Rheological measurements

In chapter 3. the stiffness of collagen fibers was measured with the AFM NanoWizard®

(JPK Instruments) and SPM software (JPK Instruments)ithh an integrated Axiovert 200

inverted microscope (Zeiss). Collagen gels were prepared on a 8Bn round glass dish

(MatTek). The gel had to be very thin (around 10Qum) to get a good contrast of the spaces

with and without fibers on the glassbottom of the dish, otherwise the elasticity of the gel

blurs the outlines of the collagen fibers. V-shaped cantilevers (Bruker; MLCID silicon

nitride, resonance frequency 15Hz, spring constant 0.03\/m) were calibrated with the

contact free method and used in th&QI™ Mode (Advanced Imaging)The QI™ Mode is a

modified tapping mode, where a complete forcalistance curve is recorded at each pixel.

The following values have been set: setpoint 0zR.4nN, zlength 5t | N OD A A Kaddp

pixel size 128x1280na20x2Q i COEA8 $OOET ¢ OEA 1 AAOGOGOAI AT O O
the force-distance curves weredetermined. Data processing was performed using the
corresponding software version 6.0.50 (JPK Instruments). After median filtero

background subtraction and a low pass filter, stiffness was calculated on representative

AAOA DI ET OO OOEI ¢ OEA (AOOUEAT AT 1TOAAO 11AAI
modeled as quadratic pyramid, the halfront angle of the cantilever as 15° and & Poisson

ratio was set to Q5.

With the use of this AFM method we were able toobtain an approximate value of the
stiffness of a single collagen fiber in its 3D network. This is crucial to know, because it is the
same sstiffness a cell sases while movingthrough the pores of said 3D network. The AFM
with its high resolution was able to resolve the physical properties of the direct
environment of a cancer cell. Howeverwe could only measure a smll section of the
collagen gel The rheometer with its measuing plate lacks the high resolution of the AFM,

but could measure the average stiffness of the collagen fibers and pores over the whole gel.
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2. Preparation and Characterization

2.4. Surface acoustic waves

Surface acoustic wave or SAWS are acoustic waves, that travel along the surface of an
elastic material. They havea longitudinal and a vertical shearcomponent, that can couple
with any media in contact with the surface.The amplitude of the acoustic wave decays
exponentially with penetration depth into the material (figure 2.9). They were first
described by Lord Rayleigh [17].
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Figure 2.9: SAW on an elastianaterial with longitudinal and vertical shear component
(blue) [18].

The easiest way tgoroduce aSAW chipis to build the desired interdigital transducer (IDT)
structure on a piezoelectric substrate (LiNb@). Then the SAW can be easily induced by
applying a current and a voltageat the resonance frequencyo the piezoelectric substrate
This movesthe IDT structure in a way thata periodically distributed mechanical force (or a
wave) is created The IDT is build of two electrodes thaare intertwined like fingers (figure
2.10)[19].
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2.4. Surface acoustic waves

;,.,_,4 Wavelength

Figure 2.10: IDT structure ona piezoelectric substrate [D)].

SAW devicescan beusedin electronic components but also in life sciencesmicrofluidics,

or even for cell manipulation. The SAW are incorporated on so called Gab-on-a-A E E D 6
devices, where they arestirring, mixing or pumping very small amounts offluids. For this
purpose the SAW is transferred into a liquid phase. At thkquid-substrate interface the
wave transforms from a transverse wave into a longitudinal wave, which creates flow
(figure 2.11) [21].

Figure 2.11: Interconnection of a SAW into a liquid (blue) as acoustic wave [18].

68


https://en.wikipedia.org/wiki/Transverse_wave
https://en.wikipedia.org/wiki/Longitudinal_wave

2. Preparation and Characterization

The wave is dampened andhe direction of propagation changes accordingo the Snell's
law with the propagation velocity of the SAW (gaw) and the speed of sound inside the liquid
(cr) [18].
OB+ —
W
Sanding wave fields created bySAWSs were used to align collagen fibeiis a 3D gelduring
the polymerization via the shear flow, depicted in figure 2.12 The SAW operated at a

resonance frequency of 126.3/Hz and an intensity ofl9 dBm.

Microfluidic chip ~_

—

| ~__— Culture chamber

Figure 2.12: Microfluidic chip in collagen gel for fiber alignment via shear floW22].

Another application wasthe trapping of cellsin a microfluidic chamber with phase detuned
SAW (figure 2.13). These SAW®verlap with one another and createhigh pressureregions
where particles (cells) with a sufficient acoustic contrast to the medium arpushed out of

(red) and other regionswithout pressure, where they become trappedblue).
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2.5. Microfluidics

Acoustic Well

Figure 2.13: Phase detuned SAW creating acoustic welk for cell trapping. Color of the

acoustic well indicates a pressure gradient (red equalsigh, blue low or no pressure [23].

These static cells serve as anchor points for long collagen fiberghich form in a constant
flow of collagen gel. Additionallythese fibers are all aligned parallel to the flow direction in
the microfluidic chamber, which is an ideal scenario to study the effect of long aligned
collagen fibers on the motility of cells. The SAW operated at a resonance frequency of
71 MHz and an intensity o025 dBm.

2.5. Microfluidics

Microfluidics deals with liquid flows in channel networks, with dimensions in the
micrometer range. Theusedsystems can be rougly divided into two categories.On the one
hand, microfluidic systems that occur in nature are examined and simulated. An imgant
example here is the blood flow in thin capillaries. On the other hand, analysis and synthesis
methods are miniaturized and automated in microfluidics. (e.g. chromatographyPCRor
nanoparticles). This miniaturization means fewer reagents are used, theample quantities

are massively reduced and many processes can tiene simultaneously [24].

Polydimethylsiloxan (PDMS) is widely usedn experimentswith living cells, because of its

biocompatibility and the simple creation of microfluidic channels via anold. The silicone

70



2. Preparation and Characterization

based elastomeric kitSYLGARP 184 was used to polymerize PDMS with a ratio of ten parts
polymeric base and one part curing agent. The molds were either printed in 3D out of epoxy

or, in the case of more delicate structureghe photoresist SU82150 was applied via photo

lithography onto a silica wafer(figure 2.14).

Figure 2.14: a) simulated PDMS chamber with 10@im channel thickness active region
with 800 um edge lengthand recesses for the IDTs. biphotography of the negative mold

printed onto a silica wafer.

The 3D printed molds were not designed to be used withlfase detuned SAW for cell
trapping. They were missing the slots for the IDT, had a channel thickness &0gum, and
an active region with 5.2mm edge length At the four cylindric ends of the microchannels
holes are punched out and thehamber is fixed on a SAW chip or on a microscope slide.
Then a syringe on a pumps connected via a tube with an inlet of thehamber.To pump the
collagen mixturethrough the microfluidic chip the syringepump LA-120 from Landgraf was
used. First the chip was flooded with PBSto remove air bubblesand then the collagen
mixture was drawn into it until the mixture polymerized. For the SAW compatible
chambers the initial withdraw speed was 3 pl/min , but as soon as the collagen mixture
reached theactive region of the chipthe withdraw speed was lowered to 1ul/min and the

acoustic trapping wells were turned on for the entire polymerization time of 10 minutes.
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2.5. Microfluidics

The 650um channel chambers wererun with a withdraw speed of 10 pl/min and the

polymerization took 20 minutes.

Another microfluidic system used with the syringepump LA-120 from Landgrafwas the
Slide VI 0.4 with ibiTreat from Ibidi. First, the slide was flooded with PBS to remove air
bubbles and one reservoir of the slide was plugged with a PDMS plug and connected to the
syringe on theLA-120 pump via a tube(figure 2.15a). Then the collagen mixture was drawn
from the second reservoir intothe channel with 400 um heigh at 90.2 pl/min withdraw
speed until a HelLa cell aggregate reached the middle of the channel. The mixture was
polymerized on ice for 30 minutes with a withdraw speed of 0.2 ul/min and after thatat
room temperature for 15 minutes at a withdraw speed of 0.1 ul/min Finally, the tube was
removed from the slide and the collagen mixture was completely polymerized in the
incubator at 37°C and 5% C@ The reservoirs of the slide were extended and sealed with
shortened and medium flled syringes, to avoid a drying out of the sampléfigure 2.15b).

The syringes used in all casesvere 1 ml Norm-Jec®-F Luer Solo(B.Braun) Syringes witha

diameter of 5mm.

Figure 2.15: p-Slide VI 0.4 from lbidi, a) during the polymerization processf the collagen

mixture, b) after incubation at 37°C and with sealed reservoirs.




2. Preparation and Characterization

2.6. Polymerization control of collagen

Collagen is a structural protein thatis widely used as extracellular matrix (ECM)
component, due to its very high abundance in mammalian tissues. It is perfectly suited for
constructing 3D scaffolds for cell experimentspecause of its high biocompatibility and the
microenvironment it provides for cells that is close to native tissueCell migraton and
invasion in 3D matrices are dynamical processeswhich are highly influenced by
biophysical features of their surrounding tissue. Thereforgphysical attributes, such aspore
size, stiffness or degree of fiber alignment of these artificial ECManust betuned to create

suitable model systems for cell studiesZ6-31].

In the following, the formation of collagen lis described which isa natural polymer andthe
most abundant collagen of the human body It forms large collagen fibersand defines the
mechanical properties of the connective tissueThe formation of asuch a fiberstarts with
three helical | polypeptide chainsOx 1 | pj ) Q AT A A(figdr& 2.18d).Ahegec j ) Q
] -chains are built in the ribosome from different sequences of amino acidsthen coil
together and forma heterotrimeric procollagen molecule Hydroxylation of specific proline
and lysine residues of the| -chains contribute to the stabilization of he triple helix (figure
2.16¢c) [32734]. Upon extrusion into the extracellular space, both aminoand carboxy
terminal propeptides are cleaved by procollagen pepidase, resulting in tropocollagen
which is capable of fibril formation [35, 36]. Lysyl oxidaselinks hydroxylysine and lysine
residues and forms covalent crosslinks (aldol reaction) of multiple self assembled
procollagen molecules to create oligomers, which in turn combine to form collagen fibrils
(figure 2.16b) [37]. Finally, multiple collagen fibrils form into collagen fibers(figure 2.16a)
[38, 39].

73


https://en.wikipedia.org/wiki/Collagen
https://en.wikipedia.org/wiki/Procollagen_peptidase
https://en.wikipedia.org/wiki/Aldol_reaction

2.6. Polymerization control of collagen

(a) Collagen

(d) a-chains (c) Collagen molecules
(triple helices)

£ 2012 Pearson Educabon, Inc

Figure 2.16: Different stages ofthe assembly of collagen fibes.4 EOAA EAI EAAI
chains (d) together form procollagen collagen molecules (c) via hydroxylation, which in
turn cross-link to oligomers and form collagen fibrils (b). Multiple collagen fibrilstogether

form collagen fibers (a)[40].

This polymerization of collagen | depends on multiple factors such as collagen
concentration, pH value or reaction temperature and can result in networks with very
different porperties, given any of the reaction onditions is changed[31, 42]. Figure 2.17

shows this for a change in temperature and concentration.
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Figure 2.17: a) Temperature dependence of collagenoligomer polymerization; b)
Polymerization time dependence on both temperature and concentratiorp].

The delayed polymerization of the collagen oligomerswith decreasing temperature,is due
to the slowdown of the crosslinking steps describel above This delaycan be described
with the Arrhenius equation using the rate constant (frequency of collisionsresulting in a
reaction) k, the temperature T, the preexponential factor (frequency of collisions in the

correct orientation) A, the activation energy Eand the universal gas constant R.

Q o0aQ

Hence the lower the polymerization temperature the longer the collagenoligomers can
move around in the liquid collagen geliia Brownian motion. This leads to the formation of
thicker and longer collagen fibers and a bigger poresize of the resulting network. Algbe
network resulting from a low polymerization temperature is more rigid compared to a gel
made at a high polymerization temperature [30]. Another modification that can be made in

the gel during polymerization is applying shear forces to the liquid gel, which results ima
oriented collagen nawork [44].
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3. Fiber stiffness, pore size and adhesion control migratory

phenotype of MDA-MB-231 cells in collagen gels

This chapter is based on the following publication:

Geiger F, Rudiger D, Zahler S, Engelke H. Fiber stiffness, pore size and adhesion control
migratory phenotype of MDAMB-231 cells in collagen gels. PLoS ONE. 2019; 14(11):
e0225215.

Abstract

Cancer cell migration is influenced by cellular phenotype anddhavior as well as by the
mechanical and chemical properties of the environment. Furthermore, many cancer cells
show plasticity of their phenotype and adapt it to the properties of the environment. Here,
we study the influence of fiber stiffness, confinema, and adhesion properties on cancer
cell migration in porous collagen gels. Collagen gels with soft fibers abrogate migration and
promote a round, noninvasive phenotype. Stiffer collagen fibers are inherently more
adhesive and lead to the existence ofnaadhesive phenotype and in general confined
migration due to adhesion. Addition of TG lowers adhesion, eliminates the adhesive
phenotype and increases the amount of highly motile amoeboid phenotypes. Highest
migration speeds and longest displacementsra achieved in stiff collagen fibers in pores of
about cell size by amoeboid phenotypes. This elucidates the influence of the mechanical
properties of collagen gels on phenotype and subsequently migration and shows that stiff
fibers, cell sized pores, andlow adhesion, are optimal conditions for an amoeboid

phenotype and efficient migration.

3.1. Introduction

Migration of cancer cells is a complex process. It is influenced by properties of the migrating

cells as well as theirenvironment [1]. While the environmental properties, such as stiffness,
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size, and density as well as spatial distribution of adhesion sites, are well controllable for
migration on two-dimensional, continuous substrates, these properties are significantly
more complex in threedimensional parous hydrogels [2]. Consequently, migration in two
dimensions is fairly well understood, but the influence of environmental parameters on
three-dimensional migration still remains to be understood [1, 3]. Key parameters of the
environment that influence migration in three dimensions are confinement, adhesion sites
and stiffness [4, 5]. Strong confinement below a certain threshold can stall migration
entirely, since it blocks movement of the nucleus [6]. The influence of adhesion sites
depends on cell phenogpe. Some migration phenotypes are dependent on force
transmission via adhesion, while other phenotypes are independent of adhesion Z9].
Adding to the complexity is the fact, that cells can switch migratory phenotype not only due
to biochemical stimuli, but also depending on the environmental properties [1@14]. Since
the phenotype strongly impacts migratory properties, this switching behavior influences
migration significantly and impacts speed, persistence and other parameters. In complex
heterogeneousenvironments such plasticity may promote invasion [15]. On the other hand,
cells can remodel their environment and thus influence its properties that impact migration
[16, 17]. A prominent example is matrix degradation via enzymes, which allows for direale
movement in strongly confined matrices [18, 19]. The dependence of thresimensional
migration on cell phenotype and the environment with the mutual feedback interactions
opens a huge phase space of influences on thrdanensional migration [1]. Here, we
investigated the influence of the mechanical properties of hydrogels on migratory
phenotype and with that on migration properties. Hydrogel remodeling of cells in our study
was minimal. This allowed us to analyze the influences of environment on cell phatype
without further complexity due to changes in the environment induced by cell remodeling.
Confinement and adhesion have been shown to significantly influence migratory phenotype
and migration parameters in continuous substrates [10]. Yet, tissue isgly heterogeneous
and parts of it resemble porous collagen meshworks rather than continuous glass or plastic
channels [2z22] and the difference between continuous and porous substrates may
significantly alter migration properties [23]. Here, we show thatfiber stiffness, confinement

and adhesion behavior of the cell strongly influenced migratory phenotype and with that
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migration parameters in porous hydrogels. While some influences resembled those in

continuous substrates, we also found strong differences

3.2. Results

To investigate the influence of different local hydrogel structures on cell migration, we
prepared two different types of collagen gels. &h gel types consisted of 1.8B5ng/ml rat tail

collagen. The first type of gel (HT) was polymerized instantly at 37TC. The other was first

cooled on ice and then polymerized at room temperature (LT). The polymerization at
different temperatures created gels differing in pore size as well as fiber thickness. Figure
3.1ashows the fine structure of the HT gels with thin fibers and small pore sizes of 12.5i

on average. The LT gels ifigure 3.1bconsist of thicker fibers and largerpore sizes of about

18t I 1T 1T Afyde©3MQ.Ahejcell size ison average 155+551 ET (4 CAI O A
+48;t 1 ET ,4 CA1 08 "1 OE CAl OUBPAO EI xAOGAO AiITC
cells. Thus, we can exclude that cells are stuckue to pore sizes that do not allow for

penetration of the cell nucleus as described i[6].

While the overall concentration of collagen and with that the amount of adhesion sites is

the same for both types of gels, the local amount of adhesion sites orlagen fibers will be

higher on the thicker fibers of the LT gels44]. The difference in fiber thickness will also

affect fiber stiffness and with that local compliance of the gel. We measured fiber stiffness of

the gels using atomic force microscopy anthe resulting maps of the slope of the force
distance curves that are proportional to the local stiffness are displayed figure 3.1d and e

While LT gels show clearly visible, stiff fibers, the stiffness of HT fibers is barely above
background. QuantitaE OAT Uh xA T AOAET AA AT AOQOA®eaAgAT ol OI
fibers with a background of 12.7 +7® A AT A A 91 01 ¢80 i1 AOI 60 1 &
magnitude higher of 584 + 296Pa with a background of 35 + 2®a for LT gels figure 3.1f).

Thus, the fiber to background ratio of HT gels is only about 1.5, while it is 16.6 for LT gels.
"OIE [ AAOGOOAT AT OO0 11 A OEATT AOGAO oOAGrANARdGeB A A

and 82 + 14Pa for LT gels in accordance with literatureg5].
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Figure 3.1: Collagen gel characterization. a) Fluorescence image of an HT gel polymerized
at 37°C and b) of a LT gel polymerized at lower temperatures; c) pore sizes of HT and LT
gels respectively (p<0.001, twesample ttest); AFM image proportional to the local
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HT and LT gels respectively.

Next, we analyzed migration of MDAVIB-231 cells in fluorescently labeled LT andHT gels.
MDA-MB-231 is an invasive breast cancer cell line. They migrate in various phenotypes and
adapt their phenotype and migration behavior flexibly depending on the prevalent
conditions [26728]. Cells were labeled with lifeActGHP marking filamentous actin within
the cell. Representative images of cells and their migration tracks imaged every 2(n over
15h are displayed in figure 3.2ac. Cells in HT gels figure 3.28 show very small
displacements and seem stuck at their initigposition. In LT gels, cells explore a larger space
over time, yet the observed movement is still very limited fjgure 3.2b). Thus, we added
TGFb to cells in LT gels. TGB is a drug that is known to promote cell migration. Indeed,

upon addition of TGFb we find cells to be more motile with a significant amount of cells
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moving through pores of the collagen matrix yielding fairly straight trajectories figure
3.20). Addition of TGFb to cells in HT gels on the other hand, did not lead to any visible
changes in migration. We did not observe any significant matrix degradation or remodeling
in any of the experiments except for occasional small deformations of the matrix resulting
from cells pushing themselves through pores of the matrix or pushing fiber endsibof their

way while passing.

Quantitative analysis revealed a distribution of cell speed as displayed figure 3.2d (see
also figure S3.1for statistical analysis andfigure S3.2for HT gels with TGFb). While cells
move with a similarly low average sped in HT gels and LT gels, their speed distribution is
clearly shifted to higher speeds upon addition of TGB in LT gels, but not in HT gels. The
distribution of angles (figure 3.2e, S3.2between steps in LT and HT gels shows a tendency
toward backtracking, i.e. 180 turns, which may result from confined movement for
example due to pore size or strong adhesior2p]. Migration tracks in the presence of TG
show a fairly uniform angle distribution resembling that of a random walk. Also the average
mean squared displacement (MSD) showed an increase in slope upon addition of TGfo
LT gels confirming the decrease in confinemenffifure 3.2f). Fitting the MSD of each single
trajectory to a random walk equation and accounting for anomalous diffusion with the
exponent U we obtained a distribution of the exponentJ as shown infigure 3.2g(see also
figure S3.1for statistical analysis andfigure S3.2for HT gels with TGFb). Values ofU
around 1.0 reveal diffusive behavior and values below 1.0 subdiffusivgehavior, e.g. due to
confinement. Values above 1.0 indicate superdiffusive behavior, which is typical for cells
migrating with persistence for example through channels or on surfaces. In HT gels the
exponent Uis below 1 with very few exceptions, indicathg subdiffusive behavior for most
of the cells independent of TG. In LT gels without drug,U s slightly higher with more
cells (33%) reaching values above 1. However, on average, most of the cells still show
subdiffusive behavior. In the presence of Tisb in LT gels more than 43% of the cells reach

Uvalues above 1.0.

Taken together, these results show confined migration for both gel types. This confinement

is removed upon addition of TGFb to LT gels. This drug is known to activate RhoA signaling
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[30], which favors myosin driven contractility over actin polymerization and thus less

adhesive amoeboid migration modes over adhesive mesenchymal migratio81, 32].
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Figure 3.2: MDA-MB-231 migration in collagen gels a)-c) representative images of cells

(green) and their migratory tracks (gray shades) in HT gels (a), LT gels (b) and LT gels in
presence of TGF j AQ OAOPAAOEOAIT U j AT11ACAT -sEWAOO EI
at the first measured time point and trajectories (in gray shades) represdrthe 3D path

over time with a time scale as indicated in the color bar in the lower right corners; d)

histogram of speed distributions show the increase in speed upon addition of TFN A Q
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angle distribution between different steps shows significant backacking due to
confinement for HT and LT gels (HT compared to LT: p < 0.005, HT compared to LT with
TGFfr 4 B  mnm8nnph ,4 Al idAPAR GinnpqREEZF AOA
displacements for the different conditions show subdiffusive behavior irthe absence of

TGFfr N ¢q EEOOT COAI 1T &£ Aol 1AT O 4 OAI OAOG8 OET x

To analyze the influence of local environment and TGH on cell migration, we thus
determined the cell phenotypes figure 3.3ad, S3.3. In HT gels wefind exclusively round
cells and cells with pseudopods. Round cells represent the majority in HT gels without TGF
b. In LT gels cells with pseudopods are the majority and only about 10% show a round
phenotype. Additionally, we find a spread, adherent phergpe and few cells show
amoeboid character. Addition of TG to LT gels enhances the amount of amoeboid cells
and it removes the adherent, spread phenotype entirely. The amoeboid cells show several
subforms, namely a movement with a fairly round or ellipsid cell body and a leading edge,
a movement consisting of squeezing through pores with a dented cell body, and
occasionally the rear driven movement described for MDAMB-231 cells in matrigel by

Poincloux et al[33]. Very few cells showed a blebbing pheatype.
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Figure 3.3: Migratory phenotypes of MDAMB-231 cells in collagen gels. a) round (R) and
pseudopodial (P) phenotype in HT gels; b) round (R), pseudopodial (P), adherent (D),

amoeboid, including ellipsoid with leading edge (Al) and squeeze (A2) phetype in LT

gels, c¢) round (R), pseudopodial (P), amoeboid including ellipsoid with leading edge (Al),

squeezing (A2), and rear driven (A3), and blebbing (B) phenotype in LT gels upon addition
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concentration) and yellow (high concentration) d) phenotype distribution within the

different gel types showing the high amount of round cells in HT gels, the adherent cells

specifically occurring in LT gels and the increasaniamoeboid cells in LT gels upon addition

of TGFr 8
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Analysis of the motility parameters for the observed migration phenotypes shows that the
amoeboid phenotype is fastest and least confined leading to hidghvalues and the longest
track displacements, i.eendto-end-distances figure 3.4ad, S3.4. The round phenotype on
the other hand is the slowest figure 3.4a and most confined with low Uvalues (igure
S3.9 and very short track displacements figure 3.4¢. Thus, the altered phenotype
distribution combined with an observed increase in motility of pseudopodial cells might

explain the enhanced average cell motility upon addition of TGEto LT gels.

Further analysis of the influence of the local pore size at the cell location on phenotype and
migration parameters reveals pore sizes much larger than cell size to impede migration
leading to a lower fraction of fast cells and a lower fraction of high track displacements
(figure 3.4b, 3.4dg, fast speed and high displacement cells being defined as cells wilie
respective value higher than 75% of all cells). Also the amount of cells with amoeboid
phenotype is reduced at large pore sizes. At the same time this phenotype reaches highest
speeds,Uvalues and track displacementsfigure 3.4a, 3.4c, S3)4 Looking at the maximum
values infigure 3.4b, 3.4d also confirms that amoeboid cells at pores of around cell size
reach highest speeds and longest track displacements. A round phenotype on the other
hand can be found at all pore sizes with its relative amounhcreasing with pore size figure
S3.5. Its speedJvalue, and track displacement is low. The pseudopod phenotype occurs in
all pore sizes with almost uniform distribution except for a small tendency toward pores

smaller than cell size figure S3.5.
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Figure 3.4: Migration parameters depending on phenotype and pore sizea) speeds for
different phenotypes, p<0.001 (*p <0.02, *p<0.001, **p <0.001, °p<0.95, °°p<0.02,
°°°p < 0.001); b) speed versus local pore size for different phenotypes; c) track
displacement for different phenotypes, p<0.001,(*p<0.1, *p<0.001, **p<0.001, °p<0.2,

°°p < 0.005, °°°p < 0.02); d) track displacement versus local pore size for differén
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phenotypes including round (R), pseudopodial (P), adherent (D), and amoeboid with the
subforms ellipsoid with leading edge (Al), squeezing (A2), and rear driven (A3) cells; e)
fraction of cells in respective pore size with speed values greater than 3n/s (0.75
percentile of all cells), 4 | A ET 1 E0.0C,*p<0el P**p<0.06); f) fraction of cells in
respective pore size with track displacement values greater than 22r8n/s (0.75 percentile
ofallcells), 4 I AET 1T £0Q.06 Fp<0D®H***p <0.1); g) fraction of cells in respective
pore size with amoeboid phenotype, 4 |  AET 1 €0.1CHp<0.13. D

3.3. Discussion

Taken together, HT gels impede migration. Although their pore size is in a range thdaes
not obstruct migration and the low amount of adhesion sites on the thin HT gel fibers
should promote amoeboid migration, these gels entirely abrogate migration even in the
presence of TGMb. Thus, the missing compliance due to the low fiber stiffnessf HT gels
supposedly inhibits migration. The missing fiber stiffness blocks force transmission along
the fibers independent of the cell behavior. Hence, sufficient fiber stiffness is a prerequisite
of migration and reducing it, a save measure to inhibit mgration independent of cell type.
This encourages therapeutic efforts that target the extracellular matrix stiffness, which
otherwise increases with age and cancer progression34]. Interestingly, the low fiber
stiffness does not only impair movement itsé, but also prevents establishment of motile
amoeboid phenotypes suggesting that cells react to the stiffnes89] and that motile
phenotypes result from a mechanically coupled feedback as discussed[i]. While pore
size and fiber stiffness of LT gelsliaw for migration, the high amount of adhesion sites
favors adhesive phenotypes of low motility, which is removed by lowering adhesion with
TGFb. Highest speeds and longest track displacements are achieved at pores that are no
larger than a cell. Hencelow adhesion, pores, which are no larger than cell size, and
comparably high fiber stiffness offers best conditions for migration. Here, the fiber stiffness
allows for good force transmission and low adhesion prevents confinement due to long
lasting focal adhesions R4]. At the same time low adhesion does not allow for force

transmission via integrins. This necessitates the pore sizes, which are not much larger than
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cell size. They allow for chimneying movements as described by Malawistaat{36] where
the cell pushes itself along fibers37]. Accordingly, we observe amoeboid migration mainly
between two parallel fibers at a distance of about cell size and slightly smaller. This allows
for fairly straight movement along the parallel fibers without the necssity of reorientation.

At the same time this distance allows for easy movement without barriers for the nucleus to
pass. The requirement of low adhesion and confinement for a switch to an amoeboid

phenotype is in accordance to movement in continuous subisttes [10, 13)].

Other than in continuous substrates, where round cells were found under no confinement
and low adhesion [LO], in the porous meshwork of collagen gels studied here, round cells
occurred under all confinements. Yet, their proportion increasedvith increasing pore size

in LT gels. They were also the prevalent phenotype in migration inhibiting HT gels without
TGFb. This suggests that they arise from the absence of a mechanical compliance, such as
adhesion, confinement or stiffness. Mechanicallyon-compliant environments lack cues for

a symmetry break, thus the cell stays in the symmetric round phenotype. In other words,
the absence of compliance in HT gels favors a round phenotype, the porous, foamtinuous
meshwork in LT gels that provide les mechanical compliance than continuous substrates
support round phenotypes less than HT gels, yet still in almost all situations, and the highly
compliant continuous substrates allow for the round phenotype only in the least compliant
situation of low adhesion and low confinement. Finally, while the blebbing state was
reported to be the transition state in homogenous, continuous substratesl(], in porous
collagen networks, the pseudopodial state is the state, in which cells reside most often in LT
gels ard from which they switch to other phenotypes. This might be due to the
inhomogeneous meshwork, within which cells have to probe the different directions with
pseudopods before transitioning into the most favored phenotype. Probing of the different

spatial directions of course is not necessary in homogenous substrates.

In conclusion we show the plasticity of MDAVIB-231 cells in porous hydrogels. Even small
differences of biochemical or mechanical stimuli can have huge impact on migratory

phenotype and resuling migration properties.
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3.4. Experimental part

3.4.1. Cell culture

MDA-MB-231 were obtained from ATCC (ATCKEEHITBc 9 AqQ AT A AOI OOOAA E
i TAEEZEAA %ACI A8O 1 AAEOI j$-%-h ' EAAT qhBsOODDI
Gibco) and 1% Penicillin Streptomycin (Gibco), at 37C in a 5% C@atmosphere. Cells were
regularly checked to be mycoplasm free with PCR Myoplasma Test Kit I/C (PromoKine). To
image cells, their actin was labeled with LifeAeTagRFP (lIbidi) orLifeAct-TagGFP2 (Ibidi).

To stably express LifeAcproteins, selection was performed using 5&ig/ml of G418

(Geneticin).

3.4.2. 3D collagen matrices

Collagen gels were prepared with ice&ooled compounds. Rat tail collagen | stock solution
(Corning, high concentation) was mixed with DMEMMedium (45% of final volume),
containing 100000 cells/ml and neutralized with Sodium hydroxide (1N, Fluka). The
mixture wasAE]T OOAA xEOE $ O-bukdkell daiing (DPHESELX), Gibéo ptd@akfinal
collagen concentrationof 1.85mg/ml. To label the fibers of the gel either 0.5% w of the
collagen wasreplaced by fluorescein isothiocyanate (FITC) conjugated type | collagen
(AnaSpec) or thecollagen was mixed with 1f C ! -638 /(NHSEster, ATTOTEC) per
2.74mg collagen. Ifindicated TGFb was added to the mixture to a final concentration of
26.7 ng/ml. After preparation the gel mixture was immediately filled into a sample carrier
i . O1 An A EAAweIs)oN iae for the gelation process.

For HT gels, tle gelation process wasat 37 °C.For LT gels, the sample is kept on ice for
30 minutes, followed by 15minutes at room temperature and finally at 37°C for at least

about 30 minutes. After the gelation all gels were overlaid with DMEM.
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3.4.3. Spinning disk microscopy

Microscopy for live-cell imaging was performed on a Zeiss Cell Observer SD with a
Yokogawa spinning disk unit CS4X1. The objective was a 1.40 NA 63x Plan apochromat oil
immersion objective from Zeiss. Measurements were performed at 3 and a 5%CQ
humidified atmosphere. FITCcollagen and LifeActTagGFP2 were imaged using a 488n
laser, ATTG633 with a 639 nm laser and LifeActTagRFP with a 561m laser. For two color
detection of FITCcollagen and LifeActTagRFP fusion protein or LifeAcilTagGFP2 fusion
protein and ATTO-633, a dichroic mirror (660 nm, Semrock) and banepass filters 525/50
and 690/60 (both Semrock) were used in the detection path. Separate images for each
fluorescence channel were acquired using two separate electron multiplier charge coupled
devices (EMCCD) cameras (PhotometricsEvolV&). Time-lapse images were acquired with

a frame time of 20min and 50frames.

3.4.4. Rheology

Bulk rheology was performed on a MCR 100 rheometer (Anton Paar) and gels were

prepared directly on the rheometer. The chemicals angreparation was the same as

described above. 40 I xAOA EEI T AA AAOxAAT A o00¢uv [ AAOGOO
plate. After 48 min 400t 1 T £ xAOAO xAOA OPOAAA AOI OT A OEA
drying out. The gap size during gelation was 0.6 mm andas reduced to 0.5mm during the

measurement. The deformation was measured stepwise up to a final deformation of 10% at

37 °C and a frequency of Hz.

Stiffness of the fibers was measured with the AFM NanoWizagd4 (JPK Instruments) and

SPM software (JPKInstruments) with an integrated Axiovert 200 inverted microscope

(Zeiss). Collagen gels were prepared as described above and 100 CAI1 xAOA AEOOOEA
35mm round glas dish (MatTek). Briefly, Wshaped cantilevers (Bruker; MLCID silicon

nitride, resonance frequency 15Hz, spring constant 0.03\/m) were calibrated with the

contact free method and used in the O Mode (Advanced Imaging). The following values

have been set: setpoint 0.20.4nN, zlength5t i N OPRARAROYAT A PEGAI OEUA »p
a20x20t I COEA8 $OOEI ¢ OEA [ AAOOOAI Al O-di@dnde EAECEOD
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curves were recorded. Data processing was performed using the corresponding software
version 6.0.50 (JPK Instruments). After median filtering, background substraction arallow

pass filter, stiffness was calculated on representative data points using the Hertzian contact

i TAAT 9101 c60 i1 AOI 66gq8 4EA OED OEABfontxAO |

angle of the cantilever as 1%and its Poisson ratio was set to 0,5

3.4.5. Image analysis

Analysis of pore and cell size was performed with ImageJ employing BonedB440].
Migration trajectories and related properties were analyzed with Imaris (v 8.2.0, Bitplane,
AG Zurich, Switzerland) and further processed with customwritten code in Octave (version
4.2.0). Statistics and data presentation was done with OriginPro (Veosi 8.0891, OriginLab
Corporation, Northampton, MA, USA). Phenotypes were analyzed by visual inspection.
Normality was tested with a ShapireWilk test and depending on the outcome, a two
sample ttest (pore size of gels, indicated in the respective figureaption) or a nor-
parametric test (all other cases) was used. In this case, Kruskalallis Anova tests were
used for tests with more than two groups and MamWhitney Tests for comparison of two
groups. For statistical tests of differences between differerfractions as a function of pore
size, binomial tests were performed. Boxplots show mean (square), the box consisting of
median, lower and upper quartile (25 th and 75 th percentile), whiskers (5th and 95th

percentile), and outliers (marked Xx).

Speed was clgulated as the square root of the MSD dt Tttime lag divided by the frame
time; angles from the distribution are calculated from the cosine between two successive
steps of the trajectory; track displacement is calculated as the distance between firstcan
last position of the center of mass of the cell; the exponettis determined via a fit to the
first 5 lag times of the MSD according to the equatioh "YOF  ‘OOF with D and Uas free
fit parameters. Cells with fast speed and high track displacemergspectively, were defined

as cells showing the respective value higher than 75% of all cells independent of pore size.
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3.6. Appendix
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4. Directed invasion of cancer cell spheroids imicrofluidic flow oriented 3D collagengels

4. Directed invasion of cancer cell spheroids inside 3D
collagen matrices oriented by microfluidic flow in

experiment and simulation

This chapter isbased on the following manuscript:

Geiger FSchnitzler LG,Brugger MS,WesterhausenC, Engelke HDirected invasion of cancer
cell spheroids inside 3D collagen matrices oriented by microfluidic flow in experiment and

simulation. 2021; manuscript submitted

Abstract

Invasion is strongly influenced by the mechanical properties of the extracellular matrix.
Here, we use microfluidics to align fibers of a collagen matrix and study the influence of
fiber orientation on invasion from a cancer cell spheroid. Thenicrofluidic setup allows for
highly oriented collagen fibers of tangential and radial orientation with respect to the
spheroid, which can be described by finite element simulations. In invasion experiments,
we observe a strong bias of invasion towards rddl as compared to tangential fiber
orientation. Simulations of the invasive behavior with a Brownian diffusion model suggest
complete blockage of migration perpendicularly to fibers allowing for migration exclusively
along fibers. This slows invasion towed areas with tangentially oriented fibers down, but

does not prevent it.

4.1. Introduction

Invasion from tumor spheroids is influenced by cellular signaling as well as by the
properties of the extracellular matrix. The onset of invasion has been described as
fluidization of the spheroid, which is triggered by a phase transition from a jammed state to
an unjammed, fluidlike state [1]. After this transition and the accompanying onset of

invasion, single cells often start to stream out of the collective. This sideen described as a
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transition from fluid to gas-like state. Recent work has identified molecular mechanisms of
the unjamming transition. One such mechanism is based on Rab5a activating the ERK1/2
pathway [2]. Other molecular influences are e.g-edherins and in general an epithelial to
mesenchymal transition [3]. Next to these cellular properties, characteristics of the
extracellular matrix that drive such unjamming transitions have been identified. For

example matrix density and extracellular confinerent play a critical role in this transition
[3].

Single cell migration is also strongly influenced by matrix properties, such as matrix
density, mesh size, as well as fiber length and thicknep$-9]. Additionally, fiber alignment
and orientation has beenshown to impact single cell migration based on contact guidance
and the nonlinear rheological properties of the extracellular matrix[10, 11]. For invasion
from a cell collective, such an influence of fiber alignment has been predicted from
theoretical modeling [12]. Experimentally, shortrange alignment has been shown to direct
protrusions [13]. Furthermore, radially oriented fibers resulting from matrix remodeling of
spheroids, lead to increased invasiolil4, 15] and cells streaming along the oriented Kiers
[16]. Thus, fiber alignment may also be an important factor that influences invasion from a
cell collective. Cell contractions however, only result in radial alignment and do not allow

for a comparison of angential and radial alignment.

Here, we investigate this influence of fiber alignment and orientation of tangentially versus
radially oriented fibers on spheroid invasion. We use shear flow in a microfluidic channel
during collagen polymerization to align collagen fibers of a matrix containing cancesell
spheroids. After polymerization of the gel, application of the external flow is stopped. Over
time, the spheroids spread into the collagen gel. The observed invasion shows clear
directionality along the radially aligned fibers. Combining live cellmaging with particle
image velocimetry measurements and finite element simulations, the fiber alignment
resulting from shear flow and the subsequent shape evolution of cell spheroids in the
aligned fibers can be described by a strongly enhanced invasionesgal of cells moving along

fibers compaed to perpendicular to fibers.
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4.2. Results

Alignment of collagen gels. Shear flow in microfluidic channels can align collagen
depending on flow rate and channel siz¢17]. Here, we used 400 um high channels to
accommodate spheroids embedded in collagen gels. We applied a pulse of high flow rate to
fill the channel with collagen including HeLa cell spheroids followed by a phase of low flow
rate during polymerization on ice. After polymerization, we stopped application of the
external flow. This process resulted in gels with rather long collagen fibers oriented along
the direction of the applied flow as displayed in Fig4.1a. Quantitative analysis of the
distribution of fiber orientations (Fig. 4.1b, blue data) revealed a clear maximum at 90
degrees, which corresponds to alignment along the main flow direction. A control
experiment without flow and outside the channel to minimize shear flow shows a fairly

uniform distribution of fiber orientations (F ig. S4.1, and Fig. 4.1b, red data).
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Figure 4.1: Alignment of Collagen Fibers. a) Collagen fibers aligned via microfluidic flow
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Orientation distribution of fibers in 33 gels aligned with microfluidics (mean values blue;
standard error light blue) and in nonaligned gels prepared in a well (mearvalues red;
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Collagen fibers around spheroid represent flow field.  Focusing on collagen alignment in
proximity to spheroids, we find fiber orientations around the spheroid mostly along the
stream lines that one would expect to result from the applied flow field around the
spheroid. However, the collagen fibers at the spheroid side facing upstream with respect to
the applied flow were oriented perpendicularly to the flow direction (Fig.4.2a). With
respect tothe spheroid, this lead to mostly tangential fibers around the spheroid with the
exception of radial orientation at the side facing downstream of the main flow. To further
characterize the flow field around the spheroid applied during polymerization and to
understand the resulting fiber orientation after polymerization, we measured the flow in
the region of the spheroid during collagen polymerization. Tracking of beads moving in the
collagen gel during polymerization revealed traces as displayed in Fig2b. Analysis of the
velocity field with particle image velocimetry (PIV) provides a qualitative description of the
force field applied by the shear flow. Fig4.2c shows the direction and magnitude of the
resulting velocity fields. It reveals a decrease iforces at the periphery of the spheroidz
specifically at its sides facing upand downstream of the main flow direction. The obtained
velocity fields correspond very well to simulations of shear flow in a microfluidic channel
around an immobilized sphere(Fig. 4.2d and Fig. S4)2Based on this confirmation that the
flow simulation describes the conditions of the experiment, we next ran a simulation of a
single fiber in the respective flow field arounda spheroid. Fig4.2d show the orientation of
the fiber in the simulation. While it is oriented along flow direction far away from the
spheroid, the force distribution close to the upstream side of the spheroid orients the fiber
perpendicularly to main flow and tangentially to the spheroid. It then continueso exhibit a
tangential orientation with respect to the spheroid until it reaches the downstream side of
the spheroid, where it is oriented radially with respect to the spheroid and along main flow
direction. This corresponds very well to the fiber orientaion of the gel measured around
the spheroid (Fig.4.2a), suggesting that the forces of the flow are responsible for the
obtained orientation of collagen fibers. In turn, the results also confirm that the collagen

orientation displays and preserves the foce fieldapplied during polymerization.
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Figure 4.2: Characterization of shear flow and fiber alignment around the spheroid,

while the main flow direction is from top to bottom.  a) Spheroid (magenta) and aligned
collagen fibers (cyan) with vectors in aliggment direction (white) around the spheroid after
polymerization. b) Flow trajectory of beads around a spheroid embedded in collagen during
polymerization. c¢) Calculated velocity magnitude (color code) with flow vectors of the
beads. d) Simulated velocityield (color code represents velocity magnitude) of the collagen
mixture and the trajectory of a single collagen fiber (white bar) around the cell aggregate in
the microfluidic channel.3 AAT A AAOO E ¢nmn (1 8
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Invasion of the spheroid. Next, we investigated the behavior of spheroids in the oriented
hydrogels over time. The overall collagen concentration used is 1.85 mg/ml and allows for
spontaneous invasion. Figure4.3a shows that spheroids start to invade into the
surrounding already one day after embedding them into the gels (see also Figt.3. The
invasion is much more pronounced along the radial fibers on the downstream side of the
spheroid compared to the sides facing tangential collagen fibers. Over the course of 3 days,
the obseaved invasion increases in all directions. Furthermore, we start to observe single
cells streaming into the gel detached from the spheroid after two days. Quantitative
analysis of the ratio of axes of the spheroid along and perpendicular to main flow dirgmn
shows that growth along the main flow direction during the first day is on average about a
factor of 1.3 larger than that perpendicular to flow (Fig4.3b). The average axis ratio is not
increased much stronger during the following days suggesting aifly constant average
asymmetry after the first day, despite some deviations in individual spheroids. Fig.3c
depicts the influence of degree of overall matrix alignment in main flow direction on growth
asymmetry during the first day measured as axis teé of day 1 relative to day 0. The degree
of alignment is calculated as the amount of fibers aligned in main flow direction in the
analyzed gel relative to that of a gel with uniform fiber distribution(further described in the
materials and methods sectin). Highest relative axis ratios and thus pronounced
asymmetry and strongest directionalities of invasion are reached in gels with high degrees
of alignment. Analysis of the influence of overall matrix alignment in main flow direction on
the two spheroid axes separately shows that a high degree of alignment yields reduced
invasion perpendicular to the main flowr and thus alignment direction (aaxis), while it
allows for strong invasion along main alignment direction (baxis) (Fig. $.4, S1.5). With
respectto the spheroid, invasion perpendicular to the main alignment direction (i.e. along
the aaxis) means invasion toward tangentially oriented fibers. The spheroid fronts
invading along main alignment direction face tangentially oriented fibers on the upstaam
side and radially oriented fibers on the downstream side. Thus, the reduction in invasion
perpendicular to main alignment direction with increasing degree of alignment and the
reduced invasion perpendicular to main alignment compared to invasion along am
alignment direction, suggests that tangential fiber orientation may hamper invasion

compared to radial fiber orientation. So far, analysis of the axis along main alignment
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direction includes one front facing tangential fibers and one front facing radily oriented
fibers. This obscures the results on the influence of fiber orientation to a certain extent and
may explain the less pronounced influence of overall degree of alignment on the invasion

along alignment direction (Fig. 8.4b) compared to that pependicular to alignment

direction. Therefore, we next analyzed upstream and downstream front separately.

Axis ratio (b/a)

Relative axis ratio

Figure 4.3: Invasion of Spheroids. a) Microscopy images of spheroids invading into the
surrounding aligned matrix over the course of 3 days. Notehé spheroid remains filled
with cells, the void in the center of the spheroid is a result of image editing for better
contrast in the composite with the matrix. For original images see Fig. S3. b) Ratio of axis
along main flow (b) vs. perpendicular to it &) of 26 aggregates over the course of 3 days
(single values: blue; mean + standard error: red and light red). c) Relative axis ratio (axis
ratio of day 1 normalized by the ratio of day 0) as a function of the degree of fiber

P
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Influence of tangentially and radially oriented fibers on migration. Figure 4.3a clearly

shows increased invasion on the downstream side of the spheroid compared to the
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4.2. Results

upstream facing side. Focurg on these two sides of the spheroid (Figl.4a and b) we find
that the distance the invasion front travels on average during the first day is much longer
(228 + 33 um) for the downstream front compared to upstream 97 + 23 um) (Fig. 4.4c).
Also after three days, the downstream front shows similarly increased invasion compared
to the upstream front (2.3 times increased distance of downstream compared to upstream
after one day and2.1 times after three days). Interestingly, the distance that the invasion
front travelled after three days is in both directions only about a factor of 9.longer than
after one day suggesting a notinear time-evolution. Since the conditions of the two
spheroid sides are the same with the only exception of the collagen fiber entation with
respect to the spheroid, we also analyzed the degree of alignment at the invasion fronts (see
marked areas in Fig4.4a and b Fig. $1.6). As expected from the microscopy images, the
degree of alignment in main flow direction is much higheon the downstream side with the
radially oriented fibers as compared to the upstream side with the tangential fibergFig.
4.4d). The degree of alignment does not change significantly between day O and day 1.
Comparing the results on invasion of upstream rad downstream front of the spheroid
confirms that a high degree of alignment of collagen fibers in radial direction promotes

invasion compared to tangentially oriented fibers.
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Figure 4.4: Invasion and fiber alignment on upstream and downstream front. a)

Collagen fibers (cyan) and spheroid (magenta) at the upstream (red) and downstream
(blue) side of the spheroid at day 0. b) Collagen fibers (cyan) and cells (magenta) at the
upstream (orange) and downstream (purple) side of the spheroid at day 1. c¢) Pogiti of
invasion front with respect to initial spheroid surface (day 0) after 1 day and after 3 days on
downstream and upstream side of 10 aggregates (*p < 0.05). d) Degree of alignment of the
collagen fibers on downstream and upstream side of 10 aggregatasday 0 and day 1 (°p >
0.05, *p < 0.005)ScaleAAOO E c¢mm (1 8

Simulation of invasion behavior. Having established that the aligned collagen fibers and
specifically their orientation strongly influence invasion of the spheroids, we next asked
whether the observed invasion process can be described by a model, in which we assume
that cells can invade along fibers faster than compared to invasion perpendicular to fibers

(Fig. 4.5). We assume a very simple model of cells distributed on a sphere the size of a
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spheroid (Fig.4.5a, Day 0) They are performing a random walk withsomestep size parallel
and asmaller step size perpendicular to the fibers as derived from the traveled distance of
the downstream and upstream front, respectively, on the first day. Fér direction is
determined and interpolated from the experimental data displayed irFig. 4.2a. We reduce
the model to include the influence of fiber orientation on cell migration and neglect cell
overlap, celtcell contacts and resulting jamming effects. lthermore, we do not take
proliferation into account, since it is expected to be very slow in spheroids in 3D
environments leading to an estimated increase in radius of about 1.2 over the entire 3 days.
Nevertheless, potential effects of proliferation orthe invasion behavior cannot be excluded,
specifically, such that result from an increased proliferation due to influences by the matrix.
The shape resulting from the simulation with the initial step size parameters did not match
the shape evolution measued in the experiment very well(Fig. $1.7). The simulation data
show very little asymmetry in shape and the difference between upand downstream
invasion is much smaller than in the experiment. The only parameter that fits with the
experimental data to acertain extent is the axis ratio and its development over timéFig.
$A4.7). To increase asymmetry and thus the difference between umnd downstream
invasion, we next reduced the step size perpendicular to fiber orientation, while
maintaining the step sizederived from the experiment for movement parallel to fibers.
Expectedly, the decrease in perpendicular step size increased the asymmetry in shape and
the difference in travel distance of the invasion fronts upand downstream (Fig. $1.7). With
increased aymmetry of course, the overall b/a ratio was increased. Strikingly, the best
match in spheroid shape between experiment and simulation was obtained with a
perpendicular step size of 0, i.e. complete blockage of migration perpendicularly towards
fibers (Fig. 45, S1.7). This simulation assuming complete blockage of perpendicular
migration describes the experimentally obtained shapes remarkably welk including
invasion towards areas with fibers tangentially oriented toward the spheroid. Also the
differencesin travel distance of upstream and downstream front are recapitulated with this
parameter set by the modelFig. 4.5¢). Since the step size was calculated from the distance
travelled during the first day at least for the movement along fibers, the numbers fit very
well at that time. The distances after three days are slightly larger in the model compared to

the experiment This might be due to an overestimation of the step size based on effects of
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the collective, such as jamming, which decrease with increasing amount of single cells at the
front moving detached from the collective, leading to a decreased front speed. Howeeyvthe
differences are not large given the error bars. Overall, the model suggests an increase in
travelled distance with the square root of time, which results from the diffusive character.
The values measured in the experiments are in accordance withishincrease, since the
values on day 3 are less than a factor of 2 larger than on day 1. Analyzing the ratio of axes
along and perpendicular to main flow direction (b/a) shows an interesting behavior in the
simulation, which is not seen in the experimentin the simulation, the ratio increases
strongly, then it remains constant for a short time until it increases steadily agaiFig.
4.5b). This second increase is observed, when cells on the upstream front have passed the
perpendicular fibers and start steaming along the fibers in main flow direction. This is as
opposed to the sides along the -axis perpendicular to flow, which face tangential fibers
only and hence cells do not reach areas with fibers along this axis. Thus, the upstream front
now also contibutes to an increase in b/a ratio leading to the observed second increase in
b/a ratio. The reason this is not found in the experimental data may be the large variance of
data resulting from variability in matrix orientation and cells. Furthermore, it may originate

in the assumptions of the model neglecting cell overlap, collective effects, proliferation, and
remodeling of the matrix. This time interval showing a plateau of constant b/a ratio
decreases, when the step size perpendicular to fibers is incread, since cells on the

upstream front reached the area of fibers oriented in main flow direction more quickly.
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Figure 4.5: Simulation of invasion. a) Overlayed images of cell invasion in the collagen gel
(cyan) during the experiment (magenta) and the simulated migration of cells (white) in a
similar environment over the course of 3 days. b) Ratio of axis along main flow (b) vs.
perpendicular to it (a) of the simulation over the course of 3 days (cyan; mean -+$tandard
deviation (n=10): light cyan). c) Position of simulated invasion front with respect to initial
spheroid surface (day 0) during 3 days on downstream and upstream side of the spheroid.
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4.3. Discussion

The fiber alignment with microfluidic flow during collagen polymerization that we describe
here, allows for significant alignment in main flow direction. Analysis of the flow profile
shows that the polymerized collagen gel preserves the flow field such that the fiber
orientation mirrors the streamlines of the flow with the exception of the area around the
upstream facing side of spheroids embedded in the collagen gel. The entire fiber orientation
Z including the upstream side of spheroids can be described by the orientation of rods in

the flow field of the applied flow. Thus, in principle, simulations of flow and of the effect of
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the resulting flow field on rod orientation should allow for prediction of fiber orientations

depending on the applied flow field providing a predictable platform ofiber alignment.

The fiber orientation around spheroids resulting from the microfluidic alignment allowed
us to study the influence of fiber orientationz particularly of tangential versus radial
orientation with respect to the spheroid. This orientation emains fairly constant over time
- we do not observe strong changes in the degree of fiber orientation, which have been
observed previously mainly in 2D settings or between neighboring spheroidd 6], although
the invasion of the entire spheroid does leado slight, local remodeling not affecting the

average degree of orientation in our experiments

Spheroids in the aligned collagen gels invaded readily into the gels. Such invasion processes
have been described as transition from a jammed state to an unjammed, fltlike state
followed by isolation of single cells in a gatike state. In immuno-fluorescence images we
see characteristics of jammed cells inside the spheroid (Figé4.8, red box), while they show
more elongated and less adherent structures at the periphery of the spheroid resembling an
unjammed state. Starting on day 1, we also observe gie, isolated cells around the

spheroid.

The influence of fiber alignment on invasion is very pronounced and leads to a bias in
invasion along fibers oriented radially with respect to the spheroid. In a first
approximation, the resulting shape of the invading spheroid and its evolution over time was
described by a model assuming Brownian diffusion with larger step size along fibers
compared to that perpendicular to fibers. The resulting simulations describe the shape
evolution of the spheroid obtained in the experiments remarkably well. Strikingly,
parameter sets with no invasion perpendicular to the fiber orientation fit best with the
experimental data. Thus, the origin of the invasion bias toward radially oriented fdrs may
indeed be a strong bias towards faster invasion along radially oriented fibers compared to
tangentially oriented fibers. Further analysis and refinement of the model may show the
influence of jamming, slippage, proliferation and other effects, whit may provide more
insight into the influence of fiber orientation on invasian. This could also include modéng

of the fiber orientation as a distribution with some finite width. Moreover, it may e.g.
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decipher whether the effect of fiber orientation is manly due to contact guidance or

influenced by collective effects as has been descet for unidirectional invasion [18].

We observe some single cells, which are elongated along the fibers, however many invading
single cells as well as the fronts of the deictive do not show a clear cell orientation. Thus,
the reason for the bias in invasion along radially oriented fibers may partially be based in
polarization, but other factors most likely contribute to the effect, too.One such factor
might for example bethe enhanced force propagation resulting from contractions along
radially oriented fibers compared to tangential fibers due to the nodinear stress-strain
relation of collagen[19, 20]. As for the molecular mechanisms underlying the invasion,
nuclear YAP(Yesassociated protein) has been shown to be able to trigger invasiqal, 22]

AT A 910860 OOAT OI T AAGET 1T ET OI[23D B Aur tageAnowe®® AAOO
it is mostly cytosolic and thus not active at the measured time of 3 days after endusing the
spheroid in the gel (Fig. 8.8). Hence the underlying mechanisms of the biased invasion
towards fibers oriented radially with respect to the spheroid remain to be investigated. The
microfluidic platform we presented here, offers a weHldefined system for such
investigations. Understanding directional bias of invasion and its origins will not only be
useful in cancer research, but also in many other fields such as tissue engineering,

developmental biology and wound healing.

4.4. Experimental part

Cellculture and spheroid formation

A 2 s s L o~ o~
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supplemented with 10% fetal bovine serum (FBS, Gibco) and 1% Penicillin Streptomycin
(Gibco), at 37°C in a 5% C@atmosphere.

For HeLa cd spheroid formation, 500 cells were seeded in a 9avell plate with ultra-low
adhesion (Corning) and incubated at 37°C and 5%Q for 48 h until the spheroid reached
the desired size At a diameter of 250-350 um, the spheroidswere transferred to a collagn

gel mixture.
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3D Antibody Staining

The primary and secondaryantibodies used were YAP1 polyclonal rabbit antibody RA1-
46189; Thermo Fisher Scientific) andDonkey antiRabbit IgG (H+L) Highly Cros#\dsorbed
Secondary Antibody, Alexa Fluor 546 (A10040thermo Fisher Scientific).

HelLa spheroids embedded into collagen were fixed with 4% PFA for 40 minutes and
washed with PBS twice for 20 minutes. The cells were permeabilized for 20 minutes with

0.5% Triton X-100 in PBS and subsequently washed with PBS foO 3ninutes. The cells

were blocked with 1% BSA in PBS overnight. Primary antibodies were diluted 1:100 with

1% BSA in PBS and cells were incubated for 72 hours. Prior to incubation with secondary
antibodies (1:200 in 1% BSA), the cells were washed twice WitPBS for 30 minutes. The

cells were incubated with secondary antibodies for 48 hours. Afterwards, the cells were
xAOEAA xEOE 0"3 A O om | EI OOAO AT A (1T AAEOO
imaging, the cells were washed again with PBS for 30 mites. Finally, the PBS was

renewed and kept in the reservoirs during confocal microscopy.

3D collagen matrices

Collagen gels were all prepared with the same compoundsvhich were kept onice (except
for the HelLa cells). Rat tail collagen | stock solutiofCorning) was mixed with 1ug ATTO
633 (NHSEster, ATTGTEC) per 1.37mg collagen to stain and later visualize the 3D
network of the gels. Then they were neutralized with Sodium hydroxide (1N, Fluka) and
diluted with Dulbecco's phosphatebuffered saline (DPBS(1x), Gibco) until the desired
collagen concentration @.32mg/ml; final: 1.85mg/ml) was reached. Finally, three HelLa

cell aggregates, diluted in DMEM/edium (45% of the final volume), were added.

The gel mixture was immediately filled in a gSlide VI 0.4 ibiTreat (Ibidi), which was
connected to a LA120 syringe pump (Landgraf). The mixture was sucked with 90.2 pl/min
into the channel of the slide, until an aggregate reached the channel. Then the draw speed of
the syringe pump was reduced to 0.2 ul/mm during polymerization on ice. After 30 minutes

the slide was handled at room temperature and 0.1 pl/min pump draw speed. After 15
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minutes the gel was transferred to 37C, without the syringe pump, to finish the gelation
process. After a successful geliain all gels were overlaid with DMEM, to prevent them from

drying out.

Analysis of the microfluidic chamber

The flow field in the channel was analyzed experimentally with digital particle velocimetry

(DPIV) as well as numerically with finite elementmethod (FEM) simulation. For the
AobAOEI AT OA1 AEAOAAOAOEUAOEIT OEA OAI A DOl O1 Al
i AOOEAAOGS xAO OOAA8 )1 AAAEOEkoiybeall Cdrb@des | EA O]
Microspheres 3.00um, Polysciences Inc.,Warrington AP USA was added (1 % of the final

volume) to the HelLa cell aggregates. For the analysis, we used light microscopy in
combination with a CCD camera (FASTCAM 1024PCI, Photron, Ottobrunn, Germany). The
movement of the particles was recorded with a frame rat of 1 fps at a constant flow rate of

0.2 pl/min. A MATLAB (R2017b, The MathWorks Inc., Natick, MA, USA) script based on the

open sairce PIVlab (version 2.37) toolkit was employed to extract the twalimesional

velocity profile [24, 25]. FEM simulation wagdone with the commercially available software

COMSOL Multiphysics (5.6, Comsol Inc., Burlington, MA, USA). The N&Stekes equation

together with the continuity equation is solved for astationary 2D model of the clannel in

the laminar flow interface ofthe Gomputational Fluid Dynamics (CFD) module. The width

and the lengh of the channel is 3.8 mm and 17 mm respectively. The height of the channel

(0.4 mm) was taken into account by apfying a shallow channel appraimation. At the inlet

of the channel a laninar inflow boundary condition with a flow rate of 0.2 pl/min and at the

outlet a static pressure condition was applied. The size and location of the HelLa cell

aggregate (diameter d = 208 um) in the channel is taken from the experimerA. physics

controlAA | AGE xAO OOAA xEOE Al Ai AT O OEUA O11 Of Al &
with the Solid Mechanics module via a Fluid Structure Interaction (FSI) we also simulated

the time dependent trajectory of a fiber in the flow field. For the CFD module the rs&

parameters were used as in the stationary study. The fiber is assumed to be rigid and has a

length of 47.5 um and a width of 5 pmA physics controlled moving mesh was used with

A1 AT AT O OEUA O1T1 Of Al &
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Spinning disk confocal microscopy

Confocal microscy for live-cell imaging was performed on a setup based on the Zeiss Cell
Observer SD utilizing a Yokogawa spinning disk unit CSX4. The system was equipped
with a 1.40 NA 63x Plan apochromat oil immersion objective from Zeis3he setup was
heated to 37°C and a C@©source was provided to keep the atmosphere at 5% G@uring
the measurements. The resulting images were processed with the Zen software by Zeiss.
Cell spheroids were imagedin brightfield mode with a tungsten-halogen lamp with
682.0 uW and 200ms exposure time.For fluorescence imagesiHoechst 33342 was excited
with a 405 nm laser at11.2 pW intensity for 200 ms and Alexa Fluor 546 of the secondary
YAP antibody with a 561nm laser at 70.7uW intensity for 2000 ms. Images with ATTG633
dye were taken with a 639nm laser at 5.5uW intensity and 200ms exposure time. Each
image consisted of 120 to 160 pictures, depending on the spread of the spheroid over time,
and has an 11 frame ®stack with a 1.5um distance betweenz-planes. In the excitation path

a quadedge dichroic beamsplitter (FF410 /504/582/669 -Di01-25x36, Semrock) was used.
Band-pass filters 525/50 and 690/60 (both Semrock) were used in the detection path.
Separate images for each fluorescence channel were acquired using two separate tebec

multiplier charge coupled devices (EMCCD) cameras (PhotometricsEvolVvg.

Image analysis

Analysis of fiber orientation was performed with ImageJ26, 27]. Migration distances and
aggregate axes were analyzed with Imaris (v 8.2.0, Bitplane, AG Zurich, Switzerland) and
further processed with Microsoft Excel (version 2010). Statistics and data presentation was
done with OriginPro (Version 8.0891/9.0.0, Originlab Corporation, Northampton, MA,
USA). Normality was tested with a ShapirdVilk test and statistical significance with the
non-parametric Kruskal-Wallis test. Boxplots show mean (square), the box consisting of
median, lower and upper quartile (25th and 75h percentile), whiskers (5th and 95th
percentile), and outliers (marked x). The aggregate axes were defined by thdistance

between theaverage value of the 20 cells furthest away from the aggreg@te®nter of mass
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in the respective direction.The a axisis the difference betweenbiggest and smallest xwalue
and the b axis the biggest and smallestyalue found for cellpositions found by Imaris.The
axis ratio b/a of these axes shows thasymmetry of the cell aggregate. At a ratio of 1 the
aggregate is asphere, below 1 it spreadsmainly along the a axis and above 1 along the b
axis. Therelative axis ratio in figure 3c is the axis ratio of the aggregate at day 1 divided by
the ratio of day O, describing thechange in asymmetry with respect to day OThe degree of
alignment was introduced to quantify the orientation of the collagen gel along the main flow
direction (i.e. along b axis with respect tahe spheroid). Orientation angles of all fibers were
determined. Fibers between 68° and 112° (90°+ 22°) areonsidered aligned with the main
flow, which has an orientation of 90°. The degree of alignment was calculated as the
percentage of aligned fibers of the analyzed gel divided by the percentage of aligned fibers
calculated for a gel with uniform fiber distribution (25.56%). Thus, it measures the rab of
fibers oriented in main flow direction in the analyzed gel relative to a nowriented gel. The
invasion distance was determined by the difference of the average position of the 10 cells,
which travelled furthest into the collagen gel at day 0 and day 1 or day 3 respectively. The
brightfield images of cell aggregates presented together with collagen fibers were
processed withimageJ[26, 27], for better visibility of both channels in one picture. A set of
gaussan blur (sigma=1), subtract background and despecklewas applied three times, with

a decreasing value for the rolling ball radius used in each cyclel(ling =200, 100 and 50).

Unprocessed pictures of all used aggregates can be found in the SI.

Simulation of invasion

In order to get a better understanding of the invasion of HeLa cell aggregates after collagen
gel polymerization we introduced a numerical model, which is based on aimple 2D
random walk algorithm. For the simulations we used the Python pmramming language
(Python 3.8.3, Python Software Foundation). In our model we make two assumptions. First,
we assume that the invasion is a diffusioitike process, which we model by a random walk.
Second we assume that the step size is locatioand direction-dependent. This dependency
is given by the fiber orientation, which can be extracted from the experiment. Therefore we

divided the field of view into boxes @ = 103 um) and calculate the mean fiber orientation
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for each box. At each time step there af®ur ways with the same probability how a single
cell can move: Parallel or perpendicular to the fiber and for both options the two possible

directions. A step parallel to the fiber orientation results in a shift of the location of:

Yo QAT|OandYo QOET,
where Q is the step size parallel to the fiber orientation and is the fiber orientation at the
location. The positive and negative sign indicates in which déction with respect to the

fiber orientation the step is madeA step perpendcular to the fiber orientation results in a

shift of the location of:

N QATIO0O wm AndYo QOET wm)J

where Q ist he step size perpendicular to the fiber orientation. We estimate the step siZ@

and Q from the data of theexperiment:

Q1 M0 andQ 1 WD,

where i is the distance the cells travelled within one day downstream where most of the
fibers are oirentated parallel to the invasionj is the distance the cells travelled within one
day upstream where nost of the fibers are oirentated perpendicular to the invasion and

is the number of time steps.
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4.6. Appendix

Figure S4.1: Non-aligned collagen fibers synthesized in a well without microfluidic
fow. 3AAT A AAO E ¢nm t1 8
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