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ABSTRACT

CELL ADHESION ON NANOMETER SCALE FIBRONETIN
PATTERNS: A COMPARIBON OF BREAST CANCERCELLS AND
NORMAL BREAST EPITHEIAL CELLS

Cell adhesion to extracellular matrix is an important process for both health and
disease stase Surface protein patterage topographically flat, and do not introduce other
chemical, topographical or rigidity related fdiomality and, more importantly, that
mimic the organization of thi vivo extracellular matrix are desirablBrevious work
showed that vinculin and cytoskeletal organization are modulatékelsyze and shape
of surface nanopatterns. However, a comjpagand quantitative analysis on normal and
cancerous cell morphology and focal adhesions as a function of micrometer scale
spacings of protein nanopatterns was absent. Here, electron beam lithography was used
to pattern fibronectin (FN) nanodots with mumeter scale spacings on acKsein
background (single active) on indium tin oxide (ITO) coated glass which, unlike silicon,
is transparent and thus suitable for many light microscopy techniques. Exposure times
were significantly reduced using the lingpesure mode with micrometer scale step sizes.
Micrometer scale spacings of 2, 4, 8 micrarsd gradientdbetween FN nanodots
modulated cell adhesion for both breast cancer and normal mammary epithelial cells,
through modification of cell area, cell symmgtiactin organization, focal adhesion
number, size and circularity undaoth staticand flowconditions. Overall, cell behavior
was shown to shift at the apparent thresh
were significant differences in termgaell adhesion between breast cancer and normal
mammary epithelial cells: Breast cancer cells exhibited a more dynamic and flexible
adhesion profile than normal mammary epithelial cells.



¥ZET

NANOMETRE ¥L ¢FEIBKRNDNEKTKN RESEERERDE
H! CRE YAPI Kk MESKANSERK H!VERGRMELR K
MEME EPKTEL HKNEREKBRKI LAKTI RI LMA

H¢crelerarasé maddeye h¢gcre yapeéekmaseé h

°neml i bir s¢re-tir. Topografi k oflkile ak dy¢ z
gl | i Kl evsell ik getir meyen Ve daha ‘
dé¢zenl enmesini taklitleyen y¢gzey protein
-al exmal ar gestermi ktir K i vinke¢lin vV e
nanodesenlemii n b¢y ¢kl ¢ ¢ ve kKekl i il e deji kmekt
mi Kr ometr e °l -ejJindeki aral ékl ar éna baj l
morfolojiler:i ve odaksal yapékmal arénén Kk
elektron deme i l i tografi si kull anél arak silikonc

mi kroskop teknijine uygun ol an-kazemdrkay um K ¢

pl anénda (tek aktif) mi krometre ©°I| -ejinde
desenlre.nnYiakztéeim zamanl aré& mi krometre °1| -eji/
mo d u kull anél ar ak °neml i °l - ¢de késaltel

°]l -ejinde 2vie 4d e jBr whi€kkrloanr € hem meme Kkanse

nor mal me nter ed reirtienldeh h¢cre yapékmaséné hygc
dé¢zenl enmesi, odaksal y a p éhemdargushaeyne sdee, aakl éak
kokul Idefédmxkda r mi ktir. Toplamda h¢gcre davr a
mi kron Jriltéaltia gfesteril miktir. Sonu-1ar g
me me kanser. h¢egcecrel eri il e nor mal me me e
bul unmaktadeér: Me me kanser. he¢gecrel eri norr
ve esnelknabiproyapék sergilemiklerdir.
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CHAPTER 1

INTRODUCTION

1.1. Significance of FocalAdhesion in Cell Biology

Focal adhesionare protein compositiongnvolved in mechanical and chemical
interactions of the cedl with theirenvironmens. These structureplay a key rolein
metastasis, angiogenestsmorigenesis, embryonic developmetissue homeostasis,
atherosclerosis and wound healitgpcal adhesions provide cell adhesion whglan
important dynamic process to regulate cell behaviour andidate®th normal and cancer
cells (Berginski, Vitriol, Hahn, & Gomez, 2011; Berrier & Yamada, 2007; Zaidhs,

Cohen, Addadi, & Geiger, 2004¥ppatial organisation and mechanical properties of
adhering cells areegulated by integration of cells and their extracellulairenments

via focal adhesions. The properties eftracellular environmentbiological content,
topography and mechaniare determinativas leading to diverse behavidfarsons,
Horwitz, & Schwartz, 2010; Wozniak, Modzelewska, Kwong, & Keely, 2004)

Focal adhesionsire between cell and extracellular matrix vary vbeén 10
nanometer to 10 micrometer in size. Focal adhesions are composed of more than hundred
proteirs mainly based on fibronectin in extracellular matrix, integrin as transmembrane
protein and vinulin as intracellular proteifZaidelBar et al., 2004; Zamir & Geiger,

2001) Focal adhesions mainly participate in regulation of cell behavarpvotein
interactions; they are both mechanic sensors and adhesion structures. They regulate cell
adhesion, migration and differentiatig®chwarz, Erdmann, & Biscifs, 2006; Zhao &

Guan, 2009)

1.2.Extracellular Matrix

Extracellular matrix i complex and dynamic network of macromolecules. This
network coats outer surface of the cells and forms a biological environment with different
physical and biochemical propies for the cellan a tissue Physical properties like

rigidity, porosity, topgraphy and insolubility of extracellular matrix providehe



occurence of various anchoraggated biological functions likeell migration, division

and celltissuepolarization. Biochemical properties of the extrliakar matrix initiate
some signal @thways Various binding sites for some cell surface receptors are found on
the protein component of matrd also nostanonical presentatiasf growth factors is
provded by matrix. Extracellular matrixis tissuespecific becaus®f the variable
macromolecule congsition and organizatigrmoreover itis dynamic because of the
regulation of productiondegradationand remodeling of the &acellular matrix
composition(Gattazzo, Urciuolo, & Bonaldo, 2014 xtracellular matrixpropertiesare
altered pdtologically and this can be the cause or result of many diseases. In cancer
patients it is seen that extracellular matgopoductionis excess/e and has abnormal
architecturein comparien to normal conditions. For instance, it is known ttha
extracellular matrix fronthe breast cancer patiembntains higher levebf collagen and
proteoglycan than théealthy controls(Gill & West, 2013) Extracellular matrix is
composed of collagen and elastitensively in addition tatheseproteins of extracellular
matrix fibronectin, laminin and other proteoglycans and glycoproteins are included in
composition. Fibronectin and laminiare the most abundant glycoproteins the
extracellular matrix, whiclare associated with collagen, heparin and other fibronectin or
laminin proteinsModular characters of laminin and fibronectin are determinative on both
branched protein network formation and assembly of collagen in the extracellular matrix.
As well as intrinsic propgies of these matrix components, cells also recogromees
amino acid sequences of proteins like collagen, fibronectin and laminin by integrin
receptors and this provide an additional cell control to organize extracellular matrix
(Aumailley & Smyth, 1998; Muiznieks & Keeley, 2013)

1.3.Mimicking of Extracellular Matrix

The architecture and compositiof extracellular matrix provide physical and
biochemical cuesvhich direct cell behavioMajor sensas of thecellsareintegrins with
their constituent roleof forming focal adhesions in adhesive structures of cells.
Extracellular matrix adhesive feaasg has been widely investigated on the uniformly
coated shedtke (2D) surfaces with largscale patterning approaches. Hoeg\cells
produce extracellular matrix structures randiragn nanometersap to micrometers with

a high complexity which are adhes patches and neadhesive spacingdVolf et al,



2014; Kim, Provenzano, Smith, & Levchenko, 2012; Provenzano, Eliceiri, & Keely,
2009; Soucy & Romer, 2009; Zoumi, Yeh, & Tromberg, 2002)

There have been important celtlhesion studies depending on biomimetric
surfaces fabricated by micking of extracellular matrixX Ag hel i , Mal mstr°m
Textor, & Sutherland, 2006; Alsberg et al., 2006; Biggs, Richards, & Dalby, 2010;
CavalcantiAdam et al., 2007; Chen, 1997; Elineni & Gallant, 2011; Gingras et al., 2009;
Li, Shi, Deng, Lo, & liu, 2012; Lutz, Pataky, Gadhari, Marelli, & Brugger, 2011;
Malmstr et al., 2011; Oliva, James, Kingman, Cnaigd, & Banker, 2003; Park, Kié
Kim, 2012; Pesen & Haviland, 200%ow, it is well appreciated that cell adhesion over
the fabricated surfasecan be strongly affected both by rigidity &hd architecture of
biomimetric surfacesSo far, these studies have answered the questions about the cell
matrix interaction at micrometer scale; but the crucial event in the cell attachment is the
recogniton of extracellular matrix componentgavntegrins and examination tiese
interactions needs to fabrication of extradar matrixmimicking substrateover the
micrometer scaleNanometer scale resolution provides walhtrolled nanofabricated
biomimetric surfaces to examine the effects of extracellular matrix properties on the cells.
Despitethe advences in nanofabrication technolpgycropatterned surfaces forarge
areas wit uniform adhesiveness and these surfacelsighly combined for topological,
biochemical and rigidity signalfAlsberg et al., 2006; Cavalcamtidam et al., 2007,

Lussi et al., 2004, 2005; Jinseok Park et al., 2002@se three signals are importamt f
examination of cell behavi@ndideally should be examined imitlually, in fact analysis

of the effects of one of these signals prevent the interpretation of a combined signal like
a type of sensing. Sthere are important studies done witbtein surface patterningut

in these studies surfaces contains both biochemical and togiolal signals
simultaneously owingo the method of fabricationJsage of multiple oxide layers
inevitably result with formation otopography variations together with biochemical
variations. In this case, cgelfespondo the fabricated surfacdmcause of topographical
signal (high versus low regions on the surface) and biochemical signal (protein versus
polymer),which can beonfusing(Lussi et al., 2004, 2005 atterning islsodone with

gold particles bounded polymers of various lengilsle controlling of distance between
proteins is provided impeccablihis method does not suppligbricationof patterns with
varying spaces andold particles onthe surface causedditional signals as well
(CavalcantiAdam et al., 2007)In this area, electron beam lithograpfisBL) method

uses focused @ nm in diameter) electron beams in nanoscale with high resolution.
3



Electron beam lithography edirect writing method; des not need light mask am@n
processrom nanometer to centimeter spaced patterns. Electron beam lithography method
hasthe capacity to be used in cell biology research. Up to now, iprpi@terning has
been successfidnd these surfaces haleen tested for functionality aellular level

( Al onso, Ondar - uhu, & Bittner, 2013, Ho a
Delcea, 2013; Pesen, Erlandsson, Ulfehd&alaviland, 2007; Pesen & Haviland, 2009;
Pesen, Heinz, Werbin, Hoh, & Haviland, 2007; Ron, Lee, Amar, Ghassemi, & Hone,
2011; Rundgqvist et al., 20QA study revealed that this patterning method only supplies
biochemical signal and patterned surf@es donot haverigidity signals Another
advantage is incorruption of flatness of surface in which thickness oRamtycan be
ignored (Pesen, Erlandsson, et al., 2Q0Electron beam lithographgomes into
prominence with possibility of patterning two protein simultaneously owing to direct
usage of ne of the protein as EBL resi®esen & Haviland, 2009preliminary studies
show that proteion the surface (for instance fibronects)nactivated withthefocused
electron beam@Rundgvist et al., 2004) has been achieved thidte direct inactivation

of first protein layer oresist by electron irradiation.imling of a second species of
protein totheseelectron beam exposed areas providéunctional surfaces at the cellular
level.In this way, the protein of interests can be selected todefined architectureith

only biochemical signals. In one of the case studiesasein coated surface patterned
with dots and ring motifs with eleon beam lithography ral then coated with
fibronectin. This biofunctional surfaces have been used for the analysimotilin and

actin cytoskeletonorganizationof the cells on thisdifferently shaped fibronectin
nanopatternéPesen & Haviland, 2009; Pesen, Heinz, et al., 200%)le patterning with
electron beam lithographlyas many advantages over other known methoskge of
silicon substrate complicate many downstream light microscopy applichtcasise of

its low transparencyinstead of silicon, transparent indium tin oxide cogledsremove

the limitations about light microscopy applicaticios especiallycell biology studies
(Horzum, Ozdil, & Pese®kvur, 2014a)



1.4.Mechanism and Components of Focal Adhesion

Focal adhesions initially observed by Ambrose (196l1hastructuresetween
cells and solid surface usitige surface contact light microscope and later ttiesest
distanceto the surface was refged as approximately 10 nm by Curtis (1964) using
interference reflection microscopérom he point of morphological perspective, focal
adhesions divide intotwgr oups whi c¢ch arwvariantsdSmallGnitsh nd 6 d
contact s r \wapantewite dirhensimk @ftOR05 ¢ m. These pred:
contacts consist of transmembrane and some linker protgitisere is not any prominent
association with acticytoskeletonAs di st i nct from 6dotdé var
contacts or 6dashdé variants ar e associ at
accumulation of transmembrane and some linker proteins. Dimensions of dash contacts
are2i 10 imkngthad 0, 5 ¢ mFuithermose, thetldecalization of these two
variants reflect another difference that initial contacts or dot variants are born at the
leading edge of protruding lamellipodi&ost of them are disassembled seconds
dynamically remaning initial contacts mature and become lotiged structures under
a tight regulation by structural and signaling molecules. These struaterebservedt
the end of the lamellipodia amadithe begnning of lamellavherein some of them continue
to grow by recruitment of adibnal structural molecules and ngrowing adhesion
undergoes disintegration and disappear. Growing focal adhesions get into a higher
maturation step with the association of actin bundles and accumulation of additional
strudural molecules occur torm an elongated or dash variant. These dash variants have
aminimumlifetime of 20 minutes and they usually localize at the center of lanizdish
or mature focal adhesiobsidge extracellular portion of the cell to theraddlular actin
cytoskeleton providindprce transmissiofBerginski et al., 2011; Hoffman, Grashoff, &
Schwartz, 2011; Owen, Medith, ap Gwynn, & Richards, 2005)
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Figure 1.1. Schematic representation of focal adhesideperimentally determined
protein positions are used to model molecular architecture of focal adhesion
(Source Kanchanawong et al., 2010)

Focal adhesions are integitiased biological structures. Transmembrane integrin
receptors recognize and bind to some specific sequences on the molecules of extracellular
matrixto couple the extracellular matrix to the actin cytoskeleton by recruitmewtiof
binding proteins at the cyptasmic domainsf integrins The integrin family comprises
180 a&f8ubunits which generat4 distinct identiied Ub  h e t érintegrin me r
receptorsEach receptor hasverlaps foligand proteinin the repertoire of extracellular
matrix (Boudreau & Jones, 1999; Ciobana$taivre, & Le Clainche, 2013When
integrin receptors bind ttheir ligandin the extracellular matrix, integrins undergodw
different biochemical changedFirstly strudural chages take place, and then
phosphorylation of cytoplasmic tailsccur While structural changes strengthen the
binding of integrins to their ligands, these changes also increase the potential of clustering
of integrins at the cell membrane. Furthermore, phosphorylated cytoplasmic domain of
integrinsbecome available for bingg some linker and regulator proteins in the chils
the regulation of adhesioriBlystone, 2004)An epitope of integrin is a section of the
matri x proteinbdbs amino aglycideasparaginicavwek , f or
known amino acid sequence for binding of a group of integrin and this sequence is found
on fibronectin, vitronectin and fibrinogenqteins of extracellular matrigOwen et al.,

2005) In the cell, there arapproximately 150 mteins including kinases, phosphatases
and structural proteinkaving role for the formation of focal adhesions, additionally more
than 600 proteins are responsible for the reguiabf these dynamic structurdte
D®v ®d e ¢ e.tMatardtion,of aZogal d@lesion dependstioasuitability for an



effective force transmissiomteraction of integrins with actin cytoskeon is conserved

and enhanceldy somestabilizerproteins such aginculin and talin (Figure 1) (Harjanto

& Zaman, 2010)Talin binds actin filaments to the cytoplasmic tails of integrins and by
this fundion it exhibits high importance for establishment and consolidation of mature
focal adhesiondJ-actinin crosslinks actin filamentnd interacts with zyxin and vinculin.
Zyxin facilitates the assembly of other functional molecules at the sitgegfrin-actin
interactions Moreover, it has been reported that phosphotidyl inedialbiphosphate
(PIP2)interactwith this region From the family of nofreceptor protein tyrosine kinase,
focal adhesion kinase (FAK) are also found in this interactgon and FAK gains its
enzymatic activityas aresult of biochemical changes on integrins bewith ligand
engagemenfctive FAK involved in signal cascades regulating cell spreading, migration
and generation of adhesiolependent antipoptotic signig. Paxilin and tensinare
principally localized at the actimtegrin interaction region ashe downstream
components of FAK signallingVinculin is a specific linker proteimvolved in multiple
binding interactions at membraaetin attachment sites. inculin provides actin
attachment to the integrins and further stabilioesl adhesios by interactingpartners

such as talin(}actinin, paxillin, vasodilatestimulated phosphoprotein, Arp2/3 and other
acidic phospholipidsvinculin changes itsonformation from curled state to linear state
by induction of PIP2 and this conformational change makes pfotedling sites
avdlable for direct interactions during the maturation of focal adhesions. Identification
of a focal adhesion is possible by édihg any protein in this complex, although each
component or protein has a specific featlabeling of lots of thesecomponerg is
inconvenient For example, integrins have a major role in the focal adhesions but their
heterodimeric structures knowa# distinct U fintegrin receptors could not be labeled
easily and tts process is quite impracticalhere are three candidatesidentify focal
adhesion compl ex ef f ect-actinen] talin and lviacslie. c and
| mmu n ol a bagtininis gpssiblé buldhis protein is also observed in other locations
of actin filaments at the outside of aetirembrane interactiosites. Talin and vinculin

are convenient for the immunolabeling of focal adhesion complexes. Vinculin has some
additional advantages when compared with talinfirgttof all its heaeto-tail structure
makes it available for binding interactions of moreteins and secondly vinculin has
commercial monoclonal antibodies from several species. These factors provide

possibility to obtaina good level of signal andave application®n many cell types



(Ciobanasu et al ., 201 3; H cHaltem2014; Gaven et |
al., 2005; Thievessen et al., 2013)

1.5.Actin Polimerization and Force Transmission

Actin organization is prelimindy responsible for cell shape and intracellular
molecular transportto process various cellular processes such as migration,
morphogenesis, endocytic and exocytic pathwdyge most important role of actin
organization is assurance of fordeansmissionvia active polymerization and
depolymerizatiorunder the control of a large group of adimding proteins especially
during cell migration(Fletcher & Mullins, 2010; Tojkander, Gateva, & Lappalainen,
2012) The observation of actin stress fibers associated with focal adhesions has
supported that structure and dynamics of actin networksesgal for force transmission
(Goode & Eck, 2007; Romero et al.,@). There are at least three greug actin stress
fibers in the cells: (i) transverse arcs are curved actin filament bundles waieh
connectedo focal adhesionthrough intrections with dorsal fibeedong the longaxis,

(ii) dorsalstress fibers attach to focal adhesions at cell periphery by their distarahds
elongate towards to center regions of the cell,(@apdentral stress fibers attach to focal
adhesions with both endsthe posterior site of the céfrigure 1.2)JinSeok Park, Kim,
Kim, Levchenko, & Suh, 2012)



dorsal stress fibres transverse arcs
. —mDia-dependent — Arp2/3 complex-dependent
leading edge — o-actinin-l-dependent — mDia2-dependent
—lack myosin II — distinctly localized myosin IIA
| | dsf/ —Racl induced and myosin 1IB
ta / - —regulate leading edge adhesions | — mediate tension to the leading
—involved in fibrillogenesis edge adhesions
/ — promote cell migration
/ - ventral stress fibres
/ — myosin IIB-rich
— Daam1-specific
‘y = — RhoA induced
/ — maintain stable adhesions at the
trailing edge
trailing edge — retraction of the trailing edge
— regulate front-to-rear polarity axis

Figure 1.2 Schematic representation of the actin stress fibre subtigpessubtype has
a color code. Branched network of actin filaments are seen as a red curved
line at the leading edg&g¢urceVallenius, 2013)

Actin structuresare remodeledvith interconnected status of polymerization and
depolymerization processes. Vasodilastmulated phosphoprotein (VASP), Meaad
proteins of EnaVASP family have emerged as essential factors for actin assembly or
polymerization unlike vinculin and tem proteins inhibit the actin polymerization at the
actin ends. Here, vinculin shows a dié@ inhibition on the actin polymezation
(Krause, Dent, Bear, Loureiro, & Gertler, 2003; Le Clainche, Dwivedi, Didry, & Carlier,
2010) Actin networksassociated with focal adhesions insulhetension ofthe extant
force on the cell. Beside force transmissioninagolymerization provides formation of
protruding edges of cell membraghgring movement. lirthermore anisotropic clustering

of actin filamentgprovides cellur polarization(Cramer, Sieb#, & Mitchison, 1997)

1.6.Integrins

Integrins ae transmembrane adhesion proteins expressed in only metazoa. In
human, therbave beed80 a nigteg@bubunits which generate fentifieddistinct
Ub heterodi mer i(Egure h.3)Eagh subunit mteraces pith @acls other
noncovalently.Every cell of mammals express integrins, howedher expressed type
and the rate of expression for a type of heterodimarelldependentFor example,
plateletshave lots ofU | |irfie§rin receptors on their cell membrane and expression of
this integrin receptor is essential for functionality of these cells thit! ibteyrin

receptors recognize fibrinogen, von Willebrand factor and fibron€@Giiorease, 2007,
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Hynes, 2002) | n t he case of epithel i-eohtainimge | | s,
heterodimers which are laminin and collagen recognizidg 1U 5 10 % 1, Udbnld

integrins. In addition, expression of epithebap e c i f i ¢ i nt ebgdr,ibnls5 i nc |
and0v b3 provides the recognition of RGD p
extracellular matrix such as fibronec{(@ilcrease, 2007; Matlin, Haus, & Zuk, 2003)
Particular extracellular regions ofdsU and
an extracellular protein with an acquired ligand specificity. Although intracellular part of
integrins is a short tail without enzymatic activity, recruitments of other adaptor and
signaling moleculeso the site of integrimatrix contact are ensured lelustering of

integrin tails at the inner side of membrahreconclusion, integrins are core proteins of
cell-matrix adhesion and also signal units at the resulhwatual interactions between

many accumulateproteinssurrounding integrin tail cluste(®anen & Yamada, 2001)
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Collagen receptors ‘ Leukocyte-specific

@ : | receptors

Laminin receptors @

Figure 1.3.Mammalianintegrin receptor family 1 8 U sabonits wWhibh generate
identified 24 distinct U®Pourde:dlynesy odi me
2002)

Individiual cell migration classified in two categories either amoeboid and
mesenchymal. Integribased cell adhesions have a major role rfimesenchymal
migration when compared it with amoeboid migration. Mesenchymal migratieads
transienformation of focal adhesions together with a dynamic cytoskeletal activity. Here,
it is known that more adhesive celse slowly they migrate (Friedl & Wolf, 2010)
Cancer cells can switch their migration type according to environmental cues since
metastasis needs an adaptation capability to invade different environthent@der
showsamoeboidnigration, cells are rounded or ellipsoid with the absence of mature focal
adhesions and stress fibers except attim filopodia and weak adhesive interactions
There are considerable expression differences of integrins between cancer and normal
cells. Furthermore, different types of cancer have diversity for their integrin expression.
UvbB5mhd UVbHB6 integrins are usually upregu
there are downregul ated i nltigectearthavariatiorsr ¢ a n c
of integrin expression resuitsthe change of cell behaviour. Wher2 fexipression level

is increased in breast cancer cells, it is observed thatveedlkenedheir proliferation
11



and migration characteis a result of increased anchoragpemelency byl 2 fvdn

Di j k, G°r ans s on, Beside Sése, palabzedacedlls locali@elinBeyrins to

their membranes according pmlarizationrequirementsCancer cells also lose their
specific integrin distributions to provid
localized to the basal surface of epithelial cells, howearcer cells show approximately
homogenous distri but inemstinglythesd tiegtins ibecamegr i n s
localized to the leading edge durimggration(Gilcrease, 207; Natali, Botti, & Bigottil,

1992) In consequence of expression changes, cells exhibit different invasion potentials,
MDA-MB-231 cancer epithelial cells have high invasion activityh a mean invasion

index of 42.1% and MCF10A normal epithelial celhire less invasive with a mean

invasion index of 37.7%Natali et al., 1992)

1.7.Flow-induced Shear Stress

Metastasis is a processith consecutive steps which are local invasion,
intravasation, circulation, arresktravasation, proliferation and angiogenesis. If a cancer
cell escape from primary tumor site and complete these metasegis; it can colonize
to a distant location and form a secondary turitare, it is known that only a small
fraction of primary cancer cells have the ability to colonize a secondory site but metastasis
is the major cause of canemlated deatliBeerling,Ritsma, Vrisekoop, Derksen, & van
Rheenen, 2011; Chaffer & Weinberg, 201Mumor cells are exposed to mechanical
stress at their primary site by interstitial flow or upon in circulatignblood flow.
Interstitial flow can modulate metastasis and invasion by acting on tethering force of cell
matrix connectiongChang et al., 2007)nterstitial flow causes shear stress on the cells
in the range of 0.007 0.015 dyn crit. This is an estimated interval for tissues. When
tumor cells enter to the circulation, these circulating tumor cells are exposethighte
shear stressesp measured intervals whieherange fom 05 to 4.0 dyn crtin venous
circulation and 4.0 to 30.0 dyn chin arterial circulation.Microfluidic devices are
advisable to test effects of shear stress on cells. In these devices, defined shear stress
values can be tested with minimum sample volumes. Shear istfessid ag =6 B /
wh?, where E is the vi saeowsidthewidto éf chanhelandlh Q i
is the height of channel in microfluidic devi@@utierrez et al., 2008; Mitche# King,
2013) It has been reported that fluid shear stadésctsthe cell morphology, calcium
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transport, gene expressi@amd cell adhesion of attached cells on the homogeneously
protein coated surfacéB P Helmke, Thakker, Goldman, & Davi€f01; B. P. Helmke,

, 2011
& Kenny, 2009; Lu et al., 2004; Tzima, del Pozo, Shattil, Chien, & Schwartz, 2001; Zhu,

Yago, Lou, Zarnitsyna, & McEver, 2008)

Gol dman, & Davies, 2000; Jang et al

In this study, fistly we aimed to realize proteonly based surface patterning on
ITO surfaces with defined geometry and organization of extracellular matrix protein,
fibronectin. Secondly, we aimed to make a comparative and quantitative analysis on
normal and cancerouwll morphology and focal adhesions as a funtion of micrometer
scale spacings of fibronectin nanopatterns under both stationary conditions and flow

induced stress conditions.
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CHAPTER 2

MATERIALS AND METHODS

2.1. Cell Culture

MDA-MB-231 and MCF10A cell lines were useMDA-MB-231 growth
medium was prepared with 450 aflhigh glucose DMEM Dul becco&agMedsf i
Medium-Biological Industrie€01-055-1A)), 50 ml of fetal bovine serun{Biological
Industries(04001-1A)), 5 ml of penicilinstreptomycin (Biological Industrie§3-031-
1B)) and 5 ml of Lglutamine(Biological Industrieg§3-020-1B)) that all components
were mixed properly and filtered before usage. MCF10A growth medium was prepared
with 500 ml of DMEM/F12(Biologicd IndustriesQ1-170-1A)), 25 ml of donor horse
serum Biological Industriesf4-004-1A)) , 1 0 BGF¢Sigma¢eEP6442 MG)) 250 ¢ |
of hydrocortison€Sigma (H08881LG)), 500 ¢ |(Sigmb(11882180MG)) n 50 ¢ |
of choleratoxin (Sigma (C8052LMG)), 5 ml of penicilin-streptomycin (Biological
Industries03-031-1B)) and 5 ml of L.glutamin(Biological Industrie3-020-1B)) that
all components were mixed properly and filtered before usigevation medium was
prepared with 500)Lb (gilacd by lifetechnolagies(220&8R7) ( 1 X)
and1,725 granbovine serunalbumin(Sigma(A9418)) that all components were mixed
properly and filtered before usage. All cell culture protocols were followed in laminar
flow cabinets (Thermo Scientific MSC1ahdN ¢ v e  MNQel®s @vgre grown in 100
mm treated petri dishes (Corning 100 mm-Ti@ated culture dish) at 3C and 5% CQ@
in incubators(Binder ve ThernoScientific 3404 Cells were observed under phase

contrast microscope (Olympus CKX41) in ardeevaluate growth ratios.

2.1.1. MDA-MB-231 Cell Culture

MDA-MB-231 cells passaged every32days. MDA-MB-231 cells were
convenient for experiment between passage numbers of 30 amiD33MB-231 cells
were preserved in liquid nitrogen for long term storage. MB-231 cell requirements

were provided by thawing of these frozen cétist thawing, first of all, cell mediunvas
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transferred in culture dish and placed into incubator for wayrand gasbalancing
Afterwards, cryovial tube including frozen cells was removed from liquid nitrogen tank
(Thermo Scientific Locator JR Pluahd was hold in 31C water batif N¢ ve bat h nk
until sides were thawed but center remained frozen. As well as observation of this self
frozen stage, solution was transferred into a falcon tube and completed to 10 thewith
addition of warm media dreyse to the partially frozen cells. This solutivasplaced
inacentrifugd N¢¢ ve bench t op aodecentrifuged at IP@O rpshaMI4 0 0 R)
C for 5 minutes. Supernatant was removed with a pasteur pipette and pellet was quickly
re-suspended by adding 1 ml cell medium. This resuspended cell sal@isanansferred

into the wamed cell medium and placed in tineubator again. After one day or as soon

as cells are attached, cell medium was changed in order to remove residual DMSO.
Recovery of cell growth needs at least a week. When cells stmxee80% confluency

two days later of last passage, they were used for next paBsagassaging, firstly cell
medium transferred in culture dish and placed into incubator for warming and gase
balancing.Cell culture petri dish was taken from incubator andlioma was aspirated

then immediately 2 ml of trypsin was added and aspirated in order to remove trypsin
inhibitory factors. Cells again trypsinized with 4 ml of trypsin and petri dish was placed
into incubator foiobtaining of optimum enzymatic activitikfter 3 minutes, most of the
cellswere thravn over the surface of petri dish and attachments weakened for remainings.
Trypsin was inhibited by adding 1 ml medium. Solution including trypsin and medium
transferred into a falcon tube. Later petri dish washved with addition of 5 ml medium

and similarly transferred into same falcon tube. Before the transfer processes, physical
forces were applied to petri surface to leave weakly attached cells by pipetting of solution.
This collected cell suspensiamfalcon tubewas located in a centrifugeN¢ ve bench t
centrifuge NF 400Rand centrifuged at 1000 rpm and°ZD for 5 minutes. Supernatant

was removed with a pasteur pipette and pellet was quicldyspended by adding 1 ml

cell medium. This resuspendedlaalution was transferred into the warmed cell medium
and placed into incubator agaifor long term storage and conservation of cell stock,
MDA-MB-231 cells were froze at early passage numbers. In the purpose of this, cells
trypsinized (standard cell pege protocol) and centrifuged at 1000 rpm arfdC2@r 5
minutes. @Il pellet was resuspended willeezing medium which contairedditional

7% dimethylsulfoxide (DMSO) in cell mediunResuspended cells was transferred into

cryovials ( 1 ml per vial) aaliquots. Aliquots were placed into reservoir of-mopanol
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containing freezing container and were froze overniglB@tC. Lastly, cryovials were
transferred in liquid nitrogen tank for indefinite storage.

2.1.2 MCF10ACell Culture

MCF10A cells passaged every3days.MCF10A cells were convenient for
experiment betweepassageumbersof 10 and 30MCF10A cells were preserved in
liquid nitrogen for long term storag®CF10A cell requirements were provided by
thawing of these frozen cellBor thawing, first of all, cell medium transferred in culture
dish and placed into incubator for warming and gase balancing. Afterwards, cryovial tube
including frozen cells was removed from liquid nitrogen t@tkermo Scientific Locator
JR Plus)and washold in 37 C water batit N¢ v e b antil bidesviete thawed but
center remained frozen. As well as observation of thisfeeén stage, solution was
transferred into a falcon tube and completed to 10 ml with addition of warm media
dropwise to the partially frozen cells. This solution wWasated in a centrifugé N ¢ v e
bench top centrifuge NF 400Rnd centrifuged at 1000 rpm anéi@ for 5 minutes.
Supernatant was removed with a pasteur pipette and pellet was quiskispended by
adding 1 ml cell medium. This resuspended cell solutictveensferred into the warmed
cell medium and placed into incubator again. After one day or as soon as cells are
attached, cell medium was changed in order to remove residual DMSO. Recovery of
excepted cell behaviour or growth needs at least a week. Vlisrslsowed over 80%
confluency two days later of last passage, they were used for next passage. For passaging,
firstly cell medium transferred in culture dish and placed into incubator for warming and
gase balancing. Cell culture petri dish was taken finoubator and medium was
aspirated then immediately 2 ml of trypsin was added and aspirated in order to remove
trypsin inhibitory factors. Cells again trypsinized with 4 ml of trypsin and petri dish was
placed into incubator for obtaining of optinm enzynratic activity. After 17minutes, most
of the cells threw over the surface of petri dish and attachments weakened for remainings.
Trypsin was inhibited by adding 1 ml medium. Solution including trypsin and medium
transferred into a falcon tube. Later pélish was washed with addition of 5 ml medium
and similarly transferred into same falcon tube. Before the transfer processes, physical
forces were applied to petri surface to leave weakly attached cells by pipetting of solution.

This collected cell suspesi in falcon tube was located in a centrifgdl ¢ ve bench
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centrifuge NF 400Rand centrifuged at 1000 rpm and®20for 5 minutes. Supernatant

was removed with a pasteur pipette and pellet was quicidyspended by adding 1 ml

cell medium. This respended cell solution was transferred into the warmed cell medium
and placed into incubator again. For long term storage and conservation of cell stock,
MCF10A cells were froze at early passage numbers. In the purpose of this, cells
trypsinized (standard bgassage protocol) and centrifuged at 1000 rpm aA€ 20r 5
minutes. Cell pellet was resuspended with freezing medium which contains additional
7% dimethylsulfoxide (DMSO) in cell medium. Resuspended cells was transferred into
cryovials ( 1 ml per vid as aliquots. Aliquots were placed into reservoir ofpsgpanol
containing freezing container and were froze overnigh8@&tC. Lastly, cryovials were

transferred in liquid nitrogn tank for indefinite storage.

2.2.Chip Preparation

2.2.1 Cleaning of ITO -coated Qasss

| TO ( indium tin oxide ) coated gl asses
Turkey). ITO coated surface was checked by multim&geconfirm conductivity
Cleaning of glasses was provideg sequential washing steps and UV/Ozone exposure.
Glasses were sonicated in acetone;spisagpanol and ultrgpure water for 23 minutes.
Afterwards, glasses were exposed to UV/Oz@ieForce Nanosciences, Inc., USA) for

10 minutes.

2.2.2. Protein Coatingof ITO -coated Qasses

After cleaning,ITO coated surfaces of glasses were treated with 3% APTES (3
aminopropyl triethoxysilane in acetonefor 30 minutes at room temperature. Then,
glasses rinsed with acetone and ufttee water]astly glasses werteft in 110 C oven
for 1 hour andcooledto slowly at room temperaturdhe APTES coatedITO glasses
were incubated in 8% glutaraldehyde (in 1X PBS) for 15 mand rinsed with 1X PBS
(phosphate buffered saline) and 1X UB (universal buffer) just befoteip treatment.
Finally, coatedsurface of glassesvere incubated with 2 mg mK-casein for 24 hours
at room temperature. After incubation, glasses rinsed with universal buffer anouutra
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water, dried with gase nitrogen and stored under vacuundessicator until use. Same
procedure was followed for fibronectin coating but in thissoglesses were incubated
with 0,05 mg mf! fibronectin for 2 hours at room temperatufdter electron beam
lithography, patterned ITQglasses were backfilled with@ mg mtt fibronectin for 2

hours at room temperature and backfilled {glasses were rinsed with universal buffer
and ultrapure water, dried with gase nitrogen and stored under vacuum in a dessicator

until use.

2.2.3. Electron Beam lithography

Protein(K-casein or fibronectingoatedITO-glasses were patterned by electron
beam lithography using a RaithliBe system with a high precision interferometric stage
(Raith GmbH, Dortmund, Germanygirstly, vacuum operation was processed to open
thega e of device for sample placement. AUNI
option of Raith Hine software. System pressure was balancaelepsef N> from gase
nitrogen tank to main chamber of device. Stage was taken out angld§§3amplewas
placed onto this stage. Stage was placed i
by HANavi gat or 0-line poftwae mnd &ffow \Raa stapped. Buring the
loading, vacuum pumpas operated to reduce the vacuum pressurg-82 10° mBar
in the chamberDterminationof sample position was performed. Precision adjustment
was provided by 0st opynmezation. Moréovera sedsitivityaop e r t u
electron gun targeting wasnhancecdb y fAwr i t ef i ealibchtiora Averggeme nt 0
working distance was calculated from two distant points. Current was measured at
AFaraday Cupo position with setting of a
voltage wasset to 5 kV and aperture size300  fatterns were designed using Raith
softwa e i n GDSI I format. Line exposure mode

Line exposure dose was set to 1600 pAs amd dwell times were assigned to system.

2.2.4. Cell Incubation on Patterned ITO Gasses

Dimensions of ITGglass were 75 mm ilength and 25 mm in widtthat fit into
100 mm petri dishwhen the cells were ready for passage (confluency > 80%), the cells

could be used for experiments. For experiments, cells were starved in serum free medium
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(L15-BSA) at 37C and 5% C®for 2 hoursin incubator. ITGglasses were also kept in
L15-BSA to adaptheir surface at 37C and 5% CQfor 1 hour in incubator. Cells were
trypsinized and cultured in their medium on Fiss with 1.8 x 10cells per 100 mm
petri dish at 37C and 5% CQfor 18 hours.

2.2.5. Cell Adhesion under Fow

SU-8 masters were fabrieat with height 1 mm, width 13 mm and length 50 mm
by UV lithography using St8 2075. These masters were used for PDMS molding.
PDMS base was mixed with curing agent at the ratio of d&0dldegassed by dessicator.
While degassing process was ¢zdrout, washing of S8 master with EtOH and 4@
and cleaning with demolding agent were done. PDMS mixture were poured of&o SU
master and was left for polymerization at room temperature fl@aat 2 days. After
polymerization, channels were provided by separation of polymerized PDMS from the
wafer. PDMS channels inner faces were treated teoddheto clean and sefiictivate
surface. Afterwards. giterned ITQglass surfaces were caged by d¢onged PDMS
(polydimethylsiloxane) channeld-low system was set up by connection of all
equipments as a serial coordination with the help of silicon tubes. Peristaltic pump
provided the flow and allowed to continuous circulatiocaf suspesion in thesystem
(Figure 2.). Heater and water bath supplied the conservation of appropriate temperature,
during the experiment 8, in addition magnetic stir bapsevented the precipitation of
cells in suspension. Fl ow r dyn/ent anchappli2i3 5 ¢ ,
for 24 hours. Cells were suspended in L15 serum which was formulated for use in carbon
dioxide free systemsStatus of cells in channel was observed by plasérast
microscopeAt the end of 24 hours flow, adhered cells were fixed and stained according
to immunofluorescence procedure and insageere capturedunder fluorescence

microscope.
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Figure 2.1.Flow system Peristaltic pump, cell suspension, heater, water bath, RDMS
cagel patterned IT@lass and phassontrast microscope were shown.
Connection of channel to system from inlet and outlet holes by silicon tubes
was shown at the tegpght corner.

2.2.6 Immunofluorescence

After 18 hours incubation, surfaces with cells wixed with treatment of 4%
paraformaldehyde (in 1X PBS) at room temperature for 30 minutes. Samples were
washed gently with 1X PBS, fd& minutes thrice. Fixed samples were permeabilized
with 0.1% Triton X100 (in 1X PBS)for maximum 5 minutesSamples were washed
gently with 1X PBS, for 5 minutes, thricEhe samples were blocked with 1% bovine
serum albumin for 1 houiThe samples were incubated with dntibodies in blocking
solution at room temperature for 1 houft dntibodies were fibragctin and vinculin
specific. The samples were washed with 1X RB®e times for 5 minutes. The samples
were incubated with "8 antibodies in blocking solution at room temperature for 50
minutes(light protected) in order to stain actin cytoskeleton weabkdded phalloidin
647 or phalloidin 350 in " antibody solution. ?' antibodies wereAlexa488 and
Alexa555 fluorophore conjugated for fibronectin and vinculin, respectively. The samples
were washed for three times for 5 minutes with 1X PBS. The samplesmounted by
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ProLong antifade reageniBhe samples were imaged using an Olympus epifluorescence

microscope with a 100X oil immersion objective.

2.2.7. Image Analysis

All image processing and analysis steps were performed via ImageJ. Raw
fluorescentimages were in RGB formaind 8bit type firstly images were splitted to
their channels to red, green and blue. Dominant channel was used for processing and
analysis, for example vinculin was stained with Alexa555 conjugated antibodies and in

this case dminant channel of vinculin images was red channel.
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Figure 2.2 Graphical abstract of stdyy-step quantitative analysis of focal adhesibys
sequential run of plugins of the ImageJ progf&ource:Horzum, Ozdil, &
PeserOkvur, 2014b)

For focal adhesion analys{§igure 2.3, background ofvinculin images was
eliminated by running SUBTRACT BACKGROUND command with SLIDING
PARABOLOID option with the ROLLING BALL radius set to 50 pixels. Local contrast
of images was enhanced by running CLAHE (Contrast Limited Adaptive Histogram
Equalization) with defingé parameters which were block size=19, histogram bins=256,
maximum slope=6, no mask and fast. To further minimize the background, imeiges
exposed to mathematical exponential (EXP). Brightness and contrast of images were
adjusted automatically by rungnBRIGHTNESS & CONTRAST command. Images
were filtered by running Log3D (Laplacian of Gaussian or Mexican Hat) filter with
defined parameters which were sigma X=5 and sigma Y=5. Images were converted to
binary images by running THRESHOLD command with ddfamethod and
automatically adjustment. Lastly, execution of ANALYZE PARTICLES command
provided the counting and measuring of objects or particles in manually selected region
on image. Here, particle analyzer counted and measured the particles accordses t
defined parameters which were sizesbfinity and circularity=0.000.99. For cell area
and cell aspect ratio analysis, actin images were used. Cell contours were manually drawn

and MEASURE command was run.
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Figure 2.3.Graphical abstracind normalization flow sheeitf quantitative analysis of
actinby sequential run of plugins of the ImageJ program

Analysis of actin polarization was done by following image analysis steps and
using a normalization formul@igure 2.3) In this case, rawactin images were used. In
first step CLEAR OUTSIDE command was run to eliminate redundant background by
selection of region of interest, cell boundaries.. Afterwards, background of actin images
was further eliminated by running SUBTRACT BACKGROUND commanith
SLIDING PARABOLOID option with the ROLLING BALL radius set to 500 pixels. In
the third step, selected region of interest was partitioned from the center according to
fibronectin pattern degree. Partitioned regions were used to measure integratezsdens
of actin images as two separate region on the cell. Polarization values were calculated

from measured integrated densities by normalization formula.
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CHAPTER 3

RESULTS AND DISCUSSION

3.1. Determination of Prgper Parameters of Electron Beam

L ithography

ITO is a conductive material which is essential for discharging during the EBL
writing. ITO coating forms a thin layer on the glass surface and this slightly effect the
transparency can be ignored (Figure 3ARTES is a hydrophobic molecule and
treatment of APTES forms functional and hydrophobic surface over the ITO coated glass.
After APTES coating, surface can be coated with protddesirable patterning of
proteincoated ITGglass surfaces were possiblewaippropriate intervention of electron
gun to assigned locations wite best fit parametersTO-glasses were tested for direct
patterning of protein coated réaces by area exposure modeég(ffe 3.9. Area doses
rangi ng f r on?wsre tested. &Xposed @reas were backfilled with FN and
immunostaining of these areas by FN immunospecific antibodies provided the detection
of fluorescent intensities to determine the effect of dose factor. Low dose values were
enough to initiate FN bindg to exposed areas but efficient coverageeéxiposed areas
by FN was observed -andhamhmee Here ibvaeckarthdt T6 5 ¢ C
glass could be used as substrate for EBL with determination of best fit parameters. Results
showed thaK-casein coated IT4lass could be directly patterned with EBL and exposed

areas were available for selectively binding of FN molecules.
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Figure 3.1Suitability of ITO-glass as an EBL substra#: Transparency of IT&ylass.
B: Hydrophobicity of ITO-glass surface after UV/Ozone cleaning and
APTES coating. Scale bars show 25 mm.
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Figure 32. Areaexposure mode was testaal K-kaseincoated ITOglass surfacewithin
defined dose spectrunf : Designed area pattern by EBL softwaeach
square hast. s i z e @& Eachbsxjuare was colored corresponding to
magnitude ofapplied area dose a same manneB : Fluorescent image of
exposed areas whieterebackfilled with fibronectirand immunostained.
C : Graph of obtained fluorescent signahoeced with applied area dose.
Acceleratijv ol t age 5 kV, aperture size 30 ¢
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We aimed to pattern FN nanodots on thed§ein coated IT@lass surface with
defined micrometer scale spaces. Dot exposure mode was quitehgamseming,
especially when we wanted to pattern approximately whole surface of -&l#E©.
Because of thisjiktly line exposure mode was tested to determine functionality of this
mode to pattern nanodots within three different dose val¥X) 100 and 1(pAs/cm
(Figure 3.3. In line exposure mode, it was observed that FN nanodots could be fabricated
by desied spacings depending on defined step size. Moreover, we recognized that line
exposure mode was also datependent for proper function because doses of 100 and 10
pAs/cm were not sufficient to get effective fluorescence signals over dots by FN binding.
Fortunately, line exposure mode was a good choice to overcome time limitation that there

was a significant reduction for exposure time.

1000 ) 10 1000 10*

* Line Dose pAs/cm

1 mm

Step Sizes: 2um 4 um 8um

Figure 33. Line exposure mode wassedon K-kaseincoated ITGglass surfacgwithin
defined dose spectrurA : Desgned line patterby EBL softwareOne corner
of the pattern is magnified to show individual lines. Each line was colored
corresponding to applied line dose. B : Fluorescent image of exposed lines
which were backfilled with fibronectin and immunostaine@®0 land 10
pAs/cm line doses wereot observed because of insufficient fluorescence
intensitesAccel erating voltagetepsizkdignged per t L
distance between dots.

Line dose dependence of direct patterning of nanodots was testedvetyemg

profiling of fluorescence intensity and nanodot diameter, additionally two different
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aperture si zearetested (biguasndk, 3H@ndS4n30wm aperture,

line doses ranging from 200to 3200 pAs‘ome r e t e st e d .ureAite dogdes5 & m
ranging from 2 to 1000 pAs chrwere tested. In each case, we observed that diameters

of resulting FN nanodots | arger for 30 &m
of same dose | evels. For  3s0of F\ manedptefort ur e,
di fferent doses (588 838 MNmilf4domm3;2 @09 74 A O

18 nm for 800 pAs cmh). Fluorescent profiling showed that electron dose over 400 pAs

cmiprovided increasing of the efficiency of
of resulting nanodots significantly 1incresé
for212 pAsc; 653 N 18 n mb).fHere, fludr€sedt prpfiing shedn

that threshold dose was 200 pAstmo i ni ti ate the backfillir

aperture. Larger diameters of FN nanodots provide an increase of cell adhesion on
patterned surfacg®esen & Havand, 2009) As a result of this, EBL was performed in

l ine exposure mode with best fit par amet e
exposure dose = 1600 pAsnl. Micrometer scale spacings between nanodots were
arranged by step size definitionthe one of the axes and determination of inVidine

spacings on EBL drawingpftware at the other axes.
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Figure 34. Line dose test for determination thireshold dose valuen K-caseinrcoated
ITO-glass surfaced\ : Designed line pattern by EBL software. One corner
of the pattern is magnified to show individual lines. Each line was colored
corresponding to applied line dose. B : Fluorescent images of exposed lines
which were backfilled with fibronectin and immustained. Initial dose was
1000 pAs/cm decreased by 2 pAs/fonfollowing line, gradual decline was
observed on fluoresence intensity of dots along x &xisRepresentation of
fluorescent signavalues along the axis by distan@&celerating voltage 5
kv, aperture size 7.5 g&m.
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