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ABSTRACT
Micro and nanofabrication technologies have been used extensively in many biomedical and

biological applications. Integration of MEMS technology and biology (BioMEMSbkss
precisecontrol of the cellular microenvironmerdad offershigh throughput systems. The focus

of this researchwas to develop three dimensional-[#3 isotropic microstructures for
comprehensive analysis on esllbstrate interactions. The aim wasinvestigate whethethe

normal and cancerous cells differentialgspond taher underlyingsubstrateand whethethe
differential response of the cellsads to a novel labl-free technique to distinguish between

normal and cancerous cells.

Three diferent generations of-B isotropic microstructures comprised of curved surfaces
were developed using a singtesk, singlestch step procesOur experimental modehcluded
HS68 normal human fibroblasts, MCF10A normal human breast epithelial cells and
MDA-MB-231 metastatic human breast cancer cBifsnary findings on the first generation of
silicon substrates demonstratedliatinct adhesion and growth behavioH868andMDA -MB-

231 cells. MDA-MB-231 cells deformed while th&broblast stretched and elongated their
cytoskeletoron thecurvedsurfaces. Unlike fibroblast8/DA-MB-231 cells mainly trapped and
localizedinside thedeepmicrochambersDetailed investigations ooytoskeletal organization,
adhesion patterand morphologyof the cells on the second generation of the silicon substrates
demonstrated thatytoskeletalprestressand microtubule®rganizationin HS68 cells, ceitell
junctionand celsubstrate adhesion strengthMCF10A cells, andleformability ofMDA-MB-

231 cells (obtainedby using AFM technique)affect their behaviorinside theetched cavities
Treatment of MDAMB-231 cells with experimental breast candeng SAHA, on the second
generation of substrates, significantly altered the cells morphologiparchtecture and
adhesion pattermnside the3-D microstructures. Third generation of silicon substrates was
developed for comprehensive analysisbehaviorof MDA-MB-231 and MCF10A cells in a €o

culture system in response to SAHA drug. Formation of colafib®th cell types was evident



inside the cavities within a few hours after seeding the cells on the chips. SAHA selectively
altered the morphology andytoarchitecturein MDA-MB-231 cells. Most importantlythe
majority of MDA-MB-231 cells stretched insid the etched cavities, while the adhesion pattern
of MCF10A cells remained unaltered. In the last part of this dissertation, using AFMignalys
we showed that thgrowth medum compositionhas a pronounced effect on celasticity. Our
findings demonstreed that the proposed isotropic silicon microstructures have potential
applications indevelopment obiosensor platforms for cell segregation as welt@asducing

fundamental biological studies.
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1 Chapter One: Introduction

1.1 A brief overview on cell components and structure

Cells are structuraland functionalunits of living materials that share similar machinery for
their basic functionsThe cell can be categorized into two different gzpeukaryotic and
prokaryotic Eukaryotic cellscontain nucleus which carries the genetic material and other
complex structures and organelesrrounded by dipid bilayer membrane Prokaryotes cells
lack a membrandound nucleus and instead of having a chromosomal DNA, their genetic
information is in a circular DNA structure called plasmid. Eukaryotic ceisnauch larger and
much more complex than prokaryotic cegiimal cellsare typical of theeukaryoticcells [1].
Figurel-1 shows a schematic drawing of a typical eukaryotic ¢&lé interior structure of these
cells includes components such asucleus, mitochondria, endoplasmic reticulum, Golgi
apparatusand cytoskeleton. These components are suspended in the cell cytoplasm and are
encapsulated within the cell membrane. Thd o@mbrane maintainan electrical potential
difference between the interior components of the cellstla@éxtracellular environment and

controls the flow of ioainto and out of the cell through ion channels.

Endoplasmic
reticulum

Mitochondrion

Focal adhesions

Cytosol

Cell membrane

Microtubules

Intermediate

; Actin filaments
filaments

Nucleus
Golgi apparatus

Figure 1-1 The content ofa eukaryotic cell including Nucleus,Mitochondria, Endoplasmic
reticulum, Golgi apparatus andCytoskeleton
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Cell is a dynamic structure which can react to environmental varsaéiod stimuli.One of
the majorcomponent®f a cellis the cytoskeletarCytoskeleton is a dynamtbree dimensional
and adaptable structure which contains a complex networlprateins It is a primary
determinant of the cell shape and its mechanical propeltiatso plays a major role in othe
cellular processes such as cell migration and mitddis.cytoskeleton is composed of three
types of major fibers: microtubules, intermediate filaments, and actin filamentgukheyotic
cellsassemble wide variety of structures using these thregib&ilamentq1]. Figurel1l-2 shows

the confocalimages of the cytoskeletal structuref HS68normal humariibroblastcells.

Figure 1-2 Cytoskeletal structure of the nuckus(blue), actin filaments (green), vinculin (red) (a)
and microtubules (red) (b) of HS68normal human fibroblast cells.

Actin filaments are formed bie polymerizatiorof monomeric actin (&ctin) into linear and
twisted strand of filamentous actin (factin). Monomeric actin includes 375 amino acids with
molecular weight of 43 kDa. The diameter e&étin filaments is -® nn actin filamentshawe a
barbed end and pointed eastablishinga structural polarity. Rgmerization of actin occurs at
the barbed (positive) end while depolymerization occurs at the pointed (negativedcénd
constitutes a major part of the proteins in the cell@Ipercent)Previous measurements thfe
mechanical properties of actinggg e st t hat actin fil amaulusef ar e s
1.32.5x10°Pawhi ch is comparable to polyst¥Paghee with
persistence length of actin is 15 ifin4]. With the aid of various actin binding proteins (ABPS),
F-actin fibers can be reorganized into stress fiberthm@e dimensional (®) lattice networks.
The actin fibers can be organized differently depending hen eukaryotic cell type. Actin
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filaments play a major role ithe cell migration procss. Stress fibers align in tligrection of
cell migration. Both Gactin and Factin are highly concentrated in cell protrusions, including
lamellipodia (broad, shedike extensions) and fillipodia (spiike protrusons) during cell
migration [1]. In addition actin filaments are major determinant of the cell overall
elasticity[5-7].

Microtubules arethe second major fibergvolved with the cytoskeleton structure of cells.
They arecost r uct e d n étubblimanditwo 55 kDa polypeptidethey form a hollow
rod with an outer diametaf 25 nm, inner diameter of 14 nm aadoersistence length of 6000
um [8]. Microtubules have a highexural stiffness(2.6x10°Nm?) and t h enbdulusYoun g o
is about1.9x10 Pa[2]. Microtubules determine cell shape especially duriisis and exhibit

a more dynamic structure than aaihibiting ahalf-life on the order of a feminutes[1].

Intermediate filaments constitute about 1%ilod total protein in most cells. Their structure
consi st s délicaladonmia with maré thad 300 amino acids. Their formatiegins
with the assembly of diers intocoiled coil structuredollowed bytetramerdormation to form
protofilaments. Eightprotofilaments assemble to form a ropie structure Their dianeter is 10
nm whichfalls betweenthat ofthe atin filaments and microtubules. @hYoungés modul u:
1x10 Pa[2] and have a persistence lengthagfproximatelylpm [9]. Intermediate filaments
either form a meshwork called a nuclear lamina just beneath the inner nuclear membrane or

extend across the cytoplasm giving cells mechanicahgth[1].

1.2 Microsystems fobiological analysis

With the recent advances in various scientific fields, there has been a significant need for
increasing experimental capabilities, flexibilities aiheé scde of information. In the field of
biology, large amoustof data are required for protein identdtion and single cell anaigs
Many experimeng are performed manuallgr semiautomatically which limitgshe amount of
information that can be gathered &cientistg[10]. With respect to therapeutstrategies, there
has beerunprecedented challenge to expand the pool of molecular targets, novel compounds,
and biologicalassays to foster new drug discovefig¥. Scale and flexibility is thedemand of

pharmaceutical industrieen a move toward cell-based assays with parallel processing
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capabilitiesfor different cell lines derived from vi@us tissue origin§l2]. Therefore, there is a
significant motivation talesignhigher throughput systems in order to perform experisgat
acquire large amount of dqth3-18].

Using MicroElectroMechani¢&ystems (MEMS)echnologyis one of thgoromisingways to
address the need for creating high throughput systems. MEMS devices can be fabricated using
standard circuit technology and photolithographic techniques with features at the length scale in
the range d millimeters to submicrometerdntegration of MEMS technology and biology
(BiIoMEMS) not only offers high throughput systems bualso enables tightly control of the
cellularmicroenvironmenby varyingcell-cell, cellsubstrateand celimedium irteractiong19].

Using this technologyit is possible to precisely regulate cell behawovitro rather tharsimply
mimicking in vivo conditions Figure 1-3 summarizes some of the major applications of
BioMEMS. The other advantages of microminiaturizggtemsnclude small sample size and
reagent consumption, small power consumption, fast analysis due to small lenegfi2écall],
increasedldw control, parallel operation, reduced response tlmagh fabrication and low cost
[11]. This field also offers potentialpplications in the areas of biosensors, pacemakers,
immunoisolation capsules, and drug delwg22]. This chapterprovidesa broad overviewon

application of BioMEMS for studying ceflurface mteractions as well as cell mechanics.

Microfluidic Systems for drug Microdevices for cellular,
analysis, drug discovery molecular analysis

Fundamental Biological
studies

Pharmaceutical Bio-MEMS

Medical Devices,
Diagnostics

Microfluidic Systems for cancer
detection, Biosensors, Implantable
Devices, Microdevices for Tissue
Engineering

Figure 1-3 A block diagram showing major applications of the BioMEMS field.
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1.3 Background oncell-substrate interaction

It is well establishedhat surface topography wittano/micrgcale features influences the cell
physiological behavior, morphology, and functi@3, 24]. The celtsubstraténteraction can be
used as a signaling mechanism to accurately control the cell function. In depth investigation of
cell-substrate interactions have potential applications tissue engineering designing
biocompatible surfaces for prosthetics and medicgilants as well as scientific biological

studies

The influence of surface topography was first noted by Harrison ia [2%] and resulted in
the concept of @Acont aalignsimgtoei sdn@endiceetion as the swfacgec h a
grooves. Since that time, using microfabrication techniques, researchers have investigated cell
responses to variouprecise topographical patterns including microgrooves fabricated in
different materials such as silicf26], quartz [27, 28], titaniumcoated silicor{29, 30], poly-I-
lactic (PLA)andpolystyrend31-34] and silicond34] (Ex: Figure1-4(A)). Most of these stues
have been carried out to assess detailed effect of substrate topography on behavior of cell culture
in order to influence the performance of medical implahtese studies further continued by
researchers to explore whether the phenomenon of contigeinge is applicable in the field of
tissue engineering and specifically creatingvitro tissueengineered construc{&x: Figure
1-4(B,C)) [35-4Q].

In addition to microgroovedubstrates, researchers have also investigated cell function on

various other surface topographiesludingarrays of pillars and welis silicon (Figure1-4(D))

[41], arrays of pyramid sipemicrostructures iPolydimethylsiloxaneRDMS) (Figure 1-4(E))

[42], arrays of microwells in polystyrene (PS) with cheaflic modified surface$§43], arrays of

3-D microstructures tailored in polystyren€idure 1-4(F)) [44], array of micrdoles and
microgroovesfabricated in polycarbonat@igure 1-4(G)) [45], network of ridges and grida
PDMS (Figure 1-4(H)) [46], needle like nano posts fabricated incsih (Figure 1-4(1)) [47],
arrays of micrewell in PDMS (Figure 1-4(J)) [48], 3-D surfaces fabricated in silicon with
variable roughness and wettabiliffyigure 1-4(K)) [49] and array of independently deforming
posts in PDMS Kigure 1-4(L)) [50, 51]. Table 1-1 summarized the previously developed

nano/micr@caletopographies for cebubstrate interactions.
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Figure 1-4 Some of the previously fabricated microstratures for cellsubstrate interaction analysis
including (A) microgrooves fabricated inpolystyreng 34], (B) microgrooves fabricated in
poly(glycerol-sebacate) écae bars are 10um in the large figures and 5um in the insets )39, (C)
microgroovesfabricated in thermoplastic elastomer[40Q], (D) arrays of pillars and wells fabricated
in silicon[41]], (E) pyramid shaped microstructures fabricatedin PDMS [42] (F) highly porous 3D
polymeric microstructures [44], (G) arrays of holes and grooves fabricated in polycarbonafel5],
(H) of ridges and grids fabricated in PDMS (scale bars are 20 unij€], () needle like nano posts
fabricated in silicon [47], (J) arrays of micro-well fabricated in PDMS [4§], (K) 3-D rough surfaces
fabricated in silicon [49] and (L) array of microposts fabricated in PDMS (scale bars represent 10
pm) [50]. Image Used under the FaiUse Provision of Copyright Law.
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Table 1-1 Summary of some of the studies on ceBubstrate interaction

Cell Type Substrate Subst_rate Focus ofStudy Ref.
type material

Rat dermal fibroblasts Grooves Silicon Proliferation, elongation, [26]

alignment

BHK, MDCK, Chick embryo cerebl Grgoves Quartz Elongation, alignment [27]

neurons

Human gingival fibroblasts Grooves Titanium coated ~ Cytoskeletal alignment and [29]

silicon organization
Rat dermal fibroblasts Grooves Polystyrene Elongation, alignment [3]]
Osteoblastike rat bone marow Grooves PLApolystyrene Proliferation, elongation, [33]
alkaline phosphatase activity

Vasalar smooth muscle cells Grooves PDMS Elongation, alignment [35]

Mesenchymal stem cells Grooves Silicon Elongation, alignment [38]

Bovine aortic endothelial Grooves poly(glycerat Elongation, alignment [39

sebacate)

Astrogilial cells Pillars Silicon Attachment, adhesion [41]
wells

Rat osteoblast cells pyramid PDMS Alkaline phosphatase activity, [42]
shape mineralization

MDCK I wells Polystyrene Attachment, adhesion [43]

Primary bovine aortic smooth Ridges PDMS Cell migration, cytoskeletal [46]

muscle cells grids organization

Human foreskin fibroblasts Needleshape  gjicon Morphology, proliferation, [47]

cells nano posts alignment

Human colon carcinoma cell wells PDMS Attachment, adhesion, metabolic [4g)

line (CaceR) activity

NIH/3T3 cells Sharpspikes Silicon Attachment, adhesion, viability — [49]

Bovine pulmonaryrtery smooth  , * . PDMS Measurement of cell traction [50]

muscle cells, NI3T3 cells

forces

Abbreviations: BHK: Baby hamster kidney, MDCK: Maeldarby Canine Kidney, PLAPoly-I-lactic acid, PDMS: Blydimethylsiloxane
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1.4 Background oncell mechanics

It is well known that the cell structure, mechanical properties, and its biological functions are
intrinsically linked [52, 53]. The deformability of the cells is mainly determined by #B 3
cytoskeletal structures which consist of a network of microtubules, actin filaments, and
intermediate filaments (Sectiahl). The quantitative sidy of single cellbiomechanics is an
emerging fieldwith translational applications in cancer diagnosis, orthopedics, cardiovascular
and respiratory diseagé2, 54, 55]. To date, numerous experimental and theoretical methods

have been developed to better understandiaadribe the mechanical behaviorloé tell.

1.4.1 Experimentaltechniques to measure mechanical properties ofzell

Recent advances in micro and nanofabrication technologies have enabled to probe the
mechanical properties of a single cell. To date, several techniques such as optical sf&ichers
57], micropipette aspiratiof58-60], magnetic beadf51, 62, scanning force microscody3,
64], and atomic force microcopy (AFMP5-72] have been utilized to measure biomechanical
properties of different cell lines and provide quantitative data regarding their deformation

characteristics.

In optical stretchers methodrigure 1-5(a)), the cell is trapped inside a microfluidic device
using two countepropagating divergent laser beams. Consecutive images are obtained and
recorded during the stretching and deformation of the cells. Consequketlymages are
analyzed to measure the magnitude of the deformation (variation in the cell aspect ratio) of the
cell [56].

Micropipettes have been used extensively to measure the elastic properties and viscosity of the
cell under controlled forcegr3]. This method has been specifically employed to measure the
mechanical properties of blood ce|l&4, 75] as well as articular cartilage and tissue structure
cells[59, 60, 76]. In this method, cell is deformed by applying suction forces to the surface of the
cells while attached to the micropipette. The maglmaatage of this method is that the force can
be appliedo the cells while they are in suspension. A typical micropipette aspiration system has

been shown ifrigure1-5(b).
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In magnetic beads method, a magnetiacbwith functionalized surface is attached to the cell
and twisted using a magnetic field to impose deformation on the cell body. The deformation
information is then used to obtain the elastic or viscoelastic properties of thg/@plls-igure
1-5(c) shows a bead bound to the surfaces of the cells to impose twisting force on the cell body
[78].

] /)
Divergent laser bearr&}_

(1}
.

Cells

fFiow channel

Figure 1-5 (a) optical stretcher[56, 57] (b) micropipette aspiration [60](c) magnetic twisting
cytometry [62] and (d) atomic force microscopy methodso probe mechanical properties of the cell.
Image Used under the FaifUse Provision of Copyright Law.

AFM is a novel technique for high resolution inragywhich was invented by Bingiin 1986
[79]. In this method, a tip at the free end of a cantilever induces force and generates a local
deformation on the cell surface. Théchniquehas been used extensively in biologisidies in
both imaging of cell surfaces under physiological conditions and in elasticity measurements by
collecting force verses distance curves over specified locatithre afell body Figure1-5(d)). In
this dssertation, AFM method has been extensively used to measure the biomechanical

prosperities of the cells (Youngds modul us)

In addition to experimental methods, there has been several repots on development of various
modds such as the continuum mod80-82], soft glassy model (SGR$2, 83-85], multiphasic
model[52, 59, 76, 86], andtensegrity mode|87] to analyze the cytoskeletal structures of the
cell and its mechanical characteristics. Herein, we have frequently referred to the tensegrity
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model to explain té differences in the adhesion characteristics of the normal and cancerous
cells within the 3D etched isotropic microstructures.

The tensegrity (tensional integrity) model was proposed by Donald E. Ingber in 1981 which
considers a systietmy karoonmi taesc t futr eeros efgorr the <cel
subclass of discrete cell models. Based on this model, cytoskeletal lattice (mainly actin
filaments) carries preexisting tensile stress (prestress) which provides stability to the cell shape.
The pestress within the cytoskeleton is balanced by the cell adhesion forces to the extracellular
matrix and partly by internal compression cytoskeletal elements such as microtubules. Structural
rigidity and stiffness of the tensegrity structures is propaatitmits level of the prestress. Based
on this model, the more the systems is under prestress, the more stable it is and the less it is
favorable to deform under external I0@Y, 88]. So far, some experimental studies which have

verified the hypothesis in the tensegrity mo@s, 90].

1.5 Objective and outline othe dissertation

The main objective of this researchs to develop three dimensiona(3-D) isotropic silicon
microstructures to conduct comprehensive analysis omrytoskeletal organization, adhesion
pattern, morphology, growth and trapping efficiencyof normal fibroblasts, non-malignant,
and malignant breast cells(major cell types embedded within the huma breast tumor
microenvironment) interacting with the 3-D topographies. The main emphasisis on
identification of cell biomechanical signatures which can be ultimately used to segregate
between normal and cancerous cellsThe motivation of this dissertatiooriginated fromthe

following fundamental questi@n

1 Whether the celfsresponsdo the topographical pattesiof their underlying sibstrate
is dependent on the degree of their disease state?

1 Whether the celfs cytoskeletal organization and its biorhaaical properties are
among the parameters which affect their behavior on nano/microscale topographies?

1 Whether it is possible tmaximize (augmenthe differential response of normal and
diseased cells by varying the geometrical features of the sigbstraintroducing

chemical stimuli to the static culture condition?
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1 Whether it isultimately possible tautilize cellsubstrate interactions tweate platforms

for cell separation and cancer diagn@ggplication®

Within the scope of this researchree different generations of isotropic microstructures were
devebped to achieve the desired objectieurthermore, AFM was employed to directly
measure the Youngbés modulus of the cell s
properties on adhsion patternand cytoskeletal organizatioof the cells on the -B
microstructures. This dissertation is divided into four major sectiomich cover the
experimental and theoretical wogerformed during the term of the completion of the project in
the last four yearsMost of the chapters of this docum@movide background infonation for the

fields of interest and specific application. Below is a brief outline of the dissertation:

Chapter 2 (section one) coverdevelopment othe first generation of-B isotropic silicon
microstructures and the utilization of these microenvironments for discringnbgtween
normal human fibroblast HS68 andmetastatidiumanbreast cancer cells (MDAMB-231). The
behavior and response of normal fiblast and breast weer cellswere exploredn terms of
adhesion growth and trappingin these artificial @ microenvironments having curved
sidewalls Chapters 3 and 4 (section two) explaievelopment othe second generation of the
3-D isotropic silicon microstructuresor detailed investigation of the role of cell cytoskeletal
organizationand its biomechanical propertiaad morphologyin differential adhesion patterns
of normal human fibroblast (HS68), mrmal human breasepithelial cells (MCF10A), and
metastatidhuman breast cancer cells (MDAVIB-231) on the proposed microstructur€sapter
5 (section threejs focused on the effect of tl®AHA anticancer drug on cetlytoarchitecture
morphology and adhesion pattern on the second generatibr3-D silicon microstrutures.
Chapter 6 (section four) reports development of the thirdeneration of @ isotropic
microstructuregor comprehensive analysi$ theresponse of MDAVIB-231 and MCF10A cells
to SAHA anti-cancer drug in a coulture system.Chapter 7 covers the irfience of the
composition of the growth medium on biomechanical properties d@IiE10A and MDA-MB-

231 cells using AFMChapter 8 presents the conclusion and outlook.
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2 Chapter Two: Attachment and Response of Human Fibroblast and Breast
Cancer Cells to Three Dimensional Silicon Microstructures of Different
Geometries

This chapter was reproduced frdhh with permission from Springer.

M. Nikkhah, et al "Attachment and response of human fibroblast and breast cancer cells to
three dimensional silicon microstructures of different geometries,” Biomedical Microdevices,
vol. 11, pp. 428141, Apr2009.

2.1 Introduction

Advances in microfabrication and microfluidic technologies have attracted significant
attention as a means to create highly controllable microenvironrf@ne=ll biology research
and to simulatén vivo growthsituationsmore closef than traditional two dimensional-{2) cell
culture methodg2]. Biomedical devices created through microtechnology have been used to
enhance our knowledge of cekll, cellmedium, and celsubstrate interactionsThis
information has broad applicability to the development of artificial tissbiesensors drug
screeningnstrumentations, and cell sorting devi¢8js

To date, a variety of other investigators have addressed the principlesll-surface
interactions and describedcellular responses taliffering substratetopographical patterns
including arrays of microgrooed4-15], arrays of pillars and wellgl6-18], arrays of gooves
and holeq[19, 20], arrays of pyramid shape microstructuf24] and networks of ridges and
girds[22]. Most of these micrdevices were fabricated lan anisotropic etchingrocess or soft
lithography to formmicrostructures with vertical sidewalland were used to determitige

crucial surface textunparameters fodesignng implantableprosthetic device

Themicrofabrication process presentlere is distinct from previously reported work, and can
be utiized to develop threalimensional (3D) microenvironmentsprecisely engineer the cell
culture substrate topographgnd extend the repertoire of possible surfgeemetries because
the sidewall curvaturecan be controlled towarying degreg The technige allows, several
important cellular behaviors including deformability and adhesion to be tested by spatially

controlling thecurvature of thesidewallswithin the 3D microenvironments
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In summary we present tlievelopment of arrays @D silicon microstructures consisting of
isotropicmicrochambergterconnected witlshannels using aovelsinglemask3-D fabrication
procesdor the development of microelectromechanical systems (MEMS) and microfl{@®cs
Next, we quantitatively assasthe effect of the geometry of isotropic microchambers with
varying width and depth oadhesion and growth behavior asrmal human fibroblast cells and
metastatic human breast cancer cells under static culture conditions. Specifically, we have
investigated the effect of microchambers surface curvature on cell adhesion and the effect of
microchambers depth on cell growihis is the first description of a silicon substrate used as an
in vitro model to simulate a human breast tumor microenvironment. Fibroblast cells are the
principal cellular component of connective tissues mg@#, and in patients, fibroblasells
are intimately embedded within breast tumor microenvironm@%s26]. In any tumor biopsy,
there is extensive contamination of breast tugmthelial cells by fibroblasts, and an important
research goal is to understand how fibroblast and breast tumor epithelial cells respond
differentially to the silicon growth substrate and utilize this information to design microdevices
for cancer resealnc Using ourisotropic silicon substrates, we illustratew cellular behaviors
such as spreaay and deformation change in healthy fibroblasts and cancerous breast epithelial
cells in response to their substrate microenvironment. The application ofnfisnation is
crucial for the design of new MEMBasedcancer cell separation, detection, and diagnostics
technologiesThe 3-D complex microenvironments can alEad into new instruments fon

vitro drugefficacy monitoring 27].

2.2 Materials and methods

2.2.1 Devicefabrication

The devices shown iRigure2-1 were fabricated using MEMS technology from singigstal
silicon wafers. The fabrication method relies on the applicability of reactive ion etching (RIE)
lag and its dependence on the geoitat patterns of the photomask lay$R8] to etch silicon to
different depths using a single isotropicctetstep and to form arrays of microchambers

interconnecteavith microchannels
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Figure 2-1 A photo image of the 1 crichips fabricated in silicon.

Figure 2-2 shows the fabricatioprocess flow which started by the deposition of an 8800A
thick oxidelayer on a silicon wafer using plasma enhanced chemical vapor deposition (PECVD)
technique. The wafer was then vagpoimed with hexamethyldisylazane (HMDS) and spun
coated with approxintaly 2 um of photoresist 1813. After patterning photoresist, the oxide layer
was etched for 3 minutes using deep reactive ion etching (DBHE)JC4Fs plasma. Next,
silicon was etched using DRIE §Blasma to achieve final-B microstructures. The mask
design consisted of square patterns with sized ofl0 pnf. Due to RIE lag, areas under the
bigger mask openings were etched more, thereby achievidgg@metries After removing
photoresist and the oxide layer, the wafer was diced into?Ichips. The clps were cleaned

using acetone and isopropanol, were rinsed in deionized water, and, finally, wdredir

(a] _
: m
Microchambers

I/I -lllkl inn

(c)

Microchannels

(d) I I

Figure 2-2 Process flow for the fabrication of 3D cell culture substrates comprising arrays of
isotropic microchambers interconnected with microchannels.
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Figure 2-3 shows sanning electron microscop(GEM) images of the fabricated silicon
microstructuresSilicon was etched fofive different etch times of 5, 10, 15, 26)da30 minutes
to investigate the effect dhe curved sidewalls ahe microchambergesulted from isotropic
silicon etchingand their corresponding depths c#llular behaviarAs the etch time increase
the microchamberbeamewider and deepeiThe wdth and depthof the microchambergere

varied in the range &15-308 pmand25-126 um, respectively

Figure 2-3 SEM images of the silicon microstructures composed of isotropic microchambers and

microchannels. The corresponding widths of the microchambers for 5, 10, 15, 20 and 30 minute

etch times are 215, 236, 270, 279, and 308 um, respectively, andatieesponding depth are 25, 48,
78, 88 and 12um

It is notable that due to RIE lag, the depths & thicrochambersvere different from the
interconnecting channels for each of the etchimgs. The curvature of the microchambers has

been approximated assuming an elliptical shape for their cross sectional view. The curvature of

an ellipse can be calctéal using the following equation:

ab
(a2 sin?(t) + b2 cog (1)

k(t) = 0¢ctc2p

whera® f@abd denote half of the I ength of the m
variation of the curvature for different etch times has been showigure 2-4 in the range of
-pl2¢t¢0. In this figure,t =-p/2 corresponds to the flat surfaces at the bottom of the
microchambers antl=0 corresponds to the location on the sidésvaith maximum curvature.

As the etch time increases, the microchambers become wider and deeper, however the curvature

of the sidewalls decreases.
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Figure 2-4 The curvatures of the microchambers for diffeent etch times. The inset shows the
elliptical shape approximation for the micro

2.2.2 Fibroblast and breast cancer cell culture

Both HS68 normal human fibroblasts and MIDMB-231 human breast cancer cells used in
this work were prchased from the Americafiype Culture ©llections (ATCC). Cells were
maintained in plastic -¥5 cnf culture flasks in RPMI culture medium which contained 10%
fetal bovine serum (FBS), 1 mM sodium pyruvate, and penkdtlieptomycin (100 Units/ml).
Cells were grown at 37C in humidified 7% C@93% air atmosphere. In order to avoid bubble
formation on the microchambers during cell culture process, the chips were transferred to
individual wells in a 12wvell culture dishes and centrifuged with 3500 rpmiBrminutes in the
presence of culture medium. Cells were then added to the culture medium. After the desired
culture period, Hoechst 33342 dye (6.6 pug/ml final concentration) was added to the culture
medium for 10 minutes (37C). Hoechst 33342 is a cglermeant DNA intercalator that labels
nuclei in living cells. The chips were rinsed three times in Hank's Balanced Salt Solution and
were fixed in 4% formaldehyde in phosphat#fered saline for 15 minutes at room temperature.

The chips were finally ringkwith water and aidried

2.2.3 Measurement techniques
Fluorescence microscopwas performed at 365 nm excitation and 445 nm emission

wavelengths to image blue nucleus staining (Hoechst 33342). For all etch times of 5, 10, 15, 20,
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30 minutes, fluorescence igws were obtained at ten different fields on each chip with 10X
objective magnification. Each field included six microchambers and the flat surfaces between
them. The fluorescence images inside the microchambers were obtained at two different depths
of focus due to the curvature of their sidewalls. Samples were also imaged by confocal
microscopy in the reflection mode. The confocal images inside the microchambers were taken at
different depths of focus to constructsiack images. Cell nuclei were stainedhwHoechst

33342 dye and actin was visualized using Alé88 phalloidin[18]. SEM was performed to
assess the detail ed effects of the wemayxhed
Photoelectron Spectroscopy (XP8)as used to provide detailed information on the surface
composition and leemical state of the elements detected in the near surface for both the flat
surfaces and etched microstructures. A} beam spot of 100 um was used to make sure that
the detected signal only came from the area of interest. The number of cells inkifieldavas
counted using the National Institutes of Health (NIH) imageJ software. The data were
statistically analyzed using Prism GraphPad V.5 software.-v@iye ANOVA analysis was
followed by lineattrend or Dunnett's multiple-test postests. Alternaively, pairwise

comparisons between fibroblast and cancer cell ratios were performed using Bonf¢eshi's t

2.3 Results and Discussion

2.3.1 Fibroblast and cancer cells growth on flat surfaces

Both fibroblast cells and cancer cells were cultured on sep#aatsilicon and glass surfaces
and their growth was compared as the control for the experiments. Following seeding at low
density, fibroblast cells attached and spread on both surfaces within 6 hours. The corresponding
time for cancer cells was abou# Zhours. This process was visualized under an optical
microscope. HS68 cells proliferated on silicon and glass surfaces with typical cell growth
kinetics. Figure 2-5(a) demonstrates logarithmic, and plateau phase of fibrobldsgjrogith.
There was not a significant difference in growth of these cells on a silicon substrate compared to
the commonly used glass plat€ggure 2-5(b) demonstrates the logarithmic phase of the MDA
MB-231 cells growth on siliao and glass surfaces. Cancer cells tended to grow more on glass

compared to silicon while having a similar growth rate on both substrates.
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Figure 2-5 (a) Fibroblast and (b) cancer cells growth orilat silicon and glass surfaces as a function
of time showing typical cell growth kinetics. Data shown are the mean and standard deviation of the
cell #/mma2.

The logarithmic growth rate of breast cancer cells typically exceeds that of fibroblast cells
becaise transformed cells bear oncogenic mutatj@dfk Typically, cancer cells achievedghier
cell densities than fibroblast cells and entered a stetadg period of growth after 144 hours of
incubation. After 168 hours in culture, confluent monolayefscells covered the smooth
surfaces of the chip.
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2.3.2 Cell adhesion on the curved sidewalls3®D microchambers

Attachment of fibroblast and cancer cells on curved sidewalls of the microchambers as well as
the interconnecting microchannels was first assessed using SEM and confocal microscopy to
visualize the nuclei and actin filaments.Figure 2-6 shows the SEM images of the
microchambers and interconnecting channels and cross section of their sidewalls with the

attached cells after 72 hours culture time.

Figure 2-6 SEM images of fibroblast (A, C, E) and cancer (B, D, F) cells illustrating their
attachment on the curved sidewalls of the microenvironments. Scale bars represent 20 pm.

For the most part, fibroblasts adhered to the surfaces with low curvature. This includes
smath flat surfaces, surfaces at the bottom of microchambers and also sidewalls with low
curvature, i.e. 20 minutes and 30 minutes etched microcharffigtse 2-4). Moreover, they
stretched to avoid the curved sidewallghwhigh airvature (Figure 2-6(A,C,E)). From these
images, it is clear that surface curvatplays a major role in the adhesibahavior of fibroblast
cells. As seen irFigure 2-6(B,D,F), the breascancer cells, unlike fibroblastigrmed stable
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adhesions and attached to the corners and curved sidewalls of the microchragdrelisss of
their curvatureThe cancer cells were also found inside the microchannels and deformed to adapt

to the shape dhe substrate geometry.

Confocal microscopy was performed after 72 hours of cell growth on silicon substrates.
Figure 2-7 shows the actin filaments and nuclei distribution within fibroblast cells attached on
the smooth flat suates Figure2-7(A)) and inside the microchambefEdure2-7(CE)).

Figure 2-7 Confocal images from the nuclei of fibrollast (A, C, E) and cancer (B, D, F) cells and
their actin filaments on flat surfaces and inside the etched microstructures.

On flat surfaces, the cells as well as their actin filaments were spread and oriented in one
direction. The orientation of ¢hactinfilaments and nuclear shape changed and deformed when

the cells were attached on the edges of the etched features. The fibroblast cells exhibited a flat
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cytoskeleton structure and their actin filaments were distributed in long, thin and parallel
bundles.As previously observed by SEM images, the fibroblast cells stretched to avoid curved

sidewalls and irrigure2-7(C) the actin filament distribution in the stretched cells can be seen.

Figure 2-7(B) shows the cytoskeleton structure and actin filaments of the breast cancer cells
attached on flat silicon surfaces. It is well known that reorganization of cytoskeleton and
alterations in actifilamentstructureoccurs during malignant transfoation of normal cell$29,

30]. These confocal images of human breast cancer cells attached on our silicon substrates
clearly indicate such alterations in their actin network. The MBB-231 cancer cells were
generdy rounded and their actin filaments were randomly distributed in short bundles
throughout the cell body. The actin cytoskeleton in these cancer cells is clearly more poorly
organized compared with that in the normal fibroblast céligure 2-7(D,F) show the actin
filaments and nuclei distribution of cells attached to the corners and on the curved sidewalls of
the microchambers. The cancer cells can be seen to adapt their cytoskeleton to the curved
geometry of the -B microstructues much more frequently than the fibroblasts.

We propose that the aforementioned differences in the adhesion behaviors of the breast cancer
cells and normal human fibroblasts are likely due to differences in their biomechanical
properties, mainly cytosketon stiffness.Fibroblast cells are less likely to distort their
cytoskeleton structure and this can be the main reason for their stretching inside the isotropic
microchambers. These cells do not deform, due to the stiffness of their cytoskeletomesttoctu
take the shape of the curved sidewalls of isotropic microchambers. Previous studies have also
shown that actin filaments play a dominant role in cell elasticity and overall st{@ig8¥?] and
that there is a thre®ld decrease in the elasticity of malignantly transformed fibroblast cells
compared to normal ongd83]. It is also expected that these cells sense the rigidity of the
substrate like other cell84]. They generate a mechanical force balance within busly to
reach biomechanical equilibrium through stretching and avoiding the sidewalls while

maintaining an organized cytoskele{®3).

Breast cancer cells, on the other hand, do not tend to maintain amzed cytoskeleton

structure due to random distribution of their actin filaments. The observed behavior of these cells
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in the microenvironments can be a reflection of their metastatic nature and their easily

deformable cytoskeleton struct2g].

In addition to the adhesion behavior of these cells, the effect of isotropic geometries on

growth preference of the cancer and normal fibroblast cells was further investigated.

2.3.3 The growth of fibroblast cells on the isotropic microstructures

The number of fibroblasts was first screened using fluorescence microscopy to determine how
etched microstretures with different dimensions affected their proliferation rate. Growth periods
of 72 hours and 120 hours were chosen because at these time points, cells were well spread on
the silicon substrates making it possible to obtain quantitative Bapare 2-8(a) andFigure
2-8(b) show typical fluorescence images of the fibroblast nuclei spread on the silicon chips after
two different culture times. Fibroblast cells tendedytow on both the flat surfaces and inside
the microchambers regardless of the microchamber depth. After 120 hours in culture, the cells

became overpopulated and formed confluent monolayer on the flat surfaces.
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(b)

Figure2-8F | uorescence i mages of the fibroblast cell sd
5(A), 15(B), 20 (C), and 30 (D) minutes after (a) 72 hours and (b) 120 hours of growth. The images
are focused on the top flat surfaces.

Fibroblast cells were uniformly oriented on the flat surfaces; however, they were randomly
oriented inside the isotropic microchambg@tgyure 2-9(A-D)). Figure 2-10 shows the mean +/
stanard deviation of the ratio of the number of fibroblast cells on flat surfaces to total number of

cells within each field.

Figure29Fl uorescence i mages of the f i bheamisrbchasnberscel | s 6
etched for 5(A), 15(B), 20 (C), and 30 (D) minutes after 72 hours of growth. The images are focused
inside the microchambers.
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For both culture times, slightly more than half of the fibroblasts grew on the flat surfaces
regardless of theepth of the microchamber§he shape of the fibroblasts growing on the flat
surfaces and within the microchambers was similar. The data indicate that fibroblasts were able
to grow on the bottom of microchambers as deep as 126um, and this is evidentee that
nutrients and oxygen reach the bottom of microchambers. In conclusion, fibroblasts rather
uniformly distributed over the silicon substrates and tH2 @eometries did not elicit marked

changes in their overall cell shape.
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Figure 2-10 The Ratio of the number of fibroblast cells on flat surfaces to the total number of cells
versus microchamber depth. Error bars represent one standard deviation.

2.3.4 The growth of human breast cancer cells on the isotropic rogtructures

Figure 2-11(a) andFigure 2-11(b) show fluorescence images of breast cancer cell nuclei
spread on the silicon chips after 72 hours and 120 hours of culture. After 72 hours growth in
substrate with the more shallow microstructures (25-gdeep structures), the cancer cells were
populated everywherd-igure2-11(a)(A)). On substrates created using longer etch times so that
the microchambers became deeper and widempdpelation of the cancer cells on flat surfaces

decreased, and instead, these cells tended to grow inside the microch&igoee{(11(a)(B-
D)).

52



(b)

Figure 2-11Fluorescert e i mages of the cancer cell sd nucl ei
5(A), 15(B), 20 (C), and 30 (D) minutes after (a) 72 hours and (b) 120 hours of growth. The images
are focused on the top flat surfaces.

A longer culture time did not change thishavior Figure2-11(b)(A)). As the microchambers
became deeper, the population of the breast cancer cells on flat surfaces decreased further and
their number inside the microchambers increaseglife 2-11(b)(B-D)). The results suggest that
MDA-MB-231 breast cancer cells reside preferentially within the deeper isotropic

microstructures etched in our silicon microdevices.

Figure 2-12(a) shows the mean -+standard deviation athe total number of cancer cells
counted growing on ten different fields within each silicon chip versus microchamber depth.
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After 72 hours culture time, the total number of cells per silicon chip decreased as the
microchamber depth increased suggestivag there was a loss of cells attached to deeply etched
silicon chips at this time point. However, in cultures maintained for 120 hours, the total number
of breast cancer cells attached to the silicon chip was independent of the depth of
microstructureskigure 2-12(b) shows the mean -t$tandard deviation of the ratio of the number

of breast cancer cells on the smooth flat surfaces compared to the total number of cells within

each field versus microchamber depth.
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Figure 2-12 (a) The total number of cancer cells on each field versus microchamber depth (b) The
ratio of the number of cancer cells on flat surfaces to the total number of cells to within each field
versus the nicrochamber depth. Error bars represent one standarddeviation.
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These figures clearly indicate that for both culture times, when the microchamber depth
exceeded 48 um, fewer breast cancer cells grew on the flat surfaces. After 72 hours of culture on
silicon chips containing microchambers with a depth of 88 um, less than 5% of the breast cancer
cells grew on the flat surfaces. Statistical analysis indicated that there was a significant decrease
(P<0.001) in the ratio of the number of breast cancer celfbsurfaces to the total number of
cells within each field as the depth increased. These results indicate that significantly more breast
cancer cells grew inside the microchambers deeper than 25 pum (5 minute etch) (P<0.001).
Similarly, after 120 hoursfaulture on chips with microchambers having a depth greater than 48
pm, only about 20% of the cells grew on the flat surfaces. In conclusion,-MB#&31 breast
cancer cells and HS68 fibroblast cells differ significantly in their responses to deeper
microchambers etched into silicon. After 72 hours of culture, the ratio of the breast cancer cells
on flat surfaces to those inside the microchambers deeper than 80 um is almost one order of

magnitude lower than the corresponding value for fibroblasts.

We havedescribed how the adhesion and growth behavior of breast cancer cells was affected
by the presented-B isotropic features and how this differed from normal fibroblasts. To
establish that substrate geometry, not substrate chemistry was important in rdetethese
behaviors, we compared the chemical composition of the flat silicon surfaces and the surfaces
inside the microchambers (etched areas). Using XPS, we determined that the chemical
composition of the entire silicon substrates remained unchanged) dibe fabrication process
(Figure2-13). The data eliminate the possibility that deposition of the etch byproducts occurred
on silicon surfaces. As shown kiigure2-13, the fabricatiorprocess did not change the chemical
composition of the silicon surfaces as the etch time increased. Also, there was no alteration in the
chemistry of the flat surfaces and the curved surfaces inside the mititeetsa(data not shown
here). To further exploe the mechanisms that might explain the preferential localization of
breast cancer cells inside the microchambers, we tested the growth of the cancer cells on 20
minutes etched microchambers (Depth of 88 um) at different time points of 12, 24, 48 and 72
hours of growth.

Figure2-14 shows the number of the cells on flat surfaces as well as inside the microchambers

for the selected time points. It is clearly seen that the colonization of the cancer cells inside the
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microchambers starts as early as 12 hours. The growth rate inside the microchambers exceeds
that of the flat surfaces and as reported earlier, at 72 hours, 95% of the breast cancer cells reside

inside the microchambers.
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Figure 2-13 X-ray photoelectron spectrometry (XPS) of typical flat surfaces within each field of the
silicon microstructures etched for 5 minutes (A) and 20 minutes (B).
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Figure 2-14 The total number of cancer cells on flat surfaces and inside the microchambers of 20
minutes etched microstructure (Depth of 88 um) after 12, 24, 48 and 72 hours of growth. Error bars
represent one standard deviation.

Detailed inspection of the attachment of ttencer cells on isotropic geometries based on
SEM images and confocal microscopy showed that these cells sense and respond to the substrate
geometry by adapting their shape to the curved sidewalls. The sulosiiatttachment
complexes are known to coratedirectly with the cytoskeleton and communicate through the
cytoskeleton to the cell nucleus; hence, inputs from cell attachment sites on the surfaces of the
substrate microenvironment have the potential to trigger cytoskeleton reorganization, mechanical
deformation and stress, and gene expression changes. This is a highly complex response which
might induce cancer cells to chemically modify the deep microchamber environment further
attracting additional cancer cells to a preferred microenvironm&he dher possible
explanation for this behavior is related to cytokine signaling. MBB-231 breast cancer cells
secretanterleukin8 (IL-8), a cytokinewvhich stimulates MDAMB-231 cell invasiveness
through controlled pore matrigel membraf@6]. By analogy, the accumulaticof cancer cells
within deep microchambers of the silicon microstructures might be a response to the release of
IL-8, and mirror MDAMB-231 behavior in matrigel migration assaykhis hypothesis is

currently under investigation
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2.4 Conclusion

In this work, 3-D isotropic silicon microstructurgsconsisting of arrays of isotropic
microchambers connected with channelsre developed to studigebehaviorof normalhuman
fibroblastand human breast cancer cells in response to novel substrate geometriesellhese ¢
lines representivo cell typegprevalentin human breast tumor microenvironmerasad the work
constitutes an important step in creating-B 3ilicon model system for investigating human
breast tumor microenvironmenis vitro. The devices presentecre were fabricated using a
singlemask, singleetch procesBreast cancer cells and fibroblasts had distinct attachment and
adhesion properties. The breast cancer cells deformed and formed stable adhesion complexes to
isotropic geometries while fibrobliasells maintained a more organized cytoskeletal structure
which stretched to avoid curved sidewalls within these same subst&idistical analysis
showed that the depth of the microchambers affected the distribution of breast cancer cells within
the glicon chips. As the depth of the microchambersreasedthe cancer cells teed to grow
inside the microchamberdn contrast, normalfibroblasts werenearly evenly populated

throughout the silicon chips.

The 3-D microstructurespresented hereprovide a model system for thestudy of
biomechanical properties @ancer and normal cells, and for the design of microenvironments
suitable forsegregahg normal and cancer cellgVe can utilize this model system to test how
electrical field stimulation, biochemical coating to the 3-D microstructuresand multilevel
microenvironmerd created bya two-stepetch processenhance the separation of breast cancer
cells from normal cells in a eculture systemThe ability to trap breast cancer cells within
specified microenvironment compartments has practical application to cancer diagnosis,
prognosis and treatment.The system also makes it possible to study the behavior and
interactions of these cell typas mixed co-cultures which simulate arn vivo breast tumor

microenvironment and can provide important insights into new breast cancer treatments.
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3 Chapter 3: Cytoskeletal Role in Differential AdhesionPatterns of Normal
Fibroblasts and Breast Cancer Cells inside Silicon Microenvironments

This chapter is produced froj] with permission from Springer.

M. Nikkhah, et al., "Cytoskeletal role in differential adhesion patterns of normal fibroblasts and
breast cancer cells inside silicon microenvironments,” Biomedical Microdevicesll,0pp.
585595, Jun 2009.

3.1 Introduction

Recent reports have emphasized that cellular functions are controlled by their surrounding
microenvironmen{2, 3] including substrate topography, surface chemistry, soluble mcad
signals from neighboring cellslicroengineered environments can facilitate quantitative analysis
of the effects oimicroscale surface topograpby individualcell growth, adhesiongmigration
and mechanicsThey can also be used to explore how-cell interactions influence the
aforementioned cellular behaviof4, 5]. Understandingcell-surface interactianin vitro has
broad applicability in celbased biosensordjssue engineeringprosthetics, and medical

implants

The influence of surface topography on gkl behavior was first noted by Harrispd| and
ledtot he concept of A c on tsaigntn thg direcdoaohsuréace groaveswh i ¢ h
Advances in microelectromechanical systems (MEMS) technology have made it possible to
observe cellular responsesaorvariety ofprecise topographical patterns including microgrooves
fabricated from silicon[7], silicone [8], quartz[9-11], titaniumcoated silicon[8, 12, 13,
polystyreng14-16], silica[17] and ploy (glycerckebacate)18], arrays of pillars and wellgl9-
21], arrays of grooves and holésbricated in silicon[22] and polystyreng23], arrays of
pyramid microstructurefabricated in silicon¢24] and networks of ridges and grids fabricated in
PDMS[25]. Some of the aforementionatudieshavefocused onHhe critical role of cytoskeletal
components, actin microfilaments and microtubules in cell alignfd@&ntL7]. Both mechanical
loading and microgrooved surface topographies promote cytoskedetganization and affect
the behavior ofibroblastcells [26, 27]. Cytoskeletal proteins play an important role in tissue

engineering by mediating the cellular response to different substrates.
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The cevicesdescribed in the previoushkited literatureinvolve microstructures with véical
sidewalls. However, extcallular matrix (ECM) proteins are well known to form a complex
interconnecting network and &-D surface topography](28]. We previously reported
development of arrays of-B3 silicon microstruaires consisting of isotropic microchambers
interconnected with channels in order to asses the adhesion and growth behavior of normal
human fibroblast cells (HS68) and human breast cancer cells {MBA&31)[29]. These cells
represent key cell types in human breast tumor microenvironrf@&djt¢Chapter2). The main
focus in our previouswork was the growth behavior of these cell lines insigetropic
microstructures; however, we found that these cells exhibited differential adhesion to the
microstructures with curved sidewallsin this chapter we explorein detail whether the
differential adhesion othese two cell types$o isotropic archiectures is dependenbn their
cytoskeletalstructure andiomechanical properties. For this purpose, developednew 3-D
isotropic silicon microstructuresusing our novel fabrication technology31l]. These
microenvironments can be potentially used as novel platforms to study cytoskeletal organization

of various cell lines in a-® architecture.

3.2 Materials andmethods

3.2.1 Device fabrication
The final devices shown iRigure 3-1 were fabricated from singlerystal silicon wafers. The

fabrication process is similar to our previous work relying on the applicabilBibfag and its
dependace on geometrical patterns of the photomask layout to etch silicon to different depths
[29].

Figure 3-1 Photo image of the fabricated devices in silico.he cel culture substrate comprises star
and circular-shaped microchambers.
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Figure 3-2 shows different layats of the photomask design; the openings for thessiaped
microchambers are rectangular with the dimension in the range of 2 umx2 pum to 10 pumx10 um
(Figure3-2(A,B)). The openings for the circutahaped micrdtambers are circular rings with a
diameter of 5um and with variable spacing raging from 2um to &gigufe 3-2(C,D)). Briefly,
the fabrication process starts by depositing 8060ék PECVD osxde layer on a silicowafer.
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Figure 3-2 Photo mask layout comprising four different features for star (A, B) and circularshaped
microchambers (C, D). The openings for the stashaped microchambers are rectangular with the
dimension in the range of 2 pmx2 pum to 10 pumx10 um. The openings ftwetcircular-shaped
microchambers are circular rings with a diameter of 5um and with variable spacing ranging from
2um to 6um.

After spinning and patterning photoresist, the oxide layer etalsed for 3 minutesising
DRIE CH4/C4F8 plasma. Next, silicon was etched using DRIE SF6 plasma to form complex
arrays of features composed of star and ciresthaped microchambers. Due to RIE lag, areas
under the bigger mask openings were etched ntloeegby achieving-B microstructures. After

removing photoresist the oxide layer is subsequently removed using DRIE.

Figure 3-3 shows thescanning electron microcop$EM) images of the microchambers with
varying cross secti@h shapes. The depth of the microchambers varies betwe@d gt and
the width ranges between 13@0 um. Table 1 summarizes the etching parameters. It is notable
that the described fabrication technique provides localized rough edges on the curvatssidew

and on the bottom surface of the microchambers. In the star patterns, the rough edges formed on
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the sidewallsKigure3-3(A)) while in the circularsshaped microchambers, the rough edges were
localized on the bottom of the machambers in the form of concentric ringsgure3-3(B)).

Figure 3-3 SEM images of the (3D) silicon substrates comprising star and circularshaped
microchambers with the correponding top view images. With the proposed fabrication
technology, scalloped edges can be formed on the curved sidewalls amel bottom surface of the
microchambers.

The final fabricated wafer is diced into 1 Trohips, eachchip contains the etched
microstructures surrounded by -etched flat surfaced={gure 3-1). This provides the ability to
compare the control experiments on flat surfaces and the results on the etched microstructures
under the same cell culturing conditior@@hips were cleaned using acetone and isopropanol,

rinsed in deionized water, and, finally,-diied prior to cell culture experiments.

Table 3-1: Etching parameters for the isotropic geometries

Sk Flowrate Pressure Coil power  Etching time
(scem) (mbar) (W) (min)
Etching parameters 300 4.5e02 1800 10
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3.2.2 Cdl culture and reagents

HS68 normal human fibroblasts and MBMB-231 human breast cancer cells were purchased
from the American Type Culture CollectighTCC). Cells were maintained in plastie7b cnf
culture flasks in RPMI culture medium which contained 10% fetal bovine serum (FBS), 1 mM
sodium pyruvate, and penicilkistreptomycin (100 Units/ml). Cells were grown at ¥7 in a
humidified 7% CGQ-93% airatmosphere. Cells were fixed in a 5@¥hanoi5% formaldehyde
0.1% crystal violet solution in normal saline for 10 minutes prior to imaging. After 72 hours of
growth, cytochalasin D (final concentration of 10 uNd®] was added to the culture medium for

either 10 or 30 minutes prior to fixation.

3.2.3 Microscopy andmmunofluorescence for cytoskeletal organization

Optical microscopy was performed using a digitaleo optical microscope?7 with a 2000
maximum magnificaon for cell counting on flat silicon and glass surfaces. Confocal
microscopy8 was performed in the reflection mode to image the actin cytoskeletal structures.
Cell nuclei were stained with Hoechst 33342 dye and actin was visualized using Alexa@duor
phalloidin[21]. The confocal images ird® the microchambers were taken at different depths of
focus to construct Btack images. SEM was also performed to assess the detailed effects of the
etched microstructures on the <cells6é6 morphol
formaldehyde inphosphate buffered saline (PBS) for 10 minutes, samples were critical point

dried and sputtecoated with a thin layer of gold palladium prior to SEM imaging.

3.2.4 Quantification of cell number, cell length and cell morphology

SEM images were obtained anaidifferent fields of star and circilahaped microchambers
within each chip. Each field included 24 microchambers and their adjacent flat surfaces. The
selected fields almost cover the entire fabricated substrate. These images were used to count the

nunber of fibroblast cells inside the etched features before and after adding Cytochalasin D.

Cell length measurements on flat surfacesesperformed using the National Institutes of
Health (NIH) ImageJ (v. 1.41) software. The cell length was quantifiedeadistance between

farthest end points of the cell. To quantify the cell length inside etched microchambers, we

2 2 2
assumed an ellipsoid shape for the etched microchambers with an equé(gon%'ghz—z =1,
a c
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where 0a0 and fibo are the equatorial radinad f ¢ 0 theepolar rraglius t(noicrochamber
depth). For the stashaped microchambers, a=80 pm, b=80 um, ¢=55 um, whereas for the
circularshaped microchambers, a=82.5 um, b=82.5 pm, ¢c=70 um. The x and y coordinates of
the end points of the cell wereeasured from the top view images using ImageJ software. Then

the z coordinate of the corresponding points was medsusing the ellipsoid equatitated

above. Finally the cell length is measured using the standard line equatieD isp&ce

| = (% - %) +(Y, - )2 +(2,- 2)°.

For fibroblast cell shape analysis, three different morphologies of round, spread and stretched
were assumed. The spread cells are those in which the cell body has a uniform contact with the
sidewalls of the microchamberhile the stretched ones anchor to different location of the
microchambers and do not have contact with the sidewalls. The average aspect ratio
(Max(length/width) of stretched and spread cells was measured to be 26.6+13.8 and 3.7+1.8
respectively.

3.2.5 Statisical analysis
Two-way ANOVA analysiswas performed using Prism v.30 study the effect of etched
geometries on cell length and to assess the statistical significance of the effect of cytochalasin D

on the morphology of cells growing in circular and-sthaped microchambers.

3.3 Results

Figure3-4 compares the length of fibroblast and cancer cells on flat surfaces as well as inside
the etched microstructure&n average length of 88£23 um (n=10)d33+11 um (n=100}vas
measuredor fibroblast andcancer ce8, respectively HS68 fibroblast cells are significantly
longer (p<0.M1) than the MDAMB-231 breast cancer cells on flat surfaces and all the etched
geometries. Both cell types distributed with random orientation withietttteed microstructures

(data not shown).
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Figure 3-4 Fibroblast and cancer celllength on flat surfaces and inside the star and circulashaped
microchamber.

Figure3-5(A-F) showsthe SEM imags ofuntreated contrdibroblast cellsnside the etched
features revealing the tendency of fibroblastsstretchinside theisotropic microchamberto
avoid curved sidewad] Cancer cellspn the other hand, attesth tothe curved sidewall®f the
microchamberqFigure 3-5(G-L)). The crosssectional viewsclearly demonstrat¢hat cancer
cells adapted their shape to fit the curved sidewatid theiradhesionbehavior was dss
responsive to the substrate geometrpattern compared tdvat of normal fibroblast cells. This
observation is in agreement with our observation in previous chapter on different isotropic

microenvironments.

To examine whéter cell cytoskeletal structupdays a major role inthe adhesiorbehaior of
these two cell lineswe disruptedthe actin cytoskeletonwith cytochalasin D.Confocal
microscopy was perfored after 72 hours of cell growon flat silicon substratet visualize the
disruption of the actin cytoskeleton for different treatmemies of 10 and 30 minutes and to
show the dynamics of cell cytoskeleton alteratiBigure 3-6 illustratesthe actin cytoskeleton
and nuclei distribution in fibroblasts attached to flat silicon surfaces. The actin filaments were

distributed in long, thitoundleswith parallel or crosdink distribution(Figure3-6(A,B)).

Afterl0 minutesof treatment with cytochalasin Ehere were persistent actin filament bundles
through the cell bodyHigure 3-6(C,D)). However after 30 minutes of treatment, the dense mesh

andlong fibersof actinwereentirelydisruptedthroughout the cell body(gure3-6(E,F)).
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Figure 3-5 SEM images of the HS68 normal fibroblast and MDAMB -231 human breast cancer
cells inside the etched features. Fibroblast cells stretch to avoid curved sidewalls of isotropic
microchambers. Cancer cells attach and spread on isotropic microchambers adéform to take the
shape of the curved sidewalls. These cells are less discriminating on the substrate geometrical
pattern. Scale bars represent 10um.
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Figure 3-6 Confocal images showing the distributiorof the actin and nuclei of the HS68 fibroblast
cells attachedto flat surfaces in their normal state (A,B) and after adding cytochalasin Ddr 10 (C,
D) and 30 minutes (EF). After 10 minutes, some stress fibarwere observed within the
cytoskeleton of the cells (arrows). After 20 minutes, the dense mesh and long fibers of actin were
entirely disrupted through the cell body. Scale bars represent 20 um.

Figure 3-7 shows the actin cytoskeleton dfet MDA-MB-231 cancer cellsittachedto flat
silicon surfaces. The actin cytoskeleton of the cancer cell®mgasizedifferently compared to
fibroblast cells. The cancer cells shenvno actin filament formation. The actin cytoskeletal of
cancer cells, attached to silicon wdistributed n the form of concentric rings around the nuclei
The actin cytoskeleton of cancer cells was completely disrupted after 10 minutes treatment with

cytochalasin DRigure3-7(C,D)).
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Figure 3-7 Confocal images showing the distribution of the actin and nuclei of the MDMB-231
breast cancer cells in their normal state (A,B) and 10 minutes after adding cytochalasin D (C,D).
Scale bars represent 20 um. In controtondition, the actin cytoskeleton ofMDA -MB-231 cells was
di stributed in a form of concentric rings around
cytochalasin D the actin cytoskeleton is completely disrupted. Scale bars represent 20 pum.

Figure3-8 shows the SEM images of the fibroblast and cancer cells attached inside the etched
features after treatment with cytochalasin D. After 10 minutes in the presence of cytochalasin D,
some fibroblast cells lost their stretching behavior and wellaspeand adapted to the curved
sidewalls Figure 3-8(A-C)). After 30 minuteshowever, themajority of the cells lost their
stretching behavioand rounded ujndicating that these cells lost almaidl their entirestress
fibers cansistent with the confocal microscopy observai@figure 3-8(D-F)). At this state, the
average length of the rounded fibroblast cells excluding the dendritic extensions was measured to
be approximately 16+2 um (n=20). On the eatlhand, cancer cells became more rounded after
treatment with cytochalasin D amldere was not a significant change in their adhesion behavior
(Figure 3-8(G-1)). Similar to their original state, they attached to the curved sittewhthe
microchambers. At this state, the length of these cells was measured to be approximately 17+2
pm (n=20).
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Figure 3-8 SEM images of the HS68 fibroblast and MDAMB-231 cancer cells after adding
cytochalasin D. After 10 minutes of disrupting actin cytoskeleton, fibroblast cells lost their
anchorage dependent adhesion to the etched microstructures. While after 30 minute, the
morphology of these cells altered toward rounded morphology and their adhesidecame more like
that of the cancer cell. Arrows show the dendritic extension of the cells. Addition of cytochalasin D
to cancer cell cuased the morphology of these cells to become more rounded while there was mot a
significant alteration in their adhesion behavior to the curved sidewalls. Scale bars represent 10
pm.

Figure3-9 shows the quantitative data regarding the effect of cytochalasin D on fibsdblast
both 10 and 30 minutes treatment times. After 10 minutes disrupfi@ctin cytoskeleton,
35+7% of the cells significantl(P<0.M1) lost their anchorage dependent adhesion inside the
etched features and spread on the curved sidewalls. However, 30 minutes treatment with
cytochalasin D significantly (P<0.001) altered therpholagy of 70+®%6 of fibroblast cells
toward rounded morphologgssociated witldendritic extensionsin such state, their adhesion
became more like that of the cancer cells; that is adapting to the etched microstructures and

taking the shape of the cud/isidewalls
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Figure 3-9 Quantitative data showing the effect of the cytochalasin Bn fibroblast cell morphology
10 and 30 minutes after addig cytochalasin D. The data showhat after 30 minutes, there isa
significant change in fibroblast cell morphology from stretched in heir normal state to round

(associated with dendritic extension).

3.4 Discussion

It is well known that cells sense the stiffness and the geometry of their substrate, and modulate
their o/toskeleal organization and adhesion in response to the subg83dte Much of the
previous work on substrate stiffnebss been conducted using-2 routine planar culture
surfaces[34]. With respect to the substrate geometry, researchers have exploredetioé ro
cytoskeleton on cell alignment using microgrooved substf@t&g]. Herein, we investigated the
distinctive behavior of HS68 normal fibroblast cellsdaVMIDA-MB-231 human breast cancer
cells on 3D silicon isotropic environments and investigated whether cytoskeletal structure (i.e.

actin filaments) influenced their adhesion.

Fibroblast cells adhered well the silicon substrate due to the abundaraf parallel and
crosslink formation of actin filaments. These cells tended to maintain an organized cytoskeleton

and a state of high tension produced by formation of stress filaeng|lipodia, and focal
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adhesions. This limited the ability of these celldbémd inside the microchambers and adapt to
the curved sidewalls. Under these conditions, the whole cell body issir@ssed tensegrity
structure where the actin cytoskeleton is in tension and the microtubules are in compgeksion
The high tension within the actin cytoskeleton is baldrmeboth the microtubules compression
and cell adhesion to the rigid silicon substrate. The balance between cytoskelstedgzend
the mechanical force within the cell body is the key determinant of cell shape s{@6ilitye.,

stretching and avoiding the sidewalls).

After 10 minutes treatnm# with cytochalasirD, some actin stress fibers were still present in
the cell cytoskeletal structure. However, 8§ minutes, fibroblast cells $e their entire actin
filaments (i.e. stress fibers) and consequently their cytoskeletalneses. This pmnarily results
in a significant alteration in their morphology towards shape instability. It is well knowthéhat
mechanical structure of the cells, such as their elasticity and overall strength, is dominated by
actin filamentq37-39]. Specifically, there is a direct linear correlation between the cell stiffness
and the amount of cellular pstress[40]. Disruption of the cell cytoskeleton causes a major
reduction in cell stiffnesptl]. Therefore, after adding cytochalasin D, these cells transform to a
low tensionalstate, their stiffness significantly decreases, and therefore, they easily deform to
adapt themselves with the curved shape @ ®&icrostructuresi similar to the behavior
observed in breast cancer cells. Such adaptation is afdigeir weak cytoskeiton after adding
cytochalasin D. It is worth mentioning that low tensional state of fibroblast cells has been
considered previously as the magausefor the round/bipolar or dendritic morphology of these
cells in 3D collagen matricep42]. Although not a direct correlation betwessllagen matrices
and our isotropically etched silicon substrates, the round/dendritic morphology of the fibroblasts
after adding cytochalasin D in our experi men

tensonal state by disrupting actmicrofilaments.

In contrast to normal fibroblast cells, the absence of stress fibers was evident in the
cytoskeletal structure of cancer cells. This suggests that the adhesion of the cancerous cells to the
silicon substrate is not as strong as normal fibroblast. d@teviously it was also reported that
the presence of stress fibers is necessary for cell adhesion to the s{3tedpe Cancer cells

adopted with round and spread shapes on flat and curved sidewalls. AddititoatfalasirD
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caused these cells to become more rounded while it did not significantly dhairgadhesion
behavior to the B microstructuresThis can be explained by the fact that even in their original
state, these cells, attachemsilicon substrates,id not possess actin streikers within their
cytoskeletalstructure.One characterists of cells after oncogenic transformation is the loss of
anchorage dependent growd]. Transformed cells are less responsive to surface regditi
[46], while the normal cells probe substrate rigidity as a mechanical feedback to modulate their
shape and growthSincedestabilization of the stress fibers and focal adimesi malignant cells
enhances the migration procd84], it can be concluded thatd observed behavior of MDA
MB-231 cells on the fabricated[3 microstructures is a reflection of the metastatic nature of
these cells and the failure of theirpaired cytoskeleton to generate contractile forces on silicon

substrates.

In summary, our research results support the hypothesis that differential response of normal
and cancer cells to the various compartments offhesBicon microenvironments is aftection
of differences in their cytoskeletal pseress and consequently their biomechanical properties.
Previously, the use of scanning force microscopy (SF&¥ and optical tweezer$48]
provided quantitative measurements of the alterations in mechanical properties of cancer cells
compared to normal cells. In general, these techniques showed that metastatic cancer cells are
significantly softer and less rietant to deformation compared to normal cells, supporting our
hypothesis. Although such instrumentation provides valuable quantitative measurements of
cellular mechanical properties, we propose the precise surface topographical patterns etched into
silicon provide another approach to evaluate biomechanical properties of different cell lines and
specifically predict their stiffness under normal and diseased corglifibese microengineered
structures can also be used to assess dynamic cytoskeleton respmaisshow promise for
applications in the identification of drugs able to restore normal cytoskeleton fupejoi®©ur
future work will be focused on live measurement of dynamical changes in cytoskeletal structure

of normal and cancer cells on the proposed microstrest

3.5 Conclusion

In this chapter,we studied the behavior of individual HS68 normal human fibroblast and

MDA -MB-2131 metastatic human breast cancer cells under static cell culture conditieDs in 3
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silicon microstructures. Our findings demonstdatee contrasting behaviors of normal and
cancer cells in the fabricated83 microenvironments. Fibroblast cells tewldo stretch and
maintaireda more organized cytoskeleton. The cancer ggdi®less discriminating in response

to the substrate geometry andfalmed to take the shape of the curved sidewalls of isotropic
microchambers. Treatment of the fibroblast<elith cytochalasin D, significantly alted their
morphology and adhesion inside the etched featti@severthe adhesiowf cancer cells to the
curved microstructures was not significantly altered after disrupting their cytoskeleton using
cytochalasin DOur results suggeshat differences in the cytoskeleton predominated by actin
structures and biomechanical properties of these cells play @ nad¢ in their differential
adhesion to various compartments of the etched silicon microstrucithiespresented-B
microstructures constitute a versatile platform to evaluate biomechanical properties of different
cell typesand to design novel cdliased assays including aittancer drug testing. The utility of
thesemicrostructures can be enhanchrbtigh the integration of additional electrical and fluidic

components.
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4 Chapter Four: The Cytoskeletal Organization of Breast Carcinoma and
Fibroblast Cells inside Three Dimensional (3D) Isotropic Silicon
Microstructures

This chapter is produced froff] with permission from Elsevier.

M. Nikkhah, et al " The cytoskeletal organization of breastranoma and fibroblast cells
inside three dimensional {B) isotropic silicon microstructures,” Biomaterials, vol. 31, pp.
45524561, Jun 2010.

4.1 Introduction

Cell cytoskeleton is a highly dynamic polymeric network which defines the cell shape and its
medianical rigidty [2]. Any change in the cytoskeletal structure can affect the ini@nacf
cells with their surrounding microenvironmen8. Biological events innormal cells such as
embryonic development, tissue growtrdaepair, and immune responses as well as camtier
motility and invasivenesare dependentpon or regulated by cytoskelet@organizatiorandthe
biomechanical propertiesf the cytoskeletoi2, 4-6]. Understandindhow the cell cytoskel@n
reorganizs duringits interaction withthe surrounding environment &fundamental biological

guestion with applicatits totissue engineeringy] and cancer diagnosis and ther§@ly

The extraellular matrix (ECM) proteingn vivoform a complexand texturednterconnecting
networkanda three dimensiongB-D) surface topographf9, 10]. Cells are exposed to several
mechanical, chemical anthreedimensional topograptal stimuli, which modulate their
behaviors such as migration, growth, and adhesion. With advancescio- rand nane
fabrication technology, researchdrave been able to create substrates comprised of precise
micro- and nane topographical and chemical patterns ander to mimic morein vivo
microenvironments for biological and medical applications. Theselies have provided
valuable information on several cellular processes such as migfdtien3], cytoskeletal
organization[13, 14], contact guidancgl5-17] and dfferentiation[18] on the proposed micfo
and naneenvironments. However, mamyj the previous approaches have relied on using either

microstructures comprising anisotropic geometries (grooy#8)22], or polymeric fibrous
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networks[23]. It is well known that @ microenvironments influenceell functiors to a great

extent andaredifferent from standartivo-dimensional (2D) culture environmentg4, 25].

We previouslyreported the development of(B silicon microstructures which compeis of
curved isotropic surfaces to characterize and compare the growth and adhesion behavior of
normal fibroblast andmetastatic humaireast cancer cell26, 27] (Chapters2 and 3). The
isotropy of the curved surfaces determined by an approximately constant curvature is an
excellent characterist of our microstructures since it can be used for understanding the
mechanism of deformation, adhesion and force balance within the cytoskeleton of different cells.
This eliminates variability in the cell behavior introduced by the geometrical anisaifdhg
microstructures. Irthis chapter by building upon our previous workye are interestedh
studying thebiological behavior othe cel lines obtained from metastatic breastior pleural
effusions, normal fibrocystic mammary epithelium, and noriibabblasts inside D isotropic
microstructures. Breast carcinoma frequently originaité cells that normally line the milk
ducts within the mammary glajd8]. It is also well known thaihside the bodyibroblast cells
are intimately embedded withthe breastmicroenvironmen{29]. In invasivebreast carcinoma,
the tumor cells fill the dugctand he basement membranghich normally separates the ductal
epithelial cells from the stromal elements, primarily the fibroblasts, is disruptedngsuitiose
juxtapostion of carcinoma celland thefibroblast cells of the breastreama This strudural

reorganization constitutes a critical pathobiological transition leading to disease progigdsion

Herein, we present the detailed cytoskeletal organization and adhesion mechamismabf
breast epithelial cedl metastaticbreast cancer cells and fibroblast cetlsree key cellular
components embedded in any breast tumor microenviroenf@énptinside the @ silicon
microstructures. The role of actin cytoskeleton in the cell adhesion behavior was established in
our previous studj26]. In this work we explored the contribution of the cellular elasticity, focal
adhesioncomplexes, and microtubules on the adhesibaracteristics of the cells inside the
isotropic (curved) @D microstructures. The role of microtubules in fibroblasts behavior-bBn 2
rigid surfaces and -B collagen matriceshas been addressed befo[81], but is relatively

understudiedn human breast cancer cells, where they might significantly impact pathological
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cell behaviors such as adhesion, migration and metastasis. We used atomic force microcopy
(AFM) indentation to quantitatively measure cellular elasticity.

The results of theurrent research cgorovide important diagnostic and prognostic markers
unique to the tumomwhich could ultimately be used to develop new tools for the detection and

treatment of breast cancer

4.2 Materials and methods

4.2.1 Silicon device fabrication

Figure 4-1(a,b shows the poto image of the fabricatemicrodevice andthe corresponding
scanning electron microscopy (SEM) images. The fabrication process of -3 silicon
microstructuras similaras described in previousapters.lIt relieson the applicaon of reactive
ion etching (RIE) lag and its dependence on geometrical patterns of the photomastolataiut
silicon to different depthg26]. Briefly, the fabrication processasstaredby depositing 8000A
thick plasma enhanced chemical vapor depositRiEaGVD) oxide layer on a silicon wafeAfter
spinning and patterning photoresist, the oxide layer was etoh&minutes usingleep reactive
ion etching DRIE) CHy/C4Fs plasma. Next, silicon was etched using DRIE flBsma to form
complex arrays of features composed of -st@nd circularshape microchambers. After
removing photoresisthe oxide layewas subsequently removed using DRIE. #isown in the
SEM images of thenicrochambersthe depthof the microchambersaries betwee®0-70 pum
andthe width ranges between 15070 um. It is naable thatthe describedabrication technique
provides localized rough edges on the curved sidewadisd on the bottom surface of the
microchambers. Ithe star patternshe rough edgeformedon the sidewall¢Figure4-1(b), top
left inse) while in the circularshapedmicrochambers, the rough edgesre localizedon the
bottom of the microchambers tine form ofconcentric ringgFigure4-1(b), top right insek

4.2.2 Cell culture preparationand reagents

Normal human fibroblast cells (HS68),onmal human breaspithelial cells (MCF10A), and
metastatichumanbreast cancer cells (MDAVIB-231) investigated in this work were purchased
from the American Type Culture Collection (&C). MDA-MB-231 and HS68 alls were

maintained in plastic 75 cnf culture flasks in RPMI culture mediymwhich contained% fetal
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Figure 4-1 Photo image of the fabricated devices in silicon. (b) SEM imag®f the 3D silicon
microstructures comprising star and circular shape microchambers. With the fabrication
technology utilized, scalloped edges can be formed on the curved sidewalls and the bottom surface
of the microchambers.

bovine serum (FBS), 1 mM dmum pyruvate, and penicillistreptomycin (100 Units/ml).
MCF10A cellsweregrownin plastic F75 cnf culture flasksusingHams F12:DMEM(50:50)
(Mediatech) 2.5 mM L-glutamine (Mediatech) 20 ng/ml epidermal growth factor (EGF)
(Sigma) 0.1 pg/ml cholera toxin (CT) (Sigma) 10 uw/ml insulin (Sigma) 500 ng/ml
hydrocortisonéSigma)and 5% horse serum (Atlanta Biological$jor adhesion analysis, all the
cellswere grownfor 48 hat 37 C in humidified 7% CO23% air atmospherafter plating at a
density ¢ 1.1x10%ellgmnPon 3D silicon microstructuresn RPMI culture mediumwhich
containedl0% FBS. After 48 hours of growthpocodazolevas added to the culture medium for
either 30 minutes or 3 hours prior to fixation for confocal imadgmgilustrate celladhesion

alteration inside the isotropic substrates.

4.2.3 Immunofluorescence forcytoskeletalorganization andfocal adhesions
We assessed the formation of focal adhesion complexes and actin cytoskeleton in cells
attached to the -B isotropic microstruetres usingconfocal microscopy(ZEISSLSM-510

META) in the reflection modafter tagging the complexes with vinculin, a protein prominent in
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focal adhesions in both fibroblast and breast cf88 33]. For vinculin staining, %
paraformaldehyde (PF) solution in 250mNiis, pH 7.2was used to fix the cells on thel8
silicon microstructuregor 10 mirutes Then the cells were exposed t# 6F solution with
0.25% Triton X-100 in PBS for another 10 minutes to permeabilize the cell membrane. A
monoclonalmouseantrvinculin antibody (Abcam) was diluted1/100 in 2% chicken serum
albumin in PBS and added tize samples for 30 minutes. Next, rhodamine conjugztat anti
mousesecondary antibodfinvitrogen)was diluted1/300in 2% chicken serum albumin in PBS
and added to the samples for 30 minuldse actin cytoskeleton was stained usiflgxaFlour-

488 phalloidin (Invitrogen)(10 U/ml in 140 mM Na@&% bovine serum albumin in 40 mM Tris,

pH 7.2). Following the mculin and actin staining, the samples were rinsed three times in PBS

and mounted on ProLong Gold antifade reagent with DAPI (Invitrogen) falrifimaging.

For microtubules staining, cells were fixed as described above for vinculin staining. A mouse
monoclonal antb-Tubulin I+l antibody (Sigma) was diluted 1/750 in 2% chicken serum
albumin in PBS for HS68 cells, and 1/1000 in 2% chicken serum albuminSnfétBVICF10A
and MDA-MB-231 cells and added to the samples for 30 minutes. After washing the cells,
rhodamine conjugated goat ambuse secondary antibody (Invitrogen) was diluted 1/300 in 2%
chicken serum albumin in PBS and added to the samples for 80tesi Fluorescence

microcopy (Nikon Eclipse 80) was performed to image the microtubules.

4.2.4 Scanningelectron microscopy(SEM)

SEM was alsoperformel to investigatethe detailed effaés of the etched featuremn the
cellular morphologyand adhesion chasteristics Following 48 hours of growth, cells were fixed
in 3.6 formaldehyden PBS for 10 minutes. Thasiples were criticgboint-dried and sputter

coated with a thin layer of gold palladium prior to SEM imaging

4.2.5 Atomicforce microscopp nd Herdelz ds mo
Due to the technical di fficulty in measurem

surfaces, the AFM experiments were performed on the cells attached on the Collégemiy
coated 25 mm round glass coversligglls were plated with the defsof 3x10" cells/ml on
glass coveslips and incubated for 24prior to experimentatianAtomic force microscopy from

Asylum Research Corporation (Santa Barbara, CA), {@BMBio, was used for force
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measurement. The AFMas combined with annverted optichand fluorescencenicroscope
(Olympus 1X71) for pecise positioning of thé\FM tip on the samples and monitoriris
movementduring forceapplication For MDA-MB-231 cells, optical microscopy was uskd
guide and locate theM cantilevertip on the ceter of the cells while for MCF10A and HS68
cells, fuorescence microscopy was ugedbetter visualization and locating thp on the center
of thecell. For this purposeVICF10A and HS6&ells were labeletbr 25 minutes in seruffree
medium containinglpl/ml of the membrane permeable fluorescent vital dye Cell Tracker
Orange(Invitrogen). Soft V-shaped silico nitride cantilevers, TR400PS@®Ilympug, with the
nominallength of 200pmand a spring constant of 0.0R/m were used in this studyhe spring
constant wasexperimentally measureasing thermal noise fluctuationd glass sphere (Duke
Scientific) with nominal diameter of10um was attachetb the cantilevetip to reduceany
nonlinearity in deformingstress and avoid damaging the samplgure 4-2 top right inset).
SEMwas used to measure the exact diameter and the location of thatiiaked to the tipAll
the measurements were carried out usangtandard fluid cell (Asylum Researchj room

temperature.

After plating the cells,20mM HEPES was added to tlell culturemedium to maintain a
physiologicalpH during the experimentatioithe pH of theculturemedium was measure¢d be
7.2 afteradding HEPESThe measurements were carried out atdbeter of the celith thetip
velocity of 0.5um/s

The cell®Y o un g 6 s waocdmputeddusingt h e He r t[2485]. According to
the model the relationship between the applied forége,and the indentation depth, can be

expressed as:

__ AR e

T 3(1- n?) (1)

where R is the radius of the tipandEand77 ar e t he Youngds modul us at
the indented cell, respectively. The indentatibnis usually interpreted dke difference in the
relative changes of the pieatack movement and cantilever deflection and, thus, can be

expressed as:
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Figure 4-2 Single cell indentation experiment using AFM. The cells were indentadsing a silicon
nitride cantilever. A glass sphere (Duke Scientific) with nominal diameter of ~10 pm was attached
to the cantilever tip to reduce anynonlinearity in deforming stress and avoid damaging the sample

(Top right inset).

d=(z- ))- (d- dy) @2)

z,and d,are thepiezostack heightand cantilever deflection at the contact point, respectively.

One of the difficulties in using Heizeodel isfinding the initial contact point between the cell

and the tip of the cantilever. By followinthe approach proposed by Guo et [86], this

difficulty can be overcome by emplimg the linear versioniwof t he Hert zds mod:«
the contact point. Equatiod-(1) can be rewritten as

. 2/3
e R 1]

FPog 4‘/_2 Ey d (4-3)
e31-77) g

and, consequently, by substituting equati2)into equation4-3), one gets:

\ 2/3 N 2/3
e 4/R _o e 4JR _O
F2° = Eu (z-d)- e—Eu (7 - dy) (4-4)

&3(1-1°) e31-n

Equation 4-4) can be regarded as the equation of a line in the pRRAE, z- d). The

Youngdéds modulus can then be di Fé&€Tandtyecantadt cul at
point,(z, - d,), can be then calculateflom the intercept olequation 4-4) by using the

following equations
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< 2/3 <
e 4J/rR _O Q3(1 n*)B sz,

S:WEE y 4\/— (4_5)
N 2/3
;e(i_ﬂEﬁ (- dp) (2~ d)=-C/S (4-6)

The Poi s s agmnié sassumed ttd logh5 in accordance with the incompressibility
assumption usually employed for cells and soft tis§3&s All the daa analysis and curve
fitting of t he Her t z 0 sindentatidnedata weoe pérforemed cising | e c t
MATLAB 7.0 software.

4.2.6 Cell area measurement and statistical analysis

Cell area measurements were performed on the flat surfaces surrounditchétbecavities on
each silicon chip using fluorescence images and the National Institutes of Health (NIH) ImageJ
(v. 1.41) software. For MCF10A cells, the area of a cluster of the cells was measured and divided

by the number of the cells within the cluste obtain the average area of a single cell.

A two-sample independentést wagperformed using Graph Pad Prism 5.0 statistical software
tocomparethe el | area its Youngdés modul us obtained

4.3 Results

In the first set ofexperimentswe exammed the adhesion behavior of the cells to the 3
silicon microstructures using SEM and confocal imagkigure 4-3 shows SEM images of the
cells attached inside the etched featufidgese images demonstrate that the fibroblasistly
developed tension and were stretched inside the etched fedfigese @-3(a-c)) while both
MCF10A and MDAMB-231 cells deformed and adapted their shape to the curved sidewalls of
isotropic geometried~gure4-3(d-i)).
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Figure 4-3 SEM images of the HS68 fibroblasts (@), MCF10A (d-f), and MDA-MB-231 (gi) cells
inside the isotropic microstructures. Fibroblasts mostly stretched inside the etcheddtires while
both MCF10A and MDA-MB-231 cells deformed and adapted their shape to the curved sidewalls of
isotropic geometries. Scale bars represent 20 um

Figure 4-4 shows the confocaimages of the HS68, MCF10A andDA-MB-231 cels
attaded inside the etched featur&se confocal images inside the microchambers were taken at
different depths of focus to constru@tD Z-stack imagesTheseimages clearlyindicate the
stretching behavior of thigbroblast cells inside the microchérsthusconfirming our previous
observations using SEM imaging techniqiég(re 4-4(a-d)). The side view of the stretched
fibroblast cells within isotropic microchambeis shown inFigure 4-4(c) (arraw). Fibroblast
cells protrudelamellipodia while attached inside the isotropic microchambeisnfation of
several vinculircontaining focal adhesions (rsthin) on the anchoring sites of the fibroblast
cells to the isotropic microstructuresclear fromthese imagesHgure 4-4(c,d)). On the other
hand, both MCFQA and MDA -MB-231 cells adapted their cytoskeleton to the curved sidewalls
of the isotropic microchamberBigure 4-4(g,k) shows the side vieaf deformed MCF10A and
MDA-MB-231 confirming that these cells adopt the curvature of the isotropic sideWwalls.e
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4-4(h) shows the formation of the vincultontaining focal adhesiortd MCF10A cellsaround
the ring edges athe bottom of the etched cavitieICF10A cells maintaied ther cell-cell
junction on the curved surfaces inside the etched features as well as on flat areas around the

periphery of the etched featurésgure4-4(e,f)).

MCF10A MCF10A

\(/'

MDA-MB-231- S0 <2 1 MDA-MB-231

N”;

~ g !
f

Figure 4-4 Planar and 3-D confocal images of the HS68 fibroblasts {d), MCF10A (e-h), and MDA-
MB-231 (i) cells attached on flat surfaces and inside the etched features. Actin cytoskeleton is
stained in green andvinculin is stained in red. Image (c) shows the side view of image (b); arrow
identifies the stretched fibroblast cells. Images (g,k) show the side view of images (f,j) respectively;
arrows identify deformed MCF10A and MDA-MB-231 cells inside the isotro microchambers.
Scale bars represent 20 um.

To assess the role of cytoskeletal stiffness in differential adhesion characteristics of the cells to
the3D i sotropic microstructures, the Youngbés m
and Her tlZideHertm ;ribéel was accurately fit tdhe experimental data to obtain
Y o u n g 6 sus(RFe0®8) The population of elasticity measuremensgungoés modul us

of the cells wasiot normally distributed according to Shapitlks testand washest descbed
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by log-normal distribution$having a shift toward lower modulukigure 4-5). HS68 cells had a
broad distribution peak compared to both MCF10A and MDB-231 cells. The peak modulus
of HS68, MCF10A and MDAVIB-231 was locatecat 1.15 kPa 0.43 kPa and 0.2 kRa
respectively.Table 4-1 showsthe summary of elasticity measurements of the cells. Distinct
biomechanical properties were observed among the threg/ped. Given the same amounrit
average drce exerted on the cell body, the indentation defgthMCF10A and MDAMB-231
cells werehigherthanfor fibroblast cells Table4-1). The AFM data suggestkat the fibroblast
cells are significantly stiffer (P<0.0Q) than bdt MCF10A and MDAMB-231 cells.

HS68 MCF10A
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Figure 4-5 HS68 fibroblast, MCF10A and MDA-MB-231 population elasticity. The cells elastic
modulus were best described by loghormal distributions. Bottom right figure shows the log
transformed data indicating that fibroblast cells had the largest elastic moduli, followed by

MCF10A cells then MDA-MB-231 (p<0.0001).
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Table 4-1 Elastic parameters fornormal human fibroblast cells (HS68),normal human bread
epithelial cells(MCF10A) and metastatichuman breast cancer cellY{MDA -MB-231).

Cell n Eelastic Ave. Force(nN) Ave. Indentation(nm)
HS68 64 1.86+1.13 0.38:0.15 184.5:126.4
MC10A 59 1.13:0.84 0.38:0.07 262.8:146.7
MDA-MB-231 47 0.51+0.35 0.41+0.12 428+:237.6

Data are presented meastandard deviation

Although, the AFM analysis confirmed that MCF10A cells were significantly (p<0.0001)
stiffer than the MDAMB-231 cells, these cells behaved similarly in terms of adhéssite the
etched features. These observations and measurements led us to speculate that microtubules may
also play a role in adhesion of the cells to tH2 Silicon substrates. To test this hypothesis, we
disrupted the microtubules by nocodazole treatséor either 30 minutes or 3 hours. Prior to
visualization of cytoskeletal organization and adhesion of the cells inside the etched features at
these time points, fluorescence microcopy was performed to visualize the disruption of
microtubules by nocodake. Figure 4-6 illustrates the microtubule organization in H$S68
MCF10A and MDAMB-231 cells before and after treatment with nocodazole. This figure
clearly demonstrates that after 3 hours, microtubules are completely digtupteghout the cell

bodyin all the cell types.

With respect to cytoskeletal organization of the cells inside the etched features3Cafter
minutes of nocodazole, most of the actin fibers of HS68 fibroblast cells retracted and only a few
of them remainegtretcledinside the etched cavitieBigure4-7(b)). After 3 hours of treatment
with nocodazole, these cells lost their strettimorphologyinside the etched cavitie§igure
4-7(c)). Althoughactin stess fibers and focal adhesions to the substrate were mainthmed!l
shapeadopted arounced morphology while the cell area remained unchand&éduge 4-8).

These finding are consistent with previous wi@k] with human foreskin fibroblast&ttached to

collagen coatedlasscoverslips after treatment with nocodazole.

MCF10A cells adhesion to the isotropic microchambers did not significahigyngein
response to nocodazod either theB0 minutesor 3 hourstime point(Figure 4-7(e,f)). These
cells maintaied their cellcell junctiors and thé& cell area Figure 4-8) after treatment with
nocodazole suggesting that microtubules do not contribute signifidantlye maintenance of

MCF10A cell shape and adhesion to the isotropic microchambers.
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HS68 Control HS68 +Noc (3h)

MCF10A Control MCF10A +Noc (3h)

MDA-MB-231 Control MDA-MB-231 +Noc (3h)

Figure 4-6 Fluorescence images showing the distribution of microtubules and nuclei in HS68 (a,b),
MCF10A (c,d) and MDA-MB-231 (e,f)cells before and after treatment with nocodazole (3 hours).
Nocodazolecompletely disrupted microtubules in all cell types. Scale bars represent 50 pum.
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HS68 +Noc (30min)

Figure 4-7 Confocal images of HS68 fitbblasts (ac), MCF10A (d-f), and MDA-MB-231 (gi) cells
attached on flat surfaces and inside the etched features after adding nocodazole. Actin cytoskeleton
is stained in green and vinculin is stained in red. Images (a,d,g) show the cells attached on flat
surfaces. Images (b,c) show HS68 fibroblast cells after 30 minutes and 3 hours of nocodazole
treatment. After 3 hours cells lost their stretching behavior and adoptedounded morphology.
MCF10A and MDA-MB-231 cell adhesion to the isotropic microchamberdid not significantly

alter in response to nocodazole {& h-i). Scale bars represent 20 um.

In MDA-MB-231 cells, after 30 minutes of treatment with nocodazole, the lamellipodia
formedwere smallerin size compared to contraklls,and the cell morpHogy was dominated
by lamellipodial extensions. The adhesion behavior of the cells remained unchanged (adapting to
the curved sidewalls of isotropic microchambeair 30 minutes and 3 hours treatment with
nocodazolgFigure4-7(h,i)). However,the cells became rounded ath@ cell area significantly
decrease@®<0.02) in response to nocodazole after 3 hdtiggife4-8) .

*

Supplementary movies associated with this chapter can be fo[ijd Mt Nikkhah et al, "The cytoskeletal organization of breast carcinoma
and fibroblast cells inside three dimensionaD(@isotropic silicon microstructurésBiomaterials,vol. 31, pp. 45524561, Jun 2010.
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Figure 4-8 HS68, MCF10A and MDA-MB-231 cell area measured using NIH ImageJ software.
HS68 and MCF10A cell area were not significantly changed in response to nocodazole. However,
MDA -MB-231 cell area was significantly (p<0.02) decreased after nocodazole treatment. Data are

presented mea + standard deviation (n=20).

4.4 Discussion

With the advances in micro/nano fabrication technologies, numerous studies have investigated
the effect of the surface topography on various cell behaviors such as miga®ioh3],
differentiation[18] and cytoskeletal organizatigt3, 14]. Although these studies have reported
valuable data in terms of biological functions of the cells, the proposed substrates are limited on
anisotropic micro/nano structures or polymeric fibrous networks. In this study, the detailed
cytoskeletal organization and adhesion behavior of three types of cells embedded in human
breast tumor microenvironment inCB isotropic silicon microstructures waasvestigated by
combining SEM, confocal microscopy and AFM. With respect to normal human fibroblast cells
(HS68) and metastatic human breast cancer cells (WIBA231), the results of the current work
were in good agreement with our previous findings in twviie investigated the interaction of
these cells with - isotropic microstructurelk6, 27]. In ou earlier work, we demonstrated that
actin cytoskeleton plays a significant role in the stretching behavior of fibroblastic cells inside
the microstructures having curved surfa¢26]. Disruption of the actin cytoskeleton of the
fibroblast cells using cytochalasin D caused a significant alteration in the adhesion behavior of
thesecells in which they adopted the curved sidewalls of isotropic geomg2égsHerein, the
different behavior exhibited by these cells ol 3nicrostructures was then correlated to their

bi omechanical properties (i.e. el asticity).
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modulus of fibroblast cells was significantly greatehan t he average Young
normal human breast epithelial cells (MCF10A) and metastatic breast cancer cellsMBDA

231). Knowing that the actin cytoskeleton is a major determinant afetheverall strengtti38,

39, the AFM results confirm our previous finding which suggested that cell stiffness affects the

adhesion behavior of the cells to th®3sotropicarchitecture.

It is also well known that the cellular cytoskeleton influences their biomechanical behavior
including interactions with supporting substrates and neighboring [@el6}. The tensegrity
theory has been very successful in describing the complex mechanical behavior of adherent cells.
According to this theory, the cell can be viewed as a tensional structure in which acteamfdam
bear tensile loads and microtubules bear compression [48dsThe prestresgjefined as the
tensile stress in the cytoskeleton prior to application of an external load, is determined by actin
filaments and balanced by microtubules and attachments to substrates or other cells. The theory
predicts that the prestress in cells is prtipoal to their stiffnessvhich isin agreement with
experimental observatiorjdl]. As indicated by the tensegrity theory and results of our AFM
experiments, the prestress in the HS68 cells is higher than in MC&idDMDA-MD-231 cells.

The Young6s modul us of M sighificantly ogeedtdr thanvthe s f o |
Youngd6s mo diavB-@3 cebsf WitMiesppect to breast cancer, earlier stediepaed
the elasticityof MCF10A andhuman cancerous breaslls (MCF7), and establishethat MCF7
cells are softer than MCF10A cel[42-44]. Our findingsshowinga decrease in cell stiffness in
metastatic MDAMB-231 cells compared to the normal breast cell line MCFd@#cur with the
previous work [45-47]. However, we also noted that although the MCF10A cells were
significantly stiffer and had a higher prestress compared to MWBA231 cells, the adlseéon
behavior of these two cell types inside thB &otropic microstructures was in fact similar. Both
breast cell lines, as opposed to normal fibroblasts, were able to adapt to the curved Jinitaces.
suggested that in addition to cytoskeletal praestréocal adhesion complexes, other cytoskeletal
components and cell morphology (which affects the magnitude of contractile fd4jgs
influence the adhesion pattern and adaption of the cells teEhmi@rostructuresThis paper in
particular investigated the role of microtubules and attachments through the vountéming

focal adhesions to the substrate.

95



In the HS68 cellsvinculin stainingwasconcentratednthe cell periphery, locations where the
cells anchoed to the isotropic geometrie®isruption of the microtubules by nocodazole (3
hours) inhibited the stretching behavior of the fibroblast cells within the etched features and
caused these cells conform to theD3microstructures. Rhee et dIB1] showed that the
microtubules are required for polarization of fibroblast cells attached on collaged coated
coverslips and not for the cell spreading. Thus, within the context eénisegrity theory, these
findings confirm that prestress within thgtoskeleton of the fibroblast cells is mainly balanced

by the microtubules.

It wasquite evident by the pattern of vinculin stainih@t the distribution of the focal contacts
was different in MCF10A and MDMVB-231 cells compared to HS68 cellurthemore, no
significant difference in the adhesion behavior of MCF10A and MBB-231 cells were
observed after disrupting their microtubul&he experimental data suggestldt in breast
cells,microtubules had a minor effect, if any, in t@hesion patta to the 3D microstructures,
and this was in marked contrast to what was observed in fibroblast cells. Our observations also
suggest that the differential adhesion behavior of these cell types within the etched features was
influenced by the organizatioand the density of the adhesion sites. Although MCF10A cells
were stiffer (having higher prestress) than MD#8-231 cells, the higher prestress could be
balanced by their interaction with the substrate rather than by microtubules. In addition, the
higherprestress in MCF10A cells deprived of microtubules coulgdréally balanced through
connection points with neighboring cells and -@&ll junctions.It must be noted that the
difference in the focal adhesions among the cell lines can be related ¢ffatieof growth
factors and serum which caussdivaton of small GTRbinding protein, Rhoand cytoskeletal
tension[14, 48, 49]. This subject, howevers beyondthe scope of the current worlother
investigators dissolved the microtubules in other types of fibroblasts by using the sgrfie0dru
51]. However, in the cited studies, the cells were in contdtt edgllagen gels and matrices and,

hence, the disruption of the microtubules also produced deformation of the collagen.

45 Conclusion

In this work we investigated the role of major cytoskeletal fibers namely, actin filaments and

microtubules as well as focadhesions proteins (vinculin) and cell biomechanical properties in
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adhesion behavior of the cells insid®3silicon microstructureddS68 fibroblast cell stretched

inside the etched features, while both MCF10A and MDB-231 cells adopted the curved
suifaces of isotropic microchambers. In stretched HS68 cells, vincahtaining focal
adhesions were observed on anchoring sites to the etched features. MCF10A aMBWAZBA

cells exhibited more diffuse Vinculin within the cell body. AFM indentation corda that

HS68 cells were significantly stiffer than MCF10A and MDMB-231 cells. Upon
microtubules disruption, HS68 fibroblast cells lost their stretching behavior inside the etched
cavities and adopted a rowed morphology whereas the adhesion behaviod zellcell
junctions of MCF10A and MDAVIB-231 cells remained unchanged. Overdig tesults of the
current study demonstrated that cytoskeletal tension (prestress) and microtubules in HS68 cells,
the adhesion strength to the substrate aneceélljundion in MCF10A cells, and deformability

and soft cytoskeletal structure in MBMB-231 cells, are the dominant factors defining their
behavior inside the isotropic microstructure. Therefore, by carefully engineering the geometry of
the substrate, it wouldebpossible to differentiate the response of the cells based on their
adhesion and stiffness signatures. Th® 3sotropic silicon microstructures have also the
potential to investigate the detailed cytoskeletal organization and the mechanism of force balan

in different cell types under healthy and diseased conditions and can lead to the development of
labelfree cell separation and diagnostics platforms based upon the cell biomechanical and

cytoskeletal organization signatures
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5 Chapter Five: Actions of the Anti-Cancer Drug Suberoylanilide
Hydroxamic Acid (SAHA) on Human Breast Cancer Cytoarchitecture in
Silicon Microstructures

This chapter is produced froj] with permission from Elsevier.

J. S. Strobl *, M. Katidng df thd AntCaneen Drug Buberdylgnaide.
Hydroxamic Acid $AHA) on Human Breast Cancer Cytoarchitecture in Silicon
Microstructures oBjomaterials, vol. 31, pp. 7048050, Sep 201G Equal Contribution.

5.1 Introduction

Applications of micro and nanotechnology in cancer research aim to improve detection,
diagnosisand treatment of this devastating disease. Research topics range from nanoparticle
based therapeutics and imaging, robbtsed tumor detection, to the design of microdevices to
perform fundamental studies of tumor cell bioldgy. In this regard, a number of lafatories
including our own are engaged in the fabrication of microdevices to analyze human mammary

cancer cell biology3-7] and drug sensitivity8].

A large body of work has established that the material composition of microdevices merits
careful consideration because tbell-substrateplays an important rolen the behavior of
mammary cells[9-12]. For example, implantation of cells into soft microenvironments
composed of extracellular matrix protein gels mossely simulates am vivo condition, and in
these threglimensional (3) cultures, normal mammary cells adopt spherical and-lduect
structures while transformed cells express a less malignant pherfd§jpdn comparison,
mammary cell growth in traditional twdimensional (2D) cell culture on stiff surfaces such as
plastic or glass promotes formation of focal adhesion complexes, cell spreading anaotitigfl
[12]. The effect of modulating the surface stiffness and integrin binding sites on mammary cells
grown in 2D cell culture systems has also been investigatatyusiformly protein coated
surfaces, micrgatterning of peptides, floating collagen gels, polyacrylamide gels of varying
crosslinking density, and PDM$12, 14, 15]. Collectively, these investigations confirm the

exquisite sensitivity of mammary cells to the nature of their contacts with the grawebesu
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Silicon is a stiff material suitable for adhesion of mammary ¢8JI6, 7]. Furthermore silicon
microdevices can be fabricated with growth surfaces containing avargty of precise arrayed
features including arrays of microgroo\Jé$] and pillars and wellgl7]. We previouslyreported
development of P silicon microstructures using a single mask, single etch step fabrication
procesd3, 6, 7] (Chapter, 3 and4); the fabricatiormethod relies on the application of reactive
ion etching (RIE) lag to etch silicon to different depths to create precise isotropic topographical
patterns with features ranging in size from20® um. These structures impose upon cells a

variety of topologtal challenges to adhesion, spreading, and cell motility.

In this work, we used the MDMB-231 cell culture model of highly metastatic human breast
cancefl8whi ch i s al so r eprgeasg e nvteat ibve acft fturmoplse w
many standardancer therapigd.9]. The effecof SAHA, a new antcancer drug also known as
Vorinostat, on cell attachment to flat silicon substrates and-@Do sdicon microarrays was
investigated. SAHA is the first drug of its type to receive FDA approval for clinical use and
represents a class of agents of increasing therapeutic impoifadce1]. Unlike many
conventional cytotoxic chemotherapy agents which target DNA to kill cancer cells, SAHA
inhibits a family of enzymes r eTfheHDACGahzymes as i
are known to increase levels of acetylation of many proteins, and in particular, HDACG6 targets
betaactin, alpha and betaubulin and additional actibinding proteins comprising the
cytoskeleton[22-24] . Our work is the first to address the use of microdevices to study this

emergingclass of antcancer agents.

5.2 Materials and methods

5.2.1 Silicon device fabrication

The fabrication process &D microstructuress similar to our previous worf3, 6] which
relies on the applicability ofRIE lag and its dependence on geometrical patterns of the
photomask layout to etch silicon to different dedt®s7]. Briefly, the etching process starts by
depositing of plasma enhanced chemical vapor deposition (PECVD) oxide layer on a silicon
wafer. After patterning with S1813 photoresist, the oxide layer is etched using deep reactive ion
etching (DRIE) proess. After oxide etching, silicon is etched using DRIk [@&sma to form
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arrays composed of staand circularshaped microchamberdfter removal of photoresist and
oxide layer, the wafer is diced intb cnf chips. Figure 5-1 shows the photo image of the
fabricated devices and the SEM images of the resulting microstruciimeslimensions of the
etched cavitievary between 600 pum in depth and between 1330 um in diameter. These
cavities contain internal microstructures sisting of either 1xircularshaped microchambers
with smooth sidewalls and concentric circular rings deep within the cavity orskarshaped
microchambers havingcalloped edges that process into the depth of the cavity as shallow tracts

thechips weresterilized in 95% ethanol then alried prior to use in cell culture.

Figure 5-1 Photo image of the fabricated devices in silicon and SEM images of the three
dimensional (3D) silicon substrates as celtulture Substrates comprising star and circularshaped
microchambers with the corresponding top view images.

5.2.2 Cellculture

The wellestablished cell culture model of invasive hurbagest cancer, MDAMB-231[25],
originally isolated from the pleural effusion of a patient with metastatic diseaspunasased
from the American Type Culture CollectioM#@nassas, Virginia)Cells were maintained in
plastic F75 cnf culture flasks ina humidified incubator at $€. MDA-MB-231 cells were
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propagated inRPMI culture medium contaimg 5% fetal bovine serum (FBSAtlanta
Biologicals,Atlanta, Georg)a 4 mM glutamine,1 mM sodium pyruvate, and penicilin
streptomycin (100 Units/mlfor adhemn analysis the cellwere grownon silicon chips for 48
h at 37C in humidified 7% C@93% air atmosphereafter plaing at a density of
1.1x10celldmn?.

For experiments involving SAHA, 5 x 10MDA-MB-231 cells were plated into 2&ell
multi-well dishes containing 3 mL of culture medium supplemented with 10% FBS and a single
1 cnt silicon chip. Cells were incubated for 24 h after plating to allow cells to attach to the
substrate and adapt to the fresh medium;then SAHA (1.5 pl) was added directlyeiotdttine
medium to a final concentration of 3 uM SAHA in 0.05% DMSO using a 2000x stock solution
of SAHA dissolved in 100% DMSO. After exposing cells to SAHA far 12 cells were
processed for imaging.

5.2.3 Immunohistochemistry

Cells grown on siliconweras hed i n Hankos balanced salt s
3% paraformaldehyde (PF) in 250mM Tris, pH 7.2 for 10 minutes followed by 6%.P%%
Triton X-100 in PBS for 10 minutes. Cells were washed free of the PF, then vinculin,
filamentous (F) adin, and cell nuclei were stained at room temperature as follows. Cells were
incubated for 30 minutes with mouse monoclonal-amculin (1:100 in 2% chicken serum
albuminPBS, Abcam, Cambridge, MA), then with rhodamiagged goat anthouse IgG
(1:300 n 2% chicken seruralbuminPBS, Invitrogen, Carlsbad, CA) for 30 minutes. Next, cells
were incubated for 15 minutes with AlexaFluor4@&lloidin (10U/ml in 140 mM NaG6%
bovine serum albumin in 40 mM Tris, pH 7.2, Invitrogen), and Hoeschst33342 (ImviiBiy
pg/ml) was added for 5 minutes. Cells were washed with three exchanges of PBS between each
step. The silicon chips were mounted on glass coverslips using ProLong Gold antifade
(Invitrogen) and akdried overnight prior to imaging using confocaicroscopy(ZEISSLSM-
510 META) in the reflection mode

To stainmicrotubulesthe procedures wes described abovexcept a 20 minute incubation
with mouse monoclonal arb-Tubulin I1+II antibody (:1000 in 2% chicken serum albumin in

PBS, Sigma)followed by a 20 minute incubation with the rhodariagged goat antnouse
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IgG were used. Images of the microtubules were obtained Uasmrgdcence microcopy with a

Nikon Eclipse 80iinstrument.

5.2.4 Scanning electron microscop{SEM)

The cells were fixed i183.7% formaldehyde in PBS for 10 minutes 48 h after platnggcal-
pointdried and sputtecoated with a thin layer of gold palladiutSBEM images were obtained
using a Le&ZEISS1550instrument.

5.2.5 Atomic force microscopyAFM)

Cells (3x10ml) weregrownon type IV Collagercoated 25 mm round glass coverslips in 35
mn? dishes in RPMI culture medium supplemented with 10% FBS fet®#. Immediately
prior to the experiments, 20 mM HEPES buffer was added to the culture medium to maintain pH
7.2. Atomic force microscopyinstrumentation MFED-Bio (Asylum Research Corporatipn
Santa Barbara, CA) was used fitve force measurement. The AFMas combined with an
inverted optical and fluoresceno@croscope for pecise positioning of th&FM cantilevertip
over the center of the cell nucleus and cell visualization while force was apglddy-shaped
silicon nitride cantilevers, TR400PS£Olympug, with the nominal length of 200pmand a
spring constant of 0.0R/m was used for force measurement at the tip vglafio.5um/s A
~10um glasdead(Duke Scientific) was attached the cantilevetip to reduceany nonlinearity
in deformingstress and to minimize cell damaddl measurements were carried out useng

standard fluid cell (Asylum Researchitroom tempeature.

The Youngos omodidubalcals was computed as detailed previoiglyby using
t he Hert z 6s, therelatienship beiwken the applied forée, and the indentation

depth,d, can be expressed as:

4R E 52

F= m (5' 1)

R is the radis of the tip,andE and77 aret he Youngo6s modul us and
indented cell, respectiveljf. h e P o i s sng 18 assumedaad b ®in accordance with the

incompressibility assumption usually eloyed for cells ad soft tissuesWe used he linear
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versionindof t he Her t z 6 s elastctiyeahd inttialcontha pointwidn thé dele
This model leads to equatioB-2).

\ 2/3 N 23
e 4/R _9@ e 4/R _©@
F23 = o 1 %) Eg (z- d)- eSé—(l- e Eg (z,-dy) (5-2)

Equation §-2) can beevaluatedas the equation of a line in the plage®3,z- d). The
Youngos antdadnitial tontact point can lmalculated from the linear slope 6f%*and the

intercept of equatiorbf2) [7]. Allt he data analysis and curve fit

collected forcandentation data were perforchesing MATLAB 7.0 software (MathWorks).

5.2.6 Data analysis

Cell and nuclear areas were measured using the National Institutes of Health (NIH) ImageJ (v.
1.41) software. Statistical analyses (ttaded ttest or analysis of variance and appropriate-post
hoc ttests) were performed using GraphPad Prism 5.02 software (La Jolla,CA).

5.3 Results

For the first set of experiments, we analyzed the morphology and cytoskeletal organization of
the cells attached on flat silicon surfaces in both control conditions andtratiément with
SAHA using fluorescent microscopy. The morphology and cytoskeleton in control and-SAHA
treated MDAMB-231 cells attached to flat silicon is comparedrigure 5-2. Control MDA
MB-231 cells Figure5-2(a)) were wellseparated. factin filament structures (green color) and
focal adhesions marked by discrete dots of vinculin (red color)-twoadized actin and vinculin
dots (yellow color) were seen along the outer cell margins. Vinculis lim actin cytoskeleton
to integrins through focal adhesion complei#8], and vinculinstaining is useful in identifying
focal adhesion sites. The orientation of the focal adhesions within these cells as well as the
presencef prominent actirrich lamellipodia including many withlearly defined leading edge
morphology were indicative of cell motility on silicon. Vinculin staining was also evident
throughout the cytoplasm where is known to play a role in cell spreading through its actin
contactd27]. Negative controls for vinculin staining using the rhodartioejugated secondary

antibody alone were performed and confirmed the specificity of this staining (data not shown).
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The micotubule structures (red color) in control MEMB-231 cells are illustrated iRigure
5-2(d).

Control

Control

) (e) )

Figure 5-2 Cytoarchitecture of cells attached to silicon. Confocal microscope imagesMDA -MB -
231 cells showing Factin (green color), vinculin (red) and cell nuclei (blue) (a,b,c) or fluorescent
microscope images of MDAMB -231 cells showing microtubules (red) and cell nuclei (blue) (d,e,f).
Control cells no additions, 24 h) appear in a ahd; SAHA (3uM, 24 h) treated cells appear in
b,c,ef.

The functional consequences of SAHAGs actio
have not been intensively investigated previously. In MBB-231 cells, SAHA appeared to
increase celspreadingon silicon Figure5-2(b-f)). MDA-MB-231 cells adopted a more angular
shape and exhibited thicker actin filamentsnal the cell peripheryHgure5-2(b)); both of these
morphologies have been associateith decreased motility and strongeell-substrate
attachment in this cell ling28]. SAHA-treated cells exhibited striking alterations in the
microtubules. These cells exhibited very prominent microtubule organizing centesseadijto
the cell nuclei and an elaborate extension of the microtubule netdrorksthis site Figure
5-2(ef)) . A number of morphometric analyses were
the cytoskeleton of MDAVIB-231 cels attached to flat silicon chips.
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As summarized iMable5-1, SAHA-treated cells displayed a significant increase in cell area,
length, and nuclear area. The mean cell area of NUBA231 cells after 24 h in SAHA was
1.8-fold greater (p<0.001) than the control MEMB-231 cells. The corresponding increased in
cell length and nuclear area were determined to befold3(Table 5-1). From these
measurementshe ratio of the nuclear/cytoplasmic area (N/Cgamtrol and SAHAtreated cells
was calculated to be 0.16 and 0.11, respectively. Thus, SAHA decreased N/Gfdig in5
MDA-MB-231 cells adherent to silicon. The significance of this result is that a high N/C is a
widely accepted pathological markerhofjhly aggressive breast tumq&9]. We next evaluated
the role of cytoskeletal proteins;d€tin and microtubules, in the cebwlresponse to SAHA. The
F-actin profile over the nucleus in MDRMB-231 cells was quantified where the fluorescent
signals were not saturated. Based upon the average intensity of the AlexaFjpioatl8iglin
signal measured in the nuclear area and by tingber of Factin fibers that traversed the nuclei,
SAHA had no significant effect on nucleasaktin levels or Factin fiber density Table5-2). A
frequency distribution analysis ofd€tin staining intensity confirmed there was difference in
nuclear Factin content between control and SAtt&ated cell populationsF{gure 5-3). In
contrast, SAHA had a significant impact upon the expansion of the microtubule network which
was quantified by measuringetarea enclosed by the outer margins of the microtubule staining
(Table 5-2, Figure 5-2(d-f)). Our results are consistent with the model of cell spreading
proposed by Maurin et aJ30] and suggest that elongation of the microtubule filaments in

response to SAHA exerts a significant influence upon cell area and attachment to silicon.

Table 5-1 Morphometric Analyses of MDA-MB-231 Cells on Flat Silicon

Cellarea  Nuclear are Cytoplasm are Nuclear to Cell length
, ) , Cytoplasmic area
(um) (k) (L) (urm) (um)
Controln = 49 1066 + 589 147 £ 72 919 0.16 65 * 20
SAHAN =25 1920 + B5*** 189 + 57* 1731 0.11 83 + 20***

Data shown are the mean = S.D. of n number of fluorescent confocal cell images collected in three
independent experiments. Statistically significant effects of SAHA are indicated: * p<0.01; ***p<0.0001.
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Figure 5-3 F-Actin response to SAHA in MDAMB -231 cells. Frequency distribution of the mean
fluorescent intensity of the Factin-AlexaFluor488-phalloidin signal over the nuclear area
determined using ImageJ Software im= 47 control and n= 47 SAHA-treated cells. Data shown are
mean = S.E. determined in two independent experiments.

Table 5-2 F-Actin and Tubulin Analyses

#EACtn Nuclear arez #FActin Fiber Microtubule

FActin Fluorescenc Density Network Aea
Intensity(nuclear) Fiber/Nucleus (un)
(nuclear) (Hm)
) 536 + 44
Control 78431, n=47 9+4,n=31 147 6.0 x10°/ pm
n=40
, 1047 + 103>
SAHA 78140, n=47 11+5, n=33 189 5.7 x10°/ pm A1
n=

Data shown arehe mean £ S.D. in n number of fluorescent cells imaged by confocal microscopy (F
actin) or standard fluorescent microscopy (tubulin). Statistically significant effects of SAHA are

indicated: ***p<0.001.
To investigate whether the cytoskeletal stiffness \a#fected by SAHA treatment, the

Youngds modulus of the cell s wa FigumgHad)dlmeed usi

population elasticityY o u n g 6 s  mhof the ¢ells $n,bothEcontrol condition as well as after

treatmat with SAHA werenot normally distributed according to Shapiblks testand was
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best described by legormal distributiongFigure 5-4(b)). The peak modulus of the cells in

control condition was located at (kPawhereas the gak modulus after treatment with SAHA

slightly increased to 0.2dPa The collected AFM datgielded an average E value (me&mR.)

of 0.51+0.35(kPa)(n=47)for the cells in control conditioand0.49+0.34 (kPa)(n=170)for the

cells after treatment witlBAHA. The AFM data suggestetiat thea |l t er at i on i n t h
modulus of the cells after treatment with SAHA was not statistically significant compared to the

control condition

8c L L
] MDA, Peak = 0.2 kPA

| MDA+SAHA, Peak = 0.24 kPA

# of Cells
8
—

0 T
0 1 2 3 4

(b) E (kPa)

Figure 5-4 (a) Single cdlindentation using AFM. Top right inset shows the SEM image of a glass
sphere with a diameter of ~ 10 em attached to the
of the MDA-MB-231 in control condition and after treatment with SAHA. Population elaficity of

the cells in both conditions was best fit by lognormal distributions.

After investigating the cytoskeletal organization of the cells attached on flat silicon surfaces,
we assessed the adhesion behavior and cytoskeletal organization of tla¢taehisd inside the
3-D etched cavities. The-B silicon microstructuresHijgure5-1) present a variety of topological
domains to challenge cell attachment and were used to experimentally probe whether SAHA
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mediated changes in tlogtoskeleton would affect the mode of MEMB-231 cell attachment

within such microstructures. Cells were cultured for 24h in standard culture medium, then test
agents were added for the final 24 h. Scanning electron micrographs of cell attachment are
shown in Figure5-5.

Control MDA-MB-231 cells in the circulashaped microchambers attached to the smooth
sidewalls or adopted their shapes to mold within the concentric ring struckigese5-5(a)).
SAHA altered the way cells attached within these microstructiigsie 5-5(c)). Now, the cell
extensions stretched the cells beyond the interior dimensions of the rings, and cell attachments to

the sidewalls raised the cells abevhe substrate.

Figure 5-5 Cell adhesionresponse to SAHA in @ Silicon Microarrays. SEM images of MDAMB -
231 grown on the microarrays: Control cells (a,b), SAHA (3 uM, 24 h (c,d) Circular
microstructures ( a,c ); star microstructures (b,d). Scale bars represent 10 pm.

Figure 5-5(b) shows that control cells adhered to the siddls of the star microstructures
without obvious orientation to the trace edges, and displayethged cell morphology. The
attachment of cells exposed to SAHA was similar to that seen in the circular microstructures
where cell extensions and cell spreading raised the cells above the surface of the microstructures
such that cells became suspendethiw the microcavitiesKigure 5-5(d)). The significance of
this response to SAHA is the ability to incorporate biosensors within the microstructures to
monitor reorganization of cell surface attachments intiewd and elimiate the requirement for
cell imaging analyses.
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Table 5-3 Morphometric Analyses of MDA-MB-231 Cells in Silicon Microstructures

Circular Star
Microstructures Microstructures
Cell length (um) Cell area (m?) Cell length (um) Cell area (urf)
Control 39+10 (31) 292 +107 (31) 29+ 7 (10) 279 +£111 (17)
SAHA 69 + 27 (23) 770 + 255 (23) *** 69+ 13 (4) 890 £ 164 (4)
*%k% *%k%k *k*%

Data shown are the mean £ S.D. The number of cells analyzed fodetsimination is shown in
parentheses. Statistically significant effects of SAHA are indicated: *** p<0.0001.

The adhesion of MDAVIB-231 in the microstructures contrasts with that of -mssive
MCF10A human breast cells which maintain a planar cell sheapd tend to form cell sheets
without regard to the microstructur€gl. The contasting morphology of these two cell lines
representing invasive and nawasive cells within etched microstructures might reflect

underlying differences in cytoarchitecture that exist in differing states of breast pathology.

Table 5-3 summarizes the morphometric analyses of the MB-231 cells attached within
the circular and star microstructures performed using SEM cell images. In these experiments
SAHA significantly increased both the length and the area of cells adhevghin the
microstructures. For example, analysis of SEM images showed the mean cell area of control
cells attached to flat silicon was 474 $48.D. = 169, n=20 cells) as compared with 297 gnd
279 unfin the circular and star microstructures, respegtiy€hable 5-3). Similarly, the mean
area of cells on flat silicon after SAHA was increased to 1631 (®D. = 757, n=21 cells) as
compared to 77¢m? and 890um?, respectively, in the circular and star microstructulieble
5-3). The smaller cell area of cells adhered to silicon within the microstructures is evidence that
the configuration of the microstructures poses a challenge to cell spreading. The actions of

SAHA serve to enhance cell spreading ameroome the obstacles posed by the microstructures.

A comparison of the results ifable5-2 and Table5-3 also indicates that cell measurements
as expressed as pm or futiffer. A likely explanation ér this is that the fixation processes
affect cell size as reported by othg34]. The cell measurements from the Skiages inTable

5-3 are in good agreement with our previously data of cell lengths from §BMand from
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confocal imaged7]. In additon, by comparing the cell area of identical cells in silicon
microstructures after SEM processing or confocal image processing, we confirmed that cell areas

are approximately 1-8ld larger after the confocal processing (data not shown).

Figure 5-6 Confocal imagesactin and vinculin cytoarchitecture inside the 3D silicon microarrays.
Actin cytoskeleton is stained in green and vinculin is stained in red. Images (a,b,c) show the control
cellin star microstructures; (c) is the rotated image of (b)fnages (d,e,f) show the cells after
treatment with SAHA (3 uM); (d) is the star microstructure, (e) is the circular microstructure, and
(f) is the rotated image of (e) Scale bars represent 20 um.

Cell adherace to the & silicon microstructures was also examined using confocal
microscopy to visualize fluorescently stained nuclei, actin, and vindtijuie 5-6). (a,b) show
top views of control cells irhie microstructures, arfeigure5-6(c) is a sideview of controlcells
in the microstructures. In comparisdfigure5-6(d) and 6e are top views of SAHheated cds
and Figure 5-6(f) is a sideview of SAHA-treated cells. The siedews in Figure 5-6(cf) are
shown in 3D rotation videosThe SAHAtreated cells retained their larger cell area and reduced
N/C within the microstructures. In contrast with control cellsackn is pronment in the
cytoplasm and frequently appeared as green fibers traversing the cell or alternatively, as yellow
fibers indicative of cdocalized actin and vinculin in the SAHt#eated cells. factinrich
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extensions were typical of SAHA treated cells arevihite arrows irFigure5-6(f) indicate how

these actifrich extensions were able to lift the cells above the etched features within the
microstructures. This behavior was absent in control cells where cells can be seen adhering
smoothly to the surface of the microstructurgg(ire 5-6(c), white arrow). These results show

that reorganization of the actin cytoskeleton in response to SAHA alters the attachment-of MDA
MB-231 cells in 3D silicon microstruatres.

5.4 Discussion

Early diagnosis and interventions are successful for many women with breast cancer but when
metastatic disease develops it is usually fdt@l 32, 33]. Metastatic cancer cells acquire sets of
capabilities that confer motility and invasiveness including specialized invadopodia stsuctur
and matrix degrading proteins, as well as abilities to survive and proliferate-bremst settings
including successful angiogene§ss!, 35]. Finding new treatments for metastatic breast cancer

remains a major research challenge.

The MDA-MB-231 human breast cancer cell line is a vgalidied model of human metastatic
breast cancer. MDAB-231 cells show motility in cell migration assays in cell culture; these
cells are invasive in matrigel assays and produce proteins involved in matrix degrft@tion
Work in many laboratories has shown how MIMB-231 cells colonize and propagate in non
mammary tgsues in rodent mode]86]. MDA-MB-231 cells show gene expressiignatures
characteristic ofcells after an epitheliailmesenchymal transition, and cetigically lose E-
cadherin andcell-cell junctions upregulate intermediate filaments such as vimengéngd

becomemore invasivg 37].

Cell motility is one hallmark of metastatic camaeells involvingthe coordinated actions of
actin and other cytoskelebn proteins, and investigation of the relationships between
cytoarchitecture and cell migration has moved to the forefront of research in the pathobiology of
cancer metastas|84, 35, 39].

ASupplementary movies associated with this chapter can be fo[fjdlatS. Strohletal., "Actions of the antcancer drug suberoylanilide
hydroxamic acid (SAHA) on human breast cancer cytoarchitecture in silicon microstrudBioesdterials,vol. 31, pp. 7043050, Sep 2010.
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SAHA is the first clinicallyapprored anticancer drug of an increasingly important group of
compounds which were first identified as histone deacetylase inhipR0rs21]. Although
histone proteins are clearly an important drug target, SAHA was also shown to increase
acetylation of the cytoskeletal proteins batdin, cortactin, alphd-actinin, and alphaand beta
tubulin in MDA-MB-231 cells [23]. The ways protein acetylation regulates cytoskeleton
reorganization in lgast cancer are just beginning to be understood. Jdwtif binding protein,
cortactin, is involved in cell adhesion, migration, and invag88). Cortactin acts by tethering
F-actin to membrane sites and facilitating the formation of aatin lamellipodia and
invadapodia. However upon acetylation, cortactin disengagetifrand cells lostheir ability
to stabilize these structures. Impaired invasiveness is one important consequence of cortactin
acetylation in MDAMB-231 cells[40]. The role ofacetylation of tubulin proteins is another
active area of investigation. Polymeric heterodimers of the akpidh betaubulin proteins are
the main structural components of highly dynamic microtubule networks within cells that play
important roles in alomosome segregation, cell migration, and vesicular trandddit
Microtubules also contrilia to the biomechanical properties of cells by laterally reinforcing the
cytoskeleton[42]. While others have documented that inhibition of HDACG6 resultalpha
tubulin protein acetylatiof43], we showed that the microtubule network in MIMB-231 cells
is subject taegulation by SAHA resulting in a highly developed web of fibers emanating from
the microtubule organizing centdrigure5-2). Azuma et al[44] showed an inverse correlation
between acetylated alptabulin and invasiveness the MCF7 human breast cancer cell line.
Thus, the published work predicts that cytoskeleton protein acetylation changes produced by
SAHA will blunt the invasiveness of MDMB-231 cells. In fact, using an vivoanimal model,

SAHA was found to inhibit thenetastatic spread of a breseeking suline of MDA-MB-231

cells [45]. Therefore, although the underlying bioc
charges in the adhesion behavior of cells in tHB 8ilicon microstructures are not yet defined,

we suggest that the change in adhesion of MB-231 cells within the microstructures might

reflect this decrease in cell invasion potential.

In support of thisdea, we highlight lines of evidence from our own work indicating SAHA
reduced the degree of malignancy of MMB-231 cells. The N/C is a widely accepted clinical

prognostic indicator used along with nuclear size and mitotic index to assess the turar nucl
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grade[29, 46]. Nuclear grade shows a direct correlation with patiepedr survival rates; the
most favorable patient outcomes occur when tumors show small nuclear size and hjgii N/C
Our results showed that SAHA shifted the MIDMB-231 cells towards a more favorable nuclear

grade evidenced by an increase in the N/C and a decrease in nuclear size.

The biomechaical mechanisms which are responsible for stretching behavior of the-MDA
MB-231 cells inside - silicon microstructures after addition of SAHA are also of considerable
importance. The cytoskeletal structure of the cell is composed of three major biogolyme
namely actin filaments, intermediate filaments and microtubules. Our primary findings indicated
that SAHA causes striking alterations in the microtubules of MB-231 cells resulting in the
extension of a prominent microtubule network that originates fthe microtubule organizing
center adjacent to cell nuclei and expatitsugh the cell bodyHigure5-2(e-f)). The tensegrity
theory has been very successful in describing the complex mechanical behavior of adherent cells.
Basd on this theory, the cell can be viewed as a tensional structure in which actin filaments bear
tensile loads and microtubules bear compression l[gElsThe prestress, defined as the tensile
stress in the cytoskeleton prior to application of an external load, is determined by actin filaments
and balanced by microtubules and attachmémtsubstrates or other celld49]. The internal
traction forces within the cytoskeletal structure accompanied with the adhesion to the substrate
ensure the shape stability of the cells and ultimately results in a mechanically equilibrated
structure[30]. The contractile forces within the cytoskeleton are also dependent on the cell
morphology such that the cytoskeletal tension increases as the cell area infé&@a3éss cited
work predicts bat, after treatment with SAHAvhich extendsthe microtubulenetwork and
increass cell area, the tension within the actin cytoskeletal structure of the cells increases. We
propose that it is this increase in cytoskeletal tension that is responsible foelittstretching

behavior

On the other hand, the tensegrity theory also predicts that the prestress within the cell
cytoskeleton is proportional to cell stiffnggd]. Although, our AFM analysis performed on the
center of the cell nucleus did not show a significant increase in thécelst i f f ness (Y
modulus) after SAHA treatment, it is important to note that AFM analysis throughout the cell

body showed that cell sbé Youngds modul us signi
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the edges of the cdlbl]. Furthermore, simulation analysis on cytoskeletal structure of the cell
indicated that s cells adhere to the substrate and microtubules expand toward adhesion sites in
the cell periphery, the resulting tension generated within the actin cytoskeleton is generated
primarily in the basal regions and edges of the cell; less tensioned eleneemissdly located on

the apical regions of the cel[80] which in MDA-MB-231 cells is centered updhe cell
nucleus.. WeHKigure5-2(b)) and others[28] have experimentally confirmed the formation of
stress fibers on the basal regions as well as on the edges db2klls fact, the fluorescence
intensity of actin filaments (as the major determinant of the cellular elast3}y over the
MDA-MB-231 cell nucleus did not significantly increase in response to SAHA. Theraftee,
treatment with SAHA, the generated tensioned elements are mainly located on the edges of the
cells. The actin filament extensions which serve to partially suspend metastatic breast cells
within the microstructuresre a novel response to SAHA treant. A future aim of this
laboratory is to clarify the relationship between the conformation of cells within these
microstructure and a map of cellular elasticity. Such work might reveal patterns of stretching
behavior that would mark changes in cellwtasticity without the need for extensive elasticity
measurements through AFM indentationsA significant advantageof our isotropic 3D
microstructures is the detection of cytoskeletal reorganization and adhesion alterations (i.e.
stretching behavior) wbh shift the distribution of tensional elements in the cytoarchitecture of
diseased cellsOur isotropic 3D microstructurescan be potentially usetbr assessing the
metastatic potential of breast cancer cells and for drug screening to identifam®ti agents

able to curb breast cancer metastasis.

5.5 Conclusion

We analyzed the cytoskeletal reorganization and morphological responses cMBERS1
human metastatic mammary tumor cells to an experimentabe@st cancer drug, SAHA,
using a novel cell culre substrate comprised of[CB isotropic silicon microstructures. The
results of thisvork demonstratéhe feasibility of using isotropically etched silicon microdevices
to screen chemotherapeutic agents for actions upon the cytoskeleton. The condusithre$e
studies is that the mode of cell attachment in isotropically etcH2aiBcon microarrays might

serve as a surrogate marker of cytoarchitectural features in breast cancer cells that reflect their
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responses to drugs and ability to metastasizais,T 3D silicon microstructures might find
applicability in the identification of the metastatic potential of breast cancer cells as well as
compounds to impair cancer cell metastasis. It also revealed that AFM analysis on the cell center

alone is insufftient to detect all cytoskeletal rearrangements in cancer cells.
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6 Chapter Six: Co-cultivation of Non-malignant (MCF10A) and Malignant
(MDA -MB-231) Human Breast Basal Epithkal Cells in Three
Dimensional SiliconMicro -Arrays: Anti -cancer Drug Responsiveness

6.1 Introduction

Cells are exquisitely sensitive to chemical, electrical, mechanical and physical stimuli inherent
in and imposed upon their microenvironméght 2]. In recent years, there has been a growing
apprecian for cellular adaptations that occur in response to topography features and stiffness
of their substrate and surrounding matrix, and in this domain, precision-emgmeering
approaches to the design of desired substrates have provided powerfujativestoolq 3]. An
excellent example of this type of celubst rat e i nteraction is fAcor
reorganization of the cgtskeleton resulting in cell alignment along etched mgreoves within
the substratg¢4-8]. Advanced microand nanetechnologies have created substrdiearing
precise topographical patterns able to successfully direct the processes of cell differdBtiation
10], migration[11-14], adhesion15-18] and proliferation[19]. Microstructures comsed of
anisotropic geometriefmbricated in PDM§J10, 11, 20, 21], silicon[17, 18], polymericfibrous
networks[22], nanascaffold[23, 24], and polyacrylamide shedi@5, 26] are commonly used in
this work. In addition, there is considerable application of substrateDirc@lagen gels and
synthetic extracellular matrix created through microfabrication technology forexhegivo
simulaton of in vivo microenvironment$27-29]. The applications of these research endeavors
span the fields of tissue engineeridg5], developmental and stem cell biology 10, 21], and

cancer researd28, 29|.

Our grop has developed three dimensionaD(Bisotropic silicon microstructures which are
comprised of precisely defined curved surfaces to characterize the growth and adhesion of three
cell types representative of the human breast microenvironment: nornadlldgts, normal
fibrocystic mammary epithelial cells and metastatic breast cancer epithelial [3@i83]
(Chapters2-5). Siliconis a stiff material which has been previously used to study several cell
functions such as cell growth, adhesid®-18, 34-36] and migration[14]. One of the major

advantages of using silicon as a substrate for cellular analysis is the control and flexibility in
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designing the substrate geometry and surface roughgessying the etching proce$34, 37-
39.

The focus of our laboratory is the role of physical andcmanical inputs from the
microenvironment on cell adhesion to the substrate. Our hypothesis is that metastatic-and non
metastatic breast cells have Adentical responses to mechanical and chemical stimuli in their
microenvironment. This hypothesis issled upon documented differences in the biomechanical
properties of metastatic and Roretastatic breast cancer cell40] and the underlying
differences in the cytosletal composition and organization in these cgB@. We have used
preciselydefined curved surfaces (isotropic) in our work to show that such imposed mechanical
constraints to the cell cytoarchitecture differentially modulate the adhesion pattern of metastatic
MDA-MB-231 and nosmalignant MCF10A cells. We previously demonstratdwht t the
cytoarchitectural response of breast tumor cells withih rBicrostructures is selectively altered
in the presence of the am@ncer histone deacetylase inhibitor drug, suberoylanilide hydroxamic
acid (SAHA)[33]. Here, we analyze a euilture system containing malignant MEMB-231
cells interspersed among noralignant MCF10A human breast epithelialls in a micre
engineered silicon microarray. The two cell types display a continuous and dynamic interaction
in co-culture, yet maintain their distinct cytoarchitectural behaviors, including SAHA
responsiveness. We conclude that the imposition of pHyaigh mechanical constraints using
isotropic 3D silicon microstructures as cellular substrates combined with chemical stimuli is a

significant micreengineering contribution to the detection of malignant cells in a cell mixture.

6.2 Materials and methods

6.2.1 Silicon device fabrication

Figure6-1 showsa photo image of the 0&mn squaredevice and the corresponding scanning
electron microcopy (SEM) image3he fabrication process is a singhask singlestchstep
processwvhich utilizes reactive ion etching (RIE) lag as desdhilvedetail in previous chapters.
The fabrication process starts by cleaning the wafers using standard procedures. The silicon
wafers are thewaporprimed with hexamethyldisylazane (HMD&hd thenspun coated with

S1827 photoresistAfter patterningthe photoresistsilicon is etched using DRIE SFplasma to
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achieve final 3D microstructuresAfter removing photoresisthe wafer is cleaned using DRIE
oxygen plasma for 15 minutes and finalliged nto 0.5cm square chip3he etchedeatures are
comprised ofarray of ellipsoidatshapedmicrochambers 16 x 16) (Figure 6-1(b)). Table
6-1summarizes the geometrical parameters and dimensdf the proposed microstructures
etched for 10 minutes. The cross sectional view of the etched cavity has been approximated with
an elliptical shape in order to calculate the ratio of the etched surfaces to total surfaces available
for cell adhesion witin the fabricated chip. The SEM images of the etched cavities have been
demonstrated ifrigure 6-1(b,c). Figure 6-1(d) shows a high magnification image of the etched

cavities sidewall.

Figure 6-1(a) Photo image of the fabricated devices in silicon and (k)e corresponding SEM
images of the substrate and (c) cross sectionaew of the etched cavitylmage (d) shows a high
magnification of the surfaces inside the etched cavity.
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Table 6-1 Summary of the geometrical parameters for the etched silicon substrate

Depth Diameter Spacing Surface Ratio
(um) (um) (1m) Etched/Total
60 140 130 0.43

6.2.2 Cell culture preparation

Noninvasive MCF10A andhighly invasive MDA-MB-231 breast cells were used in this
work. The cellswere purchased from the Americ@gpe Culture Collections(ATCC). MDA -
MB-231 ells were maintained in plastic 75 cnf culture flasks ifF12:DMEM (50:50) culture
medium (Mediatech which containedl0% fetal bovine serum (FBS) (Atlanta Biologicals), 4
mM glutamine Mediatech and penicillinstreptomycin (100 Units/mljMediatech. MCF10A
cellsweregrownin plastic F75 cnf culture flasksusingHams F12:DMEM(50:50),2.5 mM L-
glutamine, 20 ng/mkpidermal growth factor (EGF)(Sigma) 0.1 pg/ml choleratoxin (CT)
(Sigma) 10 pg/ml insulin (Sigma) 500 ng/ml hydrocortison€Sigma) and 5% horse serum
(Atlanta Biological3. Cells were grown at 37C in humidified5% CO295% air atmosphere.

MDA-MB-231 cells were transfected with plasmid pE@RESpuro (Clontech) using
Lipofectamine2000 as recommended by the manufacturer (Invitrogen). Stable transfectants
constitutively epressing EGFP were selected by growth in the presence of 3 ug/ml puromycin.
MCF10A cells expressing mCherry were obtained using re@atye mCherry Lentifect purified
lentiviral particles (GeneCopoeia). Cells were transduced at a multiplicity of orfeatti1O in
the presence of 5 pg/ml of polybrene. Stably transduced cells expressing mCherry were selected
by growth in the presence of 3 pg/ml puromycin followed by flow cytometric sorting of positive

mCherry cells. Cells were maintained in selectionlim€uring passaging.

To investigate the cell trapping mechanism within the etched cavities, MCF10A and MDA
MB-231 were randomly mixedith the densities of 1 x 10and 1 x 16, respectively(1/10 ratio)
and plated on the silicon chipgslaced in 12well multi-well plate containing 1.5 mL of
F12:DMEM (50:50)supplemented with 10% FBS. Immediately after seeding the cells, the multi
well plate was placed on the microscope stage for-kipg and realime imaging.

125



For anticancer drug responsiveness of tleecalture experiments, MCF10A and MDB¥B-
231 were randomly mixed with the same above mentioned densities (1/10 ratio) and then plated
on the silicon chips placed in 42ell multi-well platecontaining 1.5 mL oF12:DMEM (50:50)
culture medium supplementedth 10% FBS. Cells were incubated for 12 h after plating to
allow cells to attach to the substrate, then SAHA drug (Suberoylanilide hydroxamic acid) (0.75
pl) was added directly into the culture medium to a fio@hcentration of 2.7%M in 0.05%
DMSO usng a 2008 stock solution of SAHA dissolved in 100% DMSO . After exposure of the
cells to SAHA for 18 h, the cells were fixed and processed for cytoskeletal organization staining.
For realtime imaging, the chips were placed and fixeglde a 35 mmoundcell culture dish on
the microscope stage and imaging started immediately after adding SAHA to the medium.

6.2.3 Immunofluorescence forcytoskeletalbrganization andfocal adhesions

We assessed the formation of focal adhesion complexes, actin cytoskeltonceotubules
in cells attached on the silicon substrates using confocal (ZER8£510 META) and
fluorescence microscopy (ZEISS Axiovison). 3% paraformaldehyde (PF) solution (Electron
Microscopy Sciences) in 250mM HEPES (Sigma), pH 7.2 was used teefpetls on the silicon
substrates for 10 minutes. Theine cells were exposed to 6% PF solution with 0.25% Triton X
100 in PBS for another 10 minutes to permeabilize the cell membrane. The samples were washed
free of PF in 50 mM of glycine (Fischer) irBB for 10 min and then blocked i®&chicken
serum albumin (Sigma) in PBS for 30 minuegsroom temperature. For vinculin staining, a
monoclonal mouse antinculin antibody (Abcam) was diluted 1/100 in 2% chicken serum
albumin in PBS and added to the gd@s for 30 minutes. Nexflexa Fluor350 conjugated goat
antrmouse secondary antibody (Invitrogen) was diluted 1/300 in 2% chicken serum albumin in
PBS and added to the samples for 1 hour. Actin cytoskeleton staining was performed using 1/5
dilution of Alexa Fluor350 phalloidin (Invitrogen) in 2% chicken serum albumin in PBS for 2
hours. Finally, for microtubules staining, a mouse monoclonatbaftibulin [+II antibody
(Sigma) was diluted 1/750 in 2% chicken serum albumin in PBS and added to thessample
hour. After washing the cells, Alexa FIuB60 conjugated goat afrtiouse secondary antibody
(Invitrogen) was diluted 1/150 in 2% chicken serum albumin in PBS and added to the samples

for 3 hours. Following vinculin, actin cytoskeleton and micratab staining, the samples were
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rinsed three times in PBS and mounted on ProLong Gold antifade reagent (Invitrogen) for final

imaging.

6.2.4 Viability assay

The live/dead viability/cytotoxicity kit for mammalian cells (Invitrogen) was used to test the
viability of the cells attached on the silicon substrates in control condition as well as after
treatment with SAHA drug. Netransfected MDAMB-231 and MCF10A cells were used for
viability testing experiment. Aftethe desired culture time, cells were washegdhtimes in
warm PBS (37 C), andthen incubated for 30 minutes tine presence of 0.hl of CalceirAM
and 1pul of Ethidium homodimed (EthD-1) in 1 ml of PBS. The fluorescence images were
obtained at four different random locations of the silicon satest using ZEIS®&xiovison D1
upright microscopeavith 10X immersion objectiveFinally, the number of the live cells (stained
in green) and the number of the dead cells (stained in red) were quantified using the obtained

fluorescence images.

6.2.5 MTS assay

The MTS assay is a frequently used method to enumerate functional, viabld Hel&(4,5
Dimethylthiazol2-yl)-5-(3-carboxymethoxypheny2-(4-sulfophenyl)2H-tetrazolium  (MTS)
(Promega) is metabolized by mitochondria in living cells tolaredformazanproduct with an
absorbance maximum at 490 nmlumbers of functional cells are directly correlated with the
magnitude of light absorbance at 490 nm measured spectrophotometriedibyw€e seeded
onto 7mm squaresilicon chips in 24well plates andncubated for 12, then serial dilutions of
SAHA were added in duplicatand cells were incubated for an additional 18 or 48 hours. Chips
were transferred to fresh plates containing the MTS substrate diluted 1:5 infsseumedium
and incubated 1 h a7Z. Levels of viable cells on control and diugated chips were assessed
using the absorbance (49@m) in 100 pL aliquots of the culture mediunBackground
absorbance of wells containing no cells was subtracted from the raw absorbances and the data

were expressed as the percent of dingg controls.
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6.2.6 Time laps imaging

Reattime fluorescence microscopwas performed usingZEISS Axiovison D1 upright
microscope which is fitted with an environmental chamber and equipped with a tempanature
CO, control unit. The temperature was sd¢b 37 € and CQ was setto 5% during the
experiments.For trapping cell experiments, images were acquired usid@>Xaimmersion

objectiveevery minute for duration of 3 hours

6.2.7 Quantification of cell morphology

Cell area mesurements were performed on the flat surfaces surrounding the etched cavities on
each silicon chip using fluorescence images obtained by ZEX&Wwison D1and the National
Institutes of Health (NIH) ImageJ (v. 1.41) software. For MCF10A cells, the aealoéter of
cells was measured and divided by the number of the cells within the cluster to obtain the
average area of a single cell.

For quantification of cell stretching densitjwo different morphologies of spread and
stretched were assumed@ihe spead cells were those in which the cell body has a uniform
contact with the sidewalls of the microchamber while the stretched ones possessed extensions,
anchored to different location of the microchambers and suspended over the curved sidewalls of
isotropic microstructures. The number of the stretched cells within each etched cavity was

guantified through obtaining fluorescence images using ZBk)&ison D1

6.2.8 Statisticalanalysis
A two-sample independentést wagerformed using Graph Pad Prism 5.0isttl software

to compare theell morphological analysis and cell viability data.

6.3 Results

In our previous studj42], we demonstrated that foraletched microenvironments with close
spacing(25-50 pm), cells accumulatenainly inside the pitsin fact, about 90% of the cells fall
into the cavitiesln contrastfor intermediatespacing (106800 um) cells aresvenly distributed
on flat surfaces animhside the cavities while fdargepitch sizes (30700 um), cells are mostly
seen on flat surfaces. For the geometries proposed in the current work, we chose the intermediate
spacing between the etched cavities in order to have flexibility to perfdlatacenalysis on
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both flat surfaces (surrounding the cavities) and inside the etched features. The cell trapping
efficiency was quantified after 4 hours following seeding the cells on the silicon Ehipgag

this time, the cells settled on flat surfacgurrounding the cavities or were trapped inside the
etched featuredn order to define the cell occupancy and capture efficiency of the substrate,
fluorescenceimages were obtaine@t nine different fields withinthe chip using 10X
magnification objectie. The selected fields almosbvered the entire fabricated substrate. The
guantitative data indicated the cell occupamgys 99%on the substratéollowing seeding

MDA -MB-231 cells with densitpf 1 x 1 andMCF10A cells with density of x 10 cells pe

chip. The capture efficiency was defined as the ratio of the number of cells trapped inside the
etched cavities to the total number of cells within each fielte fiumber of the cells ag
manually counted from the fluorescence images to define the eagfficiency. The capture
efficiency was calculated to be £4% for the above mentioned seeding densi®2 of the
cavities on the silicon chigere occupied by both MCF10A and MEMB-231 cells which was
suitable for adhesion analysis and performing-eaticer drug sensitivity testing in the-co
culture experiment. The average ratio of MIMB-231 cells to MCF10A cells within each

cavity on the silicon chip wa7%.

In order to investigate the mechanism of cell trapping inside the microstructures, wepdrfo
reaktime fluorescence microscopyn the ceculture of MCF10A and MDAVIB-231 cells (1/10
ratio) immediately after seeding the cells on the silicon substrates. Typicalapse images
have beershown inFigure6-2, indicatirg thatthe cels are captured anaccumulatd inside the
etched features asarly as30 minutesafterintroducing the cells to the substratdese images
suggest that trapping of the cells inside the etched features were mainly due to the gravitational
force and flow effects immediately after the cell seeding on the chips (Passive capturing). In
addition, the reatime imaging,confirmedrapid capture and subsequémmation of colonies of
both cell types inside the etched cavitseggesting that the gposed substrates are suitable for
the studyof cell-cell interactios in a colony ofnormal and canceroulls as well as antiancer

drug sensitivity testing in aB architecture.
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Figure 6-2 Time-lapsevideo microscopy showing the capturing process in ecultures of MDA-MB -
231 and MCF10A cells insilicon substrate((a) 0 min ,(b)30min, (c)1 hr, (d) 1 hr 30 min (e) 2 hr
(f) 3 hr). MDA-MB-231 cells stained irgreendye and MCF10A cells stained in theed dye. Scale

bars represent 100um.

For the first set of anttancer drug sensitivity experiments (SAHA drug), we performed MTS
assayto quantify functional and viable cellsas a function of SAHA concentration and time
MTS assay demonstrated that tleductions in the number of viable cells in response to SAHA
were more pronounced in the MBMB-231 cancer cells than in MCF10A cells, and were both
concentration and timdependent. The number of functional MDAB-231 cells attached to
the silicon chips as reduced by ~20% and ~60% by SAHA after 18 and 48 hours
respectively. The results show 2.75 uM is a pharmacologically relevant concentration of SAHA
which produces modest cell loss during the initial 18 h of treatment and exerts substantial cell
toxicity upon more prol onged e x-paocsractigty. Thensi st
nonrtumorigenic MCF10A cells were less sensitive to SAHA (2.75 uM), with cell lossestalf
that measured in the MDMB-231 cells: ~11% and ~33% at 18 and 48rkawspectively
(Figure6-3).
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Figure 6-3 MTS assay results showing thin the number of viablecells as a unction of SAHA
concentration and time.

Based on the MTSassay analysis, we selected 18 h time point and pM SAHA
concentration for the remaining experimer@slis were cultured for 12 hours, then SAHATS
MM final concentratiopwas added foan additional 18 hours to the samples. Viability analysis
indicated tha®4% of MDA-MB-231and 88% oMCF10A cells were live after addirg§AHA to
the samples in separate culture, confirming that treatment of the cells with SAHA for the selected
time point did not significantly alter the percentage of the live callssibcon surfacegin
comparisonto control condition:97% viability for MDA-MB-231 and 95% viability for
MCF10A). We thenassessed the viability of the-calture of MCF10A and MDAMIB-231 cells
in response to SAHA on the[3 silicon substrates comprised etched cavities. As shown in
Figure 6-4, the data indicated that the percentage of the live cells after addition of SAHA
(94+1%) did not significantly decrease compared to the control conditiai¢8b
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Figure 6-4 Percent of live cells in cecultures experiment on the etched silicon substrates in control
condition and after exposure to3 uM final concentration SAHA.
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The morphological parameters of MCF10A and MD#B-231 cells inboth control and
SAHA treated conditions are comparedrigure6-5. Control MCF10A and MDAMB-231 cells
grown on flat silicon are very similar in length and area, howeveMDw-MB-231 responded to
SAHA treatment with a highhgignificant increas€p<0.0001) in bottcell length and cell area
(Figure6-5) consistent with our previous observati¢B8]. The mean cell area and cell length of
MDA-MB-231 cells was measured to be 55.92.5 pm(n=63) and 110% 343 pnf (n=61) in
control condition which were significantlgcreased (p<0.0001) to Bt 16.1(n=76) and 1804
601 pnf (n=73) after treatment of the cells with SAHA.
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Figure 6-5 Comparison of cell length (left Panel) and cell area (right Panel) in MDAVIB-231 and
MCF10A cells grown on flat silicon surfaces. Data are presented in meahS.D. and represenb5-
111cells in n= 3 independent experiments. Statistical significant’* p <0.0001) differences
between control and SAHA were determined by an unpaired-test.

Figure 6-6 shows the actin cytoskeleton, microtubules organizationvamclulin formation of
MCF10A and MDAMB-231 cells(blue color)attached on flat silicon surfaces in both control
and SAHA treatedconditiors. MDA-MB-231 cells (stained in green) were usually seen as
isolated cells while MCF10A cells (stained in red) formed clusters and maintained theglkcell
junctions in both conditiond he atin cytoskeleton oMCF10A cellswasdistributed ina more
dense mesh compared to the MIMB-231 cells Figure 6-6(a-d)). Formations of actimrich
extensios were evident in MDAMB-231 cells after treatment of the cells with SAHA. SAHA
caused striking alterations in microtubule network of the MDB-231 cells, while the changes
in MCF10A cells were not significantF{gure 6-6(e-h)). Expansion ofmicrotubules from
microtubule organizingenter to the cell extensions in MEMIB-231 cells after treatment with
SAHA is clearly seen ifrigure 6-6(g,h). The microtubule reorganization of the MDAB-231

after adding SAHA in caulture was consistent with our previous findings on MBIB-231 in
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separate culturg83]. Vinculin were seen in the form of discrete dots on the periphery of MDA
MB-231 cells and on outer regions of the cells body in both conditions. For MCEdBA in
addition to the periphery, vinculin were also localized on thecgdllljunction regionsKigure
6-6(i-1)).

Actin

Control

Microtubules

Control Control

Vinculin

Figure 6-6 Confocal and fluorescence imags of MDA-MB-231 and MCF10A cells in a random co
culture experiment attached on flat silicon surfaces. MDAVIB-231 cells are stained in green and
MCF10A cells are stained in red. Actin cytoskeleton, microtubules and vinculin are stained in blue
in separateexperiments. Images (al) show the actin cytoskeleton, images4{® show the
microtubuels and (i) shows the vinculin. Arrow shows the extension of the cells after adding
SAHA. Scale bars represent 20 pm.

Following the investigation of the cytoskeletalganization of the cells on flat surfaces, we
assessed the adhesion pattern of the cells attached inside the etched usingiesonfocal

imaging The confocal images were obtained at different depth of focus to consfuich&ges.
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In control condibn, both MCF10A (stained in red) and MBEMB-231 (stained in green) cells
adopted their shape to the curvature of the etched caffiigsre 6-7). After treatment of the

cells with SAHA, the adhesion pattern of the MCF10A cedisvained unaltered; these cells
formed sheets and maintained their -celll junction on curved surfaces within the etched
cavities. However, MDAVIB-231 responded to the SAHA treatment and stretched inside the
cavities Figure 6-7(d-f)). Formation of cell extensions in MDRIB-231 cells in response to
SAHA, lifted the cells above the substrate and the cells became suspended within the cavities.
Figure6-7(f) shows a single MDAVIB-231 cell stretched over alony of MCF10A cells.

Contnl\ P

Figure 6-7 3-D confocal images of the MDAMB-231 and MCF10A cells attached inside the etched
cavities in a random ceculture experiment in control condition and after adding SAHA.MDA -MB -
231 cells are stained in green and MCF10A cells are stained in rdd.control condition both cells
adapted to the curved surfaces of the etched geometries whereas after adding SAMBRA -MB-231
cell adhesion altered and the cellstretched over MCF1(QA cellswithin the cavities. Arrows in (a-c)
show the flat surfaces top of the etched cavities.

Quantitative data shown Figure6-8 indicated that, on average 54.3% of MiDB-231 cells
stretch inside the-B etched microstruates within each silicoghip after exposure to SAHA
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for 18 h (n=356 cells). This number was significantly (p<0.0ti8hercompared to the control
condition (average 9.8% stretched cells within each chip, n=553 cells). However, with respect to
MCF10A celk, only 1.25 % of the cells (n=1446 cells) stretched inside the etched cavities after
addingof SAHA which was not statistically different compared to the control condition (average
0.45 % stretched cells within each chip, n=1190 cells).
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Figure 6-8 Quantitative data showing the percent of the stretched MDAVIB-231 cells after adding
SAHA. The stretched cells after adding SAHA significantly increases aapared to the control
condition. Data is presented in meat S.D. (**p<0.002).

6.4 Discussion

Cells do not only adhere to their underlying substrate, but they also respond to stimuli such as
chemical, mechanical and topographical features within their microenvironment. Benefiting from
well-established micro/nan@e¢hnology, numerous substrates have been developed to modulate
the cell function and study the cell adaptation to the topographical features of the sulbstrate.
this work we focused onntegratingthe effect of nachanical and chemical stimuli (isotropic
silicon microstructuresnd SAHA anticancerdrug) to investigatethe behavior of normal and
cancerous breast cells in a-calture system within a-B architecture. Silicon is a stiff and
biocompatible material that is a suitable substrate for createwspertopographical patterns for
cellular analysis due to the flexibility in the etching procg¥g 38]. SAHA is one of an
emerging class of clinicalbgpproved antcancer drugs of an increasingly important group of
compounds which were first identified as histone deacetylase inhipl®4]. SAHA was also
shown to increase acetylation of the cytoskeletal proteinsdotita cortactin, alphd-actinin,
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and alphaand betaubulin in MDA-MB-231 cels [45 which provides a mechanistic basis for

the cytoskeletal changes we obserirethese cells. In contrast to other wofk§], our intent in

this study was nottotestfordisge nsi t i vi ty but rat herectivety expl o
alter cytoarchitecture and cytoskeleton proteins such as actins and tubulins only in cancer cells
and modulate their adhesion characteristics-E i8otropic silicon microstructures. The results
presented herein defined a canrspecific responséo SAHA drug within the @ isotropic
microstructuresvhich can have ultimate applicatisin identification of a few invasive tumor

cells in an abnormal breast lesion.

Analysis on the cytoskeletal organization of the cells demonstrated dtmatfigersin the
cytoskeleton of MCF10A cells were distributed in a much more dense mesh network compared
to MDA-MB-231 cells.Previous studies haveeported tht the dianges n the cytoskeletal
organization of the cells iassociated with tumorigeneqé7, 48] and there is a progressive
dysregulation of actin fiber in cancerous cells compared to their normatecparts[49].
Therefore, it is predictable that the actin mesh in MCF10A cells should be significantly denser
compared to cancerous cells under similar growth condition. On the other ihasdyell
established thahe actin cytoskeleton is a major determinant of cellular elasfisfly Studies
on cells elasticityand deformation measuremisnusing atomic force microscopy (AFM) and
optical stretched methods have also confirmed thatMB&10A cells aresignificantly stiffer
than MDA-MB-231 cells[40, 51]. Within the coculture system, only MDAVIB-231 cells
significantly responded to SAHA in terms of morphological alterations. These changes were
associated with a marked expansion in the otidule network emanated from the microtubule
organizing center and localization of dense actin fibers on the periphery of thé-icplle 6-6).

In fact, this was consistent with our previous study performeg @amiMDA-MB-231 cells on a
different set of topographical patterf&3]. Hence the interactions among MDRB-231 and
MCF10A cells in a ceulture systendid not markedly affect thbehaviorof the cells in terms

morphological alteration and cytoskeletal reorganization in response to SAHA.

A considerable change in the behavior of the cells was the streta@iteghpof MDAMB-231
cells within the etched cavities. This observatadong with the cytoskeletal reorganization of

the cells can be explained by referring to the tensegrity theory. Within the context of this theory,

136



the cell can be viewed as a tensiosaiucture in which actin filaments bear tensile loads and
microtubules bear compression lo§8g]. According to this theory, the prestress within the cell
cytoskeletalstructure is mainly balanced by microtubules and attachments to substrates or
neighboring cells. Therefore, following thgpansion in microtubule network in MDRB-231

cells after treatment with SAHA, the level of tension within the cytoskeletal structure of the cells
which is carried by actin filaments will increase. Previous studies $tamenthat that the most
tensioned kements are mainly located on the edges, periptiedybasal regionsf the cells[53

55]. This, in fact was observable gure6-6 indicating the formation of actin rich extension in
MDA-MB-231 cells in response to SAHA. The increase in the level of cytoskeletal tension in
MDA-MB-231 was associated with a significant increase in both cell length and cell area. On
flat surfaces theells have enough space to extend beyond their original location and expand
beyond their original morphologywithin the etched cavities, the isotropic microstructures
having a variable cross sectional circular shape, pose a mechanical constraint wiealgeha

the cell expansion and spreading. Therefore, after treatment of the cells with SAHAMBDA

231 cells probe the substrate topographical pattern and stretch inside the etchedaagdids
shape stability and mechanical equilibriv®thers havealso discussed that theaction forces

within the cell cytoskeletal structure accompanied with the adhesion to the substrate ensure the
shape stability of the cells and ultimately results in a mechanically equilibrated stf6&ure

With respect to MCF10A cellghe microtubulesnetwak of the cells wasot considerably
altered after adding SAHA. In addition, the cells maintained theircedlljunctiors in both
control and SAHA treated condition. Therefore, one can argue that treelbglinctions in these
cells pose a key constrdiwhich limits the expansion of the cells beyond their original
morphology in response to a chemical stimuli (SAHA). Even after disruption of the microtubule
network of the cells using nocodazole, the cells maintaeir tcellcell junction and their

adhesion pattermemainedunaltered on curved surfade?].

The contrasting mormiogy and adhesion pattern of MBEMIB-231 cells compared to
MCF10A cells in a ceulture system indicateshat SAHA significantly modifies the
cytoarchitectural response MDA-MB-231 metastatic breast cancer cells withiD 3sotropic

silicon microstructugs. This reflects a canespecific responsehich can beultimately used to
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determine the pathological grade of the caltsl identifybiomechanical signatusen normal
and diseased celter cell separation purposes.

6.5 Conclusion

This work was focusedon development of arrays of istotropically etched silicon
microstructures to investigate morphological, cytoskeletal, and adhesion pattern alterations in
MDA-MB-231 and MCF10A cells in a random-cuolture system in response SAHA antt
breast cancer drugrhe primary findings of this work demonstratetficient trapping and
formation of colonies of both cell types inside the etched cavBi@BlA selectively alerted the
chytoarchitecture in MDAVIB-231 cells which was observed through reorganization of majo
cytoskeletal components; actin filament and microtubules. The analysis on the morphological
parameters of the cells demonstrated a significant increase in both cell area and cell length of
only MDA-MB-231 cells. MDAMB-231 cells stretched on the curvedrfaces of etched
cavities, while the adhesion pattern of MCF10A cells remained unaltered. The conclusion from
this study is that the mode of chemicaltguced attachment of the cells to the isotropic
microstructures can be used as a potential markastioglish metastatibreastcancer cells in
a background of normal breast cell types.
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7 Chapter Seven Evaluation of the Influence of Growth Medium
Composition on Cell Elasticity

This chapter is produced froj] with permission from Elsevier.

M. Nikkhah, et al , Evafuation of the Influence of Growth Math Composition on Cell
Elasticityo Journal of Biomechanical, I n Pres

7.1 Introduction

With the advances in micro and nanofabrication technedpd has been possibl® probe
mechanical properties of a single cell. To date, several techniques suaticalsstretcher$?],
scanning force microscopy (SFMJB, 4], micropipette aspiratior[5], and atomic force
microscopy (AFM)[6-13] have been used to measdeformation characteristia¥ normal and

malignant cells

Among different types of cancebpreast cancer remains the second leading cause of cancer
death in American womenA number of studies have focused explaing the biomechanical
properties ofnonmalignantand malignant breast cellasing techniques such as AFNQ],
optical stretchef2], and microfluidicsystemd 14, 15] and have established that cancdiscare
generally softer than their normal counterpartg/hile providing valuabledata, all ofthe
previous studies have compared the biomechanical propertieglighant and nomalignant
cellsgrown in different media because typically these cellpespagated in media which differ
in composition with respect to serum and growth factors. None of the previous work has

addressed the influence of growth medium composition on cell mechanics.

The focus of this work is to establish whether the biomechlapioperties of the cells (i.e.
cellular elasticity) are responsive to the composition of the growth medie utilized AFM
method to address the variation in the elasticity ofmafignant, normetastatic MCF10A and
highly metastatic MDAMB-231 breastells grown in different growth media. We performed
controlled studies to test the effect of the serum percentage, EGF, and culture medium base
(DMEM:F12 or RPMI) on the elasticity of the cells.
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7.2 Materials and methods

7.2.1 Cell culture preparation

Both MCF10A and MDA-MB-231 were purchased frommerican Type Culture Collection
(ATCC, Manassas, VAMDA-MB-231 cells were maintained in plastie7s cnf culture flasks
in RPMI (Mediatech ,Manassas, VAculture medium which contained 10% fetal bovine serum
(FBS (Atlanta Biologicals Lawrenceville GA), penicillinstreptomycin (100 Units/ml)
(Mediatech and2.5 mM L-glutamine(Mediatech. MCF10A were grown in plastic-75 cnf
culture flasks using DMENHamsF12 (50:50) (DMEM:F12Mediatech), 5% horse serufHS)
(Atlanta Biologicalg, 20 ng/ml Epidermal Growth Factor (EGEigma, St. Louis, M) 100
ng/ml Cholera Toxin (CT) (Sigmg, 10 ug/ml Insulin (INS) (Sigmg, 500 ng/ml
hydrocortisonHC) (Sigmg, and2.5 mM L-glutamine(Mediatech. Cells were grown at 37C
in humdified 5% CQ..

For AFM experiments, cells wereeded witha density of 3x16cells/mlon 25 mm round
glasscoverslips (VWR,West ChesteRA) coatedwith 100 pg/ml collagen typdV (Sigma).
Cells were growrfor 24 h and inone of thefive different growh meda detaikedin Table7-1.

The cell®passage number was maintained between 3 and 20.

Table 7-1 Specifications of the growth media used to perform AFM experimentations.

Growth M edium # Components

MediumNo. 1 (M1) RPMI, 10% FBS

MediumNo. 2 (M2) RPMI, 5% FBS

MediumNo. 3 (M3) DMEM:F12, 5% FBS

MediumNo. 4 (M4) RPMI, 5% FBS, 20 ng/ml EGF

MediumNo. 5 (M5) DMEM:F12, 5% HS, 20 ng/ml EGF, 100 ng/ml

CT, 0.01 mg/ml INS, 500 ng/nHC

Abbreviations: FBS: Fetal Bovine Serum, HS: Horse Serum EGF: Epidermal Growth Factor, CT:
Cholera Toxin, INS: Insulin, HC: hydrocortisone. Note: Glutamine and Penicillin/Streptomycin was
added to all the media

144



7.2.2 Atomic force microscopy

All the AFM measurements were carried out usikidP-3D-Bio (Asylum Research, Santa
Barbara CA) combined with an optical and an inverted fluorescence microscope (Olympus IX71,
Tokyo, Japah Soft V-shaped silicon nitride cantilevers, TR400PSNyfmpus Tokyo, Japa,
with a nominal length of 200 um and a spring constant of 0.02 N/m were used in this study. The
spring constant was experimentally measured using thermal noise fluctuétigtess sphere
(Duke Scientifi¢ Palo Alto, California with a nominal diameter of ~1lm was attached to the
cantilever tipto reduce anyonlinearity in deforming stress amal avoid damaging the sample
(Figure7-1, top right inset). Twepartepoxy Miller StephensonSylmar, CA was used to attach
the glass sphie to the cantilever tip. The epoxy was cured overnight at room temperature
followed by cleaning the cantilever for 20 minutes using UV light. Optical microsgdiyOX
KH-7700, Hackensack, Nivas used to measure the exact diameter of the gpdeseattached
to the tip. All the AFM measurements were carried out usstgndard fluid cell (Asylum
Research) in roortemperature. After plating the cells, &M HEPES(Sigma)was added to the

cell culture medium to maintain a physiological pH7.2 during theexperimentation. The AFM

measurements weperformedat the center of the cell nucleus wahp velocity of 0.5 pm/s.

2

(4

Figure 7-1 Single cell indentation experiment using AFMSoft V-shaped silicon nitridecantilevers,
TR400PSA Qlympus) used for force measurementstop right inset shows the SEM image of a
spherical glass bead with a diameter of ~ 10
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7.2.3 Data analysis
In order to define the deformability of cells, their Yobng mo dul us was def i n

Her t z 6 EL6, Iilo Fbrealcantilevewith a spherical tip:

__ AR

" 3(1- n?) (7-1)

where F is the applied forced is the indentation depthRis the radis of the spherical glass

bead attached on the tifigure 7-1(a)), andEi s t he Yo u \pdusedhmdindar| us .
versionindof t he Hertzos model to define ftdlas el ast
explained beforg8, 12, 1§]:
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The Youngds modulus can be di andthe dontactepant c ul at
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(z0 - do)can be calculateffom the intercept oequation(7-2). In elasticity calculations; is

assumedtob@5The Youngo6s moweretetermmddvithirhan inderdaltion sange
of 196£7 nm.

All data analysis was performed using MATLAB 7.0 software (MathWorks, Natick, MA).
Two sample independentdsts were performed using Graph Fagm 5.0 statistical software
(GraphPad Software IncLa Jolla, CA to compare the cdifdreatd Youn

growth media.

7.3 Results

The Hertd snodel fitted well to the experimental data for both cell tyfe®btaintheir
Y o u nrgodiius (BOCR?(0.99).Population elasticity Youngés modu-MB-2331 E) o f
was not normally distributed in any of the growth mediabe 7-1) according to th&Shapire
Wilks test, and was best described by-taymal distributions.MDA-MB-231 cellsdisplayed a
narrow peak modulus close to 0.2 kiMaich was not significantly altered by a change in growth
medium compositioifFigure 7-2). However,the averageY o u nrgodwus of the cells iRPMI
+ 5% FBSgrowth medum decreased b$8% (0.41+0.22kPg as compared with cells in RPMI +
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10% FBS.Interestingly, the addition of EGF ®PMI + 5% FBSgrowth medium Table 7-1,
M4) further reduced thaverageY o u n madldus of theMDA-MB-231 cells by 12% to the
value of 0.8+0.20 kPa. When grown in medium typically used for MCF10A cells containing
additional supplements of CT, INS and HTable 7-1, M5), the averagé o u n modlidus of
the cellswas measured to [237+0.25 kPa Substitution of th&kPMI culture medium base with
DMEM:F12 had no effect on the elasticity of MBEMB-231 cells (Figure 7-2 and Table 7-2).
Statistical analysis performed on lag@nsformed elasticitgdata showed that the variation in the

Youngd6és modB-@3 celisfamaddxiese five media was not significant.

MCF10A cells exhibited arbad peak modulus compared to the MIMB-231 cells in all
different growth media. Except in DMEM- 5% FBS medum, the population elasticity of
MCF10A cells was best described by HJogrmal distribution(Figure 7-3). The variation and
dependence anodulustokthe MIGRLOAGCElls in response to different growth media
was similar toMDA-MB-231 cells;MCF10A cells became softer (10% reductionaverage
Y o u n maddus) iNRPMI + 5% FBSgrowth medium which contained less serum (5%) as
compared tdRPMI + 10% FBSmedium. Adding EGF t®&PMI + 5% FBSmedium (M4) further
reduced theaverag Y o u n gaislus of the cells byl2% to 0.880.57 kPa The average
Y o u nmodlidusof the MCF10A cells in M5 (ATCC recommended formulation for MCF10A
cells) was measured to Ber2:0.54kPa This reveals that the elasticity of thessdls is more
respong/e tothe supplements presentMb, EGF,CT, HC and INSwhencompared to MDA
MB-231 cells Figure7-3 andTable 7-2). Statistical analysis showed that among the five media,
t he Youngds ma dald sigrsficantly reddcaé (p<®.002) when grown in medium
M5 compared to medium M1. Pawise comparisons of MDMB-231 elasticity with that of
MCF10A cellsin identical medium compasbns confirmed that in every case, the MEMB-

231 cells were signiiantly softer (p<0.0001) than the MCF10A celsglre 7-4). In addition,

the elasticity of MDA-MB-231 cells culturedn standard MDAMB-231 culture medium (M1),
was significantly lower (p<0.G) than MCF10Acells culturedin stardard MCF10A culture
medium (M5).Table 7-2 shows the summary of the elasticity measurements of NIBA231

and MCF10A cells in different growth media
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Figure 7-2Young d s
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Figure 7-3Youngds modulus distribution of the MCF10A
media. Except in DMEM+5%FBS medium, population elasticity of MCF10Acellswere best fit by
log-normal distributions. MCF10A cells exhibited a broad peak modulus compared to the MDA
MB-231 cells in all the growth medi a. E: Youngds
Values denote the standard deviation.
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