Microcontact Printing Approaches to Pattern the Attachment of Endothelial Cells

on Silicone Surfaces with Microgrooves

A Thesis
Submitted to the Faculty
of
Drexel University
by
Dheeraj Roy
in partial fulfillment of the
requirements for the degree
of
Master of Science in Biomedical Engineering

June 2010



© Copyright 2010

Dheeraj Roy. All Rights Reserved.



DEDICATIONS

| dedicate this dissertation to Dr. Partha SaralRgy and Dr. Elizabeth Roy, my loving

parents who always believed in me, no matter what.



ACKNOWLEDGEMENTS

| want to thank my family for their continued lowd encouragement through these
years. | also wish to thank my fiance, Shruti Gdar,her affection and support through
these trying times of my life. Thank you also fakihg time out for meticulous

proofreading and offering invaluable suggestions.

| am grateful to my thesis advisor, Prof. Kennethrli#e, for his guidance and
encouragement through my Master's studies. | hathance to acquire a wealth of

knowledge and skills while working with him.

| thank my thesis committee members: Dr. Peteréslnd Dr. Anat Katsir for their time

and co-operation. Their constructive criticism aaddice is greatly appreciated.

I would like to express my deep and sincere gragitto my colleagues in the Cellular
and Tissue Engineering Laboratory for their assttaand support. | express my
appreciation to Ms. Allison Andrews for her guidanend assistance, which helped in
moving this project forward. | thank Ms. Danniefégueroa for her assistance with
microcontact printing. | am also thankful to Prafisa Clyne for permitting me the use

of the microfabrication facility in the Vascularrétics Laboratory.



TABLE OF CONTENTS

LIST OF TABLES ..ot itiiiee ittt ettt e e s st s emnee e e nbn e e e e Vii
LIST OF FIGURES ......otiiiiiiitiii ettt eemmme ettt rnneeeesnnbeeeeeans viii
ABSTRACT ..ttt ettt e ettt e e et e e e e e bt e e e e e et e e e s Xiii
CHAPTER 1: INTRODUGCTION ......uttiiiiiiiiiieessmmmre s sieeaeessbtree e sitaeeaessssaeessennee s 1
CHAPTER 2: BACKGROUND .......coiiiiiiiiieei ittt esiaee et e e anbee s sennee s 4
2.1 Blood vessels and endothelial Cells. ... 5
2.2 Fluid shear stress and endothelial CellS ..., 8
2.3 Surface MIiCrOtOPOGIAPNY .......uuuuuret e e e e e e e e e e e e e e e e e e e e e e e e e e et et e e e e et e araaaaaaaaaaaaaaeas 10
2.4 Mechanism of contact QUIdANCE.........ccoirariii s 12
2.5 Spatial localization of signaling molecules................ 14
2.6 Microcontact printing to create topographioags for cell patterning ..................... 16
CHAPTER 3: MATERIALS AND METHODS .......oooiiiimiiieeeesiiieneeeeiineee e esiieeee e 21
TR R IV =Y L= ¢ =1L PP PP PP PPPPPP 21
3.2 Microfabrication of grooved Patterns .......ccccccveviiiieiee e 22
3.2.1 Fabrication of SiliCON MOIAS.........commmeeeeiiiiiiiii e 22
3.2.2 FilM CASHING.....cciiiiiiiii i s e e s erees b 23
3.2.3 Substrate functionalization with fibron@cti...............cccccoc e 24
3.2.4  Cell CURUIE ... 24
ICTRC I\ [ To o ToTo] o] = Yod il o 11 111 o TP 26
3.3.1 Fabrication of elastomeriC StAMPS ...cccceeevvrrriiiiiiiiiiiiiiiii e 26

3.3.2 Printing patterns of fIoroNECHN ... .eeenni e 27



3.3.3 Sample preparation and Cell CURUIN waaueeeivvvvviiiiiiiiiiiiiiiiiiiii e 28
3.4 Immunostaining of signaling proteins, Cavatl @NOS, and actin filaments.......... 30
3.4.1 Regulatory signaling proteins: Cav-1 an®&N...........ccccceriiiiiiiiiiiiniiieee e o 31
3.4.2 ACHN fIlAMENTS ... e 31
3.5 Cellular distribution of ProteinNs .......ccceeeeeiiiiiii 32
3.6 Cellular characterization: orientation an@h@ation .................eevvviiiiiiiirieeees 33
3.6.1 StatistiCal @NalYSIS........cuviiiiiiiiiieei e 36
3.7 Protein colocalization analySiS........ccccceiiiiiiiiiiii e 36
3.7.1 Statistical aNalyYSIS........cooiiiiiiiiiiiei 39
CHAPTER 4: RESULTS AND DISCUSSION ...ttt 40
4.1 Microgroove surface topography regulatesa@dintation ........................o. 1.4
4.1.1 PDMS substrate characterization and fiblzbnedsorption............ccccevvvvvviiennene. 42
4.1.2 Endothelial cell shape: orientation, eldimyga and morphology..............c.ceveeeee.e. 43
4.1.2.1 Cell OFMENTALION. ......euuiiieeeeet st eeeeeeeeeeeeeeeeeaeeeeeseeseessessseeeneeaaaaeaaaeaeeeeeeees 48
4.1.2.2 Cell elongation ..........coooiiiiii oo 53
4.1.2.3 Cell MOIPNOIOGY ..evvvveuiiiiinirnrsmmm e eeeeeeeeeeaeeeeeaee e et a e raeaaa e aeaaaaaaaaens 55
4.2 Two-dimensional patterns of protein can ratgutell orientation ........................... 56
4.2.1 Microcontact printed substrate charactégna.................cccccevvvviiviieieiieeinnnnns 58
4.2.2 Endothelial cell shape: 2D surface geomestd/or 3D spatial arrangement........ 60
4.2.2.1 Cell orientation and morphology .....ccccceeveeriiiiiiiiiiiiiiiiiiiiiiiiee e 65
4.3 Cellular distribution of eNOS and Cav-1 orcragrooves and FN patterns............ 69
4.4 Colocalization of signaling proteins: Cavild@NOS...........cccccceiiiiiiiiiiniiniennnns 73.

4.5 Role of actin filaments in cell orentatioN ... 79



Vi

4.6 DISCUSSION ..eieeiiiitiitte ettt ettt e e ettt e e e e e e et e et e e e e sesmnr e e e e e e e e e s e nnnnnnneees 82
CHAPTER 5: CONCLUSION AND FUTURE WORK .......ctieiiieeiiie e 85
5.1 CONCIUSION .ttt e ettt e e e e e e e e e e e e e bbb e e eeeeeeeenea 85
5.2 FULUIE WOTK ....eeiiieiiii ittt ettt e e e e e e et e e e e et n e e e e e eeeeeneas 86

LIST OF REFERENCES ... 87



Vii

LIST OF TABLES

1. Channel and ridge widths for the respective depthegrooved patterns................

2. Results of the Kolmogorov-Smirnov test of statatisignificance to compare

population distributions of cell orientations ..............ccccvviieee, 51



viii

LIST OF FIGURES

. A small artery in cross-section showing the endahkning of blood vessels ...... 5
. Schematic representation of the release of NO (AJ andothelin (B) by
endothelial cells and their effects on smooth mausmlls, and consequently
vascular tone regulation ........oooooe oo 7

. Monolayer of bovine aortic endothelial cells (BAB@s static culture (left), and

alignment of cells in a confluent monolayer aftdr 2 exposure to 8 dynes/ém

. The set of images to the left (bar = 20 um) arespf@ntrast micrographs of
BAECs on smooth (A), 200 nm (B), and 1 um (C) PDaft&r incubation for 1 h.
The set of images to the right (bar = 50 um) argazal micrographs of F-actin
stained SMCs on patterned PMMA (A) and non-pat@EIMA (B)................... 11
. Caveolin-1 regulated signaling pathway in endoti@lls ..., 15
. Baboon carotid artery endothelial cells on micrdaohprinted patterns of type |

collagen showing the onset of alignment and eloogatoon after initial adhesion

(2 hr) as well as complete alignment (48 hr). Tteesbar is 50 pm..........c.coeeeee. 19
. Block diagram representation of PDMS microgroovpesinents...............cceeee..... 25
. Block diagram representation of the microcontacttprg experiments.................. 30

. Visual representation of the ellipse approximatiopsrformed using the

CellProfiler software to quantify cell orientatiamd elongation..............cccoeeeeeeennn. 34

10.AFM image showing the cross-sectional profile obares on the PDMS mold

with a groove depth of 200 NM ..., 42



11.Fluorescent microscopy images of BAECs on bothoggd and smooth surfaces,
for channel depths of 200 nm (A) and 500 nm (B)O&\red), Cav-1 (green) and
merged channels show protein distribution. Theesbal is 25 pm..........ccccvvvneeee 44
12.Fluorescent microscopy images of BAECs on bothoggd and smooth surfaces,
for channel depths of 1 um (A) and 5 um (B). eN@&l), Cav-1 (green) and
merged channels show protein distribution. The 1pattern shows a confluent
monolayer of aligned cells with respect to the geodlirection, along with
increased levels of protein expression and higleléewf protein colocalization
(yellow pixels in the merged channel image). Theud shows a decreased
alignment in comparison to the 1 um. The scald$as pm
13. Histograms of BAECs cultured on grooved and sm&ivS substrates for 24 h
that helps visualize differences in cell orientaticacross the range of groove
depths (200 nm - 5 um) as well as between pattetrseooth (control) surfaces.
The x-axis represents the cell orientation (degreesl the y-axis represents
incidence (percentage). The x-axis has been divieds° bins after comparing a
range of bin sizes (2-10°) for the most useful dapeesentation................cccvvvenees 50
14.Histogram showing the percentage of BAECs alignedjmoved substrates with
depths of 200 nm - 1 um. Data represents meamslatd deviation (SD) ............. 52
15. Histogram of BAEC elongation (based on Factor Ewshg the fact that cells on
groove patterns exhibit greater elongation indiasscompared to the smooth
surfaces. Among the different groove depths, dliserved that the 1 um pattern

is critical in creating cells that are highly elatgd (Factor E ~4.0). Data



represents mean * standard deviation (SD) for 3@dis per experimental

16.200 um wide patterns of fibronectin after the pngt process (A; light
microscope), patterns incubated with BAECs (B; tligticroscope), and BAECs
fluorescently labeled with antibodies against eNOSfluorescent microscope)....59

17.Fluorescent microscopy images of BAECs on 200 pbrofiectin patterns
showing randomly oriented (circular) cells in th&rmsection of the pattern and
elongated, aligned (elliptical) cells in the edggion of the pattern. For this
study, the mid section was considered the conamripde, while the edge region
was the aligned sample. eNOS (red), Cav-1 (greed)maerged channels show
protein distribution. The scale bar iS 25 UM e, 62

18. Fluorescent microscopy images of BAECs on 10 pmewidronectin patterns
printed on smooth PDMS surfaces. eNOS (red), Cqgrken) and merged
channels show protein distribution. These imagesabrepresent a confluent
monolayer of BAECs. However, it is clear that abb00% cell alignment exists
with respect to the protein boundaries, along wiilgh levels of protein
expression and protein colocalization (yellow pixeh the merged channel
image). The scale Dar iS 25 M ......uuuiiiiimmeemeee e 64

19. Histograms of BAEC orientation cultured on 200 pidevpatterns of fibronectin
for 24 h, showing the mid and end sections of thatgin pattern that helps
visualize differences in cell orientations as thet@n boundary is approached.

The x-axis represents the cell orientation (degreesl the y-axis represents



Xi

incidence (percentage). The x-axis has been divitteds® bins after comparing a
range of bin sizes (2-10°) for the most useful dapeesentation................cccvvvvvees 66
20.3D surface plots of BAECs cultured on the 1 um geodepth patterns (A, B) and
their respective controls (C, D). Cav-1 localizat@ppears to be juxtanuclear for
the aligned cells (A) and shifts to a peripheratritution on the control cells (C).
eNOS localization appears to be cytoplasmic for ¢batrol cells (D), which
changes to juxtanuclear in the aligned cells (Bhbtéin expression levels are
clearly enhanced on the patterned substrates (AgsBjompared to the smooth
surfaces (C, D). The white arrows indicate protenalization, and the intensity
bar is shown in the CeNter...........o e 70
21.3D surface plots of BAECs cultured on the 200 pionoinectin pattern including
aligned (A, B) and control (C, D) sections of thattprn. Cav-1 localization
appears to be cytoplasmic for the aligned (A) aodtrol (C) cells. eNOS
localization appears to be juxtanuclear for thetrmdr(D) and aligned (B) cells.
Protein expression levels are unchanged on thenatigsections (A, B) as
compared to the smooth sections (C, D). The whitews indicate protein
localization, and the intensity bar is shown inde@ater ...............cccceviivivviiiieiennnen. 72
22.Colocalization analysis for the 1 um groove depBMS pattern showing the
red-green scatter plot (A), the frequency scatietr (8), the ICQ plots for the red
(C) and green (D) channels. The scatter plots septethe intensity of the red
pixels along the x-axis and intensity of the grpetels along the y-axis. The ICQ
plots represent the product of the differences ftbenmean (PDM) on the x-axes

while pixel intensities are represented on the @sax................eevvvvevvevvevvvennnnnn B



Xii

23.Colocalization analysis for the 1 um control PDM#s&rate showing the red-
green scatter plot (A), the frequency scatter (B9t the 1CQ plots for the red (C)
and green (D) channels. The scatter plots reprekerintensity of the red pixels
along the x-axis and intensity of the green pixatsg the y-axis. The ICQ plots
represent the product of the differences from team(PDM) on the x-axes while
pixel intensities are represented 0N the Y-aXeS..u...ccoooeveeieiieeeeee e, 77

24.Histogram of the percentage of colocalization basedhe Mander’s Coefficient
for the 200 nm, 500 nm, 1 um and 5 pm groove dpatterns, as well as the 200
pm wide fibronectin pattern. The data are plotted tke mean + standard
deviation (SD). The ** above the 1 pm represendsisical significance at the
19 1evel P < 0.0L) .o nees 78

25.Fluorescent microscope images of actin filameriielid using a drug, phalloidin,
on the 200 nm (A), 500 nm (B), and 5 um (C) grodepth PDMS patterns. The

yellow arrows indicate the direction of the respexgrooves, and the scale bar is

26.Fluorescent microscope images of BAECs culturedaoh um groove depth
PDMS pattern that have been triple stained for eN@8), Cav-1 (green), and
actin (violet). The groove directions are represdrby the yellow arrows. The
smaller white arrows show an endothelial cell ttlaarly shows eNOS, Cav-1

and actin distribution. The scale bar is 25 P, 81



Xiii

ABSTRACT
Microcontact printing approaches to pattern thaditnent of endothelial cells on
silicone surfaces with microgrooves
Dheeraj Roy
Advisor: Dr. Kenneth Barbee

Fluid shear stress (FSS) has been employed toectwatdimensional (2D) monolayers
of endothelial cells (ECs) that resemble the ortion of natural vasculature. However,
shape-dependent EC properties that are independdrbS remain largely undefined.
More recently, surface micropatterning has beemshgated as an approach to control
the morphology and orientation of ECs using symth&ibstratum. Most research studies
have reported the effects of microtopography oncaridluent layers of cells, which has
been the standard in research investigations & tathis thesis, surface micropatterning

is used to mimic the natural EC vasculature in lcemit layers of cells.

Cell alignment and elongation of bovine aortic ehébal cells (BAECs) were studied on
poly(dimethylsiloxane) (PDMS) surfaces consistingcnagrooves of parallel channels
and ridges with depths of 100 nm, 500 nm, 1 pum,%pan. The silicone surfaces were
preadsorbed with 10 pg/ml fibronectin (FN), an EQWbtein, to encourage cell
attachment. More than 70% of the cells aligned he 600 nm and 1 pum depth
microgrooves as compared to the BAECs cultured opatierned substrates, which
showed no preferential alignment. Further, the 1 gdepth resulted in maximum

elongation (> 3.0) of BAECs usirfgactor E, which quantifies morphological differences
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between cells on these microgrooves as comparetheio counterparts on smooth

silicone surfaces.

The effects of microtopography-induced alignmentt@nspatial localization of caveolae
were investigated. Caveolae are microdomains opthgma membrane that contain and
regulate a variety of signaling molecules, and keptay an important role in cell

function. Immunostaining protocols were employeataracterize spatial localization of
the endothelial nitric oxide synthase (eNOS) aagitmary regulatory protein, caveolin-

1 (Cav-1). Analysis showed that the expression I¢evéd eNOS and Cav-1 were

significantly higher on 500 nm and 1 pm depth pa#d surfaces. Based on the
Mander’'s coefficient of colocalization, the 1 pmptte exhibited the highest percent
colocalization (R=76%) of eNOS and Cav-1. Thesaaligg molecules were observed to
align within the channels of the 5 pum depth micooges, and similar alignment was
observed for actin flaments. This indicates pdssifiteractions between eNOS and Cav-
1 with actin filaments. While PDMS microgroovesosigly influenced cell orientation

and morphology, microcontact printing of fibronectin smooth PDMS determined that
these microgroove-based changes in cells are # oéshe 2D surface geometry and the
three-dimensional (3D) spatial arrangement of céisummary, PDMS substrates with
patterned microgrooves provide a method for evalgathe interplay between cell

orientation and spatial localization of membranetgins, which may be patterned using

microcontact printing techniques.






1. INTRODUCTION

The extracellular matrix (ECM) is made up of selgueoteins such as collagens,
proteoglycans, and glycosaminoglycans, which p@wadhree-dimensional environment
that organizes cells into tissues. The ECM contipsgraphical cues that are vital for
vivo cellular behavior such as cell attachment, migmatiand proliferation (Zhu et al.,
2004). The natural complexity of the ECM makes ®sidbf cell behavior difficult,
resulting in the need for an vitro tissue culture model. Currently, most cell types i
culture are plated on traditional two-dimensior&D) dishes to be used for cell studies
where cells are limited to the formation of a mayelr. This 2D model does not
resemble the original organization of endothelilsc(ECs) in vasculature (Motlagh et
al., 2003). Therefore, a cell culture system theiviges a three-dimensional (3D)
environment makes it possible to effectively stadilular processes in a physiologiaal
vitro setting. Surface topography, utilizing micropatteg techniques, provides an
approach to control the morphology and functioemdothelial cells from native vascular

vessels using a synthetic substratum (Vartaniah ,e2008).

An understanding of the effect of surface propsrt@ cell behavior is important for
designing substratum for controlling mammalian cetianization in basic and clinical
research and in tissue- and cell-engineering agpbics. Poly(dimethylsiloxane) (PDMS)
was chosen as the substrate to improve EC attadiduenio its elasticity, ease of surface

functionalization with ECM proteins and efficientogessing. Chapter 2 consists of the



background information on a fluid shear stress (|R®8del for controlling EC shape,
substratum topography-based cell behavior, anéreifit topographic textures that have
been shown to induce changes in cell orientatiodetailed list of the materials used and
the procedures developed during the course otltlesis are given in Chapter 3. Chapter
4 shows the cell alignment and elongation of caftubovine aortic endothelial cells
(BAECs) on PDMS microgrooves with depths in thegewof 100 nm — 1 um. The 1 um
depth pattern resulted in maximum elongation of BARvhile maximum alignment was
observed between 500 nm — 1 um, thereby demomsjrétte 1 pm as an ideal substrate
to mimic in vivo vasculature. Also, the effects of cell alignment microscale
topography have been evaluated in terms of thecabiation of physiologically relevant
protein markers. The 1 um substrate resulted inirmax colocalization of endothelial
nitric oxide synthase (eNOS) and Caveolin-1 (Caw)ich are known to be important
cell signaling proteins. Further, the effects obayed patterns on BAECs have been
obtained using microcontact printed (LCP) patte&inBbronectin that demonstrates the
fact that changes in cell orientation are a resdlthe combination of 2D surface
geometry and 3D spatial arrangement of cells. Bin&lhapter 5 discusses the role of
actin filaments in regulating cell morphology inspense to microtopography, and
potential interactions of actin with signaling peiois such as eNOS and Cav-1.
Therefore, the grooved topography is seen to peogigtrong input for cell orientation,

which may be obtained using 2D patterns of ECMeinst



The specific aims of this project are identified &llows:

Achieve cell alignment and elongation of confluBRECs on PDMS surfaces
containing microgrooves of varying depths.

Demonstrate microcontact printing as an effectaahbique to determine whether
changes in cell orientation are a result of thes2iface geometry or a result of
the 3D spatial arrangement of cells.

Quantify the microtopography-induced alignment ofAEECs on PDMS
microgrooves and uCP patterns.

Evaluate the effects of cell alignment by microscébpography on spatial
localization of physiologically relevant protein rkars.

Discuss the role of actin filaments in BAEC alignmhe



2. BACKGROUND

In this chapter, the biology of native vasculatarel the important role of endothelial
cells in regulating the structure and function &dddl vessels will be discussed. Fluid
shear stress (FSS) based in vitro models have deerioped to create two-dimensional
(2D) monolayers of endothelial cells (ECs) that endiosely mimic in vivo organization,
however, such methods are limited in the study ©$.ESurface micropatterning (MP) is
a more recent technique that allows for the devetg of three-dimensional (3D) in
vitro models to study the shape-dependent EC ptiepen the absence of FSS. Grooved
topographic textures including pillars, waves, diters have been shown to induce
changes in cell orientation and morphology in vasicell types (Vartanian et al., 2008;
Uttayarat, 2007). Such cell behavior has beenbated to mechanical stimuli that result
in contact guidance-induced cellular alignment (38eil934). Further, the alignment of
actin filaments has been identified as a possikfgaaation for the cell alignment and
elongation observed on grooved substrates (Uttgyd@®7). To gain insight into the
mechanism responsible for micropattern-induced gbdnn cell morphology, the spatial
localization of important signaling molecules mib&t considered. In addition to MP,
microcontact printing (LCP) is an effective teclugdhat creates cell orientation changes
on 2D surfaces via protein boundaries, which mayubeful in understanding the

underlying mechanism of contact guidance.



2.1 Blood vessels and endothelial cells

The largest blood vessels, arteries and veins, hatéck wall of connective tissue and
many layers of smooth muscle cells (SMCs). The vallined by a thin sheet of
endothelial cells (ECs), or the endothelium, seedrérom the surrounding outer layers
by a basal lamina. The amount of connective tissné smooth muscle cells vary
according to the vessel’'s diameter, but the endiatheing is always present. In the
finest vessels of the vasculature, the capillaties,walls only consist of ECs and their
associated basal lamina. Thus, it is clear thab#edial cells line the entire vascular
system and control the passage of materials indooam of the bloodstream (Alberts et

al., 2002).

loose connective elastic lamina

tissue (elastin fibers)

b smooth [

' muscle | endathelial lining

'II:II::Ipr'I'l

|
basal lamina

Figure 1: A small artery in cross-section showing the endihlining of blood vessels
(Alberts et al., 2002).



The endothelial lining provides a large surfaceaafer the exchange of materials
between blood and tissues (Baldwin and Thurstofi1R0The continuous monolayer of
the endothelium if formed by cells linked to ea¢hes through different classes of cell-
to-cell junctions (Michiels, 2003). Endothelial pezability changes are associated with
redistribution of surface proteins, focal adhesiansg activation of metalloproteinases.
Loss of such barrier functions in pathophysiolobwanditions can cause extracellular
edema and acute or chronic inflammation (Alexarstet Elrod, 2002). Endothelial cells
are important as a source of molecules that arelved in the regulation of blood
coagulation and platelet function. Further, blo@dsel damage results in the dominance

of a procoagulant/prothrombotic phenotype of eneihcells (Pearson, 1999).

Another crucial role of endothelial cells has towdth the maintenance of vascular tone.
The endothelial cells release the free radical gag oxide (NO), also known as the
endothelium-derived relaxing factor (EDRF), whicauses the relaxation of vascular
smooth muscle cells (Palmer et al., 1987). The N@lyction by endothelial cells is

enhanced by a variety of compounds, including acetyine, angiotensin I, and

histamine. NO is synthesized from oxygen and Lrangi by endothelial NO synthase
(eNOS), which have been reported to be activatadta@icium pathways. With respect to
the contraction of vascular smooth muscle cellseraothelium-derived 21 amino acids
peptide, endothelin (ET), is converted from itsciinge state (proendothelin) to its mature
state by endothelium membrane-bound metallopraesmaThe endothelin family of

proteins exhibit vasoconstriction properties the¢ #ong lasting (Yanagisawa et al.,

1988).



A ¥

endothelial
cells

vascular

smooth cells RELAXATION

Angiotensin 11

Thrombin ‘ Adrenaline

= 9 o
R

endothelial
cells

vascular
smooth cells

~— g
+ Inositl 7,
hacylglycerod  iriphospha

Figure 2. Schematic representation of the release of NOai#g endothelin (B) by
endothelial cells and their effects on smooth nausells, and consequently vascular tone
regulation (Michiels, 2003).

Therefore, endothelial cells are the main regulafovascular homeostasis, acts as the
interface between blood and tissue, and resporchanges in blood composition and
blood flow. Disturbance of these parameters shtie tendothelium from an
antithrombotic, anti-inflammatory and vasodilatsyface to conditions characterized by
coagulation and vasoconstriction. A better undeditay of endothelial cells will result in
improved treatments for cardiovascular diseases phdrmacological strategies

(Michiels, 2003).



2.2 Fluid shear stress and endothelial cells

In vivo increments in blood flow through arteriesdiuces a vasodilation, which is
abolished by the removal of endothelial cells, ®sjgg endothelium-dependent release
of vasodilatory factors such as EDRF (Michiels, 200ncrease in blood flow causes an
increase in the hemodynamic forces on the vessdl| wpecifically, shear stress,
tangential forces acting in the direction of bldtmv on the surface of endothelial cells,
and pressure-stretch, which acts perpendiculdrawascular wall and affects endothelial
cells and smooth muscle cells (Malek and Izumo, 6199hese forces result in
morphological changes of endothelial cells, alonth\&n array of biochemical changes,
with the most profound being the increase in NQdpotion with increasing shear stress.
The latter has been associated to the rapid eNG@&a@aen by shear stress and up-

regulation of eNOS gene expression (Xiao et ab,7).9

Many studies have reported that shear stress isdaceariety of acute and chronic
changes of arterial structure and function in aikelerotic vascular diseases (Fry, 1968).
In 1986, Davies et al. showed that increasing slhst@ass resulted in the shift of

endothelial cells with a polygonal shape at resptiented and elongated ECs in the
direction of flow. This reorientation streamlineldet endothelial cells, decreasing the
effective resistance, which may be important in #uaptation of these cells to shear
stress (Michiels, 2003). Since the discovery o thiifect of shear stress on endothelial
cells, many groups have focused their research oderstanding the signaling

mechanisms by which these monolayers detect chamgdélew in the surrounding



environment and adapt their morphology accordinghear stress has been implicated to
promote the release of factors from ECs that intwbagulation, migration of leukocytes
and smooth muscle proliferation, while simultanépugromoting endothelial cell

survival (Chien et al., 1998).

Figure 3: Monolayer of bovine aortic endothelial cells (BAEGn static culture (left),
and alignment of cells in a confluent monolayeeraf24 hr exposure to 8 dynesfcm
(right) (Davies et al., 1986).

Although fluid shear stress-based in vitro modelgehbeen developed to understand the
mechanisms responsible for changes in endoth@ibhtrphology and function, shape-
dependent endothelial properties that are indeperaddliuid shear stress remains largely

undefined (Vartanian et al., 2008).
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2.3 Surface microtopography

A more recent technique, surface micropatternin@Millows control of the cell shape
independent of external forces, that is, using MBstates, endothelial cell elongation
and alignment can be achieved without the expdsufleid shear stress (Vartanian et al.,
2008). Surface MP is based on the concept of cogtadance first introduced by Weiss,
which described changes in cell orientation asspalese mechanism to the underlying
topographic substrata (Weiss, 1934). Contact gaeldnas been observed in a variety of
cell types, including neurons, fibroblasts, endtgheepithelial, baby hamster kidney
(BHK), Madin-Darby canine kidney (MDCK), macrophageand neutrophils. In
addition, contact guidance has been studied usimgnge of topographic structures,
including grooves, pillars, waves and fibers (Udtlaay et al., 2005). Further, contact
guidance has been reported to play a role in pragnthesis and growth in various cell
types (Chesmel et al., 1995; Singhvi et al., 1994)erefore, microtopography-based
techniques allow the study the effects of endadlhetell shape on cellular and sub-

cellular functions.

Many research groups have employed groove pattenmsisting of ridges and channels
to study the effects on cell orientation and eldioga These groove patterns were used to
achieve strong alignment by varying the channetldep the ridge width (Britland et al.,
1996). The observations of these studies were st@msi in the fact that maximum
alignment resulted for ridge and groove widths over than the actual cell diameter

(e.g. 10-20 pum for endothelial cells). One studyswable to visualize uniformly
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elongated bovine aortic endothelial cells (BAECsing grooved PDMS substrates that
were preadsorbed with an extracellular matrix pno{&CM), fibronectin, to improve
adhesion of cells. Also, this study reported tloataf adhesions aligned with the channel
direction (Uttayarat et al., 2005). Similarly, anet study used PDMS and poly(methyl
methacrylate) (PMMA) nanogrooves to show significalongation and alignment of
bovine artery smooth muscle cells (SMCs), botheinrms of the cell cytoskeleton and

nuclei (Yim et al., 2005).

Figure 4: The set of images to the left (bar = 20 um) aragghcontrast micrographs of
BAECs on smooth (A), 200 nm (B), and 1 pm (C) PR¥& incubation for 1 h

(Uttayarat et al., 2005). The set of images to tight (bar = 50 um) are confocal
micrographs of F-actin stained SMCs on patterned™A) and non-patterned PMMA
(B) (Yim et al., 2005).
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The above images clearly demonstrate the usefulmiessrface microtopography as a
technigue to mimic the uniformly elongated endathelin natural linear blood vessels.
However, most studies so far have focused on sobuemt layers of cells rather than
confluent monolayers. Therefore, it will be usefal apply surface micropatterning
techniques to study topography-induced changesoofiueent endothelial monolayers,
which may help further understand the mechanisnvohned in the detection of

variations in the surrounding environment.

2.4 Mechanism of contact guidance

It has been widely accepted that cells receive at@nmand physical signals from
extracellular matrices, the surrounding fluid anaif neighboring cells. Cells integrate
the different stimuli and interpret them to generatppropriate cellular responses
(Teixeira et al.,, 2003). Various cell types (prexsty mentioned) display contact
guidance when cultured on groove and ridge patterts lateral dimensions in the
nanometer to micrometer range (Clark et al., 1998mming et al., 1999). Significant
differences in cytoskeletal organization have b&mmd between cells elongated and
aligned along topographic features and cells cettuwon smooth surfaces. The complex
network of the cytoskeleton, composed of actimiigats, microtubules, and intermediate
filaments, have all been found to align along nmceter-sized grooves and ridges
(Teixeira et al., 2003). On smooth substratessaatld cytoskeletal components did not
display any preferred orientations. In additiong¢db adhesions, which are adhesive

structures containing aggregates of transmembreoteips called integrins that link the
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actin cytoskeleton to extracellular matrix proteihave been reported to preferentially

align in the direction of grooves (Britland et 41996).

The sequence of cytoskeletal events and the reldtiyportance of the actin and
microtubule systems in the mechanism of contaaiange remain unclear. Oakley and
Brunette proposed that the first event in the ieaadf cells to grooves and ridges is the
alignment of microtubules, approximately 20 minutdter cell plating (Oakley and

Brunette, 1993). However, the detection of actindemsations along the groove/ridge
boundaries 5 minutes after cell adhesion indicdted actin aggregation rather than
microtubule alignment is the first event in the t@mh guidance mechanism (Wojciak-
Stothard et al., 1995). On the other hand, oneystised cytoskeletal poisons to disrupt
either the microtubules or the microfilaments irlsceultured on micrometer-wide

grooves and ridges, and still observed contact aguad (Walboomers et al., 2000).
Comparing this to a study that investigated nanemttpographic features, found that
functional microtubules are necessary for theatiin of contact guidance (Oakley et al.,

1997).

Another explanation for contact guidance has besspa@ated with focal adhesion
formation and alignment, especially on submicrometeatures since cell and
cytoskeletal alignment has been more pronouncegdatterns with ridge widths in the
micrometer range (Matsuzaka et al., 2000). Thebesadns have been found exclusively
on the tops of ridges on narrower patterns and vedigned along these substrate

features. In 2001, Riveline et al. proposed thaalf@dhesions orient along the direction
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of the ridges to maximize their contact area, legdb an alignment of microfilament

bundles and the cell body as a whole. However,rae¢her studies have reported that
focal adhesions bending along groove/ridge bouaddivalboomers et al., 1998). Based
on these hypotheses and explanations, it is dhedrthe mechanistic explanation of cell

orientation by contact guidance requires furthgesgtigation.

2.5 Spatial localization of signaling molecules

To gain insight into the mechanism responsibleniaaropattern-induced changes in cell
morphology, the spatial localization of importamgrealing molecules on smooth and
patterned surfaces may be considered. Caveolirpistain contained in discrete regions
within the plasma membrane, where these discregfiens are commonly referred to as
caveolae. Caveolin has been suggested to play@ortamt role in regulating a variety of

signaling processes. The physiological importanceaveolae is evidenced by recent
studies reporting that caveolin deficiencies leddaliovascular system abnormalities (Li
et al.,, 2005). Caveolae formation on the cell memerrequires a cell surface plasma
membrane protein, caveolin-1 or Cav-1. Caveolae @ad-1 participate together in

cellular processes such as vesicular transpoit, tigetabolism, cholesterol homeostasis,
and regulation of signal transduction (Cokakli ket 2009). Hence, it is clear that Cav-1

plays an integral role in cell function.
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Figure 5. Caveolin-1 regulated signaling pathway in endatidetells (Frank and
Lisanti, 2006).

Another important protein, endothelial nitric oxisgnthase (eNOS), has been reported to
control important cell processes such as angioggnessorelaxation, and permeability.
eNOS is normally myristoylated and palmitoylatedhiatr targets the protein to caveolae,
where it resides in an inactive signaling complee tb association with Cav-1. Several
studies have shown that caveolin-eNOS associa#iadsl| to the inactivation of eNOS,
thereby decreasing nitric oxide production (Li Bt 2005). This suggests that caveolae
are involved in the temporal and spatial activatadneNOS. In addition, it has been
reported that an increase in intracellular calcresults in a calmodulin-calcium complex

displacing caveolin from eNOS, leading to enzymigvation (Ju et al., 1997; Cardena et
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al., 1996). These findings confirm that caveolad aaveolin-1 are involved in eNOS

regulation.

Considering that Cav-1 and eNOS are involved in artgmt cellular processes,
preliminary experiments should examine the charigespatial localization of these
proteins in endothelial cells plated on smooth, amdrogrooved substrates made from
PDMS. In addition, microtubules and actin micrafients have been implicated in
regulation of caveolae during their role in regualatof plasma membrane topography
(Head et al., 2006). Furthermore, a study in 2093dibet al. proposed that beta-actin
plays a critical role in regulating nitric oxideqggluction in platelets, which may be
indicative of beta-actin interactions with eNOS.e$h findings suggest that actin
microfilaments interact with caveolae during celogesses. In order to observe
intracellular actin distribution, phalloidin, a druhat binds to actin filaments, may be

utilized along with immunofluorescence microscoehland et al., 1977).

2.6 Microcontact printing to create topographicalcues for cell patterning

PDMS substrates functionalized with micro- and ngramoves provide a method for
understanding the relationship between substrgiegraphy and cell alignment. The
drawback of using PDMS substrates lies in the fhat this method accounts for cell
alignment and protein spatial localization resgjtinom groove width and periodicity
(2D) as well as groove depth (3D). In order to dutee cell orientation changes and

protein expression levels resulting from 2D georastior 3D depths, a quantitative
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method is required that will allow for identificati of the role of 2D and 3D cues,
independently of each other. To address this lioia microcontact printing (LCP)
techniqgues may be employed for the extracellulatrimm@rotein, fibronectin (FN), to
identify the independent role of 3D cues in micpatgraphy-induced cell alignment
changes. Despite many reports on the effects o$tsaitb topography on cells, the
independent effect of 3D parameters on cell aligrtrhas not been investigated (Choi et

al., 2007).

Existing microcontact printing techniques includerinpng of peptides on
poly(tetrafluoroethylene) surfaces using the ink-jprinter technology, protein-
micropatterned lipid bilayer surface developmentingis elastomer stamps and
micropattern printing using lift-off techniques, erofluidic patterning and liquid-phase
printing, micropatterning with photolithographicctaiques, photolithography combined
with plasma thin-film polymerization patterning,qthimmobilization generated patterns,
and laser-guided patterning (Gauvreau et al., 26@%n and Boxer, 2000; Lim et al.,
2007; Fiorini et al., 2005; Scotchford et al., 20@essl et al., 2001; Herbert et al.,
1997; Ashkin et al., 1987). Ink-jet technology, calsnown as jet patterning, has the
advantages of being flexible with respect to sabstchoice, inexpensive, and fast, while
the spot size and resolution is limited by liquadit interfacial tension, printer
resolution, and the nozzle diameter. Elastomer ptassisted patterning has advantages
including that of not requiring specialized equipence a master template is created,
simple, large-scale and cost-effective. Additiopaltwo significant advantages of

elastomer stamp-assisted technique are the sitjabilvirtually any substrate material,
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and its potential use for immobilization of delieatolecules due to the absence of
organic solvents. Limitations of stamp techniguethat the process is highly dependent
on the mechanical properties of the stamping natarid stamping of soft materials is
still not entirely understood. Lift-off techniquesnable an independent study of the
influence of the cell-surface contact area andigand surface density, although, a major
limitation of this technique is the inability to mobilize large proteins. Microfluidic
patterning offers one of the easiest approachgedduce patterns consisting of many
different molecules and provides improved contreérosurface-ligand density, while
pattern geometries are limited to open network cttines. Photolithography based
techniques allow feature resolutions down to 1-2, ot a major drawback with this
methodology is that the immobilized proteins araally exposed to an organic solvent
which may denature proteins to a certain degreetdfhmobilization and laser-based
patterning are capable of creating heterogeneotierpa by varying exposure time;
however, these processes are slower as compareithdp existing patterning methods

(Falconnet et al., 2006).

A recent study used microcontact printing techniqte investigate the cytoskeletal
structure of endothelial cells elongated on mictigpaed surfaces to further their
understanding of the relationship between cell shagtoskeletal organization, and cell
function (Vartanian et al., 2008). The patternedames consisted of 25 pm wide lanes of
type | collagen with a spacing of 100 um betweeresa The study reported complete
endothelial cell alignment and elongation basedyioskeletal organization on collagen

patterns within 24 h. Further, the study showed the alignment of EC actin fibers and
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microtubules began almost immediately upon initiell adhesion, while, FSS-induced
actin elongation and alignment does not begin @iiP h after the onset of flow (Noria
et al., 2004). Therefore, this study shows thatrosientact printed patterns can isolate
EC elongation and cytoskeletal alignment from F8&J can be used to study the

independent role of 2D cues on microtopography-eedualignment.

Figure 6. Baboon carotid artery endothelial cells on micratact printed patterns of
type | collagen showing the onset of alignment @lodgation soon after initial adhesion
(2 hr) as well as complete alignment (48 hr). Thales bar is 50 um (Vartanian et al.,
2008).

Taking into consideration existing solutions to romatterning, this research study will
employ soft lithography techniques, specificallyicracontact printing (LCP). It is the
most widely used among soft lithographic technigdes to its efficiency for producing

substrates for cellular patterning (Singhvi et 8894). This technique will be employed
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since it is very simple, cost-effective and flexibWwith regards to the choice of substrate

and the material (fibronectin or FN) to be transfdrduring printing.



21

3. MATERIALS AND METHODS

The microfabrication of the grooved substrates,fdigication of elastomer stamps, the
functionalization of substrates, the charactemwgtihe experimental protocols, and the
data analysis are described in this section. Theenmaés required during the course of
this thesis project have been detailed in sectibnThe microfabrication of silicon molds
film casting used to create grooved substratesjdied photolithography and reactive ion
etching (RIE) techniques, is described in secti@ Section 3.3 discusses the fabrication
of elastomer stamps, sterilization and the propeinting, for microcontact printing of
fibronectin. The immunostaining procedure for CaveNOS and actin filaments is
outlined in section 3.4. The cellular distributioh proteins was assessed using three-
dimensional (3D) surface plots of fluorescent ingagehich is discussed in section 3.5.
Lastly, the data analysis methods for protein clmation, cell orientation and cell

elongation, are given in sections 3.6, 3.7 and&sfectively.

3.1 Materials

Silicon wafers from Silicon Quest International (& Clara, CA), and negative resist,
RD6 developer, and RR2 remover from Futurrex (HiankNJ). Sylgard 184 Silicone
Elastomer kit to prepare cross linked PDMS from &okMcKeown Company, Inc
(Branchburg, NJ). Fibronectin (FN) and Triton X-186m Sigma (St. Louis, MO) and

fluorescein isothiocyanate (FITC)-labeled phallnidiom Molecular Probes (Carlsbad,
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CA). Primary anti-cav-1 and anti-eNOS polyclonatilaodies, as well as secondary
Alexa, 4-6-diamidino-2-phenylindole (DAPI), and Bdamine (Rh) were purchased.
Growth medium, serum, L-glutamine, penicillin, astdeptomycin were purchased from
Sigma-Aldrich. Para formaldehyde from Fisher (Nekyd&E). Vectashield from Vector

Laboratories (Burlingame, CA).

3.2 Microfabrication of grooved patterns

The grooved patterns of parallel ridges and channere first created on silicon (Si)
wafers using photolithography and reactive ioniegiiRIE). A range of depths, i.e., 100
nm — 5 pm, were fabricated on the Si molds, afteickvthey were used to create 3D

groove patterns on PDMS substrates by the techrufyfilen casting.

3.2.1 Fabrication of silicon molds

Silicon (Si) molds were prepared to be used cregioved PDMS substrates.
Photolithography and reactive ion etching (RIEhteques were utilized to fabricate Si
molds at the Microfabrication Facility, Universitgf Pennsylvania. Si wafers were
cleaned in deionized water-sulfuric acid mixturel alried with nitrogen gas. Negative
resist was spun-coated onto Si, followed by UV expe and drying under nitrogen.
Photomasks were prepared by coating the resistfpatl wafers with Nichrome IV
using an e-beam evaporation. Furthermore, RR2 ienluivas utilized to remove

Nichrome IV-coated resist regions. These patteredwafers with Nichrome IV
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photomasks were dry etched with RIE to create odlanmith depths of 200 nm, 500 nm,
1 um, and 5 um. After the RIE procedure, the phagknwas removed, rinsed in
deionized water and dried under nitrogen. Theseosilmolds were obtained from the

Cellular and Tissue Engineering Laboratory.

Table 1. Channel and ridge widths for the respective depitithe grooved patterns
(Uttayarat 2007).

Groove Deptli Channel Width| Ridge Width
200 nm 3.5um 3.5um
500 nm 3.5um 3.5um

1pum 3.5um 3.5um
5um 2.65 um 5.51 ym

3.2.2 Film casting

Sylgard 184 Silicone Elastomer was utilized to ¢hst PDMS substrates. A mixture of
curing agent to base resin in the ratio of 1:10 wasred onto grooved Si molds or a
smooth Si wafer to create grooved or smooth suestreespectively. The base resin was
composed of 60 wt% dimethyl siloxane, dimethyl Vingerminated, 30 wt%
dimethylvinylated and trimethylated silica, 1-5 wtéra(trimethylsiloxy) silane and the
cross-linker (or curing agent) was dimethyl metlyditogen siloxane. The PDMS

substrates were cured at room temperature (RT38on before experimentation. After
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curing, the PDMS samples were annealed at 60°Q fbrto ensure complete cross-
linking. For the cell orientation experiments, tABMS samples were cut into squares
using a sterile blade with approximate dimensiohd @m by 1 cm. Substrates were
cleaned using 70% ethanol for 30 min to remove r@sidual monomer, then sterilized
under ultraviolet (UV) light for one hour per sidethe substrate and dried overnight in a

tissue culture hood.

3.2.3 Substrate functionalization with fibronectin

Smooth and grooved PDMS substrates were immersadli pg/mL FN in phosphate
buffered saline (PBS) solution at room temperatlifés concentration of FN has been
reported to produce monolayer coverage on hydraptsbfaces (Uttayarat et al., 2005).
Adsorption times were 1 h for smooth PDMS and $h100 nm and 500 nm PDMS,
while it was increased to 5 h for 1 um and 5 pm FDMicrogrooves. The time was
increased for the micrometer-depth grooved sulestriit ensure monolayer coverage of

FN.

3.2.4 Cell culture

BAECs were cultured in T75 flasks using Dulbecddlsdification of Eagle’s Medium
(DMEM) supplemented with 10% fetal bovine serum $B0.5 mg/mL L-glutamine, 10
U/mL penicillin, and 10 pg/mL streptomycin at 37%C 95% air/5% CQ. Cells were

sub-cultured every 2 days and cells at passaget \Be2e used for experimentation.
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BAECs were seeded onto PDMS samples at a densi§0,000 cells/chin DMEM
containing 10% FBS. For cell orientation experinsectlls on substrates were incubated
for 24-36 h, and cell culture media was changedyeglay for culture times’ greater)
than 24 h. The differences in passage numbers alicaffiect the outcome of the cell

alignment, elongation and protein colocalizatiandgts.

e
1 + PDMS
’_I_I_I_I_I_I—‘

1 +10 pg/mL IE Silicon Wafer

Fibronectir D PDMS

| | | I:l Fibronectin
. Bovine Aortic

Endothelial Cell

+ BAECs

+ Immuno-

quorescenc

Figure 7: Block diagram representation of PDMS microgrooxpeziments.
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3.3 Microcontact printing

To evaluate the effects of two-dimensional (2DY¥awe geometry on cell orientation and
compare the results to the 3D PDMS microgroove exynts, microcontact printing of
fibronectin on smooth PDMS substrates was perforniadthese experiments, the
alternating channel and ridge pattern of the PDMiSragrooves was recreated by
printing parallel patterns of FN using an elastamstamp. The stamps were prepared by
film casting of PDMS on Si patterns (200 um chasragid 50 pm ridges) provided by
the Vascular Kinetics Laboratory in the MechaniEalgineering Department at Drexel
University. Since 2D surface geometry was beindyaed, the depth of the Si molds was
not an important consideration. After successfliritation of the elastomeric stamps,
sterilization and FN surface functionalization vaase, after which the printing of FN on
smooth PDMS was performed. This resulted in 2Depast of FN that mimicked the 3D
patterns of parallel ridges and channels. Aftetgnoprinting, the patterns were cultured

with BAECs that were fluorescently labeled for imjamt signaling molecules.

3.3.1 Fabrication of elastomeric stamps

Two Si molds with patterns of parallel channels addes were used, one with a channel
and ridge width of 200 um and 50 um respectivehd the other with a channel and
ridge width of 10 um. The elastomeric stamps waleitated by film casting of Sylgard
184 Silicone Elastomer. Similar to the PDMS micaagre fabrication, a mixture of 1:10

curing agent to base resin was poured onto groSvetblds or a 3 um diameter Si wafer
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to create the elastomeric stamps or smooth substfar printing, respectively. The
stamps were cut in squares of side 1 cm. The PDM8 s were cured at room
temperature for 48 h before experimentation, foddvwby cleaning using 70% ethanol

and UV sterilization.

3.3.2 Printing patterns of fibronectin

To start the microcontact printing procedure, thestemeric stamps were washed with
70% ethanol and dried using compressed nitrogei), (Mashed with deionized (DI)

water and air dried for 30 min at room temperatukéier the incubation at room

temperature, the stamps were baked in an ovenOfonih at 50°C to ensure complete
drying of the stamp surface has been achieved. Wehdry stamps, 100-200 uL of 10
png/mL fibronectin was added on the grooved surtddbe stamps. This concentration of
FN was used to remain consistent with the FN famnetization performed for the PDMS
microgroove experiments. The stamps with FN wecealated for 1 h at 37°C to achieve

successful adhesion of protein to the stamp surface

During the stamp-FN incubation, the smooth PDMSstales were cut into 2 cm by 2
cm squares using a sterile blade. In order to ssfgky transfer protein from the
hydrophobic elastomeric stamp to the smooth PDMS$stsates, a hydrophobic-
hydrophilic interaction had to be created. This vaabieved by oxygen @ plasma

treating the smooth PDMS substrates that had aopidbic surface, which resulted in a

hydrophilic surface on the smooth substrates. SHR®S is a hydrophobic material, it
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has been shown that oxygen plasma treatment undssuye can change the surface
property of PDMS to hydrophilic, which is based d¢me principle of diffusion
(Mokkapati et al., 2001). Therefore, the smooth FDBibstrates were oxygen plasma

treated for 30 sec before the actual printing pgeaeas performed.

Following the stamp-FN incubation, the stamps wgastly dried using Kim wipes and
compressed nitrogen gas. The stamps were inverietb dhe plasma treated smooth
PDMS substrates and incubated at 37°C for 30, 60,120, 150, and 180 min. The
optimal incubation period for complete FN transfierm the elastomeric stamp to the
smooth substrates was determined as 180 min. Therdior the cell orientation and
immunostaining experiments, the stamp-substratelveiahes were incubated for 180
min. It was important to compare different incubattimes since the optimal incubation
time varies with the protein being printed. Follogi this incubation, the printed
substrates were washed with DI water, dried, aockdtat 4°C. To confirm successfully
printing, the printed substrates were imaged uradight microscope using a 10x

objective.

3.3.3 Sample preparation and cell culture

For cell orientation and immunostaining experimeasing the microcontact printed
PDMS substrates, following the printing and wasiéh DI water, the substrates were
incubated at room temperature in PBS for 5 min.(2%ber the PBS washes, the printed

FN patterns were blocked using 0.2% Pluronic, whiolated the non-protein printed
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areas of the substrate and prevented non-speeifiattachment. Specifically, Pluronic is
a non-ionic triblock copolymer composed of a cdntrggdrophobic chain of
polyoxypropylene flanked by two hydrophilic chaimd polyoxyethylene. In these
experiments, the substrates were incubated in RiuFfe127 for 60 min at 37°C followed
by rinsing of the substrates with PBS for 5 minketieat removed any residual Pluronic.
After completing the sample preparation for thentad substrates, they were stored at
room temperature in PBS until the BAECs were celuirom T75 flasks using DMEM.
Similar to the PDMS microgroove experiments, passa@-24 were used for
microcontact printing experiments. Cells were sdenteo the FN patterns at a density of
50,000 cells/crhand incubated for 1 h at 37°C to ensure cell ddhes the substrates.
After 1 h, the substrates were washed with DMENetoove cells that were not attached
to the surface, and fresh media was added for ¥henmght incubation at 37°C in 95%

air/5% CQ.
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Figure 8: Block diagram representation of the microcontawtging experiments.

3.4 Immunostaining of signaling proteins, Cav-1 atheNOS, and actin filaments

The spatial localization of Cav-1 and eNOS, prateinvolved in the regulation of
signaling pathways in endothelial cells, as welltlas organization of actin filaments
were visualized by immunofluorescence. For fluosesémaging of regulatory proteins
and actin filaments, a Leica DMRX microscope wasduthat is available at the Cellular

and Tissue Biomechanics Laboratory.
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3.4.1 Regulatory signaling proteins: Cav-1 and eN®

For quantitative image analysis, the PDMS sample® irst washed twice with PBS to
remove non-adherent cells. Adherent cells weredfire4% paraformaldehyde (PFA) for
20 min at room temperature, followed by three washé@th PBS. Cells were

permeabilized in 0.1% Triton X-100 for 10 min abno temperature, followed by three
washes with PBS. The nonspecific antigenic sitesevidocked in 10% donkey serum
(DKS) for 30 min at room temperature, followed byete washes with PBS. All primary
and secondary antibodies were diluted in PBS. faaflg incubation at room temperature
for 60 min in 1:200 mouse anti-eNOS and 1:200 radiii-cav-1, samples were washed
three times with PBS, and then incubated in th&,detrroom temperature for 45 min in
1:500 donkey anti-rabbit Alexa 488 and 1:100 donkeyi-mouse IgG conjugated to
Rhodamine Red-X. After 45 min, samples were washkage times with PBS,

approximately 25 pL of Vectashield was added tohesample, and samples were
covered with a glass cover slip. Samples were examniby phase contrast and

fluorescence microscopy.

3.4.2 Actin filaments

Similar to the Cav-1 and eNOS imaging sample ptep, PDMS samples for actin
imaging were rinsed with PBS and adherent cellsewleted in 4% PFA. Excess
aldehyde was quenched in 0.1 M glycine for 5 mimaaim temperature, followed by

three washes with PBS. Cells were permeabilize@.186 Triton X-100 for 20 min at
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room temperature, followed by three washes with PBfe staining solution was diluted
in PBS. Samples were incubated in the dark, at reemmperature for 30 min in 1:2
Phalloidin conjugated to fluorescein (FITC). Aft8@ min, samples were washed three
times with PBS and covered with a glass cover Sgmples were examined by phase

contrast and fluorescence microscopy.

3.5 Cellular distribution of proteins

To observe differences in the spatial localizatbiCav-1 and eNOS on microgrooves as
compared to smooth substrates, as well as diffeeena microcontact printed patterns,
the Java-based image processing program, Imageldpged at the National Institutes of
Health (NIH, Bethesda, MD) was employed. Cellul@stribution was analyzed using
fluorescent images and an ImageJ plug-in ‘3D Serfot’ (created by Kai Uwe Barthel,
University of Applied Sciences, Berlin, Germanyhig plug-in allows for the creation of
3D surface plots from 2D fluorescent images, whiels useful in comparing the cellular
distribution of proteins between samples. The lamae of each pixel in the fluorescent
image is interpreted as the height for the ploe Plot display color scheme was selected
as the fire LUT since it enhanced small differenbesveen experimental and control
images. Another advantage of using this plug-inthe fact that scale, rotation,
perspective and position were adjustable. In thigjept, the individual cells were
cropped and visualized in 3D, after which the nmsimal scale and perspective was
determined. These small differences were furthérapoed by adjusting the lighting

option, which improved visibility of minor detaila the 3D plots. In addition, among the



33

different drawing modes, the filled mode was selédince the entire surface of the cells
needed to be analyzed. However, there was one fergoconsideration in order to
accurately compare cells using these 3D surfads,@ad that was related to the fact that
the pixel luminance of fluorescent images was prited as the height, which implied
that the software was highly sensitive to backgdoumherefore, to overcome this
limitation, a background subtraction was perforroadall fluorescent images prior to the
application of the 3D plotting program using theefrsoftware by Olympus Microscopes

(Background Subtraction Toolkit).

3.6 Cell characterization: orientation and elongabn

To cells on PDMS microgrooves, microcontact prinpadterns and smooth substrates
were characterized with respect to their orientatiad elongation. Quantification of cell
orientation was based on the angle of cells withpeet to the groove direction
determined using the free open-source softwardPfdiller (Carpenter et al., 2006). To
specifically outline cells in fluorescent imagesalgeJ was used to adjust brightness and
contrast of the original images so that the Cefiroprogram (MATLAB interface)
would be able to successfully identify the cell ders. In certain cases, the cells were
manually selected for the CellProfiler analysis.c®the cells were outlined accurately,
the major and minor axes were defined by the loingction of the cell body and the
direction perpendicular to the major axes, respelti For cell orientation, the angle
between the major axes and the groove directionused. Such a definition of major and

minor axes resulted in both, thinner and longelsad well as wider and shorter cells, to
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be approximated as an ellipse. In the case of rucells, this ellipse approximation was
not able to completely include the entire surfaicthe cell. The elliptical approximations
for the two populations of cells (long and narrogvsus circular and wide) are seen in the

figure below.

Patterned Substrates Smooth Substrates
Aligned Cell Regular Cell

Figure 9: Visual representation of the ellipse approximasioperformed using the

CellProfiler software to quantify cell orientati@nd elongation.

For smooth substrates, cell orientation was defiedative to arbitrary axes defined as
north-south (N-S) because these surfaces lackadtamal direction. To compare the

orientation between grooved patterns of differezyitds, cells were considered aligned if
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the angle between the long axis and the groovelesssthan 15° (Yim et al., 2005).

Based on this definition, the percentage cell alignt was calculated for 30-40 cells.

To compare cell morphology on patterned and smeatistrates, an elongation index,
Factor E, was calculated using the major and maxas of the ellipse approximations
(Yim et al., 2005). The elongation parameter (E9ctibes the extent the equimomental
ellipse is lengthened or stretched out (Anderssal.£2003). The E is zero for a circle,

and one for an ellipse with an axis ratio of 1:2.

Factor E = (long axis / short axis) - 1

(Equation 1)
Where,
-Factor E represents the elongation index of thi, c@ a parameter that shows
differences in morphology.
-Long axis or the major axis is the longest ax&t fit within the ellipse approximation.
-Short axis or the minor axis is the axis perpemdicto the longest axes based on the

ellipse approximation.

The factor E was measured for 30-40 cells for gedond smooth substrates. In
addition, statistical analysis was performed orn ggéntation and elongation, which is

discussed in section 3.6.1.
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3.6.1 Statistical analysis

All values were reported as the mean + standardchtien (SD), where n = 30 to 40 for
orientation and elongation experiments. The stadistsignificance of the differences
between experimental groups was determined usiagStiandent’st-test. Significance

level was set ap < 0.05. Furthermore, to compare the populatiotritdigion of cell

orientation between grooved or FN printed pattearsl smooth substrates, the
Kolmogorov-Smirnov test (K-S test) of statisticadrsficance was performed. The K-S
test is a nonparametric test that quantifies tetadce between the empirical distribution
functions of two samples. The advantage of thisisethat it is insensitive to the shape of
the distributions, and is only based on the retatistributions. To compare differences
between samples, the D-statistic of the K-S tedtjchv represents the maximum
difference between cumulative distributions, wakdated. This statistic was used to

compute the probability value. For the K-S test, l#vel of significance was set at 5%.

3.7 Protein colocalization analysis

To quantify the spatial localization of two protginCav-1 and eNOS, that have been
labeled using fluorescent immunocytochemistry, lacaization analysis was performed.
The method used in this thesis is known as the Es€oefficient (R) of colocalization
(Manders et al., 1993). The value of the coeffiti@mges between 1 and 0, with 1 being
high-colocalization and zero being low. This metheabs determined applicable for this

project since a requirement of the Mander’'s Coigfitis that the number of objects in
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both channels of the fluorescent image be moress équal. An important advantage of
the Mander’s Coefficient is the simplicity of inpeeting the coefficient with respect to
colocalization of proteins, as compared to otheangjtative methods such as the
Pearson’s Correlation Coefficient, which rangesnfrd to 1 and is difficult to interpret
for fluorescent images. The Mander’'s Coefficient fwo channels, red and green, is

expressed as:

D> (R xG)
\/Z(Rﬁ)f <G’

R =

(Equation 2)
Where,
R represents the Mander’s Coefficient of colocaiora
i represents the pixel number in the images.
Ri is the intensity of the red channel.

Gi is the intensity of the green channel.

A limitation of most colocalization coefficients tiseir sensitivity to background, and the
same is true for the Mander’'s Coefficient. A prdpescquired image has a certain
amount of background to make sure that the ‘repdadi that is above the background is

detected. If this non-zero background is not rerdpuwle quantification algorithms
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assume it represents red or green signal, andnasgi@ positive correlation value. To
address the issue of background sensitivity, thestiold of the fluorescent images were
determined using the ImageJ software, which wdevi@ld by a background subtraction.
The threshold calculation using ImageJ reportslaevaf the mean background + 3x the

standard deviation of the background.

Along with the calculation of the Mander’'s Coeféaot, the relationship between the red
and green pixels in an image is displayed as amsitly-scatter plot to obtain information
regarding the frequency of the red-green pixel doatibn as well as the actual pixel
colors in an image. For the latter, two scattertylare created, one known as the
‘Frequency plot’, and the other is the ‘Red-Greeatt®r plot’. In each scatter plot,

typically the red image component is representedgathe x-axis while the green image
component is represented along the y-axis. Thensitieof a pixel in the red image is

used as the x-coordinate of the scatter plot aadniensity of the corresponding pixel in
the green image as the y-coordinate. The ‘Frequeploys’ show pixels that is

pseudocolored so that their color represents teguéncy of the red-green pixel
combination in the original image, while the ‘Rede@n scatter plots’ represent the
pixels as the actual colors in the image. Therefthre first type of scatter plot contains
the most information but is difficult to relate lkaio the original image, and the second
type of scatter plot is easier to relate to theginal image but does not give any

information about frequency.
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A third parameter that is considered with the Matsd€oefficient of colocalization is
referred to as the intensity correlation quotid@J). The ICQ plots of both channels in
the image, red and green, are compared to deterwhe¢her the red and green pixel
intensities vary in synchrony (i.e., they are dejgm), or vary asynchronously. If the red
and green channel pixel intensities vary asynchuslyo it indicates that the overlapped
pixels are largely randomly associated, which does depend on the Mander’s
Coefficient of colocalization. These plots consisthe product of the differences from
the mean (PDM) on the x-axis with pixel intensity the y-axis. Based on the Mander’s
Coefficient of colocalization, the intensity scatfdots, and the ICQ plots, it is possible
to accurately compare the colocalization of Cavatl @NOS between grooved and
smooth substrates. The statistical analysis op#teentage colocalization is presented in

section 3.7.1.

3.7.1 Statistical analysis

All values were reported as the mean + standardchtien (SD), where n = 30 to 40 for
protein colocalization experiments. The statistgighificance of the differences between
experimental groups was determined using the Stisdetest. Significance level was set

atp < 0.05.
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4. RESULTS AND DISCUSSION

4.1 Microgroove surface topography regulates cetirientation

Recent studies have shown that cell shape in twesional and three-dimensional
tissues are closely related to functional aspdatglts, including proliferation, migration,
differentiation, metastasis, and gene expressioikiffan and Moscona, 1978). Shaping
of cells in living tissues is determined either kBn organized extracellular
microenvironment, specifically the extracellular trees (ECM), or by a dynamic
mechanical environment such as fluid shear stiesswidely known that physiological
stress induces various cellular responses througmlghg pathways that affect cell
orientation; however the underlying mechanisms hastbeen elucidated. The use of
microgroove surface topographies (as describedeatio 3.2) provides a method to
study cell shape under static conditions, whichehbgen shown to affect intracellular
structures including cytoskeletons, protein expogsssignaling pathways, and cellular

functions (Kato et al., 2001).

Most surface topographies used to study cell belhawere at micron dimension. Studies
have shown that cells are more sensitive to thenrenment because they can ‘sense’
objects as small as 5 nm (Curtis and Wilkinson,130@lso, research has found that
groove depth is most important in determining caalientation (Zhu et al., 2004).

Therefore, the objective of this study is to opaenthe depth of groove patterns, made of
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parallel ridges and channels, using poly(dimethytsine) (PDMS) that will result in
bovine aortic endothelial cells (BAECs) emulatitg thaturally aligned endothelium of
the vascular vessels. The groove depth was varaeh fa nano- to a micro-scale,
specifically 200 nm, 500 nm, 1 um, and 5 pm, tooaat for the different mechanical
cues that may be involved in shaping of cells imoviThe grooved surfaces were
preadsorbed with a uniform coverage of fibronedtiN) so that differences in cell
alignment and protein localization could be attrdalito the variation in the groove depth.
For the 100 nm — 1 um patterns, the ridge and aamilths were held constant at 3.5
pm, while the 5 pm pattern exhibited a channel hvoft 2.65 pm and a ridge width of
5.51 um. These patterns were cultured with BAEGQS stained for important signaling
proteins, Cav-1 and eNOS, to investigate cell d¢aton, cell elongation, and cell
morphology. Further, these patterns were usedutdyshe cellular distribution of Cav-1
and eNOS as well as the percentage colocalizatibith are discussed in the following

sections.

The results showed that increasing the groove depth 100 nm to 1 um resulted in an
increase in cell alignment, where cells were cared aligned if the angle between the
long axis of the cells and the grooves was less 1#8. In terms of morphology, aligned
cells depicted an elliptical shape while cells anosth substrates showed a circular
shape. Further, the 1 um pattern showed cells antlelongation parametefactor E,
which was significantly greater compared to theeotlpatterns. Along with shape
changes, it was observed that protein colocalinaglmowed a significant increase on the

1 pum pattern, which may be related to the elongatifacells on this groove depth.
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4.1.1 PDMS substrate characterization and fibrondm adsorption

The smooth and grooved substrates were inspectepuédity purposes using the atomic
force microscope (AFM) and scanning electron micopg (SEM) by the Cellular and
Tissue Engineering Laboratory. Briefly, the groowdstrates with depths of 100 nm,
500 nm, 1 um, and 5 um exhibited a pitch of 8 phe thannel and ridge dimensions for
each individual groove pattern can be found in isect3.2.1 (Table 1). The

characterization results are detailed in Uttayarat. (2005).

Figure 10: AFM image showing the cross-sectional profile odoyes on the PDMS
mold with a groove depth of 200 nm (Uttayarat, 2007

As for the fibronectin adsorption performed in thesearch study, the procedure closely
followed published protocols, which resulted inau@rage fibronectin surface density of
300-350 ng/cth based on relative fluorescence intensities. Initimag this surface

density value was reported to be identical amongatmand grooved PDMS substrates



43

(Uttayarat et al., 2005). Based on these resllis, ¢lear that the smooth and grooved
substrates were covered with a uniform layer afofilectin, which allows differences in
cell orientation and protein localization betweeihsrates to be attributed to variations

in groove depth rather than surface chemistry.

4.1.2 Endothelial cell shape: orientation, elongatn and morphology

In this study, BAECs cultured on 200 nm — 5 pum geodepth PDMS patterns were
qguantified with respect to cell orientation relatito the groove direction and the cell
elongation index Kactor E). These parameters were selected since they e the

most commonly used quantification methods to dbeccell shape in published studies.
This allows for a discussion to determine whethey eelationships between cell shape
and microtopography observed in this study is coaige to other studies. In addition to

orientation and elongation, cell morphology was parmed between substrates.

To visualize BAECs on PDMS substrates, the cellsewiuorescently labeled using
antibodies that recognized two regulatory signajimgteins, Caveolin-1 (Cav-1; green
channel) and endothelial nitric oxide synthase (BN@d channel) (Figure 11). The
grooved patterns were prepared by film casting PDdnSthe surface of the silicon
wafers. Since each pattern was on an individualn8 $i wafer, the PDMS groove
surfaces were compared to their respective smaglons on the same PDMS mold.

This was done to compare consistency of the costawiples across different Si wafers,
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and to take into consideration any minor differenée surface properties of the

individual Si wafers.

Grooved Control Grooved

Control

Figure 11: Fluorescent microscopy images of BAECs on botbpwerd and smooth
surfaces, for channel depths of 200 nm (A) and r500(B). eNOS (red), Cav-1 (green)
and merged channels show protein distribution. 3¢ee bar is 25 um.
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Figure 11 (above) shows the effects of nanoscalevgr depths (200-500 nm) on BAEC
orientation and elongation. The yellow arrows repré the groove direction for their
respective groove depths. For the 200 nm groovéhdépis observed that some cells
tend to orient in the direction of the grooves, letothers exhibit random orientations
that are similar to the cells on the control (srhpaurfaces (Figure 11A). In terms of
elongation and protein expression levels, the agllshe patterned surfaces do not show
significant differences as compared to their coyaes on the smooth substrates. On the
other hand, BAECs on the 500 nm pattern show a mhajof cells aligned in the
direction of the grooves, which is significantlyffdrent (visually) compared to the
controls (Figure 11B). In addition, levels of eN@Ppear slightly increased in the
grooved sample while those of Cav-1 are similah®non-aligned cells. Comparing the
results of the nanoscale groove depths, it is ¢hestrincreasing the depth from 200 nm to
500 nm caused an increase in the number of cdisilad) in the direction of the grooves.
In terms of morphology, the 500 nm groove cellsrslapproximate elliptical shape while

the 200 nm groove shows a combination of circutar @liptical shaped cells.

After making some observations about nanoscale vgo@nd their effects on cell
orientation, it is important to consider micronesizgrooves as shown in Figure 12.
Specifically, the figure shows BAECs cultured oprh and 5 um channel depth groove
patterns that were subsequently visualized usingunostaining. The 1 pum groove
pattern shows an entire confluent monolayer of BAEGgning parallel to the groove
direction (Figure 12A). In addition, significantfigirences are observed in the protein

expression levels of eNOS and Cav-1 between thierpaand the smooth substrates.
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Grooved Control Grooved

Control

Figure 12: Fluorescent microscopy images of BAECs on botbpwrd and smooth
surfaces, for channel depths of 1 um (A) and 5 BmgNOS (red), Cav-1 (green) and
merged channels show protein distribution. The 1 pattern shows a confluent
monolayer of aligned cells with respect to the gedlirection, along with increased
levels of protein expression and high levels otgirocolocalization (yellow pixels in the
merged channel image). The 5 um shows a decredigganant in comparison to the 1

pm. The scale bar is 25 pm.
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Along with significant protein expression levelfdilences, the 1 pm pattern shows high
levels of protein colocalization (from the mergeldacnel) compared to the smooth
substrate, which is not observed for the otherepagt Comparatively, the 5 um pattern
shows a decrease in cell alignment relative togtloeve direction (Figure 12B). On this
pattern, protein expression levels are comparaeteden control and pattern substrates,
and minimal colocalization may be depicted. A vemportant and interesting result of
the BAECs on the 5 um groove depth is that the mblanare fluorescently labeled by
eNOS and Cav-1 proteins, which signifies the faett these proteins align along and
within the channels and may be involved in the aligy mechanism that allows these

cells to ‘sense’ variations in the surrounding ménvironment.

Some important observations have resulted fromntr@scale and microscale groove
experiments. With increasing groove depth from g@dto 1 pum, cell alignment with

respect to groove direction increased. Howeveyrtnér increase in groove depth to 5
pm showed a decrease in cell alignment. Thesalkghment studies showed differences
in cell morphology between aligned and controlscellhe BAECs that were aligned on
grooved PDMS patterns depicted an elongated, b#dtout morphology that would

most accurately be approximated as an ellipse,enB(Cs on the smooth substrates
depicted random, polygonal shapes that would atelyrbe approximated as a circle.
These differences in cell shape between patternédmooth samples are a combination
of two factors, one being the cell orientation daethe underlying substrata, and the
second is the cell elongation due to the parall@hoels and ridges. Visually, the 1 pm

substrate showed the most alignment of a conflmemtolayer of endothelial cells along
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with a significant increase in the protein expresdevels on the groove patterns. This
protein expression enhancement may be an artifatieohigh level of cell alignment
observed using these groove depth substrates. this@NOS and Cav-1 distribution was
punctate across the cell surface and at the boafettse cells on patterned surfaces as
compared to eNOS being localized primarily withimtra-cellular compartments, and
Cav-1 dispersed across the cell surface on thepatierned surfaces. Furthermore, the 5
pum pattern was the only groove depth to cause igmnaént of proteins within the
channels, which may be indicative of a signalingina@ism and/or a possible role of the
cell cytoskeleton (e.g. actin filaments) in celleotation. The orientation, elongation and
morphology of endothelial cells on patterns and @mcurfaces will be quantified in the

next couple sections.

4.1.2.1 Cell orientation

Cell orientation was determined based on the apigilee cells with respect to the groove
direction. Given the observation that aligned aodtiol cells depicted elliptical and
polygonal shapes respectively, an ellipse was tsepproximate aligned cells while a
circle was used for control cells. Cell directiomswrelated to the longest axis that fit
within the ellipse and circle approximations. Onaseing the angle between the longest
axis and the reference groove direction, the algmnor orientation of the cell was
obtained. These measurements were performed usiegCav-1 channel (green)
fluorescent images of PDMS patterns and controtawee these staining images more

clearly highlighted the cell boundaries, which m&dempler to outline cells for analysis
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using the CellProfiler and ImageJ softwares. Alsas important to note that the cell

orientation for smooth substrates was determineddan an arbitrarily defined axis.

Cell orientation was recorded on a +90° scale, @iibe positive and negative angles
were considered positive for simplicity of plottitige results in a positive x- and y-axis
graph. In order to compare the differences in oekntation between patterned and
control substrates, the histograms shown in Fig@€below) were created. The x-axis
represents the angle between the cell’s longestand the groove direction, which is the
cell orientation (degrees), in bins of 5° while tiiaxis represents the percentage
incidence (%). It can be seen that alignment of ¢befluent monolayers of BAECs

increases as the groove depth is increased frorm20t 1 pum, with a peak in the 500
nm — 1 um range. A further increase in groove dépth um results in a decrease in cell
alignment. These observations are consistent Wwélrésults of the visual analysis of the
immunostaining images taken with a fluorescent osicope. The poor alignment of cells
on the 200 nm pattern may be interpreted from th@ram (Figure 13) as consisting of
two separate populations of cells, the major grexipibits cells with orientations in the

0-60° range, while the minor group exhibits cellgwerientations in the 75-85°. The 500
nm and 1 pm histograms are similar in terms ofsthepe of the distribution, with the 1

pm showing an approximate normal distribution ikahifted along the positive x-axis.

Another important observation from the histograsshie fact that the control substrates
represent random cell orientation but minor diffexes exist in their distributions, which

theoretically would be assumed to be identical sxrmdifferent PDMS substrates. The

latter shows the importance of comparing pattesrtbeir respective control surfaces.
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Figure 13: Histograms of BAECs cultured on grooved and sm&®MS substrates for
24 h that helps visualize differences in cell or@ions across the range of groove depths
(200 nm - 5 um) as well as between pattern and sm@ontrol) surfaces. The x-axis
represents the cell orientation (degrees) and thexig represents incidence
(percentage). The x-axis has been divided intoi®8 bfter comparing a range of bin

sizes (2-10°) for the most useful data represeniati
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Although the histogram representations of cell miagon distributions of BAECs on
different groove depths were useful in showingedd#hces between experimental groups,
it is important to determine statistical significenof the results. To compare the
population distribution of cell orientation betweegrooved patterns and smooth
substrates, the Kolmogorov-Smirnov test (K-S tesft) statistical significance was
performed. The D-statistic of the K-S test représeéhe maximum difference between
cumulative distributions, which once calculated weed to compute the probability

value @-value).

Table 2: Results of the Kolmogorov-Smirnov test of staastsignificance to compare

population distributions of cell orientation.

D statistic P-value

200 nm 0.389 0.126
500 nm 0.492 0.010
1um 0.436 0.029
5um 0.417 0.060

At the 5% level of significance, it is observedttilae 500 nm and the 1 um groove
depths resulted in statistically different cellemation distributions as compared to their
respective controls. This result validates the jotesly mentioned hypothesis that the
critical groove depth that induces uniform alignin@na confluent monolayer of BAECs

lies in the range of 500 nm — 1 um. Further expenitation need to be conducted around
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this range of channel depths to determine if imprognts in alignment could be

achieved relative to the results of the preserntystu

To compare the orientation between grooved pattefndifferent depths, cells were
considered aligned if the angle between the longeist and the groove direction was
within £15° (Yim et al., 2005). On the other hanodlls that exhibited an angle of 15-90°
between their major axis and the grooves were dersil non-aligned. Figure 14 shows
a histogram of the percentage of aligned cells ooovged substrates after 24 h of
incubation. Cell alignment increased from about S@%the 200 nm patterns to about

80% for the 500 nm and the 1 um patterns respégtama slightly decreased to about

65% for the 5 pm pattern.
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Figure 14: Histogram showing the percentage of BAECs aligmedjrooved substrates
with depths of 200 nm — 1 pum. Data represents masandard deviation (SD).
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In this study of cell orientation, a comparisortiod 200 nm, 500 nm, and 1 um patterns
shows that small increases in the groove depth. (B2yy hundred nanometers)
significantly enhances the cell response to aligthe direction of the grooves, especially
considering that these patterns have identical redlaand ridge widths. It is inferred
through this study that cell alignment depends iyawn the dimension of groove depth,
where the 500 nm - 1 um range was found to becatith order to create a uniformly
aligned confluent layer of endothelial cells. Trexthparameter to quantify cell shape is
the elongation index, which gives insight regardimg morphology of cells as well as the

spreading of cells on the grooved PDMS substrates.

4.1.2.2 Cell elongation

The elongation index (Factor E) was calculated gusire major and minor axes of the
ellipse approximations of BAECs to compare cell pghaon patterned and smooth
substrates (Yim et al., 2005). This parameter dessithe extent the cell is lengthened of
stretched out, which is a cell response to vamatim the underlying microtopography
(Andersson et al., 2003). From the histogram (FdLB), it is observed that cells on the
smooth (control) surfaces exhibit the smallest @abf Factor E (~0.8+0.3), which
indicates that these cells are more accuratelyoxppated as circular in shape rather
than elliptical. With respect to the groove pattgrincreasing the groove depth from 200
nm to 1 um resulted in a gradual increase in thetdfF& value from about 2.0 to 4.0,
while a further increase in groove depth to 5 piowsdd a decrease in the Factor E value

to ~1.8. The maximum elongation index or Factoratu® (~4.0) is found on the 1 um
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PDMS groove substrates, which makes this groovehdeptical in inducing cell

alignment as well as cell elongation in confluemtnmlayers of BAECSs.

5 A *%

Elongation {Factor E}
[}

Smooth 200 nm 500 nm 1 um 5 um

Figure 15: Histogram of BAEC elongation (based on Factor E)wing the fact that

cells on groove patterns exhibit greater elongatindices as compared to the smooth
surfaces. Among the different groove depths, ibhserved that the 1 um pattern is
critical in creating cells that are highly elongatéFactor E ~4.0). Data represents mean

+ standard deviation (SD) for 30-40 cells per expental group.

The above results were assessed for statisticaifisance by performing a Student's t-
test. The test results demonstrated that the 1 atterp elongation index is significantly
greater than the smooth substrate, and the otlearpad substrates (200 nm, 500 nm, 5

pum) at the 1% level of significance & 0.01). These observations show that cell
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elongation varies with groove depth and is maxichioe the 1 um substrates for a

culture time of 24 h.

4.1.2.3 Cell morphology

From the fluorescent microscopy images of confluB®ECs on grooved PDMS
substrates shown in Figures 11A, 11B, 12A, 12B, ro@rphology on smooth, 200 nm,
500 nm, 1 um, and 5 um surfaces may be examinedsi§lently, cells on smooth
surfaces display a polygonal or circular shape watiidom orientations, while cells on
the grooved substrates display an elliptical shvagietheir longest axes aligned along the

groove direction.

On smooth substrates (Figure 11A), a majority & tells appear polygonal, while a
small number of cells display elongated structuies any random direction.
Comparatively, BAECs on the grooved patterns withrmel depths of 200 nm — 5 um
display a majority of cells aligning in the direati of the grooves with an elliptical or
stretched out morphology due to their interactiathwhe underlying microtopography.
On the 200 nm and 5 um PDMS (Figures 11A, 12Bngdted cells exhibit major axes
either parallel to the channels or across sevetgés and channels. For the 200 nm, the
cells do not show specific responses to the 200groove depth as seen for the 5 um
substrates, where the cells express proteins thgtha involved in the ‘sensing’ process
by aligning within the channels. On the 500 nm &ngdm patterns (Figures 11B, 12A),

the majority of the cells display long axes tha¢ parallel to the channels and a small
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number of cells that elongate across multiple ricdkggnnel boundaries. Based on the
previously discussed cell orientation and cell ghiion parameters, these cell
morphology observations remain consistent, furttadidating the 1 um groove depth as

the most optimized for alignment.

4.2 Two-dimensional patterns of protein can regul@ cell orientation

The two-dimensional and three-dimensional shapseté in vivo play different roles in
regulating functions of these cells. Although PDM$bstrates with nano- and micro-
grooves allows for the study of endothelial celts a static environment, a major
limitation of this method is that the results caesi cell orientation and protein
localization due to groove width and periodicityDj2 and groove depth (3D), as one
factor. An experimental technique is required thaly allow for the identification of the
role of 2D and 3D cues in cell orientation, indegem of each other. To address this
need, microcontact printing techniqgues must be ldpeel that mimicked the alternating,
parallel channels and ridges of the PDMS microgeosubstrates by printing the ECM
protein, fibronectin, in parallel patterns. The udemicrocontact printed patterns (as
described in section 3.3) provides a method toystiedl shape under static conditions
with respect to 2D cues alone, which have been shovaffect intracellular structures
including cytoskeletons, microtubules, actin fidermation, signaling pathways, and

cellular functions (Vartanian et al., 2008).
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Despite many reports on the effects of substrgpeg@phy on cells, the independent
effect of 3D parameters on cell alignment has re@nbinvestigated (Choi et al., 2007).
The primary expectation of this research is to tigva method to print micropatterns of
fibronectin, the extracellular matrix protein, moking the parallel grooves structure of
the PDMS substrates utilized for the Cav-1 and eNsDning experiments in the

previous sections. This will help identify the ipémdent role of 2D cues in

microtopography-induced cell alignment changes. dddition, these fibronectin

micropatterns will be employed to quantify cellgaiment in the direction of grooves, in
this case, grooves of fibronectin. To remain cdesiswith the microgroove experiments,
the protein patterns will be made on smooth poigéthylsiloxane) (PDMS) substrates.
The protein pattern width was varied in the miccals, specifically 10-200 um, to

account for the different mechanical cues that maynvolved in shaping of cells. Since
these 2D patterns were of fibronectin monolaydrs,height dimension was insignificant
as confirmed by published reports (Vartanian ¢t24l08). Therefore, any differences in
cell alignment and protein localization were atitédd to the variation in the pattern
width. Similar to the PDMS microgroove experimenktgse patterns were cultured with
BAECs and stained for important signaling protefday-1 and eNOS, to investigate cell
orientation and cell morphology. Further, thesdguas were used to study the cellular
distribution of Cav-1 and eNOS as well as the pawEge colocalization, which are

discussed in later sections.

The results showed that the 200 um wide FN pattexhtwo populations of cells, one

group that were primarily circular in shape, and tther group that had their long axes
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parallel to the boundary of the FN pattern. Aligreedls did not display enhanced levels
of protein expression, which was much lower on ¢hEBl patterns as compared to the
BAECs on PDMS microgrooves. When the FN patterntiwidas decreased to 10 pum,
the cells were about 100% aligned, which confirheg tell orientation is a result of 2D

surface geometry and 3D spatial arrangement. Intiaddto cell morphology, cell

orientation analyses were performed using the BA&Ctese FN patterns.

4.2.1 Microcontact printed substrate characterizaibn

The printing of fibronectin was carried out usimga®th PDMS surfaces and elastomeric
stamps fabricated using silicon wafers with 200 wicke channels, which were obtained
from the Vascular Kinetics Laboratory. These elamnc stamps were used to print 200
um wide patterns of fibronectin on smooth surfa@sa protein concentration of 10
pa/mL, in order to remain consistent with the PDMS38crogroove experiments.

Similarly, 10 pm wide patterns of FN were printed éxperimentation with BAECs.
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Figure 16: 200 um wide patterns of fibronectin after the prig process (A; light
microscope), patterns incubated with BAECs (B; tlighicroscope), and BAECs

fluorescently labeled with antibodies against eNOSfluorescent microscope).

Ideally, the characterization of the fibronectimnped PDMS should be carried out using
an antibody that recognizes the protein of inte(esthis case, fibronectin). However,
since such antibodies are extremely expensivenibibod was not economical viable for
this project’s scope. To confirm successful micrdgect printing of fibronectin patterns,
first, the smooth PDMS substrates were rinsed witlosphate buffered saline and
imaged under a light microscope (Figure 16A), wiaohfirmed the presence of 200 um
wide patterns. However, this does not demonsthatefibronectin is specifically printed

within the parallel lines observed under a lightmscope. Secondly, the printed patterns
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were cultured with BAECs for 8 h and imaged usinlggat microscope, which showed
the presence of confluent layers of cells withie firotein printed boundaries (Figure
16B). This second test result supports the fadt fibeonectin was specifically printed
using the microcontact printing technique discusseslection 3.3. Further, the BAECs
cultured on these patterns of FN were fluorescedlyeled with antibodies that
recognized eNOS, which clearly helped visualize pé® wide patterns of cells (Figure
16C). The results so far confirm successful proptifi FN by the presence of cells only
within 200 um wide patterns and without any catlshe 10-20 um gaps between protein

boundaries (Hannachi et al., 2009).

Based on these results, it is clear that the muertact printing resulted in uniform
patterns of fibronectin, which allows differences ctell orientation and protein
localization between randomly oriented and aligoelts to be attributed to variations in
the location of the cells (in this case, the midtisa of the pattern versus the pattern

boundary).

4.2.2 Endothelial cell shape: 2D surface geometand/or 3D spatial arrangement

In this study, BAECs cultured on 10-200 um widediectin patterns printed on smooth
PDMS surfaces were quantified with respect to oelkntation relative to the protein
pattern boundary. Similar to the PDMS microgroovamification, this parameter was
selected since it has been the most commonly usgtioch to describe cell shape in

published studies. This allows for a discussiordétermine whether any relationships
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between cell shape and underlying two-dimensiomaten patterns observed in this
study is comparable to the previously discussedagioove experiments (2D and 3D
cues). In addition to orientation, cell morphologgs compared between BAECs in the

mid section of the 200 um wide patterns and thosieesedge of the protein patterns.

Once again, to visualize BAECs on 2D fibronectittgras, the cells were fluorescently
labeled using antibodies that recognized two regufasignaling proteins, Cav-1 (green
channel) and eNOS (red channel) (Figure 17). Theo#mPDMS surfaces required for
printing were prepared by film casting PDMS on thaface of non-patterned silicon
wafers. Since the printed substrates exhibited bo#ntations of BAECs, specifically,
the randomly oriented and circular cell shape a# a® the elongated, aligned and
elliptical cell shape, the mid section of the paitt@as compared to the end section (edge)
of the same pattern. For the purposes of this stindymid section was considered the
control region while the end section was the akignegion. All experiments compared
control and aligned regions of the same FN prirsigbistrate to take into consideration

any minor differences in protein coverage of thec#fic PDMS surface.
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Figure 17: Fluorescent microscopy images of BAECs on 200 iprankctin patterns

Aligned-End

Control-Mid

showing randomly oriented (circular) cells in theidmsection of the pattern and
elongated, aligned (elliptical) cells in the edgegion of the pattern. For this study, the
mid section was considered the control sample,emMhié edge region was the aligned
sample. eNOS (red), Cav-1 (green) and merged clsshew protein distribution. The

scale bar is 25 pm.

Figure 17 (above) shows the effects of two-dimemaidibronectin patterns (200 pm) on
BAEC orientation and elongation. The aligned sectimages show the fibronectin

boundary, which is used as the reference diredioiguantify cell orientation. It is

observed that two populations of cells exist orhimithe fibronectin patterns, some cells
that tend to orient parallel to the direction oé thoundary (end section), while others
exhibit random orientations that are similar tdseh smooth surfaces (mid section). The
effect of the 2D boundary of fibronectin in aliggiBAECs without a 3D parameter is

demonstrated in the end section of the patterterims of protein expression levels, the
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aligned cells near the FN boundary do not showifsigimt differences compared to their
counterparts (non-aligned cells) in the middle isecdf the pattern. The latter represents
the fact that alignment of cells due to the FN ltarg did not enhance levels of eNOS
and Cav-1 expression. In addition, no significamtiocalization differences were
observed (visually), and neither was there diffeesnin the cellular distribution of
proteins between aligned and control cells. In gewh morphology, the aligned cells
show approximate elliptical shape while the constodbws a combination of circular and

elliptical shaped cells, with a majority of circukhaped cells.

After making some observations about 200 um widgepas of fibronectin and their
effects on cell orientation, it is important to eater 10 pm wide FN patterns as shown in
Figure 18. Specifically, the figure shows BAECstaotdd on 10 pm wide patterns of
fibronectin that were subsequently visualized usmgiunostaining. It is important to
note that this pattern does not represent a cartflo@nolayer of BAECs, but this
experiment was performed to determine whetherar@tation changes are a result of
2D surface geometry, 3D spatial arrangement o§cefla combination of the two. These
results were not compared to the PDMS microgroata.dHowever, the 200 um wide
FN patterns depicted confluent monolayers of BABGd were compared to the PDMS
microgroove experiments to observe differences @il orientation and protein
colocalization. The 10 um wide FN pattern showsuad®0% cell alignment in the
direction of the protein boundaries, along withHag levels of protein expression and
protein colocalization (yellow pixels in the mergekannel) compared to the 200 um

wide FN pattern.
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Figure 18: Fluorescent microscopy images of BAECs on 10 pde fibronectin patterns
printed on smooth PDMS surfaces. eNOS (red), Céyréen) and merged channels
show protein distribution. These images do not espnt a confluent monolayer of
BAECs. However, it is clear that about 100% ceilgminent exists with respect to the
protein boundaries, along with high levels of pmoteexpression and protein

colocalization (yellow pixels in the merged channgge). The scale bar is 25 um.

A very important and interesting result of the BAEGh the 10 um wide FN patterns is
that the high levels of cell alignment parallel toe protein boundary direction
demonstrates the dependence of cell orientatiorthenwidth of the underlying 2D
protein pattern. Based on these observations, dorigirmed that cell orientation is a
result of two factors, one being cues from the 2age geometry, and the other being
cues from the 3D spatial arrangement of cells.Heurtit is seen that these microcontact
printed patterns allow for the investigation oflcghape due to 2D geometry that is
independent of 3D cues. Using a combination of PDM&ogrooves and microcontact
printed protein patterns it is possible to compaek orientation mechanisms due to 2D
and 3D factors independently of each other. Thentation and morphology of
endothelial cells on fibronectin patterns (inclylithe end and mid sections) will be

guantified in the next couple sections.
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4.2.2.1 Cell orientation and morphology

Similar to the PDMS microgroove analysis, cell otagion was determined based on the
angle of the cells with respect to the groove dioec Cell direction was related to the
longest axis that fit within the ellipse (aligneclls) and circle (control cells)
approximations. On measuring the angle betweenlahgest axis and the reference
protein boundary, the alignment or orientation ok tcell was obtained. These
measurements were performed using the Cav-1 chdgren) fluorescent images of
BAECs on the 200 um wide fibronectin patterns. &#ht from the PDMS microgroove
analysis, cell orientation for control cells (mecson) was determined based on the same

reference protein boundary used for the aligneld.cel

In order to compare the differences in cell origota between aligned and control
sections of the printed FN patterns, the histograimewvn in Figure 19 (below) were
created. It can be seen that alignment of the genflmonolayer of BAECs increases as
distance between the cells and the protein boundacyease. These observations are
consistent with the results of the visual analg$ihe immunostaining images taken with
a fluorescent microscope. The increase in alignroénells in the end section of the 200
pm wide FN pattern may be interpreted from thedgistm as consisting of two separate
populations of cells, the major group exhibits ellith orientations in the 0-30° range,
while the minor group exhibits cells with orientats in the 40-85° range. Comparing this
result with the histogram of the mid section of # pattern, it is seen that there was a

shift in randomly oriented cells with orientations the range of 30-85° to the two
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populations of cells seen in the end section histog The end section and mid section
histograms are different in terms of the shapehefdistributions, with the end section
showing an approximate bimodal distribution and thel section showing a right-

skewed distribution.

End =1 Mid
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Figure 19: Histograms of BAEC orientation cultured on 200 pwnide patterns of

fibronectin for 24 h, showing the mid and end sediof the protein pattern that helps
visualize differences in cell orientations as thetgin boundary is approached. The x-
axis represents the cell orientation (degrees) d@hd y-axis represents incidence
(percentage). The x-axis has been divided intoi®8 bfter comparing a range of bin

sizes (2-10°) for the most useful data represeonati

The histogram representations of cell orientatimtributions of BAECs on aligned and
control sections of the 200 um wide FN pattern weseful in showing differences
between experimental groups, but it is importantiétermine statistical significance of
the results (as done for the PDMS microgroove ewpstts). The population distribution

of cell orientation between aligned and controkises were compared by computing the
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Kolmogorov-Smirnov test (K-S test) of statisticajrsficance. The D-statistic of the K-S
test was calculated and used to calculate the pilitpavalue (-value). The K-S test
resulted in a D-statistic value of 0.4187 with arespondingp-value of 0.006. This value
demonstrates that the aligned section of the 200FNnpattern is significantly different
compared to the control section of the patterrhatlt% level of significance(< 0.01).
From the latter, it is clear that the FN boundacisdike a grooved pattern in that it

causes the BAECs to align parallel to the edgeseoprinted pattern.

Furthermore, the orientation between aligned androbsections of the FN pattern was
compared by considering cells as aligned if thdeahgtween the longest axis and the FN
boundary was within £15° (Yim et al., 2005). Cdlet exhibited an angle of 15-90°
between their major axis and the FN boundary wersidered non-aligned. Based on
this definition, it is observed that the alignmehtells (mean £ SD) increased from 3.33
+ 1.92% to 43.75 £ 3.61% for the control sectiortlie aligned section of the 200 um
wide FN pattern. To confirm statistical significan@ Student’s t-test was performed on
these orientation values and resulted phalue of 0.005, which is significant at the 1%
level of significance. These results demonstragedtiastic effect the FN boundary had on
the confluent monolayer of BAECs that were randoorignted and on contact with the

boundary shifted to a more aligned orientation.

In this study of cell orientation, a comparisontieé mid section to the end section of a
200 um FN pattern shows that a 2D protein bounday significantly enhance the cell

responses to align in the direction of the boundanyup to 80 um away from the pattern
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edge. It is inferred through this study that cdigrament depends heavily on the 2D
surface geometry of the underlying substrate aedetbre, on the PDMS microgroove
surfaces, the BAECs were responding to 2D cuedaltiee surface and 3D cues due to
the spatial arrangement of cells within channelse Tatter is confirmed by quantifying

the alignment of BAECs on the 10 um wide FN patewhich as expected, resulted in
100% alignment. This result validates the obseowathat cell orientation is dependant

on the 2D surface geometry.

Another parameter that must be considered to gemnderstanding of the effects of 2D
surface geometry on BAECs is cell morphology. Ftomfluorescent microscope images
of confluent BAECs on 200 um FN patterns shown igufe 17, cell morphology in

aligned (end) and control (mid) sections may beremad. Consistently, cells on control
sections display a polygonal or circular shape watidom orientations, while cells near
the FN boundary display an elliptical shape witkitHongest axes aligned along the
boundary direction. On control sections, a majooityhe cells appear polygonal, while a
small number of cells display elongated structuneany random direction. In addition,

the control sections show a large number of chls$ &re approximately perpendicular in
orientation to the fibronectin boundary. Compariy BAECs on the aligned sections
display a majority of cells aligning in the diremti of the protein boundary with an
elliptical or stretched out morphology. Based oa pineviously discussed cell orientation

parameter, these cell morphology observations @rerate.
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4.3 Cellular distribution of eNOS and Cav-1 on micogrooves and FN patterns

To observe differences in the spatial localizabbiCav-1 and eNOS on microgrooves as
compared to smooth substrates, as well as diffeeena microcontact printed patterns,
3D surface plots were developed. The plot disptagrcscheme was selected as the fire
LUT since it enhanced small differences betweereargental and control images. In
this study, the individual cells were cropped fr@D fluorescent images (following

background subtraction) and visualized in 3D.

Figure 20 (below) shows the cellular distributidredlOS and Cav-1 for the 1 um groove
depth pattern and its respective control (smoothyssate. This pattern was selected
since it was accepted as the critical groove degitessary to induce maximum cell
alignment, cell elongation, protein expression, pnatein colocalization of a confluent
monolayer of BAECs. Therefore, distribution of mios in BAECs cultured on this
specific groove depth may provide insights into ¢lxpression levels of these proteins in
vivo, which may help identify signaling mechanisinsolved in cell shape changes.
Based on the intensity scale bar, it is seen thatdvels of eNOS and Cav-1 expression
are several fold greater than their counterpartdshensmooth substrates. In terms of
protein localization, Cav-1 appears to be distedutlong the cell periphery for the
control substrates (Figure 20C), while they areated right next to the nucleus
(juxtanuclear) in the aligned cells (Figure 20An @e other hand, eNOS appears to be
clustered in the form of aggregates in the celbplsm for the control cells (Figure

20D), while they shift to a juxtanuclear positianthe aligned cells (Figure 20B).
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Figure 20: 3D surface plots of BAECs cultured on the 1 pnogeodepth pattern (A, B)
and their respective controls (C, D). Cav-1 localian appears to be juxtanuclear for
the aligned cells (A) and shifts to a peripheratdbution on the control cells (C). eNOS
localization appears to be cytoplasmic for the contells (D), which changes to
juxtanuclear in the aligned cells (B). Protein eggsion levels are clearly enhanced on
the patterned substrates (A, B) as compared tostheoth surfaces (C, D). The white

arrows indicate protein localization, and the insétly bar is shown in the center.

Similarly, Figure 21 displays the cellular distrilon of eNOS and Cav-1 for the 200 um
fibronectin pattern, for the aligned and contrattgmns of the pattern. This printed FN
width was selected since it successfully inducedgnaient in the cells closer to the
protein boundary, while maintaining randomly orehtells in the middle section of the

protein pattern. Therefore, comparing aligned v@&rsantrol sections was simple and
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accurate since minor variations in surface geomatey assumed constant within an
individual PDMS substrate. Distribution of proteimsBAECs cultured on this specific
protein width pattern may provide insights into #ression levels of these proteins in
response to 2D cues independent of 3D factors. Mhisallow for a better understanding
of the differences between 2D and 3D cues in teghsell orientation, protein
expression, and protein colocalization changese®as the intensity scale bar, it is seen
that the levels of eNOS and Cav-1 expression ardélasi for aligned cells and their
control counterparts. In terms of protein local@at Cav-1 appears to be distributed in
the cytoplasm for both circular (Figure 21C) antipgtal cells (Figure 21A), while

eNOS remains juxtanuclear for both, aligned (FidtkB) and control (Figure 21D) cells.

This study resulted in some very critical obsensati about the effects of underlying
microtopography on the expression and distributibproteins. Starting with the 200 um
FN pattern, it was observed that the protein exgeslevels of eNOS and Cav-1
between aligned and control cells were unchangediti®nally, the spatial localization

of these proteins remained constant across thelairand elliptical shapes, specifically,
juxtanuclear distributions of eNOS and cytoplasmitistributions of Cav-1.

Comparatively, the 1 um groove depth PDMS patteahits respective control surfaces
showed significantly different results. The expra@sdevels of eNOS and Cav-1 were
several fold enhanced in the aligned cells as coatp® the control cells, based on the
intensity scale bar. Further, the distributions eflOS and Cav-1 changes from

cytoplasmic to juxtanuclear and peripheral to joxidear respectively, for a shift from
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control to aligned cells. These results demonstteiethe changes in protein expression

levels and distribution are primarily regulatedtbg 3D spatial arrangement of cells.

r'd
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Figure 21: 3D surface plots of BAECs cultured on the 200 jbroectin pattern
including aligned (A, B) and control (C, D) sectsonf the pattern. Cav-1 localization
appears to be cytoplasmic for the aligned (A) andtil (C) cells. eNOS localization
appears to be juxtanuclear for the control (D) asdyned (B) cells. Protein expression
levels are unchanged on the aligned sections (AsBjompared to the smooth sections
(C, D). The white arrows indicate protein localiwat, and the intensity bar is shown in

the center.
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4.4 Colocalization of signaling proteins: Cav-1 aheNOS

In addition to the cellular distribution of proteinmany research groups have quantified
protein colocalization in search for possible rotdsinteracting proteins in regulating
certain cell functions. In this research study, ¢bcalization of eNOS and Cav-1 were
guantified to compare values across the 200 nnpmgroove depth range as well as the
200 pm wide FN patterns. The colocalization paramesed is known as the Mander’s
Coefficient (R) (Manders et al., 1993). This coa#int of colocalization was selected for
the simplicity of interpretation of the coefficieah the 0 — 1 scale and it's compatibility
with fluorescent microscopy experiments. Prior t@mtifying colocalization of proteins
using the fluorescent images, background subtmactias performed using the ImageJ
software since all image quantification methods ettemely sensitive to noise. Along
with the Mander’s Coefficient of colocalization,stdts were validated by analyzing
frequency and red-green scatter plots. Furthermotensity correlation quotient (ICQ)
plots of both channels of the images, red and graencompared to determine whether

the red and green pixel intensities vary in a ddpahor independent manner.

Figure 22 (below) shows the colocalization analpgigormed for the 1 um groove depth
PDMS pattern. The red-green scatter plot (Figui)2the frequency scatter plot (Figure
22B), the ICQ plots for the red channel (Figure Pa@d the green channel (Figure 22D)
are presented. For the scatter plots, the intew$itiie red pixels is shown along the x-
axis while the intensity of the green pixels isresgented along the y-axis. The red-green

scatter plot displays the actual red, green, anibwe(colocalized) pixels of the
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fluorescent images that are above the thresholdeoimage, which can be easily related
to the original images. Although it is observedt ttheere are several yellow pixels in the
red-green scatter plot, a frequency scatter pldtes@ clear as to what percentage of all
the pixels above threshold are the colocalized Ipix€he frequency scatter plot is
pseudocolored with the hot colors representingaadived pixels, which can be seen in
red and some light green. In addition, from compathe ICQ plots it is determined that
the red and green pixels vary synchronously (depet)d which indicates that the

overlapped pixels are not an artifact of randonoeasion. The Mander’s Coefficient for

the 1 um groove depth is 0.76, which representdacalization of 76%.
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Figure 22: Colocalization analysis for the 1 pm groove ddpBMS pattern showing the

red-green scatter plot (A), the frequency scattet (B), the ICQ plots for the red (C)

and green (D) channels. The scatter plots repretfemintensity of the red pixels along
the x-axis and intensity of the green pixels altmgy-axis. The ICQ plots represent the
product of the differences from the mean (PDM)hmnx-axes while pixel intensities are

represented on the y-axes.

To compare the 1 pm groove depth results, Figureh?8vs the colocalization analysis
performed for the 1 um control PDMS substrate. Cegain, the red-green scatter plot
(Figure 23A), the frequency scatter plot (Figur&R3he ICQ plots for the red channel

(Figure 23C) and the green channel (Figure 23[@),saown in the figure. It is observed
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that there are few yellow pixels in the red-greeatter plot, which in terms of the
frequency scatter plot is observed to display scedepixels. An important observation is
that the ICQ plots show that the red and greenlpma@ry asynchronously (independent),
which indicates that the overlapped pixels arertifaet of random association. Although
a colocalization coefficient may be calculated tfogse plots, the actual colocalization is
smaller in magnitude. The Mander’s Coefficient foe 1 um control substrate is 0.53,

which represents a colocalization of 53%.

Based on the above analysis for the 1 um groovehdapd it's respective control

surface, it is determined that there is high lev#lolocalization on the 1 pm depth,
while there is minimal colocalization on the smostistrate, which is a result of random
association. The latter are consistent with theentagions made from comparing the
colocalization plots of the 1 um groove and consuaffaces. Briefly, it may be observed
that the red pixels in the frequency scatter pbotthie 1 pm groove sample (Figure 22B)
is significantly larger as compared to those fa& thum control sample (Figure 23B). In
addition, the same is true by comparing the reegrecatter plots of the groove and
control sample, where the number of yellow pixedsgreater for the groove sample.
Similarly, the above colocalization analysis wasfqgrened for the 200 nm, 500 nm, 5
pm, and 200 um FN patterns. The results of thealysas are shown in the Figure 24,
which displays a histogram of the percentage ofocalzation for the different

substrates. One consistent result for all the obnsamples of the microgroove

experiments was that the ICQ plots showed indepgndwiations between the red and
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green pixel intensities, which represent the faett these samples show colocalization

that is primarily random in nature.

k.,

Figure 23: Colocalization analysis for the 1 um control PDM&bstrate showing the
red-green scatter plot (A), the frequency scattet (B), the ICQ plots for the red (C)
and green (D) channels. The scatter plots repretemintensity of the red pixels along
the x-axis and intensity of the green pixels altrgy-axis. The ICQ plots represent the
product of the differences from the mean (PDM)hmenx-axes while pixel intensities are

represented on the y-axes.
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Figure 24: Histogram of the percentage of colocalization lohse the Mander’'s
Coefficient for the 200 nm, 500 nm, 1 pum and 5 poo\g depth patterns, as well as the
200 pm wide fibronectin pattern. The data are pldtas the mean + standard deviation

(SD). The ** above the 1 um represents statissaghificance at the 1% level (p < 0.01).

From the histogram, it is seen that the percerdoadization increases from the 200 nm
to the 1 um groove depth, and a further increaskepth to 5 pm results in a significant
decrease in the colocalization. The controls shamomdifferences in colocalization,
which may be due to small variations in surfacepproes and/or in different confluent
monolayers of BAECs. Clearly, the 1 pum groove degthows the maximum
colocalization, which along with the maximum cdlgament and elongation, makes this
groove depth especially critical in inducing chamge confluent monolayers of
endothelial cells. Further, comparing the 2D FNgratto the groove patterns, it can be

noted that the aligned and control sections of Ehe pattern show higher levels of
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colocalization as compared to the groove depthemxthe 1 um. The 1 um control
sample is smaller than the control section of thepattern, while the aligned sample
shows larger colocalization than the aligned sectb the FN pattern. Although the
microcontact printed FN patterns did not show clesnig protein expression levels and
distribution between control and aligned sectiahgjoes exhibit fairly high levels of
eNOS and Cav-1 colocalization that may be indieatif possible mechanisms involving
these two signaling proteins with respect to ‘segisof 2D surface geometries. Lastly,
the colocalization data was tested for statissaghificance. At the 5% levep(< 0.05),
all differences between aligned (patterns) androbiigmooth) experimental groups are
statistically significant according to the Studsrtttest. Also, the same statistical test was
performed to compare the 1 um depth colocalizatmithe other depths and the FN
pattern, which confirmed that this depth had gsiaafly higher colocalization at the 1%

level of significanceq < 0.01).

4.5 Role of actin filaments in cell orientation

Following up on the interesting observation thatEE¥ on the 5 um groove depth
exhibited fluorescently labeled eNOS and Cav-1natig within the channels, cell
cytoskeleton functions were thought to be involvédis experiment was designed to
investigate the possible role of the cell cytoskeie specifically actin filaments, in cell
orientation on grooved PDMS substrates by fluometbgdabeling actin with a drug,

phalloidin. Using fluorescence microscopy, the radiliements of confluent monolayers
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of BAECs on 200 nm, 500 nm, and 5 pm groove depttems were visualized (Figure

25).

Figure 25: Fluorescent microscope images of actin filameatseled using a drug,
phalloidin, on the 200 nm (A), 500 nm (B), and 5 (@ngroove depth PDMS patterns.
The yellow arrows indicate the direction of thepestive grooves, and the scale bar is

25 um.

Consistent with the results of the eNOS and Cataihisg, the actin filaments of the
cytoskeleton are seen to align within the chanokthe 5 um groove depth, which is not
the case for the 200 nm and 500 nm groove deptbsgAvith the actin filaments of the
BAECs aligning within the channels, it is obsentkdt the cell boundaries are aligning
along the channels as well (Figure 25C). This negyyesent an interaction between Cav-
1, eNOS and actin filaments of the BAECs culturedtloe 5 pm groove depth, which
allow these cells to ‘sense’ the underlying micpatgraphy. To study a possible
colocalization of these important signaling progeiith actin filaments, a triple staining

fluorescent experiment was carried out (Figure ZBg results show that eNOS and Cav-
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1 proteins align within the channels since theyfarerescently labeled in these images,
as well as the actin filaments shown in the vialeannel. A representative endothelial
cell is identified by the small white arrow, whighows the eNOS protein distributed
across the entire surface of the cell, the Cavetepr being localized at the ends of the

elongated cell, and actin filaments that run thiotige cell boundary line up with the

underlying 5 pum depth grooves.
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Figure 26: Fluorescent microscope images of BAECs culture@ &num groove depth
PDMS pattern that have been triple stained for eN@8), Cav-1 (green), and actin
(violet). The groove directions are representedthsy yellow arrow. The smaller white
arrows show an endothelial cell that clearly shaOS, Cav-1 and actin distribution.

The scale bar is 25 pm.
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Based on these results, a mechanism by which eslddticells ‘sense’ the underlying
topography may involve eNOS, Cav-1 and actin filategeas well as other components
of the cell cytoskeleton. Further experimentation addition to biochemistry-based
techniqgues must be employed to accurately detaikignaling mechanism step-by-step,
as well as gain a better understanding as to wé¥ thm groove depth is the only pattern

that causes proteins and actin to align withinci@nnels.

4.6 Discussion

Topographical cues have significant effects onutailbehavior. This study indicates that
two-dimensional surface geometries and three-diraeak spatial arrangement of cells
on nano- to micro-substratum have effects on the cgentation and protein localization
independent of one another. Here, we adopted polgttylsiloxane) (PDMS)
microgrooves to study the combined effects of 20 &D cues, and microcontact
printing techniques using PDMS substrates to sthdyindependent effects of 2D cues,
on cell shape and protein distribution. A commdeetfof both 2D and 3D dimensions of
the underlying substratum is that they affect bevawortic endothelial cell (BAEC)
morphology and orientation, which are results @éraig the cell’'s microenvironment

and eliciting local remodeling (Motlagh et al., 3)0

For the PDMS microgroove experiments, the variatiogroove depth was hypothesized
to provide endothelial cells with mechanical culeattwould cause them to align and

elongate along the direction of the grooves. Thgnenent and elongation is critical in
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mimicking an in vivo environment, where a conflueglbngated endothelium is observed
in the direction of blood flow (Nerem et al., 198JAccording to this hypothesis,
fluorescent microscopy images confirms that the BAdignment in the direction of the
grooves increase with the increasing groove dégtls alignment (up to ~80% for the 1
pm depth) was visualized in confluent monolayeremdothelial cells rather than sub-
confluent layers, which has been the standardseareh investigations to date (Delft et
al., 2008; Uttayarat et al., 2005). Further, theofescent labeling of Caveolin-1 and
endothelial nitric oxide synthase (eNOS) showed tha cellular distribution of these
proteins shift from being more cytoplasmic and pleeral randomly oriented cells to
juxtanuclear in aligned and elongated endothel@lsc In addition, endothelial cells
cultured on the 5 um groove depth PDMS pattern sdo®@av-1, eNOS and actin
filaments aligning in the direction of the groovesid in many cases localizing within
individual channels. Similar results for actin filants have been observed previously
(Vartanian et al., 2008; Uttayarat et al., 2005pnk these observations, it has been
demonstrated that grooved nano- and micro-topograpain successfully induce

elongated endothelium in vitro in confluent moneesy

Based on the PDMS microgroove experiments, it wgethesized that the alignment of
endothelial cells can be re-created using 2D pedtef the extracellular matrix protein,
fibronectin. Developing microcontact printing prdcees for fibronectin, 200 um wide
patterns were printed on smooth PDMS surfaces atdred with endothelial cells,

which resulted in randomly oriented cells in thelrsection of the pattern while cells in

the edge section of the pattern (50 — 80 um) etddlaligned and elongated cells parallel
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to the direction of the protein boundary. This tesiin agreement with prior studies
(Vartanian et al., 2008). These results confirmt R surface cues are sufficient to
create aligned and elongated layers of endothel@ls. In addition, fluorescent
microscopy images of Cav-1 and eNOS in cells oseéiD fibronectin patterns showed
cellular distribution was unchanged in the aligreslls as compared to the randomly
oriented cells, specifically, Cav-1 was distribu@ttoss the cytoplasm and eNOS was
localized juxtanuclear. This observation allows tbe determination of the fact that
PDMS microgrooves incorporate 3D cues, which aspagasible for the differences in
protein localization between aligned and non-alihneells. This observation is
comparable to results published by Hannachi e{28l09). These microcontact printing
patterns demonstrated successful isolation of thec@es responsible for cell shape
changes that have been attributed to 3D parametseveral studies in the past that used

microgroove patterned substrates.
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5. CONCLUSION AND FUTURE WORK

5.1 Conclusion

The shape and protein expression of bovine aontiothelial cells has been investigated
on grooved poly(dimethylsiloxane) with variatioms groove depth in the range of 200
nm to 5 um and a fixed pitch of 8 um, as well a8 gén wide two-dimensional patterns
of fibronectin. It has been shown that PDMS nanad enicro-grooves serves as an in
vitro model to create confluent monolayers of ehdbal cells that closely resemble
vasculature. Further, surface microtopography igseful technique for the study of
shape-dependent properties of endothelial cellthénabsence of fluid shear stress or
other external forces. The 2D fibronectin pattetamonstrate the utility of microcontact
printing techniques by confirming that the celésponse to underlying microtopography
is a combination of the 2D surface geometry and3Despatial arrangement of cells.
Based on the PDMS microgrooves and printed fibrdngeatterns, it is reported that
alignment of cells on 3D substrates (e.g. grooigesg)hat is responsible for variations in
the distribution of important signaling proteinsteen aligned and randomly oriented
cells. In terms of percent alignment and cell strigtg, maximum alignment was
observed to lie in the 500 nm — 1 pm groove degtige, with a maximum elongation on
the 1 um groove depth. Lastly, colocalization o/€din-1 and endothelial nitric oxide
synthase (eNOS) may be related to the elongati@madthelial cells, because maximum

elongation in cells resulted in maximum colocalizat
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5.2 Future work

This study observed maximum cell alignment in tiveadion of the grooves on the 500
nm and the 1 pum groove depths respectively. Thewgradepth range of 500 nm — 1 pm
should be further assessed in order to optimizeatigmnment of confluent layers of
endothelial cells. Gaining a better understandirfg ttee underlying mechanisms
responsible for cell shape due to microtopograpliy nequire that the role of cell

cytoskeletons, specifically actin filaments, inlcalignment and regulation of protein
expression be studied. Furthermore, the effectsdnfgs being developed for
cardiovascular diseases should be tested on aligmeitlent monolayers of endothelial

cells to evaluate its potential uses as an in irocal model.
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