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ABSTRACT

Blood vessels are exposed to mechanical loading (pulse) approximately 75 times per
minute. Mechanical loading triggers nitric oxide (NO) production, which is an
essential mediator in blood vessel tone regulation. However, disorders, such as aging
and atherosclerosis, affect NO produced in each pulse because of blood vessel
stiffness. The mechanisms involved in reducing NO production in stiff blood vessels
are not fully understood, because the mechanical environment in blood vessels is a
complex system consisting of shear stress, tensile loading, and pressure that each of
those involves specific mechanisms. This study aims to determine the effect of
substrate stiffness on endothelial NO synthase (eNOS) phosphorylation and NO

production under tensile loading.

Bovine aortic endothelial cells were isolated through incorporation of a new method
in conventional enzymatic digestion, and were characterized by CD.31, Von
Willbrand Factor, 1,1’-dioctadecyl-1,3,3,3’,3’-tetramethylindocarbocyanine
perchlorate acetylated LDL, and angiogenesis behavior. Then, cells were seeded on
the substrates with different stiffness. Substrates were prepared through mixing
polydimethylsiloxane (PDMS) gel with 5 wt% and 10 wt% alumina (Al,O3), and
were characterized by mechanical, structural, and morphological analysis.
Approximately 10% of the strains with 1 Hz frequency were applied on the cells
seeded on the substrates for 3 h. NO production was then measured in the culture
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medium, and the intensity of eNOS phosphorylated at Serin' ** was detected in cell

lysate through enzyme-linked immunosorbent assay (ELISA) kits.

The incorporation of filter paper in conventional enzymatic digestion enhanced the
purity of isolated endothelial cells to approximately 90%. Membrane characterization

showed that Al,O3 particles were distributed properly in the PDMS base and did not
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affect the surface roughness. Moreover, adding Al,O3 to the PDMS base increased
membrane stiffness. The Young’s modulus of the membranes was 0.331, 0.592, and
1.076 MPa for pure PDMS, PDMS/5% Al,O3;, and PDMS/10% Al,Os, respectively.
The stretch loading results showed that 10% stretch of cells seeded on compliant
substrates (pure PDMS) with 1 Hz frequency and 3 h duration enhanced the

"7 t0 1.6 and increased NO bioavailability

fleuroscnce intensity of p-eNOS at Serin
to 600 pg/ml. However, p-eNOS intensity was 1.07 and 1.06 in PDMS/5% Al,O; and
PDMS/10% Al,Os, respectively, which were significantly less than the pure PDMS.
Moreover, NO concentration in response to tensile loading decreased three times in

cells seeded on PDMS/5% Al,O; compared with those in pure PDMS, and was

undetectable in PDMS/10% AlLOs.

This study presented the findings related to the phosphorylation of eNOS and NO
production in response to tensile loading. In addition, this study showed that tensile
loading elevated eNOS phosphorylation and NO production dependent on substrate

stiffness.

Keywords: bovine aortic endothelial cells, polydimethylsiloxan, alumina, stretch,

endothelial nitric oxide synthase, nitric oxide.
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ABSTRAK

Saluran darah terdedah kepada bebanan mekanikal (nadi) dengan anggaran 75 kali
seminit. Pembebanan mekanik mengaktitkan pengeluaran nitric oksida (NO), yang
merupakan agen pengantara dalam pengawalan nada saluran darah. Walau
bagaimanapun, gangguan seperti penuaan dan aterosklerosis boleh menjejaskan
penghasilan NO dalam setiap nadi, disebabkan oleh kekakuan saluran darah.
Mekanisme yang terlibat dalam pengeluaran penghasilan NO dalam kekakuan saluran
darah belum dapat dipahami sepenuhnya, disebabkan persekitaran mekanikal di
dalam saluran darah yang mempunyai sistem yang sangat kompleks, yang terdiri
daripada tegasan ricih, bebanan tegangan dan tekanan yang terlibat di dalam setiap
mekanisme yang spesifik. kajian ini bertujuan untuk menentukan kesan kekakuan
substrat keatas endothelial NO sintase (eNOS) pemfosforilan dan pengeluaran NO di

bawah pembebanan tegangan.

Sel-sel "Bovine aortic endohtelial" diasingkan melalui penyatuan kaidah baru dalam
penghadaman enzim konvensional, dan dikategorikan sebagai CD.31, Von Willbrand
Factor, 1,1'-dioctadecyl-1,3,3,3",3'-tetramethylindocarbocyanine perchlorate
acetylated LDL, dan angiogenesis. Seterusnya sel-sel akan disemai pada substrat
dengan kekakuan yang berbeza. Substrat disediakan melalui pencampuran gel
polydimethylsiloxane (PDMS) dengan 5 wt% dan 10wt% alumina (AL,O;), dan
dikategorikan sebagai mekanikal, struktur, dan analisis morfologi. Kira-kira 10%
daripada terikan dengan frekuensi 1 Hz akan dikenakan ke atas taburan sel-sel dalam
subtract selama tiga jam. Pengeluaran NO kemudiannya akan ditentukan melalui
medium kultur, dan keamatan eNOS phosphorylated pada Serin''”’dikesan dalam

lysate sel melalui enzim-linked immunosorbent assay (ELISA) kits.



Penyatuan kertas penapis dalam penghadaman enzim konvensional akan
meningkatkan pengasingan ketulenan sel endothelial sebanyak kira-kira 90%. Ciri-
ciri membrane menunjukkan partikel AL,Os3 diagihkan secara wajar di dalam PDMS
base dan tidak meninggalkan kesan permukaan kasar. Selain daripada itu,
penambahan AL,O; kepada PDMS base meningkatkan kekakuan mebran. Modulus
Young membran, adalah 0.331, 0.592, dan 1.076 MPa untuk PDMS tulen, PDMS/5%
AL,O3, dan PDMS/10% Al,Os3. Keputusan regangan muatan menunjukkan bahawa
regangan 10% daripada benih-benih semaian dalam subtrat yang mematuhi (PDMS
tulen) dengan 1 Hz frekuensi dan tempah masa 3jam meningkatkan keamatan
pendarfluor keatas p-eNOS di serine''”’ kepada 1.6 danpenambahan NO
bioavailabilibity kepada 600 pg/ml. Walau bagaimanapun, intensiti p-eNOS masing-
masing adalah 1.07 dan 1.06 untuk PDMS/5% Al,0O3; dan PDMS/10% Al,Os, dimana
kurang signifikan daripada PDMS tulen. Selanjutnya, kepekatan NO sebagai tindak
balas kepada pembebanan tegangan menurun tiga kali dalam sel-sel semaian pada
PDMS/5% Al,O3 berbanding PDMS tulen, dan tidak dapat dikesan pada PDMS/10%

AlOs.

Kajian ini membentangkan penemuan yang berkaitan dengan pemfosforilan eNOS
dan pengeluaran NO sebagai tindak balas kepada pembebanan tegangan. Disamping
itu, kajian ini menunjuk kanba hawa pembebanan tegangan meningkatkan eNOS
pemfosforilan manakala pengeluaran NO bergantung kepada ketegangan
substrat.pembebanan tegangan meningkatkan eNOS pemfosforilan manakala

pengeluaran NO bergantung kepada ketegangan substrat.

Kata kunci: sel-sel endothelai bovine aortic, polydimethylsiloxan, alumina,

ketegangan, endothelial nitric oksida sintase, nitric oksida.
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CHAPTER 1

INTRODUCTION

1.1 Background

Tissues require constant oxygen and essential nutrients, which are delivered by blood
circulation. Hence, blood pulsatile ejection must be converted to a constant flow
pattern in the distal circulation (Gnasso et al., 2001). Transferring the pulsatile
ventricular ejection into continuous flow, called Windkessel function, is one of the
abilities of the vascular tree, particularly the compliant arteries (Dart & Kingwell,

2001; Liao et al., 1999).

Blood vessels consist of three layers, namely, tunica intima, tunica media, and
tunica adventitia. Tunica intima is composed of endothelial cell layer and connective
tissue layer. The entire cardiovascular system is lined with endothelial cells. At the
beginning, endothelial cells have been viewed as inert membranes in the circulatory
system. Harvey’s description of the circulatory system and studies by Malphigi,
Reckingausen, and other researchers have shown the critical role of endothelial cells
in physio-pathological processes (Cines et al., 1998).

Beside the endothelial cells role as a barrier, these cells also can secret
mediators among which nitric oxide (NO) is the most important. NO can be produced
by endothelial Nitric Oxide Synthase (eNOS) under chemical and mechanical
stimulations (Fukumura et al., 2001). These stimulators phosphorylate eNOS at
different sites, among which Serin''"” (Ser''”’) is the most important site for NO
production. Mechanical stimulations —as the focus of this study- trigger
phosphosinositide-3-kinase (PI3K) activation, followed by activation of protein

kinase B (called Akt), and protein kinase A (PKA). The mentioned enzymes



phosphorylate eNOS at Ser''”’

and lead to NO production. NO has profound roles in
vasodilatation, platelet aggregation, leukocyte adhesion to endothelial cells,
suppression of proliferation and migration of vascular smooth muscle cells (VSMC),
and gene regulation related to monocyte adhesion molecules (Rosselli et al., 1998).
However, disorders such as aging and atherosclerosis affect NO production in
blood vessels in response to tensile loading (Lakatta & Levy, 2003; Lakatta et al.,
2009). Reduction in NO production in these disorders is a consequence of blood
vessel stiffness, which is defined as reduction in blood vessel capability to expand
and contract in response to pressure changes. Therefore, microenvironment can affect
cell responses and functions. Cells can sense the mechanical properties of their
environment through receptors attached to extra cellular matrix (ECM). Cells respond
to the environment depending on how their receptors transduce mechanical stresses
into biochemical signals (Yeung et al., 2005). However, forces imposed from stiff
blood vessels to endothelial cells may alter the mechanisms involved in eNOS
phosphorylation and NO production in response to tensile loading. The effects of
blood vessel stiffness on endothelial cells in dynamic situation have not been well
established. This lack of basic mechanistic information must be addressed in further

studies. Therefore, this study aims to detect whether or not substrate stiffness can

affect eNOS phosphorylation and NO production in dynamic situation.

1.2. Objectives

This study aims to elucidate the effects of substrate stiffness on eNOS
phosphorylation and NO production in dynamic environment. The following

objectives were determined to achieve such research aim:



I. To optimize bovine aortic endothelial cell isolation for getting high purity cell
population.

II. To prepare substrates with different stiffness and characterize those through
mechanical, structural and morphological analysis.

ITII. To evaluate the effects of substrate stiffness toward endothelial cell response
in terms of attachment, proliferation, and morphology to substrate stiffness in
static environment.

IV. To develop a dynamic cell culture environment for applying of tensile loading

on endothelial cells.

1.3. Thesis layout

This thesis is divided into six chapters. Chapter 1 is the introduction, in which
the background is presented. Chapter 2 provides a critical review of relevant
literatures. Chapter 3 presents an overview of experimental techniques employed in
the current work. Chapter 4 shows the results, which will also be discussed in chapter
5 as the discussion chapter of this thesis. Finally, Chapter 6 provides the conclusion,

future works and limitations.



CHAPTER 2

LITERATURE REVIEW

This chapter gives a comprehensive review of selected literature on topics relevant to
endothelial cells and their responses to substrate stiffness in dynamic environment,
because stiffness as a common issue in aging and atherosclerosis affects the

endothelial cell behavior in respond to blood pulse as dynamic situation.

This chapter starts with the introduction of blood vessel and role of the endothelial
cells in blood vessel. It continues with an overview of different theories that were
used extensively over the years to enhance the understanding about endothelial cell
roles. It was followed by the role of NO as main mediator which affects vascular tone
and produces by endothelial cells. Then we reviewed the reduction of NO
bioavailability in disorders like aging and atherosclerosis. We also reviewed some of
the experimental approaches used to evaluate the effects of stiffness on NO
bioavailability in vivo and in vitro. The special focuses were put on investigating the
involved mechanisms and the possible causes of reduction in NO bioavailability in

respond to substrate stiffness.

2. 1. Blood vessel structure

Blood vessels consist of three layers from the luminal side outwards, namely,

tunica intimae, tunica media, and tunica adventitia (Figure 2.1).

Tunica intimae: this layer contains endothelial cell and connective tissue
layers. However, a third layer, called sub-connective tissue, which contains collagen,

elastin fibrils, smooth muscle cells, and fibroblast cells, can be found in large arteries,



such as aorta. Endothelium is connected to tunica media through basal lamina

consisting of collagen type IV, fibronectin, laminin, and proteoglycans.

Tunica media: Smooth muscle cells form this layer, which has been covered
through the basal lamina. The relaxation and contraction properties of the vessels are
related to this tissue layer. The thickness of tunica media is different between arteries
(500 um) and veins (20 um to 50 um).

Tunica adventitia: This layer consists of soft connective tissues, such as
collagen type I mixed with elastin, fibroblast cells, nerves, vasa vasorum including
arterioles, capillaries, and venules, that all prepare oxygen for thick arteries

(Stegemann et al., 2007).

Tunica Adventitia = ;
connective tissue _:"

Endothelial cells
Int&mal elastic laminae

External Elastic Laminae

Tunica Media
Smoothe muscle cells

Figure 2.1: Cross section of blood vessel structure consists of the intimae, media,
and adventitia layer (Djassemi, 2012)



2.2. Endothelial cells

Endothelial cells have a critical role in cardiovascular system because they are a
source of pleiotropic paracrine and endocrine mediators and act as sensors against

physical and chemical stimuli.

However, at the beginning, endothelial cells were considered as inert membrane
in blood vessels. William Harvey recognized in 1682 that endothelial cells are far
from being an inert layer. Malphigi showed that blood is separated from other tissues
through endothelial cells. Meanwhile, Von Reckingausen represented in 1800 that
blood vessels are not tunnels between tissues, but lined by cells. Starling proposed in
1896 a law that solidified the role of endothelial cells as selective and static barriers.
Finally, studies of blood vessel wall by electron microscope in 1953, physiological
evaluations of vessels by Gowan in 1959, and subsequent studies revealed the current

view about endothelial cells (Cines et al., 1998).

Endothelial cells are always present in all vessels, and their numbers in an adult
person is 1x10" to 6x10", which has weight of 1 kg and covers 1 m*> to 7 m’
whereas the amount of existing connective tissue is dependent on the vessel diameter

(Boo et al., 2002).

The life of all tissues depends on blood supply. As long as the inner surface of
the blood vessel is lined by endothelial cells, blood supply is dependent on
endothelial cell function (Figure 2.2). Endothelial cells have high capacity to adjust
themselves in terms of cell number and arrangement to the blood requirements of
local tissues. Presence of endothelial cells in the inner surface leads to control of the
passage of nutrients into and out of the blood stream. Endothelial cells controls the

blood nutrients and cell trafficking, as well as permeability, haemostatic balance,



vasomotor tone, structure and integrity of vessels, proliferation, survival, and

immunity (Richards et al., 2010).

The detailed function of endothelial cells was evaluated since techniques
involved in endothelial cells isolation and culture in vitro have been developed in
1970 (Cines et al., 1998). These cells are commonly isolated from large elastic
mammalian vessels, such as rat (André et al., 1992), porcine (Carrillo et al., 2002)
and bovine aorta (Schwartz, 1978), bovine pulmonary artery, and human umbilical
cord (Kang et al., 2013). Several techniques, such as physical removal, enzymatic
digestion, the outgrowth method, and use of magnetic beads, have been reported in
the literature for isolation of endothelial cells (Birdwell et al., 1978; Phillips et al.,
1979; Schwartz, 1978; Van Beijnum et al., 2008; Wang et al., 2007). Isolated cells
can be identified as endothelial cells by specific markers including CD-31, Von
Willebrand factor (factor VIII), 1,1°-dioctadecyl-1,3,3,3’,3’-tetramethylindocarbo-
cyanine perchlorate acetylated LDL (Dil-Ac-LDL), and angiogenesis as specific

behavior of endothelial cells.

Aside from proteins in cytoplasm and surface of endothelial cells, endothelial
cells can secrete other proteins as mediators, including endothelin (ET) and platelet-
activating factor as vasoconstrictor, and NO, prostacyclin (PGI,) as vasodilators,
where in NO has a crucial role in blood vessel pressure regulation (Cines et al.,

1998).
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Figure 2.2: Endothelial cells as main constitutive part of the intimae layer
(Rodriguez, 2012)

2. 3. Nitric Oxide

Endothelium affects vascular tone and vascular remodeling through
transduction of hemodynamic conditions in the smooth muscle layer (Resnick &
Gimbrone, 1995). Endothelial cells respond to mechanical forces left by pulsatile

perfusion through vasoactive molecules such as NO (Soucy et al., 2006).

NO is the main element in vasodilatation, as well as platelet aggregation,
leukocyte adhesion to endothelial cells, suppression of proliferation and migration of
VSMC, and gene regulation related to adhesion molecules for monocytes (Dimmeler
et al., 1998; Ziegler et al., 1998). NO produced by endothelial cells reacts with the
heme group of cytoplasmic guanylatecyclase located in underlying VSMC to induce

vasodilatation and ET inhibition as contracting agent (Ziegler et al., 1998). This vital



gas is synthesized through oxidation of L-arginin and oxygen to NO and citrulline by

catalytic activity of eNOS (Dimmeler et al., 1998).

2. 4. Nitric Oxide Synthase (NOS)

Three types of NOS in endothelial cells, namely, neuronal nitric oxide synthase
(nNOS or NOS-1), inducible nitric oxide synthase (iNOS or NOS-2), eNOS or NOS-

3 produce three different kinds of NO (Napoli et al., 2006).

eNOS isoform has profound role in NO production. eNOS is called multi-
domain enzyme consisting of oxygenase domain, which has binding sites for heme
group, L-arginin, tetrahydrobiopterin (BH4), oxygen and Ca/calmodulin (CaM), and
reductase domain consisting of binding sites for nicotinamide-adenine-dinucleotide
phosphate (NADPH), flavin adenine dinucleotide (FAD), and flavin mononucleotide
(FMN), from which an electron transfer to heme group in oxygenase domain (Figure

2.3) (Dimmeler et al., 1998; Napoli et al., 2006; Ziegler et al., 1998).

NADPH NADP + H*

BH;4 Heme NH: CaM

*
CaM I-[zN—( ;eme BH.
v

[ :
FMN 4 FAD 4 ) COOH
(’_\\

NADPH* + H* NADPH

Figure 2.3: Diagram of electron transfer pathway in eNOS structure and interaction
between co-factors in NO production process (Fleming & Busse, 1999).



eNOS phosphorylation is a critical regulatory mechanism to control NO
bioavailability. To date, the eNOS molecule has at least five phosphorylation sites,
617

1177 635 617 116 . 495 1177 635
namely, Ser "', Ser’™”, Ser”" ', Ser ", and threonine™”. Ser "', Ser ™", and Ser’ ' are

stimulatory sites of eNOS, whereas Ser''® and threonine™” are inhibitory sites.

These phosphorylation sites can act through chemical and mechanical stimulators.

1177 and

However, phosphorylation sites triggered by mechanical stimulations are Ser
Ser®” that the former one has profound role in NO production (Boo et al., 2002;

Dimmeler et al., 1998; Dudzinski & Michel, 2007).

eNOS protein in basal condition is inactivated by Calveolin-1; however,
mechanical stimulations upregulate this protein and remove inhibitions through

protein kinases, such as heat shock protein-90 (Hsp-90) and PI3K.

2.4.1. Protein kinases involved in eNOS phosphorylation

Calveolin-1:.calveolin-1 is one of the main components of calveolae, a small
invagination in plasmalemmal membrane surface of endothelial cells (Farber &
Loscalzo, 2004). In basal (un-stimulated) condition, majority of eNOS bind to
calveolin at the reductase domain. Connection of eNOS to Caveolin-1 inhibits eNOS
activation; however, this inhibition can be overcome by high concentration of Ca/M
(Feron & Balligand, 2006).

Heat shock protein-90 (Hsp-90): Hsp-90 has a critical effect in eNOS
activation. Stretch and shear stress activate Hsp90 through ATP hydrolysis, and then
Hsp90 interacts with eNOS and elevates NO production in two pathways. At the first
hand, Hsp90 dissociates the interaction between eNOS and calveolin-1 by CaM, and

1177

activates eNOS by phosphorylation of eNOS at Ser ' through recruiting PI3K and
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Akt/PKA. On the other hand, eNOS is dephosphorylated at residue Thr** through the
calcineurin- dependent pathway (Averna et al., 2008).

Phosphoinositide 3-kinases (PI13Ks): Deformation of endothelial cells in
response to physical stimuli transfer stress to the whole of cell structure and leads to
activation of platelet endothelial cell adhesion molecule-1 (PECAM-1) and thereby
PI3K activation.

This protein produces phosphatidylinositol trisphosphate (PIP3) from phosphate
dylinositol bisphosphate (PIP2). PIP3 induces translocation of Akt from cytoplasm to
plasma membrane to be phosphorylated by phosphatidylinositol-dependent kinases
(PDKs). Therefore, activated Akt can activate eNOS through Ser''”” phosphorylation.
This phosphorylation elevates the affinity of eNOS to CaM because it removes the
inhibitory effect of the auto-inhibitory loop of Ser''”” from CaM binding site

(Morello et al., 2009).

2.4.2. NO production

The main stimulators for eNOS activation and NO production in endothelial
cells are Physical stimulation (stretch and shear stress) which are applied on

endothelium roughly 75 times/min in normal situation (Fisslthaler et al., 2000).

eNOS activation: eNOS is located under the plasma membrane of endothelial
cells and is inhibited through binding with Calveolin 1 in Calveolae. Inactivated
eNOS needs to be activated by certain stimulators, either physical or hormonal
stimulators. These stimulators increase the concentration CaM in the calvoelae and
remove the interaction of eNOS and calveolin 1 through Hsp90. Furthermore, stress
distribution across the cell structure and changes in the connection of actin filaments

and cytoskeletal proteins lead to conversion of PIP2 to PIP3 through PI3K activation.
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Activated PIP3 transfers inactive kinase Akt to the cell plasma membrane to be
phosphorylated by PDKs. The simultaneous connection of CaM and Hsp90 with
activated Akt induces eNOS phosphorylation at Ser''”’. eNOS can then be used in the
NO production process (Figure 2.4).

NO production: The oxygenase domain of eNOS produces electrons by
reducing NADPH. The produced electrons are transferred to the reductase domain by
flexible protein strand located between the oxygenase and reductase domains. The
electrons released from NADPH are transferred to the oxygenase domain and convert
ferric heme to ferrous, which actively binds to oxygen. Binding of oxygen and L-

arginin produces NO, in which BH4 is a necessary conversion cofactor.
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Figure 2.4: Proposed model of eNOS phosphorylation by Akt/PKB in response to
mechanical stimulation (Ignarro, 2000).
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2.5. Endothelial dysfunction

Endothelial dysfunction is a disorder in which impaired NO signaling reduces
endothelial-derived vasorelaxation and induces vasoconstriction (Cai & Harrison,
2000). Disorders such as aging and atherosclerosis, in which arterial stiffness is a

critical issue reduce NO production and induce endothelial dysfunction (Soucy et al.,

12



2006). Elevation in systolic blood pressure, a slight depletion in diastolic blood
pressure, and consequently, a widened pulse pressure are consequences of arterial
stiffness (Mancia et al., 2013; Steppan et al., 2011; Stewart et al., 2003). Systolic
hypertension and widened pulse pressure as surrogate indicators of stiffness can
induce adverse consequences in elder hypertensive patients including myocardial

infarction, heart failure, stroke, dementia, and renal disease (Kals et al., 2006).

Increased vascular stiffness can be justified by structural alterations and cellular

dysfunctions as precursors in aging and atherosclerosis.

2.5.1. Aging

Structural changes: From the structural point of view, collagen and elastin are
the determining elements in vascular wall stability and compliance (Wilkinson et al.,
2002; Zieman et al., 2005). However, enhanced arterial pressure and stretch in large
elastic arteries, especially near bifurcations, influence the structural matrix protein
through excessive collagen proliferation and fractured elastin (Lee & Park, 2013).
Excessive collagen proliferation, as well as, weakness in the elastin array,
accompanies a high tendency toward mineralization by calcium and phosphorous that

leads to aging-deprived stiffness (Park & Lakatta, 2012).

Cellular dysfunction: The effects of cellular dysfunction on arterial stiffness
are related to endothelial cells and VSMC tone (Lakatta & Levy, 2003). VSMC tone
can be regulated through mechano-stimulations (e.g., stretch caused by calcium
signaling) and by paracrine mediators (e.g., NO, Angiotensin II (All), and ET) (Park

& Lakatta, 2012).
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eNOS inhibition, a decline in NO expression, and NO scavenging by
superoxides can reduce NO bioavailability. Aside from the aforementioned reasons,
decline in Akt-mediated eNOS phosphorylation also inhibits eNOS activity during
aging (Figure 2.5). Impaired NO bioavailability induces severe reduction in pulse-
mediated vasodilation, which has positive feedback on NO reduction (Zieman et al.,

2005).

Media:
Endothelial Cells: {1 VSMC, Collagen,
Endothelial dysfunction AGE's, MMP
Increased Permeability J\} Elastin

> — Adventitia

{t Collagene,
Fibroblasts

Extrinsic influences: NaCl, Lipids, Angiotensin, Sympathetic
neurohormones, Shear stress, Increased luminal diameter

Figure 2.5: Cellular and structural mechanisms involved in arterial stiffness as a
result of aging (Zieman et al., 2005).

2.5.2. Atherosclerosis

Atherosclerosis, created through the amalgamation of arteriosclerosis and
atheromatosis, is a general term that covers the biological diversity of the arterial wall

processes (Zhao et al., 1995). Arteriosclerosis refers to media thickness, whereas

14



atheromathosis (atherosclerotic lesion) defines an inflammatory endothelial disorder

(Hamilton et al., 2007).

Structural changes: The pro-inflammatory agents stimulate endothelial cells to
express adhesion molecules to attract monocyte and lymphocyte. Interaction between
monocytes and endothelial cells increases infiltration of macrophages. Macrophages
matured from monocytes increase scavenger receptor expression and turn
macrophages into foam cells attached to the endothelial cells. This stage is
characterized as the early stage of atherosclerosis (Dao et al., 2005).

Advanced stages of atherosclerosis are defined with appearance of fibrous
tissue. VSMC activity and overproduction of extracellular matrix such as collagen
lead to fibrous formation phase. VSMC migration from media to tunica intimae layer
leads to platelet attachment (Libby, 2002). Intra plaque neovascularization favors the
chance of hemorrhage within the plaque, and hence thrombin activation (Figure 2.6)

(Oemar et al., 1998).

Endothelial cells dysfunction: The net results of atherosclerosis ranges from
tunica media thickening to increased stiffness leading to endothelial dysfunction
(Hamilton et al., 2007). Many studies have found that low expression of eNOS and
low production of NO, NO scavenging, hypercholesterolemia, and atherosclerosis

diminish endothelial cell relaxation (Figure 2.6) (Harrison, 1997; Oemar et al., 1998).
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Figure 2.6: Intimae and media involvement in atherosclerosis through plaque
formation in intimae and increase in thickness in media layer (Mookadam et al.,
2010).

2. 6. Effects of stiffness on endothelial cell behavior

In the body, blood vessel stiffness from structural point of view is related to
wall thickness enhancement and wall resistance to expansion and contraction.
Consequently, wall strain and CaM releasing declined, which consequently decreased

eNOS phosphorylation and NO production.

In the cellular concept, cells impose forces on their environment as ECM;
however, ECM applies forces such as gravity, tissue-specific interactions, mechanical
forces, and ECM stiffness to cells. Cells can sense the outer environment by integrin

receptors, which are connected to the cell cytoskeleton by F-actin or a-actinin. Cells

16



have the ability to convert mechanical cascades into complicated intracellular

signaling inputs which induce cell responses appropriately.

Mechanical stimulators like stretch stimulate at least one of these three proteins
to active cellular response. Endothelial cells respond to mechanical stimuli to regulate
vessel biology. Stretch sensed by these proteins can be converted to intracellular
signals through different mechanism, namely, enzyme activation by stretch, opening
ion channels, signal transferring through cytoskeleton, and cells contacts together

(Figure 2.7).

nucleus

nucleus

Figure 2.7: Diagram of cell-substrate interaction: A) Resting state of cells, a) Linker
protein to cytoskeleton b) Integrin receptors as a liker between ECM and cells c¢)
ECM

B) Stretched position of cell and transferring intracellular signals to nucleus (Vogel,
2006).

The converted signals are transferred to the nucleus which induces different
behavior in cells, such as, inducing conformational changes in the protein production

and protein forms (Vogel, 2006).
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In terms of protein production, strain can regulate expression of eNOS gene,
change mRNA level through alteration in mRNA transcription or RNA degeneration,
and finally control eNOS protein stability (Awolesi et al., 1995), While alterations in
protein form as a result of strain is related to protein phosphorylation (Takeda et al.,
2006). For example, strain can activate PI3K and Akt, and induce eNOS

phosphorylation, and NO production.

Besides the imposed physical forces, local ECM stiffness has important
mechanical effects on cell function. Live cells follow a pattern called “stiffness
sensing”, which denotes that cells can sense their outer environment as they adhere
and respond to mechanical resistivity of ECM. Cells can recognize substrate
mechanical properties through receptors attached to the substrate (Cines et al., 1998;

Krishnan et al., 2010; Pelham & Wang, 1997; Yeung et al., 2005).

As substrate stiffness can affect cell behavior in response to imposed forces
from the substrate, this effect can be greater in dynamic situation such as tensile
loading. Studies showed that eNOS phosphorylation and NO production is reduced in
dynamic situation as vessel stiffness increase (Blackwell et al., 2004; Lakatta et al.,

2009; Soucy et al., 2006).

The potential mechanisms in reduction of NO production with stiffness
enhancement include 1) substrate scavenging through competitive enzymes such as
arginase; 2) high production of superoxides (Reactive Oxygen Species (ROS) and Oy’
); 3) less superoxide dismutase (SOD) activation; 4) endogenous inhibition of eNOS
by asymmetric dimethyl arginin; 5) reduction in eNOS activation; and 6) modulation

of upstream activators (kinases) (Soucy et al., 2006; Sun et al., 2004).

Studies done on aged aorta showed that mechanical forces increase O

production and reduce SOD activation in aged-arterials, in which NADPH is the main
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source. eNOS can be nitrated and uncoupled by peroxynitrite caused from the

reaction NO and O, within the aged vessels (Blackwell et al., 2004; Sun et al., 2004).

Li et al. (2005) triggered phosphorylation in Akt by only shear stress. They
observed that p-Akt level remained unchanged with this stimulus; hence, they
concluded that stretch has more potential to trigger kinases for phosphorylation (Li et

al., 2005).

Peng et al. (2003) revealed that tube distensibility affect cell adhesion and
survival when those are under stress (Peng et al., 2003). They also showed that
substrate stiffness alters endothelial mechano-signaling and cell susceptibility to
stress in the presence of shear stress and stretch. Therefore, cells on stiff substrates
are more vulnerable to oxidative stress. This mechanism somehow explains why
pulse pressure in aging contributes to vascular risk. The endothelial cell function is
not the only contributing factor in arterial stiffness, stiffness of arterial wall can also

influence endothelial function in the other side (Peng et al., 2003).

Therefore, the availability of proper stiffness profiles can elevate the feasibility of

biophysical studies on cell-substrate interaction (Yeung et al., 2005).

Cell response to substrate was evaluated through cell growing on
polyacrylamide (PA) and polycaprolactone (PCL) (Tan & Teoh, 2007; Yeung et al.,
2005). However, these materials are not stretchable, whereas Polydimethylsiloxane
(PDMS) elastomeric materials have shown potential biocompatibility for vascular
and nerve tissue applications (Johansson et al., 2009). PDMS has attracted research
attention in the field of cell biology because of its biocompatibility, simple
fabrication, tuneable flexibility, gas permeability, high oxidative and thermal

stability, and low cost (Lee et al., 2004; Takeda et al., 2006; Zhang et al., 2013).
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PDMS can exhibit specific mechanical properties such as high stiffness in its native

flexibility by adding a second phase material.

From the available second phase materials for controlling substrate-stiffness, a-
alumina (ALO;), which has a well-known biocompatibility, thermal and electrical
resistivity, thermal and chemical stability, and abundance availability (Leukers et al.,
2005), was chosen in this study. The stability of a-phase Al,O3 at conditions similar
to the present operational conditions is one of the main reasons for its selection in our
study (Boumaza et al., 2009). A stable phase helps minimize deviations in physical
properties at different processing conditions, whereas an unstable phase shows

different physical properties anonymously.
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CHAPTER 3

MATERIALS AND METHODS

The initial sage of the study involves the optimization of bovine aortic

endothelial cell (BAEC) isolation. The techniques were optimized and an

improvement was proposed to commercial enzymatic method. The second part of the

study involves the preparation of substrates with different stiffness, and those were

characterized by mechanical, structural, and morphological analysis. Moreover,

BAEC adhesion, proliferation and morphology on the substrates were characterized.

Finally, 10% stretch loading for 3 h was applied on substrates, in which NO

production and phosphorylation of eNOS (p-eNOS) at Ser

enzyme-linked immunosorbent assay (ELISA) (Figure 3.1).

C

Effects of substrate stiffness on eNOS
phosphorylation and NO bioavailability

BAEC Isolation and Characterization
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Substrates Preparation and
Characterization

Fibronectin Coating with Optimized
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Time Optimization for Getting
Higher p-eNOS Intensity

Applied the Optimized Time to Other
Stiff Substrates

NO Measuremnt

were evaluated by

P-eNOS Measurement

Statistical Analysis

Figure 3.1: A summary of the stages conducted in this study
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3.1. Endothelial cell isolation

Fresh bovine aorta (descending part) was obtained from a local slaughterhouse
(Chang Fatt Sing slaughter house, Shah Alam, Malasyia). Immediately after excision,
both ends of the samples were clamped using sterilized plastic tie wraps, and the
inner lumen was filled with wash medium [Dulbecco’s Modified Eagle Medium
(DMEM) (Sigma #D5921) containing 2% penicillin-streptomycin  (Sigma
#30002210) and 120 pg/l Amphotericin B]. The clamped aorta was then dipped in
70% ethanol for 30 s to clean the outer surface, stored in 4 °C phosphate buffered
saline (PBS; Sigma #P4417) with 6% penicillin-streptomycin and 120 pg/l

amphotericin B, and transported to the laboratory in an ice box.

The samples were unclamped and washed with PBS in a laminar flow hood;
after which, the adventitia was removed using a scissor. The aorta was cut into two or
three 5 cm long pieces, and each piece was opened with a longitudinal incision.
Afterward, 0.1% collagenase type II solution was prepared by dissolving 0.1 g of
collagenase II (Gibco #1115455) in 100 ml of Hank’s balanced salt solution (HBSS)
(Hyclone® #SH30268.02). The specimens were then laid in separate dishes with the
endothelium facing up and covered with sterile filter paper (Fisher, #FB59023).
About 2 to 3 ml of 0.1% (w/v) collagenase type Il solution was dripped onto each

filter paper.

Both samples were placed in an incubator with 5% CO, at 37 °C for 30 min
which is the optimum condition for collagenase enzyme to act properly. After
incubation, the solution containing the endothelial cells was collected to centrifuge
tubes. Then, each sample and filter paper was rinsed gently with pre-warmed PBS to
remove cells which were still intact in the tissues. Also, the PBS used for washing the

samples was collected in centrifuge tubes. The cells remaining in the collagenase
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solution were collected through centrifuging at 1500 rpm for 10 min. The pellets
were re-suspended in endothelial cell-specific culture medium [M200 (Gibco,
#M200-500) containing 1% penicillin-streptomycin-amphotericin, 0.1 mg/ml heparin
sodium (Rotex Medica, #ETI3L184-10), 50 pg/ml bovine endothelial supplement
(Sigma-Aldrich, #E0760), and 20 vol% fetal bovine serum (FBS) (Sigma-Aldrich,
#F1051)], and then seeded in Nunc EasYFlask™ Nunclon™ T25 tissue culture flasks

(Figure 3.2). The culture medium was changed every 3 days.

Figure 3.2: Stages of endothelial cell isolation from bovine aorta B) Removing
adventitia tissue C) Cutting aorta samples longitudinal D) Putting samples in dishes
with endothelium facing up E) Re-suspending cell plate in T25 flasks F) Adding
medium to flasks and keeping in incubators.

Cell passaging was performed using TryPLE Select® (GIBCO #12563011)
when the cells reached 80% to 90% confluence. Cells washed with pre-warmed PBS,
and then 10 ml of TryPLE Select® was added to each T75 flasks. Flasks were kept

inside an incubator at 37 °C for 8 min. After incubation, the cells attached to the
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flasks were detached by gentle shaking, and their detachment was verified under light
microscope. TryPLE deactivation was carried out by adding a medium containing
FBS to each flask. Cells were harvested in centrifuge tube and pellet was formed at
1500 rpm for 10 minutes. The supernatant was then discarded and the formed pellet
was re-suspended in 1 ml of complete medium and counted by haemocytometer and
0.2 (w/v)% Trypen Blue (Sigma #T6146) in PBS. Endothelial cells with density
5,000 cells per cm” were seeded on flasks. The culture medium was changed every 3

days.

3.2. Cell counting and viability

Hemocytometry, a manual method for cell counting, was used. Cell suspension
was mixed with Trypen Blue with proportion 1:1. Meaning, 15 ul of cell suspension
was mixed with 15 pl of 0.2% Trypen Blue (0.2 gr Trypen Blue in 100 ml PBS).
Before placing the cell suspension into the hemocytometer, the glass cover must have
proper contact with both counting chambers. Afterward, cell suspension was applied
to the edge of cover slip and the cell number was counted under light microscope in
the 5 areas mentioned in Figure 3.3. Live cells appeared bright under the microscope,
whereas dead cells appeared dark because the dye can pass through the membrane of
dead cells. The number of live cells counted in the 5 squares was timed in 4000. The

calculated number was considered as cell number per 1 ml of cell suspension.
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Figure 3.3: Cell counting through hemocytometer A) How cell suspension should be
applied in hemocytometere chamber B) Cell suspension in both sides of the
hemocytometere chamber C) Area which should be counted for cell counting D)
Living cells with bright appearance, and dead cells with dark appearance.

3.3. Endothelial cell cryopreserving

Cell preserving can be done at freezer with —80 °C or at liquid nitrogen with
=196 °C. In this study, the cells were preserved in liquid nitrogen. After cell
detachment and centrifugation, cells were suspended in 7% Dimethyl sulfoxide
(DMSO) (7 ml of DMSO (Sigma, #D2650) (Kofron et al., 2003; Reed, 2004) with
93 ml of completed medium or FBS). Cell suspension was kept 20 min at room
temperature, and then placed inside a freezing container (Mr. Frosty), because it
induces constant reduction in temperature. The freezing container was then placed in
a freezer at —80 °C for at least 4 h, and the cell samples were then transferred to the

liquid nitrogen tank. Cells can be maintained in liquid nitrogen for several years.

3. 4. Cell characterization

Cell characterization was used to confirm that the isolated cells were the cells
that we were looking for. The isolated cells were identified as BAEC by specific
markers including CD-31 as a surface marker, Von Willbrand factor, and Dil-Ac-

LDL as cytoplasmic markers, and the formation of blood vessel-like structure
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(angiogenesis), as described in the literature (Nicosia et al., 1994b; Phillips et al.,
1979). Therefore, detection of CD-31 was done through flowcytometry, followed by
immunofluorescence staining for factor VIII and Dil-Ac-LDL. Characterization of

the endothelial cells was conducted in Passage 4 (Shimizu et al., 1999).

3.4.1. Factor VIII staining

Thermanox® plastic cover slips with dimension of 2 cmXx2 cm were placed
inside 6 well plates (Nunc®), and then pre-wetted by small volume of warm culture
medium and kept in incubator until cell seeding. Approximately, 80000 endothelial
cells suspended in 200 ul of medium were seeded on each cover slip. After
incubating the cover slips at 37 °C for 4 h, 200 pl of medium was added to the cover
slips. Cells with 400 ul medium were kept for 24 h. Medium volume then increased

to 1 ml after 24 h of incubation.

A confluent monolayer of endothelial cells on thermanox® plastic cover slips
was subjected to immunofluorescence staining to determine the Von Willebrand
factor and Dil-Ac-LDL. After reaching 70% confluence, cells were washed with cold
PBS and fixed with paraformaldehyde 4% (Sigma #HT501128) for 10 min at 4 °C.
Afterward, paraformaldehyde was discarded and cells were washed with cold PBS
for three times, with each time took 5 min. Permeabilization was conducted by 0.02%
Triton X-100 (OmniPure #9410) for 20 min at room temperature. Permeabilization
helped the penetration of antibody to the cells because factor VIII is a cytoplasmic
marker. After one time washing with PBS, the cells should be blocked with 3%
bovine serum albumin (BSA) to remove the false positive results (unwanted bonds).
Blocking was performed using 3% BSA (Amresco #0332) for 30 min. Cells were

then incubated overnight with rabbit anti-human factor VIII as primary antibody
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(Dako #ab6997; diluted 1:200) at 4 °C. After discarding the primary antibody, cells
were washed with PBS three times, which took 5 min each time to remove unbonded
antibody. The staining process was continued through cell staining with donkey anti-
rabbit IgG H&L FITC as secondary antibody (Dako, #ab7079; diluted: 1:500) for
1.5 h at room temperature. Cells were then washed with PBS three times. ProLong®
Gold Antifade Reagent (Invitrogen, P36935) was used to fix the cover slips on the
glass slides. The slides were observed using confocal microscope (Leica

Microsystems, Heidelberg GmbH).

3.4.2. Dil-Ac-LDL uptake

The uptake of Dil-Ac-LDL was examined after 4 h of incubation of the
endothelial cells with 10 pg of stock solution of Dil dye (Invitrogen, #D282) in 1 ml
of endothelial cell complete medium. The protocol was followed according to the
study of Ando et al.(Ando et al., 1999) and Nicosia et al.(Nicosia et al., 1994b) . The

stained cells were observed using confocal microscope.

(Stock solution of Dil-Ac-LDL was prepared through dissolving 15 mg of Dil-Ac-
LDL in 1 ml of DMSO as solvent. Working solution with concentration of 10 pg/ml

of Dil dye was added to the medium of seeded cells on the cover slides.

3.4.3. CD-31 detection

Endothelial cells were detached from the flasks and counted using
haemocytometer. Cells were re-suspended in PBS, divided, and placed in centrifuge
tubes at a density of 1x10° cells per tube. Three tubes were used for three
applications: without treatment, cells with Mouse IgG2a isotype control antibody

[HOPC-1] (FITC), and cells with Mouse Monoclonal antibody to CD31 (Gene Text,
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#GTX 43622). The cells were then centrifuged at 1500 rpm for 10 min. The platelets
were re-suspended in 90 pl of sheath fluid (BD FACSFlow #342003) and combined
with 10 ul of Mouse Monoclonal antibody to CD31 and Mouse Ig(G2a isotype control
antibody, and then incubated for 45 min at room temperature. The control group was
kept at the same situation, but without treatment. Isotype control was used to

eliminate the probability of obtaining false positive results.

Cells were washed twice with sheath fluid and re-suspended in 500 ul of sheath
fluid after incubation. The same procedure was carried out for controls, but no
treatment was administered. The percentage of pure endothelial cells stained by CD-
31 was evaluated through flowcytometry (FACSDiva Version 6.1.3, USA) (Grover-

Péez & Zavalza-Gomez, 2009).

3.4. 4. Angiogenesis

Endothelial cells were placed in a fibrin construct, which was used as three
dimension (3D) environment to demonstrate angiogenesis as a specific dynamic
behavior of endothelial cells (Fariha et al., 2013). Briefly, blood was collected into
citrate coated tubes from one donor. Plasma was separated from blood through
centrifugation at 700xg for 10 min. Approximately, 6x10° BAEC were suspended in
6 ml of human plasma and poured into a six well plate (1 ml plasma/l well).
Afterward, 10 pul of 1 M calcium chloride (CaCly) (Sigma-Aldrich, St. Louis, MO,
USA) and 1 IU of thrombin (Sigma-Aldrich, #T9326) was added into each well and
stored at 37 °C. Fibrin existed in the plasma polymerized to the 3D fibrin construct
after 15 min. After polymerization, 2 ml of the completed medium was added to each
well. Cell response to the 3D environment was monitored under inverted light

microscopy for 1, 3, 5, and 7 days.
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3.5. Substrate preparation and characterization

3.5. 1. Membrane preparation

PDMS/AIL, O3 composite substrates with different stiffness were prepared by
mixing PDMS gel (Sylgrade 184 Silicon Elastomer Base; Dow Corning, USA) as
base matrix with 5 wt% and 10 wt% Al,Os (Sigma-Aldrich, # 265497), which served
as second phase ceramic particle (particle size:<10 pm, density: 3.97 g/cm?, ball and
sphere shape) using a planetary ball mill (Retsch, PM200, Germany). Ball milling of
ceramic particles with PDMS was done for 4 h at a speed of 300 rpm. A curing agent
from Dow Corning with a 1:10 proportion (v/v) (curing agent: PDMS gel) was then
added to the PDMS/AI1,03; mixture. The curing agent was used as a cross-linker at the
base of PDMS polymeric chains. PDMS/ALOs/curing agent mixture was also
subjected to ball milling for 10 min at a speed of 300 rpm. The required amount of
uncured mixtures of different Al,O3 concentrations was poured into different suitable
shaped molds used for different characterizations. The dumb bell, TPP® 12-well
plate molds, and membrane mold were used for tensile test, cell culture studies, and
tensile loading studies, respectively (Figures 3.4 and 3.5). The molds were then kept
under vacuum pump (GAST, #DOA-P504-BN) for 30 min to remove bubbles. Each
mold was placed in an oven (Lab Companion) at 50 °C for 4 h to ensure proper
curing of elastomers. Pure PDMS elastomer was also prepared by mixing the PDMS
gel with the curing agent (i.e., 10% volume of PDMS gel) using the ball mill without
the addition of Al,O3 particles. The mixture was then cured at 50 °C for 4 h (Figures

3.6) (Huh et al., 2013; Mata et al., 2005).

Extensive cleaning was conducted by washing the substrate specimens, which

includes all composite substrates and pure PDMS elastomers, with 1 N hydrochloric
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acid (HCI) for 2 min to remove non-bonded PDMS particles (Ziegler et al., 1998).
After several rinses with distilled water, the substrates were dried and submitted to
the University Malaya Hospital (UMMC), Malaysia for sterilization using

ethylenoxid (EO).

Figure 3.5: A, B) I-shaped mold prepared according to ASTM D 412 test standard
for vulcanized rubber and thermoplastic elastomers C) Substrates with different
stiffness (pure PDMS, PDMS/5% Al,0O3, and PDMS/10% Al,O5)
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Figure 3.6: Membrane preparation process A) PDMS base and curing agent mixture
B) Using a vacuum pump for removing bubbles C) Clamping the end of a syringe by
tissue and tacking out piston D) Pouring the mixture in the syringe E) Pouring the
PDMS mixture in membrane mold by syringe F) Placing the membranes in a 50 °C
oven for 4h

3.5.2. Tensile test

The mechanical properties of pure PDMS elastomer and its composites with
different Al,O; concentrations (5% and 10%) were characterized according to the
American Society for Testing and Materials (ASTM) D 412 test standard for
vulcanized rubber and thermoplastic elastomers (Figure 3.7) (Institute, 1968). The
test standard requires the use of a universal testing machine, (Instron Micro Tester, #
5848) (Figures 3.8) at a constant crosshead speed of 1 mm.min™' to evaluate the
stiffness of the materials in tensile mode. The dimensions of the tensile specimen are
25 mmx6 mmx2 mm (actual gauge length x width x thickness) (Figure 3.7). At least
three identical specimens were tested to obtain the average and standard deviation

values.

31



// {le—25 —»| /’12
y f[*— 33 —»| — -
|« 115 ~ >

T Guage length
[

Guage width

Figure 3.7: Specimen shape and size according to ASTM D 412 test standard for
vulcanized rubber and thermoplastic elastomers

Figure 3.8: Insteron machine used for tensile test and Young’s Modulus
measurement

3.5.3. X-Ray diffraction (XRD)

The crystal structures and crystalline phases of the pure PDMS and its
composites with Al,O; were identified by XRD analysis using an X-ray
diffractometer (DKSH Technology, # DY/032) (Figure 3.9). The scanning angle (20)

ranges for this study were from 10° to 70° using CuKa radiation (A=1.54056 A).
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Figure 3.9: X-ray diffractometer used for detecting crystalline phases of pure PDMS
and its composites with Al,O3

3.5.4. Fourier transforms infrared spectroscopy (FTIR)

The molecular structure and functional groups presented in the materials
section (i.e., PDMS, PDMS / Al,O3 composites, and pure Al,O3) was detected using
attenuated total reflectance-FTIR (ATR-FTIR) spectroscopy (Perkin Elmer, # 400)
(Figure 3.10) within the wavelength range of 4000 cm™ to 500 cm™ at a resolution of

4cm’.

Figure 3.10: ATR-FTIR spectroscopy used for detecting molecular and functional
structure of materials
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3.5.5. Atomic force microscope (AFM)

An AFM (Ambios Technology, USA; Q-scope TM) was used to evaluate the
surface properties seen in the 3D images of the material surface under the non-contact

mode (Figure 3.11).

Figure 3.11: AFM machine used to examine surface morphology

3.5.6. Field emission scanning electron microscopy (FESEM)

Samples were separated into cross sections to show the matrix-particle bonding
in the composites using FESEM (Zeiss, # Auriga) at different magnifications (Figure

3.12).
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Figure 3.12: Electron microscopy used to show substrate structure and homogeneity

3.5.7. Surface hydrophobicity

The water contact angle test was wused to characterize the surface
hydrophobicity of pure PDMS and its composites using a sessile contact angle meter
(OCAI1S5E, Germany) (Figure 3.13) with a droplet size of 2 pl deionized water at
room temperature. The contact angle was detected after 20 s when the droplet

stabilized (Yang et al., 2010).

Figure 3.13: Optical contact angle measuring instrument for the detection of surface
hydrophobicity
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3. 6. Preparation of coating agent used to improve hydrophilicity

Given that the substrates were highly hydrophobic, coating substrates with
extra cellular proteins such as fibronectin improved the hydrophilicity.

A stock solution of bovine fibronectin (Gibco, # 33010-018) was prepared by
dissolving 1 ml of distilled water in 1 mg of bovine fibronectin to obtain 1 pg/ul
concentration. The stock solution was stored in low-binding protein tubes (eppendorf,
# C150327G) and kept at —20 °C until use. The desired protein (working solution)
was prepared using double distilled water.

Fibronectin concentration was optimized by measuring cell attachment using a
DNA measurement assay.

However, three concentrations were considered for optimization, namely, 10,
50, and 100 pg/ml. Five membranes were used for each concentration. Up to 700 pl
of the desired concentration (working solution) was added to the substrates, and the
mixtures were then incubated overnight. Afterward, extra fibronectin was discarded
and substrates were left to dry in a laminar flow hood. A total of 6x10° cells
suspended in 500 ul of completed medium were seeded on substrates and kept for
24 h in an incubator. The culture medium was discarded after 24 h, and the cells were
washed with pre-warmed PBS once. Approximately, 1 ml of digest buffer (contains
0.1576 gr of L-cystein HCL (Sigma, # C1276) and 0.0806 gr of Ethylene diamine
tetra acetic acid (EDTA) (Sigma, # E6758) in 100 ml PBS), 3 KU of papain, which
acts as a protease was added to substrates with cell. Substrates with digest buffer and
papain were kept in an oven for at least 1 h because the temperature needed to
activate the protease function of papain is 60 °C. The cells were then centrifuged at
10000 xg for 10 min. The cell supernatant was used for DNA measurement using the

Hoechst method.
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3.6.1. Hoechst method

DNA content should be expected in the samples before the assay starts. Total DNA
content can be calculated using the cell number and DNA content of each cell type.
Standard concentrations were arranged according to the total DNA content of the samples.
Based on the 6x10° cell number seeded on the membranes and the fact that each
endothelial cell has 6+1.7 pg.cell’ DNA (Hayes et al, 1979), the first standard
concentration for our study was 5 pug/ml. Six standards for each measurement were
prepared. A serial dilution was prepared by diluting the first standard concentration with
phosphate buffer EDTA (PBE). An undiluted standard served as the high standard
(5 pg/ml). Based on the dilution serial, the high concentration standard had 5 pg/ml,
whereas the less concentrated standard had O pg/ml (SO0-S6). The other standards that
followed the first standard were 2.5, 1.25, 0.625, and 0.3125 pg/ml. Tubes were vortexed
thoroughly before each transfer. Up to 40 ul of triplicate standards and samples were
placed in a 96-well plate, and then 200 ul of Hoechst was added to each well as dyeing
agent. The plate was shaken gently for a few seconds and immediately read with two
wavelengths, namely, ODs3y and ODsg, using a microplate reader.

After reading the samples using a microplate reader, the standard curve (> = 0.99)
was drawn by the microplate reader. Based on the standard curve, sample concentrations

were calculated per 1 ml.

3.6.2. Standard content and preparation

1) Up to 5 mg calf thymus DNA was dissolved overnight at 37 °C in 5 ml of sterile
phosphate, EDTA (PBE), or Tris/EDTA/Nacl (TEN) buffers.
2) For shearing of DNA, calf thymus DNA was pipetted around 40 times with a sterile

glass pasteur pipette and filtered through a 0.45 um syringe filter.
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3) For DNA measurement concentration, optical density (OD) 260/0D280 was read to
ensure that the DNA is fully dissolved. The ratio 280/260 should be above 1.8.
4) According to the DNA concentration, 10 ml of each diluted standards with following
concentrations 1, 2, 4, 6, 8, and 12.5ug/ml in PBE was prepared.
5) Standards were liquated to 100 ul packs and stored at —20 °C until use.
PBE: PBE made from 100 mM sodium phosphate buffer and 10 mM Na,EDTA
Hoechst solution: Hoechst preparation was carried out in two stages. First, the
stock solution was prepared by mixing 2 mg of Hoechst powder (Sigma, # 861405)
with 1 mL of ddH20O to obtain 100000 x stock. The working solution was the result

of diluting 3 pul of Hoechst stock solution with 30 ml (30000ul) Ten.

Ten contents: 10 mM Tris-HCI, 1 mM EDTA, and 100 mM NaCl. For the
preparation of 1 litter of ten with using the components above, 1.21 g of Tris-HCI,
5.84 g of NaCl, and 2 ml of 500 mM of EDTA were dissolved in 800 ml of ddH2O.
Moreover, pH was adjusted to 7.5 before adding ddH20 up untill L. A chance of
contamination with DNAase during the preparation is present, so the solution was

filtered.

3. 7. Effects of substrate stiffness on cell attachment, proliferation, and
morphology in a static environment

Substrates (PDMS, PDMS/5% Al,O3;, and PDMS/10% Al,O3) with 2.5 mm
thickness were prepared in 24-well plates, which were washed and sterilized with

EO.

Substrates were coated with 100 pg fibronectin. Endothelial cells at passage

nine with density of 10* cells were seeded on substrates.
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3.7.1. Resazurin assay

The Resazurin test measured the metabolism rate of BAEC according to
protocol (Shum et al., 2008). The Resazurin assay was performed at four time points,

namely, 3, 6, 12, and 18 days.

The Resazurin powder (Sigma-Aldrich, # R7017) used in the assay was first
dissolved in PBS at a concentration of 140 mg/I to create the stock solution according
to the instructions from Sigma Technical Support. The stock solution was then re-
diluted with PBS to obtain a 10% working solution.

For the detection of cell metabolism rate using the assay, the culture medium
was removed; the cells were gently washed with pre-warmed PBS, and then
incubated at 37 °C for 4 h with 1.5 ml of 10% Resazurin working solution at each
time point. Triplicates of 100 pl of Resazurin working solution incubated with cells
grown on different elastomer/composites were obtained for absorbance
measurements at A; = 570 nm and A, = 600 nm by FLUOstar OPTIMA microplate
reader (BMG LABTECH) (Shum et al., 2008). The percentage reduction of
Resazurin was evaluated to determine the metabolism and proliferation rate of

endothelial cells using the following equation (1) (Gang et al., 2004).

(gox )2'214/11 _(50)()21‘422 %100
(gRED)ﬂ'IAnﬂ? _(‘C"RED)AZAOX’I

(M

Where:

£ox = molar extinction coefficient of AlamarBlue® oxidized form (BLUE)
&rep = molar extinction coefficient of AlamarBlue®™ reduced form (RED)
A = absorbance of test wells

A° = absorbance of negative growth control well

Al =570nm
12 = 600nm
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3.7.2. Cell morphology

BAEC were seeded on pure PDMS, PDMS/5% Al,Os; composite and
PDMS/10% Al,O3 composite for 4 d, and then stained with Dil-Ac-LDL, a specific
marker for endothelial cells. After 4 d of culturing, the medium was discarded from
the endothelial cells. The uptake of Dil-Ac-LDL was examined after 4 h of
incubation of endothelial cells with 10 ug of Dil dye in 1 ml of endothelial cell
complete medium (Ando et al., 1999; Nicosia et al., 1994b). The stained cells were

observed using a confocal microscope

3.8. Effect of membrane stiffness on eNOS phosphorylation and NO
production in a dynamic environment

3.8. 1. Tensile jig

A tensile jig was developed to provide a dynamic environment for this study. A
specially designed test jig, as illustrated in figure 3.14, was used to apply tensile
loading on BAEC seeded on substrates with different stiffness and investigate the
influence of tensile loading on BAEC. The tensile jig, machined from stainless steel,
included one small metal mold for substrate fitting and a big metal mold that
connects the substrates to the power through wire. Transferring the force to the mold
for stretching was the main role of the wire. One ruler was used to check the

movement of membranes (Figure 3.14).
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Figure 3.14: Parts of tensile-jig inside the incubatorl) Screw for fixation of
membrane position 2) Screw for transferring power to membranes 3) Screws to keep
the relaxation position of membranes 4) Wire that connects power to the mold 5)
Power 6) controls 7) Membranes fitted in the small metal mold.

3.8.2. Cell seeding on membranes

Up to 6x10° cells suspended in 1 ml complete medium were seeded on each
substrate (five substrates were used as sample and five substrates were considered as
control) coated with 100 pg fibronectin and kept inside an incubator for 2 d in a static

environment. After 2 d, substrates were visualized under the microscope to check cell
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attachment and replace the culture medium with fresh medium. The substrates were

incubated for one more day in incubator.

At the time of tensile loading, the medium of membranes was discarded and
membranes were placed in the small metal mold of tensile jig. Fresh and serum free
medium was then added to the membranes and placed in an incubator. Five membranes
were stretched by 10% with 1 Hz (60cycle/min) frequency which modeled physiologically
relevant levels of stretch (Awolesi et al., 1995) (Figure 3.15). Control membranes were

kept with the membrane samples, but in a static environment.

___Controls

A

Figure 3.15: Fitting of substrates to the bioreactor and applying 10% strain with 1 Hz
frequency. Substrates considered as control were kept in a static environment.

3. 8. 3. Effect of loading time on p-eNOS intensity and applying optimized time
on stiff substrates

According to the literature, 2, 3, and 6 h are the possible time points in which
eNOS phosphorylation reaches peak activity (Chen et al., 2008; Hu et al., 2013). All
three time durations were applied on 5 PDMS substrates and 5 more PDMS

substrates were used as controls. Each time point was repeated for three trials.
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After finishing the time durations, the culture medium of substrates were collected in
micro centrifuge tubes, which were labeled properly based on loading time, stretching

date, and substrate type. Samples were immediately kept at —80 °C for NO measurement.

The substrates were washed with cold PBS immediately to remove residual
media, and then removed from the metal part and placed on ice. Afterward, 30 pul of
lysate buffer (cell signalling, #9803) was added to each membrane. Substrates were
kept on ice for 5 min, and the cells were scraped and collected in micro-centrifuge
tubes. Cell lysate was kept for 5 min and sonicated briefly with an ultrasonic
sonicator for 5 sthree times. The cell lysate was then centrifuged for 10 min at

14000%xg and 4 °C. The supernatant was kept in low bind protein tubes at —80 °C.

Applying tensile loading on stiff substrates: Based on the results achieved
from tensile loading at different time points, 3 h stretch with 1 Hz frequency was

applied on stiff substrates (PDMS/5% Al,O3 and PDMS/10% Al,O3).

3.8.4. Bradford protein assay

Total protein should be measured to apply the same total protein concentration
for target protein measurement. The common method used in protein measurement is
the Bradford protein assay, a simple and accurate procedure used for protein
detection. The basis of the Bradford protein assay is the binding of the coomassie
brilliant blue G-250 dye to proteins, which convert red color into blue. Purified BSA
was used as standard. The quick start Bradford protein assay kit (Bio-Rad, #500-
0205) was used in this study. Standard concentrations were considered based on cell
numbers and the protein content of each endothelial cell. Each endothelial cell has
307+71 pg.cell’’. The cell number was roughly 576x10° cells (based on cell

attachment optimization in respond to fibronectin concentration). Therefore, total
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protein concentration was calculated around 172.8 pg. The serial concentration of
standards was started from 2 mg/ml, which served as the high concentration standard
and continued with 1.5, 1, 0.75, 0.5, 0.25, and 0.125 mg/ml as lower concentration
standards and 0 mg/ml as blank. The area covered by standards can cover the total
protein concentration of our samples; hence, the samples were not diluted. According
to the microplate assay of standard protocol, 5 pul of samples and standards were
added to wells, followed by the addition of 250 ul of dye. The microplate was
incubated for at least 15 min at room temperature and shaken gently during the
incubation period. The absorbance of the plate was read at wavelength 595 nm by the

FLUOstar OPTIMA microplate reader (BMG LabTech).

3.8.5. p-eNOS intensity by ELISA kit

PathScan phspho-eNOS sandwich ELISA kit (Cell Signaling, #7980) was used
to determine the endogenous levels of p-eNOS as Ser''”’. Based on the instructions
for cell signaling technical support, samples were diluted 1:1 with sample diluents
because proteins were extracted using the instructions for cell digestion. Regarding
the total protein concentration measured by the Bradford assay, 100 pug of protein
from each sample was dilutedl:1 with sample diluents and applied to each well in
duplicate. The plate was sealed properly and incubated overnight at 4 °C to obtain the
best detection of target protein. After incubation time, the plate contents were
discarded and plate was washed with 1x ELISA wash buffer. During the washing
stage, the residual solution was removed from each well. Following extensive
washing, 100 ul of eNOS mouse monoclonal detection antibody was added (this
antibody detected the captured p-eNOS protein). Plate was sealed and incubated for

1 h at 37 °C. The incubation stage was followed by well washing for four times. In
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the next stage, 100 ul of horseradish peroxidise (HRP)-linked secondary antibody
was added to the wells and incubated at 37 °C for 30 min. The HRP-linked
streptavidin recognized the bound detection antibody. Washing procedure was
repeated after this stage for four times. Afterward, 100 pl of HRP substrate (TMB)
was added and incubated at 37 °C for 10 min. TMB was used to develop color. In the
last stage, 100 pl of stop solution was added to each well to stop the reaction. The
mixture was then shaken gently for a few seconds. The underside of the wells was
wiped with a lint-free tissue and absorbance was read at wavelength 450 nm by

FLUOstar OPTIMA (BMG LABTECH) micro plate reader.

3.8.6. NO concentration by ELISA kit

Endothelial cells can produce NO as a result of eNOS phosphorylation.
However, NO has a short half-life, and disappears after a few seconds, and is
converted to nitrate (NOs ) and nitrite (NO, ) (Hakim et al., 1996; Lundberg et al.,
2008). The used ELISA kit (Cusavio, #CSB-E15884B) has the ability to measure
nitrite released to the culture medium. The ELISA kit contained a nitrite standard
with 20 ng concentration and was freeze-dried. Therefore, standards were prepared
during the first stage. The standard was dissolved at 1 ml of sample diluents to reach
20 ng/ml concentrations and was diluted in a serial. The standard was diluted two
folds. The highest concentrated standard was 20 ng/ml followed by 10, 5, 2.5, 1.25,
0.625, 0.312, and 0 ng/ml. According to the instruction of the Cusabio technical
support, samples were diluted 1000 times. Up to 50 ul of samples and standards were
added to wells twice, and then 50 pul of HRP- conjugate was added to the wells
immediately. Two wells were left as blank. The plate was mixed properly through

shaking for 60 s, and then sealed. The plate was incubated for 40 min at 37 °C. After
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incubation, the wells were washed thoroughly for four times. Up to 200 pl of wash
buffer was used for every wash. In each stage, the complete removal was done by
striking the plate with clean tissue. In the next stage, 90 ul of TMB substrate was
added to each well to develop HRP. Incubation time was 20 min at 37 °C. TMB was

light sensitive and was protected from light.

In the last stage, 50 pl of stop solution was added to the TMB substrate to the
stop reaction. The plate was shaken gently for a few seconds and absorbance was

read at 450 nm.

The standard curve was constructed by plotting the mean standard absorbance on the
x-axis against the concentration on the y-axis. NO concentration of the sample was

determined by standard curve.

3.0. Statistical analysis

All statistical analyses were conducted using SPSS for windows (SPSS Inc,
Chicago, USA, # Release 21). One way ANOVA was used to evaluate the significant
differences between substrate roughness value and substrate hydrophilicity with pure
PDMS and composites in AFM and surface hydrophobicity, respectively. Two-way
ANOVA was used to detect the significant difference between endothelial cell
reduction percentages with substrate stiffness at different time points. One-way
ANOVA was conducted to detect the significant relationship between eNOS
phosphorylation and NO concentration with substrate stiffness. The critical level for

consideration of the null hypothesis was a Py, less than 5%, two-tailed.
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CHAPTER 4

RESULTS

4.1. Endothelial cell isolation and characterization

In the samples that underwent the isolation process with the use of filter paper,
more than 98% of the cells were identified as endothelial cells according to cell
morphology visualized by light microscopy (Eclipse TS100). Figure 4.1 shows the
gradual growth process of endothelial cells during days 1, 3, 6, 9, and 12. At day 12,

cells reach the confluent cell layer.

A00 |_uu._.

Figure 4.1: BAEC isolation using filter paper in enzymatic digestion method A) First
day after isolation B) 6" day after isolation C) 9™ day after isolation D) 120 day after
isolation
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While the endothelial cell isolated from the samples floated in enzyme solution
without filter paper had high contamination with other kind of the cells. Figure 4.2
shows cell growth and minimal fibroblast cell population at day 3 (panel A).
Fibroblast population increased in day 6 (panel B) and occupied half of the total cell
population by day 9 (panel C), indicating that fibroblast cells grew faster than
endothelial cells. Therefore, fibroblast contamination became more obvious as time
passed.

Endothelial cells are polygonal cobblestone. They cover the inner surface
(tunica intimae) of blood vessel and are in direct contact of blood. Endothelial cells
after the isolation are like the bright particles which are endothelial cell clumps. A
few days after cell isolation endothelial cells sprouted out.

However, fibroblast cells are elongated and spindle like. They are
morphologically heterogeneous with diverse appearances depending on their location
and activity. These cells are normally found in the tunica adventitia (outer layer) of

blood vessel.
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Figure 4.2: The vessel pieces were immersed in enzyme solution without wrapping
in filter paper and incubated for 30 min, and then cultured in T25 Flasks A) 31 day
after isolation B) 6™ day after isolation C) 9™ day after isolation D) 12" day after
isolation

= The arrows show the fibroblast cells

4.1.1. CD-31

CD-31 was used as a surface marker to evaluate the purity of isolated
endothelial cells through flow cytometry. Unstained cells were the negative control
located in Q3 quarter (Figure 4.3-A) in which cells did not show any signal for CD-
31 marker. The probability of obtaining false positive results was eliminated by using

an isotype control (Figure 4.3-B), whereas cells with positive results for CD-31 alone
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were located in the Q4 quarter (Figure 4.3-C). Histogram of cells stained with Mouse

Monoclonal antibody to CD-31 is shown in Figure 4.4.
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Figure 4.3: Flow Cytometry dot plots of isolated BAEC from Bovine Aorta
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Figure 4.4: Histogram related to samples treated with Mouse Monoclonal antibody
to CD31

4.1.2. Factor VIII and Dil-Ac-LDL

Cells were characterized by cytoplasmic markers, such as factor VIII and Dil-
Ac-LDL. Our results revealed that over 95% of the cells expressed factor VIII
(Figure 4.5-A and B). This proportion is achieved by judging of the proportion of cell
nuclei stained with 40-6-diamino-2-phenylindole as dapi compared with that of the
cells stained with factor VIII. Endothelial cells had the ability to uptake Dil-Ac-LDL

(Figure 4.5-C and D).
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Figure 4.5: BAEC immunostaining by Dil-Ac-LDL and Von Willebrand factor

A, B) Endothelial cells labeled by rabbit anti-human factor VIII as primary antibody
and donkey anti-rabbit I[gG H&L FITC as the secondary antibody C, D) Uptake of
Dil-Ac-LDL by endothelial cells

4.1.3. Angiogenesis

Blood vessel formation happens in multiple stages, such as endothelial cell
proliferation, directional cell migration, and appropriate cell connections (Eilken &
Adams, 2010). The standard test for detection of this behavior in endothelial cells is
placing cells in 3 dimension environment. Cells proliferate, migrate and arrange in
the shape of blood vessels. Then, endothelial cells start to digest fibrin for making
tube. Therefore, cells were characterized through angiogenesis behavior in this
study. Figure 4.6 shows the gradual process of angiogenesis for endothelial cells

seeded on fibrin construct over 7 d.
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Figure 4.6: Formation of blood vessel-like structure by endothelial cells in fibrin
construct A) First day B) 3™ day C) 5™ day, and D) 7" day

4.2. Membrane characterization

4.2.1. Stiffness measurement

To understand the contribution of substrate stiffness on endothelial cell
behavior, PDMS elastomer and its composites with 5%, and 10% ALO; were
subjected to mechanical tests. Table 1 shows the results of the tensile test. Young’s
modulus was elevated when Al,O; was added to PDMS. The highest obtained value
for the Young’s modulus was 1.08 MPa for PDMS/10% Al,O3; composite, whereas
the lowest value belonged to pure PDMS with 0.32 MPa. The stress—strain behavior

of the composites was compared with pure PDMS elastomer (Figure 4.7). Given that
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the Young’s modulus is directly proportional to stiffness, stiffness values were
measured in this study following the trend of Young’s modulus. Substrate stiffness

was measured by using the following equation (2).

k== )

Where, k is stiffness, A is area, E is Young’s modulus and L is actual gauge
length. Maximum stress and maximum strain or elongation (%) were also considered
as rupture strength and rupture strain (%), respectively, for all specimens, including
pure PDMS and its composites. The results are shown in the Figure 4.7 and Table

4.1.

Table 4.1: Substrate contents, Young’s modulus, stiffness variation, maximum stress,
maximum strain, maximum elongation in PDMS membrane and PDMS/AIL,O;
composites. The results of Young’s modulus and stiffness show that PDMS has the
less stiffness and highest stiffness is for PDMS/10% Al,Os. Because failure occurred
at maximum stress and maximum strain or elongation (%), these were considered as
rupture strength and rupture strain (%), respectively, for all the specimens, including
pure PDMS and its composites.

Sample PDMS Al,O4 Young’s . Maximum Maximum Max1mgm
Cod (wt %) (wt modulus Stiffness stress Strain (%) Elongation
ode o (MPa) (MPa) ° (mm)
Pure PDMS 100 0 0.331+0.006 0.031 0.567 219.25 54.788
0
PDMS/5% 95 5 0.592+0.04 0.044 1.890 278.75 69.675
AlLLO4
0,
PDZ/IISQOA) 90 10 1.076+0.01 0.104 2.545 226.99 56.748
23
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Figure 4.7: Stress vs. strain behavior of PDMS/ Al,O3 composites compared to the
pure PDMS elastomer. PDMS/10% AI203 has the highest stiffness based on the pure
PDMS, while the lowest stiffness is for pure PDMS.

Our results illustrated that ceramic Al,O; particles have a major function in the
PDMS matrix for the improvement of the stiffness. The digital images in Figure 4.8
depicted the behavior of all elastomeric specimens and indicated the change in
flexibility of the composites under the same pressure exerted by normal adhesive tape

with increasing Al,O3; concentration.

55



Figure 4.8: Flexibility of PDMS and its composites A) Pure PDMS, B) PDMS/5%
Al,O3, and C) PDMS/10% Al,O;. The quality of bending easily without breaking is
called flexibility. Adding Al,O; to PDMS did not affect the substrate flexibility
significantly; therefore, substrates are proper for researches dynamic environment
which is necessary for cardiovascular studies.

4.2.2. XRD

Figure 4.9 represents the XRD pattern of pure PDMS elastomer and its
composites with different Al,O; percentages. The crystalline peaks of Al,O3 a-phase
were compared with the standard JCPDS-ICDD file no. 46-1212 and JCPDS file no.
42-1468, which were identified from pure alumina (Boumaza et al., 2009; Feret et al.,
2000; Su & Li, 2011). The broad amorphous peak of the composites near 20 =11.5°
was an indication of PDMS elastomer, similar to what was found in the XRD pattern
of pure PDMS. The XRD patterns of the composites show the crystalline peaks of the
ALO; a-phase (JCPDS-ICDD file no. 46-1212) and the broad amorphous peak of
inorganic PDMS elastomer near 20 =11.5°.The intensity of all crystalline peaks of a-

AlLO; was elevated with increasing Al,Os-concentration in the composites.
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Figure 4.9: XRD patterns of pure PDMS, PDMS/5% Al,03;, PDMS/10% Al,03, and
pure Al,O3 composites.

4.2.3. FTIR

Figure 4.10 shows the transmittance FTIR spectra of pure PDMS, pure Al,O3,
and PDMS/AL,03 composites. All FTIR peaks for pure PDMS elastomer at 601 cm™
corresponding to Si-C stretching (Jantova et al., 2011), 699 cm™ corresponding to Si-
O-Si stretching, 787 and 843 cm™ corresponding to Si-CHj stretching, 1009 and
1055 cm™ corresponding to Si-O-Si stretching, 1258 cm™ corresponding to Si-CHj
rocking, 1412 cm™ corresponding to Si-CH=CH,, and 2963 cm™ corresponding to C-
H stretching from CHj3; were all present in both composites (Awolesi et al., 1995;

Jantové et al., 2011; Lin & Hwang, 1996; Shivakumar et al., 2005).
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In the ALO; spectra, the FTIR peaks at 570 and 640 cm ' correspond to the

translational peak of Al-O and bending mode of O-Al-O, respectively (Boumaza et

al., 2009; Katamreddy et al., 2006; Kloprogge et al., 2004).

The two transmittance peaks near 570 and 640 cm ! from the Al,O; were found

in both composites (5% and 10% Al,O3;) with slight deviations in peak width and

position (Figure 4.11). A new bond Si-O-Al in the composites spectra is the result of

PDMS and AlL,O; interaction. The peaks showed a downward trend and increase in

width with increasing Al,Os concentration in the composites. All FTIR peaks for

different chemical bands present with pure and composite materials with their peak

positions are illustrated in Table 4.2.
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Figure 4.10: FTIR spectra of pure PDMS, PDMS/5% Al,03, and PDMS/10% Al,Os

composites
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Figure 4.11: Magnified part of FTIR spectra of pure PDMS, pure Al,Os, and their
composites- mentioning a new Si-O-Al bond formation in the composites.
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Table 4.2: List of FTIR bands for pure PDMS, PDMS/5% Al,03;, PDMS/10% Al,O3,

and pure Al,O3
Type of FTIR | Pure PDMS PDMS Pure AlL,O3; | Reference
peak bands PDMS /5%A1,05 /10%A1,05
Wave number (cm™)
Al-O - - - 570 (Shum et
translation al., 2008; Su
& Li, 2011)
Si-O-Al - 564 584 - (Shivakuma
retal.,
2005; Su &
Li, 2011)
Si-C 601 600 599 - (Res et al.,
stretching 1986)
O-AlI-O - 638 639 640 (Awolesi et
bending al., 1995;
Shivakumar
et al., 2005;
Shum et al.,
2008)
Si-O-Si 699* 690 688 - (Feret et al.,
stretching* 2000; Su &
or Li, 2011)
Si-O-Al
Si-CHj3 787, 843 787, 843 787, 843 - (Takeda et
stretching al., 2006)
Si-O-Si 1009, 1008, 1056 | 1009, 1056 - (Feret et al.,
stretching 1055 2000; Res et
vibration al., 1986)
Si-CHj3 1258 1257 1258 - (Yeung et
rocking al., 2005)
Si-CH=CH, 1412 1412 1412 - (Ando et al.,
1999)
C-H stretching | 2963 2963 2963 - (Su & Li,

from CHj

2011)
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4.2.4. AFM

The 3-D images of the AFM study showed the surface morphology of
substrates. The surface uniformity and morphology of the thin film produced on the
substrate surface was verified for composites and compared with pure PDMS
substrate using the 3D images (Figure 4.12). The surfaces of pure PDMS and both
composites were almost similar. According to the results of the one-way ANOVA
conducted to determine the effect of Al,O3 addition on roughness values, there is no
significant difference between pure PDMS and composites with regard to Ra values
of the substrate surfaces (Pyaue= 0.118), our results revealed that surface roughness is

similar for all substrates.

Figure 4.12: 3-D AFM images of A) Pure PDMS, B) PDMS/5% ALOs substrate
surfaces E) PDMS/10% Al,O3 composites
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4.2.5. FESEM

FESEM was used to investigate the matrix—particle bonding in the composites.
FESEM verified the shape and homogenous distribution of Al,Os particles in the
PDMS matrix after the samples were cross-sectioned. The morphology of AlLO;
particles and PDMS matrix was clearly revealed in the FESEM micrographs (Figure
4.13). The FESEM images showed the uniform distribution of the tiny AlLO;

particles, which are bonded with the PDMS-matrix.

— 200 nm

=1 um

Ir :I" '.-'-r_l' ] -
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Figure 4.13: FESEM surface morphology A) Pure PDMS B) PDMS/5% Al,O; and
C) PDMS/10% Al,O3 composites
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4.2.6. Substrate hydrophobicity

Surface hydrophobicity was assessed by measuring water contact angle on the
surface. A lower contact reflected better hydrophilic surface properties. The water
contact angles were 114.7 £ 2°, 112.3 + 4°, 107.2 £+ 3° for PDMS, PDMS/5% AlL,O3,

and PDMS/10% Al,Os composite, respectively (Figure 4.14).

Statistical analysis on surface hydrophobicity showed no significant difference
between substrates, but the addition of Al,O; is expected to enhance surface

hydrophilicity (Pyaye = 0.4).

» D B

CA left: 114.7°

CA right: 114.6

C

CAright: 107.9°

Figure 4.14: Hydrophobic properties of PDMS and its composites A) Pure PDMS B)
PDMS/5% Al,0O3 C) PDMS/10% Al,O3
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4. 3. Optimized concentration of fibronectin

Results obtained using the Hoechst method revealed that approximately 96% of
the cells were attached on PDMS substrates coated with 100 pg/ml of fibronectin.
However, 10pg and 50 pg of fibronectin increased cell attachment to 32% and 71%,
respectively (Figure 4.15). Thus, the 100 pg concentration of fibronectin, with

significant result, was selected for substrate coating in next stages of the study.
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® 50 pg/ml Fibronectin 70.9
100 pg/ml Fibronectin 95.7

Figure 4.15: Measurement of cell attachment on membranes coated with 10, 50, and
100 pg/ml of fibronectin using the Hoechst dye method. Based on this result,
100 pg/ml of fibronectin increased cell attachment significantly.

4.4, Evaluation of endothelial cell proliferation and morphology in response
to substrate stiffness in static environment

The biological performance of the composites was evaluated through in vitro
adhesion and proliferation of endothelial cells. Figure 4.16 shows the proliferation

behavior of the endothelial cells on pure PDMS and PDMS/AL,O3 composites at 3, 6,
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12, and 18 d after cell culture. The attachment and proliferation of the endothelial
cells increased as the substrate stiffness increased. The percentage reduction for the
PDMS/10% Al,O3 composite was the highest in the Resazurin assay, whereas pure
PDMS had the lowest percentage reduction in all time points. Cell proliferation
significantly improved during the experiment so as to the highest cell growth

occurred at day 18 for all composites (Figure 4.16).
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Figure 4.16: Percentage reduction of Resazurin as a function of adhesion and
proliferation of endothelial cells cultured on different composites during various time
points.

The endothelial cells cultured on substrates with low, middle, and high stiffness
showed different shapes under the confocal microscope, ranging from round in pure
PDMS with lower stiffness to spindle-shaped in the PDMS/10% Al,O3; composite

with higher stiffness (Figure 4.17). The spindle-shaped endothelial cells in the
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PDMS/10% Al,O; composite were larger than the round cells in pure PDMS

substrate.

Round shaped
endothelial cells

Spindle shaped
endothelial cells

Bar: 50pum

Figure 4.17: Effects of substrate stiffness on BAEC morphology under confocal
microscope for the substrates. A) Stained cell on pure PDMS, B) Stained cells on
PDMS/5% Al,Os3, and C) Stained cells on PDMS/10% Al,Os

Statistical analysis was performed to understand the significant difference
between different composites and days. The samples were divided into three groups
based on substrate stiffness (group 1 = pure PDMS, group 2 = PDMS/5% Al,O3, and
group 3 = PDMS/10% Al,O3). Time and substrate stiffness were found to

significantly affect (Py,,e=0.001) percentage reduction. This result indicates that the
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effect of time on the reduction percentage depends on the considered stiffness. The
reduction percentages for all substrates were relatively low at day 3, and significantly
high at day 18 (fourth time point). PDMS/10% Al,Os, as a stiff substrate, had the

highest percentage reduction in all time points.

4.5. Effect of stiffness on eNOS phosphorylation and NO production in a
dynamic environment

4.5.1. Cells remaining on substrates after 9 h of tensile loading

The endothelial cells attached on the substrates were stretched for 9 h to ensure that
the cells still remain attached to the membranes after tensile loading. The cells were
counted through the Hoechst method assay. The obtained results revealed that the
difference between treatment group and control group which is equal to detached cell
per cent is negligible and suggest that 9 h of stretch loading did not significantly

detach the cells (Figure 4.18).
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Figure 4.18: Cells remaining on the pure PDMS substrates after 9 h of stretch
loading. There is significant difference between treated group and control group.
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Some substrates were removed from the metal mold and placed inside sterile
Petri dishes after tensile loading, and were observed under a normal microscope to
observe the cells remaining attached to the membranes and the alterations in cell
morphology, which are shown in Figure 4.19. The morphology of the cells
immediately after tensile loading revealed that the cells were subjected to high stress
caused from tensile loading (Peng et al., 2003), because the cells were observed to

look like bright particles.

Figure 4.19: Changes in endothelial cell morphology in response to tensile loading
A) Endothelial cell morphology without applying tensile loading (control) B)
Endothelial cell morphology after 9 h of tensile loading (treated cells)

4.5.2. eNOS phosphorylation at different time points

1177

The eNOS phosphorylation at Ser "' is important in NO production. Two aspects,

11
7 under

namely, the hypothesized change in eNOS phosphorylation at Ser
physiological cyclic stretching, and the eNOS phosphorylation peaks at different time

points, were investigated. Three time points, namely, 2, 3, and 6 h, were selected

based on reports to determine which time point induces the highest eNOS
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phosphorylation in pure PDMS. Our results showed that cyclic stretching induced

more eNOS phosphorylation compared with the static condition (no stretching). Non-

stretched cells displayed low-basal p-eNOS levels at Ser''”’, whereas the p-eNOS

levels in the stimulated cells (3 and 6 h) were higher than the basal level. Moreover,

eNOS phosphorylation hit the peak point after 3 h of stretching (Figure 4.20).

Therefore, this time point was selected for applying tensile loading on stiff substrates

(PDMS/5% Al,O3 and PDMS/10% Al,O3).
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Figure 4.20: eNOS phosphorylation intensity after 2 h, 3 h, and 6 h of tensile loading

time.
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4.5.3. eNOS phosphorylation intensities in substrates with different stiffness

values

The 3 h tensile loading with 1Hz frequency was also applied for stiff substrates,
based on the p-eNOS intensity at different time points. The p-eNOS intensity was
measured with and without cyclic stretch loading. Results showed that substrate
stiffness decreased p-eNOS intensity in response to 10% stretch with 1 Hz frequency
for 3 h compared with the static samples. The highest p-eNOS intensity (1.50) was
related to PDMS membranes as compliant membranes, whereas the p-eNOS intensity

in stiff membranes (roughly 1.05) was nearly at the low-basal level (Figure 4.21).

A one-way ANOVA was conducted to analyze the effect of substrate stiffness on
eNOS phosphorylation at Ser''”” between groups. The samples were divided into
three groups according to substrate stiffness (PDMS, PDMS/5% AlOs;, and
PDMS/10% Al,O3). The three groups were significantly different at p<0.05: F (2, 6)
=48.255, P <0.001. The actual difference in mean scores between the groups and the
effect size calculated using eta squared (0.94) were quite high. Post hoc comparisons
using the Tukey HSD test indicated that the mean score for group 1 (M = 1.66, SD =
0.09) is significantly different from both group 2 (M = 1.05, SD = 0.13) and group 3

(M =1.03, SD = 0.07), whereas group 2 is not significantly different from group 3.
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Figure 4.21: Effect of substrate stiffness (PDMS, PDMS/5% Al,O3, PDMS/10%
AlLO3,) on p-eNOS intensity

4.5. 4. Effect of substrate stiffness on NO concentration

The effect of cyclic tensile loading on NO production was examined. The effect of
substrate stiffness on NO production was also assessed by preparing PDMS, and its
composites. Cyclic tensile loading significantly increased NO basal production three
times in PDMS as a compliant membrane (600 pg/ml) compared with stationary
controls (200 ng/ml), whereas NO production significantly decreased as stiffness was
increased. NO concentration was undetectable in the untreated cells cultured on stiff
substrates and the treated cells on PDMS/10% Al,O; membranes, but the NO
concentration of the cells cultured on PDMS/5% Al,Os; under stretching was
50 pg/ml, significantly different from the NO concentrations on the compliant

membranes (pure PDMS) (Figure 4.22).
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The analysis of the NO results through one-way ANOVA shows the effect of

substrate stiffness on NO concentration. The samples were divided into three groups

according to substrate stiffness (PDMS, PDMS/5% Al,O3;, and PDMS/10% ALO3).

There was a significant difference at the p<<0.05 level between three groups, F (2, 6) =

1491.43, P=0.001. The actual difference of effect size calculated through eta

squared is quite high (0.99). These results indicate that the difference between groups

was significantly high. Group 1 (M = 590, SD = 10) is significantly different from

groups 2 (M = 50.66, SD = 2.08) and group 3 (M = 1.00, SD = 1), whereas groups 2

and 3 were not significantly different.
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Figure 4.22: NO concentration increase in response to cyclic tensile loading
compared with un-stimulated cells.
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CHAPTER 5

DISCUSSION

5.1. Endothelial cell isolation

Endothelial cell isolation methods include the physical removal of the
endothelium, outgrowth method, use of magnetic beads, and enzymatic digestion.
These methods have some disadvantages despite evidence which shows the
effectiveness of the mentioned methods in endothelial cell isolation. The physical cell
removal using a scraper can indirectly break cell membranes by over-scraping and

decreases cell viability. Fibroblast contamination may also occur.

Many cells can be isolated from small pieces of tissue using the outgrowth
method, but fibroblast cells sprout from tissue pieces faster than endothelial cells,
thereby increasing the likelihood of fibroblast contamination. Fibroblast cells also
grow faster and occupy more space than endothelial cells. This method is time

consuming because the first cells emerge after a few weeks.

Using magnetic beads coated with CD31 is more accurate for obtaining pure
endothelial cells; however, production of sensitive cells with low proliferative
capacity is common issues in using magnetic beads in cell isolation (Figure 5.1).
Contamination with other cell types is likely in this method because of the non-

specific binding of magnetic beads.
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Figure 5.1: Summary of the benefits and disadvantages of common methods for
endothelial cell isolation

The well-known enzymatic method was used with a filter paper in the

enzymatic digestion step in this study. The additional step improves the purity of the

isolated endothelial cells because the over digestion of the cell layers beside the

endothelium using collagenase II is the main reason for the contamination with other

kinds of cells in the enzymatic digestion method without filter paper.
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The proposed method has several advantages over the conventional enzymatic
method. The filter paper absorbs collagenase type II and maintains the direct and
continuous contact of the endothelial cells with the enzyme. Additional enzyme was
prevented from dripping on the filter paper to prevent the digestion of other tissue
layers. Digestion is therefore limited to only the endothelium and prevents the over-
digestion of neighboring tissues, thereby minimizing fibroblast contamination.
Endothelial cell viability was reasonable, and the cells appeared to be less sensitive to
their environment because the endothelial cells isolated in this study were sustained

up to Passage 10.

Cobblestone appearance of endothelial cells has been clearly shown at Figure
4.1 as present cells after enzymatic digestion with filter paper. Panels A and B of this
figure present the typical appearance of aggregated endothelial cells because
endothelial cells tend to form cell clumps (Machi et al., 1990). There are some round

shape cells in this figure which did not still spread their cytoplasm out.

The digestion of the aortic samples in the enzyme solution without filter paper
increases the likelihood of enzyme digestion of tissues other than the endothelium
because the enzyme is in direct contact with all three layers of the vessels (intimae
layer, media layer, and adventitia layer). Fibroblast cells exist in all three layers, thus
immersing the tissue pieces in the enzyme solution promotes fibroblast

contamination.

The purity of the isolated cells must be established after cell isolation. Von
Willbrand factor expression, CD31, Dil-Ac-LDL, and the formation of blood vessel-
like structures (termed angiogenesis) in the 3D environment are the most commonly
used markers in endothelial cell characterization (Nicosia et al., 1994a; Phillips et al.,

1979).
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Pure cells population was measured using CD31 as a surface marker by
flowcytometry. The flowcytometry results show that 89.4% of the isolated cells are
endothelial cells (Figure 4.3-C) (Ataollahi et al., 2014a). However, the results are
underestimated because cells are commonly damaged during flowcytometry as a
result of multiple centrifugations. The purity of the isolated endothelial cells is nearly
identical to that obtained by Beijnum et al., (Van Beijnum et al., 2008), who obtained
90% pure endothelial cells from fresh tissues using magnetic beads. The use of
magnetic beads favorably isolate endothelial cells from small-sized tissues,
microvascular tissues, and tumors (Drake & Loke, 1991; Hewett & Clifford, 1996;
Matsubara et al., 2000); however, this method is not cost effective for use in the

isolation of the endothelial cells of large vessels.

The histogram of the cells stained with Mouse Monoclonal antibody to CD31is
shown in Figure 4.4. The X-axis of the histogram represents the value of the
parameter signals in channel numbers, and the y-axis represents the number of events
per channel number in flow cytometry. Signals with identical intensities accumulate
in the same channel. Therefore, this histogram shows that most events accumulated in

the FITC channel, and were positive for CD31.

The flowcytometry results are supported by the immunostaining results, which
revealed the high purity of the isolated endothelial cells through the proportion of cell

nuclei stained with dapi to the stained cells with von willbrand factor (Figure 4.5).

The blood vessel network is a major part of the vertebrate body structure. This
extensive network forms from endothelial cells growing from existing vessels. This
cell behavior, termed angiogenesis, results from the interaction of endothelial cells
with their environment (Deroanne et al., 2001; Eilken & Adams, 2010; Lei et al.,

2012). Blood vessel formation happens in multiple stages, such as endothelial cell
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proliferation, directional cell migration, and appropriate cell connection (Eilken &
Adams, 2010). The endothelial cells in this study readily displayed angiogenesis and

formed tubes.

The isolated cells from bovine aorta were finally confirmed to be BAEC based
on the characterization methods because the cells were positive for all the

characterization methods normally used for endothelial cells.

5.2. Membrane characterization

Vessel stiffness increases in physiological situations such as aging and
pathological situations such as atherosclerosis. Cells also sense the mechanical
properties of the substrate and forces imposed from the environment through their
receptors. Therefore, according to the importance of vessel stiffness and its effects on
cell responds, the feasibility of suitably stiff substrates helps to understand the

involved cellular mechanism.

Substrates with different stiffness ranges are prepared as scaffolds for
endothelial cells to observe endothelial cell responses in terms of cell adhesion,
proliferation, morphology, and synthetic profiles, such as eNOS phosphoryation and
NO production in response to static and dynamic environments. The mechanisms
underlying eNOS phosphorylation and NO production in response to tensile loading
have been studied in physiological situations (Feliers et al., 2005; Jin et al., 2005;
Motley et al., 2007); however, little information about the mechanisms involved in
eNOS phosphorylation and NO production in cells cultured on stiff substrates in

response to tensile loading exists.
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Substrates with different stiffness ranges were prepared by adding 5% and 10%
Al,O3 to PDMS. The pure PDMS substrate serves as the compliant scaffold. PDMS
elastomer is a common substrate for cell cultures (Awolesi et al., 1995; Takeda et al.,
2006) because of its biocompatibility, low toxicity, high flexibility, gas permeability,
and thermal stability. These advantages make this material more suitable than the
other materials, such as polyacrylamide gels (Pelham & Wang, 1997; Yeh et al.,
2012). The flexibility of PDMS makes it much more suitable for cardiovascular
studies because the tensile loading during each pulse is common in the cardiovascular
system.

To investigate the effects of substrate stiffness on endothelial cell behavior, 5%
and 10% AlLO; were added to PDMS to enhance stiffness. Al,Os; is used for
controlling substrate-stiffness because of its biocompatibility, thermal and electrical
resistivity, thermal and chemical stability, and availability (Leukers et al., 2005). The
ALOj stability (corundum) in a-phase (Boumaza et al., 2009) is one of the reasons
for its selection in this study. A stable phase helps minimize deviations in physical
properties at different processing conditions, whereas an unstable phase rapidly
shows different physical properties.

The tensile test results show that the addition of Al,O; to PDMS enhanced the
substrate stiffness in the PDMS elastomeric matrix (Table 4.1). Therefore, the
PDMS/10% Al,Os composite, with 1.1 MPa, is stiffer than pure PDMS (300 KPa)
which showed the lowest stiffness. This finding is attributed to the interfacial bonding
between Al,Os particles and the PDMS matrix. Alumina concentrations of 5% and
10% were selected to enhance PDMS stiftness because the Young’s modulus values
obtained from these concentrations are significantly different from those of pure
PDMS. The change in Al,Os concentration altered substrate stiffness. The distance

between the two ends of a specimen enhanced with increased Al,Os concentration in
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the PDMS base at almost the same pressure exerted by normal adhesive tape which is
an indicator of increased stiffness. Thus, the PDMS/Alumina composite is a potential
scaffold for studies on the effects of stiffness, especially on the cardiovascular
system.

Structural and morphological tests are performed to confirm the existence of
PDMS and Al,O;, the bonds between them, membrane hemogenicity, and
hydrophilicity.

XRD is performed to confirm the crystalline phase of Al,O3 in the composites.
The pure PDMS elastomer is an amorphous material that showed a broad peak near
20 =11.5°. Thus, the PDMS elastomer did not show any crystalline peak in the XRD
results, whereas all the sharp crystalline peaks observed in the composites are
attributed to Al,Os. The peak intensity increased with increasing Al,O3; concentration.
Thus, the PDMS/10% Al,O3 composite substrate shows the highest crystalline peaks
among the composites. The XRD patterns show that the peak intensities for Al,O;3
form (119) and (122) planes are still visible in the PDMS/10% Al,Os; composite
substrate, but are almost negligible in the PDMS/5% Al,O3; composite substrate. This
result indicates that Al,Os; and PDMS elastomer matrix materials interacted, which
increased with elevated Al,O3 concentrations. FTIR spectroscopy also confirms this
result.

FTIR spectra as complementary results confirmed the existence of PDMS and
Al,Os in the substrates. The composites comprised functional groups of pure PDMS,
pure Al,Os3, and Si-O-Al. The slight deviation of the FTIR peaks near 700 and
640 cm™ indicates the interaction between Si-O-Si and Al-O-Al, and the deviation
near 570 cm™ indicates an interaction between Si-C and Al-O groups, resulting in a
new bond between PDMS and Al,O; as a function of Si-O-Al (Aguila Rodriguez et

al., 2007; Awolesi et al., 1995; Lin & Hwang, 1996; Ochoa et al., 2012).
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The surface morphology and roughness of the PDMS membrane and its
composites are analyzed through AFM. Neither 3D images of the surface nor the
statistical analysis show any significant changes in the roughness values observed in
AFM. This result is attributed to the high surface affinity of the viscous PDMS gel
toward the mold-surfaces and the lower density of PDMS (2.21 g/cc) than the AL,O;
particles (3.97 g/cc). A thin PDMS film always formed at the membrane surfaces of
both composites. Thus, the surface roughness of both composites is almost similar
(nearly 14.2 um Ra value) to that of the pure PDMS substrate, which indirectly
affects cell adhesion or proliferation.

The degree of the dispersion of the Al,Oj; particles and interfacial bonding with
the PDMS matrix in the composites are examined under FESEM. The smaller Al,O;
particles (<100 nm) gradually agglomerated with increasing Al,O3; concentrations in
the composites. The 200 nm Al,O; particles bonded and homogeneously distributed
in the PDMS matrix in the PDMS/10% AL O; composite substrate. Hence, the
PDMS/10% Al,O3 composite substrate show higher Young’s modulus and stiffness

than the substrates made of pure PDMS and other composites.

Low hydrophobicity is obtained with increasing Al,O3; concentrations in the
PDMS matrix (Khumrak & Sukree, 2012), but the surface hydrophobicity value of
the pure PDMS and the composites are not significantly different, according to the
statistical analysis.

The characterization process showed that PDMS and PDMS/A1,03; composites
are mono-phase, homogeneous, flexible and hydrophobic scaffolds. Al,Os addition
did not significantly affect the surface roughness and hydrophilicity.

The extra cellular protein fibrinectin is used to increase surface hydrophilicity.
The results of the optimization of the fibronectin concentration show that cell

attachment with 100 pg/ml fibronectin is the most reasonable (96%), and higher
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fibronectin concentration does not significantly increase cell attachment. Hence, this
concentration is selected for the next stage of the project, and higher fibronectin

concentrations were not used.

5.3. Cell response to substrate stiffness in a static environment

The attachment, proliferation, and morphology of the endothelial cells seeded
on membranes with different stiffness are assessed because cells sense the
mechanical stiffness of both ECM and other cells through integrin receptors and
cadherin receptors, respectively (Wells, 2008). This process may explain why ECM
is a scaffold where surface topography and mechanical properties affect cellular
morphology, locomotion, proliferation, and cytoskeletal protein expression
(Pramanik et al., 2012; Sunyer et al., 2012). Cell proliferation, arrangement, and
differentiation have been reported to be controlled in part by substrate rigidity,
depending on substrate stiffness (Engler et al., 2006). Therefore, the change in ECM
density affects binding efficiency and adherent receptor activation, which
consequently trigger intracellular signaling pathways. Cell responses to mechanical
forces are specific to cell types, and are related to the nature of the adherent receptors
through which the cell is attached to its substrate because cell responses to the
environment depend on how the receptors transduce the mechanical stresses into
biochemical signals. Yeunget al.(Yeung et al., 2005) showed that fibroblast cells tend
to grow on stiff substrates without the appearance of stress fibers, whereas
endothelial cells show stress fibers and a well-spread shape on stiff substrates

(Califano & Reinhart-King, 2008).

The time-dependent characteristic of substrate stiffness on cell function and the

morphology of cultured endothelial cells were evaluated at various durations in this
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study. The results indicate that the cell attachment and proliferation in stiff substrates
are higher than those of soft substrates. Cell attachment and proliferation are not
affected by surface roughness because the surface roughness of the substrates is not
significantly different, according to the statistical analysis. The cell proliferation (a
function of absorbance percentage) in the PDMS /10% Al,Os composite, which is
stiffer than the other substrates, increased over time and remained high until the end
of the study (day 18) compared with the other time points. The statistical analysis
shows that the effect of time on cell proliferation depends on scaffold stiffness
despite the significant effect of time on cell proliferation. This phenomenon is the
reason for the high percentage reduction of the stiff substrates in the Resazurin assay
in all time points.

The endothelial cells cultured on PDMS/10% Al,O3 appeared to be well-spread
compared with those cultured on pure PDMS or PDMS/5% Al,Os composite
substrates, as revealed by the confocal microscope. The morphological changes in the
endothelial cells on different composite substrates are also a significant evidence of
the effect of stiffness on endothelial cell morphology (Ataollahi et al., 2014b). The
results of this study are consistent with those of Yeh ef al. (Yeh et al., 2012), who
cultured endothelial cells on polyacrylamide gels with various stiffness. This
phenomenon is associated with cell receptors. Cells have a binary sensor in their
membrane junction sites, which can obtain signals for relaxed and spindle
morphologies when the substrate is stiffer than or as stiff as the intrinsic elastic
modulus of the cells. Zeng et al., (2010) showed that the Young’s Modulus values of
endothelial cells range from 1000 Pa to 7000 Pa, which are less than the Young’s

modulus of the substrates in this study (Zeng et al., 2010).
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5.4. Cell response to tensile loading

Investigations on the geometric features of blood vessels indicate that wall
excursion during systole under normal physiologic conditions is 5% to 6%, and
increases to 10% in hypertensive conditions (Steinman & Ethier, 1994). The literature
shows that 10% cyclic stretch alters some cell parameters, such as the production of
vasoactive substances (Awolesi et al., 1995; Takeda et al., 2006; Throm Quinlan et
al., 2011). eNOS is a crucial vasoactive protein in endothelial cells that can be
activated by physical stimuli, such as tensile loading and be phosphorylated in
various sites, but the vital phosphorylated site leading to NO production is the p-

eNOS at Ser''”” (Awolesi et al., 1995; Takeda et al., 2006).

A study has shown that 6% and 10% cyclic stretch up-regulate eNOS gene
expression and eNOS protein production of the strain treated cells for 24 h (Awolesi
et al., 1995).

Another study revealed that cyclic strain phosphorylates eNOS at Ser''”’
through two pathways, one of which is related to Ca release from the SA channel in
the early stages, which continues in the late stages through the PI3K-Akt pathway
(Takeda et al., 2006).

177 6 reach the maximum

Stretching induces the eNOS phosphorylation at Ser
level, and then reduces and remains in an unchanged and detectable level during the
continuous cyclic tensile loading. Chen et al (Chen et al., 2008) mentioned that eNOS
activity rapidly increased and reached the maximum level within 3 h to 6 h, whereas
eNOS activity reached the maximum level after 6 h of tensile loading in their study.

The eNOS activity in another study reached the highest value after 2 h (Hu et al.,

2013).
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Therefore, loading-induced eNOS phosphorylation is time dependent and does
not affect the total eNOS amount in short durations. Hence, 2, 3, and 6 h were
selected as loading times to measure eNOS phosphorylation. However, the cells
remaining attached are critical in applying tensile loading. As long as cell adhesion
increases with increasing stiffness, the PDMS base construct was considered in cell
attachment optimization in response to tensile loading. Stretch loading was applied
for 9 h on PDMS membranes to determine the likelihood of cell detachment during
stretching by observing cells under a normal microscope and using the Hoechst
method. The cell morphologies and the results of the Hoechst method after applying
tensile loading revealed that 9 h of stretch, as coverage for 2, 3, and 6 h mentioned in
literature, does not detach the cells.

Comparisons between eNOS intensities in the three time points selected in this
study indicate that 2 h of stretching is not enough to trigger cell signals for eNOS
phosphorylation, whereas phosphorylation peaked after 3 h of stretching. The eNOS
phosphorylation seems to have increased and peaked after 3 h and declined from then
on because the p-eNOS intensity at 6 h is less than that in 3 h. The phosphorylated
form of eNOS seems to approach a constant level.

Results show that 10% cyclic stretch significantly induced the highest eNOS
phosphorylation level after 3 h of stretching. The possible mechanism involved in
eNOS phosphorylation is the Ca®" release from the SA channel, which stimulates
eNOS phosphorylation in its early phases (Sunyer et al., 2012).

Physical forces affect the integrins in adhesion sites to ECM and induce the
phosphorylation of the tyrosine of the focal adhesion kinase. Phosphorylation is then
continued by the PI3K-Akt pathway. This enzyme elevates the sensitivity of eNOS to

Ca®*, such that eNOS shows maximum activity at sub-physiologic Ca*"
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concentrations and facilitates NO production (Dimmeler et al., 1998; Takeda et al.,
2006).

ECM is a scaffold whose surface topography and mechanical properties affect
cellular morphology, locomotion, proliferation, and cytoskeletal protein extraction
(Pramanik et al., 2012; Sunyer et al., 2012). Cells sense the mechanical properties of
both the ECM and other cells through integrin receptors and cadherin receptors,
respectively (Wells, 2008).

Earlier studies investigated the effects of substrate stiffness on eNOS gene
expression, mMRNA and protein production in silico tubes (Peng et al., 2003; Ziegler
et al., 1998). Ziegler et al. discovered using a novel perfusion apparatus that the
combination of shear stress and pressure upregulated eNOS and ET mRNA levels
and protein production, whereas 4% stretching of endothelial cells with all levels of
shear stress did not significantly change eNOS mRNA or protein production (Ziegler
et al., 1998).

Peng et al. evaluated the effect of pulse perfusion on the eNOS and Akt
phosphorylation of cells seeded in tubes with different stiffness. The results revealed
that pulse perfusion phosphorylated eNOS and Akt, but the perfusion of the
phosphorylated eNOS and Akt at stiff tubes was less than the compliant tubes, and
the cells in stiff tubes were more vulnerable to oxidative stress (Peng et al., 2003).

The mechanical environment in the tubes is a complicated system that
combines shear stress, stretch, and pressure, whereas these factors involve different
mechanisms and thereby have single effects. Hence, the effects of only cyclic tensile
loading on eNOS phosphorylation in response to substrate stiffness were investigated
in this study.

This study is the first to demonstrate that substrates with only cyclic tensile

loading alter eNOS phosphorylation depending on substrate stiffness. The p-eNOS
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intensity in the cells seeded on the compliant membranes (PDMS) was higher than
those cultured on PDMS/5% Al,O3;, whereas the lowest point was related to
PDMS/10% AlL,Os as the stiffest substrate, even less than the basal level in response
to cyclic stretching.

This result suggests that a possible mechanism whereby the forces applied to
the endothelial cells by the stiff substrates during the cycle tensile loading alter the
eNOS phosphorylation of the endothelial cells and are a matter of debate. The
possible reasons through which substrate forces affect eNOS phosphorylation during
tensile loading probably are the reduction in eNOS activation, high superoxide
production, and thereby, eNOS uncoupling as a result of protein nitration by
peroxynitrite, endogenous NOS inhibitors (asymmetric dimethyl arginin), upstream
activator modulation (kinases) - including p-Akt and PI3K- which regulate eNOS
activity, and the vulnerability of endothelial cells to stress. These reasons can be
considered to have impaired the sensitivity of eNOS to mechanical forces (Peng et
al., 2003; Soucy et al., 2006). The possibility of high superoxide production, which
led to high cell vulnerability to superoxides, eNOS nitration, and thereby, eNOS
uncoupling and reduction in NO bioavailability, is the most probable, because the p-
eNOS intensity in the control group was higher than that of the stimulated group.
However, the exact mechanisms involved in these effects are unknown. The current
results demonstrate the importance of the mechanical properties of ECM in eNOS
regulation.

Stretching enhances the involvement of PI3K-dependent phosphorylation,
which contributes to the activation of Akt/PKB and finally eNOS. The eNOS
phosphorylation produces NO by metabolizing L-arginin. Therefore, the reduction in

eNOS phosphorylation decreases NO concentration.
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The NO concentration was the highest in the PDMS membranes, but decreased
in the treated PDMS/5% Al,O3; group, and was undetectable in the cells seeded on
PDMS/10% Al,O;3 membranes. The reason is probably mainly related to the
attenuated eNOS activity and the NO scavenging by ROS and the O, produced by
the cell mitochondria in response to substrate forces. The reaction between NO and
O, creates peroxynitrite, which scavenges BH4. When BH4 concentration reaches
less than the level required for eNOS enzymatic activity, eNOS cannot catalyse L-
arginin oxidation to NO and thereby increases superoxide production. This can be
considered to be synergistic with the NO level reduction in the cells seeded on stiff
substrates (Blackwell et al., 2004; Delp et al., 2008). These oxidants scavenge NO
and L-arginin as substrate for NO production. This phenomenon is called endothelial

dysfunction (Soucy et al., 2006).
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CONCLUSION, FUTURE WORKS, AND LIMITATIONS

6. 1. Conclusions

In conclusion, the incorporation of a new stage (filter paper) during the collagenase
digestion in endothelial cells isolation has successfully produced a pure population of
endothelial cells with purity 89.4%. Limiting of collagenase to endothelium by filter
paper is the main merit of this method. Also, the quality of isolated cells is quite

reasonable for further studies.

The stiffness of PDMS-based substrate, as scaffold for endothelial cells, was
manipulated by incorporating biocompatible reinforcements, such as alumina.
Statistical analysis revealed that substrates with different stiffness are not different in
surface roughness and hydrophilicity significantly. The percentage of maximum
strain or elongation of all the specimens indicates the high flexibility of each
material. Among these flexible elastomers, the stiffer materials, the cell proliferation
as well as cell adhesion, and induced the well-spread morphology of endothelial cells

in static environment.

eNOS intensity and NO concentration in endothelial cells cultured on PDMS
membranes as compliant substrate was significantly higher which is an indication of

"7 in respond to tensile loading after 3h. However,

eNOS phosphorylation at Ser
phosphorylation intensity and NO concentration in stiff membranes were in base
level and even undetectable level, which suggest that substrate stiffness might decline
eNOS phosphorylation and also NO bioavailability in dynamic condition by

oxidative agents. The oxidative agents increase cell vulnerability and induce eNOS

nitration and uncoupling. Also, NO can be scavenged by O, that produces
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peroxynitrite. These results indicate that mechanical properties of vessel walls play

critical factor in the regulation of eNOS and NO by cyclic stretch.

6. 2. Future works
6.2.1. Applying shear stress on endothelial cells seeded on substrates with

different stiffness

Endothelial cells are involve in cardiovascular system, in which three factors, shear
stress, tensile loading, and pressure are subsequently applied. These factors have their
own effects. Therefore, further work on the direct shear stress applied on endothelial
cells seeded on stiff substrates will provide useful information about the effects of

each factor on eNOS intensity and NO production in physiological conditions.

6.2.2. Evaluation of the points in which p-eNOS intensity peaks in

substrates with different stiffness values

The eNOS phosphorylation increases in response to a dynamic environment but
peaks and then declines to a detectable level. The time to reach the peak possibly
increases as stiffness increases. Therefore, not only, the decline in p-eNOS intensity
is attributed to the decrease in shear stress and tensile loading, but also the delay in
reaching the peak point, may have a synergistic effect on the reduction of p-eNOS
intensity and NO production in stiff substrates. Therefore, this hypothesis must be

investigated in further studies.
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6.2.3. Applying a mixture of shear stress and tensile loading on endothelial

cells

Applying shear stress and tensile loading on endothelial cells seeded in tubes
with different stiffness may be used to investigate whether the reduction in vessel
distensibility affects p-eNOS intensity. These situations somehow simulate the
endothelial cell conditions in the body. The results of this study may be compared
with the results achieved from the effects of shear stress and tensile loading alone,

which may provide researchers a useful conclusion.

6. 3. LIMITATIONS

The tensile jig available in the lab is a manual instrument in which the tensile loading
applied on cells should be controlled using a ruler, promoting hand errors and eye
errors. Moreover, this system exerts extreme forces on cells when returned to the

relaxed position. These high forces may increase cell vulnerability and induce cell

death.
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Abstract

Hadeground gows. Mumemus protooods for the isolaton of bovine sortic end othelial cells have been described i the previous
literature. However, these protocols prevent researchers from obtaining the pure population of endothebal cells. Thus, this
study aimed to develop anew and e conomic al method for the isolation of pune endothelial cells by miroducing a new strategy
s the enymatic digestion method proposed by previous researchers. Mahods With the use of this method, the hmen o a
Tovin e aorta wias filled with wash mediom and the outer surfice of the sumple was washed with alecha for 30 secomds. Under
a laminar Bow hood, the mner surface of the smple was coversd with filter paper. Collagenase type I was dripped oni the
filter paper as a digestion enxyme. The digestion fuid was seeded in T'25 faslks and fod with complete mediom every 3 days.
Reaure The solated celk were charactermed by markers such 2 CI31, von Willebrand Bctor, 1,1%-dioc tadecd-1,3,3,3,3-
tetramethylind ccarbocyanine  perchlomte acetylated low-densty lipoproeimn mnd mgiogeness behovior. The purity of
endothelial cells was detected by fow cytometry to be of neady %0% purnity; these resubs wene condirmed by imom rvsta i ng.
More over, endothelial cells formmed blood vessel—like tubes in a three-dimens onal environment, which is specific dynamic
behanvior for endothebial cells. Comchenons. The new straegy presented n the current report enables isolation of a highly pune
population of endothelial cells that can survive lomg-temm cultune without mdudng an overgrowth o fibmoblas cells.

Key Words: bovine gordc endothdial celle, draraganzation, fhmblos onfomingion, filtrr paper, mew smatapy, pure populstion

Introduecdon

Endothelial cells have historically been viewed as an
inert membrane in the circularory system (1), Har-
wvey's description of the drculatory system and smdies
by Malphigi, Reckingausemn and other researchers
show the crivical role of endothelial cells in physio-
pathological processes (2.3). The endre vascular
syeiom is lined by a single layer of endothelial cells
separared from outer dssues by connedive tissue.
Although the amount of connecive tisue is generally
dependent on the vessel diameter, endothelial cells
are always present in all veses (4). The vascular
mdothelivm mainmains the strucmre and incegrity of
vessels and acts as a bamier berween the blood and
parenchymal cells ().

Fhysio-pathological events such as wound heal-
ing, infammarion and tumor generation can resul in
mndothdial dysfuncdoon, which is the primary cause
of cermain diseases such as sepsis (5), atherosclemsis
(6], diaberes mellius (7], vasculins, hypericnsion
and izchemic heart disesse (H). Therefore, pure
populatons of endothelial cels provide opporminites

to obtain specific and significant informadon abowt
cell behavior in physiological and pathological siru-
atons in wire. Significant progress in vascular
biology has recendy been achieved thrmough the
izolation of endothelial celk frm vessel preparations
(9=11).

Endothelial celk are commonly izolated from
large elasic mammalian vessels such as rat (12),
pordne (13), bovine aorma (14), bovine pulmonary
artery and luman umbdical cord (15). Seweral
techniques have been reported in the literature for
bovine aortic endothdial cell (BAEC) isolaton
such as physical removal, the ourgrowth method,
enzymaric digestion and the use of magneric beads
(6,14, 16— 18). Recently, these wchniques are fol-
lowed by methods such as manual weeding, the we
of a specific growth medium, enzymatc decachment
and size-defined filradon o improve the purity
of endothelial cel populadons. Although these
methods are reportedly effecive in endothelial cell
purification, there are some drawbacks for these
methods. Fibroblast contamination, partcularly in
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Abstract: Extracellular environments can regulate oell behav-
ior because cells can actively Sens e their mechanical emviron-
ments. This study evalusted the adhesion, proliferation and
momphology of endothalial eells on pohdimethylsiloxame
(PDM Shalumina (ALD,) composies and pure FOMS. The
substrates were prepared from pure PDMS and its compo-
sites with 25 5, 7.5, and 0w % AkLDy a1 & curing tempera-
ture of B0FC for 4 k. The substrates wene then oharacerized
by mechanical, structural, and morphological analyses. The
cell adhesion, proliferation, and momphology of culbured
bovine aortic endothelial [BAEC) celle on substrate materials
were svalugted by using resarurin assay and 1,1-dicctadecy-
13,37, T vetramet iyl ndoca b ocyanine pens hilo rate-acetylated
LDL {DikAc-LDL oell staining. respectively. The composies
|PDMS2E 5, 75, and W wi % ARD;) exhibited higher stiff-

mess than the pure PDMS substrate. The resulls also revealed
that stiffer substrates prom oted endothelial cell adhesion and
proliferation and also induced spread morphology in the
endothelial cells compared with lesser stiff substrates. Statis-
tical analysis showed that the effect of time on cell prolifers
tion depended on stiffness. Therefore, this study concludes
that the addition of different AlzD; percentages to PFOMS ele
vated substrate stiffmess which in turn increased endothelial
cell adhesion and proliferation significantly and induced
spindle shape morphology in endothelial cells. © 2018 Wiley
Pariodicals, inc. J Blomad Mater fes Part A 00A: 000-000, 2014

Key Words: stiffness, proliferation, bovine aoric endothelial
cells, extra cellular matrix, vessels
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INTRODUCTION
Cells have been resided on mechanical environments in the
form of dsswes and organs. In the cellular concept, cells
impese forces on thelr emdronment as extra cellular matrix
[ECM]; however ECM applies forces Hke gravity and tesue
specific interactdons to cells Hesides these imposed foroes,
loscal BCM stiffiess has important mechandeal effects on cell
fumction Tesse stfness does not remain stable, and it
changes during physiological responds Hke embryonic devel-
opment, wound healing and patholegical process such as
tumorgen esis and athemselerosis

Live celle follow a pattern called “stiffness sensing”
which denotes that cells can senge their outer emvimnment
as they adbere to and respond to mechanical resistivity of
ECM. Cells can recognize substrate mechanical pmpertes
via receptors attached to the substrate ™ 4 cells can sense
the outer environment, they have the ability to comvert
mechanlcal cascades into complicated intracellular <ignaling

Conrespondancs o2 F. Atmallshi; o-mail: fomugh_safveahoa.com

inputs which regulate cell functons nduding adhesion, pro-
liferation and spreading.

Therefore, the avallability of proper stffness profiles can
elevate the feasibility of blophysical stedies o cell
subetrate interacton™

Polyd imethyliloxane [PDME) elastomeric materials have
shown potential bocompatibllity for vascular and nerve ti-
sue applications® PDMS & attracting research attention in
the field of cell blology becawse of its biocomp atbility, sim-
ple fabricaton, tunable flesdbility, gas permeability, kigh ok
dative, and thermal stability and low cost™™ PDMS can
exhibit specific mechanical properties, such as high stiffness,
in itz matve fledbility by adding a second plase material
Amaong the avallable second plase materials for controlling
substrate-stffmess, c-aluminag [Al0g] which kas a well
kmown biocompatihility, thermal and electrical resistiviny,
thermal and chemical stability and abundance avallability™
was chosen in this shedy The stabillity of e-phase AlOs
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Effects of Stiffness on Endothelial Cells Behavior

Forough Ataollahi, Belinda Pingguan-Murphy, Wan Abu Bakar Wan Abas, Noor Azuan Abu Osman

Albitraci—Endothelium prolifiemtion is an imporiam process in
cardiovasoular homeostasis and can be regulated by extracellular
envirenment, as cells can actively semse mechanical environment. In
this study, we evaluated endothelizl cell prolifemtion an
PO S akumirs (AlOg) composites ard pure PDMS. The substrates
‘were prepared from pure PDMS and its composites with 5% amd 10%
Aky at curing temperature 30°C for 4k and then characterized by
mechanical, stnsctural and morphological anabyses. Higher stiffness
was fourd in ke composites compared to the pure PDMS subsimate.
Cell praliferation of the cubured bovine aortic endothelial cells an
subsirate materizls were evahsied via Resamorin assay and 1, 1'-
Dioctadecylsl, 3, 3, 3, 3 eTetramethylindocarbocyanine Perchlomtes
Acetylated LD (Dil-Ac<L DL} cell staming, respectively. The resubts
revealed that stiffer substrates promote more endothelial cells
prolifieration to the bess stiff substrates. Therefare, this study firmly
hypothesizes that the stiffness elevates endothelial cells proliferation.

Keywowrds—Bavine aortic endathelial cells, extr cellular matrix,
prolifiration, stiffmess.

L INTRODUCTION

LOOHD vessels as a scaffold provide special extra cellular

matrix for endothelial cells. The entire vascular system
has been lined by a single layer of endothelial cells which is
separated from the underlying layers by comective tissue [1]-
[2]. Mormally, endothelial cells sit on collagen which acts as a
substrate. Collagen deposition, hyper-proliferation  and
mineralization by calcium and phosphorous induced by risk
factors like aging, atherosclerosis, diabetes mellitus and renal
disorders elevate vessel stiffening [3], [4]. Alive cells follow a
fact called “stiffness sensing™ which means they can sense
their outer enviroament and respond 1o mechanical resigtivity
of extracellular matrix. Endothelial cell eytoskeleton can
recognize substrate mechanical properties through receprors
[5HE]- Therefore, availability of proper stiffness profiles can
elevate the feasibility of the biophysical smdies on cell-
substrate imteraction [9]. In addition to s biocompatibility,
simple fabrication, optical transparency, manable flexibility,
gaq permeability, high oxidative and thermal stability and
inexpensivensss have made this material atractive in cell
biplogy [10]-[12]. From the masmy available meams of
controlling subsirate-stiffsess a-alumina (A1203) as a well-
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known biocompatible and stable ceramic [13] was chosen to
conirol the subsirate stiffness in this present siudy. Hence, this
siudy introduces an in vitro method o show the profound role
of vascular stiffness on endothelivm responds in terms of
adhesion, proliferation and cell morphology.

1. PROCEDURE

A. Preparation of Different Stiffress of PDVWE Subsirae

PDMSAIZO3 composites wene prepared firt, by mixing
POMS gel (SYLGARD 184 Silicon Elastomer Base purchased
from Dow Coming) with 5 and 10 percent of AIZO3 {supplied
by Sigma) as a second phase ceramic particle using planetary
ball mill (Retsch, PM200). Then a curing agent (supplied by
Dow Comning along with SYLGARD 184 Silicon Elastomer)
with proportion of 1:10 (v} (curing agent: PDMS gel) was
added to FDMSAI203 mixture atl rogam femperature,

B. Stiffress Measurement
Mechanical properties of pure PDMS elastomer and its
composites with different concentrations (5 and 10 wi%y of

Al203 were characterized following the ASTM standard—
ASTM D 412 test standard for sulcanized robber and

thermoplastic elastomers 16 using a universal testing machine,
(Instron MicroTester, # 5848) al a constant crosshead speed of
Tmen e

ol it Assay

In vitro cell attachment and proliferation were determined
by the Resazurin assay., This test was used o show cell
metabolism. Isolated bovine aoric endothelial cells were
grown in completed mediom (M200) (Gibeo#M200-500)
Then, 1*10* in passage 9 were used to seed on subsirates with
different stiffness which were coated on 100p] fbromectin
(Sigma- Aldrich, # F1141).

Resazurin assay was performed at four time points, namely
day 3, day 6, day 12, and day 15, 10% Resazurin solution
were prepared at PBS. In the selected time points, mediom
was discarded and cells were washed with pre-warmed PBS
and then incubated at 37 for 4h.

After incubation time, 100wl of resazurin solution were
taken for absorbance measurements at 570nm and 600nm w0
determine the metabolism and proliferation rate of endothelial
cells using the following (1)

(£ay )AL —(Egy JA AL

N Y R P F D M

where,
eax = molar extinetion coefficient of Besamurin oxidized form
(BLLUE)
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