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(4)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 (Al2O3), 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 
 medium, and the intensity of eNOS phosphorylated at Serin1177 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 



(5)affect the surface roughness. Moreover, adding Al2O3 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% Al2O3, and PDMS/10% Al2O3, 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 
 fleuroscnce intensity of p-eNOS at Serin1177 to 1.6 and increased NO bioavailability 
 to 600 µg/ml. However, p-eNOS intensity was 1.07 and 1.06 in PDMS/5% Al2O3 and 
 PDMS/10% Al2O3, 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% Al2O3 compared with those in pure PDMS, and was 
 undetectable in PDMS/10% Al2O3.  


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. 



(6)ABSTRAK 


Saluran darah terdedah kepada bebanan mekanikal (nadi) dengan anggaran 75 kali 
 seminit. Pembebanan mekanik mengaktifkan 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 (AL2O3), 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 Serin1177dikesan dalam 



(7)Penyatuan kertas penapis dalam penghadaman enzim konvensional akan 
 meningkatkan pengasingan ketulenan sel endothelial sebanyak kira-kira 90%. Ciri-
 ciri membrane menunjukkan partikel AL2O3 diagihkan secara wajar di dalam PDMS 
 base dan tidak meninggalkan kesan permukaan kasar. Selain daripada itu, 
 penambahan AL2O3 kepada PDMS base meningkatkan kekakuan mebran. Modulus 
 Young membran, adalah 0.331, 0.592, dan 1.076 MPa untuk PDMS tulen, PDMS/5% 


AL2O3, dan PDMS/10% Al2O3. 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 serine1177  kepada 1.6 danpenambahan NO 
 bioavailabilibity kepada 600 µg/ml. Walau bagaimanapun, intensiti p-eNOS masing-
 masing adalah 1.07 dan 1.06 untuk PDMS/5% Al2O3 dan PDMS/10% Al2O3, 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% Al2O3 berbanding PDMS tulen, dan tidak dapat dikesan pada PDMS/10% 


Al2O3. 


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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(19)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 Serin1177 (Ser1177) 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 



(20)phosphorylate eNOS at Ser1177 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: 



(21)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. 


III. 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. 



(22)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, 



(23)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 µm) and veins (20 µm to 50 µm). 


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).  


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



(24)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 1×1013 to 6×1013, which has weight of 1 kg and covers 1 m2 to 7 m2, 
 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 



(25)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 (PGI2) as vasodilators, 
where in NO has a crucial role in blood vessel pressure regulation (Cines et al., 
1998). 



(26)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 



(27)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). 


Figure  2.3: Diagram of electron transfer pathway in eNOS structure and interaction 



(28)eNOS phosphorylation is a critical regulatory mechanism to control NO 
 bioavailability. To date, the eNOS molecule has at least five phosphorylation sites, 
 namely, Ser1177, Ser635, Ser617, Ser116, and threonine495. Ser1177, Ser635, and Ser617 are 
 stimulatory sites of eNOS, whereas Ser116 and threonine495 are inhibitory sites. 


These phosphorylation sites can act through chemical and mechanical stimulators. 


However, phosphorylation sites triggered by mechanical stimulations are Ser1177 and 
 Ser635 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 
activates eNOS by phosphorylation of eNOS at Ser1177 through recruiting PI3K and 



(29)Akt/PKA. On the other hand, eNOS is dephosphorylated at residue Thr495 through the 
 calcineurin- dependent pathway (Averna et al., 2008). 


Phosphoinositide 3-kinases (PI3Ks):  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 Ser1177 phosphorylation. 


This phosphorylation elevates the affinity of eNOS to CaM because it removes the 
 inhibitory effect of the auto-inhibitory loop of Ser1177 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 



(30)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 Ser1177. 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. 


Figure  2.4: Proposed model of eNOS phosphorylation by Akt/PKB in response to 
 mechanical stimulation (Ignarro, 2000). 


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 



(31)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 (AII), and ET) (Park 


& Lakatta, 2012).  



(32)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). 


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 



(33)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).  



(34)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 α-actinin. Cells 



(35)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).  


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).  



(36)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 O2-


); 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 O2- 



(37)source. eNOS can be nitrated and uncoupled by peroxynitrite caused from the 
 reaction NO and O2- 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). 



(38)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, α-
alumina (Al2O3), 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 α-phase Al2O3 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. 



(39)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 Ser1177 were evaluated by 
 enzyme-linked immunosorbent assay (ELISA) (Figure 3.1). 


Effects of substrate stiffness on eNOS 
 phosphorylation and NO bioavailability


BAEC Isolation and Characterization Substrates Preparation and 


Characterization


Fibronectin Coating with Optimized 
 Concentration


Time Optimization for Getting 
 Higher p-eNOS Intensity


Applied the Optimized Time to Other 
 Stiff Substrates


P-eNOS Measurement
 NO Measuremnt 


Statistical Analysis



(40)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 µg/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 µg/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 II solution was dripped onto each 
 filter paper.  


Both samples were placed in an incubator with 5% CO2 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 



(41)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 µg/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 



(42)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 cm2 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 µl of cell suspension 
 was mixed with 15 µl 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. 



(43)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-



(44)(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 cm×2 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 µl of medium were seeded on each cover slip. After 
 incubating the cover slips at 37 °C for 4 h, 200 µl of medium was added to the cover 
 slips. Cells with 400 µl 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 



(45)(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 µg 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 µg/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 1×106 cells per tube. Three tubes were used for three 
applications: without treatment, cells with Mouse IgG2a isotype control antibody 



(46)#GTX 43622). The cells were then centrifuged at 1500 rpm for 10 min. The platelets 
 were re-suspended in 90 µl of sheath fluid (BD FACSFlow #342003) and combined 
 with 10 µl of Mouse Monoclonal antibody to CD31 and Mouse IgG2a 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 µl 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-
 Páez & Zavalza-Gómez, 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 700×g for 10 min. Approximately, 6×106 BAEC were suspended in 
 6 ml of human plasma and poured into a six well plate (1 ml plasma/1 well). 


Afterward, 10 µl of 1 M calcium chloride (CaCl2) (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 



(47)3. 5.  Substrate preparation and characterization 
 3. 5. 1. Membrane preparation 


PDMS/Al2O3 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% Al2O3 (Sigma-Aldrich, # 265497), which served 
 as second phase ceramic particle (particle size:<10 µm, density: 3.97 g/cm3, 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/Al2O3 mixture. The curing agent was used as a cross-linker at the 
 base of PDMS polymeric chains. PDMS/Al2O3/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 Al2O3 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 Al2O3 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 



(48)acid (HCl) 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  3.4: Mold used for preparation of membranes with different stiffness 


Figure  3.5: A, B) I-shaped mold prepared according to ASTM D 412 test standard 
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