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Synopsis 

Diseases of blood vessels, account for a significant number of deaths in 

various parts of the world. The vasculature has been redefined as a vital organ 

that can regulate its own tone and structure through numerous cellular 

mechanisms. The endothelium plays the role of gatekeeper in this process, 

sensing and responding to various stimuli. 

Endothelial cells (EC) occupy a strategically important location between 

circulating blood and tissues and have the ability to respond to changes in its 

physical, chemical, and humoral environment by the production of a host of 

biologically active substances. The normal endothelium modulates the tone of 

underlying vascular smooth muscle, maintains a non adhesive luminal surface, 

and mediates hemostasis, cellular proliferation, and inflammatory and immune 

mechanisms in the vascular wall. The endothelium also secretes a myriad of 

powerful biochemical mediators that regulate blood cell trafficking, cell growth, 

and vascular remodeling. 

Damage to EC initiates molecular changes, and a chain of events is set 

onto motion that leads to the proliferation and migration of SMC into the lumen, 

resulting in obstructive arterial lesions. Endothelial dysfunction involves an 

imbalance between vasoactive substances such that perturbations in the 

regulation of tone, hemostasis, and vessel structure result in the development of 

cardiovascular diseases, such as hypertension, atherosclerosis, and ischemia. 

Surgical replacement of the affected blood vessel with autologous vessels 

or with artificial polymeric material is considered to be the most effective 

treatment method currently. When artificial vascular grafts are used, lack of 

endothelial cells on its lumen leads to major problems such as graft occlusion 

due to thrombosis and smooth muscle cell proliferation. To improve the patency 

of vascular grafts used for bypass surgeries, various approaches are being 

attempted: 1, in vitro seeding of endothelial cells on non degradable polymeric 

conduits; 2, tissue engineering using biodegradable scaffold; and 3, tissue 

engineering using multiple layers of vascular cell sheets grown on scaffold. 
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The fundamental assumption of this approach is that EC seeded on a 

prosthetic surface or scaffold would continue to exhibit the same salutary 

properties as do cells that line the normal blood vessel in vivo. However, we now 

understand that many functions of human vascular ECs are dynamic rather than 

fixed. Therefore, in all these approaches it is important to examine if the seeded 

cells retain their desired functions rather than just to achieve a viable lining of EC 

in the lumen of the construct. We must also consider which program of EC 

functions these cells will express. 

The development of techniques for the isolation and reproducible culture 

of EC has facilitated structural and functional studies of EC. Several 

investigators have demonstrated that cell deterioration is prominent during serial 

passaging. Therefore, it is likely that the artificial environment affects the cell 

phenotype in an unpredictable manner and seeding of EC to produce functional 

vascular construct is rather challenging. 

Extra cellular matrix (ECM) and growth factors are essential for cell 

proliferation and survival, rendering cells apoptotic in the absence of matrix and 

the surrounding matrix actively participates in modulating cell function. It is the 

continuous cross-talk between cells and the surrounding matrix environment that 

leads to the formation of patterns, the development of form (morphogenesis), and 

the acquisition and maintenance of differentiated phenotype. Therefore, to 

maintain cells for long time in tissue culture, it is important to use suitable matrix 

coated dishes so that they remain viable and functional. 

Selection of an ideal matrix to support the growth of EC, without any 

adverse effects on the phenotype, forms an important aspect that determines 

success of tissue engineered constructs. This study was initiated with a 

hypothesis that a bio-mimetic matrix composition might improve EC growth and 

expression of proteins to maintain the normal physiology of endothelial cells. 

Fibrin, an extracellular matrix component, is occupied in hemostasis, 

wound healing, and cancer. Fibrin is formed at the sites of tissue injury and 

provides a temporary matrix to support initial response of EC for tissue repair. 

Other than acting as a scaffold for cell attachment, it holds other extracellular 

components that are major integrin receptors such as fibronectin and 

thrombospondin that anchor the cells to the injured tissue apart from growth 
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factors that generate signals for optimal cell proliferation, survival and expression 

of appropriate functional proteins. In the ~ight of this information this study was 

carried out to evaluate the effectiveness of a composite of fibrin, fibronectin, 

gelatin and vascular endothelial growth factor (VEGF). The goal of this study 

was to establish that gelatin which is a commonly used matrix for endothelial 

culture deteriorates cell properties due to lack of appropriate signal and to 

demonstrate that a composite matrix that is bio mimetic to the vessel matrix will 

improve the cell signaling for endothelial cell attachment spreading survival and 

expression of functional proteins required for maintaining the non thombogenic 

nature of the cells. 

The objectives were achieved by systematic experiments that were 

carried out in three phases. 

1. Matrix standardization using human umbilical vein EC (HUVECs) 

1.i. Standardization of a matrix composition and the coating technique 

onto polystyrene culture plates to attain optimum EC adhesion, spreading and 

proliferation. 

1.ii. Comparison of the composite matrix with conventional gelatin coating 

by evaluating the effect of passage progression on the cell behavior in terms of 

spreading and actin organization, proliferation and apoptosis, using HUVECs. 

1.iii. Comparison of the function of EC monolayer by analysis of the 

mRNA expression and quantification of two pro-thrombotic and two anti­

thrombotic molecules, using reverse transcriptase-polymerase chain reaction 

(RT-PCR) and biochemical assays. 

2. Human saphenous vein EC (HSVEC) growth and behavior on Composite 

Matrix 

2.i. Establish that HSVEC isolated from a small piece (-2cm) of 

saphenous vein from cardiovascular disease (CAD) patient can be grown on in 

vitro on standardized matrix to achieve functional autologous cells for therapeutic 

application; 
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2.ii. Evaluate expression and synthesis of functional molecules by HSVEC 

in monolayer culture to determine the balance of prothrombotic/antithrombotic 

factors owing to dysfunctional nature of EC in CVD patients. 

2.iii. Establish that the matrix influences the phenotype of HSVEC grown 

in vitro. 

2.iv. Demonstrate that the composite matrix regulates gene expression to 

maintain a balance between pro-thrombotic and anti-thrombotic proteins. 

3. Establish effectiveness of standardized matrix for EC seeding on 

biomaterials 

3.i. To standardize the composite matrix coating on surface of different 

biomaterials used to fabricate cardiovascular implants. 

3.ii. To compare the composite matrix coated devices with bare devices, in 

terms of EC adhesion, spreading, proliferation, and survival. 

3.iii. To compare the expression of functional molecules that determine 

prothrombotic and antithrombotic phenotype of EC grown on bare and composite 

coated surface. 

3.iv. To compare the thrombogenicity of EC grown on bare devices 

against EC grown on composite matrix using in vitro blood compatibility studies. 

This dissertation is divided into different chapters such as; Introduction, 

Materials & Methods, Results I, II &Ill, and Summary. 

Chapter 1: Introduction 

The importance on EC monolayer in maintaining the vascular homeostasis 

is elaborated and the problems arising out of dysfunction of EC is reviewed. The 

problems associated with lack of endothelialization of cardiovascular implant 

devices are reviewed and the concept of in vitro tissue engineering is discussed . 

. Hurdles in the isolation and culture of EC and requirement of coating of 

polystyrene dishes as a prerequisite for in vitro EC culture is reviewed. Role of 

cell-matrix interaction in modulating the cell phenotype and the need for an ideal 

matrix for the in vitro culture is highlighted. The importance of maintaining normal 
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phenotype of EC in in vitro culture is discussed and the current problem is stated 

by highlighting possible advantages of fibrin as a matrix. Finally the hypothesis 

and objectives are stated and relevant literature is reviewed. 

Chapter II: Materials and methods 

The methods for isolation, culture and characterization of HUVEC and 

HSVEC are described. The analysis methods include; actin identification by 

specific phalloidin binding for EC attachment and spreading, immunostaining of 

vinculin for focal adhesion organization, PCNA staining for proliferation, 

Annexin V staining for apoptosis, von Willebrand factor (vWF) and Acetylated 

Low Density Lipoprotein (AcLDL) uptake for cell characterization. Analysis of 

immune-stained cells was done using fluorescent microscope and/or laser 

scanning confocal microscope. Live/Apoptotic/Dead cells were quantified using 

flowcytometric analysis. For phenotypic expression molecules analyzed were; 

vWF - a prothrombotic molecule, nitric oxide (NO)- an antithombotic and 

vasodilator molecule, tissue plasminogen activator (t-PA) -a fibrinolytic factor, 

and plasminogen activator inhibitor (PAl)- an antifibrinolytic factor. Analysis was 

done by reverse transcriptase polymerase chain reaction (RT-PCR) for detection 

of m-RNA expression. The mRNA expression by HSVECs and EC grown on 

biomaterials were quantified by Real Time PCR. ELISA was performed to detect 

quantitative variation in release of functional proteins into the culture medium. 

NO release by ECs was detected using a commercial kit. Shear stress resistance 

of the EC monolayer was studied by perfusion of the seeded biomaterials. To 

examine how the phenotype of ECs grown on the biomaterials reflects on the in 

vitro blood compatibility of the devices, tests were selected from the list 

recommended in IS01 0993 part4. These tests are standardized and validated in 

the laboratory and is accredited against quality system ISO/IEC 17025 by 

COFRAC (France). The thrombogenicity of EC grown materials was assessed by 

coagulation studies, qualitative platelet adhesion using scanning electron 

microscopy and quantitative assay using radiolabeled platelets 

(radioscintigraphy). 

Results and discussion are divided into 3 chapters, Chapters Ill - V for 

convenience. 
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Chapter Ill: Matrix standardization using HUVEC 

The objective of this part of the study was to compare the growth of 

HUVEC on conventional gelatin coated polystyrene (GCPS), and composite 

coated polystyrene (CCPS). Actin-specific staining has illustrated distinction of 

adhesion and spreading on GCPS, CCPS and in addition fibrin coated 

polystyrene (FCPS). Because cell spreading was not satisfactory on FCPS, 

further studies were not carried out using FCPS. Proliferation rate on GCPS 

decreased from 4th passage number, but on CCPS doubling time remained 

steady until 1oth passage. It took about 85 days for EC to form confluent 

monolayer in repeated 15 passages on GCPS, whereas on CCPS in 50 days 15 

passages of monolayer are formed. Percentage of apoptotic cells in GCPS 

varied from 30 % to 60 % between gth to 15th passages, respectively, however, in 

CCPS it was only from 5 % to 15 %. The m-RNA expression and release of pro­

thrombotic vWF and PAI-1 on GCPS increased passage by passage from 6thon 

wards; however, detectable levels of these are observed only at a later passage 

in EC grown on CCPS. The fibrinolytic factor t-PA is expressed only at low 

levels in EC grown on GCPS and CCPS at earlier passages. But in later 

passages t-PA expression remained steady on CCPS it was not detectable in 

GCPS. The cells on GCPS expressed optimal level of eNOS mRNA up to 6th 

passage, which is found to decrease with passage number, whereas the protein 

expression is found to be almost steady until 15th passage in the case of cells 

grown on CCPS. 

Chapter IV: HSVEC growth and behavior on Composite Matrix 

In this chapter, results from isolation of EC from the saphenous vein of 

cardiovascular patients undergoing coronary bypass surgery, and the subsequent 

culture and characterization are described. These cells are probably dysfunctional 

as evidenced by high mRNA expression for both vWF and PAI-1 in early passage 

unlike in the case of HUVEC. In the case of tPA, the mRNA expression is not 

detectable until 61h passage in both GCPS and CCPS, by gth passage expression 

improved and remained steady until 1 ih passage on CCPS, whereas, there was no 

detectable expression until the 12th passage when grown on GCPS. The eNOS 

mRNA expression was negligible in initial passages in EC grown on both matrices 

but the cells grown on CCPS increased the expression from 6th passage onwards 
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but not in the case of GCPS. An interesting observation was that the EC from one 

of the subjects behaved more or less similar to that of HUVEC, when it was sub 

cultured through several passages on CCPS and GCPS. The pro thrombotic 

factors vWF and PAI-1 remained stable on CCPS whereas on GCPS it was over 

expressed as the passage number progressed. Measurement of t-PA and eNOS 

through several passages was also similar to that of HUVEC in this subject. It 

indicates that HSVEC of this subject was not dysfunctional in terms 

thrombogenicity. Whereas the HSVEC from all other subjects were more pro 

thrombotic indicated by amplified vWF & PAl m-RNA expression and synthesis, 

and less anti thrombotic pointed out by reduced t-PA and eNOS m-RNA expression 

and synthesis by cells in early culture passage. Quantification of the synthesis and 

release of these molecules correlated well with the mRNA expression pattern. 

Chapter V: EC seeding on Biomaterials: Tissue engineering of cardiovascular 

devices 

This chapter gives results of EC seeding on biomaterials that are currently 

used for cardiovascular devices such as Polyethylene terephthalate (PET, Trade 

name: Dacron), titanium (Ti), diamond-like carbon (DLC)-coated Ti, Stainless steel 

(SS) and ultra high molecular weight polyethylene (UHMWPE). The bare 

materials that do not support EC adhesion and spreading are coated effectively 

with composite to obtain confluent monolayer on them in vitro. It is demonstrated 

that the EC do not survive on bare materials unless cells spread and form focal 

contacts with intermediate matrix proteins. The EC grown on composite coated 

Dacron is found to resist shear stress of the order of -20 dynes/cm2. It is 

demonstrated that EC seeded bare materials surfaces are prothrombotic, whereas 

EC seeding on surfaces pre-coated with bio mimetic molecules facilitated normal 

EC phenotype and reduced the risk of platelet adhesion and activation of blood 

coagulation. The data suggests that this approach of coating the designed 

composition of bio mimetic adhesive proteins and growth factors is suitable for 

cardiovascular tissue engineering using various base material or scaffold. 

Chapter VI: Summary and Conclusions 

The use of gelatin adsorbed surfaces for endothelial cell growth in tissue 

culture is found to cause cell transformation more prominently on serial passage. 
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The actin filament assembly and formation of focal adhesion on composite are 

able to regulate cell signaling for proliferation, survival and differentiation. 

One of the key findings is that the dysfunctional EC isolated from 

cardiovascular patients express more prothrombotic molecules and less 

antithrombotic molecules in most of the cases and are regenerated to express a 

normal anti-thrombotic phenotype when they were grown on the composite 

coated matrix in serial passages. Initially it was anticipated that HSVEC may not 

grow and express normal physiology in vitro. Therefore, it was proposed that 

HSVEC may be grown on ECM deposited on growing EC on the fibrin composite 

matrix. The finding is that normalization of HSVEC phenotype has taken place 

on composite matrix and this has far reaching significance in the field of vascular 

biology suggesting that adherence of the endothelium to the matrix is a dynamic 

interaction allowing endothelium to change and adapt to various physiological 

and pathological states. 

Finally, since the matrix favors the maintenance of normal phenotypic 

expression, the composite matrix can be used for the tissue engineering of 

cardiovascular devices to reduce thrombogenicity of implants. It has been 

demonstrated in this study that though bare materials give wrong signal to the EC 

seeded on the surface and turn them prothrombotic if these surfaces are pre­

coated with bio mimetic molecules they help to maintain normal EC phenotype 

and reduce the risk of platelet adhesion and activation of blood coagulation. The 

dysfunctional EC isolated from patients' autologous vein can be grown on small 

diameter vascular graft coated with the composite matrix for coronary artery 

bypass grafting. 

The emerging field of tissue engineering is focusing on the in-vitro 

generation of functional organ replacements using living endothelial cells and 

other vascular cells for which non degradable or biodegradable scaffold base 

materials are used. Since the data from this study suggest that the approach of 

coating the designed composition of bio mimetic adhesive proteins and growth 

factors is suitable for cardiovascular tissue engineering using any material of 

choice as base material or scaffold, future work should focus on the coating of 

biodegradable polymeric scaffolds to achieve completely biological 

cardiovascular conduits. 
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Chapter I 

INTRODUCTION 

1.1. SUMMARY 

Blood vessels are the life-giving conduits that connect out tissues and 

organs to the heart and to each other. Diseases of the blood vessels, principally 

of the small and medium caliber muscular arteries, account for the majority of 

deaths in various parts of the world annually. The high incidence of 

atherosclerosis, in which formation of fatty plaques leads to clogging of the 

arteries, and related diseases means that diseased muscular arteries are 

surgically replaced frequently. Recent insights into the pathogenesis of vascular 

disease have opened up a new frontier that has implications for future therapies. 

The vasculature has been redefined as a vital organ that can regulate its own 

tone and structure via numerous cellular mechanisms. The endothelium plays the 

role of gatekeeper in this process, sensing and responding to stimuli and 

activating various vasoactive systems that function as mediators. 

Key discoveries in the past two decades have revealed that the vascular 

endothelium is an important regulatory organ that is involved in maintaining 

cardiovascular homeostasis in health and contributes significantly to the patho­

mechanism of several cardiovascular diseases. The endothelium is much more 

than a gate keeper for blood and blood-borne components. Its complexity is 

underscored by the numerous functions it performs in coordination with the 

rennin-angiotensin, coagulation, fibrinolytic, complement and immune system of 
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the body. When their integrity is maintained, endothelial cells exert anticoagulant 

properties via the synthesis of thrombomodulin, tissue factor (TF) pathway 

inhibitor and tissue-type plasminogen activator (t-PA); it regulates the transport of 

nutrients, leukocytes and many other substances by regulation of membrane 

protein expression; it participate in the modulation of vascular tone and plays a 

major role in the control of blood pressure by synthesis and release of NO and 

PGb; and it forms new vessels in response to angiogenic stimuli. Local 

production of NO by endothelial cells is a major mechanism regulating blood flow 

and NO also participates in other far-ranging physiologic functions including 

regulation of proliferation of smooth muscle cells, platelet aggregation and 

immurie response (Mcintire and Eskin 1984). On activation or damage, 

endothelial cells quickly manifests prothrombotic properties by the release of 

proteins like multimeric von Willebrand factor (vWF), which promotes platelet 

adhesion and aggregation, and plasminogen activator inhibitor-1, a member of 

the serpin family; it secretes mediators of vasoconstriction like endothelin; and 

up-regulates receptors involved in coagulation, complement activation and 

leukocyte migration. In addition, TF expression by endothelium leads to initiation 

of the extrinsic blood coagulation pathway (Verstraete, 1995). Another important 

feature of endothelial cells is their ability to direct cells of the immune system to 

specific sites in the body. Constitutively expressed or cytokine-inducible cellular 

adhesion molecules [e.g., E-selectin and intercellular adhesion molecule-1 

(ICAM-1)] and soluble factors such as chemoattractants, cytokines, and 

chemokines act in concert to recruit the immune cells to lymphoid organs or 

inflammatory sites (Carlos and Harlan, 1994). Last, endothelial cells are actively 

involved in vascular remodeling during, for example, ovulation, wound healing, 

tumor growth, and diabetic retinopathy. Although complex in regulation and 

sometimes difficult to functionally analyze in vitro, as well as during disease 

progression, data have become available that link (parts of) these endothelial cell 

functions to various steps in the angiogenic cascade. 

Native atherosclerosis and the accelerated arteriopathies that follow 

therapy share a common initial pathological event, loss of EC integrity and 

function. Damage to EC removes endothelial compounds, and a chain of events 

is set onto motion that leads to the proliferation and migration of SMC into the 

lumen, resulting in obstructive arterial lesions. Endothelial dysfunction involves an 
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imbalance between vasoactive substances such that perturbatiol')s in the 

regulation of tone, hemostasis, and vessel structure result in the development of 

cardiovascular diseases such as hypertension, atherosclerosis and heart failure. 

Modern medical practice routinely violates the delicately balanced 

homeostasis that involves the interaction of the endothelium with soluble and 

cellular components of blood and results in a gradual exposure of blood elements 

to a nonendothelial, "nonself" surface. Artificial vascular grafts, stents and heart­

valve sewing cuffs are examples of devices that remain in the body permanently 

and thus require a surface that will retain hemocompatibility throughout its service 

life. A "blood compatible" material would perfectly substitute for the endothelium 

so that soluble and cellular blood components would remain entirely naive of its 

foreign presence. Although biomaterial science has advanced sufficiently in the 

past 50 years, true biocompatibility of artificial surfaces remains a relatively 

distant and elusive goal. As on today, implantation of mechanical valves and 

stents necessitates lifelong anticoagulation that is associated with the possibility 

of hemorrhage, the risk of thromboembolic events, and predisposition to lifelong 

risks of infection (Vongpatanasin et al 1996; Kuntze et al 1998). Surface 

modification has been attempted by several researchers to provide blood 

compatibility to the devices; however, the diverse array of medical devices 

demands a corresponding range of hemocompatible surface properties. To 

successfully modify the variety of devices requiring blood-compatible surfaces, 

many different methods need to be developed and tested (Ito et al 1992; Skarja 

and Brash 1997). Endothelial cells (EC) line the internal walls of blood vessels, 

and as such prevent platelet attachment and blood coagulation (Becker et al 

2000), and surfaces covered with these cells is the best option for implant 

devices. 

Endothelial cells have been an important focus of research in the past two 

decades. The development of techniques for the isolation and reproducible 

culture of EC has facilitated structural and functional studies of EC. However, as 

several investigators have demonstrated, the up regulation of many endothelial 

genes in vitro indicates that care needs to be exercised when extrapolating from 

cell culture systems to in vivo situations. The cultured EC should maintain their 

differentiated functions to a sufficient degree to allow the in vitro dissection of 
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many mechanisms by which the endothelium resists thrombus formation in the 

normal vessel, as well as many other important aspects of endothelial biology. 

Understanding the importance of endothelium in maintaining a thrombus 

free luminal surface, in vitro seeding of EC is under evaluation in various 

laboratories. The fundamental assumption of this approach is that ECs seeded 

on a prosthetic surface would continue to exhibit the same salutary properties as 

do cells that line the normal blood vessel in vivo. However, we now understand 

that many functions of human vascular ECs are dynamic rather than fixed. These 

new findings indicate that, it is important to examine that the seeded cells retain 

their desired properties. It may not be sufficient to achieve a viable lining of EC 

on a prosthetic material. We must also consider which program of EC functions 

these cells will express. 

It has been well known that in long term cultures and repeated splitting to 

obtain large number of cells, endothelial cells lose the potential to regenerate as 

the passage number progresses; however, related phenotypic alteration is not so 

well studied. Extra cellular matrix is essential for endothelial cell survival and 

proliferation response to growth factors, rendering cells apoptotic in the absence 

of matrix. Also, it has now become equally clear that the surrounding matrix 

actively participates in modulating endothelial function and those EC products, in 

turn, can regulate matrix content and structure. It is the continuous cross-talk 

between cells and the surrounding matrix environment that leads to the formation 

of patterns, the development of form (morphogenesis), and the acquisition and 

maintenance of differentiated phenotype. Therefore, to expand the cell number in 

tissue culture, it is important to use suitable matrix coated dishes so that they 

remain viable and functional. As much is it important to have a matrix with 

optimum composition to get EC attachment, spreading, proliferation and 

differentiation on biomaterial surface so that the modification is effective to 

prevent device thrombosis. 

Therefore, a systematic study is required to understand the influence 

of matrix components to normalize differentiation of EC in culture so that the most 

suitable matrix composition may be used for vascular tissue engineering 

technique that involve endothelial cell culture. 
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1.2. REVIEW OF LITERATURE 

1.2.1. Culture of Endothelial Cells 

Endothelial cells normally have a low rate of proliferation in the adult with 

a life span of 100-10,000 days (Hobson, B., and Denekamp, J., 1984), but the 

endothelium retains its capacity for proliferation, which occurs physiologically in 

the corpus luteum and uterus and also during wound healing. The relative lack of 

success in maintaining human endothelial cell cultures so that they may grow 

vigorously for long periods of time (and with a high mitotic index) when passaged 

at low density could be explained by the use of cells derived from the umbilical 

vein. This vascular territory could be pre programmed to senesce rapidly after 

birth because of its unique function as a prenatal link between the mother and the 

foetus. Alternatively, the difficulty in culturing these cells could result from 

inadequate conditions under which they are maintained in vitro. 

The single most important breakthrough for EC culture, and still 

probably the most used technique, was published by Jaffe and coworkers in 

1973. Since then several modifications and improvements have been published 

(Gimbrone et al. 1974, Maciag et al, 1981), with the fundamental principle 

remaining unchanged, i.e. the incubation of the vessel, ideally clamped at both 

ends, with a collagenase containing solution, and the subsequent plating and 

cultivation in a protein-coated tissue culture flask, the cells being fed with a 

medium enriched by relatively large amounts of serum and growth factors. It 

should be remembered that ECs in culture are something very different than ECs 

in natural environment. Compared to many, if not most other cell types, it is 

harder to mimic in vitro the natural circumstances under which ECs operate. This 

must be remembered when interpretations of EC functions are made, and the in 

vivo correlate remains the only true measure of the predictive value of in vitro 

findings. 

One of the major hurdles in the culture of ECs was its failure of 

satisfactory attachment and growth on un-coated tissue culture flasks. It is 

generally accepted that some matrix component pre coated on the tissue culture 

treated plastic is beneficial. Most often, as also originally described by Jaffe et al, 

denatured bovine collagen, i.e. gelatin, can be used. The role of fibronectin as a 

promoter of cell migration and tight anchorage of ECs to many biomaterials has 
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been described extensively (Kesler et al 1986a; Vohra et al 1990). Therefore, 

polystyrene culture dishes are frequently pre coated with fibronectin (Fn). Other 

adhesion substances like collagen, laminin (Ln), vitronectin (Vn) and extracellular 

matrix (ECM) are also used extensively. 

As the coated matrix controls the EC adhesion, spreading and 

proliferation, the selection of matrix for the coating is very important. It is the 

interaction between the cell and the matrix and the subsequent organization of 

focal adhesion and signaling, which have the ultimate say on the cell behavior. It 

has been well known that during serial passaging, endothelial cells lose the 

potential to. regenerate as the passage number progresses (Sato et al. 1993; 

Yang et al. 1999; Wagner et al. 2001; Zhang et al. 2002). Maier et al ( 1990) 

reports rapid loss of endothelial characteristics in HUVEC when cultured beyond 

fourth passage on gelatin coated tissue culture plates. This has been shown to 

be the result of production of interleukin (IL)-1 a by the HUVEC itself. 

Administration of antisense IL-1a oligomers blocks senescence (Maier et al. 

1990). 

When the adhesion of ECs on different matrices were compared by Relou 

et al. (1998), it was found that human umbilical vein EC adhere well to and 

stretch well with plastic coated with fibronectin, collagen, and gelatin in contrast 

to non-coated plastic. The spontaneous proliferation of EC was enhanced in 

fibronectin, collagen and gelatin-coated wells as compared to non-coated wells. A 

markedly up-regulated proliferation was measured on fibronectin and collagen 

while EC on gelatin-coated plastic only showed moderate bFGF-induced 

proliferation. Balcells and Edelman (2002) examined the adhesion and the 

biochemical secretion of bovine aortic endothelial cells (BAEC) on tissue culture 

polystyrene (TCPS) discs coated with fibronectin (Fn), laminin (Ln), or gelatin. 

The three coating proteins nonspecifically promote sub-confluent and post­

confluent endothelial cell production of total protein up to 2.5-fold of the reference 

value. Total soluble glycosaminoglycan (GAG) production slightly increased with 

the different coatings only at low cell density. In contrast, Ln and Fn, not gelatin, 

drastically enhanced post-confluent BAEC production of prostaglandin (PGb). 

However, antibody-blockage of the 115 integrin, constituent of the Fn receptor in 

BAEC, appeared to inhibit the up regulation of PGI2 production observed on Fn­

coated surfaces. The results indicate that the cell adhesion mediators used as 
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coating agents dictate cell biological production as well as adhesion and 

proliferation (Balcells and Edelman, 2002). 

One would expect that studies done with cell populations maintained in 

inadequate tissue culture conditions which give rise to senescent populations 

would lead to misleading conclusions as to what the cells are really capable of 

doing. The elucidation of the functions and mechanisms through which 

endothelial cells achieve these functions can only be achieved by first 

establishing the natural requirements for survival and proliferation of this cell 

type. These requirements are best reflected by long-term maintenance of 

endothelial cells at low density as well as by high mitotic index of the cultures. 

Such cell lines should provide an adequate model to study the metabolic function 

of the vascular endothelium. 

1.2.2. Cell-Matrix Interactions in Physiology and Pathology 

Adhesive interactions between endothelial cells and the structural and 

superficially bound proteins that make up the extra cellular matrix are critical to 

maintaining the properties of the endothelium. Vascular research over the past 20 

years has highlighted the importance of the endothelial lining in maintaining 

vascular function. However, it has now become equally clear that the surrounding 

matrix actively participates in modulating endothelial function and those EC 

products, in turn, can regulate matrix content and structure. It is the continuous 

cross-talk between cells and the surrounding matrix environment that leads to the 

formation of patterns, the development of form (morphogenesis), and the 

acquisition and maintenance of differentiated phenotype. 

Endothelial cells regulate the export of secretion products and the 

expression of membrane receptors to react to changes in stimuli from the 

external environment or subendothelium (Defilippi et al. 1993; Dejana et al.1993). 

Most of these regulatory functions of ECs are mediated by adhesive interactions 

between membrane receptors and soluble factors or immobilized molecules in 

the extra cellular matrix. 

Extracellular matrix regulates many physiological and pathological 

processes (Robert et al. 1990; Carey, 1991; Haralson, 1993; Adams and Watt, 

1993). Alterations of these endothelial-matrix interactions have been implicated 
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as important steps in a variety of pathologic conditions, including wound healing, 

tumor metastasis and angiogenesis (Folkman, 1985; Lafrenie et al. 1992; 

Luscinskas and Lawler, 1994; Raaf and Raaf, 1994). Atherogenesis and 

restenosis are two disease processes relevant to coronary artery vascular biology 

that are directly related to extracellular matrix collagen synthesis and 

degradation, primarily because the hallmark of the disease is mechanical 

obstruction of coronary blood flow secondary to medial and intimal hyperplasia. 

The importance of a functionally intact endothelium in atherosclerosis 

is firmly established (Schwartz et al. 1993). Less well characterized, however, is 

the role of the endothelium in extra cellular matrix metabolism, despite the 

observation that the extra cellular matrix comprises the bulk of the media in 

health and the bulk of the abnormal neointima during disease. In the pathological 

condition of atherosclerosis, characteristic extracellular matrix changes 

accompany development of the atherosclerotic lesion (Keeley and Johnson, 

1985; Barnes, 1985; Stary, 1990; Park et al. 1990; Katsuda et al. 1992; Rekhter 

et al. 1993), and these changes significantly impact the course of the disease 

(Wight, 1980; Schwartz et al. 1992). The role of extracellular matrix in 

atherosclerosis is increasingly recognized (Madri et al. 1991; Yamamoto et al. 

1993; Rekhter et al. 1993}, and atherosclerotic calcification represents an 

extreme case of matrix alteration. Vascular cells are known to synthesize their 

own complex extracellular matrix, and this synthesis is affected by the pre­

existing matrix as well as the state of differentiation of the cell (Streuli and Sissel, 

1990). Numerous changes in the extracellular matrix occur in atherosclerosis, 

and alterations in the composition of artery wall matrix contributes to 

atherogenesis (Wight, 1980; Schwartz et al. 1992; Park et al. 1990; Stary, 1990; 

Katsuda et al. 1992; Rekhter et al. 1993). In addition to direct effects of matrix 

molecules on the cells, matrix-bound growth factors may also modulate 

calcification. Extracellular matrix specifically binds cytokines and growth factors, 

affecting both their availability and biological activity (Fiaumenhaft and Rifkin, 

1992). One growth factor that may be particularly important in vascular 

calcification is transforming growth factor-f31 (TGF-f31). TGF- f31 is bound by a 

variety of matrix molecules, including fibronectin (Fava and McClure, 1987; 

Mooradium et al. 1989), and expression of the TGF-f31 gene is regulated by extra 

cellular matrix (Streuli et al. 1993). TGF-f31 is thought to be a major contributor to 
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the sclerosis and fibrosis seen in atherosclerosis, as well as the end-stage 

fibrosis of parenchymal organs such as the liver, lungs, and kidneys (Border and 

Ruoslahti, 1992). It has been proposed that many of the biological effects of TGF-

131 are mediated by its ability to regulate the synthesis of extracellular matrix, and 

TGF-131 is known to greatly increase the production of collagen I and fibronectin 

(lgnotz and Massague, 1988). 

As receptors for the extracellular matrix, integrins mediate a variety of 

signals that regulate several important events, including differentiation 

(Luscinskas and Lawler, 1994). Several diseases as well as normal physiological 

processes are known to be modulated by changes in the extracellular matrix. 

Further research on the interplay between vascular cells, their extracellular 

matrix, and cellular integrins may lead to new therapeutic approaches to treat 

atherosclerotic calcification. Additionally, the same integrin interactions on the 

basal surface of the cell which maintain endothelial function are also regulatory 

components of thrombosis and thrombolysis at the apical surface (Hawiger, 

1994). Thus, endothelial cell-matrix interactions, and in particular integrin 

mediated interactions, are key components of vascular regulation. 

1.2.3. ECM effects on Cell Adhesion and Migration 

The vascular extra cellular matrix contains a heterogenous mixture of 

structural and adhesive proteins; principal among them are laminins, collagens, 

elastin, fibronectin, vitronectin, and a variety of proteoglycans and 

glycosaminoglycans. Although a number of endothelial surface molecules can 

participate in adhesion to these matrix components (Dejana, 1993), the principal 

endothelial adhesion molecule belongs to the integrin super family (Luscinskas 

and Lawler, 1994). Treatment of endothelial monolayers with peptides that mimic 

or block integrin activity leads to disruption of the monolayer, increased trans­

endothelial permeability, proliferation and migration of cells, and even cell death 

(Pierschbacher et al. 1981; Chen and Hawiger, 1991; Meredith et al. 1993; 

Brooks et al. 1994a). These underscore the importance of integrin mediated cell­

matrix interactions in maintaining vessel integrity and regulating endothelial 

function. 

During angiogenesis, endothelial interactions with the matrix molecules 

and the type and conformation of the matrix play a crucial role in cell migration 
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and the development of blood vessels (Cockerill et al. 1995; Baldwin, 1996; 

Hanahan, 1997; Kumar et al. 1998). The intimate relationship between matrix 

adherence and endothelial structure would suggest that disruption of endothelial 

adhesion could have profound influence not only on cell structure but also on 

function. When bovine aortic ECs are plated on a collagen matrix, they migrate 

across the surface. Plating on fibronectin, however, inhibits cell migration (Madri 

et al. 1988a). On collagen substrates, actin filaments realign to form coarse 

filamentous networks within the EC, oriented in the direction of migration (Pratt et 

al. 1984). In contrast, on substrates such as fibronectin, which do not allow 

migration, endothelial actin filaments lack this unidirectional orientation (Madri et 

al. 1988a). Although evidence is still mostly circumstantial, it is hard to ignore the 

consistent co-localization of specific integrin distribution patterns to the migratory 

status of ECs (Madri et al. 1991; Shattil, 1995), suggesting that the alterations in 

cytoskeletal organization and integrin distribution are functionally linked. With the 

absence of well developed focal contacts, the cell motility is strongly inhibited 

(Lambugnani et al. 1990). 

HUVECs migrate and arrange themselves in tubular structures when 

cultured for 12 hours on a matrix isolated from Engelbreth-Holm-Swarm (EHS) 

tumors (Kleinman et al. 1982). When the cells are cultured on collagen type I, 

however, tubular structures do not form in this period of time, but if they are 

grown for a week inside collagen gels, giving ECs time to deposit their on 

basement membrane; tubes do develop (Montesano et al. 1983; Madri et al. 

1988b). The rapid tubulogenesis on EHS versus collagen I suggests that one or 

more components of the basement membrane plays an important role in the 

development of the capillary-like structures, a speculation that has been 

confirmed both in culture and in vivo (Sakamoto et al. 1991; Grant et al. 1992). 

Pre-incubation of the EC with antibodies to laminin prevents the formation of 

tubules in vitro and synthetic peptides containing the sequence SIKVAV, present 

in the A chain of laminin, induce endothelial cell adhesion and elongation and 

promote angiogenesis (Grant et al. 1992). 

When endothelial cells are completely denied from adhesion to the 

substrate, they lose viability within 10 hours (Re et al. 1994). The best evidence 

for the mechanism of cell death in these cases has come from microscopic 

experiments that identified many hallmark attributes of apoptosis; namely nuclear 
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Lane 1 Lane 2 Lane 3 

Figure 111.1. SDS-Page Pattern of growth factor purified from bovine 
hypothalamus. Lanel, Molecular weight marker (Sigma Chemicals, USA); Lane 2, in-house 
purified Growth Factor; Lane3, CommerciaJJy available Growth Factor from Sigma Chemicals, 
USA. 

"•ftrfc -svanjn iu i pUiential regulators ot angiogenesis has yielded numerous 

candidates: acidic fibroblast growth factor (aFGF), basic fibroblast growth factor 

(bFGF), transforming growth factor-a (TGF-a), TGF-3, hepatocyte growth factor, 

tumor necrosis factor- a (TNF-a), etc. (Folkman and Shing, 1992; Klagsbrun and 

D'Amore, 1991). Although these molecules are able to promote angiogenesis, it 

has been found that the pivotal role is played by a protein called vascular 

endothelial growth factor (VEGF) (Ferrara, 1993). In particular, the recent finding 

that the loss of even a single VEGF allele results in embryonic lethality points to 

an unique role played by this factor in the development and differentiation of the 

vascular system (Carmeliet etal. 1996; Ferrara, 1996). 

VEGF is a potent mitogen for micro and macrovascular endothelial cells 

derived from arteries, veins, and lymphatics, but it is devoid of consistent and 

appreciable mitogenic activity for other cell types (Plou" et al. 1989; Pepper et al. 

1994). The denomination of VEGF was proposed to emphasize such narrow 

target cell specificity (Ferrara and Henzel, 1989; Leung et al. 1989). VEGF 

promotes angiogenesis in tridimensional in vitro models, inducing confluent 

microvascular endothelial cells to invade collagen gels and form capillary-like 

structures (Pepper et al. 1992). These studies provided evidence for a potent 
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studied. But the proliferation rate was found to be lower on FCPS and took -7-9 

days to attain monolayer. The cell density was -60-70x10 3cells/cm 2 at 

confluence. Fig III.2B shows a confluent monolayer which is ready to be split for 

subculture. 

When the cells attain confluence subculture was done as mentioned in 11.1.6. 

The split ratio was 1:2 and cells were transferred to a fresh coated flask of the 

same type (from GCPS to GCPS; FCPS to FCPS; and CCPS to CCPS). Cells 

harvested between 2 n d and 6 t h passages usually take 3-4 days to reach 

confluence at this split ratio on both GCPS and CCPS. On FCPS, the proliferation 

rate was slower and minimum 6-8 days is required for monolayer formation. Cells 

were maintained up to 15 passages for the study and the morphology was 

comparable on GCPS and CCPS until 6 t h passage. Subsequently, proliferation 

rate was found to be slightly deteriorated on GCPS with the appearance of peri 

nuclear vacuoles. Comparison of morphology and proliferation rate is discussed 

in detail in following sections, of this chapter. 

» • i • •"- « 

• 

Figure III.2. Phase contrast microscopic image of a representative field from 
HUVEC culture. A, cells showing migration and spreading, 24h after seeding; B, HUVEC 
Monolayer formed in the primary culture, ready to be sub cultured. 

111.2.3. Characterization of Endothelial Cells 

Primary culture of HUVEC by enzymatic isolation from cord vein is likely to be 

contaminated by other cell types such as smooth muscle cells and fibroblasts. In 

order to confirm the identity of EC, the typical morphology was studied under 

phase contrast microscope and the presence of specific molecules such as 

scavenger receptor for acetylated low density lipoprotein (AcLDL) and von 

Willebrand factor (vWF) were detected in cultured cells. 
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Figure III.3. Phase contrast microscopic images of representative fields 
from HUVEC culture at different magnifications. The typical cobble stone 
morphology of HUVEC is evident. A, 10x; B, 20x; C, 40x. 

Figure III.4. Fluorescent Micrographs of HUVEC showing DilAcLDL uptake. 
A, GCPS 12P; B, CCPS 12P. Original magnification 40X. 
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III.2.3.3.vWF Identification 

The vWF is a high molecular weight protein present in endothelial cells and 

platelets, but not seen in any other cell types. So the detection of this protein 

using immunofluorescence is one of the widely employed specific tests to 

characterize EC in culture. vWF is stored in intracellular granules of EC, named 

Weibel Palade bodies, located around the nucleus. 

The perinuclear distribution of rod shaped Weibel Palade bodies is clearly 

evident in cells grown on both the matrices stained with antibodies conjugated 

with FITC. During the initial passages, the expression of vWF was comparable 

in cells grown on GCPS and CCPS. In the later passages, the cells grown on 

GCPS over expressed vWF, and the Weibel Palade bodies were seen diffuse 

throughout the cytoplasm (Fig.lll.5). It has been reported that in culture after 5 t h 

passage the vWF expression is diffuse in the EC monolayer (Prudence and 

Bicknell, 1993), which again seems to be dependant on the culture conditions 

used. 

B 

c 

Figure III.5. Fluorescent Micrographs of HUVEC stained for vWF using FITC 
conjugated antibodies. A, CCPS 3P; B, GCPS 3P; C, CCPS 12P; GCPS 12P. Original 

Magnification 40X. 
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the wound bed at the sites of vascular injury and new vessel formation (Dejana et 

al, 1990), the interaction with these proteins when coated on material surfaces 

could enhance EC seeding. 

Figure III.6. Act in Stained HUVEC on Study Matrices. A& B are representative 
fields of HUVEC on GCPS 2h and 24h after seeding, respectively. HUVEC on FCPS and CCPS 
are in C-D and E-F, respectively at 2h and 24h after seeding. All cells used for seeding was from 
the 3rd passage. Original Magnification 40x. 

The microfilament assembly was found to be satisfactory on FCPS with 

intense actin staining, however, sufficient spreading and growth was not found. It 

has been reported that endothelial cells cultured as monolayers on collagen gels 

or Matrigel align along the axis of matrix tension, but not in fibrin gels (Korff and 
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Augustin, 1999). The microfilament assembly was found to be satisfactory on 

FCPS with intense actin staining, however, sufficient spreading and growth was 

not found. It has been reported that endothelial cells cultured as monolayers on 

collagen gels or Matrigel align along the axis of matrix tension, but not in fibrin 

gels (Korff and Augustin, 1999). 
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Figure 111.7. Quantitative Confocal Microscopy: 3 D reconstruction of confocal 
microscopic images of HUVECs stained for F-actin with Texas Red Phalloidin. 1 0 z sections of 1 0 
pm thickness were taken and a 3 D image was constructed using confocal software. A, GCPS; B, 
FCPS; C, CCPS. D. Graphical representation of fluorescence intensity of a selected field 
containing 6 cells on each matrix, graphs plotted for cells on GCPS, FCPS and CCPS are super 
imposed. Cumulative fluorescence intensity shown on y-axis is against cross section distance 
(total of 1 0 z-sections of 1 0 urn thickness) as shown in x-axis. 
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Figure 111.9. Fluorescent Micrographs of HUVEC stained for PCNA using 
FITC conjugated antibodies. A, G C P S 3P; B, C C P S 3P; c, G C P S 9P; D, C C P S 9P- E 
G C P S 15P; F, C C P S 15P. Original Magnification 40x. 
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GCPS and CCPS are shown in Fig.III.11 for comparison and by passage 9, the 

cells on GCPS are smaller and more elongated, and the typical cobble stone 

morphology is not very evident. On the other hand even by passage 12, the cells 

on CCPS maintain the normal cobblestone morphology. 

This morphology changes noticed on GCPS further substantiate that, the 

cells are undergoing some sort of de-differentiation, and gradually some cells are 

approaching senescence. During the aging, cell junction becomes disrupted. In 

addition, appearance of perinuclear vacuoles indicates the aging process. 

Figure 111.11. Photomicrographs of HUVEC showing the morphology 
changes during the serial passaging. A, G C P S 6P ; B, C C P S 6P; C, G C P S 9P; D, 
C C P S 9P; E, G C P S 12P; F, C C P S 12P. Original Magnification 10x. 
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III.3.4. HUVEC Apoptosis on GCPS vs. CCPS 

It is observed that the cells are more apoptotic on GCPS compared to that on 

CCPS. During the initial 6 passages, the apoptosis was negligible on both of the 

matrices. Fig.III.12 shows Annexin V stained cells from passage, 9, 12 and 15 

grown on GCPS and CCPS. When cells from similar passage numbers are 

compared, more cells show apoptosis on GCPS than that on CCPS. Percentage 

of apoptotic cells in GCPS is about 30 % in 9 t h passage and by 15 t h passage it 

increases to -80 % , however, in CCPS it seems to be - 15 % and -30 % in 9 t h 

and 15 t h passages, respectively. 

Figure 111.12. Representative Fields of Annexin V stained cells. A, GCPS 9P; B, 
CCPS 9P; C, GCPS 12P; D, CCPS 12P; E, GCPS 15P; F, CCPS 15P. Original Magnification 
10x.Staining was done 72 h after seeding. 
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When the apoptotic and dead cells were distinguished and quantified using 

flow cytometric assay the data correlates well with the above experiment. But 

here since the assay is more sensitive, a real distinction could be made between 

the apoptotic/dead cells. It was found that, on GCPS, by passage 9 -25% cells 

are apoptotic and -10% are dead. On CCPS, only - 5 % were apoptotic and 8% 

were dead. By passage 15, almost 60% of the cells turned apoptotic and 20% 

were dead on GCPS; whereas on CCPS the figure was only 15% and 12% 

respectively (Fig 111.13 and Table.III.2). 
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Figure 111.13. Quantification of live/apoptotic/dead cells when grown on 
GCPS and CCPS. Representative flow cytometry analysis data of HUVECs from one cord 
vein is shown. The dot plot with quadrant gate is saved as jpg file. Q3 shows live cells, Q4 
apoptotic cells and Q2 dead cells. A: GCPS Passage 9; B: CCPS Passage 9; C: GCPS Passage 
15; D: CCPS Passage 15. 

The data on apoptosis correlates well with the above discussed results on 

cell proliferation. Interactions of matrix molecules with cells modulate the cellular 

response to growth factors and are critical for cell cycle progression. Adhesion to 

the extracellular matrix activates intracellular signal transduction pathways 
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even by 12 t h passage. Figure IV.1 shows comparison of LDL uptake by cells 

grown on GCPS and CCPS from passages 3 and 9. 

A 

• . * 
•** 

9 

Figure IV.1. Fluorescent Micrographs of HUVEC showing DilAcLDL uptake: 
Comparison of LDL uptake by cells grown on GCPS and CCPS. A, GCPS 3P; B, CCPS 3P; C, 
GCPS 9P; D, CCPS 9P. Original magnification 40X. 

When the cells were immuno stained for vWF using FITC conjugated 
antibodies, the perinuclear distribution of vWF in rod shaped Weibel Palade 
bodies was clearly evident. A representative confocal laser scanning micrograph 
of cells on GCPS and CCPS is given in Fig.lV.2. These experiments confirm the 
homogenous nature of isolated cells. The expression of vWF was very high even 
during the initial passages, compared to HUVECs. During the first 3-6 passages, 
the expression was comparable on both of the matrices. But in cells grown on 
GCPS, vWF expression went onto further higher levels with progressive 
passages; where as in cells on CCPS, the expression was found to be down 
regulated with passage progression. The data is discussed in detail along with 
the results of mRNA expression and release of vWF into the medium, later in this 
chapter. 
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Figure IV.2. Confocal Micrographs of HUVEC stained for vWF using FITC 
conjugated antibodies. Micrographs show rod shaped Weibel Palade bodies. A, GCPS 2P; 
B, CCPS2P. 

The typical cobble stone morphology of endothelial cells was evident in 
the initial passages, on both GCPS and CCPS. A morphology change was seen 
after passage 6 when cells were grown on GCPS and in the later passages 
morphology changed drastically, whereas on CCPS typical EC morphology was 
maintained till passage 12 (Fig.lV.3). 

Figure IV.3. Phase contrast micrographs of HSVEC grown on GCPS and 
CCPS. A: GCPS Passage 3; B: CCPS Passage 3; C: GCPS Passage 12; D: CCPS Passage 12. 
Original magnification 10x. 
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5%. And the increase in the dead cells also was less when grown on CCPS 
compared to that on GCPS (Table.IV.2). 
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Figure IV.7. Quantification of iive/apoptotic/dead cells when grown on 
GCPS and CCPS. Representative flow cytometry analyses of HSVECs of one patient are 
shown. The dot plot with quadrant gate is saved as jpg file. Q3 shows live cells, Q4 apoptotic cells 
and Q2 dead cells. A: GCPS Passage 3; B: CCPS Passage 3; C: GCPS Passage 12; D: CCPS 
Passage 12. 

The apoptotic tendency noticed in the HSVEC culture is in agreement with 
what we observed with the HUVEC. On GCPS, the lack of well formed focal 
adhesion complex and failure in the signaling mechanism in providing the 
required signals for cell proliferation and survival is thought to play a major role in 
turning the cells apoptotic. It is interesting to note that electron microscopic 
studies of occluded human saphenous vein grafts showed severely abnormal 
endothelial cell structure with wide intercellular junctions, which was suggestive 
of apoptosis (Kockx et al 1994). It has been reported that apoptotic HUVECs, 
either adherent or in suspension, become pro coagulant by increased expression 
of PS and the loss of anticoagulant membrane components. In addition an area 
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During the characterization of HUVECs it was noted that in cells immuno 
stained for vWF, the fluorescence intensity was high and there were more rod 
shaped Weibel Palade bodies seen in the cytoplasm even during the early 
passages, on both GCPS and CCPS. But as the passage progressed, the 
expression got further amplified in cells grown on GCPS, and Weibel Palade 
bodies were seen diffused throughout the cytoplasm, where as in cells on CCPS, 
the expression was found to be down regulated with passage progression 
(Fig.lV.9 

Figure IV.9. Fluorescent Micrographs of HSVEC stained for vWF using FITC 
conjugated antibodies. A, GCPS 3P; B, CCPS 3P; C, GCPS 9P; CCPS 9P. Original 

Magnification 40X. 

From all these data, it is clear that HSVECs isolated from all the 7 subjects 

were more of a thrombogenic phenotype compared to HUVEC, during the initial 

passages itself. vWF is regarded as an acute phase thrombogenic protein which 

predicts severe coronary events complicating unstable coronary artery disease 

(Thompson et al., 1995). In vivo an up-regulation of vWf expression in acute 

respiratory failure, acute and chronic renal insufficiency, hypertension, diabetic 

nephropathy, and vasculitis (Cucuianu et al., 1983; Carvalho et al., 1982; Janson 

et al., 1980; Pedrinelli et al., 1994; Stehouwer, 1995; Kahaleh, 1981; Marasini, 
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in severely atherosclerotic aortic tissue, compared with normal and mildly 

affected arteries. 

Furthermore, in patients with coronary artery disease as well as early 

atherosclerosis, high PAI-1 plasma levels have been found (Hamsten et al., 1987; 

Huber et al., 1990; Salomaa et al., 1995). In fact, an increase in plasma PAI-1 as 

well as enhanced expression of PAI-1 mRNA has been implicated in the process 

of restenosis after balloon dilatation (Huber et al., 1992; Sawa et al., 1994). 

Therefore, it was assumed that high PAI-1 levels would attenuate fibrinolysis and 

in turn create a prothrombotic state that might result in pathological fibrin 

deposition, thus promoting accumulation of extracellular matrix and atheroma 

formation. 

From the data on expression level of mRNA and release of the protein into 

the medium, it was evident that cells from all subjects except subject # 5 were 

more of a pro-thrombotic phenotype with high PAI-1 expression during the initial 

passages itself. This further confirms the dysfunctional nature of ECs isolated 

from those subjects. When grown on GCPS, the cells turned more thrombotic, 

whereas cells grown on CCPS turned less thrombotic. This further suggests that 

cell matrix interaction plays a major role in giving proper signaling for the 

maintenance of normal phenotype. The composite matrix was found to be 

successful in giving signals for cell proliferation, survival and differentiation. 

IV.5.3. Expression and release of tPA 

In the case of the anti thrombotic molecule tPA, the effect of matrix was 

different. In all 7 subjects other than #5, the expression was less in cells of 

passage 3, irrespective of the matrix. As they were continuously passaged on 

CCPS, expression got augmented while it lessened in cells on GCPS 

(Fig.IV.11A). In the case subject #5, expression of tPA was similar on both 

matrices during passage3, but higher when compared to all 7 subjects in the 

study group. When grown on CCPS, cells from subject #5 showed a steady 

expression of tPA m-RNA through 12 passages, whereas on GCPS, the 

expression level deteriorated (Fig.IV.11 B). 
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Figure IV.11. Relative abundance of tPA mRNA on serial passaging of 
HSVEC: Representative picture of gels shows amplicons from HSVEC grown on GCPS and 
CCPS. Passage numbers after which RNA was isolated are as numbered in each figure. The 300 
bp band of the ladder is shown by arrow head. A, Representative picture of one subject out of the 
group of 7; B, Gel image of subject# 5. 

The Real time PCR data was also well in agreement with the above 

finding. Ct values were similar during the 3rd passage on both the matrices, which 

indicates that the expression level of mANA by cells grown on GCPS and CCPS 

were comparable during the initial passages. But while passage number 

progressed, the Ct value went up on GCPS; while on CCPS, the Ct values got 

reduced on serial passaging. This shows that the expression of tPA mRNA got 

down regulated while passaging on GCPS and on CCPS the transcription level 

of tPA improved on serial passaging (Table IV.7). 

Table IV-7. Real Time PCR data for tPA: Effect of matrix during passaging. 
The table shows, quantification of the tPA transcript expression in HSVECs grown on GCPS and 
CCPS. Beta Actin is used as the house keeping gene. The cycling time (Ct) values are given as 
average ± SE from 7 subjects. The Ct value of subject #5 is given in bracket. 

Passage No: 
tPA Ct Value 

GCPS CCPS 

3 23.2±0.04 23.1±0.05 
(21.2) (21.1) 

6 
23.6±0.06 22.6±0.09 

{22.4)_ (20.9) 

9 23.9±0.1 21.8±21.1 
(23.2) (21) 

12 24.3±0.2 21.9±0.1 
(23.9) {21.4) 

In the case of subject #5, the tPA expression was almost 4fold higher 

compared to the rest 7 subjects during passage 3 on both the matrices. On 

CCPS, the expression remained steady; whereas when grown on GCPS, the 
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mRNA expression of tPA got worsened and reached similar levels found in other 

7 subjects. 

When the release of tPA into the medium was studied, in all 7 subjects, 

tPA level was found to be much less in passage number 3, as compared to 

subject #5, but as the passage number of these cells increased on CCPS, more 

tPA was detected in the medium and was almost close to the value in passage 

number 3 of the subject #5 (Table.IV.8). On the other hand, release of tPA into 

the medium by cells passaged on GCPS got further reduced with passage 

progress. Even in the case of subject #5, when grown on GCPS, the release level 

went down drastically to reach the same level compared to other 7 subjects by 

121h passage. On CCPS the release of tPA by cells from subject #5 remained 

steady throughout the study. 

Generally, tPA is considered to be a protective factor for the development 

of thrombotic disease. A decrease in the fibrinolytic activity is linked to an 

increase in risk of myocardial infarction (Verheugt et al., 1987; Hamsten et al., 

1987). It has been found that tPA antigen is a risk factor for the long term 

mortality in patients with angina pectoris and coronary artery stenosis 

(Margaglione et al., 1994). A large scale prospective study has shown the 

predictive power of tPA antigen on myocardial infarction and stroke (Scarabin et 

al., 1998). 

Table IV-8. ELISA data for tPA: Effect of matrix during passaging. ELISA data 
for tPA released into culture medium from HSVECs grown on GCPS and CCPS. Average and 
standard deviation are calculated from seven experiments using HSVEC isolated from seven 
different subjects. The data of Subject #5 is given in bracket. 

Passage No: 
tPA ng/ ml 

GCPS CCPS 

3 0.05±0.004 0.05±0.005 
(0.48) (0.47) 

6 0.038±0.007 0.25±0.09 
(0.35) (0.51) 

9 0.036±0.002 0.42±0.07 
(0.08) (0.58) 

12 0.035±0.004 0.41±0.08 
_{0.04) (0.56) 

Paradoxically the most convincing association between fibrinolysis and 

cardiovascular risk was an increased level of the profibrinolytic enzyme itself 
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(Ridker et al., 1993; Juhan-Vague et al., 1996). Blann et al. (1995) reports an 

increased tPA antigen activity in atherosclerosis. However, to understand the 

apparently paradoxical association of ischemic events with high plasma levels of 

tPA, one should remember that the above normal levels are reported in subjects 

with high plasma PAI-1 (Padro et al., 1995; Raghunath et al., 1995). An increase 

in tPA is thought to reflect an inhibitory effect of PAI-1 on tPA activity, so that high 

levels of either factor reflects reduced fibrinolysis (Margaglione et al., 1994). 

Alternatively, the increased plasma tPA may be the product of the activity of 

another cell such as the platelet or the hepatocyte (Blann et al., 1995). 

The biological mechanisms underlying the association of elevated 

tPNPAI-1 or vWF with recurrent myocardial infarction are not yet clear. But 

conventional dogma suggests that at least part of the tendency towards 

coagulation and reduced tendency towards fibrinolysis in atherosclerosis may be 

related to increased PAI-1 activity and reduced tPA activity and that this could 

explain the greater risk of thrombosis in these patients. Wiman et al. (2000), 

provides further confirmation of the association of hemostatic variables with 

cardiovascular risk. It remains to be established; however, to what extent 

measurement of these factors may help to identify patients with elevated 

cardiovascular risk and whether this may have therapeutic consequences. 

The finding that the expression of tPA by HSVECs grown on GCPS is 

negligible, further substantiate that, the cells on GCPS turns more thrombogenic 

during passaging. However, when grown on CCPS, they not only down regulates 

the expression of pro-thrombotic molecules such as vWF and PAI-1, but also up 

regulates the expression of anti-thrombotic tPA, turning them more towards the 

normal anti-thrombotic behavior. tPA production by cultured ECs is regulated by 

a variety of external stimuli at the level of gene transcription and cellular release 

(Levin et al., 1989). So this finding clearly suggests that the matrix on which ECs 

are cultured has far reaching influence on the cell phenotype. 

IV.5.4. Expression of eNOS and release NO 

The enzyme eNOS is the endothelial isoform of nitric oxide synthase 

which is responsible for the production of NO, a potent anti-thrombotic molecule 

and vasodilator. When the transcription level of eNOS mRNA was assessed by 

RT-PCR, we found that the expression is very low on both the matrices during 
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the initial passages, except for the subject #5. On GCPS, the expression level 

went down further on passaging. But strikingly, the expression of eNOS mRNA 

was found to be increasing with passage progression when cells were passaged 

on CCPS (Fig.IV.12). In the case of subject #5, the expression was similar and 

almost comparable with the expression level of HUVECs during passage 3. But 

on progressive passages on GCPS, the expression level went down and 

resembled the expression profile of the rest 7 subjects. In cells passaged on 

CCPS however, there was a slight improvement rather than reduction in the 

transcription level. 

A, OCPS 
6 3 

CCPS 
3 • 

Figure IV.12. Relative abundance of eNOS mANA on serial passaging of 
HSVEC: Representative picture of gels shows amplicons from HSVEC grown on GCPS and 
CCPS. Passage numbers after which RNA was isolated are as numbered in each figure. The 500 
bp band of the ladder is shown by arrow head. A, Representative picture of one subject out of the 
group of 7; B, Gel image of subject # 5. 

When the expression level was monitored by Real-Time PCR to confirm 

the above results, it was found that the Ct values were higher during the initial 

passages on both matrices, indicating a low level of expression in cells from all 7 

subjects except subject #5 (Table.IV.9). The Ct values went further higher when 

cells were passaged on GCPS, and on contrary when grown on CCPS, the Ct 

values came down by almost 2 units, which indicates a 4fold increase in mRNA 

expression by passage 9 which remained study till passage 12 (Table.IV.9). 

In the case of subject #5, the Ct values were higher during passage 3 on 

both GCPS and CCPS, compared to rest 7 subjects, and the expression level 

was almost double as indicated by the Ct value (Table.IV.9). The expression 

went down by almost 4 fold, when passaged on GCPS; while the expression level 

was almost steady in cells grown on CCPS even by 121h passage. 
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Table IV-9. Real Time PCR data for eNOS: Effect of matrix during passaging. 
The table shows, quantification of the eNOS transcript expression in HSVECs grown on GCPS 
and CCPS. Beta Actin is used as the house keeping gene. The cycling time (Ct) values are given 
as average ± SE from 7 subjects. The Ct value of subject #5 is given in bracket. 

Passage No: 
eNOS Ct Value 

GCPS CCPS 

3 
25.4±0.05 25.2±0.06 

_(24.3) (24.2) 

6 
25.8±0.1 24.1±.0.1 

(24.9) (23.8) 

9 
26.1±0.2 23.4±0.2 

(25.7) (23.6) 

12 
26.8±0.1 23.5±0.1 

(26.1) _123.9) 

To further confirm the mRNA expression data of eNOS, the release of NO, 

which is the end product and the molecule responsible for the anti-thrombotic 

effect, was assayed in the culture medium. The finding was well in agreement 

with the mRNA expression data in that, the NO release was almost negligible 

during the passage 3 in cells from all 7 subjects except subject #5 (Fig.IV.13). 

When passaged on GCPS, the release was found to be reduced further by 

passage 12. On the other hand, in cells passaged on CCPS, the release of NO 

went up several folds by passage 6, and then again it doubled by passage 9, and 

remained almost steady till 1 ih passage. 

In the case of subject #5, the release of NO was much higher than that of 

rest 7 subjects during passage 3 and was comparable on both matrices 

(Fig.IV.13). But on serial passaging on GCPS, the release went down drastically 

to reach almost comparable level with that of other 7 subjects by passage 12. On 

contrary, the release of NO remained steady till passage12 in cells passaged on 

CCPS. 

Nitric oxide (NO) is recognized as an important endothelium-derived 

vasodilator in several vascular beds (Moncada et al., 1991). Impaired 

endothelium-dependent coronary and peripheral vasodilation has been reported 

during heart failure in both humans and animals (Drexler et al., 1992; Katz et al., 

1993; Wang et al., 1994). 
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Figure IV.13. Graphical representation of NO release by HSVECs grown on 
GCPS and CCPS: Cells at 3, 6, 9 and 12 passages were incubated for 24h in serum free 
phenol red free medium after attaining confluence, and nitrite in the medium was assayed using 
Griess reagent. The Y-axis is nitrite in IJM/1 05 cells. The Average ± SE of 7 subjects are shown on 
the left side. Subject #5's data is on right side. 

The observation of deficient NO-mediated vasorelaxation in 

hypercholesterolemia suggests that loss of NO bioactivity is an early feature of 

atherosclerosis (Shimokawa and Vanhoutte, 1989; Cooke et al., 1992). In animal 

models, treatment with NOS inhibitors potentiates neointimal proliferation 

(Naruse et al., 1994; Cayatte et al., 1994), whereas supplemental L-arginine 

(Cooke et al., 1992; Candipan et al., 1996) or NO adducts (Guo et al., 1994; 

Marks et al., 1995) improve endothelial function and limit neointimal proliferation. 

Mice with targeted deletion of the eNOS gene are hypertensive (Huang et al., 

1995) and respond to vascular injury with increased intimal hyperplasia and 

abnormal remodeling (Rudie et al., 1998; Mashimo and Goyal, 1999). 

NO also appears to play a significant role in human atherogenesis. 

Atherosclerosis is associated with reduced endothelial NO production (Oemar et 

al., 1998), and in patients with coronary artery disease, even angiographically 

normal coronary segments show paradoxical constriction to acetylcholine 

(Ludmer et al., 1986). Endothelial function is also deficient in preatherosclerotic 

conditions such as hypercholesterolemia (Zeiher et al., 1993), diabetes mellitus 

(Williams et al., 1996), hypertension (Calver et al., 1992), smoking (Zeiher et al., 
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1995), and normal aging (Zeiher et al., 1993). Treatment of hypercholesterolemia 

(Egashira et al., 1994), dietary supplementation with L-arginine (Drexler et al., 

1991; Clarkson et al., 1994), or antioxidant therapy (Levine et al., 1996) improves 

the functional deficit. These studies suggest that loss of normal NO bioavailability 

precedes progression to more advanced lesions. 

The mechanisms that result in loss of NO bioactivity in vascular disease 

have remained less clear. Data from experimental models suggest that increased 

production of reactive oxygen species such as superoxide anion (00-) rapidly 

react with NO and contribute to the NO deficit in vascular diseases (White et al., 

1994; Harrison and Ohara, 1995). Further complexity in the relationships 

between NO and superoxide in the vascular wall is suggested by the observation 

that eNOS itself can generate superoxide rather than NO under conditions .of 

substrate or cofactor deficiency (Xia et al., 1996; Cosentino et al., 1998) or in 

response to atherogenic stimuli such as hyperglycemia (Cosentino et al., 1997) 

or LDL particles (Pritchard et al., 1995). These findings have led to the concept of 

NOS uncoupling, where the activity of the enzyme for NO production is 

decreased, in association with an increase in NOS-dependent superoxide 

production. 

Several studies suggest a role for Tetrahydrobiopterin (BH4) in regulating 

vascular NO bioavailability. Endothelial dysfunction is improved by addition of 

BH4 to vessel rings from animals with atherosclerosis, diabetes or hypertension 

(Cosentino et al., 1998). Vascular superoxide production appears to be at least 

partially mediated by BH4 dependent eNOS uncoupling in several vascular 

disease animal models, including atheroslcerosis, (Laursen et al., 2001) diabetes 

(Meininger et al., 2000; Hink et al., 2001) and hyperhomocysteinemia (Lang et 

al., 2000). There are reports suggesting that, eNOS dysfunction is in part 

regulated by protein kinase C (PKC) signalling, since PKC inhibitors abrogate the 

increase in superoxide production in vessels (Hink et al., 2001; Guzik et al., 

2002) and improves NO:mediated endothelial function (Beckman et al., 2002). 

From this it is clear that the HSVECs isolated from the subjects except 

subject #5, are dysfunctional in terms of NO synthesis. From Table.IV.1, it is clear 

that all of them have multiple risk factors, which may be associated with decrese 

in the eNOS activity. The results from our study clearly substantiate that the cells 
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which are already dysfunctional in terms of eNOS expression and NO release, 

when grown on GCPS turns more thrombogenic on serial passaging. And the 

most striking observation was that the dysfunctional HSVECs from 7 subjects, 

showed signs of improvement in terms of synthesis of anti-thrombotic molecules, 

when grown on CCPS. 

To eliminate any discrepancy in the isolation procedure which may affect 

the overall mRNA content, we have used Beta Actin as house keeping gene. It 

was found that expression level of beta actin was similar in cells from all 8 

subjects. There was no difference in trend noticed in the case of subject #5 in the 

expression of Beta Actin. Also the transcription level of beta actin was steady 

throughout 12 passages (Fig.IV.14), on both GCPS and CCPS, when RT-PCR 

was started with same quantity of RNA (20ng). The total RNA isolated was less 

during the later passages on both matrices. In the case of cells on GCPS, the 

quantity of RNA isolated was much less during passages 9 and 12 which may be 

due to the apoptotic tendency exhibited by cells, which is discussed in detail 

earlier in this chapter. 

{,(P:-. ({l~s 
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Figure IV .14. Relative abundance of the house keeping gene Beta Actin 
mRNA on serial passaging of HSVEC: Representative picture of gel shows amplicons 
from HSVEC grown on GCPS and CCPS. Passage numbers after which RNA was isolated are as 
numbered in each figure. The 500 bp band of the ladder is shown by arrow head. 

The Real Time PCR data again confirms this observation in that, the Ct 

value remained steady throughout the study till the passage 12 on both GCPS 

and CCPS (Table.IV.1 0). The Ct values for Beta Actin was much lower compared 

to the other molecules studied. This is because of a high level of constitutive 

expression of Beta Actin by the cells, which is a well recognized fact. 
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Table IV-10. Real Time PCR data for Beta Actin: Effect of matrix during 
passaging. The table shows, quantification of the Beta Actin transcript expression in HSVECs 
grown on GCPS and CCPS. Beta Actin is used as the house keeping gene. The cycling time (Ct) 
values are given as average ± SE from 8 subjects. 

Passage No: Beta actin Ct Value 

GCPS CCPS 
3 16.4±0.2 16.5±0.1 
6 16.5±0.08 16.6±0.2 
9 16.4±0.1 16.4±0.3 
12 16.8±0.3 16.5±0.2 

Expression of pro thrombotic and anti thrombotic molecules under 

different conditions of the in vitro culture of HSVEC passaged on GCPS and 

CCPS is summarized in Table IV.11. It appears that in all 7 subjects EC was 

dysfunctional with critical pro thrombotic nature, and there is a gradual change in 

the expression and synthesis of vWF, PAl, t-PA and NO depending on the matrix 

on which cell subculture was done. Dysfunctional endothelium appears to 

contribute significantly to systemic vascular disorders such as atherosclerosis 

(Schnitzer, 1998), and some pathological clinical conditions were found to be 

associated with the conversion to a non-constitutive activated endothelial state 

with an inflammatory thrombogenic phenotype (Stern et al 1988; Stern et al 

1991 ). It has been suggested that the tissue microenvironment surrounding 

blood vessels controls endothelial cell phenotype (Nachman and Jaffe, 2004). 

In all the seven cases HSVEC changed in to a better phenotype if the cells 

were grown on CCPS. In the case of subject #5, molecular expressions remained 

steady on CCPS but dedifferentiation into a more pro thrombotic phenotype was 

evident on GCPS. In summary, out of 8 subjects, HSVEC from one subject was 

not pro thrombotic but all the other seven were pro thrombotic. It is evident that 

cells dedifferentiate in cultures grown continuously on gelatin but on the model 

matrix cells gradually shifted into a phenotype with normal cellular function in 

comparison with HUVEC or cells from subject #5. 
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Table IV-11. Gradation of pro-/anti- thrombotic molecule expression Relative 
mRNA expression and release kinetics of Pro- and anti-thrombotic molecules by HSVECs when 
grown on GCPS and CCPS. The grades are given arbitrarily to indicate the raise/drop in the 
expression. The mRNA expression data is based on Real Time PCR experiment. The release 
data is based on ELISA for vWF, PAl &t-PA and nitrite assay for NO. 

mRNA vWF/PAI Release of m-RNA Release of 
Passage vWF/PAI t-PA/eNOS t-PA/eNOS 
number Group 

Subj- Group Subj- Group of Sub- Group of 
Subj-& Matrix of seven of seven ect seven ject seven 

subjects 
ect#5 

subjects #5 subjects #5 subjects ect#5 

P3 +++ + +++ + + +++ - +++ 
CCPS + 
P6 ++ + ++ + ++ +++ ++ +++ 
CCPS + 
pg + + + + +++ +++ +++ +++ 
CCPS + 
P12 + + + + +++ +++ +++ +++ 
CCPS + 
P3 +++ + +++ + + +++ - +++ 
GCPS + 
P6 ++++ + ++++ ++ + ++ - - ++ 
GCPS 
pg +++++ ++ +++++ +++ - + - - + 
GCPS + 
P12 ++++++ +++ +++++ +++ -- - - - -
GCPS ++ 
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ChapterV 

EC SEEDING ON BIOMATERIALS: TISSUE ENGINEERING OF 

CARDIOVASCULAR DEVICES 

V.l. ABSTRACT 

Incidence of thrombogenesis and occlusion of cardiovascular implants 

is likely to be reduced by endothelial cell (EC) growth promotion on the 

biomaterials used for device fabrication. However, proper signaling between 

the matrix proteins deposited on the device surface and the cells grown on it 

is a prime requirement for growth and functionality. It was demonstrated 

earlier that a composition of matrix proteins that include fibrin, fibronectin, 

gelatin and growth factors maintain a steady proliferation potential and 

prolong the survival of endothelial cells in in vitro culture. In this study the 

assessment of the same matrix to promote endothelialization of biomaterials 

used for fabrication of cardiovascular implants were carried out. 

The specific objectives of this study were: 1) To standardize the 

composite matrix coating onto different biomaterials used as cardiovascular 

implants; 2) To compare the composite matrix coated devices with bare 

devices, in terms of EC adhesion, spreading, proliferation, and survival; and 

3) To compare thrombogenecity of ECs grown on bare materials with the ECs 

on a biomimetic composite matrix by mRNA expression analysis, platelet 

adhesion and coagulation studies. The results suggests that the designed 

composition of bio mimetic adhesive proteins and growth factors is suitable for 

EC growth, survival and functional integrity, thus making it suitable for 

cardiovascular tissue engineering that requires in vitro EC culture. 
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V.2. EC SPREADING AND FOCAL ADHESION FORMATION ON 
MATERIALS 

V.2.1. Cell spreading on materials by F-Actin staining 

Actin organization is an important event in cell adhesion, spreading and 

proliferation. Therefore, a comparative analysis was done among five different 

materials that have intended applications in cardiovascular device fabrication. 

From the Fig.V.1, it is evident that, on all of the bare materials studied, cell 

spreading is poor as seen from the actin organization. Cells were not spread 

and remained elongated. After the composite coating on all base materials 

actin organization was found to be much improved (Fig.V.1 B, D, F, and H). It 

was seen that compared to bare Ti, DLC-coated Ti is better for cell spreading 

as indicated by the actin organization (Fig.V.1A, C). Since Dacron is porous 

and that the material surface is irregular, cells could not be viewed under 

ordinary fluorescent microscope. It was viewed under confocal microscope 

and a .series of z sections were taken. The sections were then superimposed. 

From the Fig.V.2, showing the confocal microscopic image of actin stained 

cells on bare and composite coated Dacron, it is evident that on bare material, 

the spreading is poor. On coating with the composite matrix improvement in 

spreading was seen (Fig.V.2B). 

Since actin organization is dependent on cell adhesion and focal 

adhesion organization, the intensity ofactin stain was quantified on composite 

coated material against the bare using scanning confocal microscopy. 

Confocal micrographs of EC on bare and coated materials are shown in 

Fig.V.3. After taking a series of 18 sections of 51-JM thickness, the average of 

all images was constructed using software. From this figure, it is evident that 

spreading is very poor and the fluorescence intensity per each cell was also 

very less which indicates poor organization of the actin cytoskeleton. 
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Figure V - 1 . F-Actin s ta ined HUVEC on s tudy mater ia ls : staining was done after 
24h of cell seeding. A, C, E, G; Bare materials (A: Ti, C: DLC_Ti, E: SS G: UHMWPE) and B, D, 
F, H; Composite coated (B: Ti, D: DLC-Ti, F: SS, H: UHMWPE). All cells used for seeding was 
from the 3 r d passage. Original magnification 40x. 
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Figure V-2. Confoca l M ic roscope images of F-Actin s ta ined HUVECs. A, Bare 
Dacron; B, CC_Dacron. After taking a series of 20 sections, average of all the sections was 
plotted with the help of software. 

The 3D view of the materials with cells stained for actin clearly showed 

that the fluorescence intensity is significantly different on bare and composite 

materials in each case. Thus, for detection of the quantitative difference in 

fluorescence intensity, a field containing ten cells each on bare and composite 

materials was selected and a graph is plotted using the software. The Fig.V.4 

shows a representative 3D image of cells on bare vs, coated Ti and the 

fluorescence intensity graph for the same. Though only Ti data is shown 

here, in the case of all other materials, similar results were obtained. 

A major design criterion for cardiovascular implant materials is 

appropriate biological interaction with the host tissue. Endothelial cell 

adhesion remains an elusive goal in the engineering of all synthetic vascular 

implants for improving the tissue integration of device materials. Seeding of 

blood contacting implants with endothelial cells should result in the 

development of a confluent cell monolayer to mimic the function of the normal 

vascular endothelium. The benefit to this approach has not yet realized as 

most of the materials used for cardiovascular prosthesis are not designed to 

promote cellular interaction. Appropriate orientation of the signaling machinery 

of the cell is dependent on the structure of the focal adhesion complex, which 

provides an intricate inter relationship between the ECM, the cytoskeleton and 

signaling cascades (Garcia et al 1999; Aplin, 2003). 
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Figure V-3. Representat ive data f r om Confoca l M ic roscop ic ana lys is of 
HUVEC on mater ia ls : After taking a series of 18 sections, average of all the sections was 
plotted with the help of software. A, C, E, G; Bare materials (A: Ti, C: DLC_Ti, E: SS G: 
UHMWPE) and B, D, F, H; Composite coated (B: Ti, D: DLC-Ti, F: SS, H: UHMWPE). All cells 
used for seeding was from the 3 r d passage. 
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Figure V-4. Representat ive data f r om Confoca l M ic roscop ic ana lys is of 
HUVEC on T i tan ium: After taking a series of 18 sections, a 3D image was constructed using 
the software. A, Bare_Ti; B, CC_Ti. C, Graphical representation of fluorescence intensity of a 
selected field containing ten cells on each matrix, graphs plotted for cells on Bare Ti, Bare DLC-Ti 
and composite coated Ti are super imposed. Cumulative fluorescence intensity shown on y-axis 
is against Z cross-section (total of 18 z-sections of 5 (am thickness) as shown in x-axis. 

To improve biocompatibility of medical implants, the most advanced 

strategy aims at the creation of materials that promote attachment, migration, 

proliferation, differentiation, long-term viability and cell functioning. Functional 

receptor mediated signal transduction and cell adhesion on a conventional 

biomaterial is mediated by the extracellular matrix (ECM) molecules such as 

fibronectin, vitronectin, collagen or laminin that are adsorbed to the material 
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from the culture medium. So the poor adhesion and actin organization 

observed on bare materials may be because of the lack of proper ECM 

components in mediating cell adhesion and spreading. It is demonstrated that 

the use of a bio mimetic matrix that contain adhesion molecules and growth 

factors support focal adhesions and associated actin assembly. 

V.2.2. Ident i f icat ion of Focal Adhes ion by V incu l in Sta in ing 

Apart from staining for F-actin, the localization of vinculin at the focal 

contacts was also examined to get a clear idea regarding the focal adhesion 

complex formation. One metallic material (Ti) and a modified metal (DLC_Ti) 

were chosen for this study. EC seeded on the composite coated materials 

expressed improved levels of vinculin, and most of it was found to be 

localized sharply at the focal adhesion points through out the well spread cells 

(Fig.V.5 B, D). In contrast, vinculin localization was poor on uncoated 

materials and was seen concentrated almost exclusively in the perinuclear 

region (Fig.V.5 A, C). 

Figure V-5. L ight M ic rographs of HUVEC Focal Adhes ions on Mater ials. 
The marker used is vinculin and the HRP conjugated secondary antibody was visualized using 
DAB. All cells used for seeding was from the 3 r d passage. A: Bare Ti; B: Composite coated Ti; C: 
bare DLC-Ti; D: Composite coated DLC-Ti. Original magnification 50x. 
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When the two bare surfaces were compared for cell adhesion and 

spreading, DLC-coated titanium was found to support more focal adhesions, 

compared to bare Ti. 

The poor localization of vinculin in the focal adhesion regions in the 

case of bare materials is well in agreement with what was observed earlier 

with actin staining. During the signaling event, integrin receptors are recruited 

into distinct dot-like or streak-like nano- or micro- domains on cell membrane, 

called focal adhesion sites or focal adhesion plaques. In these regions the 

integrins communicate with many specific structural and signaling molecules. 

The focal adhesions are represented by proteins of membrane associated 

cytoskeleton, such as talin, a-actinin, filamin, paxillin and vinculin. These 

proteins act as linkers between the integrin receptors and the cytoplasmic 

actin cytoskeleton which is associated with nuclear membrane, membranes of 

cellular organelles as well as with various enzymes and thus influences 

intracellular processes that are important for cell behavior including transport 

and secretion of various molecules, endocytosis, and decision between cell 

proliferation and differentiation or apoptosis is determined. 

So the poor vinculin distribution found in the case of bare materials 

further confirms that the focal adhesion assembly is very poor when cells are 

grown on bare materials which make a decisive role on further behavior of 

cells after contacting a biomaterial i.e. switching between cell proliferation and 

differentiation, survival or apoptosis and other functions. The adsorption of cell 

adhesion-mediating ECM molecules in appropriate amount, spectrum, spatial 

conformation, flexibility and their accessibility by the integrin receptors is 

markedly influenced by the physicochemical properties of the material 

(Scorcik et al., 2002). Since fibronectin, vitronectin and fibrinogen were found 

to be the main soluble matrix proteins in blood and thus in serum containing 

medium that the cells can recognize, one possible explanation for different 

biological reactivity on different materials might be distinct adsorption and 

conformation of these proteins. Due to such variability, one can not rely on the 

natural protein adsorption to support cell adhesion, proliferation and survival 

on various vascular implant materials. The key finding in this study is that the 
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deposition of ECM molecules through a fibrin scaffold provides a uniform 

distribution of adhesion molecules and growth factors on the material surface 

and thus promotes cell adhesion, spreading, and focal adhesion formation. 

V.3. EC PROLIFERATION AND SURVIVAL ON MATERIALS 

V.3.1. Quantification of cell attachment and proliferation by 3H thymidine 
uptake 

The number of cells attached per centimeter square area on composite 

coated materials was compared against the respective bare materials by 

seeding endothelial cells on them which were already labeled with thymidine 

(Section.ll.3.7). 40 x 103 cells were seeded per each cm2 area of the material. 

It was found that the initial cell attachment cm-2 area was found to be similar 

on all materials, both on bare and composite coated (Fig.V.6). On all materials 

more than 80 % of the cells were found to be attached by 2h of seeding. 
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Figure V-6. Quantification of attachment and proliferation of EC using 3H­
thymidine uptake. The initial attachment of HUVECs detected at 2h after seeding, and the 
proliferated cells after 120 h on each of the bare and coated materials are given side by side. The 
count of cells is adjusted for 1 cm2 area for each material. The assay was done in 4 replicates 
experiments and standard deviation (n =4) is given as error bar. 
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However, cell proliferation after 120h post seeding was significantly 

enhanced upon coating on all the materials tested (Fig.V.6). Of the bare 

materials, the proliferation was negligible on bare Ti and bare Dacron 

whereas on all the other bare materials one population doubling has occurred 

by 120h. The coating was found to be most effective on Ti, Dacron and SS, 

compared to DLC coated Ti and UHMWPE. While there were 3 populations 

doubling by 120h on CC_Ti, CC_Dacron and CC_SS, on Ti-DLC_CC and 

UHMWPE_CC it were only 2 populations doubling (Fig.V.6). 

V.3.2. HUVEC Apoptosis on study materials 

As the focal adhesion and actin organization have a direct influence on 

cell viability, cells grown on uncoated and coated materials after 72h of 

seeding were stained for Annexin V to detect apoptotic tendency. This study 

was conducted on one metal (Ti); one modified metal (DLC_ Ti) and one 

polymer (UHMWPE). It is observed that almost 75% of the cells on uncoated 

materials turned apoptotic by 72h of seeding (Fig.V.7 A, C & E). On the other 

hand, apoptosis was hardly seen on composite coated materials (Fig.V.7 B, D 

& F). Apoptotic cells were counted in 10 different fields (10x) and the 

percentage of apoptotic cells detected on each material is summarized and 

shown in Table V.1. Of the bare surfaces, apoptosis was found most 

significant on Ti which correlates well with the proliferation data where it is 

found that the proliferation rate was also much lower on B_ Ti compared to 

B_DLC_Ti and B_UHMWPE. 

Table V-1. Percentage of EC Apoptosis on Study materials. Comparison of 

Percentage Apoptosis in HUVEC cultures on Bare and composite coated materials is shown. The 

semi quantitative difference in Apoptosis of HUVEC was detected by counting 1 0 different fields 

at 1 Ox magnification. Average and standard deviation were obtained by repeating the experiment 

from five separate seeding on each type of materials (n=5). 

Material name Bare Composite coated 

Titanium 86±6 15±2 
DLC coated Ti 65±9 16±4 

UHMWPE 76±7 13±5 
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Figure V-7. F luorescent m ic rog raphs of FITC-Annexin V s ta ined ce l ls : A, c, 
and E are bare materials (A, B_Ti; C, B_DLCTi; E, B_UHMWPE). B, D, and F are composite 
coated materials (B, CC_Ti; D, CC_DLC_Ti; F, CC_UHMWPE). The cells are of passage number 
3 in each case and staining was done 72 h after seeding. Original magnification is 50x. Apoptotic 
cells were counted in 10 different fields at 10x magnification and the percentage of apoptotic cells 
detected in each of the culture surface is summarized in Table V.1. 

The observed poor proliferation rate and apoptotic tendency of cells 

grown on bare materials can be justified because, earlier it was found during 

the spreading and focal adhesion study that the bare materials does not 

support EC spreading and focal adhesion assembly. Unlike integrin-mediated 

cell adhesion, non-receptor mediated cell adhesion on artificial surfaces 
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cannot ensure the transmission of adequate signals from extra cellular 

environment into cells and survival of anchorage dependent cells. 

The interaction between the integrin receptors and the cytoplasmic 

actin cytoskeleton, as well as with various enzymes influences intracellular 

processes that are important for cell behavior and the decision between cell 

proliferation and differentiation or apoptosis. Cells which are anchorage­

dependent for proliferation require both adhesion to the extracellular matrix 

and growth factor stimulation to progress through the cell cycle (Howe et al., 

1998; Assoian and Zhu, 1997). It has been reported that, when endothelial 

cells are completely denied from adhesion to the substrate they lose viability 

within 10 hours (Re et al. 1994 ). Even though the data shows that initial 

attachment is similar on both bare and coated materials after 2h of seeding 

the cell spreading and migration were very poor and focal adhesion assembly 

was lacking. This could be the reason for the observed poor proliferation rate. 

The deposition of composite matrix provides a uniform distribution of adhesion 

molecules and growth factors on the material surface and there by promotes 

cell adhesion, proliferation, and survival. 

V.4. EFFECT OF COMPOSITE MATRIX ON HUVEC PHENOTYPE 

V.4.1. mRNA Expression Study by Real Time PCR 

The mRNA expression profiling of two pro-thrombotic molecules (vWF 

and PAI-1) and two anti-thrombotic molecules (tPA and eNOS) were 

compared in HUVECs grown on composite coated materials against those on 

bare materials. For this study one metal (Ti); one modified metal (DLC _ Ti) 

and one polymer (UHMWPE) were selected. The mRNA isolated from 

HUVECs grown on 6 replicates of each of the materials was used to 

demonstrate repeatability. Normalization was done using Beta Actin as house 

keeping gene. 

The mean cyclining time (Ct) values from the real time PCR carried out 

are given in the Table V.2, which show that on all three bare materials vWF 

and PAl are expressed at early cycling times such as 16 for vWF and 17/18 

for PAl. The anti thrombotic molecules tPA and eNOS were expressed later 
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on bare materials such as Ct of 23 for the former and 24 for the latter. It is 

also seen clearly in the quantitative data presented in Table V.3 that for vWF 

value is as high as 7.0 pg, and for PAl it is 3.0/2.0 pg for the cells on given 

materials. On the other hand tPA is as low as 0.1 pg and e-NOS is as low as 

0.06pg and value is almost similar on all bare materials. 

Table V-2. Comparison of Real-Time PCR Ct Values: Bare Materials Vs. 
Composite coated Materials The table shows, the Ct values which represent mRNA 
expression levels in HUVECs grown on Bare and Composite Coated materials. Using specific RT­
PCR primers, the expression level of vWF, PAI-1, tPA and eNOS were analyzed. Beta Actin is 
used as the house keeping gene. The cycling time (Ct) values are given as average ± SE from 6 
Replicates. * p < 0.01. 

Test Material vWF PAI-1 tPA eNOS Beta 
ACtin 

B Ti 16.27±0.04 17.44±0.06 22.97±0.23 24.05±0.19 14.26±0.03 

B DLCTi 16.16±0.03 17.62±0.04 23.24±0.17 24.08±0.26 14.25±0.07 

B UHMWPE 16.06±0.08 18.12±0.16 23.39±0.26 24.26±0.21 14.22±0.06 

CC Ti 18.24±0.24 * 20.21±0.08 * 20.23±0.11 * 22.04±0.04 * 14.24±0.04 

CC DLCTi 17.13±0.15 * 19.15±0.19 * 20.30±0.09 * 21.97±0.12 * 14.19±0.06 

CC UHMWPE 17.16±0.09* 20.85±0.23 * 20.65±0.13 * 22.02±0.07 * 14.23±0.03 
" 

However, when EC was grown on composite coated materials, a 

reversal effect is seen and expression of both prothrombotic molecules was 

reduced with a higher Ct value of 17/18 for vWF and 19/20 for PAl (Table V.2) 

and was quantitatively lower such as 2/3 for vWF and 0.5/1.0 for PAl 

(TableV.3). Similarly expression of antithrombotic molecules t-PA and e NOS 

increased with lower CT values such as 20.0 for t-PA ·and 22 for eNOS (Table 

V.2) and higher quantities such as 0.45 pg for t-PA and 0.25 pg for e-NOS for 

the given material area (Table V.3). One representative RT-PCR data graph 

of each of the 4 target genes along with the housekeeping gene, beta actin 

and standard eDNA is shown in Fig.V.8. Thus from the Fig V.8 and Tables V.2 

and V.3 it is obvious that the expression of the two pro-thrombotic molecules 

- vWF and PAI-1 were high and the expression of both of the anti-thrombotic 

molecules - tPA and eNOS were low in ECs grown on bare materials. There 

was a striking effect when ECs were grown on the composite matrix coated 

materials. The expression of pro-thrombotic molecules went down to 

significantly lower levels (p< 0.01), and the mRNA synthesis of anti-thrombotic 
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molecules went up considerably (p<0.01). From the multiple bars diagram 

(Fig. V.9) showing the fold change in mRNA expression as normalized to Beta 

Actin it is evident that there was a 2-4 fold decrease in the expression of vWF 

upon matrix coating. 
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Figure V-8. A representat ive data graph s h o w i n g the ampl i f i ca t ion of 
t ranscr ip ts . Quantification of the mRNA expression by real-time PCR in HUVECs grown on 
Bare and Composite Coated materials were done. 6 Replicate experiments were done and 
average Ct values are calculated. A, vWF; B, PAI-1; C, tPA; D, eNOS; E, STD; and F, B actin. 
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molecules went up considerably (p<0.01 ). From the multiple bars diagram 

(Fig. V.9) showing the fold change in mRNA expression as normalized to Beta 

Actin it is evident that there was a 2-4 fold decrease in the expression of vWF 

upon matrix coating. 
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Figure V-8. A representative data graph showing the amplification of 
transcripts. Quantification of the mRNA expression by real-time PCR in HUVECs grown on 
Bare and Composite Coated materials were done. 6 Replicate experiments were done and 
average Ct values are calculated. A, vWF; 8, PAI-1; C, tPA; D, eNOS; E, STD; and F, B actin. 
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The decline in expression was more striking in the case of PAI-1, which 

were 4-7 folds as compared to bare. It is remarkable to note that the down 

regulation was most significant on CC_ Ti, on which the vWF was down by 4 

fold and PAI-1 by 7 fold. The expression of both of the anti-thrombotic 

molecules - tPA and eNOS went up by 4-5 folds when ECs were grown on 

composite coated materials. 

Table V-3. Quantification of mRNA Expression by Real-Time PCR. The table 
shows, quantification of the transcript expression by real-time PCR in HUVECs grown on Bare 
and Composite Coated materials. Using specific RT-PCR primers, the expression level of vWF, 
PAI-1, tPA and eNOS were analyzed. Beta Actin is used as the house keeping gene. Values are 
given as average± SE from 6 Replicates. * p < 0.01. 

Test Material 

8 Ti 
8 DLCTi 
B UHMWPE 
cc Ti 
CC DLCTi 
CC UHMWPE 

vWF (pg) PAI-1 (pg) tPA (pg) eNOS (pg) 

6.764±0.14 3.738±0.22 0.105±0.02 0.069±0.01 

7.326±0.11 3.639±0.14 0.084±0.02 0.063±0.01 

7.826±0.29 2.196±0.29 0~075±0.03 0.057±0.01 

1.843±0.22 * 0.516±0.07 * 0.474±0.06 * 0.243±0.01 * 

3.38±0.54 * 1.035±0.1 0 * 0.459±0.05 * 0.258±0.02 * 

3.612±0.32 * 0.468±0.12 * 0.429±0.07 * 0.252±0.01 * 

Fold Change in mRNA Expression by Ecs when grown on 
Composite coated Materials as compared to Bare 

Beta Actin 
(pg) 
31.354±0.96 

31.428±2.24 

31.496±1.92 

31.452±1.28 

31.516±1.92 

31.479±0.96 

Figure V-9.A graphical representation of fold increase/decrease in mRNA 
expression. Amplification of mRNA from HUVECs grown on composite coated materials with 
respect to the HUVEC grown on respective bare materials is shown. Beta actin is used as house 
keeping gene for normalization of expression. 

During the standardization of matrix using HUVECs (discussed in 

chapter Ill), it was demonstrated that endothelial cells that are grown on 
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gelatin coated polystyrene dishes for long term gets dedifferentiated with 

increase in passage number. The data suggested that, it is important for EC 

to get signals from the extracellular matrix for cell proliferation, survival and to 

maintain normal anti thrombotic phenotype. In this study, it is shown that 

attempts to seed endothelial cells on materials used for fabrication of 

cardiovascular diseases may fail the purpose because the EC grown on such 

materials get dedifferentiated and might turn pro thombotic by up regulation of 

m-RNA expression of prothrombotic molecules such as vWF and PAl, and 

down regulation of anti thrombotic molecules such as t-PA and nitric oxide 

synthetase. Real Time PCR data gives a clear indication of phenotypic 

alteration of EC grown on bare materials into more pro thrombotic form. It has 

been reported that apoptotic endothelial cells turn procoagulant and that, even 

floating apoptotic HUVEC increase thrombin formation in plasma (Bombeli et 

al. 1997). In this study it is found that most of the cells turned apoptotic when 

they were grown on bare materials (Section V.3.2). 

V.4.2. Comparison of NO release by HUVECs grown on Materials 

The release of NO by the ECs correlates well with mRNA expression 

study. From the graphical representation (Fig.V. 1 0), it is evident that the 

release of NO is almost undetectable when ECs were grown on any of the 3 

bare materials studied (< 0.01 1JM/cm2 area for all materials), and the shear 

induced NO release was also negligible. Remarkably, the matrix coating 

enhances the release of NO by the cells grown on them to considerably high 

levels (Fig.V.1 0) (p< 0.01 in all the cases). The release of NO under static 

condition ranged from 0.3 to 0.4 1JM/cm2 area for the study materials and 

upon exposure to a shear stress of -35 dynes/cm2, there was a 5 fold 

increase in the release of NO. Among the different materials used for the 

study, the composite coating was found to be most effective on Ti. 

From the mRNA expression study, it is evident that eNOS transcription 

level is very low in cells on bare materials. The results of NO release further 

confirm that observation. It was found that, cells even lose their ability to 

respond to shear stress when grown on bare materials by up regulating NO 
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synthesis. Thus it is clearly evident that the cells do dedifferentiate and lose 

the normal protective behavior when they are grown on bare materials. 

NO Release (uM per cm2 area) • Static 

• After Shear 

:!!! 2.000 +--------
1: 
c: 
! 1.500 +-----­
"L: .... z 

B_Ti CC_Ti B_DLCTi CC_DLCTi B_UHMWPE CC_UHMWPE 

Figure V-10. Graphical representation of NO release by HUVECs grown on 
bare and composite coated materials. Cells after 120h in culture were incubated for 1h 
in serum-free, phenol red-free M 199 medium, and nitrite in the medium was assayed using Griess 
reagent. For shear induced release devices with cells was perfused at a flow rate of 50 mllmin 
using a peristaltic pump for 1 h at room temperature with phenol red-free M 199 medium (Shear 
stress -35 dynes cm-2), and nitrite in the medium collected after 1 h was assayed. The Y-axis is 
nitrite in 1JM/cm2 area. The Average± SE of 6 replicates are shown. 

V.5. EFFECT OF SHEAR STRESS ON HUVEC MONOLAYER 

There are many reports that endothelial cells grown on vascular 

prostheses get detached when they are exposed to dynamic flow conditions. 

Even under the physiologic flow rate the cells may get detached if the 

adhesion and spreading is poor. So to find out whether the matrix coating 

helps the cells to withstand the shear stress, experiment was carried out with 

commercially available Dacron vascular graft prostheses (section 11.3.1 ). 

HUVECs seeded on bare and composite coated 5cm pieces of 6mm diameter 

Dacron vascular graft were exposed to a shear stress of -20dynes/cm2 

(Section 11.3.11 ). It was found that by 1 h most of the cells on bare Dacron 

were detached. On the contrary, cells that were grown on composite coated 
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Dacron were able to sustain the shear stress and the cell detachment was 

negligible (Fig.V.11). 

Figure V-11. Pho tomic rog raphs of HUVEC sta ined w i th May-Grunwald 's 

Stain. A: EC on Bare Dacron before perfusion; B: EC on Bare Dacron after perfusion; C: EC on 

Composite coated Dacron before perfusion; D: EC on Composite coated Dacron after perfusion. 

V.6. THROMBOGENICITY ASSESSMENT OF SURFACES 

To examine how this pro-thrombotic phenotype of ECs grown on the 

bare materials reflects on the in vitro blood compatibility of the devices, tests 

were selected from the list recommended in ISO10993 part4. These tests are 

standardized and validated in our laboratory and is accredited against quality 

system ISO/I EC 17025 by COFRAC (France). 1cm 2 patches Dacron vascular 

graft material, Ti, DLC_Ti and UHMWPE were used for the study (Section 

11.3.1). HUVECs were grown on bare and composite coated materials as 

described in section 11.3.4. 
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V.6.1. Platelet Adhesion Studies 

V.6.1.1. By Platelet count analysis using Hematolgy Analyzer 

When the HUVEC grown on bare and composite coated materials were 

exposed to PRP and the count reduction in PRP after 1 h of exposure were 

analyzed using a hematology analyzer, significant reduction in platelet count 

was observed. Table V.4 gives the platelet count in PRP before and after 

exposure and the count reduction after 1 h as % reduction in platelet count. On 

all the EC grown bare materials, the count reduction after 1 h was significantly 

different compared to composite coated materials with EC monolayer (p < 

0.01). 

Table V-4. Percentage of platelet count reduction on Bare Vs. Composite 

coated materials with EC monolayer. One milliliter PRP was exposed to each device in 

separate wells of polystyrene cell culture plates and the platelet count in the sample at lh was subtracted 

from the values obtained in the initial sample. The initial and final values are given in the table along with 

the reduction. The Average± SE of 4 replicates are shown. * p < 0.01. 

Test Material Initial Final %Reduction 
Count (x 1 06) Count (x 1 06) 

B Ti 2.16±0.032 1.61±0.049 25.2±3.3 
B DLCTi 2.18±0.024 1.92±0.042 12.1±1.6 
B UHMWPE 2.17±0.015 1.71±0.051 20.9±2.5 
B Dacron 2.16±0.022 1.52±0.056 29.8±1.8 
CC Ti 2.15±0.021 1.98±0.365 8.1±1.1* 
CC DLCTi 2.14±0.028 1.97±0.171 7.7±0.9* 
CC UHMWPE 2.19±0.023 2.04±0.285 7.1±0.4* 
CC Dacron 2.18±0.025 2.05±0.264 5.9±0.6* 

Though this study gives only a qualitative idea about the platelet 

adhesion due to possible non-specific adhesion to the test material and 

containers, the results clearly indicated that the bare materials with EC 

monolayer consume more platelets. To study the nature of platelet adhesion 

in detail SEM analysis was carried out and to quantify the actual number of 

platelet adhered per unit surface area Radioscintigraphic analysis was done 

using radiolabeled platelets. 

V.6.1.2. Platelet adhesion study by SEM 

Platelet adhesion studies by SEM indicate that on all of the EC grown 

bare materials there was considerable adhesion of platelets. 
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B U H M W P E 

Figure V-12. Elect ron m ic rog raph of Bare and compos i te coated 
mater ia ls exposed to platelet r ich p lasma. A, c, E, and G are bare material (Ti, 
DLC_Ti, UHMWPE and Dacron respectively); and B, D, F and H are composite coated 
materials in the same order. Magnification is 1K. Scale bar is shown in each figure. 

It is evident from the Fig.V.12, that platelets adhered throughout the 

material and it is interesting to note that many platelets are adhered to the 
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Figure V-12. Electron micrograph of Bare and composite coated 
materials exposed to platelet rich plasma. A, c, E, and G are bare material (Ti, 
DLC_ Ti, UHMWPE and Dacron respectively); and B, D, F and H are composite coated 
materials in the same order. Magnification is 1 K. Scale bar is shown in each figure. 

It is evident from the Fig.V.12, that platelets adhered throughout the 

material and it is interesting to note that many platelets are adhered to the 
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endothelial cell on these bare materials, other than that are adhered directly to 

the material surface. Whereas, on the EC grown on composite coated 

materials, platelets are seen very rarely, both on cells and exposed material 

surface that is not covered with EC monolayer. The most striking effect was 

the difference between EC on bare Ti and coated Ti. 

V.6.1.3. Quantification of Platelet adhesion by Radioscintigraphy 

To substantiate the SEM data on platelet adhesion, quantification of 

platelet adhesion was done by exposing the devices with radio labeled 

platelets. The radio images of materials shown in Fig.V.13 along with the 

calibration graph clearly indicate that there is a significant difference in platelet 

adhesion between the EC seeded bare and coated surfaces. Quantitative 

data of platelet adhesion on the bare and composite coated EC grown 

surfaces are summarized in Table V.5. Platelet number adhered was found be 

reduced to 20% or 25 % on the EC grown composite coated devices, 

compared to the respective bare material with EC monolayer (p< 0.001). The 

platelet adhesion was very high in the case of EC grown bare Dacron 

compared to other bare surfaces. However, on coated Dacron with EC 

monolayer, the adhesion was very minimal and comparable to other coated 

surfaces. This clearly confirms that composite coating has a beneficial effect 

on the EC in terms of thromboresistance. 

Table V-5. Quantification of Platelet Adhesion by Radioscintigraphy. Number 

of platelets adhered on each surface is given as cells attached I cm2 surface area. Intensity of 

radio images of bare and composite coated materials, based on which platelets deposited was 

calculated are shown in Fig.5. (n=2). * p < 0.01. 

Test Material Number of Platelets 
Adhered 

(x 1 03 I cm2 Area) 
8 Ti 11239±1120 
8 DLCTi 12998±954 
8 UHMWPE 18907±1434 
8 Dacron 39,546±2546 
CC Ti 3223±118 * 
CC DLCTi 2476±153 * 
CC UHMWPE 4545±131 * 
CC Dacron 3563±236·* 
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Figure V-13. Cal ibrat ion graph and radio images based on w h i c h 
number of p latelets depos i ted was ca lcu la ted. A, Calibration graph plotted using 
a serial dilution of known number of platelets; B, The images of serially diluted platelets in 
duplicates used as STD for plotting calibration graph. The spot at the top corner is that of 
diluted isotope from the count of which, the efficiency of labeling was calculated; C, 2 
replicate each of coated and bare Ti; D, 2 replicates each of coated and bare DLC_Ti; E,, 2 
replicate each of coated and bare UHMWPE; and F, 2 replicate each of coated and bare 
Dacron. 
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Figure V-13. Calibration graph and radio images based on which 
number of platelets deposited was calculated. A, Calibration graph plotted using 
a serial dilution of known number of platelets; B, The images of serially diluted platelets in 
duplicates used as STD for plotting calibration graph. The spot at the top corner is that of 
diluted isotope from the count of which, the efficiency of labeling was calculated; C, 2 
replicate each of coated and bare Ti; D, 2 replicates each of coated and bare DLC_ Ti; E, 2 
replicate each of coated and bare UHMWPE; and F, 2 replicate each of coated and bare 
Dacron. 
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The results from the platelet adhesion studies suggest that, growing of 

endothelial cells on bare materials does not improve the thrombogenicity of 

the materials. The mRNA expression studies indicates that ECs grown on 

bare material surface get dedifferentiated and turn pro thombotic by up 

regulation of m-RNA expression for prothrombotic molecules such as vWF 

and PAl, and down regulation of anti thrombotic molecules such as t-PA and 

nitric oxide synthetase. Therefore, it is likely that the increased expression of 

vWF may be contributing to the pro thrombotic tendency of EC causing more 

platelet adhesion. 

Also, it has been reported that endothelial cells undergoing apoptosis 

become proadhesive even for non activated platelets (Bombeli et al. 1999). 

Though the mechanism of adhesion of platelets was not understood in their 

study, data suggested that collagen, fibronectin and RGD-dependent ligands 

were not involved. It was found in the study that cells grown on uncoated and 

coated materials after 72h of seeding were stained for positive for Annexin V 

indicating apoptotic tendency and it was estimated that almost 75% of the 

cells on uncoated materials turned apoptotic during the study period. On the 

other hand, apoptosis was hardly seen on composite coated materials. In this 

study it was observed that platelets bind not only to the exposed material 

surface but also to endothelial cells grown on bare materials. So it is likely 

that the up regulation of vWF and its increased synthesis together with 

apoptosis would result in exposure of vWF mediating platelet adhesion to EC. 

V.6.2. Coagulation Studies 

Partial thromboplastin time (PTT) which is standardized to pick up the 

effect of material surface on whole blood to activate extrinsic coagulation 

pathway was distinctive between the bare-EC and CC-EC surfaces. 

Coagulation time, PTT was found to be shortened considerably after 1 h 

exposure to all EC grown bare materials that were studied (Table V.6). On the 

other hand, the shortening of PTT was minimal in the cases of EC grown 

composite coated materials (p< 0.01). Clearly EC grown bare surfaces 

activate coagulation pathway and thus reflects on PTT. The fibrinogen 

adsorption was found to be negligible on all the devices and there was no 
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significant difference between the bare and composite coated EC grown 

materials (Table V.7). 

Table V-6. Partial Thromboplastine Time in Seconds. One milliliter anti-coagulated 

blood was exposed to each device in separate wells of polystyrene cell culture plates and the 

clotting time in the sample at 1 h was subtracted from the values obtained in the initial sample. 

The initial and final values are given in the table along with the % shortening. The Average ± SE 

of 4 replicates are shown. * p < 0.01. 

Test Material Initial Final % Shortening 
B Ti 130.50±2.12 1 00.50±1.43 22.97±1.51 
B DLCTi 133.50±3.41 96.50±1.52 27.71±0.89 
B UHMWPE 133.50±3.54 91.50±0.82 31.44±0.45 
B Dacron 130.00±1.67 79.50±3.54 38.87±2.31 
CC Ti 133.00±1.96 125.00±1.34 * 6.02±0.92 * 
CC DLCTi 135.00±1.41 123.50±1.97 * 8.89±0.67 * 
CC UHMWPE 134.50±2.83 120.00±1.34 * 9.77±0.54 * 
CC Dacron 133.00±1.41 117.00±2.83* 12.01±1.23* 

Table V-7. Fibrinogen Concentration in g/L. One milliliter anti-coagulated blood was 

exposed to each device in separate wells of polystyrene cell culture plates and the fibrinogen 

concentration in the sample at 1 h was subtracted from the values obtained in the initial sample. 

The initial and final values are given in the table along with the % reduction. The Average ± SE of 

4 replicates are shown. 

Test Material Initial Final %Reduction 
B Ti 1.97±0.04 1.87±0.22 4.84±1.10 
B DLCTi 1.96±0.06 1.83±0.15 6.63±1.05 
B UHMWPE 1.96±0.03 1.90±0.16 2.81±1.07 
B Dacron 1.97±0.02 1.87±0.14 5.33±0.32 
CC Ti 2.05±0.01 1.97±0.08 3.90±0.43 
CC DLCTi 2.03±0.02 1.94±0.06 4.68±0.38 
CC UHMWPE 2.02±0.01 1.96±0.09 2.97±0.26 
CC Dacron 2.05±0.03 1.96±0.07 4.39±0.46 

The data from the coagulation studies further confirms that ECs grown 

on bare material surface turns prothrombotic. The mRNA expression results 

give a clear indication of phenotypic alteration of EC grown on bare materials 

into more pro thrombotic form. There are a number of studies showing that 

endothelial cells can rapidly shift the hemostatic balance from an 
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antithrombotic to prothrombotic state. This may be caused by increased 

binding and activity of coagulation factors, loss of anticoagulant surface 

components, or more actively, by expression and/or release of prothrombotic 

substances, such as tissue factor (TF), factor V, platelet activating factor 

(PAF), vWF and PAl (Rodgers, 1988; Nachman, 1992; Martin et al. 1995). 

There are reports that apoptotic cells become more procoagulant 

(Bombeli et al. 1997). Even without cell detachment, stimulation of apoptosis 

has been found to increase collagen exposure from 5% to 30% within 6 h of 

cell death. It has been investigated by them to find out if the ECM exposure 

is the cause of procoagulant effect seen with apoptosis, but it is found that 

even floating apoptotic HUVEC increase thrombin formation in plasma 

(Bombeli et al. 1997). 

Results of this study indicate that more than covering the 

cardiovascular device surface with endothelial cells, it is important to make 

sure that seeded cells should prevent platelet adhesion and activation of 

blood coagulation. It is demonstrated here that though bare materials give 

wrong signal to the EC seeded on the surface and turn them prothrombotic, if 

these surfaces are pre-coated with bio mimetic molecules they help to 

maintain normal EC phenotype and reduce the risk of platelet adhesion and 

activation of blood coagulation. 
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Chapter VI 

SUMMARY AND CONCLUSIONS 

VI.l. RESTATEMENT OF THE PROBLEM 

Recent insights into the pathogenesis of vascular disease have opened up 

a new research frontier and vasculature has been redefined as a vital organ that 

can regulate its own tone and structure via numerous cellular mechanisms. A 

"blood compatible" material would perfectly substitute for the endothelium so that 

soluble and cellular blood components would remain entirely na"ive of its foreign 

presence. Although biomaterial science has advanced sufficiently in the past 50 

years, true biocompatibility of artificial surfaces remains a relatively distant and 

elusive goal. Understanding the importance of endothelium in maintaining a 

thrombus free luminal surface, these cells are widely used in the tissue 

engineering of vascular grafts and other blood contacting devices. 

The importance of a functionally intact endothelium is firmly established. 

Less well characterized, however, is the role of the endothelium in extracellular 

matrix metabolism, despite the observation that the extracellular matrix comprises 

the bulk of the media in health and the bulk of the abnormal neointima during 

disease. In early 1980s, growing endothelial cells in in vitro culture was thought to 

be the most difficult among all cell cultures. Later gelatin coated polystyrene 

plates were found to support the EC growth in culture, however, it has been well 

known that in long term cultures and repeated splitting to obtain large number of 

cells, endothelial cells lose the potential to regenerate as the passage number 

progresses; however, related phenotypic alteration is not so well studied. 

Therefore in this study, efforts were made to understand the phenotypic changes 

that take place when EC is grown continuously through several passages on 
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gelatin. Further the question was asked how we maintain cells for long term in 

culture without altering the cell behavior. 

Extracellular matrix is essential for endothelial cell survival and 

proliferation response to growth factors, rendering cells apoptotic in the absence 

of matrix. Also, it has now become equally clear that the surrounding matrix 

actively participates in modulating endothelial function and those EC products, in 

turn, can regulate matrix content and structure. It is the continuous cross-talk 

between cells and the surrounding matrix environment that lead to the formation 

of patterns, the development of form (morphogenesis), and the acquisition and 

maintenance of differentiated phenotype. Therefore, to expand the cell number in 

tissue culture, it is important to use suitable matrix coated dishes so that they 

remain viable and functional. As much is it important to have a matrix with 

optimum composition to get EC attachment, spreading, proliferation and 

differentiation on biomaterial surface so that the modification is effective to 

prevent device thrombosis. 

Therefore, this study was undertaken to standardize a suitable matrix to 

normalize differentiation of HUVEC in culture so that the most suitable matrix 

composition may be used for vascular tissue engineering technique that involve 

endothelial cell culture. The criteria for suitable matrix were defined as the 

composition on which cells do not dedifferentiate even if they are cultured for long 

term in continuous passages. Molecular level monitoring of dedifferentiation was 

targeted by selecting pro and anti thrombotic markers. The suitability of the 

standardized matrix for growing adult EC was also focused, so that autologous 

cells can be generated for tissue engineering applications. Further, use of the 

matrix to seed endothelial cells on biomaterials and significance of the matrix for 

maintenance of normal EC phenotype was also taken up. 

VI.2. DESCRIPTION OF PROCEDURES 

The Major objective of this study was to identify an optimal matrix for 

culturing EC in vitro, and also to act as a matrix coating on the vascular 

biomaterials to support EC growth. Fibrin, an extracellular matrix component, is 

occupied in hemostasis, wound healing, and cancer. Fibrin is formed at the sites 
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of tissue injury and provides a temporary matrix to support initial response of ECs 

needed for tissue repair. Other than acting as a scaffold for cell attachment, it 

holds other extra cellular components that are major integrin receptors such as 

fibronectin, thrombospondin that anchor the cells to the injured tissue along with 

bound growth factors to generate signals for optimal cell proliferation, survival 

and expression of appropriate functional proteins. In the light of this information 

this study was carried out to evaluate the effectiveness of a composite of fibrin, 

fibronectin, gelatin and vascular endothelial growth factor (VEGF) 

The effect of cell-matrix interaction on the behavior of ECs were evaluated 

in terms of adhesion, proliferation, apoptosis and normal expression of 

prothrombotic and anti-thrombotic proteins, so that an ideal matrix can be 

selected for cell expansion and use in tissue engineering. After the isolation, and 

characterization of Human Umbilical Vein Endothelial Cell (HUVEC) and Human 

Saphenous Vein Endothelial Cell (HSVEC), the cell adhesion, spreading, focal 

adhesion organization, proliferation rate and apoptosis on the designed matrix 

were compared against conventional gelatin coating. 

The physiological status of the monolayer grown on the standardized 

matrix was studied. For phenotypic expression molecules analyzed were; vWF -

a prothrombotic molecule, nitric oxide (NO)- an antithrombotic and vasodilator 

molecule, tissue plasminogen activator (t-PA) - a fibrinolytic factor, and 

plasminogen activator inhibitor (PAl)- an antifibrinolytic factor. Analysis was done 

by reverse transcriptase polymerase chain reaction (RT -PCR) for detection of m­

RNA expression. The mRNA expression by HSVECs and EC grown on 

biomaterials were quantified by Real Time PCR. ELISA was performed to detect 

quantitative variation in release of the molecules into the culture medium. NO 

release by ECs was detected using a commercial kit. Shear stress resistance of 

the EC monolayer was studied by perfusion of the seeded biomaterials. 

Extensive studies were carried out to assess the advantages of growing 

EC on the coated matrix to provide a non-thrombogenic surface in comparison 

with the EC grown on bare vascular device materials. To examine how the 

phenotype of ECs grown on the biomaterials reflects on the in vitro blood 

compatibility of the devices, tests were selected from the list recommended in 

IS01 0993 part4. These tests are standardized and validated in our laboratory 
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and is accredited against quality system ISO/IEC 17025 by COFRAC (France). 

The thrombogenicity of EC grown materials was assessed by coagulation 

studies, qualitative platelet adhesion using scanning electron microscopy and 

quantitative assay using radiolabeled platelets (radioscintigraphy). 

VI.3. MAJOR FINDINGS 

The study was carried out in three parts: 1. Standardization of suitable 

matrix using HUVEC. 2. Standardization of HSVEC isolation and study the 

growth and behavior of HSVECs on the Composite Matrix Vs. conventional 

gelatin coating. 3. Evaluation of the effectiveness of the standardized matrix for 

EC seeding on biomaterials. 

The objective of the first phase of this study was to compare how HUVEC 

gets transformed when they are serially passaged on long-established gelatin 

matrix or on a composite of fibrin, fibronectin and growth factors. The key finding 

was that the cells deteriorate passage by passage on GCPS whereas on CCPS 

that consists of ECM proteins, gelatin and growth factors, cell phenotype is 

maintained. Functional receptor-mediated and signal transmitting cell adhesion 

on biomaterials is mediated by extracellular matrix (ECM) molecules and the 

incorporation of functional growth factors and regulators with the ECM, and their 

controlled release might improve cell behavior. 

The composite that is used should impart properties of various molecules 

and their synergistic effect might be responsible for cell adhesion, proliferation, 

survival and cell differentiation. Fibrin as a natural scaffold material has sites to 

bind and retain growth factors that are released based on the cell-demand 

(Ehrbar et al 2004). Focal adhesions are specialized adhesive complexes 

containing structural and signaling molecules that regulate cell migration, 

survival, cell cycle progression and differentiation (Sastry and Burridge, 2000). 

The focal adhesion complex is the multifunctional structure required for cell to 

integrate integrin mediated signaling events from the matrix with the dynamic 

cytoskeletal meshwork that mechanically couples the cell with extracellular 

matrix. Appropriate orientation of the signaling machinery of the cell is 

dependent on the structure of the focal adhesion complex, which provides an 

intricate inter relationship between the ECM, the cytoskeleton and signaling 

cascades (Garcia et al., 1999; Aplin, 2003). Thus the observed poor proliferation 
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rate and enhanced apoptosis on GCPS is possibly due to either lack of well 

formed focal assembly or because of poor adsorption of gelatin to the material 

surface. 

In this study it is demonstrated that the use of a bio mimetic matrix that 

contain adhesion molecules and growth factors support focal adhesions and 

associated actin assembly, cell proliferation, survival and differentiation. 

Compared to the gelatin coated polystyrene that up regulate thrombogenic 

molecules and down regulate anti-thrombogenic molecule, the composed bio 

mimetic matrix is found to maintain normal cell differentiation. This matrix being 

an ideal one to maintain normal cell function during in vitro cell culture, if these 

can be deposited on various materials EC should grow on them to form cell 

monolayer with normal function as well. Matrix selection is important not only for 

coating the biomaterial/scaffold but also for the tissue culture plates that are used 

for cell multiplication to get functionally normal cells for tissue engineering. 

The results presented clearly suggest that, the use of gelatin adsorbed 

surfaces for endothelial cell growth in tissue culture is found to cause significant 

cell transformation on serial passage; and a matrix composed of gelatin, fibrin, 

fibronectin and the growth factors support good actin organization and transduce 

signals for proliferation, maintenance of viability and cell function. 

The second phase was initiated with an objective to isolate and grow 

endothelial cells from saphenous vein to understand the cell phenotype in CVD 

patients. A model matrix which was proven for its support for HUVEC adhesion, 

spreading, proliferation and survival was used, with an objective to understand 

how the matrix would influence cell differentiation in continuous culture. Vein 

samples were collected randomly with out knowing diagnosis or 

radiological/laboratory findings, from patients undergoing bypass surgery. 

The results from this study show that when HSVEC is isolated from CVD 

patients, in most of the cases pro thrombotic molecules are over expressed. 

When the results were analyzed, it was found that HSVEC from one patient 

behaved differently, in terms of molecular expression of pro thrombotic and anti 

thrombotic molecules in one of the initial passages itself. When the data is 

correlated with the background information of the patients the major differences 

seen were that this subject had only one risk factor i.e. Diabetes Mellitis, and that 
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he suffered from angina on exertion (AOE) only and there was no previous 

history of MI. 

It is interesting to note that the EC from subject #5 behaved more or less 

similar to that of HUVEC, when it was sub cultured through several passages on 

CCPS and GCPS. The pro thrombotic factor vWF remained stable on CCPS 

whereas on GCPS it was over expressed as the passage number progressed. 

Measurement of PAl, t-PA and eNOS in HUVEC through several passages was 

similar to that of HSVEC in subject #5. It indicates that HSVEC of subject #5 was 

not dysfunctional in terms thrombogenicity. Whereas the HSVEC from all other 

subjects were more pro thrombotic signified by amplified vWF & PAl m-RNA 

expression and synthesis, and less anti thombotic pointed out by reduced t-PA 

and eNOS m-RNA expression and synthesis by cells in early culture passage. 

The effect of matrix on the proliferation and apoptosis of HSVECs were 

found to be similar to that on HUVECs. The proliferation rate deteriorated 

·passage by passage on GCPS and apoptotic tendency was found increasing. 

This is thought to be because of lack of well formed focal adhesion complex and 

the poor signaling which is already discussed earlier in Chapter Ill in detail. The 

most significant finding from this study was the reversal of dysfunctional EC from 

almost all subjects into a phenotype with normal expression of pro thrombotic and 

anti thrombotic properties comparable to HUVEC as discussed in Chapter Ill. 

In summary, it is likely that the change in ECM composition due to 

generation of phenotypic SMC after vascular injury might lead to divergence that 

turn EC into more apoptotic, pro thrombotic and less anti thrombotic phenotype. 

The in vitro model developed in this study sustains by providing the optimum 

matrix and growth factors such as CCPS, dysfunctional EC can change into 

normal EC. But if EC is allowed to grow continuously on matrix such as GCPS, 

they become more apoptotic and pro thrombotic. Thus switching of EC 

phenotype is likely to be dependent on the ECM composition. Therefore this may 

be a good model to understand the underlying mechanism of EC dysfunction in 

pathology. Further it can be useful to understand the effect of risk factors and 

drugs on modulation of EC function. 

The aim of the third phase was to demonstrate that if endothelial cells are 

grown on bare material, they lose their normal phenotype and become more 
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prothrombotic than it should be to prevent thrombotic tendency. Various 

researchers attempt endothelialization of biomaterials with an intention to reduce 

the risk of thrombotic complications. But, once the materials influence the cell 

phenotype and turn them to be pro thrombotic, endothelialization does not serve 

the purpose. Therefore more than covering the cardiovascular device surface 

with endothelial cells, it is important to make sure that such cells grown should 

prevent platelet adhesion and activation of blood coagulation. 

Studies with HUVECs suggested that it is important for EC to get signals 

from the extracellular matrix for cell proliferation, survival and to maintain normal 

anti thrombotic phenotype. This study shows that HUVEC grown on bare 

materials used in cardiovascular device fabrication over express m-RNA for vWF 

and PAl and down regulate t-PA and eNOS. In addition, increased adhesion of 

platelets to EC grown on bare materials and acceleration of plasma clotting are 

also detected. Earlier reports suggest that endothelial cells undergoing apoptosis 

become more pro-coagulant and proadhesive even for non activated platelets. It 

was observed that, the cells grown on uncoated materials after 72h of seeding 

were stained positive for Annexin V indicating apoptotic tendency and it was 

estimated that almost 75% of the cells on uncoated materials turned apoptotic 

during the study period. On the other hand, apoptosis was hardly seen on 

composite coated materials. Thus the results of this study show that seeding of 

endothelial cells to all surfaces may not turn out to be successful to reduce 

thrombogenicity of materials because cells undergo phenotypic alterations and 

turn pro adhesive for platelets and activate coagulation pathway. However, 

irrespective of the nature of the. material, bio mimetic fibrin composite can be 

coated on surfaces and HUVEC grown on such matrix is able to maintain normal 

phenotype with minimal platelet adhesion and without activation of coagulation. 

VI.4. CONCLUSIONS 

./ Use of gelatin adsorbed surfaces for endothelial cell growth in tissue 

culture is found to cause significant cell transformation on serial 

passaging . 

./ Matrix characteristics have influenced the expression of functional 

proteins considerably, which may be due to good/poor signaling 

through focal adhesion points. 
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./ Matrix composed of fibrin, fibronectin, gelatin and the growth factors 

support good actin organization and transduce signals for proliferation, 

maintenance of viability and cell function . 

./ It is not an adverse effect of gelatin that causes dedifferentiation of EC 

in culture, but gelatin alone is not enough to hold growth factors and 

elicit signals required for EC to spread, proliferate, survive and function . 

./ The dysfunctional EC isolated from cardiovascular patients were 

regenerated to express a normal anti-thrombotic phenotype when grown 

on the composite, which may due to the right signals received from the 

matrix . 

./ The matrix composition proves to be a good model to grow endothelial 

cells in culture and to study the mechanisms and processes of 

endothelial dysfunction and to understand the effects of various drugs . 

./ This study suggests that adherence of the endothelium to the matrix is a 

dynamic interaction allowing endothelium to change and adapt to 

various physiological and pathological states . 

./ Since the matrix favors the maintenance of normal phenotypic 

expression, the composite matrix can be used for the tissue engineering 

of cardiovascular conduits, to promote rapid endothelialization . 

./ Dysfunctional EC isolated from patients autologous vein can be grown 

on small diameter vascular graft for coronary artery bypass grafting 

./ The major advantage of monolayer grown on the composite coated 

device will be normal anti-thrombotic phenotype, resistance to shear 

stress, and minimal platelet adhesion 

VI.5. RECOMMENDATION FOR FURTHER INVESTIGATION 

Over the last two decades we have been observing growing interest in the 

actual role of haemostatic system disturbances in the development of such 

conditions as atherosclerosis, deep vein thrombosis, coronary artery disease and 

so on. The complexity of coronary artery disease genetics arises from the 

diversity of clinical phenotypes and from the many biological pathways that 
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contribute to atherosclerotic plaque biology, inflammation, endothelial function, 

oxidative stress and thrombosis. Cells may express different constellations of 

genes and therefore vary phenotypically, depending on their environment. 

Indeed, it is a widely held view that impaired endothelial function is also 

the initial step in atherogenesis, which is largely responsible for ischaemic heart 

disease and thrombotic strokes decades later. Impaired endothelial function is 

also associated with hypertension, diabetes mellitus and heart failure (regardless 

of etiology), although whether as a cause or a consequence is undetermined. 

Hence, understanding endothelial function is likely to be a key to modifying risk 

factors of cardiovascular disorders and their sequelae. Nevertheless, an ideal 

system to assess endothelial physiology (and, therefore, pathology) remains 

uncertain. Though detailed study of endothelial function first became feasible with 

the development in the 1970s of techniques to culture ECs in vitro, the limitations 

of this approach have become apparent with the realization that conventional 

methods of cell culture perturbs ECs from their quiescent in vivo state to an 

activated phenotype with loss of specialized functions associated with diverse 

vessels and organ systems. 

In this context, the findings of this study acquire great significance. The 

matrix composition standardized in this study proves to be a good model to grow 

endothelial cells in culture and to study the various mechanisms and processes 

involved in endothelial pathophysiology. 

Another important field of application is Tissue engineering. The emerging 

field of tissue engineering is focusing on the in-vitro generation of functional 

organ replacements using living endothelial cells and other vascular cells for 

which non degradable or biodegradable scaffold base materials are used. One of 

the major hurdles faced by tissue engineers in the field of vascular biology is the 

maintenance of the functional status of seeded EC. Since the composite matrix 

favors the maintenance of normal phenotypic expression, the matrix composition 

can be used for the tissue engineering of cardiovascular conduits, to promote 

rapid endothelialization. 

Some of the important cues for future investigations coming out from this 

study are highlighted below: 
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./ The standardized matrix can be used for in vitro studies to understand 

the etiology of endothelial cell dysfunction and related pathological 

conditions . 

./ Involvement of the ECM in the EC dysfunction and the associated 

pathologies needs to be further evaluated by histopathological analysis 

of vessels from cardiovascular patients . 

./ In this study only the pro- and anti- thrombotic molecules were 

evaluated. ECs play a major role in mediating the inflammatory 

responses in disease progression. So how the ECM influences the 

synthesis of various inflammatory markers by EC and the subsequent 

interaction between EC and leukocytes needs to be further investigated . 

./ Internal mammory artery (IMA) is one of the frequently used conduits for 

CABG. Since in this study only the saphenous vein EC was examined, 

endothelial cells isolation from IMA and phenotyping needs to be 

addressed in future . 

./ EC isolated from patients autologous vein or arteries can be grown on 

small diameter artificial vascular graft after coating with the composite 

matrix. The feasibility of this type of artificial blood vessel substitutes 

needs to be evaluated by animal experiments . 

./ Tissue engineering: A matrix on which EC can be grown without 

affecting physiological properties will provide thrombo-resistant 

artificial cardiovascular devices . 

./ Since the data from this study suggest that the approach of coating the 

designed composition of bio mimetic adhesive proteins and growth 

factors is suitable for cardiovascular tissue engineering using any 

material of choice as base material or scaffold, future work should focus 

on the coating of biodegradable polymeric scaffolds to achieve 

completely biological cardiovascular conduits. 
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Annexure -1 

List of Media and Buffers 

1. Water for tissue culture 

Tap water distilled three times, deionised by passing through Millipore 

water purifying system, autoclaved and used fresh. 

2. Collagenase enzyme solution for EC isolation 

Type II collagenase is dissolved in serum free M199 medium to get 0.2% 

solution (w/v). Sterile filtered through 0.221-1 filter, aliquoted and stored frozen. 

3. M199 medium 

The powdered medium is dissolved in one liter of sterile water and after 

adding 2.2g NaHC03 the pH is adjusted to -7.2. Sterile filtered through 0.221-1 

filter, and stored at (2-8)°C. 

4. MCDB131 Medium 

The liquid media is supplied with 1 OmM final concentration of L-Giutamine. 

Sterile filtered through 0.221-1 filter, and stored at (2-8)°C. 

5. HBSS (Ca2+ and Mg2+ free) 

KCL 5.4 mM 

4.4 mM 

NaCI 136.9mM 

2.7mM 

Distilled water upto 1000 ml 

pH 7.2 
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The prepared solution is autoclaved for 30 min at 121 °C. Glucose solution 

autoclaved separately was added to the buffer (1% final concentration) and 

stored at (2-8)°C. Used within one week. 

6.PBS 

NaCI 150mM 

1.5 mM 

10 mM 

Distilled water upto 1000 ml 

pH 7.4 

7. Acid Citrate Dextrose (ACD) 

Citric acid, monohydrate 4.2mM 

Trisodium Citrate, dihydrate 7.5mM 

Dextrose 13.9mM 

Distilled water upto 100 ml 

pH 7.4 

8. Tyrodes Buffer 

Glucose 5.5mM 

MgCI2 2.09 mM 

KCI 5.39 mM 

NaCI 140 mM 

Tris 14.49 mM 

Distilled water upto 1000 ml 

pH 7.4 
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9. Digestion buffer for PAGE 

SDS 

. Tris-HCI 

EDTA 

OTT 

NaCI 

0.1% 

0.05 MpH 7.9 

0.1 M 

5mM 

0.15 M 
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