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Abstract 
Coronary heart disease is currently responsible for a significant percentage of global mortality in 

developed and developing nations alike. This occurrence takes place despite the advancement in 

medical technology and improved treatment options. The primary procedure involved in treating 

coronary heart disease is by means of balloon angioplasty and subsequent stenting. Due to 

complications with restenosis and stent thrombosis that are associated with current commercial 

stents, there has been a growing interest in stent research and development in order to eradicate the 

causes of such clinical events. In order to improve efficacy of the stent development phase, strategic 

and systematic preclinical ex vivo testing methods are required.  

The present work assessed a range of different drugs for dual-functionality pertinent to the needs of 

drug eluting stents in order to combat restenosis and stent thrombosis. An array of biological testing 

was conducted on cells treated with the different drugs in vitro in order to identify the therapeutic 

potential, cytotoxic limitations, migratory and morphological behaviour, as well as the gene expression 

of the cells. Ferulic acid and exendin-4 were identified as suitable drugs that could be employed for 

the purpose of drug eluting stents due to their respective behaviour on inhibiting smooth muscle cell 

(SMC) and promoting endothelial cell (EC) proliferation. Curcumin and Magnolol, drugs that have not 

currently been employed in commercially available stents and at the tested concentration range did 

not exhibit appropriate dual-functional capabilities on the cells.  

In addition, the work optimised hybridised polymeric coatings consisting of poly(D,L-lactide-co-

glycolide) (PLGA) and type I collagen sourced from either rat tail or genetically modified tobacco plants 

yielding recombinant human collagen, for use as drug eluting mechanisms in stents. Cell viability and 

metabolic activity demonstrated that increasing the concentration of collagen within the hybrid 

coating allowed for better cell proliferation. It was also noted that neutralisation of the recombinant 

human collagen was necessary to improve cell proliferation. Recombinant human collagen – PLGA 

hybrid blends resulted in the best coatings in terms of EC proliferation.  

In order to facilitate the systematic assessment of drug and coating performance, three bioreactor 

simulation systems were developed, commissioned and evaluated for in vitro testing. These included 

i) a bespoke multi-station pulsatile flow bioreactor for near-physiological conditioning of small-calibre 

blood vessels for simulating and assessing vascular stenting in vitro; ii) a static system for assessing EC 

migration on and endothelialisation of planar stent meshes; iii) a flow chamber providing laminar flow 

to EC-seeded planar stent meshes for assessing EC migration on and endothelialisation of stent struts. 

The 3 systems were shown to be meaningful testing platforms for assessing the endothelialisation of 

stent struts prior to in vivo studies. 
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Introduction 
The progression of stent development has been a major field of research and development since the 

introduction of vascular stents. Moreover, the progressive nature of cardiovascular disease has also 

led to the increase in the number of patients that suffer from stent-related complications inherited in 

the current commercially available stents, including in-stent restenosis and thrombosis [1]. The current 

shift in the aging demographic has led to the increase in patients requiring stent intervention due to 

the increase in population suffering from coronary heart disease. It is estimated that by 2030, the 

cardiac mortality rate will rise to 22.2 million [2]. With more than 3 million stents implanted per year 

[3], even a seemingly insignificant thrombosis complication rate of 5% can be the cause of thousands 

of deaths (approximately 1-2% of total stented patients) per year amongst drug eluting stent implants 

[4]. There is a principle need to assess stent coatings and therapeutic options within a systematic in 

vitro/ex vivo platform prior to in vivo and clinical studies in order to minimise these risk rates.  

The work presented in this thesis comprises drug and polymer assessments in addition to the 

development of a platform to assess the capacity of the stent coating for re-endothelialisation. This 

multi-disciplinary research focusses on the proof-of-concept principles of developing a platform with 

the perspective to identify potential therapeutic options to improve stent performance through the 

alleviation of thrombosis and in-stent restenosis. 

Chapter I describes the relevant biological background regarding coronary heart disease and 

percutaneous coronary intervention. A literature review of current research pertaining to stent 

development, drugs and coatings as well as bioreactor technology is a focal point of the chapter. 

Chapter II describes the work conducted on cell-drug interactions using the different therapies that 

were screened from literature review in Chapter I. This chapter details the effect of these drugs on 

endothelial cells and smooth muscle cells with regards to metabolic activity, gene expression, 

migration rate and endothelial functionality.  Chapter III addresses the optimisation and the 

development of the hybrid polymer stent coating. Endothelial cell adhesion and proliferation were 

presented in addition to chemical characterisation of the hybrid coatings. Chapter IV highlights the 

development and commissioning stages of the three bioreactor systems as well as the incorporation 

of a chemostat.  Chapter V presents the optimisation and study of porcine carotid tissue utilised in the 

aforementioned testing platforms from Chapter IV. Various proof of concept studies were assessed 

and described. Chapter VI concludes the key observations of this research and the specific observation 

in regard to the primary aims of the work. Recommendation for future work was also provided in order 

to tighten the gap between research and an effective stent testing platform.  
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Aims and Objectives  
The aim of this research was to develop a systematic methodology and tools for assessing vascular 

stent coating strategies that can offer dual functionality, including both inhibition of smooth muscle 

cell proliferation and promotion of endothelialisation. The specific objectives of the work were to: 

1. assess different drugs for their potential incorporation in drug eluting stents that would: 

a. promote stent endothelialisation; 

b. inhibit smooth muscle cell migration and proliferation. 

2. identify and optimise a polymeric coating that would: 

a. allow for rapid cell adhesion with no cytotoxic effects; 

b. demonstrate the capacity for drug release.  

3. commission a bespoke multi-station bioreactor for use as an in vitro near-physiological stent 

testing platform by: 

a. optimising user interface and handling; 

b. ensuring a fully controllable and adaptable system for ex vivo tissue studies. 

4. design, develop and test a static and dynamic system for stent testing that would: 

a. maintain tissue viability; 

b. support stent endothelialisation. 
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Chapter I: Literature Review 
The development of the platform requires a thorough understanding of a variety of subjects, much of 

which is highlighted in the literature review chapter including but not limited to: cardiovascular system 

and pathology, current state of stent research and bioreactor development and design. The aims and 

objectives of the study are outlined at the end of this chapter. 

1.1 Cardiovascular System 
The cardiovascular system is a closed system comprised of the heart, the blood and a complex network 

of blood vessels. The system serves as a means of blood transport, protection and regulation of the 

body.  

1.1.1 Blood Vessels 

The transport system of blood vessels is differentiated into 3 classifications; arteries, veins and 

capillaries. The arteries transport blood away from the heart, the veins transport blood to the heart 

and capillaries are the intermediate vessels connecting the arteries and veins. The tissue structure of 

each vessel varies due to different functional purpose.  

The high output pressure of blood from the heart requires arteries to have thick walls. The arteries 

close to the heart have an abundance of elastic fibres (observable in Figure 1.1). The elasticity allows 

regulation of blood pressure within the vessels. The arteries located further from the heart exhibit 

thicker layers of smooth muscle cells within the tunica media, as well as a lower percentage of elastic 

fibres. These muscular arteries are capable of vasoconstriction, which consequently limits the elastic 

potential of the artery. The blood pressure at this point has been dampened and therefore arterial 

expansivity is not a primary factor. The arterioles are micrometre scale arteries that lead to capillaries 

and have a similar cross-sectional set up as the larger arteries but on a much smaller scale. Their scaled-

down structure allows blood flow resistance.  

 

Figure 1.1 - Various forms of arteries. Adopted and modified from Saladin (2011)[5] 
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Figure 1.2 - Various forms of veins. Adopted and modified from Saladin (2011) [5] 

 

Figure 1.3- Various forms of capillaries. Adopted and modified from Saladin (2011) [5] 

Veins have large lumens with relatively thin walls. Certain veins contain valves, which regulate the 

direction of blood flow, which is an issue due to the lowered blood pressure and gravitational force. 

Similar to the arterioles, venules are smaller scaled (8-100µm) versions of veins that join the capillary 

beds and are structured in a way that a group of venules come together to eventually form a vein. The 

variations of veins are presented in Figure 1.2. Capillaries are micro-scaled vessels (illustrated in Figure 

1.3) with a lumen diameter of 5-10µm and are used to supply blood directly to the tissue. Gases, 

metabolites and nutrients are diffused through the thin capillary walls. The cellular wall itself is only 

one cell thick.  

The vessel wall of the arteries and veins are composted of; the tunica intima, the tunica media and the 

tunica adventitia. The intimal layer has direct contact to blood and therefore, flow-related shear stress. 

It is composed of simple squamous epithelium (endothelium) atop a basement membrane and loose 

connective tissue. The endothelium is the permeable barrier that controls chemical exchange into and 

out of the blood stream. The endothelium also restricts platelet and blood cell adhesion unless a 
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wound healing cascade is activated. The tunica media is the thick layer which consists of collagen, 

smooth muscle cells and occasionally elastic tissue. The media supports and prevents the vessel from 

rupture due to blood pressure. It is also capable of vasomotion, the ability to widen or narrow the 

vessel.  Vessel classification governs the amount of muscle or elastic tissue within the vessel.  The 

outermost layer, the tunica adventitia is primarily comprised of collagen fibres, with some bands of 

elastic fibres and also contains some smooth muscle fibres in veins. It is the thickest layer in veins and 

even in certain large arteries. This purpose of this outer layer is to prevent vessel movement through 

connections to surrounding tissue [5][6].  

1.1.1.1 Haemodynamics 

Haemodynamics defines the physical properties of blood as a fluid. It is the relationship between 

pressures, flow, fluid velocity, fluid viscosity and resistance which ultimately results in the observable 

arterial pressure and cardiac output. The different distances, sizes and branching points of blood 

vessels would mean different pressure profiles between them. As shown in Figure 1.4, the arteries, 

due to its close proximity and direct path of the blood flow leaving the heart results in a high pressure 

range.  

Changes in physiological blood flow will cause the blood vessels to adapt in order to maintain suitable 

conditions.   The circumferential and axial stresses on the blood vessels are governed by the pressure 

within the structure. The contraction (systole) and relaxation (diastole) of the heart results in these 

cyclic pressure changes throughout the cardiovascular system. The physiological pressure profile of 

arteries is graphed in Figure 1.5. Aortic pressure at physiological conditions ranges between 80mmHg 

and 120mmHg. A key characteristic of blood flow in arteries is the strong pulsatile nature and the 

elasticity of the artery causes vascular recoil upon the differences in pressure [7].  

 

Figure 1.4 - Variation in pressure amongst the different blood vessels. Adopted from Elad (2004) [8] 
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Figure 1.5 - Aortic Pressure Profile and Coronary flow. Adopted from Crystal and Pagel (2018) [9] 

The vascular system follows Darcy’s law which is “Q = ∆P/R”, where Q is flow, ∆P is pressure differential 

and R is resistance. This is usually coupled with Q = VA, where V is fluid velocity and A is cross sectional 

area of the blood vessel. These equations demonstrate the relationship between these various 

parameters and that major changes to any of these parameters would effect the stresses exerted on 

the vascular tissue, resulting in cellular changes through mechanotransduction in order to compensate 

for the variation in hemodynamics.  

1.1.2 Endothelial Cells 

Endothelial cells (ECs) are the cellular component of the endothelial monolayer which lines all blood 

vessels in the body with a diameter of 8-12µm. With over ten trillion cells, they can be considered an 

organ, weighing in at approximately 1 kilogram. The EC formation process begins with the 

splanchnopleuric mesoderm, which are transformed into mesenchymal cells, which are subsequently 

differentiated into the hemangioblast. They are transformed into pre-endothelial cells which could 

either differentiate into the hematopoietic cell line or endothelial cells. Studies have shown that 

endothelial cells can also differentiate into mesenchymal cells or intimal smooth muscle cells. It has 

been shown that there is a possibility of great phenotypic variation, based on the individual, the vessel 

type and position of the vessel. A varied phenotype could mean exhibiting different responses to the 

same stimuli. This could cause complications when studying the cell line in a laboratory setting. The 

semi-permeable ECs barrier controls molecular transfer between the blood and the vessel wall. They 

also secrete various products that influence the underlying smooth muscle cells as well as the elements 

in circulating blood. These cells are also highly relevant in terms of maintaining non-thrombogenic 

interfaces through autocrine, paracrine and endocrine secretion, which regulate various factors. Figure 

1.6 lists the various expression products of endothelial cells [10]. 
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Figure 1.6 - Expression products of endothelial cells. Adopted from Sumpio et al. (2002) [10] 

1.1.3 Endothelial Progenitor Cells 

Endothelial progenitor cells (EPC), derived from bone marrow are known to be critical in the process 

of postnatal vasculogenesis and are sourced from bone marrow. They have the ability to migrate, 

proliferate and differentiate into mature ECs, which would subsequently be crucial for the 

development of vascular structures. During tissue damage, EPCs migrate to the site, not only to 

promote neovasculature formation, but also release cytokines and growth factors in order to 

encourage pre-existing ECs to contribute to vascular regeneration [11].  

Identifying EPCs is posed as a challenging task as they express CD34+ and vascular endothelial growth 

factor receptor-2 (VEGFR-2+) markers, which is also observable on mature ECs. The CD133 marker for 

stem cells is more specific to EPCs but the expression decreases as differentiation progression occurs. 

It has been shown that EPC functionality and circulating population decreases in patients who 

suffer(ed) from coronary artery disease and strokes [12,13]. This would limit the rate of 

endothelialisation and vascular regeneration in diseased patients if the primary objective was to 

attract circulating EPCs. 

1.1.4 Smooth Muscle Cells 

Smooth muscle cells (SMCs) are non-striated mononuclear cells that are found in the vascular wall, 

primarily, the tunica media. With an adjustable structure and functionality based on the physiological 

environment, they allow the vessel to withstand high pressures of blood flow as well as being crucial 

to the arterial repair procedure. SMCs exists as either contractile quiescent or proliferative synthetic 

states, along with some intermediate phenotypes [14]. The phenotypic switch is initiated by 

environmental and extracellular factors. SMCs are heavily subject to mechanical forces and have the 

capacity to adapt to these changing forces via mechanotransduction. Figure 1.7 highlights key initiators 

that influence the phenotypic changes from contractile to synthetic and vice versa.  
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Figure 1.7 - Phenotypic switching of smooth muscle cells. Adopted from Al-Shehabi et al. (2016) [15] 

1.2 Coronary Artery Disease 
Coronary Artery Disease (CAD) is the leading cause of mortality globally where the highest risk lies in 

patients over the age of 60 as shown in Figure 1.8 [16]. The condition is based on several risk factors 

including smoking, diabetes, diet, old age, gender and genetic issues. Since coronary arteries supply 

oxygenated blood to the cardiac muscles, any obstruction of the coronary arteries would limit the 

nutrition supplied to the associated region of muscle and could potentially lead to cell death and failure 

of the muscle.  

Atherosclerosis is classed as an inflammatory disease that primarily influences cardiovascular diseases 

such as myocardial infarction, strokes and heart failure. The first event in atherosclerosis is the 

attachment of leukocytes to the endothelium and subsequently intruding into the intima. It is 

categorized as inflammatory due to the abundance of immune competent cells at the lesion sites. The 

high population of macrophages develops into foam cells, containing modified low-density lipoprotein 

(LDL).  The release of certain growth factors from the inflammatory response causes the SMCs to 

dedifferentiate into the synthetic phenotype and migrate to the intima. A fibrous cap grows covers the 

atherosclerotic plaque. Dying and dead cells derived from the foam cells accumulate at the lesion site. 

A major concern with this phenomenon is the rupture of the fibrous cap, causing the interaction of 

various components initiating thrombosis, which could lead to infarctions [17]. Figure 1.9 illustrates 

the initiation and development of the plaque leading from a normal artery through to the stages of 

thrombosis [18].  The occlusion of the blood vessel caused by the plaque reduces blood flow and hence, 

nutrient and oxygen supply to the cardiac muscle which can lead to heart attacks and eventually death.  

There are several treatment options for atherosclerosis dependent on the severity of the disease. For 

onset symptoms of the disease, lifestyle changes are necessary which encompasses dietary changes, 

physical activity and weight management. Other aspects such as stress management and smoking are 

also important. Medication such as blood thinners may also be provided to slow down the plaque 

build-up but can come with complications. If the plaque develops to a life threatening stage, surgery 
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is the only option. Coronary artery bypass grafting (CABG) is a highly invasive procedure that bypasses 

the occluded artery using a blood vessel obtained from an artery obtained from the chest or a vein 

from the leg. Percutaneous coronary intervention or angioplasty is a non-surgical procedure where a 

catheter with a deflated balloon is maneuvered from the femoral artery to the lesion site in the heart. 

The balloon is then inflated in order to break away the plaque or push it against the sides of the artery 

wall in order to enlarge the arterial lumen. In order to avoid recoil of the artery wall, a stent can be 

expanded at the site to keep the vessel wall open. Although highly effective, stents are associated with 

certain complications, namely, restenosis and thrombosis.  

 
Figure 1.8 - Coronary artery disease prevalence by sex and age. Adopted from Mozaffarian et al 

(2016) [16] 

 

 
Figure 1.9 – Development of the atherosclerotic plaque. Adopted from Libby (2001) [18] 
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1.2.1 Mechanism of Restenosis 

Restenosis is a complication that arises due to neointimal hyperplasia caused by proliferation of 

vascular smooth muscle cells which would obstruct the blood flow within the vessel wall. Figure 1.10 

demonstrates the thick neointima following 6 weeks of stenting using a bare metal stent (BMS). The 

endothelial cell monolayer is crucial in preventing this formation through their anti-inflammatory 

properties. During coronary angioplasty, there is inevitable damage to the endothelium and causing 

platelet activation, cytokine and growth factor release which eventually causes fibrinogen deposition. 

This results in a decrease of thrombomodulin due to a variety of cascades and leads to the proliferation 

and migration of the underlying smooth muscle cells. The excessive ECM production causes the 

neointimal formation resulting in restenosis. Figure 1.11 illustrates a simple pathway of the mechanism 

involved in restenosis [19].  

 

Figure 1.10 - Neointimal formation on stainless steel bare metal stent. Adopted and modified from 
Tesfamariam (2008) [19]  

 

Figure 1.11 - Mechanism of restenosis. Adopted from Tesfamariam (2008) [19]  

 

15x 30x 100x 
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1.2.2 Mechanism of Thrombosis 

Although the development of stents has led to reduced incidence rate of restenosis, the complication 

of in-stent thrombosis arose. Stent thrombosis is the build-up of a thrombus (blood clot) in the blood 

vessel and causes an occlusion, thus minimizing oxygenated blood flow to the target organ.  Reports 

have indicated that cases with stent thrombosis have shown death in 20-48% and major myocardial 

infarctions in 60-70% of the patients [20].  

The causes of in-stent thrombosis depends on the patient (medical history and medication usage), the 

lesion itself (dimensions, bifurcation, pre-stent stenosis %) and the PCI procedure (stent 

characteristics, DES usage, residual thrombus, etc.) [21]. This complication is prominent in patients 

with DES due to the drugs used. The drugs (paclitaxel and rapamycin) inhibit smooth muscle cell 

proliferation, but simultaneously restrict the proliferation of endothelial cells. Certain drugs on the DES 

could demonstrate pro-thrombogenic effects.  Following stent placement, the regular pathway leads 

to re-endothelialisation of the damaged endothelium through proliferation and migration of intact 

neighbouring tissue. With the DES, this endothelialisation stage is suppressed due to the mechanism 

of the drug. The exposure of the underlying layer to the blood flow induces a mechanism that attracts 

platelets to the injury site and resulting in eventual aggregation and the formation of a thrombus.  

1.3 Stents: Current and Future State 
Coronary angioplasty presents the complication of restenosis (closure of vessel) and has been reported 

to have a 40% chance of occurrence [22]. There was a need to reduce this high rate of incidence and 

therefore the use of stents has been introduced in conjunction with the angioplasty procedure in order 

to physically hold the vessel open. Although restenosis still occurs, this rate has then dropped down to 

25% [23].  

The medical term “stent”, originally derived from Charles T. Stent, a dentist in the 19th century who 

developed a dental impression material had the definition slowly modified through the last century. 

The “stent” material was used to affix skin grafts during the First World War. The word transitioned 

into the meaning of “any kind of non-biological support used to give shape or form to biological tissue”. 

Although, the stent was established as a tool for percutaneous insertion, the word itself did not appear 

in literature until Dotter published an article reporting on expandable nitinol stent grafting in 1983 

[24].  

The patent regarding balloon-expandable stents was filed in 1985 by Julio Palmaz and had been 

downsized for use as a coronary stent. The first FDA approved coronary stents were the Cesare 

Gianturco and Gary Roubin developed stents under Cook Inc. It is stated that by 1999, more than 80% 

of all PCIs used the balloon expandable stent resulting in a high level of success [25].  
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After cardiac catheterization/angiography and the need for a percutaneous coronary intervention has 

been established, a catheter with a deflated balloon would be inserted through the femoral or radial 

artery. After reaching the region of the coronary blockage, the balloon would be expanded in order to 

increase the diameter of the blood vessel by pushing the plaque into the arterial wall, and hence 

allowing improved blood flow to the cardiac muscles. With more severe blockages, coupling of a stent 

with the angioplasty procedure would be used, where a crimped stent covers the balloon and the 

balloon as well as the stent is expanded at the site of blockage. The balloon is then deflated and 

withdrawn, and therefore leaving the expanded stent in place. 

1.3.1 Ideal Stent Design 

As coronary stents can be split into various categories, designing an ideal stent cannot account for the 

qualities for all subtypes as conflicting properties exist. There are, however, certain key features that 

stents should incorporate into the design. There are several reviews that indicate the different qualities 

of an optimal stent. Table 1.1 lists parameters that need to be considered when developing a stent. 

Ako et al. (2007) [26] based their review of stent design criteria on 3 underlying principles; 

deliverability, efficacy and safety. Aspects of their criteria may show contradictory properties but 

should have compatible aspects from each category and these certain aspects are shown in Figure 

1.12.   

Table 1.1 - General ideal stent property considerations (derived from Regar et al. (2001) [27]) 

General Stent Features 
Complete access to any vessel in the coronary system 
High Trackability 
High Flexibility 
Distributed Radial strength (prevent arterial collapse) 
Good Rigidity 
Minimal plaque protrusion through the struts 
Side branching capability 
Reduce inflammatory response 
Inhibit neo-intimal hyperplasia 
Thrombo-resistant 
Should not inhibit wound healing 
Biocompatible 
Biodegradability/bio-absorbable – avoid late stent thrombosis 
Therapeutic tool (Drug Delivery capabilities) 
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Figure 1.12 - Venn diagram illustrating the key aspects described by Ako et al. (2007) 

The primary challenge for an optimal stent is the ability to be delivered with ease without neglecting 

the physical properties and without compromising on the therapeutic aspects; inhibiting smooth 

muscle proliferation whilst maintaining thrombosis resistance and anti-inflammatory properties. 

Endothelialisation should also be unaffected [28]. 

 The properties of the material govern the designs of the stent. Most importantly, Young’s modulus, 

yield strength, ultimate tensile strength and strain. Yield strength is the required stress in order to 

initiate plastic deformation of a material. At any force below the yield strength, defines elastic 

deformation. The ultimate tensile strength is the property that defines the maximum stress the 

material can withstand before failure. The dynamic properties of a material include the Young’s 

Modulus and strain, which are used to define the stiffness of the material. Young’s Modulus is the 

stress-strain relationship and the higher the value indicates that there is a high stress to strain 

relationship, demonstrating that there will be a smaller elongation and therefore being classed as a 

“stiff” material. A general stent material would have a linear stress-strain relationship up until the point 

of yield strength, at which point, the material will start to plastically deform. The elongation of the 

material defines the percentage of deformation it can endure before complete failure.  

As the material is the base aspect, the next stage is the actual three-dimensional structure of the stent. 

The properties of the actual stent are based on hoop strength, radial resistive force and chronic 

outward force. Hoop strength is the required compressive force in order to collapse an expanded stent, 

which effectively is the force that surpasses the yield strength of the stent and they yield strength is 

said to provide the stent with the adequate structural integrity. The expandable balloon should provide 

a force greater than the hoop strength of the collapsed stent in order to undergo the required plastic 

deformation. Self-expanding stents use the radial resistive force and the chronic outward force 
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properties for their deployment and design. Hoop Strength is not applicable to self-expanding stents. 

The radial resistive force is the amount of resistance the stent exerts against an external radial 

compressive force (radial arterial force). The chronic outward force is the force created by the stent 

against the vessel wall as it is expanding to the desired size [29].   

1.3.2 Bare Metal Stents (BMS) 

Bare Metal Stents were the first stage in combatting the issues observed with coronary angioplasty. 

Initially, they were primarily composed of either stainless steel or cobalt chromium alloys and later, 

nitinol (a nickel-titanium alloy). Due to the required flexibility, biocompatibility, corrosion resistance, 

expandability and radiopacity of the material, the options available become very limited, and the cost 

effectiveness needs to be considered as well.  

The deployment mechanisms of these stents are either self-expandable or balloon-expandable, where 

the latter method requires the material to undergo plastic deformation and must have the ability to 

preserve the shape and position once expanded. The self-expandable stents requires a certain degree 

of elasticity in order to be compressed during the delivery stage and then expanded once it has reached 

the desired location [30].  

The stainless steel 316L alloy has been the most commonly used metal platform for stents due to the 

model properties it exhibits. 316L encompasses the ideal properties of strength, corrosion resistance 

and ductility due to the stable austenitic form [31].  Despite being used as a popular stent material, 

there are several disadvantages to using SS. The poor fluoroscopic visibility and MRI compatibility due 

to the strong ferromagnetic nature of SS makes it difficult to track within the body. This can be 

countered by adding markers to the stent (Gold, platinum, tantalum) at certain points of the stent  

[32]. Table 1.2 displays the various compositions of stainless steel alloys that could be used for stents.  

The relatively high nickel content is worth noting as there are significantly high populations (20% of 

women and 4% of men) that are allergic to nickel and could show signs of contact dermatitis. A high 

nickel percentage has shown teratogenic and carcinogenic capabilities.  It is considered to be safe as 

long as corrosion does not occur and high concentrations of the ion do not interact with the tissue.  

It had been shown that the inflammatory response caused by stainless steel, which leads to a fibro-

proliferative response around the implant can also be observed in restenotic tissue when the arteries 

have been stented [31]. Studies have shown that the combined nature of blood, proteins and salts 

coupled with mechanical stress can influence the release of the sensitizing metal ions, where both 

organic and inorganic species can bind to the ions [33]. Studies have been conducted on identifying a 

correlation between in-stent restenosis and metal ion release from BMS and although the studies were 

not wholesome enough to provide an absolute conclusion, the studies do indicate there is evidence of 
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metal ion release into the vascular wall [34,35]. Saito et al. (2009) [36] conducted a study that resulted 

in strong data suggesting that nickel ion release from the 316L SS alloy has a direct influence in chronic 

refractory in-stent restenosis and that this information should lead to development of improved 

biocompatible materials for long term safety.  

This led to the developmental concept of a nickel-free stainless steel stent using nitrogen as the 

alloying element and has been reported to show a better corrosion resistance. The properties, of a Ni-

free SS alloy (F2229) can be seen in Table 1.2 and shows higher yield strength and ultimate tensile 

strength as well as a marginally better elongation percentage [37].  An in vivo study by Fujiu et al. 

(2012) [38] was the first to use Ni-free stainless steel as a stent. Their results show a significant 

reduction in neointima formation compared to the 316L BMS and therefore a clear conclusion that Ni2+ 

ion release contributes to activation in SMCs by stimulating inflammatory processes.  This would 

overcome any possibility of hypersensitivity in nickel-allergic patients as well as reduce the rate/extent 

of restenosis caused by BMS.  Research by Inoue et al. (2014) [39] also realized the potential of nickel-

free high nitrogen stainless steel as a stent platform and demonstrates that endothelialisation was 

greater on the Ni-Free SS compared to SS316L. They also showed that the inflammatory response 

exhibited was almost 5 times greater in the SS316L than in the Ni-Free SS. This reaffirms the possibility 

of using a nickel-free stent material in order to combat the high rates of restenosis seen in conventional 

BMSs. 

Table 1.2 -  Properties of different Stainless Steel alloys (obtained from Poncin & Proft (2003) [37]) 

Metals Composition Density 
(g/cm3) 

Young's 
Modulus 
(GPa) 

Yield 
Strength 
(MPa) 

UTS 
(MPa) 

Elongation 
(%) 

SS 316L Fe65.5/Cr18/Ni14/Mo2.5 7.95 193 340 670 48 

SS F1586 Fe63/Cr21/Ni10/Mn3.5/M
o2.5 

7.9 195 430 740 35 

SS F1314 Fe61/Cr22/Ni13/Mn5 7.88 193 448 827 45 

SS (Ni-
Free) 
F2229 

Fe55/Mn23/Cr21/Mo1 7.63 190 607 931 49 

 

Research into stent material development progressed and since cobalt alloys have already been well 

established for previous implantable devices since the 1930’s, it had been considered as a stent 

material due to its properties and biocompatibility. The trends in materials used in bare metal stents 

have shown a transition to Co-Cr alloys from stainless steel.  Table 1.3 highlights the properties of the 

Cobalt-Chromium alloys used in stents along with their compositions. Comparing the properties of the 

commonly used SS316l alloy with that of Co-Cr alloys, it is apparent that the mechanical properties are 
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superior to that of SS. These properties help counter some of the limitations observed within SS stents. 

The ferrous nature of stainless steel corresponds to the poor MRI-compatibility and thus, the negligible 

Fe content of the cobalt chromium alloys provides a higher radiopacity. The improved density allows 

for designing stents with thinner struts with a good level of radiopacity. The strength of the Co-Cr alloys 

also delivers a significant advantage over SS alloys as thinner struts can be used while ensuring 

sufficient radial strength. Figure 1.13 clearly shows the improved mechanical properties through the 

stress-strain graph [40]. Thinner struts are a desired quality for stents as it has shown reduced SMC 

proliferation and therefore lower rates of in-stent restenosis [41]. The deployed stent would damage 

the endothelial lining, exposing the underlying SMC layer; hence why thinner struts are idealized as 

there would be a less damage, resulting in a lower ISR rate. Thinner struts also allow for improved 

flexibility when reaching the point of lesion. The MP35N alloy shows a much higher Ni content than 

the other alloys (including SS) and thus could cause the nickel based hypersensitivity and inflammation 

issue mentioned earlier.  

Table 1.3– Properties of different Cobalt-Chromium alloys (sourced from Poncin & Proft (2003) [30]. 

Alloy Composition Density 
(g/cm3) 

Young's 
Modulus 
(GPa) 

Yield 
Strength 
(MPa) 

UTS 
(MPa) 

Elongation 
(%) 

L605 Cr20/W15/Ni10/Co55 9.1 243 1000 950 50 
MP35N Cr20/Ni35/Mo10/Co35 8.43 221 414 930 45 
Phynox Co40/Cr20/Fe16/Ni15/

Mo-Mn7 
8.3 221 450 950 45 

 

 
Figure 1.13 – Stress-Strain graph of a Cobalt alloy and 316L Stainless Steel Alloy. Adopted from 

Medtronic (2003) [40] 
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The nickel-titanium alloy, termed Nitinol originated from the Naval Ordnance Laboratory in the late-

1950, discovered by William Buehler and Frederick Wang. The material was only revealed publically in 

1962.  The unique shape memory properties drove the commercial interest of the material in various 

technological fields [42].  The observed shape memory ability of nitinol makes it ideal for the concept 

of self-expandable stents, where they are compressed into the delivery catheter and released in the 

target location and allowed to expand against the wall of the artery. The superelastic nature (with a 

flexibility of 10-20 times greater than stainless steel) makes it a desirable material option for stents 

[43]. Medical grade nitinol consists of 55wt% nickel and 45wt% titanium.  

Organic material within the body exhibit a very different elastic behaviour as seen on a stress-strain 

curve, when compared to stent material such as stainless steel and cobalt alloys. Figure 1.14 illustrates 

the elastic behaviour in the form of a stress-strain curve of natural tissue in comparison to nitinol as 

well as steel with nitinol [44]. The elastic deformation for steel is limited to 1% strain as opposed to 

the 10% strain achievable by natural tissue. As the stress is released, the strain is recovered at lower 

stresses. This mechanism is defined as the elastic hysteresis. Nitinol portrays a similar behaviour and 

due to the fact that the material can recover elastically from more than 10% strain, it can be classed 

as superelastic. Another important characteristic of nitinol is the ability to recover any deflection 

thermally if the temperature is changed during the load cycle and this ability is termed as “Shape 

memory”.  For nitinol, superelasticity can occur up to 50°C above transition temperature. If the 

temperature exceeds this range, nitinol will start to lose the recoverability and will behave like a 

regular metal. The mechanism itself is called thermoelastic martensitic transformation.  

 
Figure 1.14 – Stress-strain curves of natural tissue, nitinol and steel. Adopted from Cohen-Inbar 

(2012) [44] 

Below the transition temperature, the material is in a martensitic phase, which can be deformed easily, 

after sufficient heating above the transition temperature, the material would recover its original shape 

and a phase transformation would occur from martensitic to austenitic [45]. The massive shift in 

properties due to the phase change can be seen in Table 1.4. 

These unique properties allow for the production of self-expandable stents and are manufactured 

slightly larger than the target vessel diameter. They are crimped and placed into the catheter at a 

temperature on or lower than room temperature. Once the stent reaches the transition temperature 
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of 30°C, it will attempt to expand, but in order to prevent early expansion, it is fixed within the sheath 

until the target location is reached. It is then released and expands into the vessel wall.  

As mentioned previously, the nickel content of a material may be a significant factor regarding 

inflammation but Nitinol is a self-passivating material as it forms a stable oxide layer which protects 

the bulk material from corrosion. The high nickel content in Nitinol has brought about concerns, but 

studies have reaffirmed that the nickel ion release is significantly lower than the daily dietary limit [46]. 

These studies were generalized and were not stent/vascular specific.   

Table 1.4 - Properties of Nitinol phases (obtained from (Mani, et al., 2007) [47]) 

Nitinol 
Phase 

Density 
(g/cm3) 

Young's Modulus 
(GPa) 

Yield Strength 
(MPa) 

UTS (MPa) 

Austenite 6.7 83 195-690 895/1900* 
Martensite  28-41 70-140  

*895MPa – Fully Annealed / 1900MPa – Work Hardened 

Table 1.5 lists properties of metals that have been used in permanent implants and when these 

refractory metal properties are compared to that of the cobalt chromium or the stainless steel alloys; 

we observe a mismatch of material properties. Perhaps if these metals were developed into functional 

alloys, they might have a part to play in the stent industry. As it stands, the commercially available BMS 

consist of stainless steel and cobalt chromium alloys. Although not as common, the platinum alloy 

based stent is gaining traction 

Table 1.5 – Properties of miscellaneous materials (obtained from (Mani et al., 2007) [47] 

Metals Density 
(g/cm3) 

Young's 
Modulus (GPa) 

Yield Strength 
(MPa) 

UTS 
(MPa) 

Elongation 
(%) 

Tantalum 16.6 186 170 205 25 
Titanium 4.5 107 200 300 30 
Niobium 8.57 103 105 195 25 
Tungsten 19.3 411 3000 3126 3 
Molybdenum 10.2 324 1386 1540 15 

Studies have indicated that the vascular response following BMS implantation, closely mimicked the 

wound-healing response, where the initial steps include platelet adhesion and thrombus formation, 

followed by fibrin plug formation and inflammatory cellular infiltration. T-lymphocyte penetration 

occurs after the 2 week mark and can occur for several months. Initial vascular healing occurring within 

the first 2-4 weeks is proceeded by SMC proliferation and matrix deposition. The study indicates 

complete re-endothelialisation and vascular repair three to four months following BMS implantation. 

6-12 months later, the neointimal formation is at a maximum level, where neointimal volume decrease 

occurs due to collagen replacement [48]. 
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Although Bare Metal Stents were a major contribution to the cardiovascular field, developments were 

needed in order to reduce the rate of restenosis even further. This led to the creation of Drug Eluting 

Stents (DES), which was used to counter neointimal hyperplasia and SMC proliferation using an 

embedded pharmaceutical approach.  

1.3.3 Drug Eluting Stents (DES) 

The development of DES was propelled by the need for countering the issue with in-stent restenosis 

and thus, due to positive results, has shown the increase in regulatory bodies approving drug eluting 

stents into clinical use. The DES are based on three aspects; the stent platform, the stent coating and 

the drug itself.   

The stent platform is usually a regular bare metal stent, and much like BMS design development, DES 

have switched from stainless steel to cobalt chromium alloys, due to the thinner strut design 

capabilities. There is constant development and progress in identifying a stronger, more anti-restenotic 

material for the DES platform. The stent platform must have all the sufficient mechanical properties 

mentioned with regards to the BMS design. Biodegradable materials are also considered for the stent 

platform. 

The stent coating is the intermediate layer that facilitates the drug adhesion and delivery from the 

stent platform into the surrounding environments. This mediating layer controls the mechanism of 

release and the majority of DES uses synthetic polymers. These polymers are mixed with the chosen 

drug to form a drug-polymer matrix and placed over the stent platform. The drug release has been 

stated to be primarily through a diffusion mechanism. Biocompatible polymers have been used and 

resulted in minimizing thrombus formation. Studies are also trying to incorporate bioabsorbable 

polymers for drug release.  

As the stent is inserted into the target site, a certain level of damage occurs followed by a healing 

response. Platelet agglomeration and thrombus formation occurs, followed by cell recruitment, where 

these cells produce certain factors which induce SMC activation. This activation causes proliferation 

and migration of SMCs into the intimal layer and thus causing ISR. The ideal pharmaceutical 

intervention applied to the stent must inhibit the SMC proliferation [49]. The drugs used for DES are 

identified in further detail later.  Synthetic drugs are not always the solution as some studies shows 

that bioactive agents/biomolecules can be used to inhibit SMC proliferation/encourage EC 

proliferation.  

1.3.3.1 First Generation DES 

The first series of DES to be approved was later termed as 1st generation drug-eluting stents. These 

consist of two different stents; the Cypher sirolimus-eluting stent (SES) (Cordis Corporation, Miami 
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Lakes, Florida) and the TAXUS paclitaxel-eluting stent (PES) (Boston Scientific Corporation, Natick, 

Massachusetts) released in 2003 and 2004 respectively.   

Cypher consists of an electropolished 316L stainless steel platform, coated with an inert polymer 

(parylene C) and coated with a mixture of polyethylene-co-vinyl acetate (PEVA) and pol n-butyl 

methacrylate (PBMA) along with the dose of the drug, sirolimus. A final coating of the polymer mixture 

without the drug is applied in order to prevent rapid immediate leaching of the drug once implanted 

[47]. TAXUS stents uses a poly(styrene-b-isobutylene-b-styrene) (SIBS) copolymer mixed directly with 

the drug, paclitaxel, without the use of any intermediate or covering layer and also uses the 316L SS 

alloy as the platform material [50]. Table 1.6 displays the key specifications of the two first generation 

DES [51]. The drug release observed for the TAXUS stent indicates that SIBS is a more stable polymer 

and therefore controlling the release of the paclitaxel as compared to Cypher. Studies have tried to 

judge the “better” or more efficient stent but a superior product cannot be outright identified. They 

are both highly efficient in certain settings [52,53]. However, one particular study shows there was a 

greater propensity in restenosis rate and late thrombosis in TAXUS PES when compared to the Cypher 

stent [54]. This idea is reaffirmed by several other studies and randomized controlled trials [55–57].  

Table 1.6 – Comparison of the first generation DES (obtained from Iqbal et al. (2013) [51] 

 Cypher TAXUS 
Manufacturer Cordis Boston Scientific Express 
Platform Bx-Velocity Express 
Design 

  
Material SS 316L SS 316L 
Strut Thickness (µm) 140 132 
Polymer PEVA,PMBA SIBS 
Drug Sirolimus Paclitaxel 
Drug concentration (µg/cm2) 140 100 
Drug Release (4 weeks) 80% <10% 

 

1.3.3.2 Second Generation DES 

The first generation of DES have used a stainless steel platform and as stent research developed, 

studies have shown that decreasing strut thickness would lower arterial damage and endothelialisation 

rates. In addition, first generation DES exhibited cases of local polymer and drug toxicities. The thick 

polymer coating also resulted in polymer delamination and non-uniform drug distribution [58]. The 

cobalt-chromium alloy used in BMS showed positive results with regards to maintaining stent strength 

whilst improving rate of EC coverage through the use of reduced strut thickness [59]. Clinical studies 

have also proven that a thin-strut structure lowers incidences of clinical restenosis than the thicker 

counterparts [60].  This information led to the development of the 2nd generation drug-eluting stents.  
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The Endeavor (Medtronic) zotarolimus eluting stent received the CE and FDA approval in 2006 and 

2008 respectively. It uses a drug, based on sirolimus mixed with a phosphoylcholine polymer on a 

cobalt chromium alloy platform and releases 95% of the drug within 15 days of placement [61]. 

Another 2nd generation DES commonly used was the Xience-V stent, composed of a different cobalt 

chromium based alloy, allowing it to have thinner struts and thus improving re-endothelialisation 

rates. Table 1.7 summarises key differences between the two key 2nd generation stents [51]. 

Table 1.7 – Comparison of the second generation drug-eluting stents (obtained from Iqbal et al. 
(2013) [51] 

 Endeavor Xience-V 
Manufacturer Medtronic Abbott Vascular 
Platform Driver Vision 
Design 

  
Material CoCr MP35N CoCr L605 
Strut Thickness (µm) 91 81 
Polymer Phosphorylcholine PBMA,PVDF-HFP 
Drug Zotarolimus Everolimus 
Drug concentration (µg/cm2) 100 100 
Drug Release (4 weeks) 100% 80% 

 

1.3.4 Current commercially used Drugs for DES 

The primary aspect in countering the restenotic effect seen with bare metal stents is the use of drugs. 

There are four categories of pharmacological agents that would aim at preventing or reducing the rate 

of in-stent restenosis; anti-neoplastics, immunosuppresives, migration inhibitors and enhanced 

healing factors.  

Anti-neoplastic agents are primarily used to treat cancer by aiming to inhibit any tumour growth. They 

promote stabilization of tubulin into microtubules, and this stabilization would interfere with the 

cellular growth and therefore inhibit proliferation. Migration inhibitors inhibit the matrix 

metalloproteinase enzymes which prevents matrix degradation. A key factor required for cell 

migration. Enhanced healing factors are a class of growth factors and miscellaneous compounds that 

are specific for endothelial cell healing. Stents utilising these compounds are still under development.  

Immunosuppressive drugs are targeted towards prevention of an immune response against 

transplanted organs. They halt the DNA synthesis process which in turn stops the cell cycle route. Drugs 

in the -limus family are part of the immunosuppressive group.   

Sirolimus (also known as rapamycin) was originally obtained from a micro-organism found in soil on 

Easter Island and was initially used as an anti-fungal antibiotic [62]. The lipophilic quality of the drug 
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ensures that release of sirolimus into the bloodstream is limited during stent placement and the 

mechanism of drug release favours the release directly into the tissue.  Apart from the antibiotic role 

it possesses, Sirolimus is also an anti-proliferative and an immunosuppressant [63]. In vivo and in vitro 

Studies have shown that Sirolimus inhibits the proliferation of smooth muscle cells and therefore 

making it a viable candidate for drug eluting stent in order to prevent tissue hyperplasia [64]. The 

pharmaceutical mechanism of Sirolimus is initiated by binding to a cytosolic receptor called FK binding 

protein 12 (FKBP-12) and creates a complex which binds to the mammalian target of rapamycin 

(mTOR) which is a key growth factor and signal transduction kinase. This binding would inhibit the 

mTOR activation and would cause a rise in p27Kip1 levels and a reduction in cyclin-dependent kinase 

(CDK) complexes. The CDK–cyclin complexes are crucial to ribosomal phosphorylation and protein 

synthesis, which therefore leads to the interruption of the cell-cycle at the G1-S phase and therefore 

inhibits cell proliferation [65]. The mechanism is illustrated in Figure 1.15. Additionally, FKBP-12 

upregulation seen in neointimal SMCs reaffirms the antirestenotic claims of sirolimus and also exhibits 

anti-inflammatory effects on the artery wall [66,67].  Tacrolimus, another immunosuppressant only 

binds to FKBP-12 and would halt the cell cycle through calcineurin inhibition [68].  

Although the end result is the same, the antineoplastic drug, Paclitaxel uses a different mechanism to 

that of Sirolimus. Paclitaxel was identified in the extracts of yew trees in 1971 and is classed as a 

powerful microtubule stabilizer [69].  The pharmaceutical agent inhibits mitogen-activated protein 

kinase, which is an enzyme used for microtubule depolymerisation. Paclitaxel also promotes 

microtubule assembly and the effect of both pathways creates superstable microtubules. The 

abnormal stability interferes with other microtubule-dependent structures that are needed for mitosis 

and therefore directly stops the cell-cycle at the M-phase [70]. Figure 1.15 visualizes the basic 

mechanism of the effect of paclitaxel on VSMC proliferation. Studies have shown that sirolimus-eluting 

stents are marginally superior to the paclitaxel-eluting stents due to the lower rates of restenosis 

observed [71].  



       

23 

 
Figure 1.15 - Sirolimus and paclitaxel mechanism. Adopted from Fattori and Piva (2003) [72] 

Zotarolimus – The phosphorylcholine coating has been shown to resist fibrinogen adsorption as well 

as reduced monocyte and platelet activation. The rapid drug release effect seen with the Endeavor 

Zotarolimus-eluting stent (ZES) has been reported to show signs of a reduction in local toxicity [73]. 

Studies have shown that patients with ZES exhibited higher revascularization, as compared to SES, 

which showed higher very late stent thrombosis risks [74].  

Everolimus is an immunosuppressive agent derived from Sirolimus and much like the original agent, 

also inhibits mTOR. The primary difference between the two is half-life, where sirolimus is 60 hours, 

compared to the 30 hours of everolimus [75]. An article in The Lancet has stated that the cobalt 

chromium based, thin strut, Everolimus eluting stent, and with a fluorpolymer is considered the 

optimum product in terms of clinical performance. They reported that the permanent polymer present 

on the stent may cause improper vascular healing which could lead to late ST and neoatherosclerosis 

[76]. A possible way to combat the risk of late ST would be to use a biodegradable stent. A randomized 

controlled trial between Biolimus and Everolimus eluting stents displayed that following a one year 

trial showed that both DES have a low rate of target lesion revascularization and stent thrombosis [77]. 

Table 1.8 displays the outcome of clinical studies between a series of drug eluting stents. Based on this 

data, the most effective drug commercially used is Everolimus.  
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Table 1.8 – Comparison table of the drugs used in DES  

Drug Sirolimus Paclitaxel Zotarolimus 
Everolimus  Everolimus [78] Everolimus [79] 
Zotarolimus Sirolimus [80] Zotarolimus  [81] 
Paclitaxel Sirolimus [71] 

1.3.5 Drug Delivery Mechanism 

Figure 1.16  illustrates the various possible strategies involved in drug release from stents [82]. 

Currently, the majority of stents use a polymer coating, but there are certain products that use non-

polymer based drug release. The time dependency of drug release kinetics is crucial, subject to the 

therapy proposed for the patient and therefore there is no ideal drug release strategy. The release rate 

and dosage volume are major consideration when designing a drug eluting stent.   

 
Figure 1.16 - Diagrams of various drug release mechanisms. Adopted from Sousa et al. (2003) [82] 

The Taxus stent uses a diffusive approach, where a non-biodegradable polymer (poly(styrene-b-

isobutylene-b-styrene) triblock copolymer) is used as the paclitaxel housing system and the drug is 

released by diffusion [83]. The Cypher stent consists of drug free “membrane” layer of poly (n-butyl 

methacrylate) (PBMA) which controls the release from the drug containing layer (blend of poly 

(ethylene-co-vinyl acetate) PEVA and PBMA). Sirolimus would diffuse from the medium to the 

membrane layer and undergoes an initial burst release which slows down over time [84]. The 

Endeavour stent uses phosphorlycholine (PC) which allows for rapid Zotarlimus release, with total 

elution by week 2 after implant [85]. The Xience V stent uses a 2 layer coating consisting of a polymer 

base layer and a drug reservoir polymer layer. PBMA was used for the base adhesive layer followed by 
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poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) mixed with everolimus. As with the 

other durable polymer coatings on stents, the drug would be released via molecular diffusion [86].   

The Infinnium stent is a multicoated stent, with several layers of different polymers in order to 

precisely control paclitaxel release. A top layer of polyvinylpyrrolidone (PVP) with no drug embedment 

is used as a protective layer against premature drug release. The second layer uses poly L-lactide-co-

caprolactone which undergoes quick degradation and exhibits a fast drug release of 33%. The 

subsequent layer releases 30% paclitaxel at a medium release rate using poly DL-Lactide-co-Glycolide 

(75/25) and the basal layer uses a 50/50 poly L-Lactide for the remaining 36% at a slow release rate 

[87].  

Table 1.9 - Factors affecting drug release from polymers (Derived from Raval et al. (2010) [88]) 

Basic properties of drug Effects 
Hydrophobicity/hydrophilicity Affects protein binding, local drug conc., aqueous 

solubility and tissue retention characteristics 
Diffusion characteristics Release kinetics 
Solubility within polymer Release kinetics 
Solubility within release media ↑ Solubility = ↑ drug release rate 
Properties of polymer used  
Thermal properties Degradation, drug release, hydrophobicity, drug 

solubility in biodegradable polymers 
Degree of crystallinity Affects drug solubility and water penetration within 

biodegradable polymers. Degradation and drug 
release. 

Biodegradability properties (if applicable) Degradation behaviour and time 
Processing parameters  
Coating process Coating properties and drug elution 
Solvent properties Residual solvent effects and merging of coating 

layers affects release kinetics 
Coating Design  
Drug:polymer ratio Drug carrying capacity of polymer and drug elution 

rate 
Thickness and composition of coating Drug diffusion through polymer 
Drug distribution within polymer and 
concentration 

Initial burst effect and dissolution mechanisms 

Microstructure of coating Exhibits process conditions drug delivery kinetics 
Hydrophobicity of polymer Lowering diffusion phenomenon = drug kinetic 

regulation 
Drug-Free thickness (top layer) Lowering diffusion phenomenon = drug kinetic 

regulation 
Mechanical properties of coating/film Coating integrity, could cause 

inflammation/thrombosis and obstruct drug uptake 
Stent design Affects drug dose differentiation within target region 

 

 



       

26 

There are a variety of factors that could influence the kinetics of drug release from polymer 

encapsulation (summarised in Table 1.9). The property of the drug, the polymer and the coating 

parameters are key influencers that define how the drug would be released and should be of key 

consideration when designing drug releasing coatings. Despite the solid development into drug eluting 

stents to combat the in-stent restenosis issue, complications have presented themselves associated 

with DES.  

There have been cases that reported the chance of the polymer or the drug causing localized vessel 

wall inflammation. The report shows inflammatory cells infiltration into the layers of the coronary 

artery as well as around the stent strut. The frequency of the occurrence is still only considered as rare.  

Acute stent thrombosis would occur within the first 24 hours after stent placement and is often caused 

by poor stent expansion and uncovered dissections. Subacute stent thrombosis would occur between 

2 and 30 days after stent deployment and is considered a rare occurrence. Although rare, the end 

results of stent thrombosis are usually fatal. Studies have indicated that the major cause is poor patient 

compliance with antiplatelet therapy or insufficient stent expansion. Late stent thrombosis would 

occur 30 days after implantation and is now considered a well-known complication associated DES and 

is said to be caused due to poor or delayed endothelialisation. Stent under-expansion is not common 

but can be linked to in-stent restenosis and is crucial for optimal stent expansion to avoid such 

complications [89].   

1.3.6 Surface Modification 

In the medical device industry, the need for surface modification is a crucial aspect. It is difficult to find 

a single material that would contribute to all the specific needs of the device and therefore in order to 

maintain certain mechanical properties of the device, surface modification would need to take place 

in order to provide biocompatibility and therapeutic aspects. The bulk properties would remain intact 

whilst the surface would allow for any required biological interactions such as cell adhesion, 

proliferation, anti-inflammatory responses, drug deliverability and others. Figure 1.17  visualizes the 

major categories of surface modification currently used for treatment of medical implants/devices.  

Roughening is semi-randomised category of surface modification in order to increase the material’s 

surface area, which in turn would restrict cell movement but would improve cell attachment. Surface 

roughening would cause surface changes without altering the direct chemical properties. The review 

by Govindarajan and Shandas has detailed that both metallic and polymer substrate roughening can 

cause an affect cell attachment [90].  
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Figure 1.17 – Representations of various forms of surface modifications. Adopted from 
Govindarajan et al. (2014) [90] 

A study by Khang et al. (2008) [91] compared flat, micron and sub-micron roughness titanium surfaces 

using different e-beam current densities and deposition thickness. Their studies demonstrate that the 

surface energy is altered without changing the chemistry of the surface and furthermore identified 

that the sub-micron roughness showed a substantial increase (400%) in the adhesion density of 

endothelial cells. The nanometre roughness also showed an increase (50%) when compared to the flat, 

smooth titanium surface. If properly integrated into stent technology, the adaptation of the material’s 

surface without altering the chemistry directly would greatly influence the device. The only obstacle 

would be to identify a means of capturing the cells onto the roughened surface under physiological 

flow conditions. Another study by Samaroo et al. (2008) [92] attempted a sub-micron and nanometre 

roughness on nitinol surfaces and also reaffirms that the EC density and monolayer formation had 

improved. Roughening techniques such as sputtering [93] and microblasting [94] with reactive ion 

etching have been used and have both shown improved cell attachment. However, TiN/TiO2 sputtering 

has shown lower endothelial nitric oxide synthase (eNOS) expression which has been stated to lead to 

EC dysfunction. The study also stated that metals seem to exhibit signs of lower eNOS expression 

levels. This information suggests the need for non-metal - cell interactions.  

A study that involved creating a nanometre rough surface on polymer substrates (polyurethane) using 

grafting of different length polymeric chains also demonstrated enhanced EC adhesion and growth 

[95]. Oxygen/argon plasma deposition onto polymer substrates has also been shown to increase 

surface roughness and hydrophobicity, both of which would improve cell attachment. Similar to 

surface roughening, patterning involves no direct chemical alteration of the surface, but it does provide 

an organized, structured pattern to the surface.  Certain patterning techniques are used to improve 

endothelial cell attachment which would promote anti-thrombotic effects and vessel wall healing. 

Since endothelial cells align themselves with the direction of blood flow, a directionally based 
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patterned surface could possibly enhance EC function. Research by Lu et al. (2008) [96] developed 

grooves (750nm to 100µm) on Ti surfaces using plasma dry etching micromachining techniques and 

have shown to promote EC function.  

Polymer surface patterning is a lot more popular due to the variety of techniques available. 

Lithography can be used to form dots, pillars, grooves, ridges etc. and have shown to directly influence 

the way the cells attach and spread across the surface. Photolithography has also been studied and 

has demonstrated formation of surface patterning using photo irradiation.  Polymer printing methods 

have also been a major focus in the material processing industry and have demonstrated highly 

detailed surface patterning. Techniques such as nanoimprinting, robotic deposition, ink-jet printing 

amongst others have been used [97].  

The chemical modification category aims at modifying the surface to a certain extent as not to affect 

the bulk mechanical properties of the structure and can be adapted to both metals and polymers. Not 

only does this type of modification target improvement of biocompatibility of certain materials, but it 

also aims to improve certain mechanical properties. Plasma immersion ion implantation and 

deposition has been used for both metals and polymers and have shown to have improved blood 

compatibility [60,98]. Passivation is another technique that has been used for surface modification and 

a study uses it to remove exogenous iron from a nitinol surface through chemical dissolution. This 

forms a nanometre level thickness of homogenous titanium dioxide later is formed over the nitinol. 

The same group also worked with electro-polishing which uses an ionic dissolution with an electric 

current which alters the chemical properties of the stent. The process removes metal ions from the 

surface (imperfections), leaving a titan surface, which is easily susceptible to oxidizing into TiO2 [99]. 

Nitinol has also been studied under hydrothermal treatment in order to reduce nickel release from the 

metal surface [100].    

Polymers have the propensity for more chemical modifications, depending on the groups available 

within the structure. Ammonia plasma treatment has been shown to improve EC adhesion and growth 

through acid-amine interactions at the surface [101]. Free radical surfaces of polymers have shown the 

ability to encourage protein attachment which could improve biocompatibility [90]. A highly relevant 

study suggests that grafting of polyethylene glycol (PEG) monoacrylates to polycarbonate urethane 

films exhibited hydrophilicity and therefore resisted platelet adhesion [102]. PEG has already been 

established as a key biocompatible material for implants and this platelet adhesion resistance could 

show a high potential in stent technology in order to combat thrombosis.  

Surface coatings would modify the material’s surface without directly influencing the chemical 

composition but rather are attached physically. Dimethyl sulfoxide (DMSO) has been shown to be 



       

29 

nontoxic and inhibited tissue factor expression and inhibited VSMC proliferation and migration as well 

as prevented thrombotic occlusion [103]. DMSO could be applied to the surface through wet 

coating/solvent coating. Dip coating is a very popular technique and can be used to form super-

hydrophobic surface to prevent clotting. Plasma vapour deposition or cathodic arc deposition can also 

be used to lay polymers onto various substrates.  

Porous surfaces are a viable candidate to house certain volumes of drugs within the stent without the 

need for an intermediate link between the two such as a polymer matrix or a linkage. Prolonged 

etching of a surface has been known to form pores on polymer surfaces, as well as using 

photolithography and sandblasting. Nanoscale pores have been seen on aluminium coatings and 

stainless steel in acidic conditions which can be used for drug delivery [90]. The main challenge here is 

careful control of the drug release rate from the pores.  

The use of pharmaceuticals or biomolecules on a medical implant relies on the type of “carrier” used. 

This is greatly influenced by functionalizing the surface of a normally inert material in order for 

interactions between the surface and the (bio-) pharmaceutical can occur. Covalent links are the most 

common form of interaction due to its stability. The versatility of polymers makes it an ideal candidate 

for a functionalized surface. Plasma treatment allows for the formation of reactive groups and is known 

to be more reproducible, with fewer side effects than wet chemical methods [104]. This highly 

configurable surface modification could be used for stents in order to improve endothelial cell 

attachment or prevent thrombosis.   

1.3.7 Organic Coatings/Additives 

Apart from the bulk material used for stents, the defining factor in the biological sense relies on the 

surface parameters. The stent surface is the point of direct contact to the vessel wall and hence would 

determine the stent’s efficacy and the healing properties associated with the device.  The surface 

parameters could include anything from mechanical modifications to biodegradable polymer coatings. 

The polymer coatings are designed to house pharmaceuticals or to provide an intermediate layer to 

allow for biomolecule anchorage as well as improve biocompatibility of the stent. Table 1.10 highlights 

major necessities for polymer coatings for use on the stent [89]. A research highlight based on a 

randomized controlled 2-year outcome trial observed that biodegradable polymer DES did not lower 

the incidence rate of very late stent thrombosis (VLST) when compared to durable polymer DES. Duarte 

suggests that VLST may not in fact be associated with the use of durable polymer stents [105]. On the 

other hand, a meta-analysis of randomized trials conducted by Zhu et al (2015) [106] suggested the 

opposite; as biodegradable polymer DES exhibited a lower risk of very late stent thrombosis as 

compared to the durable polymer based stent.  
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Table 1.10 - Optimum properties for polymer coatings for stents (derived from Moyer et al. (2007) 
[89] 

Low profile – Easy stent deliverability 
Conform to vessel shape 
Withstand stent expansion without disturbing the coating 
Damage resistant within artery/during stent delivery 
Optimum surface area – Drug delivery 
Avoids localized inflammatory responses/hypersensitivity/fibrosis 

1.3.8 Bio-stable Polymers 

Polyethylene Vinyl Acetate (PEVA) – poly n-butyl Methacrylate (PBMA) (structure in Figure 1.18) blend 

has been described as bio-stable and non-erodible. Since PBMA is the direct surface interfacing 

polymer used in the Cypher stent, haemolysis and thrombogenicity related analysis had been 

conducted and had passed several of these tests, enabling FDA approval. The PEVA+PBMA 

blend/Sirolimus ratio used is 2:1 

 
Figure 1.18 – Chemical Structure of PEVA and PBMA. Adopted from ASM International [107] 

Poly(styrene-b-isobutylene-b-styrene) (SIBS) (structure in Figure 1.19) is a hydrophobic thermoplastic 

triblock copolymer with a Mn of 80k-130k g/mol and has elastomeric properties. These elastomeric 

properties allow it to deploy without any mechanical disruption on the TAXUS DES [108].  A 

complication with SIBS is the high adhesive characteristics, requiring high forces needed for the 

withdrawal of the deflated balloon when deployed in curved areas [109].  

 
Figure 1.19 – Chemical structure of SIBS. Adopted from Fittipaldi et al. (2015)  [110] 

Phosphorylcholine is a biocompatible polymer that has been shown to be non-thrombogenic due to 

the identical structure of the predominant phospholipid head group seen in the red blood cell 

membrane [111]. Poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF – HFP) (structure in Figure 

1.20 is an advanced biocompatible copolymer.  The polymer has a hydrophobic surface which causes 

a response called fluoropassivation which reduces throbogenicity and fibrin adhesion and therefore 

improves the healing process  [112].  
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Figure 1.20 – Chemical Structure of PVDF-HFP.  Adopted from Hwang et al. (2010) [113] 

The BioLinx polymer is comprised of a blend of 3 polymers; polyvinyl pyrrolidnone (PVP), C10 and C19 

at a 64/27/10% composition respectively. The chemical structure of the individual components are 

illustrated in Figure 1.21. PVP is a hydrophilic polymer which is aimed at improving biocompatibility 

and to allow a burst drug release during the early stages. The C10 polymer is based on butyl 

methacrylate and provides hydrophobicity in order to contain the drug, zotarolimus. It ensures slow 

and sustained release. The C19 polymer is synthesized from hydrophobic hexyl methacrylate, 

hydrophilic vinyl pyrrolidinone and vinyl acetate and is used to improve biocompatibility (hydrophilic 

component) and drug release control (hydrophobic component) [112,114].  This information 

demonstrates the value of surface wettability with regards to biocompatibility and drug release 

profiles.  

 

Figure 1.21 – Chemical structures of the components of the Biolinx polymer. Adopted and Modified 
from Cheng et al. (2009) [115] 

1.3.9 Biodegradable Polymers 

Biodegradable polymers are of key importance in the field of tissue engineering and particularly within 

the drug delivery aspect. The versatility of synthetic polymers allow for highly controlled degradability. 

The key aspect that needs to be addressed is the level of biocompatibility as well as by-products of 
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degradation. Polyester-based polymers are extremely popular due to their susceptibility to 

modification of properties [116]. Copolymers and polymer blends allow for hybrid properties and 

ideally combining polymers with EC proliferative and SMC inhibitory capabilities will be essential for 

stent coatings.  

A study by Busch et al. (2014) [117] examined the interaction of ECs, SMCs and platelets on various 

biodegradable polymer surfaces, using established polymers (PEVA and PBMA) as a comparison study. 

The research looked at PLLA, P(3HB), P(4HB) and a PLLA/P(4HB) blend under both static and flow 

conditions, where EC proliferation was less than the control (polyolefin coverslip) for the PLLA, PEVA, 

PBMA and P(4HB) samples. The PLLA/P(4HB) blend showed a 100% increase in EC proliferation 

compared to the control and also shows strong adhesion and structural organization. On the P(3HB) 

the EC proliferation is shown to be quite high but cell clusters are formed as opposed to cellular 

monolayers. Their data also suggests that the (4HB) monomer could be responsible for the anti-

thrombogenic properties observed from low platelet adhesion counts. However, these properties only 

exist when the P(4HB) component is blended with PLLA and has yet to be understood. The established 

polymers, PEVA/PBMA showed poor EC proliferation rates but also showed lower signs of platelet 

adhesion and aggregation than the other polymers.   

1.3.9.1 Poly(lactic-co-glycolic acid) 

Poly(lactic-co-glycolic acid) (PLGA) is a co-polymer comprising of poly(lactic acid) (PLA) and 

poly(glycolic acid) (PGA). Its biocompatibility and degradation kinetics has been attributed to suitability 

for drug delivery and hence has been well established amongst the biomedical research community. It 

has been approved by the Food and Drug Administration (FDA) for use in drug formulation and medical 

devices.  

PLGA can be broken down by hydrolytic degradation to its respective polymers/monomers: glycolic 

acid and lactic acid as well as an acidic oligomer and a hydrogen ion. The chemical structure and 

breakdown can be visualised in Figure 1.22 [118]. The monomers can be cleared by natural pathways, 

where glycolic acid is converted to metabolites and lactic acid is removed through tricarboxylic acid 

cycle [119]. It is critical to understand the physio-chemical properties of PLGA in order to customise 

the polymer for controlled drug delivery systems. PGA is hydrophilic in nature with a highly crystalline 

structure and can undergo relatively fast degradation. PLA on the other hand exhibits a similar 

structure to PGA but due to the methyl group, is more hydrophobic and an increase in LA percentage 

within PLGA increases degradation time. The degradation rates are governed by the percentage of 

lactide and glycolide groups within the polymer (m:n %). The crystallinity of PGA is lost in PLGA but 

studies have reported that amorphous polymers are better suited for drug delivery applications due 

to the homogenous release of active species in the polymer [120].  
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Figure 1.22 – Chemical structure of PLGA and its respective by-products through hydrolytic 
degradation. Adopted from Talujah et al. (2007) [118] 

PLGA undergoes bulk degradation hydrolytically in a stepwise manner. Hydration causes water to 

penetrate the amorphous regions of the polymer by attacking van der Waals forces and hydrogen 

bonding. This process lowers the glass transition temperature. The second stage calls for the cleaving 

of the covalent bond which causes the drop in the polymeric molecular weight. Progressive 

degradation then causes the carboxylic end groups to autocatalyse the degradation process and the 

backbone bonds are cleaved, lowering structural integrity of the bulk. The final step is the 

solubilisation, where the smaller polymeric fragments are cleaved to soluble end products and through 

the means of the Krebs cycle are released in the form of CO2 and H2O [121]. The degradation rate is 

controlled by numerous factors: molecular weight, lactide and glycolide composition, stereo-

chemistry, functional end groups, bulk geometry, surrounding medium properties and chemical 

derivatisation [122].   

Due to the nature of PLGA being an optimal tool for drug delivery, there have been a vast assortment 

of studies identifying drug release, ideal drug concentrations and mathematical models identifying the 

kinematics of drug dispersion [123]. The drug loading percentage is a crucial parameter that would 

have both, biological effects on the patient as well as a physiochemical effect on the polymer coating 

and thus, needs to be carefully optimised based on the properties and safe dosage levels of the drug. 

Qi et al. uses a 1-3 wt% doxorubicin as the drug loading scheme within electrospun PLGA fibres [124].  

The crucial aspect involved with biodegradable polymers is the rate of degradation as that directly 

contributes to the rate of drug release. There are also various ways a polymer could degrade, 
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depending on the chemical structure as well as its bulk structure. Synthetic polymers would usually 

degrade hydrolytically, whereas natural polymers, such as polysaccharides and proteins are degraded 

via enzymatic reactions [125].  

Passive hydrolysis is the most common method of degradation for synthetic polymers and can be 

influenced by various factors. The type of chemical bond that governs the polymer backbone is the 

most crucial factor, but can also be influenced by neighbouring functional groups as steric and 

electronic hindrances can affect the water infiltration. The hydrophilicity of end groups or the 

backbone are also crucial factors as an increased hydrophilicity would allow for further water 

penetration into the polymer. The pH of the environment around the polymer is also an important 

parameter due to the catalysis. Depending on the polymer, optimal degradation can occur anywhere 

on the pH scale. Adding a new monomer to the polymer chain would also affect the chemical 

properties of the polymer as glass transition temperature and crystallinity could be altered. A high 

crystallinity would decrease the rate of hydrolysis.  The way the polymer hydrolytically degrades could 

be classed as bulk erosion or surface erosion, where bulk erosion keeps the size of the polymer but 

loses strength and structural integrity over time. Surface erosion causes polymers to keep their original 

shape but reduces in size. Surface erosion is more predictable (due to linear loss of mass at surface) 

and therefore is desirable for drug release as it is dependent on the rate of degradation.  

1.3.10 Polymer Deposition Techniques 

The deposition of polymers, both durable and biodegradable can be performed using numerous 

methods. Simple techniques such as spray coating, dip coating, spin coating and solvent casting can be 

employed. These coatings generally require the polymer to be dissolved in a compatible organic 

solvent.  

Dip coating is a strategy that involves dipping the substrate into a polymeric solution and allowed to 

dry after. This method provides an effective and homogenous coating of smooth thin films onto the 

substrate. The thickness of the film can be governed by adjusting dip cycles, concentration of polymer 

within the solution as well as hold time. This method provides a cheap and effective solution for 

polymer deposition [126]. However, depending on the shape and structure of the substrate, this 

method may use an excessive volume of the polymer-solvent solution and may be ineffective for 

complex smaller shapes.  

Spin coating is better suited to planar surfaces where the substrate is mounted onto a spinning 

platform and the polymer-solvent solution is applied to the surface. The spinning of the platform 

causes the polymer to spread and coat the substrate evenly. The thickness of the coating can be 
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adjusted by varying the speed of the platform or the viscosity of the solution. Studies have suggested 

that the coated polymer may exhibit anisotropic orientation due to the spin [127].  

Spray coating is the most commonly used deposition technique with regard to stent coating, based on 

a simple system consisting of spray nozzle and a pump. The spray nozzle shoots microdroplets of the 

polymer solution onto the substrate on a rotating mandrel (if a stent is to be coated). For homogenous 

coating, the nozzle moves along the surface during the spraying process and is often coated multiple 

times until the required thickness has been achieved. A key issue is that the spray cloud exiting the 

nozzle has a higher droplet concentration directly longitudinal to the nozzle, whereas the outer regions 

of the spray cloud host less polymer droplets.  Commercially available stents use spray coating 

technologies for their coating procedure [128]. This coating method also demonstrates higher 

evaporation rates due to the rapid dispersion of the liquid to a spray cloud containing micro-droplets. 

This could pose problematic if the concentration of the polymer in the solvent is too high, causing rapid 

deposition before the spray has reached the substrate surface.  

Solvent casting is a simple procedure relying solely on the substrate shape to ensure near-homogenous 

solution coverage of the substrate and the evaporation of the polymer over time. The coating thickness 

can be calculated using the surface area of the coating space and the volume of polymer used in the 

solution [129]. This low cost, quick process allows for homogenous coating of the substrate and has 

been actively utilised as a coating technique.  

1.3.11 Biomolecules  

The cell surface antigen, CD34 has been shown to exist on the surface of endothelial cells, endothelial 

progenitor cells and hematopoietic progenitor cells. Bone marrow-derived endothelial progenitor cells 

have been shown to have the capacity to differentiate into mature endothelial cells [130]. Additionally, 

studies have indicated that circulating EPCs have the ability to relocate to the site of vascular injury, 

resulting in the promotion of endothelialisation [131]. This has led to the possibility of capturing EPCs 

directly from the bloodstream using anti-CD34 antibodies and allowing them to differentiate into a 

functional endothelial cell monolayer. The anti-CD34 antibody is classed as an igG2a antibody targeted 

towards class III epitopes of the CD34 membrane protein (observed on progenitor cells). Currently, 

only one company commercially (Genous Combo/Bio-engineered stents, Orbus Medical Technologies) 

employs this strategy. The antibodies are covalently attached to the metal surface via a polysaccharide 

base matrix. It is reported that the antibody concentration attached to the stent surface is 1µg/cm2 

[132]. Depending on the primary material, there are various approaches in immobilizing the Anti-CD34 

antibody including; peptide linkages to biopolymer, physisorption, covalent bonding using 

glutaraldehyde and research is still being conducted on identifying site-selective immobilization 
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methods [133]. Figure 1.23 provides a simple example of a technique used to immobilize the antibody 

to a POSS-PCU polymer using EDC-NHS as the chemical linker between the two amino groups [134].  

 

Figure 1.23 – Concept of antibody immobilization onto a polymeric surface.  Adopted from Tan et 
al. (2013) [134] 

Although the anti-CD34 antibody is highly sought after in terms of a tool to enhance endothelialisation, 

there are known limitations with their usage. A study by Vasa et al. demonstrated that EPC 

functionality is impaired within patients with coronary artery disease. Furthermore, they also observed 

lower population of circulating EPCs [135]. It has also been reported that one in 250 CD34+ cells are 

endothelial progenitor cells [136]. In addition, CD34+ cells have shown the potential to differentiate 

into vascular smooth muscle cells [137], which would highly contradict the use of the CD34+ antibody 

as a stent strategy.  

CD133 is considered as an alternative marker to use as studies have stated that it is more specific than 

CD34 markers. A study conducted by Li et al. evaluated the endothelialisation of immobilized anti-

CD133 antibody. Figure 1.24 highlights the preparation technique used in their study, where the 

stainless steel stent was covered with a copolymer film, activated by (N-ethyl-N‘-(3-

dimethylaminopropyl) carbodiimide (EDC) and N-hydroxysuccinimide (NHS). This allowed for the 

peptide bonding with the antibody. Their in-vivo studies showed complete endothelialisation in both 

their CD-133 stents as well as BMS, but more distinct cell arrays were observed in the CD133 stents. 

Their study was not clear, but showed that the EPC capture technology was possible with the use of 

anti-CD133 antibodies. There was no comparison with CD34, which was their initial reasoning for 

attempting an alternative EPC capture approach [138]. A previous study by Sedaghat et al. showed 

similar results as well as the occurrence of unspecific binding of mononuclear cells [139].  
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Figure 1.24 – Immobilization of Anti-CD133 antibody procedure. Adopted from Li et al. (2014) [138] 

The Arginine-Glycine-Aspartate (RGD) tri-amino peptide sequence is known to enhance cell adhesion 

to synthetic surfaces. This sequence can be found in extracellular matrix proteins and bind to integrin 

receptors [140]. It has been reported than EC function is maintained by integrins. ECs have a certain 

integrin receptor that binds ECM proteins and is mediated by the RGD integrin-binding motif [141].  

There have been several studies aimed at linking the peptide to various polymers; PEG hydrogels, self-

assembled monolayers, RGD-methacrylate terpolymer [142] using approaches such as surface etching 

and polymer embedding [143]. Most of this research has been adapted towards vascular grafting in 

order to enhance endothelial cell adhesion. A study by Joner et al. successfully allowed adhesion of 

the cyclic RGD peptides to a nitinol stent without the need for a polymer intermediate phase. They 

used tetraphosphonate as an anchor to the titanium dioxide stent surface in order to irreversibly link 

the peptide. The study did show the capacity of improved re-endothelialisation using this concept in 

an in vivo setting.  

The Arg-Glu-Asp-Val (REDV) peptide is found within alternatively spliced CS5 fibronectin domain and 

can be specifically recognized by integrin α4β1. The integrin α4β1 has been said to be selectively 

expressed on proliferating ECs. The REDV peptide has been reported to selectively promote 

endothelial cell adhesion and spreading over SMCs and platelets [144]. The recent indications of REDV 

peptide for enhanced endothelialisation have shown a great rise in research aiming to incorporate the 

peptide onto various substrates: successful covalent binding to glycophase glass and 

Polyethyleneterephthalate (PET) – mediated with polyethylene glycol (PEG) [145], poly(poly(ethylene 

glcol) monomethacrylate) (P(PEGMA))-modified titanium surfaces [146], Covalent attachment of the 

peptide to a zwitterionic poly (CBMA-r- BMA) surface has shown limited SMC proliferative and 

adhesion capacity and could be used on various substrates [147], self-assembled REDV-heparin onto a 

Ti surface with an intermediate polylysine layer [148].  

A study shows a comparison of RGD, YIGSR and REDV peptides coated onto a polyvinylamine (PVAm)-

coated PET using PEG as a spacer. Their results contrasted from previous work, where the REDV grafted 



       

38 

PEG-PET film demonstrated a lack of EC adhesion. The RGD peptide showed improved HUVEC adhesion 

as well as platelet adhesion as expected. The REDV peptide exhibited the expected lack of platelet 

adhesion, however, their study shows a lack of any adhesive effect on the HUVECs.  The study suggests 

that this could be due to the density range used but the reason for the poor adhesion requires further 

insight into the exact signalling pathway. This study alone is not a suitable reason to disregard REDV 

peptides as a potential therapeutic strategy as several other research groups have shown the high 

value and efficiency of the peptide. In this instance, the YIGSR peptide is revealed to be the most 

promising sequence with regards to EC adhesion and minimising platelet adhesion [149].   

The laminin β1-derived tyrosine-isoleucine-glycine-serine-arginine (YIGSR) peptide, unlike the RGD 

peptide, does not interact with integrin cell receptors, but with the laminin binding protein instead 

[150]. A study by Taite et al. (2008) [151] synthesized a polyurethane-PEG copolymer with 

incorporation of the YIGSR peptide with the capacity to generate Nitric Oxide. They observed a 

decrease in platelet adhesion and SMC growth, whilst simultaneously stimulating EC proliferation. The 

study also showed that the material itself did not encourage SMC adhesion. Another study using 

polyurethaneurea with PEG-YIGSR identified the enhanced endothelialisation effect of the peptide, 

through higher cell densities as well as hydroxyproline production, which indicates ECM production 

[152]. The studies have shown the versatility of the peptide coupled with various polymeric mediators 

with positive results. This could be extremely beneficial in terms of rapid endothelialisation. However, 

YIGSR has been claimed to be non-specific and is not exclusively selective towards ECs.   

A strategy proposed by de Torre et al. (2015) [153] studies elastin-like recombinamers (ELR) covered 

stents which encompasses the ability of ELRs to include various bioactive sequences (REDV and RGD) 

for cell adhesion and proliferation. ELRS have been studied heavily for different applications due to 

their biocompatibility and versatility. In this study the ELRs were attached to the stent using click 

chemistry. The RGD-ELR stent exhibited quicker endothelialisation after 15 days of dynamic culture 

compared to the REDV-ELR stent. The study also demonstrated the high hemocompatibility of the ELR-

modified stent, suggesting that this strategy could be a viable option as an intermediate phase for 

biomolecular anchorage. However, in vivo studies have not yet been performed and may exhibit 

different results due to various physiological parameters.  

Omentin or intelectin-1 is an abundant adipokine expressed in human visceral fat tissue and has been 

observed to show lower concentrations in patients suffering from obesity-linked disorder. Studies have 

also observed the reduction of omentin concentration in patients with coronary artery disease and 

carotid atherosclerosis. Omentin has been reported to be anti-inflammatory in vascular ECs and SMCs, 

but the exact mechanism is still uncertain. Kazama et al. (2014) [154] reported inhibited platelet 

derived growth factor-BB-induced NADPH oxidase activation which in turn inhibited TNF-α induced 
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SMC inflammatory response. They concluded that omentin prevents SMC migration through the 

activation of p38/HSP27 proteins, which could lead to prevention of neointimal hyperplasia. This is 

reaffirmed by another study indicating the prevention of VSMC proliferation and neointimal growth 

following arterial injury through an AMPK-dependent pathway. The study has also reported 

improvement of endothelial function [155]. These early-stage studies shows that omentin could be a 

viable option for stent-based therapies in order to reduce restenosis, but it is still clear that further 

studies are required in order to evaluate the possibility of using omentin in vivo. 

Although EPCs have been suggested to have various issues regarding cell population, late EPCs have a 

longer lifespan with improved proliferative and differentiation potency. A study uses stents coated 

with anti-vascular endothelial-cadherin (VE-cadherin) as it is expressed solely on late EPCs and exhibits 

crucial intracellular signalling. The stents were coated using silanized and PEGylated prior to antibody 

adsorption. The study compared the commercially available OrbusNeich anti-CD34 coated stent with 

the newly coated anti-VE-cadherin stent and observed improved re-endothelialisation and less 

restenosis in their in vivo results [156]. This does not divert away from the known limitations observed 

with endothelial progenitor cells with regards to inversely proportional functionality with age and 

disease severity of the patient.  

1.3.11.1 Collagen  

Collagen has been gaining serious traction within the last few years in the medical field due to 

improvements in materials science. Collagen is a highly abundant family of fibrous proteins within the 

body as it is a major component of the extracellular matrix and makes up around 25% of the dry weight 

of mammals. The standard collagen format can be arranged into a triple helix structure from three 

polypeptide chains and exists in a multitude of conformations, each with different α chain geometries 

and combinations. Although there are 29 different types of collagen, only a few are currently used for 

tissue engineering purposes. Type I collagen is the current gold standard as it represents about 90% of 

the total collagen in the body [157].  

Type I collagen is also regarded highly amongst the alternative natural polymers as only a small 

population have humoral immunity against it and a possible allergic reaction can be verified prior by 

conducting a simple test [158]. The availability of collagen will always remain high as it can be extracted 

from almost any living animal. With regards to tissue engineering, the most common sources are: rat 

tail, bovine skin and tendons and porcine skin.  

The degradation of collagen is dependent on the method of crosslinking used or if specific agents 

applied. Matrix metalloproteinase (MMP) is a class of enzymes that causes the degradation of the 

collagen [159]. Vascular endothelial cells release these MMPs in order to regulate and remodel the 
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ECM [160]. Collagen has also been regarded as a valuable tool for drug delivery applications due to its 

degradability and biocompatibility. The drugs can be physically encapsulated or attached through 

hydrogen or covalent bonding [161]. Chen et al. demonstrated sustained release of sirolimus from a 

multi-layer type I collagen coated stent. The study used genipin as a crosslinking agent to further 

increase degradation time [162].  

Collagen-cell interactions have been shown to be a key element in vivo as well as in vitro and have 

been thoroughly examined to show that collagen can enhance the proliferation and adhesion of 

different cell types due to its bioactive status. It also promotes further proliferation, migration and 

differentiation of cells [163]. A study by Relou et al. demonstrated that collagen, fibronectin and gelatin 

coatings on tissue culture plastic have all shown optimal endothelial cell growth [164].  

The primary advantages of using collagen as a biomaterial are: i) no issue with toxicity or foreign body 

response, ii) biologically active at the molecular level and iii) naturally degraded and can be varied 

upon cross-linking modulation. These properties make the material a desirable choice for several tissue 

engineering and wound healing applications. However, natural polymers such as collagen do have their 

limitations: i) possible immunological reaction, ii) high variability and iii) complex structure and thus 

has limited methods of manipulation [165].  

To overcome some of these limitations, the use of recombinant human collagen (rHCol) was becoming 

more popular. The batch variability and the possibility of non-human proteins possessing 

immunological agents of animal derived collagen have led to the production of recombinant human 

collagen obtained from non-animal sources such as yeast, milk and tobacco through gene transfection 

[166]. Table 1.11 highlights the primary differences of various crucial collagen-based parameters 

between animal-derived and recombinant collagen. 

Table 1.11 - Comparison of animal-derived collagen and recombinant collagen (derived from Yang 
et al. (2004) [166] 

Parameter Animal-derived collagen Recombinant 
Safety Prion and virus contamination risk No prion/virus risk 
Source Animal carcasses and tissue Genetically equivalent 

expression systems 
Variation Batch-batch variation with possible mixture 

of other collagen types 
Reproducible and of high purity – 
predictable performance 

Structure Multimeric derivation. Degree of crosslinking 
dependent on animal age and tissue 

Monomeric tissue derivation 

Processing Harsh treatment  for collagen extraction Mild conditions for bioprocessing 
Customisation Limited Engineer-able to specific 

characteristics  
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The aforementioned benefits of rHCol make it highly attractive as a biomaterial for tissue engineering 

purposes. Studies have shown the capacity of recombinant collagen to perform in a similar manner to 

native collagen in terms of gelation and structural formation of membranes, gels and sponges. Studies 

have demonstrated cell adhesion, growth and differentiation of various cell types on rHCol-based 

scaffolds [166]. A type I rhCol wound dressing sheet was seeded with endothelial cells amongst other 

cell types and the study observed superior biological performance with regards to cell proliferation 

[167]. 

Although there is a lack of studies describing the potential of rHCol as a stent coating, the described 

benefits and results demonstrate a strong hypothesis for rHCol to replace native collagen as a 

biomaterial for stent coatings.  

1.3.12 Screening of Potential Bi-functional drugs for DES applications 

The pursuit of drug discovery usually begins with 5,000 to 10,000 compounds and is a multi-million 

euro process,  which can take over a decade for a drug to be introduced to market [168]. The lack of a 

HTS setup and a compound library led to the use of a literature-based discovery (LBD) to identify 

targeted therapeutic approaches for potential use within a drug eluting stent. The LBD paradigm was 

first introduced by Don. R. Swanson in 1986 [169]. The concept of LBD is based on the extraction of 

data from previously published literature to identify new characteristic connections of the knowledge 

for a new biomedical hypothesis. A schematic of the paradigm is illustrated in Figure 1.25 highlighting 

the principle. This diagram describes the process of developing a hypothesis between two unrelated 

published articles through the means of intermediate connections.  

 
Figure 1.25 - Simple scheme of the Swanson LBD Paradigm. Adopted from Hristovski et al. (2013) 

[170] 

With regards to drug eluting stents, literature was scanned using Swanson’s LBD method for 

therapeutic options that provide a positive or maintained effect on the endothelial cells whilst 

potentially limiting the extent of smooth muscle cell proliferation.  
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1.3.12.1 Magnolol 

The bark of the Mangolia has been utilised for its antibiotic, antioxidative and anti-diabetic properties 

as a traditional Chinese medicine. It has been reported to be an important treatment for cardiovascular 

disorders.  Mangolol, a polyphenol, is the active compound isolated from the bark and the chemical 

structure can be visualised in Figure 1.26. 

 
Figure 1.26 - Structure of Magnolol. Adopted from Wu et al. (2006) [171] 

Several studies have looked at the effect of magnolol on vascular smooth muscle cells. Chen et al. 

observed that magnolol induces an apoptotic effect on the SMCs and hence can limit the proliferative 

capacity in a dose-dependent manner through the downregulation of a mitochondrion- associated 

protein, Bcl-2 [172]. Inhibition of vascular cell adhesion molecule (VCAM-1) and monocyte 

chemoattractant protein (MCP-1) expression was also demonstrated, which has been claimed to be 

valuable for the treatment of atherosclerosis and restenosis. SMCs have the ability to release these 

inflammatory molecules, which in turn promote the process of atherosclerosis [173]. Smooth muscle 

cells treated with Magnolol at concentrations of 200µM demonstrated a reduction in SMCs shifting to 

the S-phase (DNA synthesis) and can be attributed to NF-κB downregulation and an upregulation of 

caspase-3 [174].  NF-κB expression has been shown to be higher in atherosclerotic SMCs and therefore 

suppression of this protein can lead to the reduction in SMC proliferation. Kim et al. also observed the 

inhibitory effects of Magnolol at 5-20µM on TNF-α-induced SMCs through reduction of extracellular 

signal-regulated kinases 1/2 (ERK1/2) activity. ERK1/2 is linked to cell growth and migration [175].  

Chen et al. treated human aortic endothelial cells with up to 60µM of magnolol and observed a drastic 

reduction in viability after reaching the 30µM threshold. They also observed the inhibition of TNF-α 

induced NF-κB activation [176]. Magnolol was also shown to protect vascular endothelial cells by 

inhibiting intrinsic apoptosis onset by oxidised-LDL. The drug removed intracellular reactive oxygen 

species (ROS) and thus the NF-κB activation was inhibited as previously reported in 2002 by Chen et 

al. [177]. This suggests a trend in the potential of magnolol as a clinical tool to prevent atherosclerosis. 



       

43 

1.3.12.2 Curcumin 

Curcumin is a polyphenolic compound found in the root of the turmeric plant. Research over the past 

decades has shown that it possesses anti-bacterial, anti-fungal, anti-viral, anti-inflammatory, anti-

proliferative and anti-atherosclerotic properties. It is also known as diferuloylmethane and its structure 

is illustrated in Figure 1.27. 

 
Figure 1.27 - Structure of Curcumin. Adopted from Hatcher et al. (2008) [178] 

Studies have indicated that curcumin has the capacity to inhibit the proliferative state of vascular 

smooth muscle cells. Chen et al. reports that 100 µM of curcumin induces cell apoptosis amongst 

vascular smooth muscle cells. This could potentially be a means to eliminate the excessive proliferation 

of cells observed during the progression of restenosis. The anti-proliferative effect of curcumin on 

vascular smooth muscle cells was identified and showed no effect on cell viability when a 

concentration of 1-10 µM was used. Significant reduction in cell population was observed when 100 

µM was used, indicating cell cytotoxicity. Their study also demonstrates that using 10µM displays an 

anti-proliferative effect on the smooth muscle cells, without cells entering into the apoptotic phase 

[179].   

The anti-oxidative profile of curcumin allows it to neutralise reactive oxygen species such as nitric 

oxide, superoxide and hydroxyl radicals, which are influential factors towards damage to endothelial 

cells through oxidative stress. Han el al. demonstrated the curcumin’s capacity to induce autophagy at 

concentrations up to 50 µM and observed improved cell viability of cells exposed to hydrogen 

peroxide. Concentrations over 10µM showed no added benefit on H2O2-treated cells without reducing 

viability [180].  

An interesting study by Guo et al. (2015) [181] demonstrated the effect of curcumin on rapamycin 

(anti-proliferative drug) – treated endothelial cells. Curcumin was shown to negate the apoptotic and 

anti-migratory effects seen when treated only with rapamycin. The study shows no observable 

difference when compared to their PBS control when only using curcumin, up to a concentration of 

40µM. Increasing concentrations of curcumin on the rapamycin-treated cells showed cell recovery up 

to a dosage maximum of 30µM.  
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1.3.12.3 Ferulic Acid 

Ferulic Acid (4-hydroxy-3-methoxycinnamic acid) is a phenolic acid present at high concentrations in 

the cell walls of various plants (structure displayed in Figure 1.28. Plants containing ferulic acid have 

been used in Chinese medicine for centuries for treating strokes, hypertension, cardiac arrhythmias 

and other cardiovascular issues [182,183] 

 

Figure 1.28 - Structure of Ferulic Acid. Adopted from Mori et al. (2013) [184] 

Wang et al. assessed the effect of ferulic acid at various concentrations on the proliferation of HUVECs. 

They observed improved cell proliferation within the 0.5-50µM concentration range through means of 

a cell counting assay. They also deduced the increase in cells in the S phase and a decrease of cells in 

the G1 phase, which indicates the possible transition of the HUVECs from a quiescent state to a 

proliferative state. This was reaffirmed by the upregulation of cyclin D1 and VEGF mRNA levels [185]. 

Nicholson et al. analysed the effect of polyphenolic compounds on the gene expression in HUVECs and 

observed that eNOS gene expression was unchanged after 24h with a concentration of 0.1µM [186]. 

Another study also demonstrated the lack of eNOS expression change using a concentration range of 

1-33µM [187].  

An early study assessed a single concentration of around 283 µM with no avail to the inhibition of SMC 

proliferation [188]. Ferulic Acid treatment on aortic smooth muscle cells induced by angiotensin II using 

a concentration range of 0 – 160 µM was assessed. Inhibition of cell proliferation was observed in a 

dose-dependent manner with 80µM demonstrating maximum inhibition [189]. Vascular SMC 

proliferation caused by angiotension II induction is largely due to the mitogen-activated protein 

kinases pathway (MAPK). Their study described the effects of ferulic acid on these MAPK pathways 

(ERK1/2, JNK and p38) and demonstrated the inhibition of the proliferative state of vascular SMCs 

caused by angiotension II through the blocking ERK1/2 and JNK activation. This suggests that ferulic 

acid might be a strategic inhibitive tool to reduce the excessive proliferation of smooth muscle cells in 

stented arteries.  

1.3.12.4 Exendin-4 

Exendin-4 was initially observed to be an optimal therapy for type II diabetes due to its role as a 

glucagon-like peptide 1 (GLP-1) receptor agonist and hence, its ability to lower blood glucose through 



       

45 

the stimulation of insulin release from the pancreas [190]. There have been several studies on the 

cardiovascular effect of GLP-1 including modulating blood pressure, improving the survival rate of 

myocardial infarction in mice, produces anti-inflammatory effects in endothelial cells [191]. Exendin-4 

is a 39 amino acid with the sequence: His-Gly-Glu-Gly-Thr-Phe-Thr-Ser-Asp-Leu-Ser-Lys-Gln-Met-Glu-

Glu-Glu-Ala-Val-Arg-Leu-Phe-Ile-GluTrp-Leu-Lys-Asn-Gly-Gly-Pro-Ser-Ser-Gly-Ala-Pro-Pro-Pro-Ser-

NH2.  

Hirata et al. (2013) [192] observed a significant reduction of neointimal formation upon vascular injury 

in mice administered with exendin-4. They also saw supressed proliferation of PDGF (platelet-derived 

growth factor) -BB induced smooth muscle cells in vitro. Another study identified that exendin-4 

inhibited the proliferation of angiotensin II-induced rat aortic SMCs at maximum inhibition using an 

exendin-4 concentration of 10nM [193].  

Exendin-4 was also shown to increase eNOS activity and protein levels in HUVECs upon 5nM/L 

treatment for 48h at 10nM [194].  A study by Erdogdu et al. (2010) [195] demonstrates the promotion 

of endothelial cell proliferation of human coronary artery SMCs with 10nM treatment of Exendin-4. 

The promotion of endothelial cell proliferation invoked by exendin-4 was attributed to the PKA-

PI3k/Akt-eNOS pathway through the GLP-1 receptor-dependent mechanism. A correlation between 

exendin-4 dosage and eNOS activation was observed and hence the increase in NO production. NO is 

a critical factor reported to be a key regulator of endothelial cell growth and function, directly 

associated with the P13K-dependent pathway [196]. The same pathway activated by vascular 

endothelial growth factor [197] . 

1.4 Bioreactors 
With the constant advancements in tissue engineering for clinical applications, several studies have 

demonstrated the value of the importance of mechanical stresses under flow conditions on the 

proliferation of cells and hence, the development of the whole tissue. The principle of tissue 

engineering relies on three factors: i) cells, ii) scaffolds and iii) a signal – mechanical, chemical or 

electrical. The mechanical signal is where a bioreactor is needed.  Bioreactor systems are an approach 

that subjects the biological samples to a dynamic environment. A bioreactor is generally used as a 

system to simulate physiological cues for the conditioning, development and assessment of cells, tissue 

and scaffolds as well as organs in vitro [198]. Bioreactors should fulfil one of the following functions: i) 

conditioning and maintenance of culture medium, ii) even cell distribution onto a 3D scaffold, iii) 

efficient mass transfer to the 3D tissue, iv) assessment of the formation of the developing tissue and 

v) exposure of the tissue to physical stimuli. The primary goal is a suitable system that develops 

functional tissue for the purpose of in vivo translation.  
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Watanabe and Okada [199] observed the importance of temperature on the growth of cultured 

mammalian cells. Cell viability, growth, metabolism and protein synthesis are all affected by changes 

in temperature. Temperatures below 37° reduces cell growth and viability. The body temperature can 

rise to 43°C or drop down to 32°C but can be fatal at these extremes. Bioreactor systems are typically 

designed to either fit entirely within an incubator where the temperature is set at 37°C. Larger systems 

will have a heat exchanger adapted into it within the flow system of the bioreactor.  

There are several different types of bioreactors where each system provides a specific effect on the 

cell and are highly application-based. The systems all rely on surrounding/filling the sample with media. 

A spinner flask bioreactor uses the concept of suspending the scaffolds within the media and use a 

magnetic stirring system to mix the media and provide nutrient and waste transport to the fixed 

samples as visualised in Figure 1.29. This simple system has an array of issues such as flow turbulences, 

inadequate mass transport and therefore heterogeneous cell distribution.   

 
Figure 1.29 – Schematic of the spinner flask bioreactor system.  Adopted from Yeatts and Fisher 

(2011) [200] 

Rotating wall bioreactors is a NASA based system, originally intended to minimise forces on cell 

cultures during aircraft launch. This system allows for free movement of the scaffold in the respective 

media. The inner and outer walls of the cylindrical can be rotated at constant speeds. A simple scheme 

of the system is shown in Figure 1.30. The speeds and direction of wall rotation compensate for the 

downward gravitational forces and result in a suspended scaffold. The system has to be stopped 

temporarily for exchanging the culture media.  
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Figure 1.30 – Schematic of the rotating wall bioreactor. Adopted from Chen and Hu (2006) [201] 

 

A compression bioreactor is a commonly used system for bone and cartilage tissue engineering. The 

system provides dynamic loading, similar to a physiological system. The system relies on a motor 

providing a linear motion in accordance to controllable displacements provided by an input system. 

The compressive nature also causes fluid flow throughout the scaffold [202].  Similar to the 

compression bioreactors, certain applications require the addition of strain to their samples. Tendons, 

ligaments and bone are amongst the first tissues that come to mind that might benefit from the 

application of tensile strain to the scaffold. A hydrostatic pressure bioreactor utilizes a pressurise-able 

chamber and an actuator-controlled piston that allows compresses the fluid in order to provide a 

mechanical stimuli to pre-seeded scaffold [203].  

Flow perfusion bioreactors use a pump based system to circulate medium through the culture vessel 

and has been reported to provide homogenous cell distribution. The system allows for fresh feeding 

of circulating media from a reservoir and enables removal of waste products. Most perfusion systems 

are designed to be very application-specific and are mostly bespoke. A model perfusion system is 

illustrated in Figure 1.31. The fluid flow system tends to get complicated as it is essential to optimise a 

balance of adequate medium flow rate without causing a negative effect on the cells and newly 

synthesised ECM and thus fluid shear stress needs to be accounted for [204]. The thickness and choice 

of scaffold also plays an influential role in the performance of the tissue regeneration. Thick samples 

with poor porosity will not allow for appropriate levels of mass transport to supply the entirety of the 

tissue with nourishment [205].     
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Figure 1.31 – Schematic of a model perfusion flow system. Adopted from Barron et al. (2003) [206] 

1.4.1 Vascular Bioreactors 

As stated previously, the biomechanical cues for tissue culture are tissue-specific. Vascular bioreactors 

would replicate the physiological cardiac output which is represented by the stroke volume. In an adult, 

the stroke volume ranges from 70 – 100 ml/beat and with a heart rate range of 75 to a 100 bpm. 

Depending on what vessel the vascular bioreactor is working with, an appropriate volume/minute can 

be deduced and can correspond with the pump flow rate. Lyons and Pandit (2004) [207] underline the 

key physiological parameters involved when designing a vascular bioreactor. Table 1.12 notes these 

key factors. 

Within the vascular system it is imperative that blood is perfused with oxygen at the same rate it is 

consumed. If the oxygen concentration drops too low, hypoxic induced apoptosis occurs and the 

exposure of the cellular contents to neighbouring tissue may be fatal. On the other hand, if oxygen is 

supplied faster than it is consumed, the dissolved oxygen concentration rises and can impair cell 

viability and proliferation [208].  

Table 1.12 – Control parameters critical for vascular bioreactor design (derived from Lyons and 
Pandit (2004) [207]) 

Biochemical  Biomechanical 

pO2 and pCO2 Shear Stress 

pH Volume 

37°C Flow Rate 

100% Humidity Compliance 

Waste Products Pressure 

Nutrition Resistance 

 

The balance between acids and bases within the system is as critical as it is in physiology for the 

purpose of homeostasis. This is usually maintained with a pH between 7.35 and 7.45. A CO2-
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bicarbonate buffer system manages the acidic-basic homeostasis in all living systems where CO2 reacts 

with H2O to produce carbonic acid which transforms rapidly to bicarbonate and hydrogen ions. An 

imbalance within this reaction causes pH shifts but is regulated by the respiratory system. In a closed 

bioreactor system, the culture medium typically contains this bicarbonate buffer system through the 

use of sodium bicarbonate. As cells metabolise CO2 is released into the media, causing an acidic shift. 

The bicarbonate ions dissociated from sodium bicarbonate readily react with the dissolved CO2. In 

order to ensure a balance between the bicarbonate ions and the CO2, manufacturers of culture 

medium provide an indication of what percentage of sparged CO2 is needed.  

In vasculature, endothelial cells sense and respond to shear stress and adapt accordingly. Endothelial 

cells induce neointimal thickening when decreased flow rates and thus decreased shear stress is 

sensed. Arteries will adapt to ensure wall shear stresses of 15 dynes/cm2. If the shear stress is too high 

or if turbulence is observed, cells can be damaged [209]. Physiological pressure of the cardiac output 

holds steady between the 80mmHg and 120mmHg on heart relaxation and contraction, respectively. 

Since the resistance and vascular network is too complicated to replicate in an artificial system for the 

purpose of pressure regulation, a simplified clamping method is used to adjust the pressure. The level 

of clamping of the fluid line correlates to the pressure within the system. This also depends on tubing 

thickness and diameter. The compliance chamber is a critical component of perfusion bioreactor 

systems required to dampen the noise generated from the peristaltic pump. A compliance chamber is 

a chamber filled with air and culture medium and adds elasticity to the closed bioreactor system [210].  

The iconic vascular bioreactor was developed by Niklason et al. in 1999. Their system consisted of a 

medium reservoir connected to 4 vessel chambers in parallel sat on a magnetic stir plate with fluid 

flow (using a peristaltic pump) passing through a compliance chamber prior to the vessels as seen in 

Figure 1.32. The system aimed at synthesising functional arteries grown using smooth muscle cells and 

endothelial cells seeded onto polyglycolic acid scaffolds [211]. The system does not incorporate 

pressure profile measurements for the artery development but displayed their results relative to wall 

stress. The lack of physiological mechanical cues might slow down the process of the development of 

the arterial graft.  
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Figure 1.32 – Schematic of the Niklason vascular bioreactor. Adopted from Niklason et al. (1999) 

[211] 

Mundargi et al. (2015) [212] developed a sensor based perfusion vascular bioreactor that allows for 

real-time monitoring of tissue viability using resorufin-based fluorescence. The system was connected 

to a customised plate within a fluorimeter and observed the effect of various oxygen levels on the 

viability of the tissue in real time. They use DMEM with 10% FBS and 2% P/S as their culture medium 

throughout the experiment. Their studies demonstrate observed denudation of the endothelium after 

72h of dynamic culture and could potentially be attributed to the shear stress applied on the lumen as 

well as the decreasing oxygen concentration. This study demonstrates the potential to assess 

pharmaceutical compounds and stents within a system that allows for real-time monitoring of tissue 

viability. There are many issues that need to be overcome before this can be utilised in a practical 

aspect. The ability to maintain viability is critical and their study states the consistent decrease of 

viability to 30% after 72h, which does not exhibit therapeutic testing conditions required.  

The constant development and research into stent technology has not demonstrated a correlative 

representation of studies on bioreactor systems aimed at assessing the efficacy of these 

stents/coatings.  Wang et al. (2016) [213] assessed the degradation of magnesium wire (as a stent 

model) within excised porcine aortas. The study used DMEM with 10% FBS and 1% 

penicillin/streptomycin as their standard culture medium with a flow rate of 100ml/min under 

standard incubator conditions for 5 days. The authors suggest that the media used is physiologically 

closer than other commonly used media. The bioreactor used was a commercially available system 

(Lume Gen) consisting of the vessel chamber, pumps, flow control channel and a hertz oscillator and 

the entire system was autoclavable. Their study focused primarily on the comparison between the 

degradation in vivo compared to that of the ex vivo bioreactor model and less regarding the viability 

and maintenance of the tissue within the aforementioned system.  

Yazdani and Berry (2009) [214] developed a vascular bioreactor for the purpose of stent testing with 

the goal of evaluating smooth muscle cell proliferation. They used carotid arteries perfused with 

DMEM with 10% FBS and 1% antibiotics/antimitotics. Their system allowed for catheterisation so that 
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the fixed artery can be stented. They performed contractile measurements induced by potassium 

chloride as a means of assessing functionality of arterial ring segments. Upon 7 days of conditioning 

within their bioreactor, they observed that the cultured tissue contracted 45% of that of the native 

fresh artery. Although their study does demonstrate the feasibility to assess proliferation using a BrdU 

assay, but makes no mention at the potential for the endothelial cells to heal. A key aspect would also 

be to check the viability of the tissue after the 7 days of conditioning. This study show that unstented 

areas do not show a proliferative capacity when compared to the stented regions and that the stents 

in question had different mechanical properties and thus would require different radial forces exerted 

onto the artery, potentially encouraging SMC proliferation. The bioreactor system utilised a custom 

program to generate the flow and pressure waveform through the artery. Although they achieved a 

regular pressure profile within the range of 80mmHg and 120mmHg, heavy noise was observed within 

their pressure readings. This could be attributed to the lack of a compliance chamber.  

A study by Punchard et al. (2009) [215] developed a tubular model to assess the cellular and molecular 

changes to endothelial cells (HUVEC) subject to stent deployment. They coated silicone tubes with 

fibronectin and seeded at a high cell density of 171,500 cells/cm2. A commercially available stent, the 

Liberté, was deployed and subject to dynamic conditioning within a bioreactor for 24h. Their 

bioreactor system exhibited key physiological parameters onto the stented cell seeded structure: 

Radial distention (5%), pressure (40/120mmHg) and a flow with 10 dynes/cm2.The system used several 

aforementioned and commonly used techniques to provide these mechanical forces. The cells were 

dynamically conditioned in endothelial growth media (EGM-2). Although the study does identify 

changes in gene expression changes amongst the endothelial cells after the 24h, there was no 

indication as to the rate of cell migration onto the struts of the stent. The concept allows for a 

simplified system to assess the effect of stented arteries under certain near-physiological 

haemodynamic conditions.  

The mechanical cues exhibited by the fluid flow within the bioreactor are critical to the behaviour of 

endothelial and smooth muscle cells. The endothelium faces direct fluid interactions and the cardiac 

cycle and blood flow results in cyclic strain, shear stress and circumferential deformations. Endothelial 

cells switch morphology from a cobblestone pattern to elongated structures that correspond in the 

direction of flow [216]. An increasing shear stress has been shown to decrease endothelial cell 

proliferation and inducing cell apoptosis and highlights the importance of maintaining a balanced 

physiological shear stress within a bioreactor system.  Additionally, a lack of haemodynamic forces 

have also demonstrated induction of vascular endothelial cell apoptosis [217]. 

The medial layer consisting of smooth muscle cells are also directly exposed to the haemodynamic 

environment. The underexposure to these physiological forces can cause the smooth muscle cells to 
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dedifferentiate from their quiescent contractile state to the proliferative synthetic state [218]. It is 

critical that fluid flow characteristics are considered when developing bioreactor systems as cell 

phenotype and functionality is directly influenced by these parameters.  

1.4.2 Parallel Plate Flow 

Due to the importance of laminar shear stress on the endothelium, parallel plate flow systems have 

been developed to assess various parameters under these dynamic settings. The system is designed 

so shear stress can be modulated by adjusting the fluid flow rate or the gap width of the flow path 

[219]. The shear stress in such a system can be calculated using the equation: 

𝜏 =  𝜇 ×  6𝑄𝑤ℎ  

in which τw is the wall shear stress applied to the cell monolayer, µ the viscosity (0.007 g/cm/s at 37° 

for culture media), Q is the flow rate, w is the width of the flow path and h being the gap width. The 

equation assumes a Newtonian fluid. Parallel plate flow chambers are usually designed in a bespoke 

manner based on the format of the seeded cells. The principle relies on the inlet flow passing fluid 

through a thin flow domain created by a silicone gasket. Figure 1.33 displays two schematics of such 

systems used for assessing endothelial cell monolayers under shear stresses. The seeded cell layer 

faces the fluid flow region and is packed tightly using appropriate O-rings to avoid for leakages.  Some 

designs also include a vacuum port [220,221].  

 

Figure 1.33 – Schematics of parallel plate flow systems used in current research. Adopted from 
Murayama et al. (1986) and Chung et al. (2003) [220,221] 

The complexity of the cell response to haemodynamic forces is very difficult to recreate and thus by 

creating a system that provides accurate shear rates on the cells, allows for improved understanding 

of cell adhesion, arterial wall remodelling, mechanisms of mechanotransduction and associative gene 

products under physiological shear stresses [221]. 
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1.5 Limitations of the Current State 
The anti-proliferative drugs available commercially have a negative effect on the endothelial cells 

within the stented artery where re-intervention and anti-platelet therapies are required to ensure 

there is no occlusion of the lumen due to thrombosis. Although, there are many promising strategies, 

from dual layered stents to endothelial progenitor cell capture in order to maximise endothelialisation 

whilst minimising smooth muscle cell proliferation, there are many pitfalls with current strategies. In 

order to identify an ideal therapeutic candidate, an effective methodical assessment workflow is 

required. 

There are several studies utilising bioreactor systems to generate tissue engineered vascular grafts 

providing crucial physiological haemodynamic conditions in order to promote functional development 

of the tissue. There have been a few studies aiming to assess the effect of stents on arteries/arterial 

models but miss a critical aspect of stent development. Due to the nature of stent-related pathologies, 

primarily, the aspect of current drug eluting stents inhibiting the re-endothelialisation of the damaged 

lumen, it is imperative to aim to accelerate the re-endothelialisation process. There is a lack of research 

focused on assessing the efficacy of stent therapeutics and coatings with regards to endothelial cell 

adhesion, migration and proliferation onto the stent struts. Rapid endothelialisation would minimise 

neointimal hyperplasia due to the inflammatory response as well as ensure minimal platelet adhesion 

resulting in the eradication of a thrombotic response. Several studies have also monitored the 

response of novel stent designs and therapeutics in an in vivo setting. The importance of the three R 

principal is vital for translational research. Developing a near physiological in vitro system that could 

provide an indication whether a certain drug or coating is more effective than another will not only 

reduce animals for surgery but will also cut down on cost and time. A systematic platform for the 

assessment of various stent coatings is an important tool to identify optimal strategies and is crucial 

to the future development of stents.  
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Chapter II: Drug Assessment 

2.1 Introduction 
Ever since the development of the drug eluting stent, there has been an exponential rise in research 

targeting potential drugs and therapies to combat the pathological drawbacks observed amongst the 

current commercially available stents. Industries have utilised their resources and the advances in 

laboratory robotics for this purpose and have performed high-throughput screening (HTS) of drugs and 

have created complex computational screening models to identify potentially effective drugs [222]. On 

the basis of the present study, literature screening was performed to identify candidate agents for 

inhibiting or maintaining SMC proliferation whilst enhancing EC proliferation. The knowledge of drug 

concentration and dosage time in an in vitro model setting is often used as a gauge for scaling up to a 

suitable in vivo drug concentration without surpassing the cytotoxicity limit of the drug. Owing to this, 

the candidate agents were assessed in terms of their effect on the proliferative states, cell phenotypes, 

migratory patterns and function of SMCs and ECs. The cells were assessed in order to identify whether 

the compounds exhibited a dual-regulatory action on inhibiting SMC and promoting EC proliferation. 

2.2 Materials and Methods 
This section describes the materials, equipment and methodologies used for the assessment of the 

cellular response to the different compounds in terms of cytotoxicity, proliferation, migration and gene 

expression.  

2.2.1 Cell Culture 

All cell culture and incubation stages were carried in a temperature-and gas-regulated incubator 

(Heracell VIOS 160i Incubator, Thermo Scientific). CO2 was set to 5% (v/v) and the temperature was 

maintained at 37°C. The culture methods described in this chapter were used throughout this project 

unless otherwise stated in subsequent chapters.  

2.2.1.1 Cells and Cell Culture Consumables 

The cells studied in the work present in this chapter and subsequent chapters are highlighted in  
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Table 2.1. The solutions used in the cell culture protocol are listed in Error! Reference source not 

found..  
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Table 2.1 - Cells used in the study 

Cell Species and Tissue Source Source Abbreviation 
Endothelial Cells Porcine Coronary Artery Cell Application – P300-05 PCAECs 
Endothelial Cells Human Umbilical Vein   Primary - Previous isolation  HUVECs 
Smooth Muscle Cells Porcine Coronary Artery Cell Application – P350-05 PCASMCs 
Smooth Muscle Cells Human Coronary Artery Cell Application – 350-05a HCASMCs 

 

Table 2.2 - Solutions and media used for cell culture 

Solution Source Abbreviation 
Porcine Smooth Muscle Cell 
Basal Medium 

Cell Application (P310-500) SMBM 

Porcine Smooth Muscle Cell 
Growth Supplement 

Cell Application (P311-GS) SMGM (supplemented into 
SMBM) 

Porcine Smooth Muscle Cell 
Induction Medium 

Cell Application (P311I-250) SMDM 

Endothelial Basal Media Lonza (CC-3156) EBM-2 
Endothelial Growth Medium 
BulletKit 

Lonza (CC-3162) EGM-2 

Dulbeco’s Modified Eagle 
Medium 

Gibco (21969035) DMEM 

Phosphate-Buffered Saline Gibco (70011) PBS 
Penicillin/Streptomycin Lonza (17-602) P/S 
Trypsin/EDTA Biochrom (L2153) T/E 
Dimethyl Sulfoxide Applichem (A3672) DMSO 
Foetal Bovine Serum Biochrom (S 0615) FBS 
CASYton Solution OLS (5651808) N/A 

2.2.1.2 Cell Seeding of Cryopreserved Cells 

Frozen cryovials were removed from liquid nitrogen storage and dipped into a 37°C water bath (1083, 

GFL, Burgwedel, Germany) until a small ice crystal was visible within the cryovials. The cryovials were 

sprayed with 70% ethanol and transferred into to a class II laminar flow cabinet. The contents of the 

vials were pipetted into a sterile falcon tube containing 25ml of warm growth media (SMGM or EGM-

2 containing 1% P/S) and transferred to 175cm2 culture flasks. The cells were incubated at 37°C and 

5% (v/v) CO2 for 24h before the flasks were washed three times with PBS and the culture media was 

replenished.  

2.2.1.3 Cell Passaging 

Once the cells had reached 80% confluency, as evidenced under light microscopy, the culture media 

was aspirated and the culture flasks were washed gently with warm PBS three times to ensure 

maximum removal of dead cells. The PBS was aspirated and 6ml of warmed trypsin/EDTA was added 

to the flasks. The flasks were tilted to ensure complete coverage of the culture surface before 

incubation at 37°C and 5% (v/v) CO2. The flasks were gently tapped to ensure the detachment of cells 

from the culture surface. The cells were monitored under phase contrast microscopy to ensure 
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adequate cell detachment prior to the addition of 18ml of complete media (DMEM with 10% (v/v) FBS 

and 1% (v/v) P/S) to deactivate the trypsin. The solutions were pipetted up and down a few times to 

reduce any cell agglomerates. The cell suspension was centrifuged at 300 g for 5 min. The supernatant 

was removed and the cell pellet was re-suspended in 1ml PBS. Cells were counted using a CASY Cell 

Counter (OLS, Bremen, Germany). 20µl of the cell suspension was added to 10ml of CASY solution. The 

counting solution was placed in the automatic cell counter and the value of viable cells per ml was 

recorded. Cells were also plated into 175cm2 flasks with pre-warmed media and used in subsequent 

experiments or stored for later use. All cell incubations were performed at 37°C and 5% (v/v) CO2 in 

humidified air.  

2.2.1.4 Cell Cryopreservation  

The cryopreservation medium consisted of 90% (v/v) foetal bovine serum and 10% (v/v) dimethyl 

sulfoxide (DMSO). This solution was warmed prior to the addition of cells. After counting the cells using 

the CASY Cell Counter, appropriate volumes of cell suspension to account for 1.5 million cells were 

pipetted into a 15ml falcon tube. The falcon tubes were centrifuged for 5 min at 300 g and the 

supernatant was discarded. 1.5 ml of pre-warmed cryopreservation solution was added to the cell 

pellet and pipetted to suspend the cells. The cell suspension was added to labelled cryovials and placed 

in a freezing container (Mr. Frosty Freezer, Thermo Scientific), consisting of 100% isopropyl alcohol. 

The freezing container was placed in a -80°C freezer for 24 hours to allow for controlled cooling at -

1°C/min, before transferring the cryovials into liquid nitrogen for long term storage. 

2.2.2 Drug Preparation 

The drugs assessed in this work were supplied in solid form and are listed in Table 2.3. The compounds 

were dissolved in DMSO under sterile conditions, according to the manufacturers’ guidelines. The 

compound solutions were then agitated sufficiently to allow for complete solubilisation of the solute.  

Table 2.3 - Drugs used in the study 

Drug Company Molecular 
Weight 

Dissolved in Product No. 

Exendin-4 Enzo Life Sciences 4186.57 DMSO ENZ-PRT111 
Ferulic Acid Sigma-Aldrich 194.18 DMSO 128708 
Magnolol LKT Labs 266.34 DMSO M0125 
Curcumin Tocris 368.38 DMSO 2841 
Paclitaxel AdipoGen 853.9 DMSO AG-CN2-0045 
Everolimus Cayman 958.2 DMSO 11597 

2.2.3 Metabolic Activity Assay 

A cell metabolic activity assessment assay was adopted in order to assess the potential cytotoxic 

effects and proliferation-induction capacity of the selected compounds. The Cell Counting Kit – 8 (CCK-

8; PromoCell) was used to assess the metabolic activity of the cells following drug treatment. The assay 
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utilised a water-soluble tetrazolium salt (WST-8), which resulted in its reduction to a soluble formazan 

dye through mitochondrial dehydrogenases (Figure 2.1). The dye intensity was directly proportional to 

the number of living cells.  

 
Figure 2.1 - The mechanism of the WST-8 assay. Adopted from Held (2009) [223] 

Cells were seeded in 96-well plates at 5×104 cells/well. Each well plate was associated with a dosage 

time (24h, 48h, 72h or 144h). Following seeding, all plates were maintained at 37°C and 5% (v/v) CO2 

in the respective growth medium for 4h to allow for cell attachment, prior to adding the required  drug 

concentrations for the respective drug compound used, and incubated for 24h, 48h, 72h or 144h. After 

incubation, the drug-medium solution was aspirated and the wells were washed with DPBS (14040-

091; Gibco) three times to ensure minimal compound residual that might affected absorbance. 10% 

WST-8 solution in Hanks Buffered Saline Solution (HBSS) (14025-092; Gibco) was added to each well. 

The plates were then incubated for 4h and the WST-8 solutions were transferred to a fresh 96-well 

plate for assessment (with technical triplicates). The plates were loaded into a microplate reader 

(Synergy 2, BioTek, Winoski, USA) and the absorbance was measured at 450nm and 630nm 

(background). In the calculated results, the background values obtained at 630nm were subtracted 

from the values obtained at 450nm.  

2.2.4 Would Healing Assay 

PCASMCs and PCAECs were seeded at 8,000 cells/cm2 in 24-well plates and allowed to reach 

confluency in their respective growth medium. Subsequently, the culture medium was aspirated and 

a vertical scratch was performed in the middle of the well using a 200µl pipette tip. The wells were 

then washed with PBS three times before adding a drug-medium combination in accordance to Table 

2.4. The plates were then placed within an incubation station attached to a microscope (Axio Observer 

Z1, Zeiss) for time lapse imaging (Figure 2.2). Sterile water was added to the space between the wells 

to allow for humid conditions. Each well was assessed individually to ensure appropriate focus was 
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achieved at a well-defined region of the scratch. Once the appropriate focus was achieved, the axes 

were logged for each well and the program was run for 48 hours with images taken every 7 minutes.  

Table 2.4 - Concentrations of drugs used for the Wound Healing Assay for PCASMC and PCAEC 

Drug Concentrations 
Untreated (Positive Control) N/A 
Everolimus (Negative Control) 100µM 
Ferulic Acid 50, 500 µM 
Exendin-4 10, 100 nM 
Magnolol 93.9 µM 
Curcumin 10 µM 

 

 

Figure 2.2 - Setup of the Axiovision Z1 Microscope with the incubation chamber used for the 
Scratch Assay 

After the image sequences were recorded, 1:1000 Calcein AM (L3224, Invitrogen) was added to each 

well and incubated for 30min. Single images were taken of the calcein-stained wells under blue 

excitation (470nm). Calcein acetoxymethyl is a non-fluorescent derivative of calcein that is capable of 

permeating the membrane of viable cells. Esterases within the cell cleave the acetoxymethyl group 

and the calcein molecule gives off a green fluorescence. Since esterases only exist within living cells, 

this makes Calcein AM an ideal tool to visually label viable cells [224]. Cell migration was determined 

using ImageJ, where the measured area of the wound over several fixed time point images was taken 

as a percentage of the initial t=0 scratch area using the following equation: 

𝐺𝑎𝑝 𝐶𝑙𝑜𝑠𝑢𝑟𝑒 (%) = 𝐴𝑟𝑒𝑎 − 𝐴𝑟𝑒𝑎𝐴𝑟𝑒𝑎 × 100 

where Area0 was the wound area at t=0 and Areat the wound area at subsequent migration times.  
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2.2.5 Gene Expression 

2.2.4.1 Endothelial Cell – Gene Expression Assessment  

PCAECs were cultured to P5 in EGM-2 and seeded in 6-well plates at 8,000 cells/cm2 in triplicates. After 

reaching 80% confluency, the desired concentration of each drug was added to each well triplicate in 

accordance to Table 2.4. One triplicate group was not treated with any drugs and served as control 

group. The PCAEC cultures were then cultured in an incubator under standard conditions for 144 hours. 

The culture solution was replenished after 72h. 144 hour was used to determine the long term 

sustainability of the endothelial phenotype upon treatment with the drug. 

Table 2.4 - Drug concentrations for qPCR of PCAECs 

Sample Concentration 
Untreated N/A 
Magnolol 93.9µM 
Curcumin 10µM 
Everolimus 10µM 
Ferulic Acid 50µM, 500µM 
Exendin-4 10nM, 100nM 

2.2.4.2 Smooth Muscle Cell – Gene Expression Assessment 

PCASMCs were cultured to P5 in SMGM and seeded in 6-well plates at 8,000 cells/cm2 in triplicates. 

After reaching 80% confluency, the growth medium was aspirated and differentiation medium 

(SMDM) was added to the cells. The cells were kept in SMDM for an additional 4 days, with media 

change occurring every second day. Subsequently, fresh SMDM with the desired concentration of 

either ferulic acid or exendin-4 (Table 2.5) was added to each well triplicate. Triplicates were 

maintained without any drug supplement and served as untreated controls. The triplicates were 

assessed after either 24, 48, or 72h. Multiple time points were assessed in order to determine potential 

phenotypic changes over the course of the drug treatment.  

Table 2.5 - Drug concentrations for PCASMC Time-Dependant qPCR 

Sample Concentration 
Untreated N/A 
Ferulic Acid 50µM, 500µM 
Exendin-4 10nM, 100nM 

2.2.4.3 RNA Isolation  

The NucleoSpin® RNA Mini kit (Macherey-Nagel, Duren, Germany) was used for RNA isolation from the 

PCAECs and PCASMCs, treated with the drug compounds, in accordance to the manufacturer’s 

guidlines. The culture medium was discarded and a lysis buffer containing 1:100 β-mercaptoethanol 

(31350, Gibco) was added to each well to detach the cells. 70% ethanol was added to the cells and was 

resuspended and transferred to a spin filter column. The spin columns were centrifuged at 11,000g for 
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30s. The filtrate was discarded and the remaining lysed solution was centrifuged. Membrane desalting 

buffer was then added to the column and subsequently centrifuged at 11,000g for 1 minute. The 

filtrate was discarded and a DNAse-reaction solution was added to the column membranes and 

incubated at 25°C for 15 min. RA2 buffer was added and centrifuged for 30 seconds, followed by RA3 

for 30 seconds and again for 2 minutes. The filtrate was discarded after each centrifugation. 50µl of 

RNase-free water was added directly to the filter and centrifuged for 1 min to elute the RNA. The RNA 

concentration was determined using a nanodrop spectrophotometer (ND 1000, Thermo Scientific)  

2.2.4.4 cDNA synthesis 

500ng of the mRNA, calculated according to the concentration obtained from the Nanodrop reading,  

were used for cDNA synthesis, and RNase free-water was added to make up 11µl. 1µl of random 

hexamer primer was added to the tubes and centrifuged shortly to mix the solution. The samples were 

incubated at 65°C for 5 min followed by the addition of 8µl of the reaction mixture, which consisted of 

5x reaction buffer, RiboLock RNase Inhibitor, 10mM dNTP mix and reverse transcriptase. The tubes 

were incubated at 25°C, 42°C and 70°C for 5, 60 and 5 min, respectively. The incubation stages were 

conducted in a thermocycler (peqSTAR X Cycler, Peqlab, Erlangen, Germany). The cDNA was diluted 

down to 1:5 with RNase-free water and stored at -20°C until required for qPCR. 

2.2.4.5 Quantitative-Polymerase Chain Reaction (qPCR) 

All primers used for qPCR were designed using the NCBI database. Gene and species specificity of the 

amplicon sequences were tested using the BLAST program. All oligonucleotides were obtained from 

Eurofins Genomics (Ebersberg, Germany) and the working primer solutions were diluted to 10pmol/µl. 

Stock solutions were stored at -20°C. An assortment of primers was designed, following primer linear 

amplification validation. The final primers used for gene expressions studies are detailed in Table 2.6.  

Table 2.6- DNA Oligonucleotide primers sequences for RT-PCR 

Protein Primer Name Sequence 5’ to 3’ Tm (°C) Product Size 

β-Actin [Housekeeping Gene] 1,2 
pACTB F1 GATCAAGATCATCGCGCCTCC 61.8 21 

pACTB R1 GGAATGCAACTAACAGTCCGCC 62.1 22 

Endothelial Nitric Oxide Synthase  1 
pNOS3 F2 CGGCGCTATGAGGAGTGGAA 61.4 20 

pNOS3 R2 ATCTCTCCCGGGTAGGTGCT 61.4 20 

Vascular Endothelial Cadherin 1 
pCDH5 F2 GCGAGTTCACCTTGTGCGAG 61.4 20 

pCDH5 R2 CGAGGAGGGAGATCACTGCG 61.4 20 

Platelet Endothelial Adhesion Molecule 1 
pCD31-ii F1 CACCGAGGTCTGGGAACAAAG 61.8 21 

pCD31-ii R1 TCTGCTCTGCGGTCCTAAGT 59.4 20 

Calponin–1 2 
pCNN1 F1 CCAGCATGGCCAAGACGAAAG 61.8 21 

pCNN1 R1 CCCAGCTTGGGGTCGTAGAG 63.5 20 

α-Actin 2 pACTA2 F1 CCCCAGAAGAGCATCCGACC 63.5 20 
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pACTA2 R1 GAGTCCAGCACAATGCCAGT 59.4 20 

Smoothelin 2 
pSMTN F1 GGGGCTATGAGCATGTGGAC 61.4 20 

pSMTN R1 ACGCACTTCCAGTCAGGCTC 61.4 20 

Myosin Heavy Chain-11 2  
pMYH11 F1 AGCCCAGAAGAACGAGAGCG 61.4 20 

pMYH11 R1 TCCAGTGCCGAAATGGTGGA 59.4 20 
1 Primers used for PCAECs, 2 Primers used for PCASMCs 

A SYBR master mix was created using Absolute QPCR SYBR green Mix (12.5µl), forward primer (1µl), 

reverse primer (1µl) and RNase-free water (5.5µl). 20µl of the SYBR master mix was added to each well 

in a RT-PCR 96 well plate, along with 5µl of the diluted cDNA sample. Water and Amplicon based 

controls were also included. All samples included a technical replicate. The well plates were then 

centrifuged and loaded into a PCR cycler (peqSTAR 96Q, Peqlab, Erlangen, Germany). The following 

profile was used for amplification:  

Initial Activation - 95°C for 15 minutes 

Denaturing Stage - 95°C for 15 seconds 

Annealing Stage - 60°C for 30 seconds 

Elongation Stage - 72°C for 30 seconds 

Denaturing Stage - 95°C for 15 seconds 

Annealing Stage - 60°C for 30 seconds 

Melting Curve - 95°C for 5 seconds 

Held at 4°C after melting stage 

2.2.4.6 Data Analysis for Gene Expression Quantification 

Melting curve analysis was conducted to ensure amplified product specificity. The raw Ct values were 

analysed using the comparative ∆∆Ct method in Microsoft® Excel. The equation used to calculate the 

relative fold change using the ∆∆Ct method was: 

𝐹𝑜𝑙𝑑 𝐶ℎ𝑎𝑛𝑔𝑒 = 2 (( ) ( )) 

where EG was the Ct value of the sample well with the specific gene of interest, AvgEH the mean Ct 

value of the sample wells with the housekeeping gene, AvgCG the mean Ct value of the control wells 

with the specific gene of interest and AvgCH the mean Ct value of the control wells with the 

housekeeping gene. The results were statistically analysed and plotted using GraphPad Prism 6.  

40 cycles 
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2.2.6 Flow Cytometry 

PCAECs at P5 were seeded on 24 well plates in EGM-2 until approximately 80% confluency. The 

medium was aspirated and the wells were washed three times with PBS. The drug compounds were 

added to the wells in triplicates and were incubated for 24h. The medium with the drug was removed 

and the wells were washed three times with PBS. 400µl of Serum free media (EBM-2) was added to 

each well for a 24 hour serum starvation phase. 15µg/ml of pHrodo™ Green-labelled LDL (L34355, 

Invitrogen) were added to the wells and further incubated for 4h.  

The medium with the LDL was then discarded and the wells were treated with 100µl of Accutase 

(A6964, Sigma) for cell detachment and were left in the laminar flow cabinet for 10min. The wells were 

checked using a light microscope to ensure efficient cell detachment. 300 µl of complete media was 

then added to the wells to ensure 3 times the volume of Accutase. The cell suspensions were 

transferred to Eppendorf tubes and centrifuged at 300g for 5min. The supernatant was discarded and 

the cell pellet was re-suspended in 150µl of FACS running buffer (MACSQuant, 130-092-747, Miltenyi, 

Bergisch Gladback, Germany). 15µl (1/10) of Anti-CD31 antibody [LCI-4], Allophycocyanin (APC) 

(GTX44005, GeneTex) was added to all the drug treated samples as well as the serum free control 

samples. The tubes were left at room temperature for 10min before transferring the contents to a 

round bottom 96-well plate. The well plate was placed on the Miltenyi chilling platform of the flow 

cytometer (MACSQuant Analyser 10, Miltenyi Biotec, Bergisch Gladback, Germany). 1µl of propidium 

iodide (130-093-233, Miltenyi, Bergisch Gladback, Germany) was added to each well to stain for dead 

cells. The recorded data was analysed using FlowJo (Treestar Inc, Oregon, USA).  

2.2.7 Statistical Analysis 

The data was plotted as mean ± 95% confidence interval. All data were analysed using Graphpad Prism 

6.  Analysis of variance (ANOVA) testing followed by Bonferroni multiple comparison post hoc testing 

were performed. A statistical significance was recognised as p < 0.05. The metabolic activity 

assessment of the drugs were normalised and baseline corrected to the positive control (untreated) 

as a 100% and negative control (No Cell) as 0% values in order to achieve appropriate comparisons. 

This was achieved by using the following equation:  

𝑀𝑒𝑡𝑎𝑏𝑜𝑙𝑖𝑐 𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (%) = 100 × (𝑂𝐷 − 𝑂𝐷 )(𝑂𝐷 − 𝑂𝐷 )  

Where ODSample, ODPositive and ODNegative correspond to the optical density of the test sample, the mean 
of the positive controls and the mean of the negative controls, respectively.  
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2.3 Results 

2.3.1 Metabolic Assessment of Drugs on Endothelial Cells 

2.3.1.1 Human Umbilical Vein Endothelial Cells  

The metabolic activity of the human umbilical vein endothelial cells (HUVECs), exposed to the different 

concentrations of paclitaxel and everolimus for 24h, 48h, 72h and 144h is presented in Figure 2.3. After 

24h exposure to all three concentrations of paclitaxel, the metabolic activity of the HUVECs dropped 

to around 14%, 29% and -8% of the untreated group for 1, 10 and 100 µM, respectively. After 48h, 

these values demonstrated no significant change (P>0.99, P>0.99 and P=0.36 for 1, 10 and 100µM, 

respectively). For the 1µM (P=0.015) and 10µM (P<0.0001) samples, a significant difference was 

observed between the 48h and the 72h exposure times. For the 72h and 144 culture plates, there was 

no significant difference between any of the concentrations and the No Cell negative control, as well 

as between the groups (P>0.99). In the case of everolimus, a 24h exposure demonstrated a significant 

loss of metabolic activity amongst all three concentrations (P<0.0001), where the metabolic activity 

dropped to 28, 42 and -25% for 1, 10 and 100µM respectively. The values for 1 and 10 µM were almost 

double that of paclitaxel at the same exposure time. After 48, the metabolic activity dropped further 

to 18% and 29% for the 1 and 10 µM concentrations, but with no significant statistical difference 

(P=0.40 and 0.09, respectively). After 72h of exposure, there was no significant differences between 

the treated samples and the No Cell negative control (P>0.99, P>0.99 and P=0.18 for 1, 10 and 100µM, 

respectively). For the 1 and 10µM sample, a significant reduction of metabolic activity between the 

24h and the 72h group was observed dropping to 0.76% and 0.28% respectively (P<0.0001). The same 

phenomenon was observed for the samples exposed for 144h, with P=0.66, 024 and 0.53 for the 1, 10 

and 100µM samples, respectively. Although there were significant differences between the samples 

treated with 100µM, these values were either negative or displayed no significant difference with the 

negative control. Both commercially used drugs exhibited a similar rate of metabolic decrease. Both 

sets of treated samples demonstrated a significant difference (P<0.0001) compared to the untreated 

group for the respective time points. 

 

  



       

65 

 
Figure 2.3 – Mean metabolic activity of HUVECs treated with different concentrations of Paclitaxel 
and Everolimus for 24h, 48h, 72h and 144h.  The results were normalised to the untreated control 
group (100%) and baseline corrected to the No Cells negative control. The data was expressed as 
mean± 95% C.I. (n=3). Asterisks indicate significant difference between the test groups and the 

untreated control (black) or the negative control (red), at the 0.01 (**), 0.001(***) and 0.0001 (****) 
levels. Brackets indicate groups with the same level of significant difference to the untreated or 

negative control. 

The metabolic activity of the HUVECs exposed to the different concentrations of curcumin for 24h, 

48h, 72h and 144h is presented in Figure 2.4. After 24h exposure to curcumin, the HUVECs 

demonstrated a reduced metabolic activity amongst the 5, 10 and 25µM concentrations, relative to 

the untreated control (P<0.001, 0.0001, 0.0001, respectively). The highest concentration (100µM) 

demonstrated no significant difference compared to the positive control (P>0.99).  At all exposure 

times tested, there no significant differences between the 10 and 25 µM treated samples and the 

negative control (P>0.99). For each concentration, there was no statistical difference between the 

metabolic activities of any time point, except for the 100µM sample. This shows that for all the 

concentrations except for the 100 µM, there was no further changes after 24h. The metabolic state of 

the 100µM treated cells started at 95% at 24h of exposure and dropped to 58%. This change yielded a 

significant difference with P=0.01. The metabolic activity dropped down to 25% at 72h, with a 

significant difference with P=0.021. Between the final two exposure groups of the 100µm sample (72h 

vs 144h), there was no statistical difference (P>0.99). For all time points, the 1 µM sample 

demonstrated no statistical differences with the corresponding positive controls. The 100 µM sample 

displayed an anomalous metabolic activity that did not find a place with the observable reduction in 

metabolic activity upon concentration increase to 25µM.   

The metabolic activity of the HUVECs exposed to the different concentrations of magnolol for 24h, 

48h, 72h and 144h is presented in Figure 2.5. All magnolol concentrations above and including 37.5µM 

induced a significant reduction in the metabolic activity of the cells relative to the untreated control 

(P<0.0001), as well as matching that of the negative control (No-Cells group) with no significant 

difference (P>0.99) for all exposure times. The 3.75µM dosed sample showed no change between the 

24 and 48h exposure times (P>0.99) but exhibited a drop to 76% upon 72h of magnolol exposure. A 
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statistical significance was observed within the change in metabolic activity between 48h and 72 

(P<0.05) but no further change between 72h and 144h (P>0.99). On the other hand, ferulic acid (Figure 

2.6) did not induce any significant effects on the HUVECS after 24h, at any of the concentrations tested.  

Upon 48h of FA exposure, the 5 and 50 µM sample exhibited an increase of metabolic activity to 133% 

and 136%, respectively, with a significant difference compared to the untreated positive control 

(P=0.02 and P<0.01, respectively). After 72h, the HUVECs treated with 50µM ferulic acid demonstrated 

a significantly increased metabolic activity to 147% (P<0.001). After 144 hours, the HUVECs treated 

with 5, 50 and 100µM ferulic acid exhibited a significant rise in their metabolic activity to 156, 145 and 

134%, respectively, with P<0.0001, P<0.001 and P=0.014, compared to the positive control. Between 

the exposure groups, the only observable statistical significant change was within the 5µM treated 

cells, between 24h and 72h (P<0.01) and 72h and 144h (P<0.01). None of the treated samples shared 

any statistical significance with the negative control.  

The metabolic activity of the HUVECs exposed to the different concentrations of Exendin-4 for 24h, 

48h, 72h and 144h is presented in Figure 2.7. The cells seemed to be unresponsive to Exendin-4 for 

the first 48h, except for an anomaly observed for the 1nM concentration that reduced the metabolic 

activity of the cells to 37% (P<0.001 compared to the positive control). Additionally, the 50nM 

concentration also caused a significant reduction in the metabolic activity of the HUVECs after 48h, 

where a significant difference was observed between the 50nM metabolic activity and the untreated 

control as well as the negative control (P<0.01 for both). The reduced-metabolic-activity trend with 

the 50nM concentration continued through to 72h and 144h and showed significant differences 

compared to the untreated (P<0.001 and P<0.01 for 72h and 144h, respectively). At 72 hours, the 

25nM concentration induced a significant increase in the metabolic activity of the cells to 143% 

(P=0.026, compared to untreated). After 144h exposure to the 5, 10 and 25nM dosages the cells 

demonstrated a significant boost in their metabolic activity to 153%, 188% and 212%, respectively 

(P<0.01, 0.0001 and 0.0001, respectively – compared to untreated). The 5nM sample demonstrated a 

significant increase between the metabolic rate at 72h and at 144h (P<0.01). The 10nM sample 

exhibited significant differences between 24h and 144h (P<0.001), 48h and 144h (P<0.001) and 72h 

and 144h (P<0.01). The same significant differences were observed amongst the cells treated with 

25nM (P<0.0001 for 144h vs 24h and 48h). For the metabolic decreasing 50nM concentration, a 

difference was observed between 24h and 72h (P<0.01) as well as 144h (P=0.019).   
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Figure 2.4 - Mean metabolic activity of HUVECs treated with different concentrations of curcumin 

for 24h, 48h, 72h and 144h.  The results were normalised to the untreated control group (100%) and 
baseline corrected to the No Cells negative control. The data was expressed as mean± 95% C.I. (n=3). 
Asterisks indicate significant difference between the test groups and the untreated control (black) or 

the negative control (red), at the 0.05 (*), 0.01 (**), 0.001(***) and 0.0001 (****) levels. Brackets 
indicate groups with the same level of significant difference to the untreated or negative control. 

 

 
Figure 2.5 - Mean metabolic activity of HUVECs treated with different concentrations of magnolol 
for 24h, 48h, 72h and 144h. The results were normalised to the untreated control group (100%) and 
baseline corrected to the No Cells negative control. The data was expressed as mean± 95% C.I. (n=3). 
Asterisks indicate significant difference between the test groups and the untreated control (black) or 

the negative control (red), at the 0.05 (*), 0.01 (**), 0.001(***) and 0.0001 (****) levels. Brackets 
indicate groups with the same level of significant difference to the untreated or negative control. 
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Figure 2.6 - Mean metabolic activity of HUVECs treated with different concentrations of ferulic acid 
for 24h, 48h, 72h and 144h. The results were normalised to the untreated control group (100%) and 
baseline corrected to the No Cells negative control. The data was expressed as mean± 95% C.I. (n=3). 
Asterisks indicate significant difference between the test groups and the untreated control (black) or 

the negative control (red), at the 0.05 (*), 0.01 (**), 0.001(***) and 0.0001 (****) levels. Brackets 
indicate groups with the same level of significant difference to the untreated or negative control. 

 

Figure 2.7 - Mean metabolic activity of HUVECs treated with different concentrations of Exendin-4 
for 24h, 48h, 72h and 144h. The results were normalised to the untreated control group (100%) and 
baseline corrected to the No Cells negative control. The data was expressed as mean± 95% C.I. (n=3). 
Asterisks indicate significant difference between the test groups and the untreated control (black) or 

the negative control (red), at the 0.05 (*), 0.01 (**), 0.001(***) and 0.0001 (****) levels. Brackets 
indicate groups with the same level of significant difference to the untreated or negative control. 
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2.3.1.2 Porcine Coronary Artery Endothelial Cells  

Similar to the case of the HUVECs, curcumin induced a similar effect to the metabolic activity of porcine 

coronary artery endothelial cells (PCAECs) (Figure 2.8). The 1µM treated sample demonstrated a 

significant increase after 18h (P<0.01) and 144h (P=0.03) of exposure with a metabolic activity of 159% 

and 151%, respectively. The other time point wells exhibited no significant difference between the 

untreated control and the 1µM treated samples. The 5 µM sample demonstrated a significant decrease 

in metabolic activity amongst the 18h (P<0.0001), 36h (P<0.01), 48h (P<0.01) and 72h (P<0.0001) 

exposure times.  The 10 and 25 µM treated samples demonstrated a significant reduction of metabolic 

activity (P<0.0001 for all time points). These values were not statistically different from the negative 

control. A similar observation amongst the 100µM sample, compared to that of the curcumin-treated 

HUVECs. The high dose sample displayed no statistical differences compared to the untreated control 

at the 18h point (P>0.99). A linear negative trend was observed as exposure time was increased. For 

each exposure time relative to the subsequent time point, the 1µM treated sample demonstrated no 

significant difference. For the 5µM treated PCAECs, a significant increase in metabolic activity was 

observed between the 18h and the 24h time points (P<0.01). The succeeding time points were 

demonstrated no significant differences apart from the 72h to 144h (P<0.01) comparison. The 10 and 

25 µM samples demonstrated a fixed metabolic activity throughout the duration of the experiment 

where no differences were observed between the time points for these specific concentrations. The 

100µM treated sample, however, displayed a slow decay of metabolic activity. After 18h, the PCAECs 

exhibited a metabolic activity level of 106%, this dropped down to 57% at the 24h point (P=0.010 for 

18h vs 24h).  There were no further comparable differences between the subsequent time points and 

the preceding time points. However, the level of significant differences of the 100µM and the 

untreated control kept increasing (except for the 72h time point).  

Exposure to magnolol produced similar metabolic activities in the PCAECs (Figure 2.9), as in the case 

of the HUVECs. The only exception was the significant increase in metabolic activity of the cells treated 

with 3.75µM at the 36h time point (P<0.01). The cells treated with 37.5µM and higher shared no 

significant differences relative to the No Cells negative control. 

The effect of ferulic acid on the PCAECs is presented in Figure 2.10. Relative to the No Cells control, all 

dosed samples at all time points demonstrated a significant differences (P<0.0001). At the 18h point, 

the only statistically significant increase observed was amongst the low 0.5µM concentration 

compared to the untreated control. Ferulic acid induced an increase in cellular metabolic activity when 

used at the concentrations of 5, 50 and 100 µM after 24 hours displaying a boost to 161, 196 and 190%, 

respectively (P<0.05, 0.0001 and 0.001, respectively). After 144h, 0.5 (P<0.01), 5 (P<0.05) and 50 

(P<0.05) µM of ferulic acid induced a significant increase in the metabolic activity of the PCAECs 
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compared to the untreated control, with values of 182, 165 and 166%, respectively. Between the time 

groups for the specific concentrations, only 0.5µM treated cells displayed a significant difference, 

between 18h and 24, 36, 48 and 72h (P<0.01), which could be attributed to the anomalous metabolic 

activity observed at 18h.   

For the Exendin-4 treated samples (Figure 2.11), relative to the untreated control group for the 

respective exposure times, the significantly different samples were observed amongst the 1nM 

(P=0.024) and 5nM (P=0.014) samples at 18h, 25nM (P<0.01) at 24h and all the treated samples at 

144h. At 144h, the biggest metabolic increase over the control was observed in the 50nM treated cells 

(P<0.0001) with a metabolic activity of 234%. Values of 175%, 200%, 175% and 194% were observed 

amongst the PCAECs treated with exendin-4 with concentrations of 1nM (P=0.036), 5nM (P<0.01), 

10nM (P=0.034) and 25nm (P<0.01), respectively. Although significant differences were observed 

between some time points for the individual concentrations tested, a clear time based trend was not 

observed.  For the 5nM sample, there was a significant increase in metabolic activity between the 72h 

and 144h exposure times (P=0.039). This observation was not observed with the 10nM samples. This 

72h vs 144h difference was repeated with the 25nM (P=0.013) and 50nM (P<0.001) treated samples.  

 
Figure 2.8 - Mean metabolic activity of PCAECs treated with different concentrations of curcumin 
for 18h, 24h, 36h, 48h, 72h and 144h. The results were normalised to the untreated control group 
(100%) and baseline corrected to the No Cells negative control. The data was expressed as mean± 
95% C.I. (n=3). Asterisks indicate significant difference between the test groups and the untreated 

control (black) or the negative control (red), at the 0.05 (*), 0.01 (**), 0.001(***) and 0.0001 (****) 
levels. Brackets indicate groups with the same level of significant difference to the untreated or 

negative control. 
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Figure 2.9 - Mean metabolic activity of PCAECs treated with different concentrations of magnolol 
for 18h, 24h, 36h, 48h, 72h and 144h. The results were normalised to the untreated control group 
(100%) and baseline corrected to the No Cells negative control. The data was expressed as mean± 
95% C.I. (n=3). Asterisks indicate significant difference between the test groups and the untreated 

control (black) or the negative control (red), at the 0.05 (*), 0.01 (**), 0.001(***) and 0.0001 (****) 
levels. Brackets indicate groups with the same level of significant difference to the untreated or 

negative control. 

 

Figure 2.10 - Mean metabolic activity of PCAECs treated with different concentrations of ferulic 
acid for 18h, 24h, 36h, 48h, 72h and 144h. The results were normalised to the untreated control 
group (100%) and baseline corrected to the No Cells negative control. The data was expressed as 
mean± 95% C.I. (n=3). Asterisks indicate significant difference between the test groups and the 
untreated control (black) or the negative control (red), at the 0.05 (*), 0.01 (**), 0.001(***) and 
0.0001 (****) levels. Brackets indicate groups with the same level of significant difference to the 

untreated or negative control. 
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Figure 2.11 - Mean metabolic activity of PCAECs treated with different concentrations of Exendin-4 
for 18h, 24h, 36h, 48h, 72h and 144h. The results were normalised to the untreated control group 
(100%) and baseline corrected to the No Cells negative control. The data was expressed as mean± 
95% C.I. (n=3). Asterisks indicate significant difference between the test groups and the untreated 

control (black) or the negative control (red), at the 0.05 (*), 0.01 (**), 0.001(***) and 0.0001 (****) 
levels. Brackets indicate groups with the same level of significant difference to the untreated or 

negative control. 

2.3.2 Metabolic Assessment of Drugs on Smooth Muscle Cells 

2.3.2.1 Human Coronary Artery Smooth Muscle Cells  

The commercially used DES drugs Paclitaxel and Everolimus induced a slightly different effect on the 

human coronary artery smooth muscle cells (HCASMCs), compared to the HUVECs (Figure 2.12). The 

metabolic activity of the cells treated with 1 and 10 µM for both drugs remained high during the 

duration of the study but still demonstrated a significant difference compared to the untreated control, 

with the exception of 1µM treated cells at 48h (P>0.99). The 100µM dosed cells dropped their 

metabolic state to that of the No Cells control group after the first 24 hours (P=0.31 compared to the 

No Cells control). The metabolic state remained as such for all the assessed time points. The 

everolimus-treated HCASMCs demonstrated similar effects amongst the low concentrations (1µM and 

10µM) on HCASMCs compared to that of paclitaxel. After 144h, the 1µM treated cells were comparable 

to the untreated control group. The cells treated with 10µM Everolimus demonstrated an initial 

reduction in their metabolic activity, to almost the minimal value (negative control), but for longer 

exposure times they exhibited an increase in metabolic activity (from 12% at 24h to 79% at 72h). 

Between the time points, the only key differences noted were associated with the 1µM treated 

samples between 72h and 144h (P<0.01) as well as the increase noted before with the 10µM treated 

cells between 24h and all subsequent time points (P<0.0001).  
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Figure 2.12 - Mean metabolic activity of HCASMCs treated with different concentrations of 

Paclitaxel and Everolimus for 24h, 48h, 72h and 144h. The results were normalised to the untreated 
control group (100%) and baseline corrected to the No Cells negative control. The data was 

expressed as mean± 95% C.I. (n=3). Asterisks indicate significant difference between the test groups 
and the untreated control (black) or the negative control (red), at the 0.05 (*), 0.01 (**), 0.001(***) 

and 0.0001 (****) levels. Brackets indicate groups with the same level of significant difference to the 
untreated or negative control. 

Curcumin’s effect on the metabolic activity of HCASMCs is shown in Figure 2.13. Unlike the observation 

with the ECs, curcumin did not demonstrate significant effects on the HCASMCs amongst the 

concentrations between 1 and 10µM. An exception to this was observed at 72h amongst the 10µM 

treated samples, where a significant difference between the tested sample and the untreated control 

was observed (P=0.034). For the 25µM treated cells, a significant drop to 13% from 89% was observed 

at 48h of exposure. This effect was retained throughout the duration of the study. The 100µM treated 

cells demonstrated immediate minimisation of metabolic state after the initial 24h time point. The 

25µM (from 48h onwards) and 100µM displayed no significant difference between the No Cell negative 

control and the tested samples amongst all time points. Analysis between the time points 

demonstrated a significant difference between the 24h and 72h exposure amongst the 10µM treated 

cells (P<0.01). Another clear time based difference between the 25µM treated cells at 24h and 48h 

(P<0.001), 72h (P<0.0001) and 144h (P<0.0001) was observed.  

The effects of magnolol on the metabolic activity of HCASMCs are displayed in Figure 2.14. After 24h 

of magnolol exposure, significant differences between the untreated control and the 93.9µM (P=0.02), 

187µM (P<0.0001) and 375µM (P<0.0001) were observed, with a drop of metabolic activity to 50%, 

0.5 and 0%, respectively. The 187 and 375µM treated HCASMCs retained this reduction in metabolic 

activity amongst all time points. At 48h, the metabolic activity of the 93.9µM sample dropped down 

further to 19%, where an insignificant difference between the negative control and the tested value 

was observed (P>0.99). This comparison between the 93.9µM and the No Cell negative control was 

observed for the 72h and 144h exposure times as well. The 3.75µM treated samples started showing 

a significant loss of metabolic activity from the 48h time point onwards, compared to the untreated 

control. For the 3.75µM treated cells, the metabolic activity showed significant differences between 
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the 24h and 48h (P<0.01), 72h (P=0.037) and 144h (0.016) exposure times. The 37.5µM sample 

demonstrated statistical time-based differences between 48h and 72h (P=0.012) followed by reversion 

back to the same metabolic activity at 144h (72h vs 144h with P=0.025).  The only statistical difference 

that occurred amongst the 93.9µM treated samples were between 24h exposure and 144h exposure 

(P<0.001).  

The metabolic activity of HCASMCs exposed to different concentrations of ferulic acid for different 

exposure times is illustrated Figure 2.15. After 24h of exposure, none of the concentrations 

demonstrated any significant difference compared to the positive control. This was also observed for 

the 48h exposure set. At 72h, the 50M treated sample demonstrated a great boost in metabolic 

activity to 240% (P<0.0001 compared to untreated). This boost was not significant at the 144h time 

point. However, the 100M treated cells did exhibit a significant increase (180%) in metabolic activity 

compared to the untreated control (P=0.035). Relative to the negative control, all treated samples 

demonstrated varied levels of significant differences and none of the samples shared similar values to 

that of the negative control. Between the time groups for the individual concentrations, 50M treated 

cells at 24h vs 72h (P<0.01), 48h vs 72h (P=0.043) and 72h vs 144h (P=0.030) displayed statistical 

differences.  For the 100M treated HCASMCs, observable differences were seen between 24h and 

48h (P=0.035) and 24h and 144h (P=0.011).  

The metabolic activity of the HCASMCs under exposure to Exendin-4 is illustrated in Figure 2.16. At the 

two lowest concentrations, 1nm and 5nm, after 24h of exposure, the metabolic activity of the cells 

dropped significantly to 30% and 55%, respectively (P<0.0001 and P=0.022, respectively). The values 

for these concentrations appear to be inconsistent with the metabolic activities for the subsequent 

time points. The 5nM (P=0.032) and 10nM (P=0.015) treated cells demonstrated a significant increase 

over the untreated sample at the 48h point. At the 72h point, the cells treated with 10nM and 25nM 

of exendin-4 demonstrated an increase in metabolic activity to 186% and 141%, respectively (relative 

to control, P<0.0001 and P=0.049, respectively).  The 144h exposed cells only yielded a significant 

increase over the untreated control amongst the 25nM treated cells (P=0.032). Throughout all the time 

points, the 50nM treated cells did not exhibit any significant changes in metabolic activity relative to 

the control group.  For the anomalous 1nM treated cells at 24h, significant differences were observed 

compared to the 48h, 72h and 144h exposure times (P<0.0001). This occurrence was identical amongst 

the 5nM and the 10nM treated cells (P<0.0001 for 24h compared to all other time points for both 

concentrations). A significant change was also observed between the 48h and 72h exposure time for 

the 10nM treated cells (P<0.01), as well as for the 72h vs the 144h time points (P<0.01). The 25nM 

treated samples demonstrated no key changes between the different time points. Although the 50nM 
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treated cells displayed no significant difference amongst the 24h set, significant differences between 

the metabolic activity at 24h and 48h (P=0.036), 72h (P<0.0001) and 144h (P<0.001) were observed.  

 
Figure 2.13 - Mean metabolic activity of HCASMCs treated with different concentrations of 

curcumin for 24h, 48h, 72h and 144h. The results were normalised to the untreated control group 
(100%) and baseline corrected to the No Cells negative control. The data was expressed as mean± 
95% C.I. (n=3). Asterisks indicate significant difference between the test groups and the untreated 

control (black) or the negative control (red), at the 0.05 (*), 0.01 (**), 0.001(***) and 0.0001 (****) 
levels. Brackets indicate groups with the same level of significant difference to the untreated or 

negative control. 

 

Figure 2.14 - Mean metabolic activity of HCASMCs treated with different concentrations of 
magnolol for 24h, 48h, 72h and 144h. The results were normalised to the untreated control group 
(100%) and baseline corrected to the No Cells negative control. The data was expressed as mean± 
95% C.I. (n=3). Asterisks indicate significant difference between the test groups and the untreated 

control (black) or the negative control (red), at the 0.05 (*), 0.01 (**), 0.001(***) and 0.0001 (****) 
levels. Brackets indicate groups with the same level of significant difference to the untreated or 

negative control. 
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Figure 2.15 - Mean metabolic activity of HCASMCs treated with different concentrations of Ferulic 
Acid for 24h, 48h, 72h and 144h. The results were normalised to the untreated control group (100%) 
and baseline corrected to the No Cells negative control. The data was expressed as mean± 95% C.I. 
(n=3). Asterisks indicate significant difference between the test groups and the untreated control 

(black) or the negative control (red), at the 0.05 (*), 0.01 (**), 0.001(***) and 0.0001 (****) levels. 
Brackets indicate groups with the same level of significant difference to the untreated or negative 

control. 

 

Figure 2.16 - Mean metabolic activity of HCASMCs treated with different concentrations of 
Exendin-4 for 24h, 48h, 72h and 144h. The results were normalised to the untreated control group 
(100%) and baseline corrected to the No Cells negative control. The data was expressed as mean± 
95% C.I. (n=3). Asterisks indicate significant difference between the test groups and the untreated 

control (black) or the negative control (red), at the 0.05 (*), 0.01 (**), 0.001(***) and 0.0001 (****) 
levels. Brackets indicate groups with the same level of significant difference to the untreated or 

negative control. 
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2.3.2.2 Porcine Coronary Artery Smooth Muscle Cells  

The metabolic activity results for the porcine coronary artery smooth muscle cells (PCASMCs) exposed 

to curcumin for 18h, 24h 36h, 48h, 72h and 144h as illustrated in Figure 2.17. The PCASMCs treated 

with 5µM and 10µM of curcumin displayed a significant increase in metabolic activity at 18h, compared 

to the untreated control (P<0.0001 and P<0.001, respectively). The 100µM sample at the 18h time 

point exhibited a diminishing effect on the metabolic state where the activity level dropped to 17% 

(P<0.0001 vs untreated control). This occurrence transcended across all the time points, where there 

was no difference between the 100µM treated cells and the No Cell negative control. The 5µM treated 

sample at 24h and 36h demonstrated the similar boost in metabolic activity as initially observed at 

18h. Throughout all the time points, the cells treated with 1µM remained unchanged with no 

significant increase or decrease in metabolic activity. The 5µM did display in increase in metabolic 

activity with no major changes between the exposure times after the initial 18h observation. For the 

10µM treated cells, changes between the exposure times were observed between 24h, 36h, 48h and 

72h compared to the final 144h outcome (P<0.001, P<0.0001, P<0.01 and P<0.01, respectively). 

Visually, the 25µM treated cells displayed a decreasing trend as exposure time was increased. This was 

reaffirmed by the increasing level of statistical significance observed between 18 and 48 (P=0.046), 72 

(P<0.001) and 144h (P<0.0001), as well as 24h vs 72h (P<0.001) and 144h (P<0.0001). A change 

between 36h and 144h (P=0.02) was also seen. Throughout the course of the assessment, the cells 

treated with 25µM of curcumin went from a metabolic activity level of 73%, linearly down to 1.8%.  

The metabolic activity results for Magnolol are shown in Figure 2.18. Under Magnolol treatment the 

PCASMCs demonstrated a similar activity compared to the human cells. The high concentrations of 

Magnolol (187µM and 375µM) reduced significantly the activity of the cells in all exposure times 

tested, with the results reaching the readings of the negative (No-Cells) control. On the other hand, 

the cells treated with 37.5µM of Magnolol, exhibited a massive increase of their metabolic activity for 

all exposure times, even reaching 340% of the activity of the untreated control at 144h (P<0.0001). The 

93.9µM concentration did not induce any significant changes in cell activity for exposure times up to 

72h, but it did induce a significant decrease after 144h of exposure down to a minimal metabolic state 

(P<0.0001). A slight increase to 131% was observed at 36h for the 93.9µM concentration level and 

displayed a statistical difference relative to the untreated control (P=0.020). The effect of 3.75µM on 

the improvement of metabolic activity was observed at 72h and remained unchanged. Significant 

differences between all the preceding time points and the 72h was observed. The 37.5µM treated cells 

caused the metabolic activity of the cells to statistically decrease from 18h to 24h (P=0.023). An 

increase between the metabolic activity at 48h and 72h was observed as well as from 72h to 144h 

(P<0.0001 for both comparisons).  The 93.9µM treated cells showed insignificant changes for the major 
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part of the experiment, until the drop from 72h to 144h (P<0.0001). For 187 and 375 µM, the metabolic 

activity remained at a minimum and unchanged between all exposure times (P>0.99).  

The metabolic activity of PCASMCs, exposed to ferulic acid is presented in Figure 2.19. None of the 

concentrations demonstrated any changes in metabolic activity compared to the untreated control 

sample at the respective time point upon treatment with ferulic acid.  

The metabolic activity of PCASMCs treated with an increasing concentration of exendin-4 is illustrated 

in Figure 2.20. Upon 18h of exposure to the drugs, the 50nM treated samples were the only group to 

display a significant change. The metabolic activity increased to 139% and was statistically significant 

compared to the untreated sample (P<0.01). For 24h and 36h of exposure, the cells demonstrated no 

response to exendin-4. At 48h, the 50nM treated cells demonstrated another statistical significant 

difference (to 140%), however, there was no change between the 18h metabolic activity and the 48h 

time point. At 72h of exposure, the cells treated with 5nM, 25nM and 50nM all displayed an increase 

in metabolic activity to 137%, 136% and 174% (P=0.015, P=0.021 and P<0.0001, respectively and 

compared to untreated control). These values remained unchanged after 144h of exposure, but still 

demonstrated a significant difference compared to the control group of P<0.01, P<0.01 and P<0.0001 

for 5nM, 25nM and 50nM, respectively. The 50nM treated cells demonstrated the greatest change 

amongst the time points, where significance was observed between 48h and 72h (P=0.030).  

 
Figure 2.17 - Mean metabolic activity of PCASMCs treated with different concentrations of 

curcumin for 18h, 24h, 36h, 48h, 72h and 144h. The results were normalised to the untreated 
control group (100%) and baseline corrected to the No Cells negative control. The data was 

expressed as mean± 95% C.I. (n=3). Asterisks indicate significant difference between the test groups 
and the untreated control (black) or the negative control (red), at the 0.05 (*), 0.01 (**), 0.001(***) 

and 0.0001 (****) levels. Brackets indicate groups with the same level of significant difference to the 
untreated or negative control. 
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Figure 2.18 - Mean metabolic activity of PCASMCs treated with different concentrations of 

magnolol for 18h, 24h, 36h, 48h, 72h and 144h. The results were normalised to the untreated 
control group (100%) and baseline corrected to the No Cells negative control. The data was 

expressed as mean± 95% C.I. (n=3). Asterisks indicate significant difference between the test groups 
and the untreated control (black) or the negative control (red), at the 0.05 (*), 0.01 (**), 0.001(***) 

and 0.0001 (****) levels. Brackets indicate groups with the same level of significant difference to the 
untreated or negative control. 

  

 

Figure 2.19 - Mean metabolic activity of PCASMCs treated with different concentrations of ferulic 
acid for 18h, 24h, 36h, 48h, 72h and 144h. The results were normalised to the untreated control 
group (100%) and baseline corrected to the No Cells negative control. The data was expressed as 
mean± 95% C.I. (n=3). Asterisks indicate significant difference between the test groups and the 
untreated control (black) or the negative control (red), at the 0.05 (*), 0.01 (**), 0.001(***) and 
0.0001 (****) levels. Brackets indicate groups with the same level of significant difference to the 

untreated or negative control. 
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Figure 2.20 - Mean metabolic activity of PCASMCs treated with different concentrations of 
Exendin-4 for 18h, 24h, 36h, 48h, 72h and 144h. The results were normalised to the untreated 

control group (100%) and baseline corrected to the No Cells negative control. The data was 
expressed as mean± 95% C.I. (n=3). Asterisks indicate significant difference between the test groups 
and the untreated control (black) or the negative control (red), at the 0.05 (*), 0.01 (**), 0.001(***) 

and 0.0001 (****) levels. Brackets indicate groups with the same level of significant difference to the 
untreated or negative control. 

 

2.3.3 Wound Healing Assay 

Cell migration and morphology was assessed using the wound healing assay. The percentage reduction 

of the inflicted wound area by the PCAECs, treated with the different drug concentrations, is shown in 

Figure 2.21. The drug concentrations were chosen specifically as a result of the initial metabolic activity 

screening. Everolimus at a high concentration provided sufficient inhibitive capacity to be used as the 

negative control.  Median concentration values of magnolol and curcumin were assessed for the 

purpose of additional verification of the metabolic activity study. Ferulic acid and exendin-4 were 

studied at 50µM/500µM and 10nM/100nM, respectively, as an effective mid-range value as well as an 

extreme value based on the promising data observed in the metabolic activity study.  Overall, the 

reduction in the wound area achieved by the magnolol-, curcumin- and everolimus-treated groups was 

minimal and significantly reduced compared to the untreated control (p<0.05 for all time points). On 

the other hand, the cells treated with both  concentrations of ferulic acid demonstrated very similar 

behaviours to the untreated control (p>0.05 for all time points), with almost 90% of the wound area 

repaired by the end of the experiment (50h). The cells that were treated with the two exendin-4 

concentrations demonstrated a comparable behaviour to the untreated control, but the migratory rate  
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of these cells was significantly slower compared to both the ferulic- acid-treated and untreated cells 

(p<0.05). 

The calcein staining for the cell viability of the treated and untreated PCAECs that were subjected to 

the scratch assay after 48h exposure are shown in Figure 2.22. 100 µM everolimus, 10µM curcumin 

and 93.9µM magnolol displayed no viable cells after 48h. The untreated samples demonstrated a slight 

increase in cell size over the healed wound area as did the exendin-4-treated samples and the samples 

treated with 50µM ferulic acid. Both the ferulic-acid- and Exending-4-treated samples demonstrated 

100% confluency over the wound region, apart from the cells treated with 100nM of Exendin-4. All 

viable samples demonstrated a cobblestone-like cell morphology. 

The percentage reduction of the inflicted wound area by the PCASMCs, treated with the different drug 

concentrations, is shown in Figure 2.23. In this case, the PCASMCs did not show the same migratory 

pattern and ease of visualisation as the PCAECs. The larger, more elongated cell shapes of the PCASMCs 

made it difficult to get an accurate representation of the wound closure. The only cell group to show 

no gap closure was the one treated with 100µM of everolimus. At 12h, all treated groups (except 

everolimus) demonstrated no significant difference compared to the untreated control. At 24h, the 

PCASMCs treated with 500µM ferulic acid achieved approximately 40% reduction in the wound area, 

whereas the groups treated with 10nM Exendin-4, curcumin and magnolol demonstrated about 22% 

reduction in the wound area (p<0.01). After 36h of drug exposure, the untreated group showed a 

reduction of the wound area of about 60%, whereas the ferulic acid samples achieved below 50% 

(p<0.01) and the Exendin-4 samples below 40% (p<0.0001). After 48h, the exendin-4- and ferulic-acid-

treated groups increased their migratory rate, and no significant difference could be observed 

between them and the untreated control beyond 24h. On the other hand, the magnolol- and curcumin-

treated samples demonstrated significantly reduced wound close capacity beyond 24h compared to 

the untreated control (p<0.0001 and p≤0.05, respectively). 

The calcein staining results for the treated and untreated PCAECs that were subjected to the scratch 

assay after 48h exposure are shown in Figure 2.24. In contrast to the PCAECs, the PCASMCs did not 

migrate in a controlled manner and were scattered in the wound gap, except for the case of the 

everolimus-treated samples that presented no viable cells. The curcumin-treated cells demonstrated 

a significant change in their morphology, compared to the untreated samples. The untreated samples 

exhibited a rhomboid-shaped morphology with some regions of cells exhibiting elongation. The 

magnolol-treated cells also demonstrated this polygonal morphology, with a smaller size and shorter 

length. The exendin-4- and ferulic-acid-treated PCASMCs showed a very clear morphological shift 

towards a sharply elongated shape. All viable samples demonstrated migration, but none of them 

achieved full coverage of the wound area.  
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Figure 2.21 – Percentage reduction of wound area achieved by PCAECs under different drug 
exposure over a 48h period. The data was expressed as mean of the reduced wound area for each 

time point (n=3) 

 

 

Figure 2.22  - Fluorescence microscopy of calcein-stained PCAEC monolayers, subjected to the 
scratch assay, after 48h exposure to different drug dosages. Scale bar: 200µm. 
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Figure 2.23 - Percentage reduction of wound area achieved by PCASMCs under different drug 
exposures over a 48h period. The data was expressed as mean of the reduced wound area for each 

time point (n=3) 

 

Figure 2.24 - Fluorescence microscopy of calcein-stained PCSMCs, subjected to the scratch assay, 
after 48h exposure to different drug dosages. Scale bar: 200µm. 
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2.3.4 Gene Expression of Cells Treated with Drugs 

In order to identify any potential phenotypic changes that might be induced by the drug treatments 

on to the cells, qPCR was conducted. Primers were designed specifically for the porcine endothelial 

and smooth muscle cells for genes pertaining to the respective cell type. 

2.3.4.1 Endothelial Cells  

The endothelial nitric oxide synthase (NOS3), vascular endothelial cadherin (CDH5) and platelet 

endothelial adhesion molecule (CD31) expressions of the PCAECs treated with the different drug 

compounds for 144h were compared to the untreated control. The relative fold changes in the gene 

expression of the treated cells with respect to the untreated control are shown in Figure 2.25. The 

expressions of CDH5 and CD31 in the treated cells demonstrated no significant difference compared 

to the untreated the control (p=0.6426 and p=0.1923, respectively). The PCAECs that were treated 

with 100µM of Exendin-4 demonstrated approximately 50% downregulation of NOS3, which was 

significantly reduced compared to the NOS3 expression of the cells treated with 10µM exendin-4 and 

500µM ferulic acid.   

 

 

Figure 2.25 – Fold change in CDH5 (A), CD31(B) and NOS3 (C) expression in PCAECs after 144h 
exposure to Exendin-4 10nM (Ex10), Exendin-4 100nM (Ex100), Ferulic Acid 50µM (FA50) and 

Ferulic Acid 500 µM (FA500), compared to the untreated control. Data was expressed as means ± 
95% C.I. (n=3). Asterisks indicate significant difference between the originator and end-bracket 

column at the 0.05 (*) level.  

 

A B 

C 
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2.3.4.2 Smooth Muscle Cells 

The myosin heavy chain 11 (MYH11), smoothelin (SMTN), α-Actin (ACTA) and calponin (CNN1) 

expressions of the PCASMCs treated with the different drug compounds for either 24h, 48h or 72h 

were compared to the untreated control.  The fold change in the expression of the aforementioned 

genes is shown in Figure 2.26. The PCASMCs treated with 50µM of ferulic acid demonstrated a 

significant increase in the expression of all target genes, with MYH11 increasing 5-fold, ACTA 4-fold 

and SMTN and CNN1 2-fold after 48h, compared to the corresponding expressions of the untreated 

cells. For the higher concentration of ferulic acid (500µM), a 2.7-fold increase in the expression of 

MYH11 and a 5-fold increase in the expression of SMTN and ACTA was observed after 48h, compared 

to the untreated sample. SMTN exhibited a higher fold change at 500µM than at 50µM of ferulic acid. 

ACTA demonstrated a further increase to 10-fold and at the 72h exposure to 500µM of ferulic acid, 

whereas the expression of CNN1 exhibited no change over the course of 72h. In the case of the 

PCASMCs treated with exendin-4, the gene expression increased at 48h and decreased after an 

additional 24h. The CNN1 expression of the PCASMCs treated with 10nM exendin-4 and the SMTN and 

CNN1 expressions of the PCASMCs treated with 100nM exendin-4, did not exhibit this trend. The 

expression of SMTN and CNN1 in the PCASMCs treated with 100nM exendin-4 displayed no significant 

changes over the 72h.   

2.3.5 Endothelial Cell Function 

The flow cytometry results of the functionality assessment of the PCAECs treated with ferulic acid and 

exendin is shown in Figure 2.27. Both treatments demonstrated an improved viability compared to the 

serum free control. It was also noted that around 98% of the viable cells were positive for CD31 for all 

groups. The study also showed that all of LDL positive cells were also positive for CD31.   
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Figure 2.26 – Fold change in MYH11, SMTN, ACTA and CNN1 expression in PCASMCs after 24h, 48h 
and 72h exposure to Ferulic Acid 50µM (A), Ferulic Acid 500 µM (B), Exendin 10nM (C) and Exendin 

100nM (D), compared to the untreated control. Data was expressed as means ± 95% C.I. (n=3). 
Asterisks indicate significant difference between the originator and end-bracket column at the 0.05 

(*), 0.01 (**), 0.001 (***) and 0.0001 (****) level. 

 
Figure 2.27 - Flow cytometry results of PCAECs cultured in to Exendin 10nM (Ex10), Exendin 100nM 
(Ex100), Ferulic Acid 50µM (FA50) and Ferulic Acid 500 µM (FA500). Data was expressed as means ± 
95% C.I. (n=3). Asterisks indicate significant difference between the test groups and the serum-free 

control at the 0.05 (*) and 0.01(**) level.  
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2.4 Discussion 
The work presented in this chapter aimed at assessing the cytotoxic limits of a cohort of drug 

compounds, as well as their effectiveness in inhibiting SMCs and promoting ECs proliferation. Cell 

morphology, phenotypic alterations and cell migration were assessed in order to ensure that the drug 

compounds did not negatively alter the functionality and state of the cells. The CCK-8 metabolic activity 

assay that utilised the WST-8 salt was utilised in order to assess cell viability and population in terms 

of the metabolic activity. The high susceptibility of the WST-8 salt to reduction made it very sensitive 

to the metabolic activity of the cells through mitochondrial dehydrogenases within only living cells. 

Although the MTT assay could also provide such information about the cells, it has been reported to 

be less sensitive than WST-8, as well as more cytotoxic, since that assay needs to enter the cell 

membrane. This is problematic for long term assessments of cells or if subsequent analysis needs to 

be conducted [225]. The assessment of the metabolic activity investigated both human and porcine 

cells in order to identify potential cross-species observations, with a view to potentially using porcine 

cells as readily available alternative cell source to model stent endothelialisation. HUVECs were chosen 

due to their reported similarity to HCAECs as well as being used as a research standard [226]. There 

are many advantages in using HCAECs in the assessment of the endothelialisation potential of stents, 

such as an accurate coronary artery endothelial cell susceptibility to inflammatory markers [227]. 

HUVECs have also been reported to have a higher level of adhesion molecule expression than the 

coronary endothelial cells [227] and be more sensitive to apoptosis than HCAECs [228].  

The commercially available drugs (paclitaxel and everolimus) used in DESs were assessed to identify 

the effects of these anti-proliferative compounds on both ECs and SMs. The effect of these drugs on 

the metabolic activity of HUVECS and HCASMCs indicated a clear difference in terms of sensitisation, 

since the SMCs, treated with both paclitaxel and everolimus, exhibited minimal disruption in their 

viability and metabolic state, whereas the HUVECs, treated with the same concentrations of these 

drugs, showed clear signs of apoptosis. These results might explain the poor endothelialisation of DESs 

in vivo. The 10µM dosage of both drugs on SMCs showed a proliferation decline of around 25%, 

whereas the ECs exhibited complete cell death with no noticeable differences compared to the WST-

8 No-Cell control. It is important that an optimum drug for DESs promotes proliferation and viability of 

ECS whilst reducing the proliferation of SMCs.  

Curcumin demonstrated an increasingly toxic effect on the HUVECs, except for the inconsistent result 

observed when the HUVECs were treated with 100µM. The same trend was present in the PCAECs, 

suggesting that the cell source might not be the critical factor here. It was hypothesized that the 

distinct yellow colour of curcumin might have interfered with the metabolic activity signal due to the 

high concentration of 100µM. However, this could not have been the case, since the same 
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concentrations were applied to SMCs and this inconsistent behaviour was not observed. A study by 

Koo et al. [229] reported a rapid decline in cell viability when increasing the curcumin concentration 

above 5µM. They reported that a concentration of 100 µM was highly cytotoxicity on HUVECs. Their 

study assesses HUVECs that were treated with vascular endothelial growth factors (VEGF) and the 

apoptotic nature of ECs under the treatment of curcumin was linked to the blocking of the VEGFR-2 

mediated ERK1/2 signalling pathway, which is a critical pathway in EC proliferation. Since VEGF exists 

in EGM-2, curcumin might have induced suppressive effects on the VEGF receptor.  It has been 

reported that curcumin inhibited the VEGF proliferative pathway through the inhibition of COX-2 and 

MAPK. Fu et al. [230] suggested that HUVEC apoptosis by curcumin might be caused by the activation 

of caspase-3. 

The apoptotic effect of curcumin on SMCs has been linked to the activation of nuclear factor-κB, as 

well as to the inhibition of protein kinase activity and AP-1. It has also been suggested that serum and 

growth factor-stimulated vascular SMCs can have their proliferation inhibited by curcumin [231]. The 

study suggested that the anti-proliferative effect might also be due to the induction of the apoptotic 

process through the MAPK p38 pathway. The authors also claimed that curcumin did not cause an anti-

proliferative effect on HUVECs, which contradicts the findings of the present work, as well as of 

previous publications [229][230]. This could be due to the low calculated curcumin release per day, of 

1.8ng/ml which could be too low to cause any inhibitory effect. The results obtained in the present 

work demonstrated that treatment with 1µM curcumin had no negative effects on both SMCs and ECs. 

However, and based on these results, curcumin was discarded from further assessments due to the 

lack of any tangible beneficial effects on the tested cells. No concentration of curcumin tested in 

present work suggested an indication of improved endothelial proliferation whilst inhibiting smooth 

muscle cell proliferation. Curcumin has been extensively studied as a treatment for cardiovascular 

disease due to its anti-inflammatory and antioxidant effects. Several studies have shown the reduction 

of intercellular adhesion molecule 1 (ICAM-1) in ECs upon short dosage times (under 24 hours). 

Increased ICAM-1 expression of ECs within atherosclerotic lesions has been observed, indicating the 

potential of curcumin as an anti-inflammatory therapy [232].   

Studies have shown a dose dependent effect of Magnolol on SMCs, inducing apoptosis [174]. The 

results obtained in the present study with human SMCs agree with these findings from previous 

studies. However, porcine SMCs demonstrated an opposite reaction and exhibited a highly significant 

increase in the metabolic activity of the cells treated with the two lower concentrations (3.75µM and 

37.5µM). This could be potentially attributed to cross-species differences. Although previous studies 

have suggested the porcine model to be an appropriate alternative for vascular pathological studies 

[233], this was not apparent in the results of the present work. The ECs that were treated with 
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magnolol demonstrated that any concentration higher than 3.75µM led to cell apoptosis. As such 

magnolol was not assessed further in the present study. 

On the other hand, ferulic acid induced both HUVEC and PCAEC proliferation, indicating its potential 

to be used as a proliferation promoting substance. These results were in accord with previous reports 

that reported a maximum EC proliferation upon under a 50µM concentration of ferulic acid. This 

proliferative capacity has been associated with an increase in cyclin D1 and VEGF expression in ECs 

[234]. The WST-results in the present study also suggested that ferulic acid increased more the 

proliferation of ECs than SMCs. Although SMCs were not inhibited by ferulic acid, most of the treated 

cell groups showed a maintained metabolic state, particularly under the 500µM concentration. This 

suggested that ferulic acid might represent a plausible strategy for ensuring faster endothelialisation 

whilst maintaining SMC proliferation.  

Exendin-4 demonstrated a rapid increase in cellular metabolic activity in all concentrations used. 

However, the HUVECs treated with 50nM Exendin-4 exhibited a loss of proliferative capacity compared 

to the untreated control. The PCAECs, on the other hand, benefited from this high dosage by exhibiting 

a significant metabolic boost (almost double compared to the untreated control). The SMCs also 

exhibited an increase in metabolic activity, but not to the same extent as the ECs, thus making Exendin-

4 an appropriate candidate for drug eluting stents. Due to the GLP-1 receptor expressed in ECs and 

exendin-4 being a GLP-1 receptor agonist, the latter has been reported to cause a proliferative 

response due to PKA-PI3K/Akt-eNOS activation through the GLP-1 receptor-mediated pathway [195]. 

Despite the ERK1/2 pathway being reported as a cell proliferative pathway, Erdogdu et al. (2010) [195] 

suggests that it does not play an important role in the proliferation of ECs upon exendin-4 treatment. 

Phosphorylation of ERK1/2 leads to the cell proliferation motif and is induced by the addition of 

angiotension II. Studies have shown the inhibition of phosphorylation by treating angiontensin II-

treated-SMC with exendin-4 and thus causing an reduction in SMC proliferation[191,235].  

There were no significant difference in cell migration rate of PCAEC when comparing the control 

untreated samples with exendin-4 and ferulic acid treated cells. However, the post-scratch cell viability 

assay provided an insight into morphological changes. As expected from the initial metabolic activity 

assessments, curcumin, magnolol and everolimus treated cells displayed no cell viability. The larger 

endothelial cells observed within the migration zone of the exendin-4 and control PCAEC were 

attributed to the process of cell migration. This enlargement of the cell can be associated with the 

extension, attachment and contraction stages of endothelial cell migration as seen in Figure 2.28. 
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Figure 2.28 – Model of migration mechanism of endothelial cells. Adopted from Lamalice at al. 
(2007) [236] 

 

The visual cobblestone-like monolayer morphology has been reported to be a characteristic of  

statically cultured ECs and provide an indication that the cells have not undergone differentiation upon 

drug exposure [237]. The status of the ECs was verified by assessing the genetic expression of CD31, 

CDH5 and NOS3. The lack of any significant differences in the fold change expression relative to the 

untreated control suggested that the tested drug compound had no effect on EC differentiation. 

Although these markers are not entirely EC-specific, previous studies have suggested that when 

assessed in combination were effective markers for assessing EC purity after stem cell differentiation 

[238]. CDH5, or VE-cadherin, has been reported to be an important protein associated with the 

maintenance of the restrictive barrier of the endothelium [239]. CD31, also known as platelet 

endothelial cell adhesion molecule (PECAM-1) has been identified at intercellular junctions, whereas 

NOS3 (or eNOS ) can be attributed to the production of nitric oxide in endothelial cells which is crucial 

for vasomotor tone control [240].  

The morphology of the untreated PCASMCs demonstrated a rhomboid structure, which has been 

described to be characteristic of a synthetic SMC phenotype [15]. A synthetic phenotype exhibits 

higher proliferative capacity with a stronger affinity to migration than the contractile phenotype. The 

contractile phenotype morphology has been reported to assume a spindle-shape, with a non-

proliferative function [15]. The contractile phenotype has been reported to expresses certain markers 

that the synthetic, undifferentiated phenotype does not, such as α-smooth muscle actin, smooth 

muscle – myosin heavy chain and calponin [241]. It has also been reported that SMCs might exist in-

between both phenotypes as described in Figure 2.29 [242] . It is clear that the SMCs can perform both 
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functions and that a clear indication of a purely contractile state lies with the expression of MYH11 and 

SMTN. CNN1 is an actin-binding protein associated with SMC contraction through regulation of myosin 

ATPase activity [243]. SMTN has been reported to be present in fully differentiated SMCs, key in 

muscular pulsating blood vessels and directly influence contractile potential [244]. MYH11 has been 

reported to be a critical protein for cell motility, cytoskeleton and material transport [245]. ACTA has 

also been described as directly involved in structure, cell mobility and generation of contractile forces.    

 
Figure 2.29 - Expression levels of SMC-associated genes for the two phenotypes. Adopted from 

Rensen et al. (2007) [242] 
 

In the present study, the exendin-4-treated PCASMCs exhibited a mixed population of spindle-shaped 

and rhomboid-shaped, indicating cross-functional SMCs, whereas the ferulic-acid-treated PCASMCs 

appear to have a larger population of contractile SMCs. The upregulation of the smooth muscle cell 

contractile markers in the PCASMCs, treated with ferulic acid, alongside the spindle-shaped 

morphology indicated the occurrence of SMC differentiation. The qPCR data for exendin-4 treated 

PCASMC displayed an upregulation of contractile markers after 24 hours of drug treatment. After 72 

hours, these markers demonstrated reduction of genetic expression reverting back to the initial value. 

This may be due to the occurrence of SMC dedifferentiation back to the synthetic phenotype and was 

visually verified by the observation of the rhombus-shaped cells. In addition, the WST-8 study showed 

further validation of this theory as an increase in metabolic activity was seen amongst exendin-4 

treated PCASMCs after 72 hours. 

Low density lipoproteins have reported to be important intracellular carriers of cholesterol and are 

absorbed by receptor mediated endocytosis [246]. One of the key functions of ECs is the uptake and 

catabolism of low-density lipoprotein [247], [244]. As such, LDL uptake has been described as a potent  

assessment of EC function [249]. In the present study, flow cytometry was used to assess LDL uptake 

of ECs exposed to the different drug compounds. A study by Gaffney et al. assessed the uptake of 

native LDL (nLDL) and acetylated (Ac-LDL) by bovine aortic ECs and observed a higher uptake amongst 
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sub confluent cells compared to a confluent endothelial monolayer [250]. Another study verified this 

by showing a 5- to 10-fold decrease in receptor-bound native LDL as cells progressed from a 

proliferating state to a quiescent confluent morphology [251]. On the other hand, modified Ac-LDL 

showed the opposite effect, with confluent EC monolayer demonstrating an increased amount of 

bound Ac-LDL. Confluent ECs have been reported to internalise and degrade Ac-LDL at a high capacity 

via a scavenger-receptor-mediated mechanism [251]. ECs have a higher affinity in up-taking modified 

LDL (acetylated or oxidised). This LDL uptake process has been reported to be a potent marker for ECs 

due to the cellular functional specificity amongst vascular ECs [252].   

It has been reported that native LDL might become partially oxidised and hence, allow for EC uptake 

of native LDL amongst confluent drug-treated cells [253]. Moreover, it has been reported that LDL 

induces cytotoxicity in ECs when cultured in serum-free media [254]. This might be due to the oxidation 

of the LDL and can be prevented by treating the cells with anti-oxidants [255]. The flow cytometry 

results produced in this work showed the prevention of reduced cell-viability when cultured with 

exendin-4 and ferulic acid. Ox-LDL was reported to induce EC apoptosis through a death receptor (Fas) 

that produced an apoptotic signal once activated. Lysophosphatidylcholine (LPC) is a major constituent 

of oxLDL and causes EC sensitisation to the Fas-mediated apoptosis. Sata and Walsh [256] have 

reported the downregulation of the FLIP protein, upon treatment of ECs with oxLDL. The FLIP protein 

was shown to control the Fas-mediated apoptosis [256]. High LDL concentrations have the potential 

to damage EC function and might affect the EC-SMC interface in vivo [257]. Ferulic acid has been 

deemed a powerful antioxidant due to its unsaturated side chains, which readily forms a stabilised 

phenoxy radical [258]. The scavenging potential of ferulic acid might also alleviate hyperoxia-induced 

apoptosis [259]. The signalling pathway (Figure 2.30) defining the effect of exendin-4 on the cells 

indicate that the antioxidant capacity increases upon treatment is due to the cAMP, PI3K and PKC 

pathway and might be the reason for exendin-4-treated cells demonstrating an improved cell viability 

compared to the serum-free control.  

The assessment on the different drugs and their concentrations provided an early indication as to 

their possible effect on endothelialisation and SMC inhibition. Ferulic acid and exendin-4 

demonstrated a strong endothelialisation capacity compared to the proliferation of SMCs. It was 

important to identify a drug that poses a minimal effect on the SMC without causing complete cell 

apoptosis. It is key that the SMCs in the stented region do not proliferative excessively but should 

maintain a healthy quiescent phenotype. There are many SMC-EC interface molecules that need to 

be accounted for before proceeding to in vivo assessments. The work done in this chapter provides 

an early systematic workflow which can be used to identify therapeutic agents that have the 
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potential to be used within drug eluting stents in order to combat the effects of restenosis and 

thrombosis.  

 

Figure 2.30 - Signalling pathway demonstrating the antioxidaive potential of exendin-4. Adopted 
from Oh et al. (2017) [260]  
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Chapter III: Polymer Assessment 

3.1 Introduction 
The coating of stents and other medical devices is the interface between the device and the 

surrounding tissue in vivo and, thus, it must not induce any cytotoxic effects. Moreover, and in the 

case of blood contacting devices, such as stents, the coating should ideally promote EC adhesion and 

proliferation, which for the case of DESs, are closely related to effectively tailoring the drug-

encapsulating and drug-releasing properties of the coating. Poly(D,L-lactic-co-glycolic) acid (PLGA) has 

been commonly used as a coating of DESs for clinical use. However, PLGA is a hydrophobic polymer 

with poor cell adhesive properties. In order to improve cell adhesion, the present work investigated 

the development of a novel stent coating by blending PLGA with a tobacco-plant-derived recombinant 

human collagen Type I (rHCol1) or rat tail collagen Type I (rtCol1). This chapter describes the work 

conducted to optimise the process of preparing and assessing the PLGA-collagen blends as coatings for 

DESs that could support endothelialisation. Rapid adhesion studies were also performed in order to 

identify whether the PLGA-collagen coatings were suitable for in situ endothelialisation.  

3.2 Material and Methods 

3.2.1 Coating Preparation 

PLGA 50:50 (23987, Polyscience, Hirschber, Germany) was weighed using a balance (Extend, Sartorius, 

Germany) and placed into a 5ml glass vial fitted with a Teflon screw cap. Appropriate volumes of 

1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP) (804515, Merck) was pipetted into the glass vial in 

accordance to 1% (w/v) PLGA-HFIP. The glass vial containing the PLGA solution was tightly sealed and 

placed onto a shaking platform (Shaking Incubator 3031, GFL, Germany), and was shaken at 150rpm 

for 1h. For the collagen-PLGA blend samples, the collagen solution, rtCol1 (5mg/ml in 20mM acetic 

acid, 3440-100 Cultrex) and rHCol1 (3.2mg/ml in 10mM hydrochloric acid, Collplant Ltd, Israel) was 

placed on ice under a laminar flow cabinet and the respective collagen solution was added to the 

dissolved PLGA solution (1% (w/v)) in accordance to the sample constituent tables for each described 

experiment. The calculated collagen volumes were based on the mg/ml concentrations for rtCol1 and 

rHCol1 listed by the supplier in order to achieve the desired w/w% with PLGA. The glass vials containing 

the collagen-PLGA blend samples were placed in a beaker with ice and onto the shaking platform and 

was shaken at 150 rpm for 1h. The ice was replaced after 30min. For sample neutralisation, 100mM of 

sodium hydroxide (NaOH) was added to the collagen-PLGA blend based on the required volume of 

rhCol1 solution used (as listed in the respective methods). rHCol1 is supplied at 3.2mg/ml dissolved in 

10mM of hydrochloric acid. The samples were further shaken on ice for 15min prior to transferring the 

calculated volumes (as listed for each subsequent coating experiment) to the respective multiwell 

culture plates for coating the bottom of the well. The deposited solution volumes were calculated to 
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an approximated final deposited coated thickness of 10µm by using the well surface areas (9cm2 for 6 

well plate, 2cm2 for 24 well plate and 0.9cm2 for 48 well plate). The samples were washed with 70% 

(v/v) ethanol and subjected to UV sterilisation before any cell seeding.  

3.2.2 Assessment of Cell Attachment 

The affinity of the developed coatings to cell attachment was assessed by seeding PCAECs on culture 

plates coated with the each of the developed coatings. The bottom of culture wells were coated as 

previously described using the values given in Table 3.1 for an individual well. A 0-100% (w/w) range 

of added collagen was prepared and applied to the wells in a 24 well plate in triplicate.   

Table 3.1  - Sample and constituent list for a single well coating (in 24 well plate).   

Sample PLGA (mg) HFIP (µl) Volume of Collagen 
(µl) (rtCol1 and 
rHCol1) 

rtCol1 N/A N/A 520 
rHCol1 N/A N/A 813 
PLGA 2.68 268 N/A 
20% (w/w) 2.23 223 90/140 
40% (w/w) 1.91 191 153/240 
60% (w/w) 1.68 168 201/314 
80% (w/w) 1.49 149 239/372 
100% (w/w) 1.34 134 268/419 

  

For each coating, 3 wells of a 24-well-plate were used, the bottom of which was coated with the 

respective coating. The coated wells were seeded with PCAECs at P5 and cultured in EGM-2 with 1% 

(v/v) P/S under standard culture conditions (37°C, 5% (v/v) CO2). One well from each coating group 

was cultured for 30min and the second for 1h. Following culture, the medium from the wells was 

aspirated and the plates were washed with DPBS. Subsequently, 600µl of 10% (v/v) WST-8 in HBSS was 

added to each well and incubated for 2h before measuring the absorbance. The wells were then 

washed again with DPBS and supplemented with EGM-2 with 1% (v/v) P/S. The assessed wells were 

placed in the incubator and cultured for a further 72h at 37°C and 5% (v/v) CO2. Subsequently, calcein 

staining was performed on the wells, as described previously, in order to assess the viability of the 

PCAECs seeded onto the coated wells.  

3.2.3 Assessment of the Gelation and Preparation of rHCol1 

The gelation and preparation method of rHCol1 was assessed in terms of its effect on the metabolic 

activity of seeded ECs. Three different gelation temperatures were assessed, including 4°C, room 

temperature (RT) and 37°C, together with the effect of NaOH as neutralisation agent. Each gelation 

temperature was assessed in triplicate, with and without NaOH as the neutralising agent. For each 
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sample, 3 wells of a 6 well plate was used, the bottom of which was coated with rHCol1. A volume of 

3.656 ml of rhCol1 was used per well in order to achieve an approximated coating thickness of 10µm. 

For the neutralised samples, rHCol1 solution was supplemented with 365 µl of 100mM NaOH and 

shaken on ice for 30min before it was transferred to the respective wells for curation under the 

different temperatures. All samples were allowed to gelate for 18h before they were washed three 

times with PBS.  

Subsequently, PCAECs cultured to P5 were seeded at a density of 16,000 cells/cm2 in EGM-2, with 1% 

(v/v) P/S, in the coated wells. Triplicates of uncoated wells were also seeded with the same density of 

PCAECs and used as control. The well plates were then cultured at 37°C and 5% (v/v) CO2 until the 

uncoated wells had reached 80% confluence.  The WST-8 metabolic activity assay (1.5ml/well) was, 

subsequently, used on the samples, as described previously. Following addition of the WST-8 solution, 

the wells were incubated for a further 4h, prior to transferring 200µl (in  technical replicates of six)  of 

the WST-8-supplemented medium from each well to a corresponding  well of a 96-well plate for 

measuring the absorbance at 450nm and 630nm (background) using a plate reader.  

3.2.4 Assessment of Coating Cytotoxicity 

The metabolic activity of the cells seeded on the various coatings provides an indication of cell 

proliferation. PLGA with increasing concentrations (0%, 5%, 10%, 15% and 20% w/w) of rtCol1 and 

rHCol1 were prepared (as described above) using the constituent volumes listed in Table 3.2 and used 

to coat the bottom of a 48-well plate in triplicates. rHCol1 samples without the neutralisation agent 

were also assessed. The wells were solvent cast under a fume hood for 48 hours and then washed with 

70% (v/v) ethanol, and subject to UV sterilisation under a laminar flow cabinet.  

Table 3.2 - Sample and constituent list for a single well coating (in 48 well plate) 

Sample PLGA 
(mg) 

HFIP (µl) Volume of Collagen (µl) 
(rtCol1 and rHCol1) 

Volume of 100mM NaOH (for 
rHCol1) (µl) – if applicable 

rtCol1 N/A N/A 247 N/A 
rHCol1 N/A N/A 386 38.6 
PLGA 1.27 127 N/A N/A 
5% 
(w/w) 

1.21 121 12/19 1.9 

10% 
(w/w) 

1.15 115 22/36 3.6 

15% 
(w/w) 

1.08 108 32/51 5.1 

20% 
(w/w) 

1.02 102 41/64 6.4 
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PCAECs were cultured to P6 and seeded at 8,000 cells/cm2 onto the coated well plates. Control 

Uncoated samples were also seeded with the same PCAEC density and used as controls. The seeded 

well plates were cultured in EGM-2 with 1% (v/v) P/S for 48h under 5% (v/v) CO2 at 37°C. The medium 

in the wells was aspirated and the wells were washed three times with PBS, before adding 500 µl of 

10% (v/v) WST-8 in HBSS solution for assessing the metabolic activity of the PCAECs. The well plates 

were then incubated for a further 4h before transferring 150 µl (with technical triplicates) of the WST-

8-supplemented medium from each well to a corresponding well of a 96-well plate for measuring the 

absorbance at 450nm and 630nm (background) using a plate reader. The absorbance values were 

normalised to the values of the PLGA-only samples in order to identify the benefit of the integration 

of collagen. 

3.2.5 Fourier Transform Infrared (FTIR) Spectroscopy  

Coated glass cover slips were used for infrared spectroscopy. The cover slips were coated using the 

procedure described in §3.2.1. All rhCol1 samples were neutralised as described in §3.2.3. The cover 

slips were coated with the following compositions: 

 rHCol1 
 rtCol1 
 PLGA 
 PLGA – 20% (w/w) rHCol1 
 PLGA – 20% (w/w) rtCol1 
 PLGA – 20% (w/w) rHCol1 – Drug loaded with Exendin-4 (7, 35 and 70 ng/mg) 
 PLGA – 20% (w/w) rtCol1 – Drug loaded with Exendin-4 (7, 35 and 70 ng/mg) 
 PLGA – 20% (w/w) rHCol1 – Drug Loaded with Ferulic Acid (0.16, 0.8 and 1.6 % (w/w)) 
 PLGA – 20% (w/w) rtCol1 – Drug loaded with Ferulic Acid (0.16, 0.8 and 1.6 % (w/w))) 

A PerkinElmer 100 FTIR spectrophotometer (PerkinElmer) with an attenuated total reflection (ATR) 

module, using a 1mm2 diamond/ZnSe crystal and a mercury cadmium telluride detector was used for 

the spectral measurements. The resolution was set at 4cm-1 with 8 accumulations. The spectra were 

recorded in the scanning range of 650 - 4000cm-1 in absorption mode. Sample analysis was conducted 

using the OMNIC software. The recorded absorption peaks represented the frequency of vibrations 

between certain bonds between the atoms of the material. The peak size indicated the quantity of the 

specific bond within the material.  

3.2.2 Statistical Analysis  

The data was plotted as mean ± 95% confidence interval. All data were analysed using Graphpad Prism 

6.  ANOVA testing followed by Bonferroni multiple comparison post hoc testing were performed. A 

statistical significance was recognised as P < 0.05.  
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3.3 Results 

3.3.1 Assessment of Cell Attachment 

The mean metabolic activity of the PCAECs seeded onto the different coatings after 30min and 1h is 

illustrated in  

Figure 3.1. At 30 minutes, both the PLGA-rHCol1 and PLGA-rtCol1 blended samples demonstrated an 

increase in metabolic activity compared to the PLGA-only group. Compared to the untreated 

(uncoated) control, the rHCol1-only (P=0.011) and the 40% (p<0.01), 60% (p<0.001) and 100% 

(P=0.030) rHCol1 blends demonstrated a significant increase in the metabolic activity. The rtCol1 

displayed a visible increasing trend in metabolic activity with increasing collagen concentration. 

However, only the 60% and 100% rtCol1 blends demonstrated a significant increase (P=0.020 and 

P<0.0001, respectively) compared to the untreated control. Considering that the 30min and 1h 

samples had independent culture plates, the results of the 1h samples for rHCol1 showed a high 

similarity to the 30min ones but with a higher metabolic percentage. The increase in metabolic activity 

amongst the 80% and 100% (w/w) also demonstrated a higher level of statistical significance (p<0.001 

and p<0.0001 respectively).  The rtCol1 samples also showed a similar trend to their 30 min 

counterparts. The 40% and 60% rtCol1 blends went from a 50% increase in 30 min (ns (P=0.59) and 

P=0.020, respectively) to 100% metabolic increase in 1 h relative to the untreated sample (p<0.0001 

for both). The significant increase in metabolic activity of the rtCol1 100% (w/w) sample was observed 

to be insignificant (P=0.56) after 1 h of culture. Another significant observation was the PLGA coated 

sample increasing in metabolic activity from 54% in the 30 minute sample group to 140% in the 1 h 

group. Amongst the 1 h well plate, the significant differences between the PLGA coated sample and 

the PLGA-collagen blended samples (both, rtCol1 and rHcol1) showed a reduction in statistical 

significance, where only the 60% and 100 % (w/w) (P<0.01 and P<0.0001, respectively) demonstrated 

an increase over PLGA. For the rtCol1 blended samples, after 1 hour of culture, only the 40% (w/w) 

and the 60% (w/w) samples demonstrated a statistical significant increase over the pure PLGA sample 

P<0.05 and P=0.021, respectively). Furthermore, after 1 hour of culture with the rtCol1 samples, there 

was no significant increase in metabolic activity of the pure rtCol1 samples compared to the PLGA.  
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Figure 3.1 – Mean metabolic activity of PCAECs seeded onto the different PLGA-collagen blends 
after (A) 30min and (B) 1h of culture. The rHCol1 samples were not neutralised for this study. The 

results were normalised to the untreated (uncoated) control group (100%). The data was expressed 
as mean± 95% C.I. (n=3). Asterisks indicate significant difference between the test groups and the 
untreated control at the 0.05 (*), 0.01 (**), 0.001(***) and 0.0001 (****) levels (ns indicates not 

significant difference). 
 

The calcein staining of the coated samples after 72h of further culture after the WST-8 study is shown 

in Figure 3.2. The viability of the PLGA and untreated samples displayed a high level of confluency and 

viability. All rtCol1 samples demonstrated a similar level of viability to the untreated control. The 

rtCol1-only sample exhibited a higher calcein signal with increased confluency than the PLGA-collagen 

blends. Among the rtCol1 group, the lowest viability was achieved for the 80% sample. Apart from the 

40% rHCol1 blend sample that demonstrated a strong confluency, the rest of the rHCol1 samples 

showed poor viability.   

3.3.2 Assessment of the Gelation and Preparation of rHCol1 

The addition of a neutralising agent to rHCol1 during the gelation step was examined by assessing the 

cell viability of the PCAECs that were seeded onto rHCol1 coatings, prepared at different temperatures 

with or without neutralisation, after 48h of culture. The results are displayed in Figure 3.3. The addition 
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3.3.3 Assessment of Coating Cytotoxicity 

The mean metabolic activity of the PCAECs cultured on rtCol1-PLGA blend coatings for 48h is displayed 

in Figure 3.4. Pure rtCol1 (P<0.0001) exhibited the highest metabolic activity, which was similar to the 

untreated control (P<0.0001) and rose to approximately double the metabolic activity measured for 

the PLGA group. The 5% and 10% groups demonstrated no improvement in metabolic activity (P>0.99) 

but the 15% and 20% (P<0.01) groups demonstrated a significant increase in metabolic activity to 

about 150%.   

The mean metabolic activity of the PCAECs cultured on rhCol1-PLGA blend coatings without the 

addition of a neutralising agent are illustrated Figure 3.5. The PCAECs showed a significant loss in 

metabolic activity upon cultivation on rhCol1. The addition of rhCol1 to the PLGA showed a linear 

decline in metabolic activity of the PCAECs for increasing rhCol1 concentrations within the polymer 

blend. Pure rhCol1 (P<0.0001) demonstrated a 50% reduction of metabolic activity relative to the PLGA 

control group. Both 5% and 10 % (w/w) rhCol1 samples exhibited a significant improvement over the 

PLGA sample (130% (P<0.0001) and 120% (P=0.015), respectively). The PLGA blend containing 15% 

(w/w) exhibited no significant difference (P=0.85) compared to the PLGA only sample.  

The addition of a neutralising agent to rhCol1 induced a different trend compared to the non-

neutralised samples (Figure 3.6).  Most noticeable was the major increase in metabolic activity of the 

cell seeded onto the rhCol1-only coated sample, at 300% of the PLGA-only coated sample (P<0.0001). 

Increases in the metabolic activity were also observed for all rhCol1-PLGA blend groups, apart from 

the case of the 15% sample, which did not demonstrate a significant difference compared to the PLGA 

coated group (P=0.21). The 5 and 10% (w/w) samples exhibited similar results with an increase of 62% 

over the normalised PLGA value (P=0.041 and P=0.046, respectively). The 20 % (w/w) exhibited the 

superior results amongst the blended polymer samples with an increase of 93% (P<0.01) over the 

PLGA. 
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Figure 3.4 - Mean metabolic activity of PCAECs seeded onto the different % w/w PLGA-rtCol1 
blends. The results were normalised to the PLGA group (100%). The data was expressed as mean± 

95% C.I. (n=3). Asterisks indicate significant difference between the test groups and the PLGA group 
at the 0.01(**), 0.001(***) and 0.0001 (****) levels (ns indicates no significant difference). 

 

Figure 3.5 - Mean metabolic activity of PCAECs seeded onto the different % w/w PLGA-rHCol1 
(non-neutralised) blends. The results were normalised to the PLGA group (100%). The data was 

expressed as mean± 95% C.I. (n=3). Asterisks indicate significant difference between the test groups 
and the PLGA group at the 0.05 (*), 0.001(***) and 0.0001 (****) levels (ns indicates no significant 

difference). 
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Figure 3.6 - Mean metabolic activity of PCAECs seeded onto the different % w/w PLGA-rHCol1 

(neutralised) blends. The results were normalised to the PLGA group (100%). The data was expressed 
as mean± 95% C.I. (n=3). Asterisks indicate significant difference between the test groups and the 

PLGA group at the 0.05 (*), 0.01(**), 0.001(***) and 0.0001 (****) levels (ns indicates no significant 
difference). 

3.3.4 Chemical Characterisation 

The ATR-FTIR spectra of the PLGA, rHCol1, rtCol1, and 20% (w/w) collagen-PLGA blend coatings are 

shown in Figure 3.7. The PLGA sample showed a sharp characteristic peaks at 1746 cm-1 and 1083 cm1, 

as well as dominant peaks at 1269 cm-1 and 1130 cm-1, within the fingerprint region. Smaller peaks in 

the 1500-1300 cm-1 range were also observed. Weaker peaks were identified at 1163 cm-1, 952 cm-1, 

891 cm-1, 864 cm-1, 842 cm-1 and 735 cm-1. A very sharp but narrow peak was also observed at 684 cm-

1, together with a shoulder peak at 1048 cm-1.  

The rHCol1 sample demonstrated a broad peak within the 3500-3000 cm-1 range, with two broad 

shoulder peaks at 3073 cm-1 and 2979 cm-1. Two major characteristic peaks were observed at 1629 cm-

1 and 1546 cm-1. The fingerprint region had prominent secondary peaks at 1451 cm-1 and 1280 cm-1. 

Tertiary peaks within this region were observed at 1400 cm-1, 1338 cm-1, 1238 cm-1, 1203 cm-1, 1161 

cm-1, 1080 cm-1, 1031 cm-1, 972 cm-1 and 939 cm-1, after which the spectrum continued to increase in 

absorbance to the edge of the measured spectrum.   

The rtCol1 spectrum was very similar to the rHcol1 one, with a common broad peak within the 3500-

3000 cm-1 range. The primary characteristic peaks were observed at 1653 cm-1 and 1552 cm-1. The 1653 

cm-1 peak seemed to have an overlapping secondary peak, whereas the rHcol1 sample had a more 

prominent 1629 cm-1 peak. The only other obvious difference was the occurrence of a sharp peak at 
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1404 cm-1. The rHCol1 showed a much smaller peak at 1400cm-1. The 20% (w/w) rtCol1-PLGA samples 

did not lack the strong broad peak in the 3500-3000cm-1 as observed in the pure rhCol1 sample, but 

had a significantly lower level of absorbance. A noticeable but small peak was observed at 2946 cm-1, 

which was also observed in the pure rtCol1 sample, with a slight shift. The most prominent peaks in 

the spectrum was seen at 1747 cm-1 and 1162 cm-1, both of which were present in the PLGA sample. 

All key peaks observed in the PLGA sample were also seen in the rtCol1-PLGA sample. Two weak peaks 

(1663 cm-1 and 1551 cm-1) matched to the prominent peaks of the pure rHCol1 sample.  

The rtCol1-PLGA sample exhibited the prominent broad 3500-3000cm-1 peak to a strong level of 

absorbance, compared to the pure rtCol1 sample. Similarly to the rHCol-PLGA sample, all PLGA peaks 

were observed at a similar level of absorbance prominence. Additional peaks at 1644 cm-1 and 1553 

cm-1 mimicked the primary peaks in the pure rtCol1 sample. However, an additional peak was 

observed, bridging the two aforementioned peaks. The point of bridging, at the 1600cm-1 region was 

not observed in any of the pure sample spectra. 

The FTIR spectra of rHCol1-PLGA blend samples loaded with a low (0.16% w/w), medium (0.8% w/w) 

and high (1.6% w/w) concentration of ferulic acid are illustrated in Figure 3.8. All samples displayed 

the key peaks of the pure PLGA samples. The sample with the low dose of ferulic acid demonstrated 

all the major peaks observed in the rhCol1-PLGA sample with a slightly more prominent 3500-3000 cm-

1 broad peak. The medium dose sample lacked the 3500-3000 cm-1 broad range peak and the major 

rhCol1 peaks in the 1700-1500 cm-1 range. The high dose sample spectrum demonstrated strong rhCol1 

peaks relative to the observed PLGA peaks. This exhibited a stronger spectral resemblance to the pure 

rhCol1 sample. The fingerprint region of the high ferulic acid concertation sample demonstrated a 

mixed spectral pattern consisting of both PLGA and rhCol1 peaks that were not observed in the rhCol1-

PLGA sample.  In addition, the absorbance increase towards to edge of the spectrum at the low 

wavelengths was also observed.  

 The FTIR spectra of the rtCol1-PLGA blend samples loaded with a low (0.16 % w/w), medium (0.8 % 

w/w) and high (1.6 % w/w) concentration of ferulic acid are shown in Figure 3.9. All samples exhibited 

the broad range peak towards the high end of the spectra at 3300cm-1, similar to that of the pure rtCol1 

sample. The low and medium ferulic acid concentration spectra exhibited the prominent PLGA peak at 

1746cm-1. The high dose sample also exhibited this peak, but at a much lower relative absorbance. The 

low and medium dosed samples also displayed the key fingerprint peaks seen in the pure PLGA sample. 

The absorbance level of the characteristic rTCol1 peaks in the 1750-1600 cm-1 range was similar to that 

of the rtCol1-PLGA sample. The high dosed sample demonstrated similar patterns to that of the rHCol1-

PLGA high dosed sample, where strong collagen peaks were observed overshadowing the prominent 

PLGA 1760-1740 cm-1 peak. The fingerprint region also shared a similar quality, where both collagen 
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and PLGA peaks were present and overlapping. The absorbance rise towards the 400cm-1 spectral edge 

was observed in all samples, but was more prominent in the sample with the high ferulic acid 

concentration.  

The FTIR spectra of the rHCol1-PLGA samples loaded with a low (7ng/mg), medium (35ng/mg) and high 

(70ng/mg) concentration of Exendin-4 are illustrated in Figure 3.10. All three samples exhibited 

spectral similarities to the rHCol1-PLGA sample, although with slightly more collagen prominence 

amongst these exendin-4 dosed samples. The high dose sample demonstrated a stronger collagen peak 

absorbance than that of the PLGA within the 1800-1500 cm-1 region. However, the major spectral peak 

lied in the fingerprint region and comprised of the key 1080cm-1 peak.  

The FTIR spectra of the rtCol1-PLGA samples loaded with a low (7ng/mg), medium (35ng/mg) and high 

(70ng/mg) concentration of Exendin-4 are shown in Figure 3.11. The low and medium dose samples 

showed very weak rtCol1 peaks when compared to the pure rtCol1-PLGA sample. The higher dose 

demonstrated slightly more prominent rtCol1-based peaks. The normally occurring shoulder peak 

observed in the previous samples at 1046 cm-1 was highly pronounced and with a significantly stronger 

absorbance than the pure PLGA sample.  

 

 

Figure 3.7 - FTIR spectra of PLGA, rtCol1, rHCol1, and their respective blends (20% (w/w)) with 
PLGA 
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Figure 3.8 - FTIR spectra of rHCol1-PLGA (20% (w/w)) blend coating with low (red), medium 
(brown) and high (blue) concentrations of Ferulic Acid 

 

 

 

 
Figure 3.9 - FTIR spectra of rtCol1-PLGA (20% (w/w)) blend coating with low (blue), medium (violet) 

and high (red) concentrations of Ferulic Acid 

 



       

107 

 
Figure 3.10- FTIR spectra of rHCol1-PLGA (20% (w/w)) blend coating with low (red), medium 

(violet) and high (blue) concentrations of Exendin-4 

 

 

 

Figure 3.11- FTIR spectra of rHCol1-PLGA (20% (w/w)) blend coating with low (red), medium 
(brown) and high (blue) concentrations of Exendin-4 
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3.4 Discussion 
Owing to the favourable drug releasing properties and its FDA and CE approval, PLGA has been 

regarded as an ideal polymer for drug release applications. The versatility of synthetic polymers gives 

them a major advantage over natural polymers. PLGA 50:50 has also been reported to have a relatively 

fast degradation time of 1-2 months, which gives it a preference for drug release applications. 

However, the hydrophobic nature of PLGA – inherently due to the methyl side groups within the lactide 

segment – might pose a challenge for cell adhesion. Thus, integrating a natural polymer, such as 

collagen could potentially enhance the biological cues that could pertain to improved initial cell 

adhesion.  

1,1,1,3,3-hexafluori-2-propanol (HFIP) has been used for electrospinning purposes of collagen and 

synthetic polymers and is highly acclaimed over other organic solvent such as chloroform or 

dichloromethane[261]. There have been limited studies on collagen-PLGA blends for thin film solvent 

casting techniques. A study by Dulnik et al. [262] demonstrated increased cell proliferation on collagen 

treated with HFIP than with acetic acid. The study also showed improved cell proliferation on HFIP-

treated PCL, compared to acetic acid treated PCL. The study suggestd that HFIP provided an easier 

access to RGD sequences for integrin receptors, which might explain the capacity for collagen treated 

samples to exhibit improved cellular activity. Previous studies have suggest that the dissolution of 

collagen within a solvent could cause conformational changes and, therefore, have the ability to retain 

some solvent within the dried collagen sample [263]. The study has also shown that synthetic polymers 

have a lower capacity to retain HFIP [263].  This might explain the cytotoxic behaviour observed in the 

present study with the non-neutralised rhCol1 samples, in addition to the highly acidic solvent that the 

rhCol1 sample is prepared with. 10mM of hydrochloric acid equates to a pH 2.04, whereas 20mM of 

acetic acid equates to a pH 3.2. The lack of neutralisation might have caused the retention of residual 

hydrochloric acid within the blended collagen and, hence, an observable decrease in cell viability with 

increasing rHCol1 concentrations. The commercially available rtCol1 dissolved in acetic acid did not 

require neutralisation due to the weak acidity of acetic acid. Neutralization of the pH has been reported 

to be critical in collagen gelation. Collagen readily precipitates at a basic pH and can be attributed to 

the protonation of the amines. The purpose of this study, however, was not to create a gel-like 

substance, but rather a polymer with embedded dried collagen. Upon contact with the medium 

(generally maintained at pH 7.4), this collagen would have the opportunity to gelate and undergo 

fibrillogenesis. RTCol1 coating of cell culture well plates and flasks as stated by the manufacturers’ 

instructions does not require neutralisation in order to achieve improved cell attachment. Upon 

neutralisation of the rhCol1 samples, an improvement in cell viability and proliferation of the ECs was 

observed. The expected cytotoxic behaviour of non-neutralised rhCol1 was not observed for the early 

adhesion assay and could be attributed to the slow release of residual acid over the course of the 



       

109 

subsequent 3 days after the initial WST-8 study. The early cell attachment study provided a solid 

endorsing indication for the potential of in situ endothelialisation. If the seeded ECs were shown to 

adhere within 30 min after being subjected to a light washing stage and still demonstrate the ability to 

create a confluent monolayer after 3 days of culture, it might suggest the possibility of in situ 

endothelialisation. This assessment provides an initial indication for rapid endothelialisation of the 

stent as soon as it has been implanted and could benefit from possible in situ cell seeding. A fast 

development of an endothelial layer over the stent struts would alleviate the issue of thrombus 

formation.    

A study by Jose et al. [264] demonstrated that higher collagen concentrations such as 100% (w/w) (1:1) 

and 54% (w/w) (7:13) caused collagen dissolution and swelling. This suggested that higher 

concentrations of collagen would ultimately damage the integrity of the PLGA base polymer. The study 

suggested 25 w/w% as a strategy for bone tissue engineering. Our data demonstrated that the 

metabolic activity of the polymer blends with higher % (w/w) of collagen showed improved cell 

proliferation and adhesion. However, a compromise must be made and since sustained degradation 

of the coating for drug release is the ultimate goal for a drug eluting stent platform, the utilisation of 

20 w/w% would provide an adequate increase in cell adhesion and proliferation without greatly 

destabilising the physical and degradation properties of the PLGA.  

FTIR spectroscopy is a useful tool for elucidating structural composition and bonding of polymers. 

Along this line, it was important to identify whether the coating production method, the addition of 

collagen or the drug had any detrimental effect on the chemical/structural integrity of the coating. The 

major peaks within the PLGA spectrum indicated carbonyl stretching of the esters at 1746 cm-1 and C-

O stretching of the aliphatic polyesters at 1083cm-1 and 1163cm-1. The smaller peaks located in the 

fingerprint region of 1450-805, largely corresponded to C-H bending [265,266]. The C-C stretch 

occurred at 864cm-1 and the small but prominent shoulder peak at 1048cm-1 was also associative of 

the C-O stretch [267]. Both collagen samples exhibited key functional peaks, particularly corresponding 

to the characteristic Amide A and B located at 3318cm-1 and 3073cm-1, respectively.  The amide I, II 

and II bands correspond to 1652, 1551 and 1238 cm-1, as reported in literature [268]. These values 

were present in the rtCol1 spectrum. The rHcol1 demonstrated a slight shift in the amide II peak to 

1546cm-1 but the I and III variant exist. Within the rHcol1 sample, the main observable peak lied at 

the 1629cm-1 value but the amide I peak appeared as a shoulder peak. The rtCol1 sample also exhibited 

a shoulder peak, mirroring the phenomenon occurring with rHCol1 (Figure 3.12). This result has been 

reported before by Lazarev et al. [269] indicating the amide I peak for rat collagen was present at 1656 

cm-1 with a shoulder peak occurring at 1630cm-1, supporting the findings of the present study. Previous 

studies have reported that the amide I peak at 1629cm-1 was indicative of a shift corresponding to 
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structural rearrangement of pre-existing proteins and was characteristic of intermolecular hydrogen 

bonding. It has been suggested that a peak at 1629cm-1 demonstrated high hydrogen bonding and 

helical structure organisation [270,271]. Bovine tendon collagen has been reported to express amide I 

absorption at this wavelength and may suggest that superior relative level of biomechanical forces on 

the bovine tendon compared to the rat tail corresponds to the higher level of structural bonding 

suggested previously [271] 

The differences in amide I:amide II IR absorbance ratios have been reported to be indicative of collagen 

orientation [272]. The presence of both key characteristic peaks in the PLGA and respective collagen 

within the blended polymer, indicated a physical distribution of the collagen within the PLGA, as 

opposed to chemical bonding and, therefore, would not influence the physical properties of the 

individual constituents. Studies have indicated that the interaction between collagen and PLGA is 

limited, since slight shifts in the amide I peak only correspond to conformational changes [273]. The 

spectral data also suggested that the distribution of collagen might not have been homogenous within 

the PLGA, since certain spectrum (rtCol1-PLGA with 1.6% (w/w) FA, rHCol1-PLGA with 1.6% (w/w) FA 

and rhCol1-PLGA with 70ng/mg Exendin-4) demonstrated an overwhelming absorbance of the amide 

bands associated with collagen relative to the PLGA peaks. A 20% (w/w) concentration of collagen 

translates to a mass ratio of 1:5 of collagen to PLGA. The majority of peaks corresponds with the fact 

of a higher PLGA composition by displaying observable but small amide bands, indicating presence of 

the collagen, albeit at a much lower absorbance than the PLGA peaks. This could be attributed to the 

gelatinous nature of collagen and the concept of blending hydrophobic materials with hydrophilic 

materials and the inherent nature of immiscibility [274]. There will never be a truly homogenous mix 

using a low collagen concentration. The sample could have homogenously dispersed regions of 

collagen. The study did not conclude that the PLGA was not disrupted by the collagen, but rather that 

the physical interactions between the collagen and the PLGA did not exhibit a fully homogenous 

behaviour throughout the coating as certain measured regions indicated higher collagen 

concentrations.  
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Figure 3.12 - Observation of a double peak within the rHCol1 (blue) and rtCol1 (red) samples 

associated with the amide I band.  
 

Following neutralisation, the rHCol1 blends outperformed their rtCol1 counterparts and demonstrated 

the superiority of recombinant human collagen as an improved collagenous product. To the best of 

the author’s knowledge, recombinant human collagen Type I has never been hybridised with PLGA to 

create coatings that demonstrate improved endothelial cell proliferation.  

This chapter optimised the preparation and development of a polymeric blend utilising a synthetic 

(PLGA 50:50) and natural (rHCol1 and rtcol1) polymer to act as an optimal coating for drug eluting 

stents, due to its cell adhesion and proliferation promoting capabilities whilst retaining the chemical 

properties of both components. This suggested that the PLGA component would be able to provide a 

suitable platform for drug delivery whilst the collagen component would promote cell adhesion and 

proliferation due to its inherent biological cues.  

 

1652.69 
1629.18 
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Chapter IV: Development of In vitro Simulation Systems for Stent Testing  

4.1 Introduction 
This chapter describes the development and commissioning of two functional simulation systems for 

the in vitro endothelialisation and assessment of coated whole small-calibre vascular stents and flat 

stent meshes in future studies. The systems were designed to provide near-physiological conditions in 

order to expose the seeded cells to physiologically-relevant physical simulation. The chapter describes 

the development of a multi-station pulsatile flow bioreactor for whole stent implantation and testing 

within a blood vessel in vitro and a culture chamber that was designed to subject cell-seeded planar 

stent meshes to static and dynamic culture. Both systems were designed so that to accommodate 

controlled culture medium conditioning, in terms of temperature, pH and dO2, in a commercially-

available chemostat unit. 

4.2 Culture Chamber System 
This system was designed to enable the high throughput screening of stent meshes in terms of their 

ability to support cell attachment and their potential cytotoxicity. The designs and models that are 

described in this section were made using Autodesk Inventor 2018 and Blender 2.79.  

4.2.1 Static Culture System 

4.2.1.1 Design Specification & Conceptual Design 

The static culture system was designed to provide a simplified version of the stent-artery system, so 

that to controllably assess short-term EC attachment on stents under static conditions. The relevance 

of this model was to simulate the system of a stented artery during surgery, with the stented arterial 

wall isolated from the lumen of the artery. This set up would be necessary in order to apply an EC 

suspension to the stent in situ and allow the cells to attach to the stent for a short period of time 

before they were exposed to the arterial flow ( 

Figure 4.1). In order to simplify the design of the culture system, a planar set-up of the stent-artery 

system was chosen, which would also ease the real-time evaluation of the stent-artery system. In this 

set up, the cut-opened artery would be placed flat onto a holder, below a flat stent mesh that would 

be pressed against the flat artery, in order to mimic the in vivo stent-artery interaction, with the aid of 

a clamp. 

The tissue-mesh mating holder was required to hold a large enough arterial tissue segment that would 

allow for multiple characterisation techniques to be applied on the sample. As such, and since the focus 

of this project was small-calibre (<6mm) arteries, the minimum width of arterial tissue that could be 

accommodated was 15mm. Moreover, the tissue-mesh holder was also required allow for sufficient 
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nutrient and oxygen supply to the cultured arterial tissue segment and seeded ECs. Moreover, it was 

also required to be autoclavable, easy to clean, non-cytotoxic to cells and operate at 37°C and 5% (v/v) 

CO2 in culture medium.  

The conceptual design of the holder is illustrated in Figure 4.2. It comprised a 316L stainless steel 

(SS316) base with a perforated SS316L bed, for allowing culture medium access to the abluminal side 

of the arterial tissue, and two clamps for securing the arterial tissue and flat stent in place. The design 

also comprised a laser-cut SS316L flat stent mesh that featured the commercially-used stent strut 

thickness of 150µm (Figure 4.3). The dimensions of the flat stent mesh were 300mm × 400mm × 

0.15mm.  

 

Figure 4.1 – Concept of in situ endothelialisation. 
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Figure 4.2 – Schematics of the planar tissue-stent mating holder of the static system, featuring the 
individual components. 

 

 
Figure 4.3 – Schematic of the flat stent mesh 

4.2.1.2 Manufactured device 

The flat stent mesh was manufactured from 150µm-thick SS316L sheets (300-829-68, Goodfellow, 

Hamburg, Germany), which were laser-cut at the Laser Zentrum Hannover. Initial tests indicated that 

struts with a width of 90µm displayed poor cut quality. Thus the strut width was increased to 150µm, 

which demonstrated consistent results (Figure 4.4). Following laser cutting, the stent meshes were 

electropolished (Poligrat GmbH (Munich, Germany) in order to remove surface artefacts and residual 
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debris. The complete manufactured tissue-stent mating holder featuring the stented arterial segment 

is illustrated Figure 4.5. Furthermore, and in order to reduce the amount of culture medium required, 

as well as the amount of staining solution for staining and visualizing the cellular colonization of the 

stent struts, the holder was placed in a standard culture petri dish (Ø 90 mm) and an autoclavable 

silicone construct that surrounded the holder was fabricated. The silicone construct, which is 

illustrated in Figure 4.6, reduced the required fluid volume for culturing and staining the stented artery 

to 4ml. The silicone construct was fabricated by mixing a two-part silicone solution (rema®Sil 

Duplicating Silicone A and B, Dentaraum, Ispringen, Germany) at a 1:1 ratio in a falcon tube, and 

thoroughly stirring, using a glass rod, at RT. The mesh holder was placed in the middle of the petri dish 

and the silicone solution was poured into the dish and left at RT for 1h before removing the holder. 

 
Figure 4.4 – Differences in cut quality on different strut widths. a) 160µm and b) 90µm. Observation 

of surface frequent pitting and corrosion in the 90 µm cut sample. 
 

 
Figure 4.5 - Manufactured tissue holder with sample tissue and mesh 
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Figure 4.6 - Silicone mould for the mesh holder 

4.2.3 Dynamic System 

Flow and shear are critical aspects that influences tissue culture, cell proliferation, ECM production and 

pharmacokinetics of drug release. Owing to this, a dynamic system was to enable the high throughput 

screening of stent meshes in terms of their ability to support cell attachment under physiologically-

relevant flow.  

4.2.3.1 Design Specification & Conceptual Design 

Similarly to the case of the static system, the dynamic culture system was designed to provide a 

simplified version of the stent-artery system. In this case, however, the dynamic system was designed 

to controllably assess short-term EC attachment and long-term EC proliferation and endothelialisation 

of model flat stents under dynamic-flow conditions. The design specifications of the dynamic system 

included: 

 planar set-up of the stent-artery system; 

 utilisation of the tissue-stent mating holder of the static system or its principle 

 use of autoclavable materials and easy to handle and clean geometry; 

 culture medium perfusion capability through the entirety of the tissue;  

 exposure of  cultured stent-arterial tissue system to controllable flow and shear stress;  

 exposure of  cultured stent-arterial tissue system to luminal laminar flow;  

 integration with chemostat apparatus for culture medium conditioning. 

 inexpensive manufacturing for multi-station setup.  

Based on the design specification, a parallel plate flow system was devised that could provide 

physiologically-relevant laminar-flow-induced shear stresses onto the lumen of the stented artery. The 

system allowed the generation of shear stress (τW) that could be calculated according to: 

 
where µ represents the culture medium viscosity, Q the applied culture medium flow, b the width of 

the chamber and h the height of the culture medium in the chamber. The system utilised silicone 

𝜏𝑊 =  6𝜇𝑄𝑏ℎ2  
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spacers and gaskets to provide flow at a fixed height above the stented artery. This allowed for the 

accurate control of the shear stress. The schematic 3D model of the devised chamber is illustrated in 

Figure 4.7. The design also featured independently-controlled separate culture medium circulations on 

the top (luminal side) and bottom (abluminal side) of the stented artery and viewing window for 

assessing the stented artery in real time. 

  
Figure 4.7 - Schematics of the flow chamber of the dynamic system for the planar tissue-stent 

system, featuring the top (red) and bottom (blue) flow unit, the tissue-stent mating holder, the 
stent mesh and the upper (pink) and lower (grey) silicone gaskets. 

4.2.3.2 Prototyping 

Prior to manufacturing the dynamic chamber, it was deemed necessary to create an inexpensive 

prototype in order to assess the device in terms of potential points of leakage and any additional design 

flaws. The prototype was created by composite 3D printing in the Institute of Mechatronic Systems 

(NIFE, Hannover, Germany). The components of the device were printed using a Stratasys Objet 350 

Connex3 3D Printer (Stratasys, Minnesota, USA). The window portions of the device were printed with 

Med610®, a transparent material, whereas the main body was printed with VeroBlack®. The printed 

components as shown in Figure 4.8, together with the stainless steel base tissue holder, adopted form 

the static system. Initial evaluation of the design demonstrated several points of poor sealing at the 

region indicated in Figure 4.9. This led to modifications in the original design by removing the 

“extended” edges at the point of the inlet and the outlet, thus, reducing the length of the flow path 

within the device. In addition, the inlet and outlet ports of the main (luminal) circulation were altered 

to ease manufacturability, since some regions were too thin and pose as potential crack initiation sites. 

The final design of the flow system is shown in Figure 4.10. 
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Figure 4.8 – 3D printed components (from left to right: Top flow unit, top silicone gasket, bottom 
silicone gasket and the bottom flow unit) of the flow chamber (top) and the assembled prototype 

with the mesh holder adopted from the static system (bottom). 

  
Figure 4.9 - Region of leakage observed in the prototype 

 

 
Figure 4.10 - Final Design of the Flow Chamber System 
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4.2.3.3 Manufactured Device 

The main body of the dynamic system was manufacture from polysulfone, which features high 

transparency for sample observation. The fitted barbed inlets and outlets were manufactured from 

polyether ether ketone (PEEK). Both materials have been reported to be autoclavable and bioinert 

[275,276]. The manufactured components and assembly of the dynamic system are illustrated in Figure 

4.11. 

 
Figure 4.11 – Assembled and the manufactured Flow Chamber System 

4.3 Multi-Station Pulsatile Flow System 
Although the developed static and dynamic systems could provide useful platforms for a relatively 

high-throughput in vitro screening of stent coatings and drug compounds, in terms of their effect on 

stent endothelialisation, using a clinically-relevant stent-living artery interaction, a more near-clinical 

simulation model would be necessary prior to in vivo animal testing. Specifically, a functional 

simulation system able to duplicate relevant pulsatile flow and, thus, more realistically simulate the 

forces imposed on to the stent-artery system, as well as able to accommodate balloon angioplasty 

surgery, thus, simulating potential damage to the arterial wall, would be a highly valuable tool prior to 

testing new stents into an expensive and potentially unethical large animal model. Along these lines, a 

multi-station pulsatile flow bioreactor system that could subject long intact arterial segments to near-

physiologically pulsatile flow and pressure was developed and optimised. The general concept of the 

system was based on the bioreactor system reported by Riches et al. [277].  

4.3.1 Description of System Design 

The multi-station pulsatile flow system comprised several parts, which were designed to enable 

modularity, ease of handling and autoclavability. The system was composed of 5 main parts, including 

the tissue stations, base frame, linear actuator, heating system and culture medium conditioning unit 

(Figure 4.12). 

4.3.1.1 Base Frame 

The base frame was designed to accommodate 4 identical test stations (tissue stations) and was 

manufactured from aluminium. The base featured adjustable regulator screws at each test chamber 

position, which were connected to one of two vascular graft holders (one on either side of the graft) 
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inside the tissue chambers and allowed the adjustment between the two holders so that to be able to 

accommodate different lengths of vascular segments. The base also included a sled drive, which was 

attached to metallic bellows of the test stations and was driven by an actuator fixed onto the frame. 

The translation of the sled drive, induced by the actuator, generated a culture medium volume 

displacement by the compression of the metallic bellows, which in turn generated pulsatile flow in the 

test stations,   

4.3.1.2 Tissue Stations 

The stations were designed to house small and medium-sized (up to ø15mm) grafts, which could be 

mounted using sutures or cable ties between two hollow cylindrical holders (Figure 4.13). The spacing 

between the holders was adjustable by the regulating screw on the base frame. The holders were 

designed so that they could facilitate the luminal flow and were connected to the compliance chambers 

via silicone tubing. The tissue stations also featured transparent polycarbonate windows on either their 

sides, whereas the rest of their parts were manufactured from SS316L stainless steel, expect the 

compliance chambers, which were manufactured by polysulfone (Quadrant® PSU 1000). Sealing 

between the different components was achieved by silicone rubber O-rings. 

 
Figure 4.12 - Schematic of the multi-station pulsatile flow bioreactor 
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Figure 4.13 - Schematic of the tissue chamber with the attached compliance chamber 

 
The pulsatile flow through the lumen of the graft attached into the stations was generated by the 

compression of a flexible metallic bellow, which was connected to the slide drive of the base frame. 

The cyclic translation of the slide drive generated a cyclic compression of the metallic bellows, which, 

in turn generated the volume displacement of the culture medium and the pulsatile flow through the 

lumen of the attached grafts. The luminal flow was then directed to the compliance chambers, which 

were designed to be secured on the top of the tissue chambers, in order to enhance the compactness 

of the stations. The compliance chambers, which during operation of the system would be sealed from 

the atmosphere and contain approximately 150ml of the air, were necessary in order to dampen the 

peaks in the flow and pressure waveforms that were generated by the flow in the culture medium 

within the rigid sections of the stations [278]. Following the compliance chamber, the culture medium 

flow was directed back into the main chamber of the station, and in the space surrounding the graft, 

through a ports on the top of the main chamber.  

4.3.1.3 Linear Actuator  

A linear actuator was used to drive the sled guide (cyclic translation) and generate the volume 

displacement and subsequent pulsatile flow in the metallic bellows of the stations. The actuator 

comprised a stepper motor (STX-115-07 STX AC Stepnet Panel, Copley Controls, Canton, USA) and an 

electric ball-screw actuator (N2T31V-10-5B-4-MF3-FT1M, IDC Industrial Devices Ltd, Shropshire, UK).  

4.3.1.4 Heating System 

Control heating at the each station was used in order to compensate for the heat loss in the culture 

medium between the medium conditioning unit and the bioreactor, and maintain the culture medium 

temperature at 37°. A bespoke Watlow system (Watlow, Minnesota, USA) heating and control system 

(Figure 4.14) was designed and manufactured for used for the heating control of the culture stations. 

The system comprised 4 EZ-Zone PM Express temperature control units (one unit per station) that were 

fixed into a WatConnect control panel, and 4 associated silicone rubber heating pads, which were glued 
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onto base frame, underneath each of the 4 stations. The system also included a PT100 thermocouple 

that was secured onto one of the 4 stations, for temperature feedback control.  

 
Figure 4.14 – Heating system components. Left: Control unit; right: Heating pads. 

 

4.3.1.5 Chemostat  

The culture medium was conditioned in a Sartorius chemostat (Biostat B, Sartorius, Germany) prior its 

perfusion to the bioreactor stations. The chemostat system consisted of the Biostat B control unit and 

a 5L autoclavable glass chemostat vessel (Figure 4.15). The Biostat B control unit was an all-purpose 

system that allowed for complete control of all essential culture medium parameters, including partial 

gas pressures, pH and temperature. Air, O2, CO2 and N2 supplies were connected to the control unit 

which permitted for finely tuned aeration of the medium. In order to ensure the sterility of the system, 

the gas mixture from the control unit passed into the chemostat vessel through a filter (Midisart 2000 

PTFE filter, Sartorius, Germany) before it was sparged into the culture medium. The temperature, pO2 

and pH of the culture medium was monitored using a  PT100 thermocouple, a dissolved oxygen (DO) 

optical sensor (VisiFerm DO 325, Hamilton, USA) and a pH sensor (EasyFerm Plus VP 325, Hamilton, 

USA), respectively. A heating jacket fitted around the chemostat vessel was used for heating up the 

culture medium, whereas O2 and N2 supply was used to maintain the pO2 at the required level (21%). 

Moreover, CO2 and basic solution supply into the chemostat vessel were used for maintaining the pH 

value at 7.4. A water cooled condenser with an attached filter was used to allow for the release of gas 

from the chemostat without the escape of water vapour. Mixing of the medium was achieved by a 

stirrer located in the middle of the chemostat. 
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Figure 4.15 - Chemostat system including the control unit and the chemostat vessel.  

 

4.3.1.6 Culture Medium Circulation & Bioreactor Setup 

The bioreactor system was set up as illustrated in Figure 4.16 and Figure 4.17. The modular design, of 

the bioreactor allowed for the stations to be removed from the main unit and transferred to a laminar 

flow cabinet for mounting the grafts under sterile conditions. Following sample mounting, the stations 

were either sealed or isolated from the atmosphere using medical quick connectors or filters, 

respectively. The stations were then transferred and mounted to the base frame, which was placed on 

a bench top. The culture medium was perfused from the chemostat vessel to the bioreactor stations 

using a peristaltic pump (Figure 4.17). The culture medium entered each of the bioreactor stations 

through an inlet port, which was located distal to the metallic bellow. The volume displacement in the 

bellows generated pulsatility in the culture medium, which was pushed through the lumen of the 

mounted vascular graft (Figure 4.18). Subsequently, the medium was directed to the compliance 

chamber before it re-entered the main chamber, filling up the outside of the vessel. The fluid was then 

allowed to flow out of the main chamber and back into the chemostat vessel. 
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Figure 4.16 - Diagram illustrating the bioreactor system set up. 

 
Figure 4.17 – Full setup of the bioreactor system with two stations 
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Figure 4.18 - Flow path within the tissue chamber (Blue lines indicate fluid path and green lines 

indicate pressure sensor positions) 
 

4.3.2 Parameter Control and Data Acquisition 

Apart from the culture medium temperature, pH and pO2, which were set and monitored in the 

chemostat vessel, and the temperature at the station level, which was monitored and controlled by 

the bespoke Watlow system, described above, the system design also allowed for the controlling of 

the flow rate, generated by both the linear actuator and peristaltic feeder pump, as well as the 

controlling and monitoring of the pressure.    

The minimum and maximum flow rates of the peristaltic pump (MCP Standard, Ismatec, Wertheim, 

Germany) with a 3 channel pump head (SB 3V, Ismatec, Wertheim, Germany) 3 channel pump head 

(SB 3V, Ismatec, Wertheim, Germany) for specific tubing sizes, provided by the manufacturer (Table 

4.1), were used to derive approximated pump speed setting based on silicone tubing with 4.8mm ID 

and 1.6mm wall thickness. The calculated speed settings provided by the manufacturer corresponded 

well to the experimentally-measured flow rate of the pump (Figure 4.19). However, all further flow 

calculations were based on the experimentally-obtained pump setting-flow rate profile. 

In order to measure the inlet and outlet pressure profiles generated in the bioreactor stations, two 

types of autoclavable pressure transducers were utilised including a PRESS-S-000 and PRESS-N-025 

transducer (PendoTech, Princeton, USA). A 1/4” – 28 UNF hole at the inlet (Figure 4.20) was used to 

accommodate a threaded barbed fitting onto which a PRESS-N-025 transducer was attached via a 5cm 

long silicone tubing. The PRESS-S-000 flow through transducer was placed distally to the artery after 

the culture media left the primary chamber towards the compliance chamber (Figure 4.21).  

Table 4.1 - Ismatec data sheet values 

Tubing Inner Diameter Min. Value (3.8rpm) [Speed: 1] Max. Value (240rpm) 
[Speed:999] 

4.8mm 2.2ml/min 530ml/min 
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Figure 4.19 - Experimental and factory values (dotted) of the flow rate generated by the peristaltic 

pump. 

 
Figure 4.20 - Marked 1/4” – 28 UNF hole for PRESS-S-000 pressure transducer fitting (right). 

 

 
Figure 4.21 – Positioning (black arrow) of the distal pressure transducer (PRESS-N-025; right). 
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The pressure waveforms were recorded using an Analog to Digital Converter (ADC) (PowerLab 4/35, 

ADInstruments, Dundedin, New Zealand) and associated LabCharts software. The pressure transducers 

were calibrated using a two-point calibration. Calibration tests were performed using a manometer 

(C9557 Dry Use Pressure Meter, Comark, Norfolk, UK). Compressed air and a clamp was used to adjust 

the pressure value. The PRESS-N-025 (Sensor 1 and 4) was connected at the end point of the silicone 

tubing with a section accommodated by a 3-way connector, where the perpendicular point had an 

output connection to the manometer. The S-000 (Sensor 2 and 3) was connected in a similar fashion, 

where a luer seal is used to seal the end of the pressure transducer. The calibration setup is displayed 

in Figure 4.22. The compressed air or clamping was increased in increments and the generated 

pressure (in mmHg) was recorded by the manometer, together with the corresponding voltage (in mV) 

recorded by the LabCharts software for the pressure transducers. A standard curve was created and 

the zero and slope values were determined and entered into the LabCharts program as shown in Figure 

4.23. The transducer data sheet stated a sensor output value of 0.2584mV/psi per volt of excitation, 

which corresponds to 0.2584 mV per 51.71484 mmHg at an excitation voltage of 10V. These values 

were verified using the test setup.  

 

Figure 4.22 - Schematic of the pressure transducer calibration set up 
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Figure 4.23 – Standard curve of raw voltage (mV) vs pressure (mmHg) for 2 sensors of each type. 

 

4.3.3 Heating System Calibration 

In order to calibrate the heating system, the chemostat was filled with distilled water (DW) and 

maintained at 37°C using the integrated PT-100 temperature sensor and the heating jacket. Once the 

temperature was stabilised within the chemostat, the connections to the bioreactor chambers were 

fitted DW was perfused to the bioreactor using the peristaltic pump at a flow rate of 200ml/min. The 

heating control system of the bioreactor was set at 37°C. Without the use of the heating pads 

underneath the stations, a drop of 5°C was observed between the chemostat and the bioreactor 

stations. Since the PT100 sensor used for measuring the temperature was not sterilisable, it was placed 

within a thin-walled stainless steel gasket that was fitted on the top of a station and protruded into the 

tissue chamber. Owing to this, it was necessary to measure the real liquid temperature within the 

station to see whether it corresponded to the temperature measured by the PT100 sensor placed in 

the gasket. The temperature measured by the PT100 placed in the gasket was 1°C lower than the actual 

temperature of the fluid temperature in the station. As such, the temperature at the Watlow heating 

control unit required to be set to 36°C in order to achieve a real fluid temperature of 37°C. 

4.3.4 Motor Profile Calculations 

The bioreactor was designed to be programmable for a range of different pressure of flow waveforms. 

The main design aim was to simulate physiological arterial pressures. Referring to the physiological 

pressure profile of the aorta present in Figure 4.24 [279], and as the left ventricle contracts (systole, 

the pressure increases rapidly, causing the blood to flow rapidly through the aorta. As the cardiac 

muscles relaxes (diastole), the pressure slowly decreases causing the ventricle to fill up. The slight 
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increase in pressure that occurs after the systolic phase is attributed to the backflow of blood that 

rebounds off of the semilunar valves and is known as the dicrotic notch.  

 
Figure 4.24 - Representative aortic pressure waveform. Adopted from Klabunde (2016)  [279] 

In order to simulate such a physiological pressure profile, the programmable Stepnet stepper controller 

and associated CME2 software were used to define the motion waveform of the linear actuator.  The 

Stepnet controller was designed to work on the principle of using three programmable current settings, 

including hold, run and boost, which corresponded to stop, constant velocity and 

acceleration/deceleration, respectively. The required parameters for the actuator distance (µsteps), 

acceleration (rps2), deceleration (rps2) and constant velocity (rpm) were inputted in the CME2 

software. A simple mathematical program was developed to calculate these values for a given flow 

profile required to be generated by the actuator.  Since the stepper controller output was a serial RS-

232, a USB adapter was used to connect the stepper to the PC.  

In order to determine the required stroke distance, acceleration, deceleration, and velocity needed 

from the linear actuator, a series of calculations were required based on initial input parameters and 

constants.  The actuator motion could be simplified to a trapezoidal profile. An example of such a 

profile is shown in Figure 4.25. This profile determined the base shape of the speed-time graph for the 

systole/diastole cycle. The percentage of time that the actuator spend accelerating, decelerating and 

at constant velocity within a single stroke during the simulated systole and diastole were the key input 

parameters that determined the shape of the trapezoidal profile. The frequency of the linear 

movement represented the heart rate and governed the total time for a single stroke. The key actuator 

values provided by the manufacturer and the rest of input values to the motor function equation are 

presented in Table 4.2. 
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Table 4.2 - Motor profile parameters and critical values 

Input Parameters Units 
Flow rate per station ml/min 
Frequency Hz (1 Hz = 60 beats/min) 
Systolic and diastolic timeframe % (totalling to 100%) 
Systolic/diastolic accel. decel. and constant velocity timeframe % (totalling to 100%) 
Constants Value 
Metallic bellow cross-sectional Area  1362.45 mm2 
Revolutions per axial inch 5 revolutions 
No. of steps per 360° 200 
Step Angle  1.8° 

 
The distance moved by the motor was calculated according to the following formulation: 

 

 

 

 

 

 

 

 

𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑚𝑜𝑣𝑒𝑑 (𝑚𝑚) = 𝐹𝑙𝑜𝑤 𝑣𝑜𝑙𝑢𝑚𝑒 (𝑚𝑚3)𝑚𝑖𝑛𝐵𝑒𝑙𝑙𝑜𝑤 𝐴𝑟𝑒𝑎 𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 × 60 

𝑅𝑜𝑡𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑀𝑜𝑡𝑜𝑟 (𝑑𝑒𝑔)  = 360° ×  𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑚𝑜𝑣𝑒𝑑5.08  

𝑫𝒊𝒔𝒕𝒂𝒏𝒄𝒆 𝒊𝒏 𝒎𝒊𝒄𝒓𝒐𝒔𝒕𝒆𝒑𝒔 = 𝑅𝑜𝑡𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑚𝑜𝑡𝑜𝑟𝑆𝑡𝑒𝑝 𝐴𝑛𝑔𝑙𝑒 (1.8°) × 𝑚𝑖𝑐𝑟𝑜𝑠𝑡𝑒𝑝𝑠𝑤ℎ𝑜𝑙𝑒 𝑠𝑡𝑒𝑝𝑠 

𝑇𝑖𝑚𝑒 𝑠𝑝𝑒𝑛𝑡 𝑎𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑛𝑔, 𝑇𝑎  (𝑚𝑠)  =  1𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 × 𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑖𝑛 𝑆𝑦𝑠𝑡𝑜𝑙𝑒100  

×  𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑖𝑛 𝐴𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛100 × 1000𝑚𝑠
𝑀𝑎𝑥 𝑎𝑥𝑖𝑎𝑙 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 = 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑚𝑜𝑣𝑒𝑑 (𝑚𝑚)𝑇𝑎2 + 𝑇𝑣 + 𝑇𝑑2 × 1000𝑚𝑠 

𝑴𝒐𝒕𝒐𝒓 𝑽𝒆𝒍𝒐𝒄𝒊𝒕𝒚 (𝒓𝒑𝒎) = (𝑀𝑎𝑥 𝑎𝑥𝑖𝑎𝑙 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 (𝑚𝑚/𝑠) × 60 × 5 𝑟𝑜𝑡𝑎𝑡𝑖𝑜𝑛𝑠)25.4𝑚𝑚  
𝑴𝒐𝒕𝒐𝒓 𝑨𝒄𝒄𝒆𝒍𝒆𝒓𝒂𝒕𝒊𝒐𝒏 (𝒓𝒑𝒔𝟐) = 𝑀𝑜𝑡𝑜𝑟 𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦 (𝑟𝑝𝑚)60 𝑠𝑇𝑎  (𝑚𝑠)1000 𝑚𝑠  
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Figure 4.25 - Exemplary calculated actuator motion profile during simulated systole and diastole. 

4.3.5 Pressure Profile Optimisation 

Optimising the pressure profile was a critical part for maintaining the physiological haemodynamic 

environment during the simulated systole and diastole. The shape of the actuator motion profile had 

a direct impact on the simulated pressure waveform. During optimisation of the pressure profile, the 

compliance chamber was filled with approximately 150ml of air in order to adequately dampen the 

high frequency peaks in the pressure profile generated by the flow in the rigid compartments of the 

bioreactor. Since the key input parameters were defined as percentages of one stroke of the linear 

actuator, a split into forward motion and backward motion mode was required. Each of these modes 

required inputs in terms of the time spent accelerating, at constant velocity and decelerating. These 

values were estimated by deconstructing the physiological pressure profile graph into an acceleration 

time-graph. 

In order to experimentally optimise the pressure profile, a silicone tube with a length of 5cm, inner 

diameter of 0.5mm and outer diameter of 0.8mm was mounted into one of the bioreactor stations to 

simulate an artery. Water was used as the test fluid due to its similar viscosity to culture medium 

supplemented with 10% (v/v) FBS (0.88cP vs 0.94cP) [280]. Moreover, the testing was conducted by 

inducing a flow rate of 100ml/min through the mounted silicone tube. In order to simulate a peripheral 

resistance (equivalent to the peripheral resistance encountered by the blood in the systemic 

circulation) into the system, an adjustable clamp was placed distally to the artery, at the point after 

the media left the tissue chamber and prior to entering the compliance chamber. The application of 

the peripheral resistance increased the pressure within the artery, as demonstrated in Figure 4.26. 

Adjustment of the peripheral resistance was required in order to set the pressure within the 

physiological range (120/80 mmHg – systolic/diastolic). This pressure profile was produced using the 

input parameters listed in the Figure 4.26.  

Due to the smooth curvature of the pressure peak, the parameters were adjusted in order to better 

represent the physiological profile. Reducing the duration of the constant forward velocity, resulted in 
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a sharper peak. Although the simulation of the physiological dicrotic notch might pose a difficult 

challenge, the previous pressure profile demonstrated a slight gradient shift during the pressure drop. 

By increasing the duration of the backward acceleration and decreasing the duration of the constant 

velocity, it was possible to create the pressure notch. The optimised pressure profile achieved in 

illustrated in Figure 4.27. The flow rate (100ml/min/chamber) and pulse rate (1Hz) were kept standard. 

Compared to the physiological pressure waveform, a very strong resemblance was observed (Figure 

4.28).  This clearly demonstrated the capacity of this pulsatile flow bioreactor to develop and mimic 

physiological pressure profiles. It could also be used to mimic pathological conditions, such as 

arrhythmia and high blood pressure.  

 
Figure 4.26 - Pressure waveform at 1 Hz with and without peripheral resistance. Inset: Profile input 

parameters 
 

 
Figure 4.27 - Pressure profile using altered input parameters with peripheral resistance. 
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Figure 4.28 - Superimposed physiological aortic pressure (red) and bioreactor pressure profiles. 

4.3.6 Optimisation of Tissue Handling and Mounting 

During the design, development and commissioning, maintenance of sterility and minimum handling 

was of primary importance.  Initially, barbed fittings were placed directly onto the graft holders inside 

the tissue chamber, and the graft was mounted with sutures in situ inside the chamber. This approach 

was proven. The mounting method was modified by firstly fitting and securing with sutures luer-ended 

barbed fittings to the graft, before securing the luer-ended fittings in the tissue chamber (Figure 4.29). 

This method greatly reduce the handling time. However, this method was also inconsistent, since the 

sutures were getting loose after a few days of cycling (Figure 4.30). In order to rectify this issue whilst 

also improving handling, autoclavable biocompatible cable-ties were used to first secure the grafts 

onto the luer-ended barbed fittings prior to securing the fittings to the tissue chamber (Figure 4.31). 

 
Figure 4.29 - Sutured carotid artery onto luer barbed fittings 
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Figure 4.30 - Loose Suture causing slippage of artery. 

 
Figure 4.31 - Autoclavable zip-ties keeping the tissue in place 

 

4.3.6 Bioreactor System Set Up 

The complexity and size of the system requires an optimised workflow in order to maintain sterility, 

reduce unnecessary handling and increase speed of assembly. The workflow of setting up the system 

is described in Appendix I.  
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Chapter V: Tissue Viability & Stent Endothelialisation under Static & Dynamic 

Conditions 

5.1 Introduction 
The work presented in this chapter was focused on the assessment of factors affecting tissue viability 

in order to optimise the sourcing and transportation of arterial tissue for use in the stent testing 

systems developed. The work presented in this chapter also focused on the validation of the static and 

dynamic culture systems, in terms of their ability to maintain tissue and cell viability under prolonged 

cultures. Finally, the chapter describes initial proof of concept studies on stent endothelialisation.  

5.2 Materials and Methods 

5.2.1 Tissue Procurement and Dissection 

Porcine aortic arches with the carotid artery still attached were obtained from German Landrace pigs 

(<9 months old) either from the local abattoir [Source 1] or from BioMedImplant GmbH (Hannover, 

Germany) following termination of large animal medical device experiments [Source 2]. The aortic 

arches were dissected in order to obtain the carotid arteries (Figure 5.1). The average length of the 

carotid artery obtained was 8cm.  

 

Figure 5.1 - Segment of excised porcine aortic arch. 

Following excision, the aortas were transported directly to the laboratory in transport medium 

(described below). The tissues were transferred to DMEM, supplemented with 10% (v/v) FCS and 1% 

(v/v) P/S and placed in an incubator at 37°C and 5% (v/v) CO2 for 30min in order to equilibrate the 

temperature. Subsequently, the tissues were trimmed of excess connective tissue and the carotid 

arteries were isolated under sterile conditions whilst semi-submerged in DMEM. The carotid arteries 

were then flushed with pre-warmed DPBS and then tested immediately.  
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5.2.2 Transport Solutions 

The tissues were transported in the laboratory in either DPBS or Tiprotec (Dr. F. Kohler Chemie Gmbh, 

Bensheim, Germany), which were supplemented with 0.5mg/ml Gentamycin, 0.2mg/ml Polymixin B 

and 0.05mg/ml Vancomycin hydrochloride. The solutions were stored at 4°C until required.  

5.2.3 Effect of Antibiotic Treatment on Tissue Viability 

Carotid artery ring samples (n=3) of 3 mm in length obtained from the local slaughter house [Source 1] 

were flushed with PBS after excision and were incubated in the antibiotic cocktail in DPBS for 1h at 

37°C and 5% (v/v) CO2. Samples (n=3) incubated in DMSO under the same conditions and duration 

served as the negative control. Additional samples (n=3) were stored in DPBS without antibiotics for 

1h. All samples were assessed for their metabolic activity using the WST-8 assay.  The samples were 

weighed and the WST-8 metabolic activity results (optical densities) were normalised with respect to 

the weight of the samples. 

5.2.4 Effect of Long-Term Static Culture on Tissue Viability 

Porcine carotid arteries were obtained from the slaughterhouse and transported in Tiprotec 

supplemented with antibiotics. Ring segments of 3-5 mm in width were isolated and placed in 24 well 

plates filled with pre-warmed DMEM with 10% (v/v) FBS and 1% (v/v) P/S and cultured for 7 days at 

37°C and 5% (v/v) CO2 in wells within a 24-well plate. Culture media was exchanged every 2 days. 

Additional ring segments were isolated and directly subjected to the WST-8 metabolic activity assay, 

representing the Day 0 control. Following assessment, the Day 0 samples were stained with Calcein 

AM and EThD-1, as described previously. The samples were then washed with PBS and visualised under 

fluorescence microscopy. The 7 day samples were subject to the same assessment, except for the use 

of Hoechst 3342 to stain the nuclei instead of EThD-1. In order to further elucidate the effect of long-

term culture on tissue viability, the experiment was repeated with triplicate samples assessed at Day 

0, Day 2, Day 4 and Day 7 of static culture. In this case, however, the samples were weighed and their 

WST-8 metabolic activity results (optical densities) were normalised with respect to their weight. 

5.2.5 Effect of Cold Storage in Tiprotec and Antibiotics on Tissue Viability  

Following dissection, a whole carotid artery was placed in Tiprotec, supplemented with the 

aforementioned antibiotic cocktail, and stored at 4°C for 10h. The samples were segmented to 

approximately 5mm x 5mm (n=3 per time point) and cultured in different wells of a 24 well plate at 

37°C and 5% (v/v) CO2, for periods up to 7 days. Samples (n=3 for each time point)were subjected to 

WST-8 metabolic activity testing on Day 1, Day 2, Day 3 and Day 7. Live/Dead staining was performed 

on Day 7 sample after WST-8 incubation to verify validity of the metabolic activity results.  
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5.2.6 Static Culture System Experiments 

Samples measuring 10mm × 20mm were isolated from cut-open carotid arteries obtained from Source 

2 were transported in DPBS (n=1) or Tiprotec (n=1), supplemented with the antibiotic cocktail, were  

placed on the autoclaved static culture holder, together with an autoclaved uncoated stent mesh that 

was gently place atop the tissue, and clamped. The holders were placed in a petri-dish (Ø10cm) and 

filled with DMEM, supplemented with 10% (v/v) FBS and 1% (v/v) P/S until the tissue-stent system was 

completely covered. The holders with the samples were incubated under standard conditions for 10 

days. The culture medium was changed every 2 days. The samples from the arteries that were 

transported in DPBS were culture for 7 days whilst the samples from the arteries that were transported 

in Tiprotec were culture for either 3 (n=3), 7 (n=3) or 10 (n=3) days. The viability of the samples was 

assessed by Calcein AM red and Hoechst nuclei staining.  

5.2.7 Dynamic Culture System Experiments 

Two types of flow experiments were run using the developed dynamic culture system, using either 

fresh carotid artery samples or PCAEC-seeded silicone membranes. The setup of the apparatus with 

the samples is illustrated in Figure 5.2. All system components were autoclaved before to mounting 

the sterile tissues or cell-seeded constructs. The dynamic flow system was run in conjunction with the 

chemostat, which was used to condition the culture medium to 37°C, pH 7.4 and 21% dO2 prior to 

perfusion of the medium to the dynamic flow chamber.  

 
Figure 5.2 - Exploded Flow Chamber System Render with endothelialised sheet (left) and excised 

carotid artery (right). 
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5.2.7.1 Arterial Tissue Cultures  

The first flow experiment involved porcine carotid arteries from Source 2, which were transported in 

Tiprotec, supplemented with the antibiotic cocktail. An arterial sample (n=1) measuring 10mm × 

20mm was laid on the tissue holder bed with the uncoated stent mesh carefully placed over it. A 3-

pronged flow silicone gasket was added on top of the mesh. The bottom gasket was also carefully 

placed to endure an effective seal. The bottom section of the flow chamber was tightened and set into 

place. The top part of the chamber was carefully attached. It was critical that the gasket prongs coincide 

with the fluid slit on the flow chamber. The system was then connected to the chemostat using quick 

connects. A calculated shear stress of 15 dynes/cm2 was applied onto the samples. The tissue was 

subject to dynamic conditioning for 2 days followed by 3 days of static culture. Same-size arterial 

samples (n=3) were maintained in static culture in a 6 well plate for the same duration as the 

dynamically-stimulated ones. In parallel, the remaining 2 tissue holders were mounted with arterial 

segments of the same size and stented as an additional control. The flow chamber and tissue holder 

static mesh controls were unclamped and had the mesh carefully removed as to not cause damage to 

the tissue. Following culture, the samples were dissected into 4 smaller segments and assessed in 

terms of their metabolic activity using the WST-8 assay. The samples were weighed and their WST-8 

metabolic activity results (optical densities) were normalised with respect to their weight. 

5.2.7.2 Endothelialised Silicone Sheet Cultures 

An alternative approach to the arterial segments, which involved cell-seeded silicone membranes   was 

also investigated for testing stent endothelialisation. Specifically, 3 samples measuring 30mm × 40mm 

were isolated from 200µm-thickness medical grade silicone sheets (SILPURAN, Wacker). The samples 

were then autoclaved and placed in a custom silicone mould (as described in §4.2.1.2) in order to 

reduce required volumes. The custom silicone mould was prepared in two parts, where the silicone 

fluid mixture was first poured into a Ø60mm culture dish and allowed to set. Once cured, this layer 

was removed and a 30mm × 40 mm region was marked and cut using a scalpel. The second part 

involved pouring the silicone mixture into the culture dish and allowed to cure before pouring another 

layer (just until the base layer is covered). Without allowing the second layer to set, the cut silicone 

layer was added to the gently added to the pre-cured layer. This allows fusion of cut segment and the 

base layer.    Subsequently, the samples were coated with fibronectin (354008, Corning).  Briefly, 20µl 

of 200µM fibronectin was added to 1ml sterile distilled water and used to coat each of the silicone 

sheet samples. The samples were left overnight in order for the fibronectin to effectively bind to the 

silicone sheets, and the remaining fibronectin solution was aspirated. The sheets were then rinsed with 

PBS and carefully moved to a culture dish. PCAECs at P5 were seeded onto the fibronectin coated 

sheets and cultured at 37°C and 5% (v/v) CO2, until confluency. The transparent silicone samples 

allowed for visualisation under light microscopy to check for confluency. A thick silicone spacer 
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(1mmx30mmx40mm) was autoclaved along with the stent mesh samples and tissue holder. The tissue 

holder was placed in a custom mould to reduce the culture medium volume. The spacer was placed on 

the bed of the tissue holder and the endothelialised sheet was carefully placed atop. The uncoated 

mesh samples were carefully applied to the holder and were clamped down. Sufficient volumes of 

EGM-2 were added to the tissue holder to endure complete coverage of the endothelialised silicone 

sheet and mesh. Triplicates were used for visual assessment under calcein staining.  

The experiment was repeated with stent meshes that were coated with neutralised rHCol1 at a 

concentration of 20% (w/w) to PLGA and 1.8% (w/w) of ferulic acid. Prior to the application of the 

coating, the polymeric blend was shaken on ice at 150 rpm for 15min, before the 3ml of the solution 

was applied to autoclaved stent mesh samples that were placed in the aforementioned custom silicone 

moulds in order to reduce the volume of the coating solution required. Following the application of 

the coating solution, the samples were covered and left in a laminar flow cabinet in order to allow for 

coating solidification overnight. The coated samples were then washed with 70% ethanol and 

subjected to UV sterilisation. The coated samples were placed on top of the endothelialised silicone 

sheet as described for the case of the uncoated meshes. The samples were cultured for 3 days in EGM-

2 with 1% (v/v) P/S before staining them with Calcein AM Green in order to assess cell viability and 

migration. Samples were coated and stained in triplicates.  

5.2.8  Viability Assessment 

5.2.8.1 Metabolic Activity 

Tissue viability was assessed 10% WST-8 solution in Hanks Buffered Saline Solution (HBSS), as 

previously described was added to each well containing tissue samples. The negative controls for the 

tissue viability study used tissue samples treated in DMSO for 30 minutes prior to the addition of WST-

8. The plates were then incubated for 2-4 hours and the WST-8 solutions were transferred to a fresh 

96-well plate for assessment (with technical triplicates). The plates were loaded into a microplate 

reader and the absorbance was measured at 450nm and 630nm. For assessment, the background 

630nm values were subtracted from the experimental 450nm values. For weight normalisation of the 

tissues, the optical density values were divided by the weight of the tissue. 

5.2.8.1 Fluorescence Imaging 

Either Calcein AM Green or Calcein AM Red was employed as a staining for cell viability. Ethidium 

Homodimer-1 (EthD-1) was used to detect dead or dying cells. EthD-1 can only enter cells with a 

disrupted plasma membrane. Viable cells with a non-compromised membrane do not allow EthD-1 

from entering the cell. Calcein and EthD-1 was added to DPBS at a concentration of 1µl/ml each and 

was mixed thoroughly before being added to the tissue samples. The samples were incubated for 30 

minutes under standard conditions and then washed with DPBS three times before fluorescence 
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onto the stent struts, forming a patchy coverage of the struts. At both time points, a strong signal for 

both the nuclei and calcein staining was also apparent in the arterial tissue itself.  

The staining results for the arterial samples, stented with mesh within the tissue holder are presented 

in Figure 5.12. The struts showed a low endothelialisation with a relatively weak calcein AM red signal. 

The tissue itself demonstrated strong signs of viability. The corresponding results after 7 days of static 

culture are presented in Figure 5.13. In this case, there was a significantly higher coverage of the struts 

with viable ECs. By Day 10, it was apparent that the majority of the struts were covered by viable ECs 

(Figure 5.14). Moreover, a strong EC viability was observed in the arterial tissue itself.  

  
Figure 5.10 – Nuclei (blue) and viable cells (green) staining of porcine carotid arteries cultured with 

the uncoated SS stent mesh 2 days. Scale Bars indicate 150 µm. 
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Figure 5.11 - Nuclei (blue) and viable cells (green) staining of porcine carotid arteries cultured with 

the uncoated SS stent mesh 4 days. Scale Bars indicate 150 µm 
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Figure 5.12 - Nuclei (blue) and viable cells (red) staining of porcine carotid arteries cultured with 

the uncoated SS stent mesh 3 days. Scale Bars indicate 150 µm 

  
Figure 5.13 - Nuclei (blue) and viable cells (red) staining of porcine carotid arteries cultured with 

the uncoated SS stent mesh 7 days. Scale Bars indicate 150 µm 
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Figure 5.14 - Nuclei (blue) and viable cells (red) staining of porcine carotid arteries cultured with 

the uncoated SS stent mesh 10 days. Scale Bars indicate 150 µm 

The metabolic activity of the arterial samples subject to dynamic conditioning for 2 days followed by 3 

days of static culture are presented in Figure 5.15. The flow (dynamic), tissue holder (TH) (mounted 

artery segments in TH1 and TH2 under static conditions) and static (tissue cultured in 24-well plate) 

groups demonstrated far higher metabolic activities than the negative control (WST-8). The data on 

the left graph was provided to indicate that a clear metabolic activity was observed relative to the 

blank WST-8 sample. This data was not compared as the weights of the tissue samples were difference 

and thus was subject to weight normalisation. The normalised data (on the right) showed that the flow 

group exhibited the lowest metabolic activity when normalised with respect to the weight. Both the 

cultured samples (including tissue holder) exhibited a significant increase compared to the flow group. 

The static ring segment shows a significantly higher OD/ng than the statically-cultured tissue holder 

samples.        

The calcein staining results for the PCAEC-seeded fibronectin-coated silicone sheets that were stented 

with the uncoated mesh and subjected to flow condition are shown in Figure 5.16. The samples 

demonstrated a poor cell viability and morphology. The large fluoresced artefact in the central image 

was due to the autofluorescence of the silicone flow gasket. However, small regions of viable PCAECs 

were observed along the edges of the struts.  Figure 5.17 demonstrates the staining of PCAECs seeded 
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on a fibronectin-coated silicone sheet with uncoated stainless steel mesh struts mounted on the tissue 

holder under static conditions. A confluent layer of cells can be observed with slight indication of viable 

cells long the edges. 

The staining results of PCAEC-seeded fibronectin-coated silicone sheet “stented” with the coated mesh 

are displayed in Figure 5.18 . After the 3-day culture, a fully confluent viable endothelial layer can be 

observed. More notably, viable cells were observed on the edges of the mesh strut and some cells 

were also observed atop the struts as well. More strut edge orientated cells could be observed on the 

coated mesh than the uncoated mesh.  

 
Figure 5.15 - Metabolic Activity of Porcine Carotid Arteries Cultured under Static and Flow 

Conditions (Left) and the Weight-Normalised Version (Right). TH1 and TH2 were individually 
mounted carotid arteries within the tissue holder. This data was combined for the weight normalised 

version. The static sample indicates carotid segments cultured in a well plate. Data expressed as 
means ± 95% C.I. (n=3 for Flow and Static and n=6 for Tissue Holder). Asterisks indicate significant 

difference between the start and end connectors columns at the 0.05 (*) and the 0.0001 (****) 
levels.  
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Figure 5.16 - Viable cell staining of PCAEC-seeded silicone sheet cultured with the uncoated SS 

stent for 3 days under flow. Scale bars indicate 200µM 

 
Figure 5.17 – Viable cell staining of PCAEC-seeded silicone sheet cultured with the uncoated SS 

stent mesh for 3 days under static conditions. Scale bars indicate 200µM. 

 

 
Figure 5.18 - Viable cell staining of PCAEC-seeded silicone sheet cultured with the SS mesh, coated 
with PLGA 20% (w/w) rhCol1 and 1.8% (w/w) Ferulic Acid for 3 days. Scale bars indicate 200µM. 
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5.4 Discussion 
The importance of understanding tissue culture in terms of expected outcomes and typical methods 

of assessment and visualisation is highlighted in this chapter. The initial study on the metabolic activity 

did not seem to provide conclusive results as to how the samples were to be compared. It was, 

therefore, necessary to normalise the optical density values to the weight of the tissue samples. The 

WST-8 assay provided a linear indication of the cell count and, thus, the assumption that weight 

normalisation would provide a comparable form of assessing the different tissue groups. 

Due to the inconsistency in obtaining tissues from the experimental surgery department, which would 

be procured under aseptic conditions, it was necessary to find an optimal alternative source of fresh 

tissue. The key concern in obtaining tissue from slaughterhouses is the lack of sterility. In order to 

efficiently decontaminate the procured tissues, an optimal disinfection agent needs to be employed. 

The Cambridge antibiotic solution, which is routinely used in tissue banks, consisting of Gentamycin, 

Vancomycin and Polymixin B was used in this study to disinfect the procured tissue. The assessment of 

the effect of the antibiotic cocktail to tissue viability indicated that treatment of the tissue in this 

antibiotic cocktail for 1h did not produce any observable effects in terms of viability compared to in 

term of the untreated counterpart.  

Due to experimental time constraints it was crucial to be able to preserve unused tissue for future 

experiments. Tiprotec was used for this purpose both as a transport medium and as a storage medium. 

Tiprotec is a preservation solution that has been reported to conserve arterial tissue with greater 

efficacy compared to cold storage solutions such as saline or Custodiol [281]. The key advantage is the 

functional retention capabilities of the solution as it demonstrated endothelial protection [282]. 

Calcein staining and metabolic activity assessments have been performed on samples transported in 

Tiprotec and the antibiotic cocktail and visual assessment suggested a strong fluorescence staining, 

which was indicative of a healthy endothelium. EC-specific assessments would need to be conducted 

to verify this claim.  

All statically cultured tissue exhibited a similar trend with regards to an initial reduction in cell viability, 

followed by a reparative status where the tissue regains and develops its metabolic state. This may be 

attributed to an initial cell shock, where the exposure to the temperature or to the culture media may 

be an influencing factor. The phase between the transport medium and the culture medium might 

have been traumatic to the cells. A study by Neutelings et al. [283] reported that mild cold shock (25°C) 

followed my rewarming activated a pro-apoptotic pathway. Their data also stated that a large 

proportion of cells died one day after rewarming to 37°C. This supports the trend observed with the 

reduction in metabolic activity after the first day after cold storage and cold transfer. That study also 

suggested that rewarming causes an oxidative burst as well as apoptosis.  
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The long term static culture of carotid arteries, after 10h of Tiprotec treatment, also showed viability 

of the tissue through live/dead staining. Amongst the calcein stained images, an array of elongated 

cells were observed suggesting possible smooth muscle cells from the tunica media of the artery. There 

was also a patch of round endothelial-like cells visible, indicating that tissue could be cultured statically 

for a significant amount of time before the need for transferring it to a dynamic system.   

The tissue holder system demonstrated promising results for both the carotid artery and the 

endothelialised silicone sheet setup. The proof of concept study showed clear visualisation of cell 

migration and possible proliferation onto the stent struts on the tissue samples. The morphology of 

the migrated/proliferated cells on the struts resembled that of ECs. The improved cell migration and 

proliferation of the cells from the tissue sample, compared to the endothelialised sheet, could be 

potentially attributed to the mechanical properties of the tissue. The compression of the mesh sample 

onto the tissue caused bulging and thus shortened the distance between the endothelial layer and the 

top of the struts. The silicone sheets did not have the capacity for a similar level of compressibility and 

elasticity as native arterial tissue and, therefore, there was a longer distance present between the cells 

and the top of the struts.  

Although, the flow system showed poor cell viability upon calcein staining, this could have been due 

to the deviation of shear stress calculations based on the nominal parallel plate flow system. Prediction 

of applied shear stress on an irregular surface may pose some difficulty. Computation fluid dynamics 

could provide a better approximation of the flow rate required to achieve the appropriate shear stress 

level.  
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Chapter VI: Conclusion and Future Work 

6.1 Conclusion 
The increasing risk of coronary heart disease throughout the global population has been of critical 

concern. The increasing population with a requirement for stent-based interventions will ultimately 

lead to a large population experiencing stent-related pathologies such as restenosis and thrombosis. 

The main aim of stent manufacturers is to design a stent that eradicates these complications. This can 

only be achieved through a therapeutic option that promotes rapid endothelialisation whilst 

simultaneously supressing smooth muscle cell proliferation. This study developed and used systematic 

assessment techniques to identify potential therapies and coating platforms for use in drug eluting 

stents. A static and dynamic platform was designed and developed in order to facilitate these coatings 

and therapies to assess ex vivo performance.  

Although initially hypothesised, not all drugs performed as expected for the purpose of dual-functional 

therapies for combating restenosis and stent thrombosis through in vitro assessments. Within the 

concentration ranges tested in vitro, magnolol and curcumin demonstrated no optimal effect on the 

endothelial and smooth muscle cells. Ferulic acid and exendin-4 did provide a level of suitability for 

this application due to an increase in endothelial cell activity relative to the maintenance of smooth 

muscle cells. The end goal was to have a drug that promotes endothelialisation faster than the rate of 

smooth muscle cell proliferation and thus inhibiting the possibility of stent thrombosis associated with 

current drug eluting stents. It was also observed that at the same concentration, the current 

commercially available drugs used in drug eluting stents demonstrate that endothelial cells show a 

higher sensitivity to the anti-proliferatives than the smooth muscle cells, which may contribute to the 

poor endothelialisation observed in a physiological setting upon insertion of a drug eluting stent. The 

retention of endothelial functionality and phenotype was observed upon dosage with exendin-4 and 

ferulic acid.  

The assessment of the polymer coatings yielded several insights. It was observed that the rat tail 

collagen blended with PLGA provided an appropriate surface for cell seeding. The fast adhesion time 

of 30 minutes upon seeding shows that the hybrid blends of polymer are capable of rapid endothelial 

cell adhesion and can be incorporated into an aspect of in situ endothelialisation. The tobacco derived 

recombinant human type I collagen demonstrated a cytotoxic behaviour upon increasing 

concentrations of the collagen with PLGA. Upon neutralisation of the collagen within the blend, the 

coatings exhibited improved endothelial cell proliferation. The recombinant human collagen based 

blends exhibited a higher increase in cell activity as compared to the rat tail collagen and thus indicating 

improved cell-material behaviour. The addition of drugs to the coatings did not present any IR spectral 
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information of the drug which can be attributed to the low concentrations used. The improved 

outcome of using recombinant human type I collagen over animal-sourced type I collagen attests that 

the former type of collagen should be implemented into more biomaterials and coatings.  

The commissioning and optimisation of the custom multi-station pulsatile flow bioreactor was 

achieved during this study. The bioreactor was set up in conjunction with the chemostat for optimising 

culture media properties whilst maintaining temperature within the tissue chamber. The user handling 

experience from tissue source to bioreactor was also improved by reducing the handling time of 

affixing the tissue to the tissue chamber. A thermal control system was employed within the device to 

compensate for temperature loss throughout the series of tubing from the chemostat to the 

bioreactor. Most importantly, the pressure waveform generated by the linear actuator based on a 

series of calculations did achieve near-physiological behaviour.  

The newly developed custom static tissue holder and specialised electropolished stainless steel 

meshes allowed for a simplified planar stented artery in order to improve tissue and cell visualisation 

upon static culture. The observation of cell migration and proliferation from the tissue and 

endothelialised sheets onto the struts demonstrated proof of concept of the static system in order to 

identify endothelialisation rates of different coated mesh samples. The flow system demonstrated cell 

viability; although poor when using the endothelialised sheet and shows that optimisation of the 

system needs to be carried out. The preliminary tissue study phase in static indicated possibility of cold 

storage in tiprotec with the antibiotic solution as cell viability was observed of up to 1 week of culture. 

The exemplary static assessment of the coated mesh structure affixed atop the endothelialised sheet 

established cell viability and the early process of cell migration/proliferation to the struts. Once the 

flow system is optimised, it is hypothesised that the endothelialisation procedure will occur at an 

improved rate.  

This thesis covers the assessment of potential therapeutic drugs dosed on endothelial and smooth 

muscle cells in order to identify the optimal safe concentration that provides dual functionality on the 

respective cell types for the purpose of drug eluting stents. Different coating options were optimised 

and evaluated for endothelial cell interactions and the feasibility of in situ endothelialisation. The 

optimisation and setup of the multi-station pulsatile flow bioreactor as well as the design and setup of 

the static and dynamic stent testing platform was achieved. Final porcine tissue studies indicated proof 

of principle of these systems indicative of feasibility. This project encompasses an assortment of 

various critical stent-based parameters on an individual basis and developed a system to evaluate 

these aspects once they are to be assimilated as a final coated mesh structure. 
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6.2 Future Recommendations 
The work reported in this thesis has paved the way as a development tool for a multitude of future 

research. Apart from continuing the stent focused research, the bioreactor aspect can dwell into 

further tissue engineering principles with regards to vascular tissue regeneration and graft synthesis.    

Using the systematic assessment of drugs and polymers provides an initial indication towards its 

potential for use in drug eluting stents. Encompassing these two parameters requires a high degree of 

optimisation in order to match the drug release/polymer degradation with that of the effective drug 

concentration. The heterogeneity of the collagen dispersion within the PLGA might be an issue and 

would require verification. The use of an atomic force microscopy (AFM)-Raman system could provide 

a visualisation of the dispersion of collagen throughout the coating. The optimisation of the coating 

procedure is also a required point of study as homogenous thickness of the polymer coating would 

govern well dispersed drug release.  

The static and flow system demonstrated a solid proof of concept and needs validation to ensure that 

the observable cells on the struts are in fact endothelial cells. The flow system requires further 

optimisation and would benefit from computation fluid dynamic assessments to identify the optimal 

flow required to generate physiological shear stresses.  One important aspect with regards to stent 

development is the inhibition of smooth muscle cells and this study focused predominantly on the 

endothelial aspect. The next stage in the project would be to demonstrate the ability to induce 

observable smooth muscle cell proliferation over the struts in order to assess the efficacy of SMC 

inhibition of the coated meshes. It would also be of interest to utilise cobalt chromium mesh samples 

with thinner struts as this would increase endothelialisation time and provide a more accurate 

physiological representation. The observable differences of endothelialisation of different coated 

struts are the primary target for the future of this study.  

The bioreactor, with its capability to produce near-physiological pulsatile flow conditions, can be used 

to house a stented artery in order to observe stent endothelialisation in an improved ex vivo format. 

The bespoke multistation pulsatile flow bioreactor has the potential to assess the effects of atypical 

conditions on ex vivo arteries as a biophysical drug model. Conditions like arrhythmia and abnormal 

blood pressures can be simulated by the highly programmable system. The work presented in this 

thesis, indicating the possibility of rapid cell adhesion on the polymeric surface, showed that in situ 

endothelialisation might be a viable option.   
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Appendix I 
The workflow followed to set up the pulsatile flow duplicator include the following steps: 

1. Calibrated the chemostat sensors: dissolved oxygen and pH 

2. Cleaned and autoclaved the Univessel and all required tubing. 

3. Allowed the Univessel to dry in an oven for 2 days.  

4. Allowed for temperature equilibration to room temperature.  

5. Connected extra tubing through peristaltic pump (under the safety cabinet) to the chemostat. 

6. Added additional supplements (i.e antifoam agent) to the culture media 

7. Pumped media from under the safety cabinet directly into the chemostat.  

8. Connected the Univessel to the chemostat control unit and conditioned the culture media.  

9. Allowed to run for 2-3 days (used as a precaution to check for possible media contaminations) 

10. Cleaned and disassembled bioreactor station windows.  

11. Placed entire bioreactor station fitted with compliance chamber into a sterilisation bag and 

autoclaved. Autoclaved additional components in separate sterilisation bags – pressure 

sensors, zip-ties, barbed fittings.  

12. Once dried (placed in oven until so), moved the sterilisation bags to the safety cabinet.  

13. Set the computer program for the linear actuator and the pressure sensors.  

14. Obtained tissue sample and excised under sterile conditions – removed excess connective 

tissue. Conducted all excisions with the tissue submerged in pre-warmed DMEM w/ 10% FCS 

and 1% P/S.  

15. Used the zip-ties to connect the tissue to the barbed luer fittings on both ends of the vessel.  

16. Carefully connected the luer fittings to their counterpart fitted in the tissue chamber.  

17. Closed the bioreactor windows, attached all necessary tubing and pressure sensors and moved 

the bioreactor system to the frame and locked in place. Connected the quick connect tubes to 

the corresponding chemostat tubes.  

18. Began peristaltic pump and enabled pulsatility – depending on required program. 

19. After appropriate dynamic run time, stopped the motor signal by disabling the software. 

20. Disconnected the Quick Connects connecting the bioreactor system to the chemostat.  

21. Transferred the tissue chambers to the safety cabinet after spraying with 70% ethanol.  

22.  Unscrewed the top temperature probe port and aspirated the media without touching the 

tissue.  

23.  Once completely aspirated, unscrewed one of the windows and carefully removed the luer 

connects holding the tissue in place. Transferred the luer connects attached to the tissue 

directly to a petri-dish with pre-warmed DMEM with 10% FBS and 1% P/S.  
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24.  Carefully excised the regions connected to the luer fittings and proceeded with tissue 

assessments as required. 

 

Chemostat Calibration 

Prior to any experiments with tissue, it was imperative to calibrate the pH and DO sensors in order to 

provide highly accurate readings. Any deviation regarding these crucial parameters may cause 

irreversible damage to the tissue.  

Before the system undergoes autoclaving, the Easyferm Plus VP 325 pH sensor was cleaned with 

ethanol and gently wiped off. The probe was then inserted into a tube containing a pH 7 buffer solution 

(Calimat, Germany) along with the PT-100 temperature probe and using the Biostat B user interface, 

waited until the voltage reached equilibrium in order to set up the zero value. The sensor was then 

rinsed with ethanol and wiped down before submerging the probe into a pH 9 buffer solution (Calimat, 

Germany) in order to equilibrate for the slope value. Since temperature does influence pH values, the 

Biostat allows for an automatic system that takes into account the temperature reading during the 

process of calibration.  

The chemostat uses a dissolved oxygen optical sensor which works using a luminescence quenching 

principle. In the presence of no oxygen, the organic pigment known as luminophore absorbs the 

excitation light and results in maximum fluorescence. In the presence of oxygen, the O2 molecules 

quenches the luminophore and stops any emission of fluorescence. The number of O2 molecules 

colliding with the layer of luminphore results in a measurable fluorescence and thus forms a correlation 

between dissolved oxygen and voltage [284].  In order to calibrate the Visiferm DO 325 sensor, it was 

securely fastened into the glass chemostat univessel and ensured sufficient sealing (apart from the gas 

filter atop the cooling exhaust). To calibrate the zero-value (0% DO), gaseous nitrogen was sparged 

into the vessel at 300ccm until the voltage reading remained steady for 3 minutes. To calibrate for the 

slope value, the sparger releasing O2 was ensured to be underwater and the probe was set above the 

liquid. This was done to account for humidity. The calibration was complete once the voltage value 

had stabilised.  

Chemostat Setup  

It is important that all components that have direct contact with the culture media are sterilised 

efficiently. After thorough cleaning and scrubbing of the internal components, the glass beaker, the 

tubing, the input and output ports, the sensors, the vessel lid, the exhaust, the sparger and the impeller 

were all rinsed with distilled water. Around 500ml of water was kept in the beaker to ensure that the 

pH probe would not dry out during the autoclave procedure. The inlet and outlet tubing, as well as the 
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gas input tube were connected and securely fastened to the top vessel lid using autoclavable zip ties. 

Quick connectors (Male and Female Connectors – ¼”, Mednet, Munster, Germany) were used in order 

to connect the inlet and outlet tubing to the desired system. This allowed for a simple and quick 

connection between the two systems without sacrificing sterility. During the autoclave procedure it 

was essential for the quick connects to be connected to a dummy (male or female, as per required) 

connector in order to allow for steam to penetrate through all the tubing for maximum sterilisation 

efficiency. All air filters and quick connects were wrapped in aluminium foil, ensured that the sealing 

was fairly loose in order not to overpressure the system (as seen in Figure 0.1). The vessel lid uses 

knurled knobs intended for hand tightening only and all ports, sensors and fastenings were hand 

tightened before autoclaving. The system was then sterilised by autoclaving at 121°C and 15 psi for 20 

minutes. After the sterilisation run, the system was allowed to cool within the autoclave. All ports were 

retightened by hand before placing the vessel into a 60°C oven for 24h to ensure the filters were dry 

before proceeding with media conditioning. The dummy quick connects were removed and aluminium 

foil was placed securely around the remaining unconnected quick connects in order to minimise 

contamination. In parallel, a second piece of silicone tubing (1 metre) fixed with a quick connect (and 

dummy) was also autoclaved. This tubing was used to pump the excess water out of the system and 

pump media into the system.   

 

Figure 0.1 - Univessel ready for sterilisation 

Due to the size of the chemostat vessel, it was not possible to fit under the laminar flow cabinet and 

therefore had to ensure the output tubing from the vessel was connected to the secondary tubing 

under the bench. An aspiration pipette connected to the vacuum pump was connected to the output 

tube of the chemostat vessel and was used to drain the remaining water from the system. Antifoam B 
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was added to the respective culture medium at a concentration of 0.01 % (v/v). The tubing was then 

fit into the peristaltic pump (BVP Standard 3 channel pump head, Ismatec) and pumped in the 

respective medium.  

The quick connects were then disconnected and rewrapped in fresh aluminium foil under the bench. 

The chemostat containing the medium was then connected to the Biostat B control unit. The pH and 

DO sensors were connected along with the gas sparger. The motor was fixed to the primary rotational 

shaft and the heating blanket was attached. The water inlet and outlet were connected to the exhaust 

cooler and the water tap was turned on.  

It was critical that the culture medium was not contaminated and was pre-conditioned before 

connecting the chemostat vessel to any bioreactor system. The user interface (Figure 0.2) of the Biostat 

B control unit allowed for easy parameter control with an automated feedback loop or a manual 

setting, if required. The settings inputted through the user interface corresponds to Table 0.1 

 

Figure 0.2 - User interface of the chemostat system 

Table 0.1 - Input settings for conditioning culture medium using the chemostat 

Parameter Set Value 
Temperature 37°C 
Stirring 40rpm 
pH 7.4 
pO2 100% 
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