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Abstract 

The cellular interaction with the biomaterials depends on several factors including protein 

adsorption, cell-substrate interaction, and cell-cell interaction. Cell adhesion strength to the 

substrate is a vital element to explain the biocompatibility of synthetic polymer biomaterials. In 

addition, cell attachment behavior on substrates also be regulated by the chemical and physical 

properties of the surface of biomaterials. Poly(2-methoxyethyl acrylate) (PMEA) is an FDA 

approved biocompatible polymer which is used as an antithrombogenic coating polymer in many 

sophisticated medical devices like artificial heart and lung, stents, catheter, and dialyzers etc. It is 

established that the water molecules interacting with PMEA can be classified into three types: free 

water, freezing-bound water (intermediate water), and non-freezing water. Intermediate water 

plays an important role to be an excellent biomaterial. PMEA can reduce the platelet adhesion by 

suppressing the adsorption and conformational change of fibrinogen. Recently, it was reported that 

non-blood cells can adhere to the coated surface of PMEA and its analogues through both integrin 

dependent and independent cell adhesion mechanism. However, there is no sufficient work of 

interaction analyses of endothelial cells and platelet PMEA analogues polymers. The present study 

was designed to investigate the interaction behavior of human umbilical vein endothelial cells 

(HUVECs) to the PMEA analogous polymer. Moreover, we have examined the HUVECs adhesion 

strength, HUVEC-HUVEC adhesion strength, platelet adhesion strength and number of platelet 

adhesion on both polymer and HUVECs monolayer, HUVEC migration analysis. We also observed 

the hydration state of the polymer-water interfaces. Based on our results, we indicated that the 

PMEA can be used as coating materials in construction of artificial small diameter blood vessel. 

We focus on how blood components and HUVECs interaction to biocompatible polymers in this 

thesis studies and whole the thesis work was separated in five following sections.       
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In Chapter 1, previous works and knowledges concerning biomaterials have been described 

in brief.  

In Chapter 2, we stated HUVECs and platelet interaction analysis on PMEA analogous 

polymers. In this study, we extensively investigated HUVEC–polymer and platelet–polymer 

interaction behavior by measuring the adhesion strength using single-cell force spectroscopy. 

Furthermore, the hydration layer of the polymer interface was observed using frequency-

modulation atomic force microscopy. We found that endothelial cells can attach and spread on the 

PMEA surface with strong adhesion strength compared to other analogous polymers. We 

confirmed that HUVECs attachment and platelet adhesion are regulated by the amount of 

intermediate water. In contrast, we found that the hydration layers on the PMEA analogous 

polymers are closely related to their platelet adhesion behavior. Based on our results, it can be 

concluded that PMEA is a promising candidate for the construction of artificial small-diameter 

blood vessels owing to the presence of intermediate water and a hydration layer on the interface.  

In Chapter 3, we reported that the confluent monolayer of HUVECs on PMEA plays a major 

role in mimicking the inner surface of native blood vessels. We extensively investigated the cell-

polymer and cell-cell interactions by measuring adhesion strength using single-cell force 

spectroscopy. In addition, attachment, and migration of HUVECs on PMEA-analogous substrates 

were detected, and the migration rate was estimated. Moreover, the bilateral migration of HUVECs 

between two adjacent surfaces was observed. Furthermore, the outer surface of HUVEC was 

examined using frequency-modulation atomic force microscopy (FM-AFM). Hydration was found 

to be an indication of a healthy glycocalyx layer. The results were compared with the hydration 

states of individual PMEA-analogous polymers to understand the adhesion mechanism between 
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the cells and substrates in the interface region. HUVECs could attach and spread on the PMEA 

surface with stronger adhesion strength than self-adhesion strength, and migration occurred over 

the surface of analogue polymers. We confirmed that platelets could not adhere to HUVEC 

monolayers cultured on the PMEA surface. Our findings show that PMEA can mimic original 

blood vessels through an antithrombogenic HUVEC monolayer and is thus suitable for the 

construction of artificial small-diameter blood vessels.  

In Chapter 4, we have discussed the cell attachment behavior on biocompatible polymer 

brush surfaces rather the coating methods. We have investigated the HUVECs attachment ability, 

proliferation, and growth on grafted PMEA analogous brush system and bare gold surfaces. 

Immunocytochemical analysis reveals the cell morphology like cell area, circularity, aspect ratio 

and number of focal adhesions. In addition, HUVECs adhesion strength also measured. It was 

found that the polymer brush system increases the cell adhesion strength for some PMEA 

analogues compared to coating. We found that the elevation of adhesion strength comes due to the 

controlled height and grafting density ( =0.1 chain/nm2) of brush system and more focal adhesion 

formation of attached cells. Therefore, it can be said that polymer brush is an alternative of polymer 

coating in order to use it as a blood contacting surface.  

In Chapter 5, the summary and future perspective of this study were described. 
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Chapter 1 

Introduction 

1.1 Overview of cardiovascular disease and its treatment 
 

1.1.1Cardiovascular disease and its origins 

Cardiovascular disease (CVD) is considered as the most common and leading cause death of 

around the world and the number of deaths is increasing more rapidly than before1. CVD is a group 

of diseases associated with heart and vascular disease, including coronary heart disease (CHD), 

cerebral arterial disease (CAD), and peripheral arterial diseases (PAD)2,3. Among all of them, CHD 

is the deadliest disease where the arteries of the heart cannot deliver enough oxygen-rich blood to 

the heart due to narrowed or blocked the blood vessels. The blockage of arteries is called 

atherosclerosis, in which fatty plaque accumulates on the arterial wall which blocks the blood flow 

to downstream tissues. Atherosclerosis can provoke several morphological changes such as 

stenosis, occlusion, or dilation, causing malperfusion of end-organs or rupture of vascular walls4,5. 

Usually, larger coronary arteries on the surface of the heart are affected by coronary artery disease 

whereas, coronary microvascular disease affects the tiny arteries in the heart muscle. The CVD 

occurrence is mostly related to changes in dietary habits, reduced exercise, increased working time, 

depression, national health care deficiencies and the occurred financial crisis6–8. 

Developing of atherosclerosis is significantly increased if the following symptoms appear  

▪ Smoking: it makes stain on heart, damage the lining of arteries, and increase risk 

of blood clots. 

▪ High blood pressure (hypertension): it puts a strain on your heart and can lead to 

CHD. 



Page | 12  

 

▪ High cholesterol: a fat made by the liver from the saturated fat 

▪ High levels of lipoprotein (a): a risk factor for cardiovascular disease and 

atherosclerosis. 

▪ Not enough regular exercise: inactivity increases fatty deposition in arteries. 

▪ Diabetes: Blood sugar lead diabetes that double the risk of developing CHD. 

▪ Thrombosis: a blood clot in a vein or artery that leads to a heart attack. 

The following risk factors for developing atherosclerosis include: 

▪ Obesity or overweight 

▪ Family history of CHD 

 – the risk is increased for a person who have a male relative age under 55 years and women 

relative age under 65 years with CHD 

1.1.2 Treatments of Cardiovascular disease 

There are many treatments are available to treat CVD that can support to manage the 

symptoms and reduce the risk of further problems. Hence, all form of CVD can be managed 

effectively with a combination of lifestyle changes, medicine and, in some advanced cases, surgery. 

Therefore, an effective treatment can reduce the symptoms of CHD and improve the heart 

functioning. In brief- 

▪ Changing lifestyle:  

➢ Stopping smoking quickly reduces risk of having a heart attack in future 

➢ Eating more healthily and doing regular exercise also reduce the future 

risk of heart disease. 
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▪ Medicine: 

There are many different medicines are used to treat CHD. Usually, they either aim to reduce 

blood pressure or widen your arteries. Although, some heart medicines have side effects, 

➢ Blood-thinning medicines: by thinning patients’ blood and preventing it clotting. 

  Common blood-thinning medicines include: 

❖ low-dose aspirin 

❖ clopidogrel 

❖ rivaroxaban 

❖ ticagrelor 

❖ prasugrel 

➢ Statins: cholesterol-lowering medicine 

Examples include: 

❖ atorvastatin 

❖ simvastatin 

❖ rosuvastatin 

❖ pravastatin 

➢ Beta blockers 

➢ Nitrates 

➢ Angiotensin-converting enzyme (ACE) inhibitors 



Page | 14  

 

➢ Angiotensin-2 receptor blockers (ARBs) 

➢ Calcium channel blockers 

➢ Diuretics 

▪ Procedures and surgery 

Depending on the level seriousness of CVD, or level of narrowed blood vessels as the result 

of a build-up of atheroma (fatty deposits) or if the symptoms cannot be controlled using 

medicines, then interventional procedures or surgery may be needed to open or bypass blocked 

arteries. 

▪ Coronary angioplasty 

Coronary angioplasty is sometime called in other name such as percutaneous coronary 

intervention (PCI), percutaneous transluminal coronary angioplasty (PTCA) or balloon 

angioplasty. Angioplasty is strategic procedure for someone with angina, or an urgent treatment 

if the CVD symptoms have become unstable or as an emergency treatment during a heart attack. 

During the procedure, small balloon is inserted to push the fatty tissue in the narrowed artery 

outwards. This allows the blood to flow more easily. A metal stent (a wire mesh tube) is usually 

placed in the artery to hold it open. Drug-eluting stents can also be used. These release medicines 

to stop the artery narrowing again. Sometimes blood compatible coating is used on the stents or 

other implanted device to escape from further thrombus formation on it9,10.   
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▪ Coronary artery bypass graft 

Sometimes, an artery that supplies blood to the chest wall is used and diverted to one of the 

heart arteries. This allows the blood to bypass (get around) the narrowed sections of coronary 

arteries. 

Coronary artery bypass grafting (CABG) is also known as bypass surgery, cardiac bypass, or 

coronary artery bypass surgery. CABG is performed on patients with narrowed or occluded 

arteries. A blood vessel is inserted (transplanted) between the aorta and a part of the coronary 

artery beyond the narrowed or occluded area. The arteries that supply blood to the chest wall are 

used and may be sent to one of the arteries in the heart. This allows blood to bypass (avoid) the 

narrow part of the coronary arteries. 

▪ Heart transplant 

A heart transplant may be needed if the heart is severely damaged and medications or other 

treatments are ineffective, or if the heart is unable to pump enough blood around the body (heart 

failure). Heart transplantation involves replacing a damaged or malfunctioning heart with a 

healthy donor's heart. In contrast, the number of cardiac donors and surgery successfulness is 

very limited and rare. 

1.2 Construction of native blood vessel 
 

Blood vessels are compact and closed circulatory systems that penetrate to the most of the 

body’s tissues. Blood vessels are organized according to their working roles and size as either 

veins, capillaries or arteries11. Large vessels (arteries and veins) are responsible to provide efficient 

fluid transport to distant sites, while the small vessels (capillaries and arterioles) allow an optimal 
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exchange of nutrients, oxygen and waste within organs and tissues. Therefore, requirements of the 

design property and construction approaches are totally different for large vessels than small 

diameter vessels. In addition,  a blood vessel is organized as three concentric layers: the tunica 

intima, the media and the adventitia where each of these layer is responsible for their independent 

but essential function: the intima, composed of endothelial cells (ECs), responsible for the anti-

thrombogenic aspect; the media, composed of smooth muscle cells (SMCs), responsible for 

mechanical strength; and the adventitia, composed of fibroblasts (FBs), a collagen-rich connective 

tissue which maintains the structure, otherwise the blood vessel would be weak and fragile. These 

layers are trapped in a highly organized extracellular matrix (ECM) mainly composed of type I 

collagen, type III collagen and elastin. Shown in Figure 1.1 (A).  A short description is presented 

in the following sections. 
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Figure 1.1. Anatomy of vascular graft, failure modes and design criteria12. 

(A) General structure of an artery. (B) Factors contributing to the failure of synthetic vascular 

grafts. The delayed formation of an endothelium leaves the hydrophobic graft surface exposed. 
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Blood plasma proteins rapidly adsorb to the exposed graft, followed by platelet adhesion and 

activation, which results in the formation of a platelet-rich thrombus. The biologically 

incompatible graft material provokes an immune response, resulting in macrophage infiltration 

and expression of inflammatory cytokines that drive smooth muscle cells to over-proliferate, 

developing neointimal hyperplasia. (C) Criteria for the rational design of artificial blood vessels. 

Image not to scale. Abbreviations: EC, endothelial cell; EG, endothelial glycocalyx; RBC, red 

blood cell; SMC, smooth muscle cell12. 

1.2.1 Intima 

The intima is composed of ECs, a basal lamina, and a cell-free sub-endothelial space. The ECs 

monolayer of the intima forms a tight barrier between the lumen of the vessel and the vessel wall 

(Carabasi and Svigals, 2001). The blood and blood component are in direct contact with this ECs 

layer. Thus, ECs play then key roles in biological processes such as coagulation, inflammation, 

barrier function, blood flow regulation and synthesis/degradation of ECM components (Cines et 

al., 1998; Fauvel-Lafève, 1999). A thin layer of elastin and type IV collagen, called as internal 

elastic lamina (IEL), are responsible to hold the intima and the next layer media together (Tucker 

and Mahajan, 2018). The key role of the internal elastic lamina is associated with elasticity of the 

vascular wall to maintain blood pressure, even though current evidence ensured the multifunctional 

role.  

1.2.2 Media 

The main components of media are smooth muscle cells (SMC) along with collagen (type I 

and type III)13. These cells have a compressive phenotype that allows the contraction or expansion 

of the vessels13,14. The SMCs and collagen fibers are organized concentrically along with the axis 

of the vessel. 
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1.2.3 Adventitia 

Adventitia is the outer layer of blood vessel wall. It is composed of fibroblasts surrounded in 

a loose collagen matrix. The adventitia is mainly composed of connective tissues such as type I 

and type II collagen, which prevents excessive dilation and contraction of blood vessels. The 

mechanical properties of blood vessels, such as tensile strength, are provided by the presence of 

these collagen fibers11. In the caliber of the aorta, a thin layer of outer elasticity is observed between 

the inner and outer patients. 

1.3 Artificial vascular grafts 

1.3.1 Artificial large diameter blood vessel 

Large diameter (10-30 mm) synthetic grafts have been primarily developed due to the lack of 

alternative autologous grafts and sufficient patency. In 1954 Becky reported the first successful 

synthetic vascular graft transplantation into humans using polyester (polyethylene terephthalate: 

PET, known as Dacron) vascular grafts15. Since then, numerous trials, including various materials, 

PET (Dacron®), extended polytetrafluoroethylene (EPTFE), and polyurethane (PU), are now 

clinically approved16. These elements are mechanically and biologically compatible with local 

blood vessels. In addition to constant material improvements, ancillary changes have been 

developed, such as a combination of heparin on a bright surface to add anticoagulant function and 

a ring attachment to prevent the graft from falling. These improvements contribute to the long-

term patency of medium-caliber (5-10 mm) grafts17. As a result, synthetic vascular grafts show 

satisfactory results in the repair of large and medium caliber vascular grafts. 

1.3.2 Necessity of artificial small diameter blood vessel 

Due to aging, lack of physical exercise or changing of lifestyle causes increasing the number 

of CVD patients along with CHD, CAD and PAD18. In advanced cases, the patient requires surgical 

revascularization such as coronary artery bypass grafting (CABG) or peripheral artery bypass 
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grafting. An established medical surgery involves inserting a vascular graft to bypass the blood 

around the blockage. At present days, the grafts clinically used for these small-diameter (<6 mm) 

implantation rely exclusively on autologous grafts because no suitable small-diameter synthetic 

grafts are currently permitted for clinical use due to their much lower patency rate than autologous 

grafts19. In blood vessel bypass surgery, autologous blood vessels, such as the internal thoracic or 

saphenous vein, are commonly used. Usually, the saphenous vein from the leg or internal 

mammary artery from the chest wall are collected as autologous grafts. However, autologous grafts 

also have some limitation including insufficient obtainability, invasive to harvesting, poor quality, 

inappropriate thickness (too thin or too thick), severe systemic atherosclerosis, or patient whose 

blood vessels have already been surgically removed in previous case20,21. Although, still now 

autologous vessels considered as the gold standard for vascular grafts, however, there are some 

unescapable complications occurred that can lead to failure of transplanted graft and may require 

additional graft for replacement20,22. In addition, veins used for arterial bypass have mismatched 

mechanical properties, are predisposed to accelerated atherosclerosis, and ~50% fail within 10 

years23. Therefore, there is an urgent need for alternative practical small-diameter vascular grafts. 

In addition, other clinical diseases such as congenital cardiac anomalies and lower extremity 

arterial occlusion also create a great demand for vascular grafts 24. 

1.4. Current strategy to develop artificial small diameter blood vessel 

 

It must be considered that appropriate autologous vascular grafts are not always available due 

to the seriousness of the patient’s health and collecting procedures. Therefore, developing artificial 

small-diameter blood vessels (ASDBVs) with suitable mechanical and biological properties 

comparable to natural blood vessels is a vital issue in medical science25. Artificial small-diameter 

vascular grafts may provide an excellent solution for CVD associated problem, but their design 
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and manufacture remain a challenge26. In recent decades, not only researchers but also companies 

have started investigations and already developed various materials and methods to fabricate 

ASDBVs in vitro27–32. Although they have not gotten yet fulfilled all requirements for ASDBVs 

that can mimic the native blood vessel in terms of functionality. 

It is important to note that blood vessels' size (arteries, veins, and capillaries) is different from 

each other, and their construction and functions are also diverse. Indeed, large vessels are arranged 

for efficient transport over long distances while small vessels are organized for optimal exchange 

of oxygen, nutrients, and wastes. Therefore, it is not surprising that the requirements and design 

approaches for engineering large or small vessels are completely different. So, researchers are 

mainly focused on understanding the structural components of a blood vessel, increasing cells 

adhesion and tissue cohesion33–42. On the other hand, biocompatibility of construction materials 

and biological reaction to the blood components such as platelet adhesion, protein adsorption, and 

thrombus formation are also crucial issues to develop ASDBVs. Hence, all of these concepts are 

vital for the comprehensible design of biomaterials and the choice of an appropriate cellular source 

to give the blood vessel structural stability and facilitate its in vivo integration. Therefore, 

researchers have outlined various considerations in the development of small-diameter vascular 

grafts, including material choice (natural, synthetic polymer or biopolymer, or composites), 

surface modifications techniques to enhance biocompatibility, endothelialization to get anti-

thrombogenic monolayer, and mechanical properties of the graft, that are currently being 

implanted. In addition, surface structure and biological activity of the inner surface of the vascular 

graft should be favorable to cell adhesion, growth, and proliferation. Some researcher gave an idea 

as five pillars of artificial small-diameter blood vessels (ASDBVs) engineered in vitro shown in 

Figure 243. In addition, a general overview of biological, chemical, mechanical, and structural 
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considerations in the design and modification of small-diameter vascular grafts has shown in 

Figure 3 53. 

 

Figure 1.2. The five pillars of artificial small-diameter blood vessels (ASDBVs) engineered in 

vitro43. 

1.4.1 Biomaterial Selection 

Various materials have been used to construct synthetic vascular graft including synthetic 

polymer biopolymer, and hybrid polymer. synthetic polymer can be categorized as degradable or 

non-degradable polymer. Non-degradable polymers were among the first materials used as a 

source for the production of vascular grafts that have been employed in bypass surgeries. Dacron 

based vascular graft was used in vitro with successful ECs seeding including collagen and 

fibronectin coating 44. In addition, polyurethane coating-based Dacron was also used as vascular 

graft to improve cell attachment properties45. In contrast, ePTFE based vascular graft was 

investigated through endothelialization, plasma modification, anti-platelet properties inclusion. 

Sometimes, a combination of Dacron and ePTFE also used to get good patency rate46–48.  
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Degradable polymers have been used as an alternative source to produce ASDBVs. These 

materials can be significantly degraded over time to form an accurate ECM49. Most commonly 

degradable materials used are polycaprolactone (PC), poly-lactic acid (PLA), poly (lactide-co-

glycolide) (PLGA), polyglycolic acid (PGA), poly-l-lactic acid (PLLA), and polyglycerol sebacate 

(PGS)49,50 . 

For example, PGA shows rapid degradation time which can influence its biomechanical 

properties49,50. To solve it PLA is used along with to control the polymerization. Another material, 

PGS and PLA can be fully degraded within 30 days and over years respectively49–51. The stiffer 

behavior of PLA improves the endothelialization and patency rates. In addition, PCL, a 

hydrophobic material, showed long degradation time and can keep its initial biomechanical 

properties49,50. On the other hand, significant adverse reactions have been reported regarding their 

use. One major drawback is ineffective cell seeding and proliferation due to the lack of RGD-

binding motifs52. As a results, platelet aggregation, clot formation, and lumen occlusion happened 

due to lack of ordered and monolayer endothelium1. 

Besides degradable and non-degradable polymer some natural biopolymer also been used as 

structural or coating materials to enhance endothelialization, migration and proliferation. The most 

common used biopolymers are collagen, fibrin, hyaluronan, silk and chitosan. Sometimes this 

biopolymer used alone or combined with other degradable or nondegradable polymer under the 

term of hybrid polymers such as PCL/Collagen, PET/PU/PCL, PU/PET, PU/PCL, PU/ collagen 

etc.  
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Figure1.3 General overview of biological, chemical, mechanical, and structural considerations in 

the design and modification of small-diameter vascular grafts53. 

1.4.2 Cell selection 

Cell selection is a vital task in order to construct the artificial vascular grafts.  Cell choice depends 

on the desire place of application and properties of native vessels. Thus, the selection of cells may 

be different. Moreover, in comparison of cell-seeded and un-seeded, cell-seeded vascular grafts 

have greater patency than unseeded grafts54–56. ECs are a crucial component of the blood vessel 

that provides an interface between the blood and the blood vessel wall57.  

However, there is no doubt that a stable confluent endothelium lining may act as completely 

antithrombogenic surface and can prevent the development of pseudo intimal hyperplasia and 

inflammatory response by releasing nitric oxide (NO) and prostacyclin (PGI2) to regulate platelet 

adhesion and activation; and producing tissue-type plasminogen activator (t-PA) to degrade fibrin 
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material and dissolve the blood clot56,58. However, such an endothelial cells (ECs) layer does not 

form spontaneously at the surface of a vascular implant in humans in vivo. Subsequently, 

researcher has proposed pre-seeding of ECs or progenitor cells prior to implantation in order to 

increase the patency of synthetic vascular graft58,59 . However, poor cells adhesion ability under 

flow condition indicates low compatibility60. Consequently, polymers with antifouling and 

antithrombogenic properties with strong endothelial cell attachment abilities are desirable for 

researchers to develop artificial small-diameter blood vessels (ASDBVs) that can mimic native 

blood vessels. 

1.4.3 Fabrication methods 

Several fabrication methods are listed in literature which are considered as promising for 

manufacturing ASDBVs similar mechanical properties. In this section, we will briefly describe 

different ways of grafts fabricating.  

▪ TESA Approach: developing vascular grafts utilizing cell sheets without support of 

vascular scaffolds61. 

▪ Paste extrusion and expansion: polymers by means of a mixing, extrusion, heating, and 

expanded stretching process, which yielded a microporous structure that was beneficial for 

tissue adhesion in vascular grafts43. 

▪ Electrospinning: degradable polymers or natural derived biomaterials are used to produce 

scaffolds43,61,62. 

▪ Braiding: a process of winding three or more fiber yarns in a specific pattern along the 

direction of fabric formation43. 

▪ Casting: a polymer is dissolved in a solvent along with porogen62.   
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▪ Thermally induced phase separation (TIPS): phase separate a polymer–solvent or 

polymer–solvent–non-solvent homogeneous solution by cooling it to a low temperature to 

introduce polymer-rich and polymer-lean phases43. 

▪ Hydrogels as grafts: construction of ASDBV grafts using biocompatible hydrogels with 

tubular shape43. 

▪ Three Dimensional (3D) Bioprinting: complex structures and materials can be produced 

efficiently using degradable/nondegradable polymer43,62,63.  

▪ Four-Dimensional (4D) Bioprinting: 4D produced scaffolds show superiority over 3D bio 

printed scaffolds and termed as “smart” where “materials that can change their physical or 

chemical properties in a control and functional manner upon exposure to an external 

stimulus”63,64. 

▪ Combination of fabrication methods: Sometimes a combination of fabrication methods 

are applied to get better performance43.  

1.4.4 Mechanical Properties 

▪ Fatigue Properties and Elastic Modulus: Young’s modulus (the stress/strain 

ratio in the linear region of the tensile stress–strain curve) defines the stiffness of the 

material, even though its value may depend on the rate of elongation, and it is critically 

important for the application of SDBV grafts43. 

▪ Nonlinear Elasticity: Nonlinear elasticity, including the so-called toe region, is a 

very important property of native blood vessels. Human blood vessels show a low 

circumferential Young’s modulus (usually 20–50 kPa) at the beginning of radius 

expansion, which indicates good flexibility43. 
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▪ Compliance Measurements: a measure of the elastic deformation of a material 

in response to pressure, compliance can be calculated according to ANSI guidelines, 

% 𝑐𝑜𝑚𝑝𝑙𝑖𝑎𝑛𝑐𝑒 𝑝𝑒𝑟 100𝑚𝑚𝐻𝑔 =
(𝑅𝑃1 − 𝑅𝑃2)/𝑅𝑝1

𝑃1 − 𝑃2
× 104 

where P1 is the lower pressure value, P2 is the higher-pressure value (in mmHg), and RP1 and RP2 

are the vessel inner diameters at the respective pressures65. 

▪ Burst Pressure Measurements: the maximum pressure that a vascular vessel can 

withstand before an acute leak occurs and it fails. This is expressed as, f= Pd/2t, where f, 

P, d, and t are the maximum force, burst pressure, diameter, and wall thickness, 

respectively43. Since f is a finite entity, the burst pressure decreases as the diameter 

increases and the wall thickness decreases. However, for a small-diameter graft, the burst 

pressure could be much higher than the blood pressure. 

▪ Suture Retention Strength (SRS): a term that measures the adhesion of an 

implant to surrounding tissue. It is a key issue for surgery as its resistance to the stresses 

associated with implantation can only be established by determining the force necessary 

to pull a suture through the wall66. 

1.4.5 Characterization Techniques: 

Along with proper manufacturing process of ASDVGs specific evaluation tests also important and 

must be performed before their final application. These tests include  

• histological analysis,  

• biochemical and DNA quantification,  
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• cytotoxicity assay,  

• platelet adhesion test,  

• biomechanical analysis,  

• cell adhesion strength measurement 

• cell-cell interaction, and  

• implantation in animal models in order to assess effectively functionality of the 

vascular grafts.  

Although the above methods are considered as primary assessment tests that should be 

performed to assess the biocompatibility of the manufactured ASDBVs. Moreover, the 

performance of cytotoxicity and the platelet adhesion assays is of major importance. Compared to 

large blood vessels, ASDBVs are characterized by tendency of platelet aggregation and thrombus 

formation including static and flow condition. According to ISO 10993-4 (Selection of Tests for 

Interactions of Blood), new biomaterials must be evaluated by the examination of material-induced 

thrombosis (thrombogenicity) and considered as one of the key requirements. Biomaterial's 

thrombogenicity evaluation test includes test of platelet adhesion, activation and spreading on 

biomaterial surfaces in static condition. In dynamic test systems, material samples that are in 

contact with flowing blood, platelet adhesion and thrombus formation can be analyzed 

qualitatively with microscopic techniques (e.g., scanning electron microscopy) Furthermore, 

seeding and formation of confluent monolayer of ECs should be properly assessed in ASDVGs to 

ensure the efficient endothelium. 
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1.5 Thrombogenicity and Biocompatibility 
 

Thrombogenicity of a material surface can be defined as the ability of thrombus formation on 

or in a blood-contacting medical devices or other surface including artificial vascular graft. On the 

other hand, the word "biocompatibility" denotes how cordially the body responses to implants and 

biomaterials when it comes together in direct contact67. Biomaterials undergo tissue and animal 

processing before being used in human body to ensure their stability and effectiveness68. 

According to Williams, the ability of an implant substance to work in vivo without eliciting 

harmful local or systemic responses in the body is known as biocompatibility69. 

1.5.1 Mechanism of thrombus formation 

The major factors of failure in non-autologous small-diameter grafts are acute 

thrombogenicity, intimal hyperplasia and infection. The lack of an intact endothelium is central to 

the main failure modes of artificial grafts. A healthy endothelium is coated in a layer of 

glycoproteins and proteoglycans, collectively known as the glycocalyx, which resists thrombus 

formation by preventing platelets and red blood cells adhering to endothelial cells70. In 

comparison, synthetic materials are highly unable to recover the protective endothelial cell layer 

are prone to increased rates of blood clotting, the dominant mode of acute failure in artificial grafts. 

Their rough, hydrophobic surfaces generally cause higher blood cell interactions and protein 

adsorption, driving accelerated clot formation71. Intimal hyperplasia is a significant factor of long-

term patency. Although the exact mechanism is still unclear, excessive proliferation of smooth 

muscle cells is deemed to be a cause. Thrombus formation inside the synthetic graft shown in 

Figure 1.1 (B) and on the medical device surface shown in Figure 1.4. 
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Figure 1.4. Blood-contacting medical device associated thrombosis. Protein adsorption on the 

surface of medical devices induces platelet adhesion, activation and aggregation. Factor XII 

adsorbed to the surface undergoes autoactivation, and the resulting factor XIIa converts PR 

kallikrein to kallikrein and initiates coagulation and thrombin generation. In addition to inducing 

fibrin deposition on the surface, thrombin promotes platelet activation. Platelet aggregates 

deposited on the surface are stabilized by fibrin strands to form a platelet-fibrin thrombus. 

Kallikrein, thrombin and other coagulation enzymes activate complement, inducing a local 

inflammatory response. Leukocytes also adhere to the surface where they become activated and 

can contribute to both inflammation and thrombosis72. 

1.5.2 Antithrombogenic mechanism of blood compatible polymer 

Use of non-fouling polymers to modify the device surfaces is relatively widely adopted to 

improve the blood compatibility of the surfaces.  When polymers are used in clinical practice, they 

gradually tend to expose some unexpected inherent flaws and shows the compatibility level. Since 
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blood compatibility is a premise for biocompatibility, we naturally turn our attention to the blood 

compatibility of polymers first. According to Whitesides, four molecular-level features of chemical 

groups that incorporated on the protein adsorption-resistant surfaces: (i) hydrophilic, (ii) including 

hydrogen-bond acceptors, (iii) without hydrogen-bond donors, (iv) overall electrically neutral73. 

Currently, the steric repulsion theory and hydration theory are relatively popular where steric 

repulsion theory is often used to explain the blood compatibility of polymers with high chain 

mobility whereas in hydration theory, water plays the key role in blood compatibility since water 

is the first blood component to interact with foreign surfaces.  In this theory, polymer's polar groups 

interact with water, forming hydration layers that prevent proteins from penetrating the polymer 

layer. 

1.5.3 Intermediate water concept towards biocompatibility 

Poly(2-methoxyethyl acrylate) (PMEA), an FDA approved antithrombogenic synthetic 

polymer, using as coating materials of various medical devices such as stent, artificial lung, 

catheters etc9. Because of its intermediate water (IW, loosely bound water) content, PMEA shows 

antithrombogenic behavior. Now it is established that IW is a measure of biocompatibility and 

blood compatibility10,74. In consequence, we have investigated the relationship between polymers’ 

hydration states and their blood compatibility using a variety of thermal and spectroscopic 

measurements on PMEA.  It is now established that the hydration layers of the PMEA consist of 

three types of water depending on the interaction state. According to their crystallization behaviors, 

they are termed as non-freezing water (NFW), freezing-bound water, and freezing water or free 

water (FW). Next, this freezing bound water named as Intermediate Water (IW). From the 

differential scanning calorimetry (DSC) measurement, (i) the NFW does not crystallize even at 

−100 °C and so nondetectable in the DCS thermogram, (ii) freezing-bound water crystallizes at 
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ca. −40 °C (cold crystallization) and melts below 0 °C, (iii) FW melts at ca. 0 °C (a representative 

DSC thermogram of hydrated PMEA is shown Figure 1.5a)75. The existence of the three types of 

water is also reflected in their different dynamic behaviors. According to the 2H-NMR and 13C-

NMR spectra of hydrated PMEA: (i) NFW exhibits low mobility due to a strong interaction with 

the PMEA chain, (ii) the mobility of freezing-bound water is higher than that of NFW, (iii) FW 

has the highest mobility due to its location far from the PMEA chain76. By investigating the process 

of water sorption into the PMEA film with time-resolved, in situ, attenuated total reflection 

infrared (ATR-IR) spectroscopy, Morita et al. revealed three different O–H stretching vibration 

[ν(O–H)] bands in the process, which can be assigned to the three hydrated water (shown in Figure 

1.5b)77,78. The ν(O–H) band of NFW is at approximately 3600 cm-1, which usually appears at the 

wavenumber of water molecules isolated from hydrogen-bonds or hydrogen-bonded to carbonyl 

groups. The ν(O–H) band of freezing-bound is at around 3400 cm-1 and FW has a broad vibration 

band ranged from 3400 to 3200 cm-1 which resembles that of bulk water75,77.  

 

Figure 1.5. (a) A representative DSC thermogram of hydrated PMEA. (b) Time-resolved ATR-IR 

spectra of the sorption process for liquid water into a PMEA film (left) and pure spectra and of 

NFW, freezing-bound water, and FW (right) calculated using alternating least squares from the left 

of (b). The left and right of (b) referred to literature77,78. 
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DSC measurement is easy to operate, sample preparation is simple, and results are straight 

forward compared to the 2H-NMR, 13C-NMR, and ATR-IR measurement. Therefore, we selected 

DSC measurement for further investigations to analyze the composition of hydration layers, or 

hydration states, of a number of well-known blood-compatible and non-blood-compatible 

polymers. By comparing the obtained and reported DSC results, it is found that the freezing bound 

water is present in blood compatible polymers, such as synthetic type: poly (ethylene glycol) 

(PEG), poly(2-methacryloyloxyethyl phosphorylcholine) PMPC, polyvinylpyrrolidone, 

poly(methylvinyl ether), poly(tetrahydrofurfuryl acrylate), and natural type: gelatin, albumin, 

cytochrome c, and hyaluronan, alginate, DNA, RNA, while barely in non-blood-compatible 

polymers75,79. Consequently, we proposed that freezing-bound water plays a key role in the blood 

compatibility of polymers.  

Table 1.1. Features of three types of hydrated water80.  

Bonding Strength 

 

Type of water Freezability ATR-IR peak top 

of OH stretching 

region (cm− 1) 

NMR 

correlation 

time τc (s) 

Surface force 

Scarcely bound 

water 

Freezing water or 

Free water 

Melting at 0 

◦C 

3400–3200 10−12 –10− 11 No interaction 

Loosely bound 

water 

Freezing bound 

water or 

Intermediate water 

Freezing and 

melting 

below 0 ◦C 

3400 10−10 –10− 9 Repulsion at a 

long 

range (2–4 nm) 

Tightly bound 

water 

Non-freezing 

bound water 

Non-

freezing 

below 

0 ◦C 

3600 10−8 –10− 6 Repulsion at a 

short 

range (<1 nm) 

 

Based on the characteristics of each water shown in the DSC, NMR, IR and AFM results 

(summarized in Table 1.1), it is reasonable to assume that water deposits on the blood compatible 

polymer surface in the following order: NFW comes first, followed by freezing-bound water, and 

FW comes last. NFW interacts strongly with polymer chains, while freezing-bound water is 
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loosely bound to the polymer or NFW. FW is slightly affected by polymers and is freely exchanged 

with bulk water and results in a structure that resembles bulk water. The freezing-bound water can 

prevent the cells or proteins from directly contacting the polymer surface or NFW. Because 

freezing-bound water is so intermediated in terms of location and interaction strength with polymer 

when compared with NFW and FW, we refer to it as intermediate water (IW) instead75. 

According to the IR spectrum and quantum chemical calculations on PMEA, NFW mainly 

(85.6%) interacts with two carbonyl groups while IW interacts with the methoxy moiety in the side 

chain77. The chemical structure of a polymer can affect how water interacts with it, and as a result, 

blood compatibility may change. In fact, this inference has been demonstrated in studies of the 

hydration states and blood compatibility of a series of PMEA derivatives (the graphic conclusion 

is shown in Figure 1.6). To put it another way, generally, the higher the IW content, the better the 

blood compatibility of the polymer is. Hence, when designing the structure of a novel  

polymer, aiming at increasing the IW content to improve blood compatibility would be effective. 

 

Figure 1.6. The correlation between IW water content (wt % IW) and the number of adhered 

platelets of PMEA derivatives81.  
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In closing, a layer of IW can create a barrier that prevent the direct contact of bio-components 

on the surface of polymers or NFW, which plays a key role in the excellent blood compatibility of 

polymers. The presence of IW can also be regarded as an intrinsically common feature of blood-

compatible polymers. Since DSC measurement can facilely and straightly detect the IW, it can be 

used to preliminarily judge polymers’ blood compatibility. The content of IW is related to the 

polymer’s blood compatibility. In general, the higher the content of IW, the better the blood 

compatibility. Therefore, IW can be employed to guide the development of novel blood-compatible 

polymers. 

1.5.4 Biocompatibility in terms of cell adhesion ability and PMEA analogous polymer: 

Up to the present time, there are many polymeric blood-compatible materials have been 

investigated including poly(2-methacryloyloxyethylphosphorylcholine)82,83, poly(ethylene 

glycol)84,85, and poly(2-oxazoline)s86,87. Among of these polymers, PMPC considered as one of the 

excellent biocompatible, anti-protein fouling and non-cell adhesion, polymers where 

phosphorylcholine group is present88,89.  
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Figure 1.7 Regulation of blood compatibility and tumor cell-recognition on PMEA substrate. 

(A) Blood compatibility and tumor cell-recognition on PMEA and its analogs. On conventional 

blood compatible polymers such as PEG and PMPC, both hematopoietic cells and tumor cells 

cannot attach, that is, these polymers can express blood compatibility or non-cell recognition. In 

contrast, haematopoietically cannot attach but tumor cells can attach to PMEA and its analogs. In 

other word, PMEA analogs can express not only blood compatibility but also tumor cell-

recognition. (B) Regulation of cellular functions. Using MEA analogs containing different 

amounts of intermediate water, water structure, protein adsorption behavior, and cellular functions 

such as cell adhesion, morphology, and migration can be sequentially regulated90. 

Cell adhesion is occurred by cell adhesion molecules (CAM), such as integrins. Integrin plays 

an important role in cell adhesion to the biocompatible substrates. If protein adsorption on the 
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substrates is suppressed, the cell adhesion is expected to be suppressed. Because integrin-

dependent cell adhesion is weakened via the suppression of protein adsorption. The conventional 

polymeric materials such as PEG, and PMPC suppress protein adsorption as well as strongly 

suppress celladhesion91–93. In comparison to these polymeric surfaces, the cells can adhere to 

PMEA analogs through integrin independent adhesion if integrin-dependent cell adhesion is 

weakened due to protein adsorption suppression94–96. In integrin-independent adhesion, a direct 

interaction occurred between cells and PMEA analogs substrate surface95,96. 

1.6 Aim of this thesis 
 

Due to the frequent thrombus formation inside the small diameter vascular graft, it is still 

challenging to use artificial vascular in human body.  To date, there is no considerable satisfactory 

results in vivo or in clinical trial. Researchers are trying to construct artificial small diameter blood 

vessels using most possible strategies known until now and focusing on to develop new and 

effective techniques for this purpose. So many trials have done on developed synthetic small 

diameter graft, but the physical, mechanical, biocompatibility, blood compatibility, 

antithrombogenicity as well as similar functionality compared to native blood vessel does not 

attain yet.   The main problem that already identified is thrombus formation or plaque deposition 

in inner part of artificial vessels. That means, platelets deposits on the surfaces over time. Some 

grafts were mechanically and physically fit but not shown proper functionality. However, some 

are shown good patency rate but to mechanically stable. Therefore, we have taken the challenges 

and set our aim to develop such kind surface which is able to prevent or suppress of thrombus 

formation and increase of endothelial cells adhesion to make a smooth endothelium inside the 

vascular graft. 
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According to our goal, primarily, we have focused on the antithrombogenic surface. Poly(2-

methoxyethyl acrylate) (PMEA) is an FDA approved antithrombogenic synthetic polymer which 

is using as coating materials for various medical devices successfully. PMEA is water insoluble 

amorphous polymer and can be coated on any shapes.  

As we described in previous section, in brief, Tanaka et al. found different water state on PMEA 

depending on the water molecules interaction with the PMEA polymer backbone and side chain 

by DSC measurement. Then categorized the water as Non-freezing Water (NFW), Intermediate 

water (IW), and Free Water (FW) or bulk water. NFW is strongly connected to polymer chain and 

FW stands far from polymer chain and shows highest mobility. Whereas IW is loosely connected 

to the methoxy moiety and only detectable at -40 ˚C during cold crystallization of DSC 

measurement. From several research on PMEA, it is established that PMEA surface is able to 

suppress the platelet adhesion due to the presence of IW. Furthermore, IW was found many other 

natural and synthetic polymer with diverse amount. Finally, it was concluded that IW play the key 

role to become the surface blood compatible by suppressing the adsorption and conformational 

change of platelet adhesive protein such as fibrinogen. 

In addition, PMEA analogous polymer such as poly(3-methoxypropyl acrylate) (PMC3A), 

poly(n-butyl acrylate) (PBA), Poly(n-butyl methacryle70-co-2-methacryloyloxyethyl 

phosphorylcholine30) (PMPC), poly(2-methoxyethylmethacrylate) (PMEMA). Although 

analogous polymers have similar configuration and also have dissimilar characteristic including 

physical, morphological, biocompatibility, blood compatibility, platelet adhesion, cell adhesion 

and IW content. Some are good for cell adhesion but bad in terms of platelet adhesion and vice 

versa. Initially, all are the candidate for synthetic blood vessels depending on their characteristics 

and functionality. Therefore, in order to construct artificial small diameter blood vessels, we have 
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to find out the most suitable polymer form the analogous using effective investigation techniques.  

In this regard, based on the above problems and scopes, the research objectives of the thesis are 

included in the following features.   

a) To find out the best polymer through the investigation of the effect of IW content 

on endothelial cells (HUVECs) adhesion strength and platelet adhesion strength, number 

of adhered cells and platelet on respective substrates for the evaluation of 

antithrombogenicity.  

b)  How to achieve antiplatelet property, like native blood vessel endothelium, on the 

substrates through HUVECs attachment, migration, and monolayer formation.  

c) How to increase the cell adhesion as well as cell adhesion strength on polymer 

substrates using surface modification techniques other than spin coating methods 

Our ultimate target is to construct artificial blood vessel using the superior features of our 

developed PMEA and its analogous polymer either as coating or as construction materials. 

This thesis is divided into the following five chapters 

In chapter 1, the details background of this research has stated including cardiovascular disease 

and its origin, possible treatments, necessity of artificial vascular graft, limitations of small 

diameter blood vessels, mechanism of thrombus formation, current construction strategy, 

thrombogenicity and biocompatibility, possible scope of using synthetic polymer such as PMEA 

analogous to construct small diameter blood vessels. Chapter has finished with the indication of 

research goals.  

In chapter 2, the comparison study is presented where cell adhesion indicates the 

antithrombogenicity of PMEA analogous polymer. Also presented how IW regulates the cell 
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adhesion strength on polymer substrates.    

 In chapter 3, the possible mechanism of HUVECs monolayer formation on polymeric surfaces 

are presented along with platelet adhesion behavior on endothelium to mimic the native blood 

vessels.   

Chapter 4 is consisting of endothelial cell adhesion, proliferation, and cytoskeleton on grafted 

polymer surfaces of Poly(2-methoxyethyl acrylate) (PMEA) analogs. Here, PMEA analogous 

polymer was grafted other than spin coating. 

Finally, the conclusions of this thesis are summarized in chapter 5. Indication of future research 

and perspective also included along with the summary. 
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Chapter 2 

Cell adhesion strength indicates the antithrombogenicity of Poly(2-

methoxyethyl acrylate) (PMEA): Potential candidate for artificial small-

diameter blood vessel 
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Abstract:  

Poly (2-methoxyethyl acrylate) (PMEA) is an US FDA-approved biocompatible polymer, 

although there is insufficient work on human umbilical vein endothelial cells (HUVECs) and 

platelet interaction analysis on PMEA analogous polymers. In this study, we extensively inves-

tigated HUVEC–polymer and platelet–polymer interaction behavior by measuring the adhesion 

strength using single-cell force spectroscopy. Furthermore, the hydration layer of the polymer 

interface was observed using frequency-modulation atomic force microscopy. We found that 

endothelial cells can attach and spread on the PMEA surface with strong adhesion strength 

compared to other analogous polymers. We confirmed that HUVECs attachment and platelet 

adhesion are regulated by the amount of intermediate water (IW). We found that the hydration 

layers on the PMEA analogous polymer are closely related to their weak platelet adhesion be-

havior. Based on our results, it can be concluded that PMEA is a promising candidate for the 

construction of artificial small-diameter blood vessels owing to the presence of IW and a hydra-

tion layer on the interface. 

Keywords: PMEA; HUVEC; platelet; interaction; hydration. 
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2.1 Introduction 

 

In the modern era, owing to the unique properties of biocompatible polymers, they have been 

widely used in organ transplantation, tissue engineering scaffolds, development of medical 

devices, drug delivery systems, and biomedical healthcare sensors 1,2. These biomaterials can be 

used in different ways, sometimes as a coating material or as an entire system made of the material 

itself to maintain the physiological and mechanical properties. Once biomaterials come in contact 

with the components of the living body, such as cells or proteins, they collaborate in distinctive 

ways. In particular, cells interact with the biomaterial interface through the extracellular matrix, 

which controls cell functions such as viability, growth rate, mobility, and protein secretion 3,4. 

Therefore, cell adhesion study is one of the major concerns for biomaterials to become a perfect 

candidate for in vivo application in the human body. Consequently, cell adhesion capacity controls 

cell morphology, such as cell survival, proliferation, migration, and differentiation 5–7. In contrast, 

platelet adhesion, as well as blood component adherence to the bio-polymeric substrate, is also a 

vital phenomenon to become surface blood compatible 8.  

Cardiovascular diseases (CVDs) are a threat to human health. Approximately 17.9 million 

people died of CVDs in 2019, which is 32% of the world’s total deaths, and this number is expected 

to increase to 23.6 million by 2030 9. In CVDs, blood vessels are mostly blocked or narrowed by 

atherosclerosis or thrombosis. Atherogenesis is initiated by endothelial dysfunction, and its 

movement leads to vessel damage and blocking, which causes thrombosis of the arterial wall as 

well as injury and dysfunction of tissues and organs 10,11. Consequently, researchers are focusing 

on to effective ways to reduce the causes of CVDs as well as the appropriate treatments of insured 

vessels, particularly for small-diameter blood vessels.  

As an effective treatment, vascular graft transplantation with synthetic vascular grafts is an 
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alternative option to replace injured vessels along with angioplasty, atherectomy, and stent 

insertion 12. Currently, the available commercial artificial blood vessels are mostly made of 

polyethylene terephthalate (PET), polytetrafluoroethylene (PTFE), and dracon, which are used in 

large-diameter vessel transplants 13. However, small-diameter vascular grafts are still under 

evaluation owing to thrombus formation inside the tube after implantation 14,15. This implies that 

the interfaces of these synthetic polymers do not meet the requirements for transplantable grade or 

biocompatibility. Thus, the interfacial properties must be changed according to the compatibility 

state. Hence, an alternative method for changing the properties of the biopolymer interface is 

surface modification. Various surface modification techniques have been used to functionalize the 

interface of substrates for cell attachment, growth, migration, rapid endothelization, and long-term 

anticoagulation 9,16,17. Polymer coating is an effective approach for functionalizing biomaterial 

surfaces. It is well established that functionalization with poly(ethylene glycol) and zwitterionic 

polymers, including poly(2-methacryloyloxyethyl phosphorylcholine) (PMPC), suppresses 

biofilm formation, immune responses to the biomaterial surfaces, and the adhesion of platelets 18–

20. Therefore, polymers with antifouling and antithrombogenic properties and strong endothelial 

cell attachment ability are desirable for scientists to obtain artificial small-diameter blood vessels 

(ASDBV). 

Poly(2-methoxyethyl acrylate) (PMEA) is an FDA-approved biocompatible polymer that is 

used as an antithrombogenic coating polymer in several sophisticated medical devices such as 

artificial hearts and lungs, stents, catheters, and dialyzers8,21. A remarkable characteristic of PMEA 

is its unique interaction with water molecules, which play a dominant role in the biological 

environment and are detected using differential scanning calorimetry (DSC)22, infrared 

spectroscopy23, nuclear magnetic resonance24, and several other approaches. Using DSC 
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measurements, Tanaka et al. classified water molecules interacting with PMEA into three types: 

free water (FW), freezing-bound water (intermediate water; IW), and non-freezing water (NFW)25. 

IW plays an important role in surface biocompatibility. In a previous study, it was found that PMEA 

can reduce protein adsorption and platelet adhesion by suppressing the conformational change of 

fibrinogen8,26. Recently, it has been reported that non-blood cells can attach to the coated surface 

of PMEA and its analogous through integrin-dependent and integrin-independent mechanisms27. 

We also observed that integrin-independent cell attachment occurred on the PMEA-coated surface. 

Therefore, it is possible to find a suitable polymer that can be used to develop an implant 

biomaterial, such as an artificial blood vessel, if we can investigate human umbilical vein 

endothelial cells (HUVECs) and human platelet adhesion behavior (survival, proliferation, 

migration, differentiation, and interaction strength) on the surface of PMEA analogs.  

HUVECs have been acknowledged as a useful model for research on the human 

endothelium28. HUVECs are an excellent model for the study of vascular endothelial properties 

and the main biological pathways involved in endothelial function, although this model does not 

represent all endothelial cell types found in an organism 29. In contrast, the endothelium acts as a 

barrier between the blood and organs, and at the same time, is responsible for the transfer of 

nutrients, hormones, and white blood cells, as well as anti-inflammatory responses 30. Moreover, 

blood pressure, flow, and coagulation are regulated by this organ 31. In addition, HUVECs are also 

effective in studying hemodynamic interactions between the endothelium layer and atherosclerotic 

plaque formation because they allow exposure of endothelial cells (ECs) to shear stress controlling 

flow conditions, and therefore, represent blood flow conditions as in vivo 32. Furthermore, ECs 

play a role in angiogenesis and platelet binding to substrates and endothelial monolayers under 

flow conditions 33.  
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To develop a transplantable ASDBV (<6 mm), the construction materials should have the 

following properties: (1) biocompatibility to prevent an immune reaction against the artificial 

vessel, (2) cytophilic properties that enable endothelial and smooth muscle cells to migrate, and 

(3) properties that prevent thrombus formation 34. To meet these requirements, it is important to 

investigate HUVECs integration into the construction polymer. In a previous study, Sato et al. 

reported the compatibility of PMEA with the adhesion and proliferation of endothelial and smooth 

muscle cells 34. Hoshiba et al. investigated the adhesion of the cancer cell line HT-1080, a 

fibrosarcoma cell line, on PMEA, analogous to single-cell force microscopy 27. HUVECs are the 

key cells in native blood vessels and have an important influence on the development of artificial 

blood vessels as the same confluent layer over the synthetic surface. However, there is no 

significant study on the interaction between the polymer surface and HUVECs by force 

measurement. In contrast, a recently published report describes the design of a biocompatible 

elastomer using a PMEA-silica composite to obtain a tough and tube-like structure of ASDBV 

compared to the native vessel 35–37. They reported that the mechanical properties of the PMEA-

silica composites are comparable to those of native blood vessels and that the antithrombotic 

properties do not change with a slight increase in silica adhesion, although there is no evidence of 

endothelial cell adhesion ability. 

In this study, the surface interaction of HUVECs on PMEA and its analogous was 

quantitatively investigated by force measurement for the development of ASDBVs. We also 

compared platelet adhesion behavior and time profiles of initial cell attachment. Furthermore, we 

observed the hydration states of the polymer interfaces using frequency-modulation atomic force 

microscopy (FM-AFM). Finally, we related the results of single-cell force spectroscopy (SCFS) 

and FM-AFM to characterize HUVECs attachment and platelet adhesion mechanisms on PMEA 
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analogous surfaces.  

2.2 Materials and Methods 

2.2.1 Chemicals and materials 

Polyethylene terephthalate (PET) was purchased from Mitsubishi Plastic Inc. (Tokyo, Japan). 

Poly(2-methoxyethyl acrylate) (PMEA, Mn = 26.9 kg/mol, Mw/Mn = 2.73), poly(3-

methoxypropyl acrylate) (PMC3A, Mn = 20.8 kg/mol, Mw/Mn = 3.83), poly(n-butyl acrylate) 

(PBA, Mn = 62.8 kg/mol, Mw/Mn = 1.41) were synthesized according to a previous report38. 

Poly(n-butyl methacryle70-co-2-methacryloyloxyethyl phosphorylcholine30) (PMPC, Mw = 600 

kg/mol) was donated by NOF Corporation, Japan. Tissue culture polystyrene (TCPS) was 

purchased from IWATA, Japan. Fibronectin was obtained from Wako Pure Chemical Industries 

(Osaka, Japan). Human whole blood for the platelet adhesion test was purchased from Tennessee 

Blood Survices (USA) and collected in a vacuum blood collection tube (Venoject II, Terumo Co., 

Japan) containing 3.2% sodium citrate as an anticoagulant. Human whole blood was collected 

within a week of blood collection. Blocking reagent was purchased from Nacalai Tesque (Kyoto, 

Japan). All other reagents and solvents were obtained from Kanto Chemical Co. (Tokyo, Japan). 

2.2.2 Fabrication of polymer-coated substrates 

PET was used as a substrate for coating. One side of the PET sheet (thickness = 120 μm) was 

indicated as coating side. Prior to coating, PET sheet was cut into a circle with a diameter of 14 

mm. After cutting the PET substrate using hand press cutting tool from the A4 size PET sheet, it 

may catch some dust. To clean the dust, each PET substrate was dipped in toluene 2-3 times and 

then dried in air. The whole cleaning process need only 5-10 s for each substrate. PMEA, PMC3A, 

and PBA were dissolved in Toluene (0.5 wt/vol%) to make a polymer solution. PMPC was 

dissolved in methanol at the same concentration. PMEA analogue polymer solutions (26.2 μL/cm2) 
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were spin-coated on the PET substrates using a Mikasa Spin Coater MS-A100 at a constant rate of 

3000 rpm for 40 s, ramped down for 4 s, and thereafter dried for at least for 24h in a vacuum dryer 

at 25 °C. The stability of prepared films was confirmed by the contact angle measurement after 

immersed in water.  

2.2.3 Contact angle (CA) 

CA represents the wettability of studied polymers. CA measurements were per-formed using 

milli Q water. The CA values of PMEA analogous surfaces were calculated using two methods: 

(1) sessile drop of water and (2) air bubble in water at 25 °C using a DropMaster DMo-501SA 

(Kyowa Interface Science Co., Tokyo, Japan). In the sessile drop method, a 2 μL water droplet was 

placed on the polymer surface for 60 s, and the CAs were measured using photographic images. 

The droplet method was executed by placing 2 µL of water droplets on the five positions of each 

substrate. We did the measurement three times with three different substrates. So total number of 

images is 15 for droplet method. In the captive bubble method, PMEA analogous substrates were 

immersed in Milli-Q water for 24 h. Thereafter, 2 μL of air bubbles were injected beneath the 

substrate surfaces located in water, and the CAs were measured using photographic images. 

Finally, the CA at 30 s was counted as the CA of the substrate. 

2.2.4 Endothelial cell culture 

Endothelial cells were used for all experiments described in this article. Commercially 

available human umbilical vein endothelial cells (HUVEC, Lonza, Cologne, Germany) were 

cultured under static cell culture conditions (37 ℃, 5 vol% CO2) in polystyrene-based cell culture 

flasks. Cells were used for 4 to 6 passages and cultured in endothelial basal medium (EBM-2) 

supplemented with endothelial growth medium (EGM-2) Single Quots® kit and 2 vol% FBS 

(Lonza, Cologne, Germany). Prior to the experiments, cells were detached from the culture dish 
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using 0.25% trypsin/EDTA solution (Thermo Fisher Scientific, Rockford, IL, USA). The HUVECs 

solution was centrifuged at 1200 rpm for 3 min to isolate HUVECs from the old medium. Initial 

cell counting was performed using a hemocytometer to adjust the cell density. 

2.2.5 Cell attachment and proliferation assay  

Cell attachment and proliferation assays were performed using 24 well plate (IWATA, Japan). 

Initially, the 24 well plate was coated with PMPC (0.5 wt/vol%) and stored for drying. The pre-

coated polymer substrates were thereafter fixed in 24 well plate using glue on the back side of each 

substrate. The substrates were then cured under ultraviolet (UV) light for 30 min. Phosphate-

Buffered Saline (PBS) was then added to the well and stored it in incubator for 1 h at 37 °C. 

Afterwards, PBS was removed, culture media were added and incubated under the same conditions 

for another 1 h at 37 °C. HUVECs were seeded on the substrates at 1 x 104 cells/cm2 in serum-

containing media and allowed to adhere and proliferate on the surface of the substrates for  1 d, 3 

d, 5 d and 7 d. The culture media was changed in every two days for 3 d, 5 d and 7 d. After cell 

cultivation, at specific time intervals, the cells were counted using a microplate analyzer from the 

standard curve prepared by the colorimetric WST-8 assay (Dojindo Laboratories, Kumamoto, 

Japan). 

2.2.6 Immunocytochemical analysis 

Before starting the experiment, the prepared substrates were preconditioned, as in the cell 

attachment and proliferation assays. HUVECs (5 × 103 cells/cm2) were thereafter seeded on each 

polymer-coated substrate (φ = 14 mm) and incubated for 1, 24, and 72 h. After culturing for 

specific times, the cells were fixed using preheated (37 ˚C) 4% (w/v) paraformaldehyde (Fujifilm 

Wako Pure Chemical Corporation, Osaka, Japan) and stored outside for 10 min. Thereafter, 1% 

(v/v) Triton X-100 (Fujifilm Wako Pure Chemicals Co., Ltd., Osaka, Japan) in PBS (−) was added 
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to increase plasma membrane permeability. After washing, the sections were blocked for 30 min. 

The substrates were thereafter treated with mouse monoclonal anti-human vinculin antibody (VIN-

11-5; Sigma-Aldrich, St. Louis, MO, USA)(1:200) diluted in PBS (−) for 90 min at room 

temperature, and subsequently treated with Alexa Fluor 568-conjugated anti-mouse IgG (H + L) 

antibody(1:1000 dilution), Alexa Fluor 488-conjugated phalloidin (1:1000 diluted), DAPI (4,6-

diamidino-2-phenylindole (1:1000 diluted)) (all from Thermo Fisher Scientific, Waltham, MA, 

USA), and all diluted in 10% blocking solution in PBS, treated for 1 h at room temperature. After 

performing these steps, stained cells were fixed on glass slides. Fluorescence images were captured 

using a confocal laser scanning microscope (CLSM) (FV-3000; Olympus, Tokyo, Japan). The cell 

area and circularity were evaluated quantitatively using ImageJ software (version 1.53C, Bethesda, 

MD, USA). 

2.2.7 HUVECs- polymer interaction by SCFS 

The PMEA analogous substrates were exposed under UV for 30 min and thereafter incubated 

with PBS for 1 h at 37 °C. Subsequently, EGM-2 medium was added to the substrate and freshly 

detached cells (passage: 5–6) were injected. In contrast, the tip-less cantilever TL-CONT (spring 

constant k = 0.2 N/m, NANOSENSORS) was coated by fibronectin with human fibronectin 

solution (1 mg/mL) for 20 min at room temperature. A single HUVEC was captured with a tipless 

cantilever for 10 min of holding time (set point: 2 nN) (Supporting information Figure S1). The Z-

lengths for cell was 100 µm the vertical displacement range of the AFM. We have found that the 

HUVEC cells is around 20 µm in size and cell was detached around 70-90 µm. The force curves 

between the cell and the substrate were recorded using an atomic force microscope AFM 

(CellHesion, JPK) equipped with a cell-attached tipless cantilever (set point: 2 nN, approach rate: 

5.0 μm/s, holding time: 120 s, retraction time: 15 μm/s) (Supporting information Figure S3). The 
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set point for measuring the cell adhesion strength was determined from the relationship between 

the set points and the cell adhesion strength of HUVECs attached to the PMEA-coated PET 

substrate39. In brief, we have selected contact time 120 s and set point 2 nN after investigating dif-

ferent contact time (60, 120, 240 and 300 s) at different setpoint (0.5, 1, 2, 3, and 5 nN). We have 

found a linear relationship between contact time and adhesion force and set point and adhesion 

force. HUVECs is very slow doubling time (24-36 h). So, we fixed contact time 120 s because of 

initial contact is not happened earlier due to slow doubling time. On the other hand, we realized 

that at fixed set point 2 nN and 120 s contact time, HUVECs shows considerable adhesion force. 

The adhesion force was defined as the maximum force for the detachment of the cell from the 

substrate, corresponding to the force at the minimum point of the retraction curve. Adhesion work 

was estimated as the amount of work required to detach the cell from the substrate, corresponding 

to the area enclosed by the baseline and retraction curve40. 

2.2.8 Human platelet adhesion test 

The antithrombotic properties of the hybrids were evaluated using the human platelet adhesion 

test. Human platelet adhesion tests were performed according to our previously reported procedure 

41. In brief, human whole blood was centrifuged at 400g for 5 min to collect platelet-rich plasma 

(PRP). The residue was also centrifuged at 2500g for 10 min to collect platelet-poor plasma (PPP). 

Plasma solution containing platelets was prepared by adjusting the seeding density to 

4×107cells/cm2 by mixing PRP and PPP obtained from fresh human whole blood. The plasma 

solution (200μL) was placed on each polymer substrate cut into 8×8 mm squares, and the substrate 

was incubated at 37°C for 1 h. After 1 h of incubation, each substrate was rinsed with PBS(−), and 

then, the platelets adhered to the substrates were fixed by immersing in 1%glutaraldehyde in 

PBS(−) for 2h at 37°C. Finally, each substrate was rinsed with PBS(−) and pure water and then 
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dried. The number of adhered platelets was counted by scanning electron microscopy (SEM). 

2.2.9 Platelet–polymer substrate interaction by SCFS 

Prior to this experiment, PMEA analogous substrates were exposed under UV for 30 min and 

thereafter incubated with PBS for 1 h at 37 °C. The supplied fresh blood was centrifuged at 400 g 

for 5 min to obtain platelet-rich plasma (PRP), and the remaining blood was centrifuged at 2500 g 

for 10 min to obtain platelet-poor plasma (PPP). PPP was thereafter added to the substrate, and 

freshly collected platelets (PRP-10 µl) were injected into the PPP. Meanwhile, the tip-less 

cantilever TL-CONT (spring constant k = 0.2 N/m, NA-NOSENSORS) was treated with human 

fibronectin solution (1 mg/mL) for 10 min. A single platelet was captured with a tipless cantilever 

for holding time of 5 min (set point: 2 nN) (Supporting information Figure S3). The Z-lengths for 

platelet was 50 µm to en-sure a complete separation of cells. The average size of platelet is 1.5-

3µm and detached around 7-10 µm. The force curves between the platelet and the substrate were 

recorded using an AFM (CellHesion, JPK) equipped with a platelet-attached tipless cantilever (set 

point: 2 nN, approach rate: 1.0 μm/s, holding time: 10 s, retraction time: 5 μm/s) (Supporting 

information Figure S4). 

2.2.10 FM-AFM of single HUVEC surface 

Frequency Modulation AFM (FM-AFM) is a powerful tool for investigating weak interactions 

on interfaces using the frequency shift associated with cantilever oscillation to detect interactions 

on a probe. In FM-AFM, the cantilever acts as the oscillator in an active circuit. The frequency of 

the cantilever changes due to the force interaction between the cantilever tip and substrate at 

constant amplitude. Frequency changes are detected by an FM demodulator.  

FM-AFM was performed using an SPM-8100FM (Shimadzu Co., Japan) in water at 23 °C. A 

PPP-NCHAuD cantilever (typical spring constant, k = 42 N/m, NanoWorld AG) was used. The 
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resonance frequency in water was approximately 140 kHz, and the z-direction scan was performed 

with a force limit of 2 V, which corresponds to a frequency shift of ca. 400 Hz. The amplitude of 

the cantilever oscillation was maintained constant at approximately 2 nm. 

2.2.11 Statistical analyses 

Data are expressed as mean ± standard deviation (SD) of at least three independent trials. The 

significance of the differences between the means of the individual groups was assessed by one-

way analysis of variance followed by the Tukey–Kramer multiple comparison test using Origin 

Pro ver. 2019b (Northampton, MA, USA). Statistical significance was set at p < 0.05. Curve fitting 

was performed using the Origin Pro ver. 2019b (Northampton, MA, USA). 

2.3 Results and Discussion 

2.3.1 Physicochemical properties of PMEA analogous coated surface 

Figure 2.1 shows the chemical structures of the polymers investigated. Previously, it was 

clearly demonstrated that PMEA analogous polymer (PMEA, PMC3A, and PBA) contained three 

different types of water: FW, IW, and NFW41–44. Based on this analysis, the physicochemical 

properties, including molecular weight (Mn), glass transition temperature (Tg), amount of FW, IW, 

NFW, and equilibrium water content (EWC), are summarized in (Table 2.1). The amount of each 

water content (FW, IW, NFW, and EWC) and Tg changed in the following order: PBA < PMC3A 

< PMEA and PMEA > PMC3A > PBA, respectively. It is also reported that the hydrophilicity of 

the side chain of a polymer was linked to hydrated water and cell attachment behavior45. In 

contrast, the surface morphologies of PMEA analogous coated PET substrates were investigated 

using transmission electron microscope (TEM) and AFM previously. TEM observations indicated 

that the thickness of the spin-coated film was approximately 70–80 nm46, and AFM topographic 

analysis identified the microphase-separated structure as polymer- and water-rich domains of 
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specific coated substrates47 in which the water-rich domain worked to reduce the adsorption of 

fibrinogen on PMEA. In addition, because of the strong effect of the physicochemical properties 

of the biopolymer interface, the surface type was confirmed by CA measurements in dry and 

hydrated states. The CA of each coated substrate was measured using both sessile drop and captive 

air bubble methods (Table 2.2). The results were recorded for 60 s and presented herein at exactly 

30 s. In the sessile drop measurements, the CA decreased in the following sequence: PMPC > PBA 

> PET > PMC3A > PMEA, whereas results from captive air bubbles exhibited different trends as 

PMPC > PMEA > PMC3A > PBA > PET at 30 s and 24 h of soaking. These results revealed that 

proper coating of each polymer on the PET substrate and hydration caused a structural change in 

the coated surface for specific coated substrates. No significant changes were observed for the PET 

substrates. 

 

Figure 2.1. Chemical structure of (A) polyethylene terephthalate (PET); (B) poly(n-butyl acrylate) 

(PBA); (C) poly(2-methoxyethyl acrylate) (PMEA); (D) poly(3-methoxypropyl acrylate) 

(PMC3A), and (E) poly(n-butyl methacrylate70-co-2-methacryloyloxyethyl phosphorylcholine30) 

(PMPC). 
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Table 2.2: CAs on the polymer surface* 

Polymers  CA [deg] 

Sessile water drops Captive air bubble 

(30 s) (30 s) 24 h 

PET 73.3 (±0.9) 125.5 (±2.2) 125.4 (±0.5) 

PBA 83.8 (±1.9) 126.7 (±2.8) 125.0 (±1.7) 

PMEA 44.3 (±2.1) 134.0 (±0.9) 132.9 (±1.8) 

PMC3A 52.1 (±0.5) 126.9 (±1.0) 127.8 (±0.7) 

PMPC 108.9 (±0.5) 152.4 (±2.9) 150.0 (±3.8) 

* 2 L water droplet in air (sessile drop) and 2 L air bubble in water (Captive bubble). 

The data represent the means ± SD (n = 5) 

 

2.3.2 Cell attachment and proliferation assay  

Toward the design of biomaterials, particularly ASDBVs, the ability of attachment, 

sustainability, and proliferation of endothelial cells on the coated substrate is one of the significant 

factors. From the anatomy of native blood vessels, it is known that blood vessels consist of three 

distinct layers: tunica extema or adventita, tunica media, and tunica intima, which is the most inner 

layer48. Therefore, the endothelial cells are attached to this inner part, where blood is directly in 

contact with these cells and blood flows over there. Consequently, endothelial cells play a vital 

role in blood vessel compatibility. In this regard, we performed cell attachment and proliferation 

assays of HUVECs and attached cell morphology to evaluate whether the coated surface was 

viable, as shown in Figure 2 (a–b). Initially, we seeded HUVECs on the substrate and evaluated 

the number of cells attached and proliferated after 1, 3, 5, and 7 days of culture. Thereafter, we 

observed that after 24 h of culture time, more than 50% of the seeding density (5 x 103 cells/cm2) 

Table 2.1: Characterization of PMEA analogous polymer.  

Polymers 

 

Mn 
Mw/Mn 

Tg dry a) Tg weta) IWa,b) NFW a,b) FW c) EWCd) 

(Kg/mol) (˚C) (˚C) (wt.%) (wt.%) (wt.%) (wt%) 

PBA 62.8 1.41 -47 -48 0.31 0.45 0.54 1.3 

PMEA 26.9 2.73 -35 -51 3.7 2.5 2.5 8.7 

PMC3A 20.8 3.83 -48 -58 2.8 3.1 1.7 7.6 

PMPC -- -- -- -- 11.11 33.33 -- -- 
aMeasured by DSC performed at a rate of 5 ˚C/min, bintermediate water (IW), cnon-freezing 

water (NFW), and dequilibrium water content (EWC) 
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of HUVECs adhered to PMEA, PBA, and PET. It indicates that the number of adhered cells on 

these polymers are almost similar to each other. Whereas PMC3A showed comparatively lower 

number of HUVECs adhered on its surfaces which is 42% if its seeding density. In contrast, PMPC 

and TCPS exhibited very low and high (127%) cell attachments, respectively, of negative and 

positive controls. As the culture time increased, days 3 to 5 HUVECs proliferated gradually on 

PMEA, PBA, and PET. However, almost all cells had died on PMPC owing to lack of adherence, 

and the number of cells increased on TCPS, similar to the trend observed in previous studies. On 

the other hand, HUVECs number were increased more than two- and three-fold on PMEA, 

PMC3A, and PET respectively, whereas PBA exhibited low amplification. The number of 

HUVECs on the substrates at day 7 decreased in the following order: TCPS > PET > PMEA > 

PMC3A > PBA > PMPC. However, the differences among PMEA, PMC3A, and PBA were not 

significant, even on day 7. Therefore, we performed further investigations using SCFS as a more 

quantitative and short-time investigation. 
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Figure 2.2. (a) CLSM images of PMEA analogous-coated substrates. Blue: cell nuclei; green: 

vinculin; red: actin fibers. White bar indicates 50 m. (b) Number of adhered HUVECs on PMEA 

analogous coated substrates at 1, 3, 5, and 7 d. The data represent the mean ± SD (n = 3), **p < 

0.05 compared with TCPS and *p < 0.05 compared with PET. 

2.3.3 Measurement of cell -substrate interaction behavior by SCFS 

One of the vital features before the construction of ASDBV is to obtain knowledge of the degree 

of adhesion strength of cell-substrate interactions at the interface of the synthetic polymers. When 

the blood flows inside the blood vessel, particularly over the layer of endothelial cells, it creates a 

certain shear force that can wash out the cells from the substrate surface if the adhesion strength is 

not sufficiently strong. Moreover, different cells have different interaction behaviors for specific 

surfaces, which may be strong or weak. In addition, cell types and surface characteristics are 

responsible for this phenomenon. Furthermore, surface modification with the investigation of 

substrate surface morphology such as roughness, hydrophilicity and hydrophobicity, bound water 

content influences the cell adhesion strength39. Protein adsorption on the substrates also regulates 

the cell adhesion ability49. There is other possibility of tuning cell adhesion by chemical 
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functionalization as in the case of neural cells where adhesion/repulsion has been controlled after 

suitable functionalization of metal electrodes50.  Thus, quantitative investigation and comparison 

are required for the fabrication of an appropriate ASDBV. In this study, we evaluated the 

interaction strength between the cell membrane and PMEA-analogous substrates using SCFS. The 

SCFS measurement, which uses a single cell as a probe for the AFM cantilever, provides insights 

into the magnitude of the initial interaction force of a single cell in contact with the substrates40. 

In brief, AFM observation is considered as a multipurpose technique including imaging and 

detection of tiny interaction forces in few pN level between two surfaces. SCFS mode of AFM 

technique may detect the interaction between single living cells and substrate or single cell, one 

on the substrate, and other one is adhered on the cantilever with the help of cell adhering protein 

coating51. 

 

Figure 2.3. Schematic of (a) cell–substrate interaction measurement (b) A force–distance (F-D) 
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curve recorded with the CellHesion AFM technique. 

An animation is presented in Figure 2.3 to illustrate how cell-substrate interaction was 

measured and (b) A force–distance (F-D) curve recorded with the CellHesion AFM technique. In 

brief, the cantilever was coated with fibronectin, and a single cell was captured and approached 

the measured substrate. Here, an interaction occurred between these two surfaces. After a while, 

the cantilever was retracted, and the data were represented as the force–distance curve. The SCFS 

results are shown in Figure 2.4. We found that HUVECs adhered to PMEA more strongly than to 

other analogous. The adhesion strength and energy were similar to those of TCPS and PET. In 

contrast, PBA exhibited a low adhesion strength and energy for HUVECs adhesion. The adhesion 

on PMC3A was lower, but larger than that on PMPC.  

 

Figure 2.4. (a) HUVECs adhesion strength and (b) adhesion energy on various polymer substrate. 

The data represent the mean ± SD (n > 10), **p < 0.05 compared with PMEA. 

Generally, cells adhere to the polymeric interface through cell-binding proteins. In serum-

containing media, fibronectin, a cell adhesion protein, is responsible for cell adhesion through 

integrin, which is known as integrin-dependent cell adhesion52. However, it has been reported that 

integrin-independent cell adhesion may occur on PMEA through direct interactions between the 

cell membrane and the polymer surface27. In this case, protein adsorption on the PMEA surface 
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was inhibited because of the presence of a hydration layer, where IW portion is the key factor. In 

our previous study, we observed that cells could adhere to the PMEA surface without FBS 

proteins26,27. Endothelial cells, such as HUVECs, are more likely to adhere to fibronectin than 

fibrinogen through the RGD sequence, which is known as a universal binding site53–55. In our 

study, PMEA-analogous polymer exhibited different adherences to HUVECs because of its surface 

characteristics and morphology. At hydrated condition the PMEA analogous polymer shows 

microphase separation and the protein adsorption behavior is different for each phase of each 

polymer. We are saying that protein adsorption regulates the cell adhesion and we tried to find how 

strong the cell adhesion on each substrate by SCFS. From our previous investigations, more 

fibronectin adhered on water rich domain whereas fibronectin and fibrinogen adsorption are 

similar on polymer rich region49. Fibronectin is responsible for cell adhesion and fibrinogen 

enhance the platelet adhesion. Furthermore, it is reported that PMEA contains 3.7% IW, whereas 

PMC3A and hydrated PBA contain 2.7% and 0.1% IW, respectively. It was also reported that more 

than 3%IW is required to become the surface better hemocompatibility for poly(ethylene glycol), 

poly(meth)acrylates, aliphatic carbonyls, and poly(lactic-co-glycolic acid) surfaces.56. Therefore, 

owing to the different IW content, the cell adhesion number varied in our tested polymers. 

2.3.4 Human platelet adhesion test 

A platelet adhesion number test was performed under static conditions to evaluate the non-

thrombogenic properties of PMEA-analogous polymer. The morphology and number of attached 

platelets were investigated using SEM. Several platelets attached to the PET surface were also 

observed. A similar trend was observed for PBA-coated surfaces. On the other hand, PMEA, 

PMC3A, and PMPC exhibited few platelet adhesions. Moreover, the platelets attached to PMEA, 

PMC3A, and PMPC appeared mostly circular, unbranched, and distributed far away. The platelet 
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area was also small, at approximately 2–5 m. This implies that activation levels I to II, regularly 

I for PMPC and PMEA, were observed. In contrast, almost all of the attached platelets on PET and 

PBA exhibit activation levels of II to III. This implies that platelet spreading and proliferation 

occurred on the surface. The attached platelet area at approximately 5–10 m has several branches.  

However, we still do not know how strongly or loosely the platelets adhere to the surface. As 

previously mentioned, shear stress affects adherent cells and platelet adhesion inside native blood 

vessels. 

Furthermore, to investigate the platelet adhesion strength on PMEA-analogous polymers more 

quantitatively, we also used SCFS for platelets (Figure 2.6a). Similarly, platelet adhesion energy 

was calculated for each substrate. This adhesion energy represents the area under the retraction 

curve of the force curves obtained from the SCFS (Figure 2.6b). This reveals the total work done 

to detach platelets from their adherent state. A higher energy indicates a greater spread of platelets 

and strong adhesion to the substrates. We found that the adhesion force between platelets and PET 

has the highest interaction strength among all the polymers. The second highest level was platelet-

PBA. Owing to the lack of IW in the chemical structures of PET and PBA, platelet adhesion protein 

adsorption increased. Therefore, platelets attached and denatured on these surfaces within a short 

time, and during retraction of the cantilever, more force is needed to detach the platelets from the 

surfaces. PMEA and PMC3A exhibited similar strengths, but lower strength compared to PET and 

PBA, whereas PMPC exhibited the lowest adhesion force. Moreover, the platelets were loosely 

attached to PMPC, PMEA, and PMC3A. These results also confirmed platelet adhesion on the test 

polymers under static conditions. In addition, we have observed the oscillation in approach and 

retraction curve which is little complicated to understand. It can be clarified as the experiment was 

conducted using platelet poor plasma (PPP) collected from whole human blood and single platelet. 
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In PPP, the blood proteins density is still high and may create sublayer which influence the 

movement of cantilever resulting oscillation happen in approach and retraction curve at 10 µm 

above from the polymer interface. However, the practical interaction of platelet-polymer and 

detachment happened within 10 µm because of the small size of single platelet. Most of the 

measurement related to platelet adhesion force and adhesion energy shows similar tendency. 

 

 

Figure 2.5. Summary of the human platelet adhesion experiments. Number of the adhered platelets 

on the coatings of the PMEA, PMC3A, PBA, PMPC, and bare PET. The data represent the means 

± SD, n = 15, **: p < 0.01 (vs PET). 
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Figure 2.6. Comparison of (a) platelet adhesion strength and (b) adhesion energy on different 

polymer substrates. The data represent the mean ± SD (n > 5), **p < 0.05 (vs PET). 

To determine the mechanism of platelet adhesion behavior, we previously reported that 

platelet adhesion is regulated by the amount of blood serum proteins or adhesion proteins that 

adhere to the polymer surface8,38,41. Fibrinogen and fibronectin are responsible for platelet 

adhesion. Fibrinogen is the plasma protein responsible for platelet adhesion57, and it has been 

reported that the γ-chain of fibrinogen is related to the adhesion and activation of platelets, leading 

to thrombogenesis57,58. However, some synthetic polymers suppress platelet adhesion by 

suppressing fibrinogen adhesion58. The reason behind this property was attributed to the hydration 

layer formed at the interface. This hydration layer acts as a barrier between the serum protein and 

polymer surface. When synthetic polymers are exposed to the culture medium, PBS, or water, they 

adsorb water molecules at various positions in their chemical structures8,47,59. 

 We initially indicated that Tanaka et al. reported that hydrated PMEA and its analogous 

contains IW. However, not all polymers are associated with these water molecules. All natural 

biopolymers were found to comprise IW on their surface, such as heparin, chondroitin sulfate, and 

DNA (RNA). Recently, it has been established that IW is a key factor in surface biocompatibility42. 

Sato et al. found different amounts of IW in hydrated PMEA analogous. They also reported that 

these hydrated PMEA analogous suppressed platelet adhesion by suppressing protein adsorption 
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and deformation by increasing the amount of IW. Our platelet-substrate interaction study also 

demonstrated that the amount of IW might play a key role in expressing the blood compatibility 

of polymeric materials. If we order our polymer as IW content, we observed a similar tendency 

that platelet adhesion was suppressed as the IW increased, and the percentages of IW of the test 

polymers are listed in Table 2.1. Because PET and PBA do not contain any IW, serum proteins 

adhered to the surface. Consequently, the number of platelet adhesions was high. In contrast, 

PMPC, PMEA, and PMC3A exhibited low platelet counts on their surfaces. This is because IW 

exerts a repulsive effect against protein adsorption. Previously, we reported the spontaneous 

formation of numerous protrusions of the nanometer scale at the PMEA/phosphate-buffered saline 

(PBS) interfaces47. This result indicates the microphase separation of the polymer as polymer- and 

water-rich domains at the interfacial region60. Because of the partial imbroglio of the polymer 

chain in the bulk polymer phase, the mobility of the polymer chain is restricted at the interface, 

and phase separation occurs on the microscopic scale. The phase separation of a homopolymer at 

an interface is unique and makes an essential contribution to the blood compatibility of PMEA61,62. 

Our previous work also indicated that plasma protein fibrinogen exhibited adhesive interactions 

with the PMEA interface in polymer-rich domains, but repulsive interactions in water-rich 

domains61. In contrast, fibrinogen adhered to both the polymer- and water-rich domains on PBA, 

an analogous polymer of PMEA, exhibiting thrombogenic behavior. We considered that the 

differences between PMEA and PBA were caused by differences in polymer density and hydration 

structures, particularly in the water-rich domains58. 

To clarify the mechanism of protein adsorption and the platelet adhesion, the adhesion force 

between blood compatible polymer (PMEA, PBA) and proteins (BAS and fibrinogen) were 

measure by AFM in our previous investigation63.  Here, Hayashi et al. showed that electrostatic 
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force may not be responsible for protein resistance of PMEA whereas PBA strongly adhered to 

proteins. He also found that the self-assembly monolayer (SAM) of ethylene glycol (EG) shows 

the water- mediated repulsion in surface force measurements that prevented platelet adhesion64. 

Furthermore, the charge neutrality of the terminal groups of the SAMs is necessary for suppression 

of protein adhesion as well as platelet compatibility. However, the local electrostatic interaction 

between the protein and SAM overcomes the water-induced repulsion, resulting in the adsorption 

of proteins and the adhesion of platelets64. 

2.3.5 FM-AFM observation of coated polymer surfaces 

FM-AFM is a powerful tool for investigating weak interactions on interfaces using the 

frequency shift associated with cantilever oscillation to detect interactions on a probe. In our 

previous work65, we reported FM-AFM observations of polymer-grafted Au substrates of PMEA, 

PMC3A, and PBA, and that PMEA and PMC3A exhibited a repulsive layer (mixed layer of 

polymer chains and hydration water) in water-rich domains. In contrast, PBA exhibited no 

repulsive layers in the water-rich domains. This difference may reflect the presence of IW on the 

interfaces. In this work, we performed FM-AFM to investigate the hydration states of spin-coated 

polymer films. 

Figure 2.7(a–e) shows the results of FM-AFM (z–x scan) on each polymer/water interface, 

and Figure 2.7(f) shows the frequency shift (the intensity of the repulsion) as a function of distance 

from the interface obtained from the averaged cross section of the entire x-range. The repulsive 

layer is marked in blue and white, demonstrating the degree of frequency shift. The thickness of 

the repulsive layer on the PMPC was dramatically high at a thickness of approximately 20 nm. 

This thick hydration layer indicates a large amount of hydration at the PMPC/water interface and 

could be the reason for the extremely low HUVEC attachment and platelet adhesion. The 
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thicknesses of the other polymers were relatively small; however, a clear trend was observed. The 

repulsive layer thickness decreased in the order of PMPC > PMEA > PMC3A > PBA~PET. 

Interestingly, this trend is in accordance with the amount of hydrated water in the polymers (Table 

2.1) and the trend of platelet adhesion (Figures 2.5 and 2.6). Therefore, we can expect that these 

repulsive layers on the spin-coated polymer films may originate from the mixed layer of polymer 

chains and hydration water on the interfaces, as well as our previous results obtained in the grafted 

polymer systems, and work to suppress platelet adhesion on the interfaces. 

 

Figure 2.7. Images of FM-AFM z–x scan on (a)PET, (b) PBA, (c) PMEA, (d) PMC3A, and (e) 

PMPC. (f) Frequency shift-distance curves obtained from the averaged cross section of (a–e). 

2.3.6 Relationship between IW and cell adhesion strength  

Candidacy of PMEA as the construction material of the ASDBV depends in the relationship 

between IW and cell adhesion strength, as shown in (Figure 2.8). We confirmed that the HUVEC 

adhesion strength, number of adhered HUVECs and platelets on these substrates are related to the 
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IW content of each polymer. In this study, we investigated a PMEA-analogous polymer to find the 

most suitable polymer for use as a construction material for ASDBV development by the fulfilment 

of similar desired requirements of a native blood vessel. It is known that the native blood vessel 

has three layers: the adventitia or outer layer, which provides structural support and shape to the 

vessel; the tunica media, or a middle layer composed of elastic and muscular tissue that regulates 

the internal diameter of the vessel; and the tunic intima or an inner layer consisting of an 

endothelial lining that provides a frictionless pathway for blood movement48. Therefore, the 

surface of the artificial blood vessel should be biocompatible, nonthrombogenic, and have similar 

biochemical functions as native vessels.  

 

 

Figure 2.8. Effect of IW content on (a) HUVECs adhesion strength and (b) number of adhered 

platelets and HUVECs on PMEA analogous polymer. 

First, we explicitly focused on the adhesion behavior of HUVECs on substrates. HUVECs 

attachment test reveals how the number of attached cells decreased with increasing the IW as 

shown in (Figure 2.8b). Similarly, HUVEC adhesion strength was more drastically enhanced on 

PMEA than on PMC3A or PBA. In addition, we compared platelet adhesion on the polymers. It 
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was clear from both the normal adhesion test and platelet adhesion strength measurements that 

PMEA and PMC3A effectively suppressed platelet adhesion, but PBA did not. These results 

indicate that PMEA is an excellent candidate as a construction material for ASDBV development 

because it possesses both cytophilic and antithrombotic properties. In contrast, PMC3A suppressed 

both platelets and HUVEC, but PBA did not suppress either. 

Additionally, the hydration state of the hydrated polymer surface was examined using FM-

AFM for the first time. The thickness of the repulsive layer observed for each polymer agreed well 

with the trend of platelet adhesion and the amount of water in the polymers. As it is expected that 

the repulsive layer contains polymer chains and hydration water, the presence of the repulsive layer 

indicates the presence of water molecules interacting with the polymer chains on the interface, that 

is, IW. This result is consistent with our previous results demonstrating that IW suppresses 

fibrinogen adsorption and platelet adhesion at material interfaces. In the case of cell attachment, 

cells generally attach to the polymeric interface via cell-binding proteins. In serum-containing 

media, fibronectin, a cell adhesion protein, is responsible for cell adhesion through integrin, which 

is known as integrin-dependent cell adhesion52. Our recent work revealed that fibronectin easily 

interacts with the surface of biomaterials and causes conformational changes, even on PMEA. 

Furthermore, it has been reported that integrin-independent cell adhesion may occur on PMEA 

through direct interactions between the cell membrane and polymer surface27. This indicates that 

the difference in the trend of HUVEC attachment on PMEA, PMC3A, and PBA should be 

explained by other factors, not only the hydration layer on the interfaces. However, the relationship 

between cell adhesion strength and IW implies antithrombogenic surfaces of PMEA in the 

fabrication of ASDBV. 
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2.3.7 Relationship between hydrophilicity of polymer and cell adhesion strength 

Besides the relationship between IW and cell adhesion strength, we have developed the 

relationship between hydrophilicity of polymer and cell adhesion strength. Hydrophilicity is 

measured in terms of the contact angle of the water drops to the surface of each polymer.  In case 

of PMPC copolymer, before hydration, the water contact angle is high due to hydrophobicity of 

BMA although the PMPC homopolymer brush water contact angle is 3˚66. We have plotted the cell 

adhesion strength against the water contact angle of each polymer that measured on both 1) sessile 

drop and 2) captive air bubble methods (shown in Figure 9a and 9b).  

 

Figure 2.9. Effect of hydrophilicity of each polymer on HUVECs and platelets adhesion strength 

on PMEA analogous polymer (a) Sessile drop (b) Captive air bubble method. 

 In sessile drop method, we see that the order of hydrophilicity of studied polymer is PMPC> 
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PMEA>PMC3A>PET>PBA. PMPC is super hydrophilic whereas PMEA shows less surface 

hydrophilicity (Figure 2.9a) at initial stage.  On the other hand, the order of hydrophilicity of 

studied polymer measured after 24 h of hydrated state by captive bubble methods is PBA 

≈PET<PMC3A <PMEA<PMPC.  As we know that protein adsorption is suppressed because of 

hydration layer formation on the surface of polymer. From FM-AFM observation, we have 

evaluated the thickness of hydration layer. If we compare the figure 2.9b with the thickness of 

hydration layer (shown in Figure 2.7f), we will find the same order as the order of contact angle 

(Figure 2.9c). This result reveals that at hydrate condition polymer change its hydrophobicity due 

to the IW content as well as EWC (Table 2.1). 

Therefore, there is no direct relation between cell adhesion strength and contact angle, but it 

can be said that IW regulates the hydration layer; Hydration layer suppress the protein adsorption; 

low protein adsorption suppresses the platelet adhesion. In contrast, PMEA and PMC3A exhibits 

phase separation state where polymer rich and water rich  domain present. These water rich domain 

accept fibronectin adsorption and denaturation and then cell can attach on that protein. Thus, 

PMEA shows suppress of platelet adhesion and increase of HUVECs attachments with strong 

interactions. 

2.4 Conclusions 

In conclusion, based on the conducted experiments, results, and discussion, the surface 

interactions of HUVECs were measured extensively. The IW content of PMEA analogous 

polymers influences the HUVEC adhesion strength and the number of adhered HUVECs and 

platelets on each substrate. It can be said that PMEA achieves the best outcomes among the 

analogues, such as low platelet adhesion and adhesion strength, high HUVECs attachment, 

proliferation, and high adhesion strength at the initial time. It can be suggested that PMEA can be 
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used as a construction material to develop ASDBV because of its nonthrombigenic behavior and 

strong adhesion of endothelial cells. Finally, in this work, we examined the potential of PMEA for 

use in ASDBV at the initial stage, based on the interaction between the polymer interface and 

platelets and HUVEC. The cell behavior in the next stage, that is, monolayer formation of HUVEC 

on PMEA (HUVEC–HUVEC interaction) and the antithrombogenic property of the HUVEC 

monolayer (HUVEC–platelet interaction), will be reported in the next series of studies. 
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Supporting Information 

 of  

Cell adhesion strength indicates the antithrombogenicity of 

Poly(2-methoxyethyl acrylate) (PMEA): Potential candidate 

for artificial small-diameter blood vessel 

 
Figure. S1. HUVEC captured by tip-less cantilever TL-CONT (spring constant k = 0.2 N/m, Bruker) was 

treated with human fibronectin solution (1 mg/mL) for 20 min. 

 
Figure. S2. Platelet captured by tip-less cantilever TL-CONT (spring constant k = 0.2 N/m, 

Bruker) was treated with human fibronectin solution (1 mg/mL) for 10 min. (a) During capture, 

(b) After captured 
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Figure. S3. Force curve of HUVEC−polymer interaction for TCPS, PET, PBA, PMEA, PMC3A, 

and PMPC. (Set point: 2 nN, approach rate: 5.0 μm/s, holding time: 120 s, retraction time: 15 

μm/s). 
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Figure. S4. Force curve of platelet−polymer interaction for PET, PBA, PMEA, PMC3A, and 

PMPC. (Set point: 2 nN, approach rate: 1.0 μm/s, holding time: 10 s, retraction time: 5 μm/s). 
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Chapter 3 

Poly(2-methoxyethyl acrylate) (PMEA)-coated anti-platelet adhesive surfaces 

to mimic native blood vessels through HUVECs attachment, migration, and 

monolayer formation 
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Abstract:  

Confluent monolayers of human umbilical vein endothelial cells (HUVECs) on a poly(2-

methoxyethyl acrylate) (PMEA) antithrombogenic surface play a major role in mimicking the 

inner surface of native blood vessels. In this study, we extensively investigated the behavior of 

cell-polymer and cell-cell interactions by measuring adhesion strength using single-cell force 

spectroscopy. In addition, attachment and migration of HUVECs on PMEA-analogous substrates 

were detected, and the migration rate was estimated. Moreover, the bilateral migration of HU-

VECs between two adjacent surfaces was observed. Furthermore, the outer surface of HUVEC 

was examined using frequency-modulation atomic force microscopy (FM-AFM). Hydration was 

found to be an indication of a healthy glycocalyx layer. The results were compared with the 

hydration states of individual PMEA-analogous polymers to understand the adhesion mechanism 

between the cells and substrates in the interface region. HUVECs could attach and spread on the 

PMEA surface with stronger adhesion strength than self-adhesion strength, and migration occurred 

over the surface of analogue polymers. We confirmed that platelets could not adhere to HUVEC 

monolayers cultured on the PMEA surface. FM-AFM images revealed a hydration layer on the 

HUVEC surfaces, indicating the presence of components of the glycocalyx layer in the presence 

of intermediate water. Our findings show that PMEA can mimic original blood vessels through an 

antithrombogenic HUVEC monolayer and is thus suitable for the construction of artificial small-

diameter blood vessels. 

Keywords: poly(2-methoxyethyl acrylate) (PMEA); human umbilical vein endothelial cell (HU-

VEC); cell-cell interaction; cell adhesion strength; cell migration; frequency-modulation atomic 

force microscopy (FM-AFM); hydration; artificial small-diameter blood vessel 
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3.1 Introduction 

According to the World Health Organization (WHO), due to the rapid increase in 

cardiovascular diseases (CVDs) and the associated number of deaths, the 17.9 million deaths from 

CVDs in 2019 is estimated to increase to 23.6 million by 2030 1,2. Approximately 32% of total 

deaths worldwide are caused by the diverse categories of CVDs, such as coronary heart disease 

(CHD) and peripheral artery disease (PAD). Currently, researchers are focusing on obtaining the 

most suitable treatments for CVDs. To date, angioplasty, atherectomy, stent insertion, and bypass 

of the injured vessels are the most well-known treatments 3. Bypass of injured vessels is an 

effective treatment, and autologous saphenous vessels are generally selected; however, there is a 

risk of secondary trauma. Therefore, synthetic artificial vascular grafts can be suitable alternatives 

to autologous saphenous vessels. To date, polyethylene terephthalate (PET) and expanded 

polytetrafluoroethylene (ePTFE) have been used as synthetic grafts for large-diameter vessels; 

however, these grafts show poor patency for small-diameter blood vessels due to thrombus 

formation inside them 4. PET and ePTFE are unable to promote endothelialization and induce 

thrombosis and inflammation due to platelet and neutrophil activation5. Therefore, vascular graft 

diameter smaller than 6 mm showed high risk of thrombus formation. In addition, protein 

adsorption boosts up the platelet adhesion in surface induced clotting6.  

Many methods have been implemented to improve the surface of synthetic grafts through 

surface modification, new polymer development, and cell-substrate interaction investigation using 

mechanobiology assessments. Various surface modification techniques have been used to 

functionalize the substrate interface for cell attachment, growth, migration, rapid endothelization, 

and long-term anticoagulation7–9. Polymer coating is an effective approach to functionalize 

biomaterial surfaces. Functionalization with poly(ethylene glycol) and zwitterionic polymers, 
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including poly(2-methacryloyloxyethyl phosphorylcholine) (PMPC), suppresses biofilm 

formation, immune responses to biomaterial surfaces, and adhesion of platelets 10–16. Moreover, 

there are several approaches have been introducing to get the smart or responsive surfaces. 

Temperature-responsive grafted polymer brushes based on LCST opens opportunities for 

fabrication of responsive surfaces17. On the other hand, stimuli-responsive macromolecules 

significantly impacted new developments in polymeric coatings where surface shows 

responsiveness to bacterial attacks, ice or fog formation, anti-fouling properties, autonomous self-

cleaning and self-healing, or drug delivery systems18. 

A stable confluent endothelium lining may act as completely antithrombogenic surface. 

However, such an endothelial cells (ECs) layer does not form spontaneously at the surface of a 

vascular implant in humans in vivo. Subsequently, researcher has proposed pre-seeding of ECs or 

progenitor cells prior to implantation in order to increase the patency of synthetic vascular 

graft19,20. However, poor cells adhesion ability under flow condition indicates low compatibility21. 

Consequently, polymers with antifouling and antithrombogenic properties with strong endothelial 

cell attachment abilities are desirable for researchers to develop artificial small-diameter blood 

vessels (ASDBVs) that can mimic native blood vessels. 

In this regard, poly(2-methoxyethyl acrylate) (PMEA), an antithrombogenic synthetic 

polymer, is a suitable alternative to ePTFE and PET because of its intermediate water (IW, loosely 

bound water) content, which is a measure of biocompatibility and blood compatibility22,23. It was 

found that IW is present in natural biocompatible polymers such as DNA (and RNA), heparin, and 

chondroitin sulfate 24. PMEA is a US Food and Drug Administration (FDA)-approved 

biocompatible polymer used in artificial lungs, catheters, and stents as an antithrombogenic 

coating material. PMEA is a water insoluble and hydrophobic in nature. It makes thin film coatings 
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on substrates such as PET or others surface where coating need to be performed. When the 

biomaterials contact with the body fluids, the primary interaction happens on the biomaterials-

fluids interface at hydrated state; first, proteins are adsorbed and then denatured on the hydrated 

material surface. Cell adherent proteins adsorption depends on the wettability, polymer rich and 

poor region as well as microphase separation of a homopolymer at an interface. The amount and 

degree of denaturation of adsorbed proteins affect subsequent cell behavior, including cell 

adhesion, migration, proliferation, and differentiation. The modification in the chemical structure 

of PMEA shows distinct morphological and interaction behavior with blood component25,26. The 

polymer with similar chemical and structural properties of PMEA named as PMEA analogous 

polymer. Our recent investigation reveals PMEA-analogous polymers suppress platelet adhesion 

and the degree of suppression depends on the amount of IW present in each polymer 22,26. In 

particular, a polymer with high IW content (e.g., PMPC, IW = 11.11% w) suppresses platelets 

more effectively than a polymer with low IW content 27. However, PMPC does not allow the 

attachment of cells, proteins, or any other blood components on its surface. 

A monolayer of ECs can effectively protect surfaces from the adhesion of blood components 

(platelets, white blood cells, red blood cells, and proteins), thus suppressing platelet coagulation 

and thrombus formation 28. Alternatively, PMEA, a blood-compatible polymer, does not activate 

leukocytes, erythrocytes, or platelets, in vitro 22. Furthermore, because PMEA and analogous 

polymers promote the attachment of non-blood cells, they are believed to facilitate endothelization 

29. Therefore, endothelization over the polymer surface may play a major role in surface 

antithrombogenic properties. 

In recent years, the human umbilical vein endothelial cells (HUVEC) model is using to 

cardiovascular and clinical research as compared to animal models. In vitro HUVEC models have 
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been convenient to study platelet adhesion to the endothelium, endothelial dysfunctions, the 

potential effect of atherosclerosis in initial stages and atherosclerosis progression30,31. On the other 

hand, EC activation, migration, and proliferation responsible for the formation and organization 

of tubular structures to form new blood vessels through angiogenesis process32,33. Finally, HUVEC 

as a model to study the endothelium has greatly facilitated the study of cardiovascular disease. In 

contrast, the glycocalyx is a combination of a hydrated sugar-rich molecules (heparin sulfate, 

chondroitin sulfate, and hyaluronic acid) coating the surface of ECs lining the inside of blood 

vessels. Our previous study showed that promoting the glycocalyx of HUVECs with transforming 

growth factor-β1(TGF-β1) decreased platelet adhesion, while degrading the glycocalyx with 

heparinase I increased platelet adhesion. These results suggested that the glycocalyx of cultured 

HUVECs modulates platelet compatibility, and the amount of glycocalyx secreted by HUVECs 

depends on the chemical structure and cross-linker concentration of the scaffolds 34. Matrix 

stiffness is also known to affect the expression of the glycocalyx in cultured ECs 35. 

In the present study, we aim to find the best polymer from PMEA analogous polymers that 

can be used to construct artificial small diameter vascular graft as a coating material. For this 

purpose, the polymer should have fulfil the basic needs such as, antithrombogenic surface, good 

HUVECs attachment, growth, proleferation, migration, monolayer formation and strong adhesion 

strength to the surface. We used HUVECs to measure cell-cell and cell-substrate interactions using 

single-cell force spectroscopy (SCFS). We found a possible mechanism of HUVECs monolayer 

formation over a biocompatible polymer surface by comparing the strength of cell-cell and cell-

substrate interactions. We then evaluated the migration behavior of HUVECs on the PMEA 

polymer analogs. In addition, bilateral migration of HUVECs between two adjacent polymer 

surfaces was observed, indicating migration of HUVECs from native blood vessels to artificial 
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implants in vitro. Furthermore, a platelet adhesion test was performed on HUVECs monolayers 

cultured on PMEA and PET. Finally, the upper surface of a single HUVEC was investigated using 

frequency-modulation atomic force microscopy (FM-AFM) to determine the hydration states of 

the HUVEC surface to verify the expression of the glycocalyx layer as well as IW states. 

3.2 Materials and Methods 

3.2.1 Chemicals and materials 

Hydrophilized PET sheet (thickness = 120 m) was purchased from Mitsubishi Plastic Inc. 

(Tokyo, Japan). PMEA (Mn = 26.9 kg/mol, Mw/Mn = 2.73), poly(3-methoxypropyl acrylate) 

(PMC3A, Mn = 20.8 kg/mol, Mw/Mn = 3.83), and poly(n-butyl acrylate) (PBA, Mn = 62.8 kg/mol, 

Mw/Mn = 1.41) were synthesized as previously reported 26. Poly(n-butyl mathacrylate-co-2-

methacryloyloxyethyl phosphorylcholine) (BMA 70 mol%, MPC 30 mol%) (PMPC, Mw=600 

kg/mol) was a gift from the NOF Corporation, Japan. Tissue culture polystyrene (TCPS) was 

purchased from IWATA, Japan. The chemical structures of the polymers used in the present study 

are shown in Figure 3.1. Fibronectin was collected from Wako Pure Chemical Industries (Osaka, 

Japan). Platelet adhesion test was performed using human whole blood which was purchased from 

Tennessee Blood Services (Memphis, TN, USA). Human whole blood was collected from healthy 

doner and stored in a vacuum blood collection tube (Venoject II; Terumo Co., Tokyo, Japan) 

containing 3.2% sodium citrate as an anticoagulant. Blood was used within a week after collection. 

Blocking reagent was purchased from Nacalai Tesque (Kyoto, Japan). All other reagents and 

solvents were obtained from Kanto Chemical Co. (Tokyo, Japan). 
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Figure 3.1. Chemical structure of (A) polyethylene terephthalate (PET); (B) poly(n-butyl acrylate) 

(PBA); (C) poly(2-methoxyethyl acrylate) (PMEA); (D) poly(3-methoxypropyl acrylate) 

(PMC3A), and (E) poly(n-butyl mathacrylate-co-2-methacryloyloxyethyl phosphorylcholine) 

(BMA 70 mol%, MPC 30 mol%) (PMPC). 

3.2.2 Fabrication of polymer-coated substrates 

PET was used as a substrate for the polymer coating. Initially, the PET sheet was cut into a 

circular shape with a diameter of 14 mm using a hand press cutter and cleaned by washing with 

toluene. PMEA, PMC3A, and PBA were dissolved in toluene (0.5% w/v) to obtain the polymer 

solution. PMPC was dissolved in methanol at the same concentration. The PMEA analogous 

polymer solutions of 40 μLwere charged on the PET substrates for spin-coating using a Spin Coater 

(Mikasa MS-A100) at a constant speed of 3000 rpm for 40 s, ramped down for 4 s, and then dried 

for at least for 24 h in a vacuum dryer at 25 °C. Bare PET was used as the positive control and 

TCPS was used as the cell culture dish. The morphologies of the polymer-coated surfaces were 

observed by atomic force microscopy (AFM) and the thickness was estimated around 100 nm 

using transmission electron microscopy25,36. The surface roughness of all polymer coatings was 

almost the same within 10-20 nm. However, AFM observation showed that the interfacial 
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structures of the PMEA and PMC3A were highly ordered with homogeneous and compactly 

dispersed in nanometer scale, although the low-blood-compatible polymer PBA interface had 

irregular structure 25. 

3.2.3 Contact angle 

Contact angle measurements were conducted using milli Q water. Two methods (sessile drop 

and air bubble) were used to measure the contact angle values of PMEA analogues surfaces at 

25°C using a DropMaster DMo-501SA (Kyowa Interface Science Co., Tokyo, Japan (shown in 

Table 1). 1. Sessile drop method: 2 μL of water droplet was dropped on the polymer surface for 60 

s, and the contact angles were calculated from the photograph. On the captive bubble method, 

PMEA analogues substrates were immersed in Milli-Q water for 24 h. Then, 2 μL of air bubble 

was injected beneath the substrate surfaces located in water, and the contact angles were also 

measured using photographic images. Finally, the contact angle at 30s was counted as the contact 

angle of that substrate. 

 

 

 

 

 

 

 

 

 

 

Table 3.1: Contact angle* and water content of studied polymers 

Polymers  Contact angle [deg] 

Sessile water 

drops 

Captive air bubble IW 

 

(30 s) (30 s) 24 h (wt.%) 

PET 73.3 (±0.9) 125.5 (±2.2) 125.4 (±0.5) 0 

PBA 83.8 (±1.9) 126.7 (±2.8) 125.0 (±1.7) 0.31 

PMEA 44.3 (±2.1) 134.0 (±0.9) 132.9 (±1.8) 3.7 

PMC3A 52.1 (±0.5) 126.9 (±1.0) 127.8 (±0.7) 2.8 

PMPC 108.9 (±0.5) 152.4 (±2.9) 150.0 (±3.8) 11.11 

* 2 L water droplet in air (sessile drop) and 2 L air bubble in water 

(Captive bubble). The data represent the means ± SD (n = 5) 
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3.2.4 HUVECs culture 

ECs were solely used for all experiments described in this article. Commercially available 

HUVECs (Lonza, Cologne, Germany) were cultured under static cell culture conditions (37 °C, 

5% CO2) in polystyrene-based cell culture flasks. Cells were used for four to six passages and 

cultured in endothelial basal medium (EBM-2) supplemented with endothelial growth medium 

(EGM-2) Single Quots® kit and 2% fetal calf serum (FCS; Lonza). Before starting the experiments, 

cells were detached using 0.25% trypsin/EDTA solution (Thermo Fisher Scientific, Rockford, IL, 

USA) from the culture dish. Then HUVECs solution was centrifugated for 3 min at 1200 rpm to 

isolate HUVECs from the medium. Initial cell counting was performed using a hemocytometer to 

adjust the cell density. 

3.2.5 Cell attachment, proliferation, and immunocytochemical analysis 

Cell attachment and proliferation assays were performed using a 24-well plate (IWATA). The 

24-well plate was first coated with PMPC (0.5% w/v) and allowed to dry. The pre-coated polymer 

substrates were then fixed onto the 24-well plate using glue on the back side of each substrate and 

cured under UV light for 30 min. Phosphate-buffered saline (PBS) was then added to the wells and 

incubated for 1 h at 37 °C. Afterwards, culture media were added and incubated for another hour 

at 37 °C. HUVECs were seeded on the substrates at 1 x 104 cells/cm2 in serum-containing media 

and allowed to adhere and proliferate on the surface of the substrates for 1 h, 1 day, or 3 days. After 

cultivation at these specific time intervals, the cells were analyzed using ImageJ software (version 

1.53C; National Institutes of Health, Bethesda, MD, USA). 

In addition, before starting the immunocytochemical analysis the prepared substrates were 

preconditioned, as in the cell attachment and proliferation assays. HUVECs were seeded (5 × 103 

cells/cm2) on polymer-coated PET substrates and incubated for 1, 24, or 72 h. After culturing for 
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specific times, the cells were fixed using preheated (37 °C) 4% (w/v) paraformaldehyde (Fujifilm 

Wako Pure Chemical Co., Ltd., Osaka, Japan) and stored outside for 10 min. Thereafter, 1% (v/v) 

Triton X-100 (Fujifilm Wako Pure Chemicals Co., Ltd.) in PBS (−) was added to increase plasma 

membrane permeability. After washing, the sections were blocked for 30 min. Then the substrates 

were stained with mouse monoclonal anti-human vinculin antibody (VIN-11-5; Sigma-Aldrich, 

St. Louis, MO, USA) (1:200) diluted in PBS (−) for 90 min at room temperature (RT), and 

subsequently stained with Alexa Fluor 568-conjugated anti-mouse immunoglobulin G (IgG) (H + 

L) antibody (1:1000 dilution), Alexa Fluor 488-conjugated phalloidin (1:1000 diluted), and 4,6-

diamidino-2-phenylindole (DAPI, 1:1000 dilution) (all from Thermo Fisher Scientific, Waltham, 

MA, USA), all diluted in 10% blocking solution in PBS, treated for 1 h at RT. After performing 

these steps, stained cells were fixed on glass slides. Fluorescence photographs were taken using a 

confocal laser-scanning microscope (CLSM) (FV-3000; Olympus, Tokyo, Japan). The HUVEC 

morphology were quantitatively assessed using ImageJ. 

3.2.6 HUVECs migration analysis 

HUVECs migration analyses were executed in six-well plates. Initially, one half of the PET 

substrate (φ = 30 mm) was coated with a PMEA-analogous polymer and the other half was exposed 

to bare PET. First, HUVECs were cultured on all studied substrates placed into six-well plates with 

seeding density 1 × 104 cells/cm2 and incubated at 37 °C until full confluency. After confluency, 

the cell monolayer surface was scratched using a 4 mm wide rubber cell scraper in the PET-

polymer interface region and kept in incubator for migration. Finally, cell migration towards the 

scratched area was observed at 0, 24, and 48 h of scratching, and time-laps images were taken 

using a phase-contrast microscope. The migrated area was quantified using ImageJ software and 

denoted as A0−At, where A0 is the initial area before migration, and At is the area at the certain time 
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t (i.e., o, 24, or 48 h). The migration rate was then plotted against the types of substrates where 

migration happened. 

 

Figure 3.2. Schematic representation of the HUVECs migration rate measurements and 

observation of HUVECs migration through the coated polymer-PET interface. 

3.2.7. HUVEC-PMEA and HUVEC-HUVEC interaction determined by SCFS 

Prior to the HUVEC-PMEA interaction measurement, the PMEA-coated substrates were 

placed under UV light for 30 min and then poured the PBS and placed in incubator for 1 h at 37 °C. 

Subsequently, EGM-2 medium was added to the substrate and freshly detached cells (five to six 

passages) were injected into it. In addition, the tipless cantilever named TL-CONT (spring constant 

k = 0.2 N/m; Bruker, Billerica, MA, USA) was coated with fibronectin solution (1 mg/mL)and 

kept for around 20 min to dry. Then a single HUVEC was captured with a tipless cantilever for 10 

min with set point: 2 nN. The force-distance curves between the cells and the substrates were 

measured using an AFM (CellHesion JPK; Bruker) equipped with a tipless cantilever (set point: 2 
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nN, approaching rate: 5.0 μm/s, holding time: 120 s, retraction rate: 15 μm/s). The value of set 

point for the measurement of HUVEC adhesion strength was used from our previous report where 

the relationship between the set points and the cell adhesion strength of HeLa cells were evaluated  

37. In this investigation, the maximum force for cell detachment from the substrate is denoted as 

adhesion force, which is indicated in lowest point of retraction curve. Adhesion work was 

estimated as the amount of work required to detach the cell from the substrate, corresponding to 

the area enclosed by the baseline and retraction curve 38. The same experimental conditions were 

used to determine HUVEC-HUVEC interactions. The only exception was that HUVECs were 

cultured on both the PMEA-coated PET substrate and TCPS. HUVEC adhesion strength was 

measured on the attached HUVECs using the same procedure as described earlier in this section. 

3.2.8 Platelet adhesion test on cultured HUVECs monolayer 

The platelet adhesion test was performed under static conditions as previously described 

22,34,39. In brief, fresh blood was centrifuged at 400 ×g for 5 min to obtain platelet-rich plasma 

(PRP), and the remaining blood was centrifuged at 2500 ×g for 10 min to obtain platelet-poor 

plasma (PPP). The platelet concentration was determined using a hemocytometer. Cell density (4 

x 107 cells /cm2) was adjusted by mixing PPP and PRP. Prior to this experiment, HUVECs were 

cultured on the PMEA-coated and bare PET substrates. Before loading the platelet suspension, the 

cultured HUVECs layer was washed with PBS (−). Then, 450 μL of platelet suspension was loaded 

onto HUVECs proliferated on the confluent layer and incubated for 1 h at 37 °C. After 1 h of 

incubation, the weakly adhered platelets were rinsed three times with PBS. Adhered platelets were 

then fixed using 1% glutaraldehyde for 2 h at 37 °C. After this period, samples were rinsed with 

PBS, 50% PBS, and Milli-Q water. Finally, the samples were dried at RT for 1-2 days before being 

subjected to sputter gold coating for scanning electron microscopy (SEM) observation. Then, the 
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number of adhered platelets was counted from SEM image using ImageJ software (n=15 of each 

substrate).  

3.2.9 FM-AFM of single HUVEC surface 

FM-AFM was conducted using an SPM-8100FM (Shimadzu Co., Kyoto, Japan) in water at 

23 °C. A PPP-NCHAuD cantilever (typical spring constant, k = 42 N/m, NanoWorld AG, 

Neuchâtel, Switzerland) was used. The resonance frequency in water was approximately 140 kHz, 

and the scan in the z-direction was performed with a force limit of 2.5 V which corresponds to a 

frequency shift of approximately 500 Hz. The amplitude of the cantilever oscillation was 

maintained constant at approximately 2 nm. 

3.2.10 Statistical analyses 

At least three independent trials data were used in calculation of mean ± standard deviation 

(SD). The significance differences were assessed using one-way analysis of variance (ANOVA) 

(Tukey-Kramer multiple comparison test) of Origin Pro (version 2019b; OriginLab Co., 

Northampton, MA, USA). P < 0.05 was set to evaluate statistical significance. 

3.3 Results and Discussion 

3.3.1 HUVECs cultured on PMEA-analogous polymers 

The formation of confluent EC monolayers on implanted materials has been identified as a 

method to avoid thrombus formation 28,40. PMEA polymer analogs (PMEA, PMC3A, and PBA) 

and PMPC were coated on PET substrates to culture HUVECs and investigate HUVECs adhesion 

ability. The physical properties of studied polymer have shown in Table 3.1. HUVECs attachment 

ability depends on the surface type, morphology, and biomechanical interaction in the interface. In 

our previous study, we have mentioned the surface morphology of our studied polymer by AFM 

observation25. Figure 3.3 shows the phase-contrast micrographs of the sub-confluent to confluent 
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layer of HUVECs attached to the PMEA polymers at 120 h. Bare PET and PMPC were used as the 

positive and negative controls, respectively. It was found that HUVECs can attach to PMEA 

polymer analogs and form a confluent monolayer. This confirms our previous findings that ECs 

can attach, proliferate, and form a layer on PMEA-coated surfaces compared with other analogous 

polymers. The proliferation of HUVECs on the various substrates decreased in the following order: 

TCPS > PET≈ PMEA > PMC3A≈PBA > PMPC. No considerable number of HUVECs was found 

on PMPC at 120 h. HUVECs could not survive on PMPC because of their strong antithrombogenic 

properties. These results agree with those of our previous study in which HUVECs and aorta 

smooth muscle cells (AoSMCs) were cultured on PET, PMEA, and PMPC 41. 

The different attachment behaviors of HUVECs on PMEA-analogous polymers depend on the 

hydration state, surface morphology, and stiffness of each polymer 35,40,42. Generally, cells adhere 

to a polymeric surface via cell-binding proteins, such as fibronectin or fibrinogen, through integrin 

43. HUVECs are more likely to adhere to fibronectin than fibrinogen through the RGD sequence, 

which is a universal binding site 44. It has been proven that cells can attach to PMEA in an integrin-

dependent and-independent manner through direct interaction between the cell membrane and the 

polymer interface 45. In this study, we found a more confluent HUVECs monolayer on PMEA-

coated substrates than on other analogous polymers. This can be attributed to the selective protein 

adsorption and integrin-independent and -dependent adhesion mechanism of PMEA, which is 

regulated by the IW content 41. 
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Figure 3.3. Phase-contrast micrographs of the HUVECs cultured for 120 h on PMEA-analogous 

polymers and on TCPS, PET, and PMPC as controls (scale bar = 200 m). 

3.3.2 Possible mechanism of HUVECs monolayer formation on PMEA (cell-cell interaction) 

The initial interactions between individual HUVECs cultured on the PMEA surface were 

measured using the SCFS. Figure 3.4 shows the HUVEC adhesion strength in nN, measured at 

three different places of the attached HUVEC on PMEA. We found that the adhesion strength was 

highest in the external cellular matrix (ECM) of the attached single HUVEC, lower on arbitrary 

positions of the monolayer, and lowest on the top of the cell where the nucleus is present. 

Therefore, variation in interaction strength can occur because of the concentration of adhesion 

proteins in the serum medium. Previous studies have shown that cell adhesion on PMEA in serum-

free medium is similar to that on serum-containing medium45. In contrast, the adhesion energy 

differed among the various interaction locations of the attached HUVEC, which may be due to the 

dissimilar surface interaction area and number of focal adhesion points. 
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Figure 3.4. Cell-cell interaction strength measured in three positions (ECM, arbitrary point of 

confluent layer, top of nucleus) of confluent HUVECs monolayer. The data represent the mean ± 

SD (n = 4). 

In contrast, intercellular adhesion plays a major role in tissue development and homeostasis 

46. Sancho et al. measured the cell adhesion forces of HUVECs on substrates in well-attached 

individual cells and monolayers. In the present study, we measured and compared the initial 

HUVEC adhesion strength between HUVEC-PMEA and HUVEC-HUVEC, where the HUVECs 

were cultured on both TCPS and PMEA surfaces, as shown in Figure 3.5. The average HUVEC-

HUVEC interaction strength was calculated, as shown in Figure 3.4, and results revealed that there 

is no effect of culture substrates on cell-cell interaction strength. However, the HUVEC-PMEA 

adhesion strength was much higher than the cell-cell interaction. Therefore, initially, HUVECs 

seem to be more involved in attachment to the substrates than individual cells, even though a few 

portions of seeded cells were in a tri-dimensional (3D) aggregated form. After seeding, the cells 

spread and formed a two-dimensional (2D) layer. Therefore, the initial cell adhesion strength is a 

measure of monolayer formation. This result shows that the measurement of cell adhesion strength 

is vital for the development of endothelial monolayers for the construction of ASDBV. In addition, 
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ECs forming the inner wall of every blood vessel are constantly exposed to the mechanical forces 

generated by blood flow 47. If the cell-substrate interaction is not sufficient to resist the force 

exerted by blood flow, then no cell can be attached or migrated to form a confluent layer of cells. 

Therefore, EC responses to these hemodynamic forces and interaction strength play a critical role 

in the homeostasis of the circulatory system in the development of ASDBV. 

 

Figure 3.5. Comparison of HUVEC adhesion strength between cell-PMEA, cell-cell cultured on 

TCPS, and cell-cell cultured on PMEA. The data represent the mean ± SD (n > 4). 

3.3.3 HUVECs migration analysis 

HUVECs migration analysis was performed to evaluate the migration ability of HUVECs on 

the different polymeric surfaces. Figure 6 shows the HUVECs migration analysis on the PMEA, 

PMC3A, PBA, and PET. The left side of each substrate was coated on the polymer side, and the 

right side was always bare PET. The white dotted line in each image indicates the interface between 

the PMEA-analogous and bare PET. The migration time was recorded from 0 to 48 h using a time-

lapse microscope. The red dotted line indicates the area occupied by HUVECs before and after 

migration at the various time intervals. In Figure 3.2, we demonstrated the HUVECs migration 

procedure, in which the layer of HUVECs was scratched in both the vertical and horizontal 

directions. After migration, five locations were selected for each substrate to calculate the 
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migration rate. From Figure 3.6, we can see those cultured monolayers of HUVECs were 

scratched using a rubber scraper to set the initial area of cultured HUVECs on PMEA-analogous 

polymer and PET surfaces. Then, images were taken every hour for 48 h. 

 

Figure 3.6. HUVECs migration analysis on PMEA, PMC3A, PBA, and PET (scale bar = 500 m). 

The white dotted line indicates the interface between PMEA-analogous polymers and bare PET. 

Migration was recorded from 0 to 48 h. The red dotted line indicates the HUVECs occupied area 

before and after migration. 

3.3.4 Observation of cell migration between surfaces 

In addition, we observed HUVECs migration between the surfaces through the interface. 

Focusing on the interface (white dotted line) of each polymer, we identified the migration of 

HUVECs from the bare PET side to the PMEA side through the interface. The migration is marked 

by a red rectangle in Figure 3.7, and it increased with time. Furthermore, we calculated the 

HUVECS migration rate for all the substrates from the newly covered area after migration. We 

found that the migration rates were slightly different, although the differences were not statistically 
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significant (Figure 8). However, PMEA showed the highest averaged migration rate among all 

samples. 

The most vital task of ECs is to protect the vascular system through the formation of a 

antithrombogenic monolayer that is periodically renewed to maintain proper endothelial functions 

48,49. To treat CVDs, after the implementation of cardiovascular devices or artificial blood vessels, 

the capacity to migrate ECs toward injured or foreign surfaces is crucial. Endothelization and 

migration of HUVECs are influenced by many factors, including the physical and chemical 

properties of polymers, surface characteristics, and adhesion of binding proteins on specific 

polymeric substrates. In the present study, PMEA analogs showed similar migration behavior, 

although PMEA-analogous polymers have dissimilar wet abilities, surface characteristics, and 

binding protein adsorption abilities, as already known from our previous study. These effects did 

not affect the migration rate of HUVECs. In addition, migration from the bare PET to the PMEA 

side confirmed the mimetic behavior of native blood vessels. 
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Figure 3.7. Observation of HUVECs migration between the substrate surfaces (scale bar = 500 

m). Time laps imaging confirmed the HUVECs migration from PET to polymers through the 

interface of PMEA-PET, PMC3A-PET, and PBA-PET. Migration was recorded from 0 to 48 h. 

 

Figure 3.8. (a) Migration area (b) migration rate on PMEA-analogous polymers and bare PET. 

The data represent the mean ± SD (n = 5). P < 0.05 was used to define statistical significance. 
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3.3.5 Platelet adhesion on HUVECs monolayer cultured on polymers film 

The biocompatibility and antithrombogenic behavior of PMEA-analogous polymers have 

already been studied based on different factors such as contact angle, protein adsorption, surface 

roughness, polymer chain length, platelet adhesion behavior, and IW content of each polymer. In 

the present study, we limited our investigation to only PMEA and PET because of the results of 

previous platelet adhesion tests under static conditions. PMEA showed an antithrombogenic 

surface compared with PET, where more platelets were adhered. In contrast, there is no significant 

study on platelet adhesion on a HUVECs monolayer that acts as an internal antithrombogenic 

surface of real blood vessels. 

Figure 9 shows confocal images from the immunocytochemical analysis of HUVECs cultured 

on PMEA and PET. These CLSM images reveal that a similar type of HUVECs monolayer was 

formed on PET and PMEA. In addition, the shape of adhered HUVECs was comparable in both 

substrates. In our previous study we found that cell adhesion depends on the integrin-mediated 

binding protein adhesion to the specific surface, known as integrin-dependent adhesion 45. 

However, cells can adhere to PMEA through direct physicochemical contact (integrin-independent 

contact) and via integrin-dependent adhesion. Furthermore, the HUVEC adhesion strength on 

PMEA was similar to that on PET. If the PET-based artificial vascular graft needs to be replaced 

because of thrombus formation after implementation, PMEA seems to offer the best alternative 

due to its proven antithrombogenicity. We observed that the number of platelets was much higher 

on bare PET (Figure 3.10 a) than bare PMEA (Figure 3.10 e), which agrees with our previous 

studies23,41,50. In contrast, few adhered platelets were found on the HUVECs monolayer on PET 

(Figure 10 b-d), and this was lower than in the bare PET. However, no significant number of 

platelets was found on the surfaces of HUVECs cultured on PMEA (Figure 3.10 f-h). Therefore, 
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PMEA seems to keep its antithrombogenic activity before and after HUVECs monolayer formation 

on PMEA. The summary of platelet adhesion test has shown in Figure 3.10 (i). This 

antithrombogenic property of HUVECs monolayer on PMEA is essential information for the 

construction of ASDBVs. Further investigations are still needed in blood flow conditions, 

including in vivo experiments, for additional confirmation of this antithrombogenic property of 

PMEA. 

 

Figure 3.9. CLSM images of HUVECs cultured on PET and PMEA-coated surface. Blue: Cell 

nuclei; green: vinculin; red: actin fiber. 
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Figure 3.10. SEM image of (a) bare PET; (b) HUVEC monolayer on PET (scale bar = 50 m); 

(c) and (d) HUVEC monolayer on PET (scale bar = 20 m); (e) bare PMEA; (f) HUVEC 

monolayer on PMEA (scale bar = 50 m); and (g) and (h) HUVEC monolayer on PMEA (scale 

bar = 20 m). (i) Number of adhered platelets counted from SEM images. The data represent the 

means ± SD, n=15, **p < 0.05; *p < 0.01)  
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3.3.6 FM-AFM of HUVECs surface 

To investigate the antithrombogenic activity of the HUVEC monolayer on PMEA from the 

hydration state perspective, FM-AFM was performed. Figure 3.11 shows the results of the FM-

AFM (z–x scan) on the HUVEC/PBS interface. The repulsive layer observed is marked in blue 

and white, demonstrating the degree of frequency shift. This repulsive layer may be attributed to 

the glycocalyx, which is composed of a hydrated sugar-rich layer. Our previous work demonstrated 

that such a hydrated polymer layer could contribute to the antithrombogenicity of the surfaces 51. 

The repulsive layer on HUVEC was thicker than 10 nm. This is thicker than that observed on the 

PMEA spin-coated surface (approximately 5 nm) and thinner than that on the PMPC spin-coated 

surface (approximately 20 nm) on PET (see Supporting Information). Thus, the FM-AFM results 

corroborated the high antithrombogenic activity of the HUVEC monolayer on PMEA, as well as 

the platelet adhesion test results. 

 

Figure 3.11. FM-AFM z-scan image on the HUVEC/PBS interface, PMEA/PBS and PMPC/PBS 

interface respectively. 
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3.4 Conclusions 

In conclusion, the comparison study of HUVEC-substrate and HUVEC-HUVEC adhesion 

strength revealed the mechanism of HUVECs monolayer formation on PMEA-coated substrates. 

HUVECs attachment, proliferation, and migration indicated the blood compatibility of PMEA as 

a coating material. HUVECs migration from bare PET to the PMEA-coated side is a sign of cell 

migration from the native blood vessel to the artificial graft. In addition, the HUVECs monolayers 

effectively suppressed platelet adhesion. Finally, the FM-AFM observation of the hydration layer 

of HUVECs may be attributed to the presence of the glycocalyx layer. A healthy glycocalyx 

contributes to the antithrombogenic property of the PMEA-coated surface. Based on our results, a 

confluent monolayer of HUVECs can prevent platelet adsorption. Therefore, the PMEA coating 

can mimic the native blood vessel and can be used as a construction material for the development 

of ASDBVs for the antithrombogenic and confluent monolayer formation of ECs. 
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Chapter 4 

Endothelial cell adhesion, proliferation, and cytoskeleton on grafted polymer 

surfaces of poly(2-methoxyethyl acrylate) (PMEA) analogs 
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Abstract: 

Cell attachment behavior on biocompatible polymer brush surfaces is more reliable than the 

coating methods. In this study, we have investigated the HUVECs attachment ability, proliferation, 

and growth on grafted PMEA analogous brush system and bare gold surfaces. 

Immunocytochemical analysis represents the cell morphology such as cell area, circularity, aspect 

ratio and number of focal adhesions. In addition, HUVECs adhesion strength also measured. It 

was found that the polymer brush system increases the cell adhesion strength for some PMEA 

analogues compared to coating. We found that the elevation of adhesion strength comes due to the 

controlled height and grafting density ( =0.1 chain/nm2) of brush system and more focal adhesion 

formation of attached cells. Therefore, it can be said that polymer brush is an alternative of polymer 

coating in order to use it as a blood contacting surface.  

Keywords: PMEA; HUVEC; Polymer brush, Cell adhesion strength 
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4.1 Introduction 

Small-diameter artificial blood vessels with inner diameters of smaller than 6 mm have not 

been used widely because of early thrombus formation, graft occlusion and low patency rate1–4. 

To date, it is in developing stage and researchers are trying to overcome the limitations by 

incorporating different techniques and strategies.  To develop small-diameter artificial blood 

vessels with anti-thrombus property and long-term patency, one of the promising approaches is 

endothelialization of the lumen by surface modification approaches of tissue engineering 

scaffolds5. Among of many approaches, biocompatible polymer coating has been widely used as 

an antithrombogenic coating on various sophisticated medical devices such as artificial hearts and 

lungs, stents, catheters, and dialyzers etc6–9. However, the conventional polymer coating methods, 

such as spin coating have not yet reached in technological maturity because of some limitations. 

Therefore, the perfect coating should satisfy many requirements: such as even surface thickness, 

surface roughness, long-term stability, high effectiveness, durability, biocompatibility, large-scale 

applicability, platelet adhesion suppuration, strong adhesion of endothelial cells and more.   

Similarly, modification of the biochemical surface properties by polymer coating is one of 

the most common methods of improving endothelial cell adhesion on polymer surfaces10. Coating 

polymer surfaces with proteins, such as fibronectin and collagen, has been reported to promote 

cellular adhesion and proliferation. Fibronectin enhances adhesion at cell boundaries, whereas 

collagen produces extracellular matrix contacts11,12.  

Poly(2-methoxyethyl acrylate) (PMEA) is a water-insoluble homopolymer which is 

identified as a promising biocompatible and blood-compatible polymer by FDA. PMEA is easily 

synthesized, low toxic and suppresses protein adsorption and denaturation, platelet adhesion, and 

activation13. In addition, PMEA showed integrin dependent and independent cell adhesion 
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ability14.  Our earlier report showed three types of water named 1) free water (scarcely bound 

water), 2) freezing-bound water (loosely bound water, intermediate water; IW), and 3) non-

freezing water (tightly bound water) interacting with PMEA15 . It was observed that an adhesion 

of blood component such as serum protein and platelet on PMEA analogs are inhibited with 

increasing of IW of PMEA and its analogs16. Furthermore, our group recently reported the 

observation of the interface of PMEA analogous and phosphate-buffered saline (PBS) using 

atomic force microscopy (AFM). This result revealed that spontaneous and homogeneous 

nanometer-scale protrusions appeared at the interface of PMEA which indicates the nanometer-

scale phase-separated structures at the interface with water or PBS17. This kind of phase- separated 

structures suppressed fibrinogen adsorption as well as platelet adhesion, especially on the water-

rich region. Ueda et al. showed that grafting density of PMEA affects the interfacial structure and 

plays an important role in the blood compatibility of the material. On the other hand, it has been 

revealed that PMEA surface can adsorb cell adhesion protein such as fibronectin which can 

increase the cell adhesion ability18.  In contrast, there is not enough research on endothelial cell 

adhesion on polymer grafted system of PMEA analogs. In order to construct the small diameter 

blood vessel or vascular graft, endothelial cell adhesion behavior need be investigated on 

biocompatible polymer grafted systems.  

Endothelial cell seeding on polymeric surface is an effective method of preventing 

thromboembolism on surfaces of cardio-vascular implants and medical devices because 

endothelial cells resist proteins adsorption that suppress platelet adhesion and fibrin formation19–

22. Seeding of artificial vascular graft with endothelial cells before implantation significantly 

increases graft patency and survival11,23,24. From this point of view, studies in human umbilical 

vein endothelial cells (HUVECs) have been acknowledged as a suitable model for research on 



Page | 137  

 

human endothelium. HUVECs are an excellent model for the study of vascular endothelium 

properties and the main biological pathways involved in endothelium function25.  

In this study, we have used thiol terminated PMEA analogous polymers to graft them onto 

gold substrates. PMEA analogous polymers were grafted with fixed grafting density (=0.1 

chain/nm2) investigate the HUVECs adhesion behavior such as number of attached cells, cell area, 

circularity, aspect ratio, and cell adhesion strength on it at serum condition. According to our recent 

report on AFM measurement of the gPMEA/water interfaces, in-plane phase separation of the 

polymer surfaces developed gradually as polymer-rich and polymer-poor domains in hydrate 

condition. We are hoping that this phase separated surface will regulate the HUVECs adhesion 

capacity towards construction of small-diameter blood vessel. 

4.2 Materials and Methods  

4.2.1 Synthesis of grafted PMEA analogous polymer substrate 

The polymer-grafted layers of poly(2-methoxyethyl acrylate) (gPMEA), poly(3-

methoxypropylacrylate) (gPMC3A), poly(n-butyl acrylate) (gPBA), and poly(2-

methoxyethylmethacrylate) (gPMEMA) were prepared involving S-Au interactions on the gold 

surfaces i.e., Au-sputtered (thickness≈10 nm) glass wafers (d=14 mm) for HUVECs attachment 

assay and adhesion strength measurements. The polymer-grafted surfaces were prepared by 

grafting-to method described previously26–28. We have recently reported that the biocompatibility 

of gPMEA was significantly affected by the grafting density and showed the highest performance 

at approximately 0.1 chains nm−2 28. So, the all samples in this work were prepared to be the 

grafting density of 0.1 chains nm−2. The grafting densities were confirmed by quartz crystalline 

microbalance method. The chain length of polymers was adjusted as almost same as PMEA. The 

details of the synthesis, and polymer properties are provided in the Supplementary material in the 
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previous work28,29.  The molecular weight (Mn), molecular weight distribution (Mw/Mn), and 

grafting density (σ) of each prepared polymer-grafted surface are listed in Table 1 

4.2.2 Immobilization of PMEA analogous-SH on gold surface 

The thiol-terminated PMEA analogous polymer (PMEA-SH, PMC3A-SH, PBA-SH and 

PMEMA-SH) was immobilized on the gold coated glass substrates. First, the glass wafers were 

cleaned with methanol by sonication for 10 minutes then coated with Titanium (Ti) and Gold 

respectively by using vacuum depositor. After that the gold coated glass substrates were cleaned 

with UV O3/O2 and then immersed in the thiol terminated PMEA analogous polymer solutions as 

listed in Table 1. The grafting density (σ) was controlled by the reaction time (Table 1) during the 

grafting process. After the reaction occurred, the samples were washed with acetone and methanol 

respectively at least five times, blow-dried in air, and placed under conditions of relative humidity 

<10%. 

Table 4.1. Immobilization of thiol terminated PMEA analogous polymer  

Polymer Mn/g mol-1 Mw/Mn Grafting 

density 

(=chain

s/nm2) 

Solvent Conc. 

(M) 

Temperature 

(˚C) 

Time 

(Min) 

PMEA 38,000 1.17 0.1 MeOH 1 Room temp 

(25) 

20 

PMC3A 42,000 1.19 MeOH 10 40 30 

PBA 38,000 1.07 MeOH: 

EtOH=1:1 

10 40 60 

PMEMA 40,000 1.15 MeOH: 

Water=9:1 

10 Room temp 

(25) 

30 

 

4.2.3 Endothelial cell culture on grafted polymers 

Endothelial cells were used for all experiments described in this article. Commercially 

available human umbilical vein endothelial cells (HUVEC, Lonza, Cologne, Germany) were 

cultured under static cell culture conditions (37 ℃, 5 vol% CO2) in polystyrene-based cell culture 

flasks. Cells were used for 4 to 6 passages and cultured in endothelial basal medium (EBM-2) 
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supplemented with endothelial growth medium (EGM-2) Single Quots® kit and 2 vol% FCS 

(Lonza, Cologne, Germany). Prior to the experiments, 0.25% trypsin/EDTA solution (Thermo 

Fisher Scientific, Rockford, IL, USA) was used to detach the cells from the culture dish. The 

HUVECs solution was centrifuged at 1200 rpm for 3 min to isolate HUVECs from the old medium. 

Quantification of initial cell number was performed using a haemocytometer to adjust the cell 

density.  

4.2.4 Cell attachment and proliferation assay  

Cell attachment and proliferation assays were performed using 24 well plate (IWATA, Japan). 

Initially, the 24 well plate was coated with PMPC (0.5 wt/vol%) and stored for drying. The thiol 

terminated PMEA analogous polymer substrate were thereafter placed in 24 well plate. The 

substrates were then cured under ultraviolet (UV) light for 30 min. Phosphate-Buffered Saline 

(PBS) was then added to the well and stored it in incubator for 1 h at 37 °C. Afterwards, culture 

media were added and incubated under the same conditions for another 1 h at 37 °C. HUVECs 

were seeded on the substrates at 1 x 104 cells/cm2 in serum-containing media and allowed to adhere 

and proliferate on the surface of the substrates for 1 h, 1 day and 3 days. After cell cultivation, at 

specific time intervals, the cells were fixed with 4% paraformaldehyde (Fujifilm Wako Pure 

Chemical Corporation, Osaka, Japan) and image was captured using microscope. The number of 

cells were counted using ImageJ software (version 1.53C, Bethesda, MD, USA). 

4.2.5 Immunostaining Assessment of Cell Morphology  

Before starting the experiment, the prepared substrates were preconditioned, as in the cell 

attachment and proliferation assays. HUVECs (1 × 104 cells/cm2) were thereafter seeded on the 

grafted substrate (φ = 14 mm) and incubated for 1, 24, and 72 h. After culturing for specific times, 

the cells were fixed using preheated (37 ˚C) 4% (w/v) paraformaldehyde (Fujifilm Wako Pure 
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Chemical Corporation, Osaka, Japan) and stored outside for 10 min. Thereafter, 1% (v/v) Triton 

X-100 (Fujifilm Wako Pure Chemicals Co., Ltd., Osaka, Japan) in PBS (−) was added to increase 

plasma membrane permeability. After washing, the sections were blocked for 30 min. The 

substrates were thereafter treated with mouse monoclonal anti-human vinculin antibody (VIN-11-

5; Sigma-Aldrich, St. Louis, MO, USA)(1:200) diluted in PBS (−) for 90 min at room temperature, 

and subsequently treated with Alexa Fluor 568-conjugated anti-mouse IgG (H + L) 

antibody(1:1000 dilution), Alexa Fluor 488-conjugated phalloidin (1:1000 diluted), DAPI (4,6-

diamidino-2-phenylindole (1:1000 diluted)) (all from Thermo Fisher Scientific, Waltham, MA, 

USA), and all diluted in 10% blocking solution in PBS, treated for 1 h at room temperature. After 

performing these steps, stained cells were fixed on glass slides. Fluorescence images were captured 

using a confocal laser scanning microscope (CLSM) (FV-3000; Olympus, Tokyo, Japan). The cell 

area and circularity were evaluated quantitatively using ImageJ software (version 1.53C, Bethesda, 

MD, USA). 

4.2.6 HUVECs- polymer brush surface interaction by SCFS 

The thiol terminated PMEA analogous polymer substrates were exposed under UV for 30 min 

and thereafter incubated with PBS for 1 h at 37 °C. Subsequently, EGM-2 medium was added to 

the substrate and freshly detached cells (passage: 5–6) were injected. In contrast, the tip-less 

cantilever TL-CONT (spring constant k = 0.2 N/m, Bruker) was treated with human fibronectin 

solution (1 mg/mL) for 20 min. A single HUVEC was captured with a tipless cantilever for 10 min 

of holding time (set point: 2 nN). The force curves between the cell and the substrate were recorded 

using an atomic force microscope AFM (CellHesion, JPK) equipped with a cell-attached tipless 

cantilever (set point: 2 nN, approach rate: 5.0 μm/s, holding time: 120 s, retraction time: 15 μm/s). 

The adhesion force was defined as the maximum force for the detachment of the cell from the 
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substrate, corresponding to the force at the minimum point of the retraction curve. Adhesion work 

was estimated as the amount of work required to detach the cell from the substrate, corresponding 

to the area enclosed by the baseline and retraction curve30. 

4.2.7 Cell Area, Circularity and Aspect Ratio Calculation. 

The cell length, width, spreading area, and perimeter were measured optically using ImageJ, 

cell circularity and aspect ratio were calculated as the following equation 

𝐶𝑖𝑟𝑐𝑢𝑙𝑎𝑟𝑖𝑡𝑦 =
4 + spreading area

(perimeter)2       (1) 

𝐴𝑠𝑝𝑒𝑐𝑡 𝑟𝑎𝑡𝑖𝑜 =
𝐿𝑐𝑒𝑙𝑙

𝑊𝑐𝑒𝑙𝑙
        (2) 

Where, Lcell and WCell are the cell length and width, respectively. 

4.2.8 Statistical analysis 

Data are expressed as mean ± standard deviation (SD) of at least three independent trials. The 

significance of the differences between the means of the individual groups was assessed by one-

way analysis of variance followed by the Tukey–Kramer multiple comparison test using Origin 

Pro ver. 2019b (Northampton, MA, USA). Statistical significance was set at p < 0.05. Curve fitting 

was performed using the Origin Pro ver. 2019b (Northampton, MA, USA). 

4.3 Results and Discussion 

4.3.1 Cell attachment behavior on polymer grafted surface 

In the field of artificial vascular graft designing and improving, the capacity for endothelial 

cell attachment, proliferation and other quantitative and qualitative analyses are considered as 

significant factors. Cultivation of HUVECs was performed on bare gold, gPMEA, gPMC3A, 

gPBA and gPMEMA respectively. The number of attached HUVECs on them at 1, 24, and 72 h 

were presented in Figure 4.1. These results show that the HUVECs densities on the grafted PMEA 
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analogous are different from each other. The seeding density was 1104 cells/ cm2. We found, 

HUVECs attached around 55% on bare gold, 70% on gPMEA, 40% on gPMC3A, 11% on  gPBA 

and 30% on gPMEMA of its seeding density at 1 hour. With increasing time, the HUVECs 

proliferated to 179%, 180%, 131%, 48% and 129% respectively at 72 h of incubation compared 

to the seeding density. 

Figure 4.2 shows the densities of the HUVECs cultured on bare gold, gPMEA, gPMC3A, 

gPBA and gPMEMA substrates as a function of time. HUVECs proliferation rate on gPMEA is 

higher than that on bare gold at 24 h but, nearly same at 72 h. gPMC3A and gPMEMA show 

similar increasing trend as gPMEA but the total number of HUVECs are lower than gPMEA at 72 

h. However, we have seen the different trend for gPBA surface. Indeed, initial cell adhesion 

number on gPBA is very low, around 11% which indicated that the gPBA is not suitable for 

HUVECs survival due to its high hydrophobicity.  

 

Figure 4.1. The number of adhered HUVECs on Bare gold, gPMEA, gPMC3A, gPBA and gPMEMA substrates 

at 1, 24, and 72 hours. The data represent the mean ±SD (n=3). 
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Figure 4.2. Densities of the HUVECs cultured on Bare gold, gPMEA, gPMC3A, gPBA and gPMEMA substrates 

as a function of time. The data represent the mean ±SD (n=3). 

For further investigation, the CLSM image of adherent cell may be helpful to describe the 

surface morphology of HUVECs on each grafted polymer. The CLSM images of adherent 

HUVECs were taken at 72 h and shown in Figure 4.3. CLSM images of HUVECs on grafted 

PMEA analogous substrates are stained as blue: cell nuclei (DAPI); green: vinculin; red: actin 

fibers and the final image is the marge of all previous three stained images. From this study, it is 

clear that the spreading of HUVECs are higher on gPMEA than on the others. The number of focal 

adhesion and actin fibers are more significant on gPMEA. In addition, the attachment among cells 

was remarkable on gPMEA, meaning that HUVECs on gPMEA easily form a confluent 

monolayer. gPMC3A and gPMEMA shows similar morphology in shape and focal adhesion. In 

contrast, attached HUVECs on gPBA showed very unusual shape. Here, cells are loosely attached, 

and the spreading is extremely low even at 72 h. It is difficult to distinguish the cell nuclei and 
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ECM. This may be happened due to low anchoring point and more hydrophobic interaction 

between ECM and gPBA surface.  

Figure 4.4 shows the quantitative analysis of attached HUVECs on each substrate. We have 

quantified the area, circularity and aspect ratio of attached HUVECs. We found that cell area on 

gPMEA is higher than that on other surfaces at initial stage. Similar trend is also visible at 24 h 

and 72 h. We reported previously that PMEA coating shows both integrin independent and 

dependent interaction14. It is expected that the integrin independent interaction promoted spreading 

and migration of HUVECs on gPMEA as well as integrin dependent interaction. In terms of 

circularity, cells are more circular on gPBA than the others. Circularity became lower on all 

substrates with increasing culturing time.  On the other hand, the aspect ratio of HUVECs on all 

substrate shows similar leaning even though on gPMC3A and gPMEMA exhibited little elongation 

at higher culture time.  Therefore, to explain the cell-surface interaction more closely, we have 

performed further investigations using SCFS as a more quantitative and short-time investigation. 
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Figure 4.3. CLSM images of HUVECs on grafted PMEA analogous (polymer brush) substrates. 

Blue: cell nuclei (DAPI); green: vinculin; red: actin fibers. Image presented after 72 h of culture. 

Scale bar: 100 m. 

100 m
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Figure 4.4. Evaluation of attached HUVECs morphology (area, circularity and aspect ratio) on 

Bare gold, gPMEA, gPMC3A, gPBA and gPMEMA at 1, 24 and 72 h of culture. The data represent 

the mean ±SD (n=25). 

4.3.2 Evaluation of cell-substrate interaction r by SCFS 

HUVECs-substrate interactions were measured quantitively using SCFS to explain the close 

relationship at the interface between cells and substrates during initial attachment. Figure 4.5 

(Upper) shows the CLSM images of HUVECs cultured on bare gold, gPMEA, gPMC3A, gPBA 

and gPMEMA substrates respectively at 1h of incubation and (Lower) force-distance curve of 

HUVECs adhesion on substrates measured at 10s.  In CLSM image, we observed that the HUVECs 

are more circular and spreading wider on gPMEA than the others. Similar tendency was found in 

the HUVECs adhesion strength and adhesion area measurement shown in Figure 4.6. HUVECs 

adhesion strength (nN) is presented in Figure 4.7 (a) and adhesion energy (J) is in Figure 4.7 (b) 

for various polymer substrates. These results shows that HUVECs adhesion strength on gPMEA 

is much higher than that of bare gold, gPBA and gPMEMA, although statistically difference is not 

significant to gPMC3A. In case of HUVECs adhesion energy, we found statistical difference 

between gPMEA and gPMC3A. If we compare these results with images of initial adhesion, the 

corelation can be found as the adhesion strength increases due to wide spreading of cell area and 
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increased number of focal adhesions in gPMEA. Bare gold and gPMEMA show almost same 

adhesion strength and energy. In contrast, gPBA shows weak interaction among all. 

 

Figure 4.5. (Upper) CLSM images of HUVECs cultured on Bare gold, gPMEA, gPMC3A, gPBA 

and gPMEMA substrates respectively at 1h of incubation (initial attachment). Blue: cell nuclei 

(DAPI); green: vinculin; red: actin fibers. Scale bar: 50 m. (Lower) Force-distance curve of 

HUVECs adhesion on equivalent substrate respectively.  

 

 
Figure 4.6. (a) HUVECs adhesion strength and (b) adhesion energy on various polymer substrate. 

The data represent the mean ± SD, n > 10**: p < 0.05. 



Page | 148  

 

4.3.3 Comparison between polymer coating and grafted systems  

In this study, we have compared the surface interaction of HUVECs on PMEA analogous spin 

coating and polymer grafted systems in terms of HUVECs adhesion strength and adhesion energy. 

Figure 4.7 represents the comparison of HUVECs adhesion strength and adhesion energy between 

(a) spin coated surface and (b) polymer grafted surface of PMEA analogous polymers. Here, we 

see dissimilar behavior in polymer grafted and spin coating systems. HUVECs adhesion strength 

is higher on gPMEA and gPMC3A than coating, whereas gPBA shows totally reverse tendency. 

HUVECs adhesion strength on gPBA is much lower than that on spin coated PBA. To explain this 

phenomenon, we need to go back our previous report, we showed that the AFM topographic 

images of polymer/PBS interfaces for PMEA, PMC3A, PBA, and PMEMA for both spin coated 

and grafted systems17,29. The spin-coated PMEA analogous polymer/water interfaces showed 

microphase separation into polymer-rich and water-rich domains, and the water-rich domains act 

to prevent the adsorption and activation of blood proteins such as fibrinogen17. Fibrinogen is 

responsible for platelet adhesion. On the other hand, polymer rich domains allowed fibrinogen 

adsorption. In addition to spin-coated PMEA analogs, grafted PMEA analogs were recently 

reported to exhibit phase separation in the in-plane direction28.  Furthermore, the repulsive layers 

of hydrated polymer were clearly observed in the water-rich domains of gPMEA and gPMC3A by 

frequency modulation AFM (FM-AFM). From these works, gPBA exhibited phase separation 

similar to those of gPMEA and gPMC3A, but the water-rich domains scarcely generated on 

gPBA29. Actually, it was reported that the amount of adsorbed fibrinogen and exposure of the γ 

chain on a PBA surface were extremely higher than those on PMEA 28.  Therefore, more fibrinogen 

or hydrophobic proteins adhered on gPBA due to absent of repulsive layer which allowed platelet 

adhesion but decrease cell adhesion.  
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  Furthermore, it was recently reported that fibronectin could easily adsorb both on polymer-

rich and water-rich domains while fibrinogen mainly adsorbed on polymer-rich domains18. 

gPMEA used in this work was designed to be 0.1 chains/nm2 of grafting density, at which the anti-

thrombogenic performance of gPMEA is the highest. FM-AFM study clearly demonstrated that 

the gPMEA/PBS interface was occupied by higher ration of water-rich domains compared to that 

on spin-coated PMEA. The situation was similar also for gPMC3A. Thus, the adsorption of 

fibrinogen and other hydrophobic proteins are restricted more effectively on grafted surfaces than 

on spin-coated surfaces. In that case, the capacity for fibronectin adsorption increases, resulting in 

the increment of cell attachment ability. This may be attributed to the high HUVEC adhesion on 

gPMEA and gPMC3A compared to spin-coated surfaces. In order to construct artificial vascular 

graft, strong endothelial cell attachment is required.  From our present study, we found that 

polymer grafted surfaces can be more suitable for endothelial cell adhesion, proliferation and as 

well as adhesion strength than spin coating surface, by adjusting the grafting density. Therefore, 

we can say that the grafted systems of PMEA analogous polymers are appropriate technique and 

possess high potential to be used for endothelialization during vascular graft preparation to achieve 

high performance small-diameter artificial blood vessels. 

 

Figure 4.7. Comparison between spin coated polymer surface and grafted polymer surface (a) 

HUVECs adhesion strength and (b) HUVECs adhesion energy  
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4.4 Conclusion 

In conclusion, based on the conducted experiments, results, and discussion, the surface 

interactions of HUVECs were measured extensively. We found that controlled PMEA analogous 

polymer brush system influences the HUVECs adhesion behavior such as the number of adhered 

HUVECs and cell adhesion strength. In addition, polymer brush also effects on cell area, 

circularity and aspect ratio. It can be said that gPMEA achieved the best outcomes among the other 

analogues in high HUVECs attachment, proliferation, and high adhesion strength at the initial 

stage. It can be suggested that PMEA can be used as a coating material through controlled grafting 

technique to develop surface for better endothelialisation of artificial vascular graft.  
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Chapter 5 

Conclusion: Summary and Future research 

5.1 Summary 

An effective and functionating artificial small diameter artificial blood vessels can be designated 

as the second life carrier for millions of cardiovascular patients around the world. With the rapid 

increasing of cardiovascular risk factors such as unhealthy lifestyle, huge working load, 

suppression of happiness, lack of love and smoking trigger the diabetes and obesity which are 

considered the origin of heart disease. Nowadays, CVD is not only threatened for aged people, but 

also young individuals are affecting day by day.  One of the applied therapeutic approaches that 

are currently followed is the replacement of damaged vessels with autologous vascular grafts 

which is usually collated from patients’ body, but it causes secondary trauma.  Therefore, 

development of artificial small diameter blood vessels is very urgent. Consequently, due to the fast 

growing of these disease, the necessity of artificial blood vessels is mounting so faster. Although 

there are some large diameter vascular grafts already invented and performed in clinical trial, but 

it shows poor patency rate which is beyond the basic requirements. Long term patency still the 

core problem. On the other hand, the performance of small diameter blood vascular grafts is more 

critical than that of large diameter graft. Reduction of thrombus formation is one of the main 

challenges for small diameter blood vessel. Researchers are trying to solve this problem by 

incorporating various techniques including invention of biocompatible biomaterial, blood 

compatible polymer, changing the fabrication methods and surface modification methods to 

improving mechanical properties and blood compatibility.  

According to the above circumstances, we have started our research to develop artificial small 

diameter blood vessels using PMEA analogous polymer. PMEA is a clinically approved and used 
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antithrombogenic water insoluble polymer which has been used as a coating material for several 

medical devices. So, we aimed to investigate the PMEA analogous polymers through endothelial 

cell adhesion ability and antiplatelet property. It is known that healthy and confluent endothelium 

layer can suppress the platelet adhesion. Therefore, we had fixed our strategy in this way. We 

focused on the polymer that can allow endothelial cell to attach strongly, migrate and proliferate 

throughout the surface. In addition, it should be acted as anti-platelet surface until the confluent 

endothelium formation. We have used HUVECs throughout my thesis as our endothelial model 

cells. The findings of my research have been presented in three different chapters in the earlier 

sections. The summary of each chapter is presented in following the parts in brief. 

In chapter 2, based on the conducted experiments, results, and discussion, the surface 

interactions of HUVECs were measured extensively. The IW content of PMEA analogous 

polymers influences the HUVEC adhesion strength and the number of adhered HUVECs and 

platelets on each substrate. It can be said that PMEA achieves the best outcomes among the 

analogues, such as low platelet adhesion and adhesion strength, high HUVECs attachment, 

proliferation, and high adhesion strength at the initial time. It can be suggested that PMEA can be 

used as a construction material to develop ASDBV because of its nonthrombogenic behavior and 

strong adhesion of endothelial cells.  

Chapter 3 shows the comparison study of HUVEC-substrate and HUVEC-HUVEC adhesion 

strength revealed the mechanism of HUVECs monolayer formation on PMEA-coated substrates. 

HUVECs attachment, proliferation, and migration indicated the blood compatibility of PMEA as 

a coating material. HUVECs migration from bare PET to the PMEA-coated side is a sign of cell 

migration from the native blood vessel to the artificial graft. In addition, the HUVECs monolayers 

effectively suppressed platelet adhesion. Finally, the FM-AFM observation of the hydration layer 
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of HUVECs may be attributed to the presence of the glycocalyx layer. A healthy glycocalyx 

contributes to the antithrombogenic property of the PMEA-coated surface. Based on our results, a 

confluent monolayer of HUVECs can prevent platelet adsorption. Therefore, the PMEA coating 

can mimic the native blood vessel and can be used as a construction material for the development 

of ASDBVs for the antithrombogenic and confluent monolayer formation of ECs. 

In chapter 4, the surface interactions of HUVECs on polymer grafted surfaces were measured 

extensively. We found that controlled PMEA analogous polymer grafted system influence the 

HUVECs adhesion behavior such as the number of adhered HUVECs and cell adhesion strength. 

In addition, polymer grafted surfaces also effect on cell area, circularity and aspect ratio. It can be 

said that grafted PMEA achieved the best outcomes among the other analogues in high HUVECs 

attachment, proliferation, and high adhesion strength at the initial stage. It can be suggested that 

PMEA can be used as a coating material through controlled grafting technique to develop surface 

for better endothelialisation of artificial vascular graft. 

Finally, it can be said that PMEA showed the best outcomes in order to HUVECs adhesion, 

migration and proliferation. The cells morphology after attachment reveals the strong adhesion 

strength to the PMEA substrates which was measured by SCFS. HUVECs monolayer formation 

and suppression of platelet adhesion on confluent HUVECs reveals the candidacy of PMEA as 

coating material in lumen side of vascular graft for the construction of artificial small diameter 

blood vessel.   
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5.2 Future research 

According to the purpose of this study, we have already achieved the primary goal by finding 

the suitable polymer, PMEA, through the several investigations specially HUVECs adhesion 

strength and adhesion energy measurement by SCFS, polymer surface and HUVECs surface 

hydration state observation by FM-AFM, HUVECs attachment test, and platelet adhesion number 

test. Now we are confirmed that PMEA can suppress the platelets adhesion and increase the 

HUVECs adhesion, monolayer formation. At this moment, it can be said that PMEA can be used 

as only coating material using grafting technique. Although the journey to construction of artificial 

small diameter blood vessel just started. We have to overcome many challenges and need to go 

forward.  In near future, we have to do several intensive investigations on HUVECs, platelets and 

polymer surface. We have to clarify the effect of glycocalyx on platelet adhesion and activation, 

study on platelet surface, hydration state of platelets surface. So, we have set our extended goal 

such as elucidation of the mechanism of polymer-HUVECs-glycocalyx-platelet interaction at 

static as well as blood flow condition and how to make tough PMEA with required mechanical 

and physicochemical properties. Then, preparation of tubelike structure for in-vitro and in-vivo 

experiment.  

PMEA is dense liquid like amorphous polymer. Making of tube-like structure is quite difficult with 

PMEA and the mechanical property of PMEA still uncertain for direct construction of blood 

vessels. Therefore, we are aiming to make comparatively hard PMEA by making copolymer of 

PMEA or making composites with incorporating other biocompatible materials or grafting with 

cellulose nanoparticles to get new shape without losing the excellent biocompatible property of 

PMEA polymer. 
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