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Chapter 1 Introduction 

1-1 Research Background 

Biocompatibility of biomaterials 

Biomaterials are defined as materials which are used in contact with biological 

tissue: blood, cells, protein, and any another living substances (1). Since the early 1950s, 

polymers have been used in the medical field for a large number of important implants 

and devices (permanent, intermediate, or short term). They are used, for instance, as 

vascular, orthopedic and ophthalmologic implants, catheters, hemodialyzers, and blood 

bags (2-4). Multifaced aspects of research on biomedical polymers (1) are shown in 

Tablel-!. End-use devices are manufactured starting from their original concept. 

Among many polymers having a potential for biomedical application, biocompatibility 

or blood compatibility (See Table 1-1), which is phenomenological concept, is the most 

important characteristic when a polymer is selected for practical use. On this account, it 

is necessary to find a suitable criteria for examining biocompatibility of targeted 

polymers. Indeed, many of the biomaterials are in contact with blood, and some 

undesirable events occur when blood proteins and cells interact with the polymers. 

Despite their extensive use, as well as numerous scientific and clinical investigations, 

the general problem ofbiocompatibility is not completely solved 50 years later (5-7). 

When blood is exposed to artificial surfaces, several defense systems in organism, 

such as coagulation, complement, platelet, and immune systems, are activated. These 

systems are believed to be interrelated through common intermediates. To avoid the 

activation of the defense systems by the exposure of blood to foreign materials, many 

attempts to modify surfaces of them have been made (1,2). Many polymers have been 

developed in order to obtain blood compatible surfaces, and the mechanism of 
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Table 1. Multifaced aspects of research on biomedical polymers 

Materials Factors to Biologically Derived Synthetic Materials Biohybridized and Biomimicking Materials 
Design be Controlled Materials 

• hydrophilic • celllosics • polysiloxane • polyester ·heparin conj. materials 
• hydrophobic • chitin,chitosan • polyurethane • PEO (PEG) ·urokinase conj. materlas 
• microdomain • dextran ·poly(methyl methacrylate) • receptor mimicking materials 
• cationic ·agarose ·polyacrylamide • PTFE • biomimicking materials 
• anionic • colladgen (gelatin) ·polyolefin, polystyrene 

i • Newly d§i~ned ml!terials 

I Implants ! 
I Concept or Blood Puri- Cell Biohybri- Cell Drug Bioanalysis Enzyme 

Methodology Prosthesis 
fication Separation dization Cultivation Delivery Biosensing Immobilization 

• bone cements • vascular • artificial lung • cell sorter • artificial liver • bioreactor 
Devices • dental cement graft • artificial kidney • artifi cial skin 

• dressing • artificial dialyzer • artificial pancrea Tissue 
• contact lens heart filter • ligament --. Engineering 
• ligament ·stent • heart valve • pacemaker 

C'I 

• pacemaker • LDL apheresis 

Properties I Biocompatibility I I Biospecificity I I Physical & Pysicochemical Capability I Demanded 
• blood ~2mgl!ttbility • specific adsorption • mechanical strength 
• tissue compatibility • specific adhesion • selective permeation 
• bioinertness • specific recognition ·non-specific adsorption (adhesion) 

• cytokine production • degradability 
• cell cycle determination 

Fundamentals Elucidation of structure-property relationship in interaction with biological elements 

at molecular level 
at molecular assembly level 
at cellular hivel 



expression of the compatibility responding to each the polymer has been proposed. 

These blood compatible surfaces can be classified into three main categories; 

hydrophilic surface (8-12), micro-phase-separated domain surface (13,14), and 

biomembrane like surface (15,16). (Figure 1-1). 

Since, the 1970s, a number of reports on biomaterials, providing us with evidence 

which shows the important role played by microdomain structures in realizing excellent 

biomedical properties. For example, segmented polyurethanes (17,18) and A-B-A type 

block copolymer (HEMA-St-HEMA) (13) (Figure 1-1) were shown to form microdomain 

structure and to exhibit excellent blood compatibility in both in vitro and in vivo 

examina tions. 

Nakabayashi and Ishihara et al. (15,16) have been studying blood compatible 

polymers with phospholipids polar groups (Figure 1-1). Their idea was to synthesize a 

polymer possessing a strong affinity for phospholipids from blood, which could be 

organized to form a biomembrane-like assemblage on the polymer surface. Phospholipid 

polymers were prepared by copolymerization of 2-methacryloyloxyethyl 

phosphorylcholine (MPC) with alkyl methacrylate. 

Hydrophilicity and hydrophobicity are the most fundamental properities to controlled 

for materials whatever they are utilized in biomedical devices. Poly(2-hydroxyethyl 

methacrylate) (PHEMA) (9) (Figure 1-1) is a widely used hydrophilic hydrogel in the 

medical device industry and is used in soft contact lenses and blood filters among others. 

Water soluble polymers were believed to be inert at the interface with any of the 

biological elements. A large number of researches have been carried out to obtain 

biocompatible hydrophilic surfaces by introducing water-soluble polymer grafts 

including poly(ethylene glycol) and polyacrylamide. However, it has occasionally been 
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observed that there is an optimum in the number of grafted chains for the surface to 

exhibit the best biocompatibility (9-11). 

It is now well accepted that the initial rapid adsorption of proteins to polymeric 

surfaces affects the performance of these biomaterials. To minimize adverse reactions 

and to improve the biocompatibility of polymers, it is necessary to control the early 

stages of protein adsorption. Several surface modification techniques have thus been 

proposed to improve the biocompatibility of blood-contacting devices. These include the 

immobilization of biomolecules to prevent thrombus generation and platelet activation, 

the incorporation of hydrophilic grafts to reduce protein adsorption, the creation of 

microdomains to regulate cellular and protein adhesion, and chemical and physical 

surface modifications (19-26). The control ofbiocompatibility can also be achieved by the 

design of synthetic "biospecific" polymers, ie, polymers capable of biospecific molecular 

recognition (27). 

It is now well established that protein adsorption is the first event following 

material-tissue contact, and the adsorption is generally nonspecific, with multiple 

binding sites on the proteins interacting with sites on the material surface (28,29). 

Nonspecific forces that must be considered are Van der Waal's forces, electrostatic 

double-layer forces, solvent-dependent interactions, hydrogen bonding, hydrophobic 

interactions, hydration forces, and steric forces (30). Moreover, depending on the 

chemical nature of the polymer, the interactions occur with various affinities, some 

being irreversible. Protein adsorption is the trigger for blood coagulation, which occurs 

when blood contacts polymeric biomaterials (31-33). Nonspecific protein adsorption on 

the surface occurs within minutes after the contact of the surface with blood (34). Blood 

is a complex mixture made up of water, salts, minerals, proteins, and cells. The latter 
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two components can interact with the foreign surface, be adsorbed, and be altered. 

Depending on the surface, protein adsorption varies in the thickness and the structure 

of the adsorbed layer. The more abundant proteins initially are adsorbed, but then are 

displaced by proteins that are less abundant but have a higher affinity for the surface. 

Protein adsorption to a biomaterial surface can be minimized by appropriate design of 

the interface, with modification of macroscopic surface properties such as the 

wettability. Such nonfouling surfaces can be obtained by coating with highly hydrated 

layers (35,36). Water-soluble polymers reduce thrombogenicity due to the unique 

hydrodynamic properties of the grafted macromolecules, and biomaterials grafted with 

polyethylene oxide or heparin are able to resist plasma protein adsorption and platelet 

adhesion, predominantly by a steric repulsion mech~nism (37,38). Interestingly, 

Hubbell and colleagues also have reported the placement in situ of hydrogel materials 

by photochemical conversion of a liquid precursor to a solid hydrogel that can block 

cellular and biochemical interactions between the blood and the arterial intima (39,40). 

One of current ideas in the prevention of surface fouling by protein adsorption also 

involved tailoring the molecular interactions between the adsorbed proteins and the 

surface. The development of such bioactive biomaterials has been reviewed recently (26). 

For instance, biomaterials can be engineered by grafting peptides (41-43) or by using 

physical or chemical treatments (24,44,45) to create charges (eg, anionic groups, amino 

acids) on polymer surfaces, thereby mimicking sequences in natural molecules (27). 

Preparation of such biospecific polymers allows one to obtain new materials with 

specific biological requirements. The synthesis of biospecific random polymers has been 

applied successfully. The resulting biomaterials have been developed mainly to possess 

heparin-like anticoagulant properties or to modulate the immune response (46-49). For 
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instance, by grafting sulfonate or sulfate and carboxylate groups, synthetic heparin-like 

polymers were shown to be endowed with anticoagulant properties similar to those of 

heparin; ie, they catalyze the inhibition of the serine proteases of the blood coagulation 

cascade by the natural plasma inhibitors antithrombin III and heparin cofactor II. 

As mentioned above, there is substantial amount of works attempting to understand 

the role of the surface in influencing protein adsorption and cell adhesion onto material 

surface, including hydrophilic surfaces, phase-separated micro-domain surfaces, 

bioactive molecule incorporated surfaces, and biomembrane-like surfaces. To explain 

the compatibilities of these materials a number of mechanisms have been proposed. 

Numerous analytical techniques have been applied to the surface characterization of 

biomedical polymers. The techniques include spectroscopy, thermodynamic and 

electrochemical measurement, and microscopy (50-53). These techniques have been 

used extensively to study protein adsorption that modulated the activation of blood 

coagulation and activation of cellular and immune responses. It has been pointed out 

that-protein adsorption depends on the various properties ofthe material surface, e.g., 

surface charge, wettability, surface free energy, topography or roughness, and the 

presence of specific chemical groups on the surface (Table1-1). However, the blood 

compatibility of polymer is not fully understood (54). 

Water structure on the polymer surface 

When a foreign material such as a synthetic polymer comes into contact with blood, 

the adsorption of water is the first event before protein adsorption (Figure 1-2). 

Therefore, some researchers have insisted that the adsorbed water layer on the 

material surface determines all further events (55-60). Recently, the water structure on 

the polymer surface is one of the most important factors affecting the blood 
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compatibility (1,61-64). Most of the physical and the physiological properties of 

materials depend on the organization of water within and on the surface of the 

materials (65), and water molecule will take part in the reaction of cell such as adhesion, 

and morphological change. Many researchers have pointed out that the water structure 

on the material surface is an important factor for the material to express the good blood 

compatibility. Andrade et al. proposed that the important factor expressing the 

biocompatibility was not the amount of the adsorbed water on the surfaces but the 

structure of the adsorbed water (66). Tanzawa et al. suggested that the mobility of 

water correlates with biocompatibility (67-69). Recently, Israelachvili et aL (70) and 

Dequeiroz et al. (71) reported that the stability, density, and arrangement ofthe surface 

water molecules bring about the different capabilities of the polymer adhering to the 

proteins and blood cells. Grunze et al. suggested that the stability of the interfacial 

water layer could be one of the factors which resisted the protein adsorption (72-74). 

Kataoka et al. (75,76) and Ishihara et al. (77, 78) proposed that the total amount of the 

freezing bound water and free water content may be the key parameter for 

biocompatibility. On the other hand, it is well known that proteins and cells in blood 

have hydration shells composed of the non-freezing water, freezing bound water,and 

free water (Figure 1-3), and due to this hydration the components can keep their 

conformational structure stable (79,80). When the shell structure is changed or 

destroyed by contacting with a polymer material, they will be activated. What breaks 

the hydration structure ofthe shell? Park and Lu et al (81) indicated that when proteins 

adsorb to a polymer surface, hydrophobically-bound water molecules between the 

protein and the polymer surface need to be displaced (Figure 1-4). Thus, the major 

factor favoring resistance of protein adsorption will be the retention of the bound water. 
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In other words, the major factor favoring adsorption will be the release of the bound 

water, leading to a large entropy gain for the interface (82). The shorter the residence 

time of protein, the lower the chance for the protein adsorption and the conformational 

change. Thus the study on the nature of water on materials is very important to design 

more excellent biocompatible materials. 

1-2 Purpose and Scope 

Recently, we have developed a novel biocompatible surface prepared by 

poly(2-methoxyethylacrylate) (PMEA), and reported its blood compatibility. This 

polymer showed much-improved blood-compatibility with respect to such defense 

systems, and the absorbed proteins on PMEA surface scarcely denatured though those 

on other polymers denatured markedly. On the basis of these results, PMEA has been 

applied to an oxygenator (artificial lung) as a coating material, and the excellent blood 

compatibility as oxygenator was demonstrated in vitro evaluation test. Thus, the 

oxygenator coated with PMEA (X-coat®) recently commercialized in USA, Europe, and 

Japan. In order to clarify the reason why PMEA expresses the excellent blood 

compatibility, we have been characterizing PMEA from the viewpoint of the protein 

adsorption, the structure and the mobility of water in the polymer, and so on. 

This doctoral thesis consists of 7 chapters. Chapter 1 is "Introduction", in which the 

background of the research field is briefly summarized. In Chapter 2, we reported that 

PMEA showed excellent compatibility with platelets, white blood cells, coagulation 

system, and complement system. We investigated effects of PMEA-coated 

extracorporeal circuits on biocompatibility during cardiopulmonary bypass model. A 

PMEA-coated oxygenator was compared to a heparin-coated oxygenator and non-coated 
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oxygenator under conditions of in vivo circulation using human blood. Chapter 3 is 

concerned with plasma protein adsorption onto polymer surfaces under a static 

condition. In addition, the conformational changes of the proteins on the polymer 

surfaces were investigated. The degree of the conformational changes of the proteins 

was discussed. The degree of conformational change of the protein adsorbed onto the 

surface was estimated by determining the a-helix content using CD. We report here 

the conformational changes of serum albumin and FNG adsorbed onto a PMEA surface 

and onto the various poly(meth)acrylates analogous polymer surfaces. We focused 

primarily upon the relationship between protein adsorption and platelet adhesion to the 

PMEA surface. Chapter 4 deals with the adsorption behaviors of bovine serum 

albumin (BSA) and human fibrinogen onto the surfaces of PMEA were investigated by 

using a quartz crystal microbalance (QCM) under a dynamic condition. The QCM 

method could be applied to the analysis of the kinetics in the early stage of the 

adsorption reaction. We discuss the adsorption properties onto the PMEA and other 

polymers in terms of the maximum adsorption amounts as well as the apparent 

association constants, the adsorption and desorption rate constants of the proteins. In 

Chapter 5, we investigated the structural change of water in the PMEA using DSC in 

order to clarify the reason why PMEA exhibits low adsorption of proteins and low 

denaturation. Morerover, we characterized PMEA analogous poly(meth) acrylate, such 

as poly(2-hydroxyethyl methacrylate) and poly(2-methoxyethyl methacrylate) with 

respect to the chemical structure of the side chain, contact angle of water, water content, 

and water structure, and discussed the relationship between platelet compatibility and 

these properties. We also investigated the effect of the content of freezing bound water 

on the platelet compatibility by using poly(MEA-co-HEMA)s with various 
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copolymerization composition. We discuss the adhesion and spreading behaviors of 

platelet on the copolymer might be related to the amount of freezing bound water. 

Chapter 6 describes the fabrication of highly regular porous-polymer films formed by 

simple casting technique and the applications for cell separators and cell-supported 

scaffolds. To simulate the leukocyte eliminating from human blood, the porous film 

which had been a novel biocompatible poly(2-methoxyethyl acrylate) coated was 

attached to a module. We discuss the biocompatible porous-polymer films for tissue 

engineering as novel biomedical interfaces. Concluding remarks are summarized in 

Chapter 7. 

This thesis is the first report that the hypothesis for excellent blood compatibility of 

poly(2-methoxyethyl acrylate)(PMEA). The paper addresses an important issue related 

to the influence of the nature of bound/unbound water on blood compatibility. The 

most noticeable point is that the excellent blood compatibility is expressed by freezing 

bound water, which prevents the biocomponents from contacting the polymer surface or 

non-freezing water on the polymer surface. 
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Chapter 2 Blood Compatibility of PMEA 

2-1 Introduction 

During the past decades synthetic polymers have been increasingly used in the 

fabrication of medical devices that make direct contact with human blood, for example, 

haemodialysis systems, extracorporeal circulation circuits, heart valves, blood by·pass 

tubes, prosthetic devices, catheters, etc. A major effort in this field of biomaterials 

technology has been directed towards developing biomaterials having improved blood 

ocompatibility. It is known that when blood contacts an artificial surface a complex 

series of interacting events occur: protein adsorption, cellular (mostly platelet) adhesion, 

activation and aggregation, activation of blood coagulation system, contact and 

complement activation and finally fibrin and thrombus formation. Many investigations 

have been carried out to prevent an artificial surface from provoking thrombus 

formation in order to form a blood compatible surface. Such investigations include the 

use of polymers with quite different properties such as for example hydrophilic, 

hydrophobic, zwitterionic and charged (anionic and cationic). 

When blood contacting medical devices are used clinically, certain doses of an 

anticoagulant agent such as heparin, coumarine, etc. are administered in order to 

prevent thrombus formation and embolization. However, direct and systematic 

administration of these anticoagulants increases the risks of bleeding in the patient. 

This means that there is still an essential need to develop new compatible materials to 

be used in medical devices which will not need systemic anticoagulation as, for example, 

in the case of patients with acute renal failure having bleeding tendencies. 

A significant part of current research for more blood compatible materials is focused 

on the surface modification of already existing materials with satisfying mechanical 
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properties rather than the development of new materials. Surface modification methods 

in order to improve the blood cmpatibility include chemical treatment (surface oxidation, 

fluorination, introduction of reactive groups, glow plasma discharge, surface grafting, 

etc.) (1-9) 

More recently new surface modification techniques have been developed which 

include immobilization of specific biological molecules on the materials surface, mostly 

heparin and albumin (10-19). Heparin, an often-used anticoagulant is an anionic, 

highly sulfated mucopolysaccharide not having a uniform molecular structure. In an 

effort to counteract thrombogenicity while preventing bleeding caused by direct 

administration of heparin, many researchers tried to develop methods of attaching and 

binding heparin on biomaterials surface. Early work on antithrombogenic agents was 

done by Gott et al. (20). The method comprised treating a graphited surface first with 

Zephiran (benzalkonium chloride) and then with heparin providing a good 

non-thrombogenicity. Since then a lot of research has been done on this particular item 

so that a few years later review articles and books on this subject where published 

(21,22). 

Generally, heparinized materials are of two major types: 

Bulk heparinized materials, where heparin is included in or under a biostable or 

biodegradable polymeric material (depending on the application) throughout which it is 

progressively released at the blood-material interface. The efficacy of these materials 

depends on the duration of heparin release, which in vivo can range from weeks to 

months. And 

Heparin coated materials having a surface layer of bound heparin which is thought to 

be capable of complexing in situ with Thrombin -antithrombin -III (AT III) and exerting 
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its anticoagulant effect. 

Such heparin"coated materials can also be divided into three main categories: 

(j) Materials formed simply by mixing heparin (normally in the form of heparin sodium) 

into a material. Such materials have the disadvantage that, while in contact with the 

blood, the heparin is washed out into the blood and the antithrombotic properties 

disappear in a short time. 

(ii) Materials in which ionic bonding is effected between ionic residual groups in the 

heparin (COO', S042', NHSOs-) and cationic residual groups in the material (fe. using 

ionic"bonded complexes of heparin and a polymerizable basic compound having a 

quaternary ammonium salt). Such a material has the disadvantage that the setting of 

conditions for polymerization of the ionic"bonded complex is difficult and discoloration 

of the material tends to occur, so obtaining an antithrombotic medical material of 

uniform product quality is difficult. Also attention must be paid that the ionic 

association of the cation and heparin anion must be sufficiently high to preclude blood 

from exchanging with the cation-heparin association and removing heparin from the 

surface of the polymer. 

(iii) Materials in which covalent bonding is performed with the material, utilizing the 

hydroxyl, carboxyl or amino groups of the heparin. Usually, covalent immobilization of 

heparin to a biomaterial consists of activating the material in such a way that coupling 

between the biomaterial and functional groups on the heparin (-COOH, -OH, -NH0 

can be achieved. 

However, the "perfect haemocompatible" material seems still an illusion in a field 

rather too complicated to provide simple and easy solutions. 

Inflammatory response due to bioincompatibility of extracorporeal circuits is one of 
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the major clinical issues after a cardiopulmonary bypass (CPB). CPB has been linked 

to significant pathphysiological morbidity. Poor patient outcomes have been shown to be 

caused by perfusion and hemodynamic alterations (23-25), gas exchange. Many factors 

such as material-dependent bioincompatibility or material-independent 

ischemia-reperfusion or hypothermia, have been known to induce an inflammatory 

response during CPB : release of bradykinin, complement activation, leukocyte 

activation, increase in vascular permeability and subsequent leakage of endotoxin into 

the bloodstream (23,24). This inflammatory cascade may contribute to the development 

of postoperative complications, including respiratory failure, renal dysfunction, 

bleeding disorders and multiple organ failure. In particular, pulmonary edema 

associated lung injury is a problem of considerable clinical significance. During the last 

few decades, heparin-coated circuits for CPB have been studied, and their 

biocompatibility has been improved. Heparin-coated circuits are able to reduce 

complement activation and the subsequent release of cytokines which exert a 

well-known damaging effect on the lungs (24-38). 

In this chapter, we reported that PMEA showed excellent compatibility with platelets, 

white blood cells, coagulation system, and complement system. We investigated effects 

of PMEA-coated extracorporeal circuits on biocompatibility during cardiopulmonary 

bypass model. A PMEA-coated oxygenator was compared to a heparin-coated 

oxygenator and non-coated oxygenator under conditions of in vivo circulation using 

human blood. We also investigated the platelet adhesion under a static condition. 

2-2 Experimental 

2-2-1 Materials 
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Various poly(meth)acrylates were prepared by radical polymerization using 

azobis-isobutyronitrile (AIBN) as the initiator. The monomers used were 

2-methoxyethylacrylate (MEA), ethylacrylate (EA), 2-phenoxyethylacrylate (PEA), 

2-hydroxyethylmethacry late (HEMA) , 2-hydroxyethylacrylate (HEA), and 

2-ethylhexylacrylate (EHA). All monomers were obtained from Wako Pure Chemical 

Industries, Ltd., (Osaka, Japan). The molecular weights (Mw) of polymers were 

estimated by gel permeation chromatography (GPC), using polystyrene standards. 

Polypropylene (PP) and poly(ethyleneterephthalate) (PET) were used as polymer 

substrates. Methanol (MeOH) and tetrahydrofuran (THF) used as solvents were of 

analytical grade. Human plasma fibrinogen (FNG), was purchased from Sigma Co. Ltd., 

(St. Louis, MO), and used without further purification. Protein solutions were 

prepared in phosphate buffer (PBS, pH7.4). Deionized water from a Milli-Q 

(18MQ-cm) system was used to prepare all aqueous solutions. 

2-2-2 Preparation and characterization of the polymer surfaces 

The samples of polymer surfaces for plasma protein adsorption and platelet adhesion 

were prepared as follows. The test polymers (PMEA, PHEMA, PHEA, PEA) were cast 

from a 0.1 wt% MeOH solution, and PPEA and PEHA were cast from a 0.1 wt% THF 

solution onto PP or PET plates, dried under air at room temperature, and then 

vacuum-dried for 24h. The wettability of polymer surfaces was characterized by 

contact angle measurement. PMEA and PHEMA were cast from a O.lwt% MeOH 

solution, while PEHA was cast from a 0.1 wt% THF solution. The polymers were then 

vacuum-dried for 24h. Prior to the experiment, the plate surfaces were washed three 

times with PBS. 
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2-2-3 Platelet adhesion test 

Blood was drawn from healthy volunteers and mixed with a 1/9 volume of 3.8% 

sodium citrate. Platelet rich plasma (PRP) was obtained by centrifugation at 1200rpm 

for 5min, and platelet poor plasma (ppp) was obtained by centrifugation at 3000rpm for 

10min (Figure 2-1). The blood was kept at 22°C before separation of the PRP. The 

platelet count in PRP was adjusted to 1 X 105 cells/ill by mixing PRP with PPP. The 

platelet concentration was determined by an automated hematology analyzer (Sysmex 

SE-9000, TOA MEDICAL ELECTRONICS, Tokyo, Japan). Then 200 III (platelet 

number: 2x107) of the platelet suspension was placed on each polymer surface, and 

incubated for 30 min at 37°C. After washing the plates three times with PBS, the 

adhered platelets were fixed by immersing the paltes into 1% glutaraldehyde in PBS 

and allowing them to stand in the fixative for 60 min at 4°C. Samples were 

freeze-dried, and sputter-coated using a gold target (JUC-5000, JEOL Tokyo, Japan) 

prior to scanning electron microscopy (JSM-840, JEOL). 

2-2-4 Washed platelets adhesion test 

To prepare washed platelets, the PRP obtained as mentioned above under the section 

2-3, was diluted using on RCD solution (pH 6.5, 36mM citric acid, glucose 5mM, MgC12 

1mM, KCl 5mM, NaCI100mM) containing 40ng/ml prostaglandin El(PGE1) to prevent 

platelet aggregation (7). The diluted PRP was then centrifugated at 300rpm for 10 min. 

This procedure was repeated once more. After washing, the platelets were pooled and 

resuspended at a cell density of 1 X 105cells/1l1 in 50mM Tris/HCl buffer (pH 7.4, 

Tris/HCl 50mM, NaCl 140mM, glucose 5mM, MgC12 2mM, PGEl 40ng/ml). Then 200 

III (platelet number:2 X 107) of this platelet suspension was placed onto each polymer 
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surface precoated with FNG or noncoated, and incubated for 30 min at 37°C. The plate 

was coated by immersing it into FNG solution (0.3mg/dl). After washing the plate 

three times with PBS, the number of platelets adhered to the surface adhesion and the 

morphology of the adhered platelets were also evaluated by SEM. 

2-2-5 Blood compatibility on circuits 

First, we investigated blood compatibility of PMEA surface compared to vanous 

poly(meth)acrylate surface during human blood flow model with blood bag (Figure 2-2). 

In the present study we modified an in vitro closed-loop model with fresh human whole 

blood for the preclinical evaluation of the blood compatibility ofPMEA. Each single loop 

consists of two polycarbonate connectors joined together by two pieces of silicone tubes. 

After circulation of 60 min, release of beta -thromboglobulin ({3 -TG) and lacoferrin, and 

production of thrombin-antithrombin-III complex (TAT) and terminal complement 

complex (TCC), as a indicator of platelet activation, leukocyte activation, coagulation 

and complement activation were measured. 

Secondly, we investigated effects of PMEA-coated extracorporeal circuits on 

biocompatibility during cardiopulmonary bypass model (Figure 2-3). A PMEA-coated 

oxygenator (Figure 2-4) was compared to a heparin-coated oxygenator and non-coated 

oxygenator under conditions of in vivo circulation using human blood. The circuit 

consisted of polyvinyl chloride tubing connected to a soft-shell venous reservoir (Terumo, 

Tokyo, Japan). The entire blood-contacting surface was not coated. Blood flow rate was 

maintained at 1-2 Llmin. 

The u11coated group: The circuit consisted of polyvinyl chloride tubing connected to the 

soft-shell venous reservoir and a hollow-fiber membrane oxygenator CAPIOX® SX18 
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(Terumo). The entire blood-contacting surface was not coated. 

The PMEA 'coated group: The circuit consisted of polyvinyl chloride tubing connected to 

the soft-shell venous reservoir and the oxygenator CAPIOX® SX18. The entire 

blood-contacting surface was coated with PMEA. 

Blood samples were taken after anesthetization but before injection of heparin, and at 

120 minutes after starting the blood circulation. Aftel' 0-6 h recirculation, platelet and 

leukocyte loss, release of [3 -TG and granulocyte elastase and production of TAT were 

measured. Samples of plasma bradykinin were drawn in ice-cooled tubes containing the 

inhibitors: aprotinin, soybean trypsin inhibitor, protamine sulfate and EDTA, and were 

centrifuged at 1,000 x g at 4 DC. Mter centrifugation, the supernatant was separated 

and stored at -80 DC. Plasma bradykinin levels were determined by radioimmunoassay. 

Samples for plasma endotoxin were drawn in heparinized endotoxin-free tubes, and 

plasma endotoxin levels were determined by the Limulus amoebate lysate assay. We 

also measured adhered platelets after the blood circulation 

Data were processed with Sigma STAT® for Windows (SPSS Inc., Chicago, IL, USA), 

and the results were expressed as mean ± standard error. One-way analysis of variance 

(ANOVA) followed by the Tukey test was used for comparing variables among 

experimental groups. Statistical significance was assumed for values ofp< 0.05. 

2-3 Results and Discussion 

Platelet adhesion 

Figure 2-5 shows the chemical structures of the poly(meth)acrylates used in this work 

and Table 2-1 shows their molecular weights (Mw) and contact angles. The number of 

platelets adhered to the surface of adhesion on poly(meth)acrylates is shown in Figure 
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Table 2-1. Molecular weights (Mw) and contact angle of 
poly(meth)acrylates (Mean + standard deviation, n=6) . 

Sample 
PMEA 
PHEA 
PEA 
PEHA 
PPEA 
PHEMA 

Mw 
85,000 

109,800 
85,000 

110,000 
50,200 

111,000 
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* Contact Angle (degree) 
49.8 (+4.3) 
17.3 (+4.7) 
79.0 (+2.9) 
82.1 (+1.2) 
86.7 (+ 1.8) 
30.6 (+3.5) 
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2-6. The number of platelets adhered to the PMEA surface was the least. The 

composition in the copolymer affects significantly the platelet adhesion. The number of 

platelets adhering on PMEA surface, 2.5 cells/104 I..Im2, is markedly small when 

compared with those of other polymers, over 14 cells/104 f..Im2• These results suggest 

that the PMEA analogous polymers investigated activate platelet more than PMEA. 

As the morphology of the platelet is one of the indexes expressing the degree of the 

platelet activation, the morphology was observed under SEM. The platelet adhered on 

the surfaces of PMEA keep its original spherical shape. This result means that the 

surfaces do not activate the platelet. In the case of HEMA, slightly small change in the 

morphology can be found. For the other polymers, it is clearly observed that the 

platelet has pseudopod and/or spread, which indicates the activation of the platelet. 

When both the results, the number and the shape ofthe adhered platelet, are combined, 

it is concluded that the platelet compatibility of the polymer changes drastically. 

Washed platelets adhesion 

Next, the adhesion of washed platelets onto PMEA and PHEMA is discussed. It is 

well known that platelet adhesion takes place when the material surface is coated with 

FNG. In order to clarify the relationship between adsorbed FNG and platelet adhesion, 

in this experiment, platelet adhesion to surfaces noncoated and precoated with FNG 

was investigated using washed human platelet. Here, PMEA and PHEMA were 

examined because they showed almost the same amount of adsorbed plasma protein 

and the amounts were lower than those adsorbed by other polyacrylates (Chapter 3). 

Figure 2-7 shows the number of washed platelets adhered to the surface of polymers 

noncoated and precoated with FNG. In the absence of FNG, the adhesion of platelets 
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to the surface of PMEA and PHEMA was completely inhibited. On the other hand, in 

case of surfaces precoated with FNG, much platelet adhesion and spreading were 

observed on PHEMA, but little platelet adhesion was recognized on PMEA. The 

platelets adhered to PMEA maintained their original round shape compared with those 

adhered to PHEMA (Figure 2-8). 

Next, the morphology of the adhered platelet is described. The SEM images of the 

platelet morphology on PMEA, PHEMA and PMEMA are shown in Figure 2-8 as 

representatives. The platelet adhering on PHEMA and PMEMA spread markedly, 

while in the case of PMEA the platelet kept its original shape. For other 

poly(meth)acrylates the similar drastic morphological change of platelet was also 

observed. From these results on the platelet number and the morphology, it is concluded 

that PMEA analogous polymers activate platelet markedly and PMEA is very inert for 

the activation of platelet. 

When PMEA and PHEMA surfaces were not coated with FNG, platelet adhesion was 

inhibited. On the other hand, when the surfaces were precoated with FNG, the 

numbers of adhered platelets considerably differed (Figure 2-7). The number of 

platelets adhered to PMEA was considerably smaller than that of platelets adhered to 

PHEMA. The platelets adhered to PMEA but not those adhered to PHEMA, 

maintained their original round shape (Fig. 2-8). The platelets adhered onto PHEMA 

appeared spread. These findings indicated that activation of platelets was 

significantly inhibited on PMEA but accelerated on PHEMA and also indicated that the 

conformation of adsorbed FNG was closely related to platelet adhesion. 

Blood compa.tibility of PMEA on circuits 
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Figure 2-8. Scanning electron micrographs of washed platelets adhered to polymer 
precoated with FNG ornoncoated. (a)PMEA (b)PHEMA (magnification x 1,000) 
(c)PMEA (d)PHEMA (magnification x 15,000) 



Figure 2-9 show release of beta -thromboglobulin (/3 -TG) and lacoferrin, and production 

of Thrombin-antithrombin-III complex (TAT) and terminal complement complex (TCC). 

PMEA shows excellent blood compatibility with respect to platelet, leukocyte, 

coagulation, and complement systems when compared with other polymers. Figure 

2-10 show the effects of PMEA-coated extracorporeal circuits on biocompatibility during 

cardiopulmonary bypass model. In this study, a PMEA-coated oxygenator (Group p) was 

compared to a heparin-coated oxygenator (Group H) and non-coated oxygenator (Group 

N) under conditions of in vivo circulation using human blood. The results of this study 

indicated that in comparison to Group N, Group P allowed retention of a significantly 

smaller amount of platelet and leukocyte loss, release of /3 -TG and granulocyte 

elastase, production of TAT and bradikinin (Figure 2-11). There were no significant 

differences between Group P and Group H. After 6h, circulation adsorbed protein on the 

oxygenator was extracted and analyzed by immunoblotting. The amount of the 

adsorbed fibrinogen on the Group P membranes was smaller than that of Group N. This 

indicate that biocompatibility of the Group P is equal to that of Group H. Figure 2-12 

show the results of platelet adhesion after the blood circulation. Different materials 

which are component of the oxygenator; PC, PVC, PP, PU, PET and SUS, generate a 

varying degree of platelet adhesion (type I) and activation (type II). Polycarbonate (PC) 

can be classified as one of the harshest materials in relations to platelet adhesion and 

activation. However, the number of platelet adhesion was reduced when PMEAis coated 

the surface of materials. The platelet adhered on the surfaces coated with PMEA keep 

its original spherical shape (Figure 2-13). These fmdings indicated that activation of 

platelets was significantly inhibited on PMEA after the blood circulation. 

Based on the above view points, PMEA-coated circuits could be regarded as 
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biocompatible circuits distinguished by their low platelet, leukocyte and complement 

activation ability and the low bradykinin level, similar to heparin-coated circuits. This 

leads us to the question of how PMEA-coated circuits show such biocompatibility, 

particularly in terms of reducing complement activation, as heparin-coated circuits 

show. The mechanism by which surface-coated heparin reduces complement activation 

and leukocyte activation is, however, not well known. A more feasible explanation for 

the reduction of complement activation and the subsequent reduction of cellular 

activation by coated heparin is the direct effect of the heparin molecule, particularly its 

inhibition of the alternative pathway of complement activation (36,38,39). On the other 

hand, coating of PMEA on a biocompatible surface suppresses the adhesion or 

adsorption of biocomponents, irrespective of the humoral (e.g., adhesive protein, 

coagulation factors and complement factors) or cellular components (e.g., leukocytes 

and platelets). The biocompatibility of a surface is generally considered to be related to 

the protein adsorption process that involves FXII, FXI, high-molecular-weight 

kininogen (HMWK) , complement C3, platelets, and others. The approach of PMEA 

coating is based on the hypothesis that a surface whose interaction with biocomponents 

is minimized, namely less protein adsorption onto the surface, might be biocompatible. 

In fact, Saito et al investigated that the amount of protein adsorbed on PMEA-coated 

circuits was significantly lower than that on uncoated circuits: 3.42Ilg/cm2 for uncoated 

circuits and 0.30 Ilg/cm2 for PMEA-coated circuits (40). Niimi et al. reported the amount 

of protein adsorbed on some extracorporeal circuits in vitro, as follows: 2.32 Ilg/cm2 for 

an uncoated polypropylene surface, 1.40 Ilg/cm2 for a silicone-coated surface, and 1.84 

Ilg/cm2 for polyolefin-coated surface (41). These figures prove clearly that the PMEA 

coating has an ability to suppress protein adsorption onto the surface compared with 
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Figure 2-13. SEM of platelet adhered to various materials after circulation of 
blood by the cardiopulomonary bypass model. (a, d) PC(polycarbonate), 
(b,e) PVC (polyvinyl chloride), ( c, e) PP(polyplopylene) 
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other circuits surfaces. 

Bradykinin is released from HMWK to form complexes with FXII and FXI on the 

surface, particularly on negatively charged surfaces; this is the so-called "contact blood 

activation". Therefore, it could be said that the low bradykinin level of PMEA-coated 

circuits results from the minimization of the interaction of the PMEA-coated surface 

with FXII, FXI and HMWK. Based on a similar hypothesis, many basic studies on 

biocompatible surface designs have been done (42). This "PMEA coating" may, however, 

be the first coating material that is applied to commercialized cardiovascular devices. 

Moreover, complement-associated protein, also known as apo-J or clusterin or 

SP-40,40 (43), was detected as the major protein adsorbed on PMEA-coated circuits, and 

may be worth mentioning. Like vitronectin, this complement-associated protein inhibits 

C5b-6 initiated complement hemolysis, and both proteins combine with nascent C5b-7, 

preventing membrane insertion and cell lysis. Moen et al. showed that the plasma 

concentrations of both proteins significantly decreased during CPB, and speculated that 

the decrease might due to the adsorption on extracorporeal circuits (44). In this study, 

we showed that complement-associated protein adsorbed on PMEA-coated circuits 

during the bypass. This protein adsorbed on PMEA coating might be associated with the 

reduction of complement activation. 

In addition Suhara et al. proved the excellent blood compatibility of PMEA in the 

extracorporeal circulation of the PMEA-coated oxygenator using a pig in terms of TAT, 

bradykinin, ATIII, and the retention of platelet number (45). On the basis of these 

results, we concluded that the platelet adhesion test has a sufficient validity to estimate 

the blood compatibility. However, we have only limited information on its function in the 

complement system. Further studies to determine what the adsorption of 
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complement-associated protein on PMEA-coated surface means are required. 

When an artificial surface comes into contact with blood, plasma proteins adsorb in 

seconds to the surface, followed by platelet thrombus formation. At the molecular level, 

the surface structure has an effect on the adsorption of proteins, and these adsorbed 

proteins playa major biological role in platelet adhesion. It is now well established that 

protein adsorption is the first event following material-tissue contact, and the 

adsorption is generally nonspecific, with multiple binding sites on the proteins 

interacting with sites on the material surface (46,47).Nonspecific forces that must be 

considered are Van der Waal's forces, electrostatic double-layer forces, 

solvent-dependent interactions, hydrogen bonding, hydrophobic interactions, hydration 

forces, and steric forces (48). Moreover, depending on the chemical nature of the 

polymer, the interactions occur with various affinities, some being irreversible. Protein 

adsorption is the trigger for blood coagulation, which occurs when blood contacts 

polymeric biomaterials (49-51). Nonspecific protein adsorption on the surface occurs 

within minutes after the contact of the surface with blood (52). Blood is a complex 

mixture made up of water, salts, minerals, proteins, and cells. The latter two 

components can interact with the foreign surface, be adsorbed, and be altered. 

Depending on the surface, protein adsorption varies in the thickness and the structure 

of the adsorbed layer. The more abundant proteins initially are adsorbed, but then are 

displaced by proteins that are less abundant but have a higher affinity for the surface. 

As we will see chapter 3, protein adsorption is also the first step leading to bacterial 

adhesion on biomaterial surfaces. The relationship between blood compatibility and 

protein adsorption will discuss in next chapter. 
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2·4 Conclusion 

PMEA showed excellent blood compatibility in terms of platelet and leukocyte 

adhesion/activation (release of B-TG, and granulocyte elastase), complement activation 

(production of TCC) and coagulation (production of TAT). We showed that the plasma 

bradykinin level in the PMEA-coated group were significantly lower than those in the 

uncoated group. PMEA-coated circuits, distinguished by the low complement activation 

and the low bradykinin level, would reduce inflammatory responses including 

pulmonary edema after CPB compared with uncoated circuits, similar to heparin coated 

circuits. 
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Chapter 3 Protein Adsorption onto a PMEA Surface 

3-1 Introduction 

When a foreign material comes into contact with blood it will rapidly adsorb proteins onto its 

surface, and the adsorbed protein layer will determine all further events, namely, platelet 

adhesion, aggregation and coagulation (1-3). Therefore, understanding the mechanism of 

protein adsorption is very important for surface design of not necessary biomedical materials. 

Protein adsorption onto various kinds of polymer surfaces has been extensively investigated, 

and many studies have focused on the development of synthetic materials for blood compatible 

devices (4). Several studies have suggested that both the amount of adsorbed protein and 

conformational change play an important role in platelet adhesion. In particular, 

conformational change influences the functions of proteins themselves. Thus, determining the 

degree of conformational change in adsorbed protein is considered to be one of the important 

aspects affecting blood compatibility (5-7). 

Previously, the conformational change of adsorbed protein on a polymer surface was 

analyzed using the ATR-FT-IR flow cell method (8-10), CD (11-13), and calorimetric analysis 

(14). Recently, Ishihara et al. evaluated conformational changes of proteins adsorbed onto the 

surface of a phospholipid polymer using CD in terms of changes of a -helix content of the 

protein (15). Their experiments were carried out using serum albumin and fibrinogen (FNG) 

since they are the major plasma proteins. The former is one of the most important transport 

proteins. The latter is an adhesive protein, the same as fibronectin, von Willebrand factor, and 

thrombospondin, which regulate or modulate the adhesive response of platelets. FNG has been 

well investigated from the viewpoint of a mediator of platelet adhesion via direct interactions 

with platelet receptors such as glycoprotein GPIlb/IIIa. Several groups have reported a 

monoclonal antibody that binds to the functional region of the platelet receptor (e.g. RGDS or 
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C-terminal dodecapeptide of the y chain) and reacts with FNG adsorbed onto a surface, but not 

with FNG in solution (16,17). They concluded that the conformation of FNG adsorbed onto 

the surface is changed. Moreover, other studies have suggested that not only the total amount 

of adsorbed FNG but also the conformation or orientation of adsorbed FNG play an important 

role in determining platelet adhesion to biomaterials (18,19). 

In order to produce with artificial organs a novel surface, such as an artificial lung, we have 

developed a poly(2-methoxyethylacrylate) (PMEA) surface. In our preliminary evaluation, 

PMEA showed excellent blood compatibility in terms of platelet and leukocyte 

adhesion/activation (release of ~-TO, PMN elastase, and lactoferrin), complement activation 

(production ofC3a and TCC) and coagulation (production of TAT) (20). 

The advantageous properties of PMEA for biomedical applications are as follows: blood 

compatibility, low toxicity, adhesive property, economical production by radical polymerization 

on large scale, easiness to copolymerize, and easiness to control quality. However, we have 

not found the reason for the blood compatibility exhibited by PMEA as yet. 

In this chapter, to understand the reason why PMEA exhibits blood compatibility, we 

investigated the amount of plasma protein adsorbed on PMEA. We focused primarily upon the 

relationship between protein adsorption and platelet adhesion to the PMEA surface. The 

degree of conformational change of the protein adsorbed onto the surface was estimated by 

determining the a-helix content using CD. We report here the conformational changes of 

serum albumin and FNG adsorbed onto a PMEA surface and onto the various 

poly(meth)acrylates analogous polymer surfaces. 

3-2 Experimental 

3-2-1 Analysis of protein adsorbed onto PMEA 
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Whole blood was separated into plasma and cells by centrifugation at 3000 rpm for 10min. 

A PET or PP plate coated with the poly(meth)acrylate polymer was immersed in the plasma and 

placed at 37°C for 60min without moving it, then it was rinsed five times with PBS for 30 

seconds taking care of the air-water interface (21,22). The protein adsorbed onto the plate is 

desorbed by exposing the plate to an SDS solution (0. 125M Tris/HC1, pH6.8 with 2% SDS, 5% 

2-mercaptoethanol, 10% glycerol, and 0.002% bromophenol blue) for 15min at 100°C. The 

total amount of adsorbed protein was measured by the gold stain dot-blotting method (23). In 

a micro syringe 1 III of sample was taken up and applied to nitrocellulose paper (ADVANTEC 

MFS, INC.). After the sample had dried, the paper was washed for 20 min at room 

temperature in Tris buffer (20mM Tris, 500mM NaC!, 0.3%Tween-20, pH7.5), rinsed in water, 

and stained colloidal gold stain reagent (BIO-RAD Laboratories. Inc.) for 60min at room 

temperature. After a brief wash in water, the stained nitrocellulose paper was scanned on a 

laser densitometer (Image Master DTS, Pharmacia LKB). 

3-2-2 Conformational changes of adsorbed proteins 

The conformation of the protein adsorbed onto the polymer surface was determined by the 

circular dichroism (CD) method. The CD spectra was recorded from 195 to 250nm on a CD 

spectrophotometer (J-720WI, JASCO Co., Ltd., Tokyo, Japan), using a lcm quartz cuvette 

(Figure 3-1). The sample temperature was kept constant at 37°C by a cell holder 

incorporating a Peltier device (PTC-343, JASCO Co., Ltd.), and the sample compartment was 

continuously flushed with N2• The spectrum was the average of 10 scans, using a bandwidth 

of Imm, and a stepwidth of 1 mm. The concentrations of proteins were 4.0g/dL for BSA, and 

0.3g/dL for FNG which were nearly equal to the physiological concentrations. The 

polymer-coated quartz plate was immersed into the protein solution and incubated for 60min 
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at 37°C. Then, the plate was rinsed with 20ml of PBS (PH 7.4) for 10 seconds to displace the 

bulk protein solution and to remove loosely bound protein from the plate (8). Then, the plate 

was gently rinsed with PBS for 2 seconds and was used for CD spectroscopic measurements. 

The a-helix content of the native and adsorbed proteins was determined from the ellipticity at 

222nm. The ellipticity of poly-L-Iysine, which has a 100% a-helical structure, was 

approximately -40,000 (deg cm2 dmorl
), and was used as the standard (24). The a-helix 

content of the adsorbed protein was calculated using the following equation according to Akaike 

et al. (25). 

[9]= 9/(10 X C X L)( degree cm2 dmor1
) 

C=(CoIMo) X 1000 

a-helix content (%) = [9bi( -40000) 

where 9 is the ellipticity in degree cm2 dmorl
, L is the optical pathlength in cm, C is the molar 

concentration in M, Co is the surface concentration (/lglml), and Mo is the mean residue weight 

(=118). The total amount of the protein adsorbed onto the polymer surface was measured by 

the gold stain method (23) as mentioned above. The stability of base line of CD depended on the 

polymer species. PMEA hardly affects the base line, and we chose the polymers that affected 

hardly the base line of the CD as the reference samples. 

The results were statistically analyzed using analysis of variance (ANOVA) and Student's t 

test. The level of significance was set at P<0.05. 
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3-4 Results and Discussion 

Protein adsorption 

Figure 3-2 shows the adsorption of human plasma proteins onto six meth(acrylate)polymers. 

This figure clearly shows that the adsorption profiles differed from one another, being 

influenced by the different nature of the polymers surface. The total amount of plasma 

proteins adsorbed onto PMEA was 0.26 Ilg!cm2
, which was lower than that adsorbed onto PEA, 

PEHA, PPEA or PHEA. The amount of protein adsorbed onto PHEMA was almost the same 

as that adsorbed onto PMEA. 

For the CD measurements, the amounts of adsorbed BSA and FNG from their 

mono-component solutions onto the surface of polymers were investigated (Figure 3-3). The 

amounts of BSA and FNG adsorbed onto PMEA were lower than those adsorbed onto PEHA, 

but they were very similar to those adsorbed onto PHEMA. This pattern was similar to that 

observed for protein adsorption from human plasma, but the amounts of proteins adsorbed 

differed (Figure 3-3). One possible reason for the difference is the effects of rinsing. In the 

case of CD measurement, we adopted a 10-second gentle rinsing procedure because this was 

enough to eliminate the dipping effect (8). On the other hand, we rinsed the plates five times 

for 30 seconds to measure the amount of strongly adsorbed plasma protein. 

Figure 3-4 shows the CD spectra of BSA and FNG in PBS, which are assumed to have a native 

secondary structure. The CD curves showed a minimal value at 208nm and a shoulder at 

around 222nm which corresponded to an a-helical structure. The a-helical contents of native 

BSA and FNG in PBS were calculated to be 51 % and 27%, respectively. The a-helix content 

of BSA was about twice that of FNG. These results agreed well with those reported in the 

literature (26). Figures 3-5 and 3-6 show the CD spectra of BSA and FNG adsorbed onto the 

surface of polymers. The degree of conformational change of the adsorbed protein 
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depended on the property of the polymer surface. The percentages of a-helix content in BSA 

adsorbed onto the surface of polymers and in PBS are summarized in Fig. 10, and those of 

a-helix content of BSA adsorbed onto the surface of PMEA, PHEMA and PEHA were 37, 15 

and 14%, respectively. 

Similar results were observed for FNG (Figure 3-6). The a-helix contents decrease from 27 

to 22, 8 and 6% for PMEA, PHEMA and PEHA, respectively (Figure 3-7). The a-helix 

content of FNG adsorbed onto PHEMA and PEHA was strongly reduced. On the other hand, 

the a-helix content ofFNG adsorbed onto PMEA was nearly equal to that of native FNG. 

Platelet adhesion 

When an artificial surface comes into contact with blood, plasma proteins adsorb in seconds 

to the surface, followed by platelet thrombus formation. At the molecular level, the surface 

structure has an effect on the adsorption of proteins, and these adsorbed proteins playa major 

biological role in platelet adhesion. Thus, platelet adhesion was investigated in terms of the 

amount and conformation of the proteins adsorbed onto the surface of PMEA and analogous 

polymers. 

The number of adhered platelets onto the surface of PMEA was the least among all polymers 

examined (See Chapter 2 Figure 2-5). To clarify the reason, first, the adsorption of proteins is 

discussed. As shown in Figure 3-2 the total amounts of proteins from human plasma adsorbed 

onto PMEA and PHEMA were lower than those adsorbed onto PPEA, PEHA, PEA and 

hydrophilic PHEA. These high adsorption of protein onto PPEA, PEHA and PEA was 

probably due to the hydrophobic property of their surface as demonstrated by their contact 

angles (See Table 2-1). The reason why PHEA adsorb a lot of protein is not clear, but Holly et 

al. also reported that the amount of protein adsorbed onto PHEA was higher than that adsorbed 

onto PHEMA (27, 28). These results indicated that PMEA and PHEMA surfaces did not 
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induce plasma protein adsorption, compared with other polymer surfaces. 

Conformational changes of adsorbed protein 

We described the adsorption of proteins from a mono-component (BSA or FNG) protein 

solution instead of plasma protein for the CD measurements. 

BSA is one of the most important transport proteins. FNG is an adhesive protein. Here, the 

polyacrylates used were PMEA, PHEMA and PEHA. PEHA was selected as a type of 

hydrophobic polyacrylate. The results were similar to those obtained with plasma protein 

(Figure 3-2). On the PMEA surface, as shown in Figure 3-3, the amounts of adsorbed BSA 

and FNG from their mono-component solutions were similar to those adsorbed onto the surface 

of PHEMA. The amounts of BSA and FNG adsorbed onto PMEA were 0.68 /.1g/cm2 and 0.80 

/.1g/cm2, respectively. It was reported that the theoretical amounts of BSA and FNG adsorbed 

on a surface in the end-on monolayered state are 0.9 /.1g/cm2 and 1.7 /.1g/cm2, respectively (29). 

Our results imply that BSA and FNG adsorbed onto PMEA and PHEMA did not form 

multilayers because the amounts adsorbed were similar to the theoretical ones. In the case of 

PEHA, as the amount of the adsorbed proteins was larger than the theoretical ones (Figure 3-3), 

it is assumed that it formed multilayers. These results indicated that the interaction between 

the PMEA and PHEMA surfaces and plasma protein was weaker than the interaction that took 

place on the surface ofPEHA. 

1) Conformational changes of adsorbed BSA 

Is there no relation between the amount of adsorbed protein and platelet adhesion? In general, 

polymer surfaces adsorbing the least amount of plasma protein will bring about less platelet 

adhesion. Several researchers reported that the conformation or orientation of the adsorbed 

protein rather than the total amount of the adsorbed protein played an important role in 

determining platelet adhesion onto biomaterials (30-32). The conformation of the protein 
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adsorbed onto the polyacrylates surface was investigated by CD spectroscopy with attention to 

the a-helix content. When a protein absorbes to the surface of a polymer, its secondary 

structure changs. A decrease of the a -helix content and an increase of the random fraction 

and/or ~-region occur. Our data proved that different polymers induced different degrees of 

conformational change of the adsorbed protein. In comparison with the native protein, it was 

apparent that the conformational changes of BSA adsorbed onto the surface of PHEMA and 

PEHA were remarkable. In the case of PEHA, the amount of adsorbed protein and the 

conformational changes of BSA were larger than those observed in case of PHEMA and PEHA. 

Whereas, in the case of PMEA, little change was observed (Figure 3-5). These results 

indicated that the conformation of BSA adsorbed onto the surface of PMEA was closer to that of 

native BSA compared with BSA adsorbed onto the surface of PHEMA and PEHA. It is well 

known that platelet adhesion and spreading do not occur on an albumin-coated surface, and that 

with increasing degree of albumin denaturation, platelet adhesion and activation are enhanced 

(33). Thus, one of the reasons for the low platelet adhesion and spreading observed on PMEA 

may be the low degree of the conformational change of the adsorbed BSA. 

2) Conformational changes of adsorbed FNG 

FNG is known as a blood-clotting protein and as a universal cofactor for platelet aggregation 

and adhesion. The dissolved, native FNG does not bind to the adhesion receptors of platelets 

unless platelets are appropriately stimulated. Whereas unstimulated platelets can adhere to 

FNG adsorbed onto a polymer surface, it appears that adsorption of FNG to the surface 

accentuates and modulates the adhesion receptor and FNG interaction (2). Moreover, platelet 

adhesion and activation will strongly depend not only on the presence of adsorbed FNG, but also 

on the conformational change of the adsorbed FNG (34). 

In order to provide the further supporting evidence for the hypothesis that FNG adsorbed onto 
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PMEA is a key player in determining platelet adhesion, the state of FNG adsorbed on PMEA 

was also examined by measuring the amount of adsorbed fibrinogen and its conformation. 

Although PMEA and PHEMA exhibited almost the same amount of adsorbed FNG, the a-helix 

content of FNG adsorbed onto PMEA was higher than that of FNG adsorbed onto PHEMA or 

PEHA (Figure 3-7). In the case of PEHA, the amount of adsorbed protein and the 

conformational change of FNG were larger than those observed in case of PHEMA and PEHA. 

The FNG adsorbed onto PMEA was similar to native FNG which will not be recognized by 

platelets. Results from these observations supported the hypothesis that conformation of the 

adsorbed FNG is an important factor for the adhesion of platelets onto polymer surfaces. 

Taken together, these results also support the concept that platelet adhesion is dominated by 

both the conformational change and the amount of the adsorbed BSA and FNG. 

Figure 3-8 shows a schematic representation of the relationship between the state of the 

adsorbed protein and platelet adhesion. The PMEA surface suppresses platelet adhesion, 

because exposure of the binding sites of platelets is induced by denaturation of the adsorbed 

protein (35). When the adsorbed protein in close to the native protein, this does not take part 

in platelet adhesion and aggregation. Thus, the PMEA surface showed excellent blood 

compatibility. As for the PHEMA surface, the amount of adsorbed proteins was almost equal 

to that absorbed by PMEA. The conformation of the adsorbed protein was considerably 

altered and platelet adhesion and spreading occurred. These findings would imply that the 

conformational change of the protein adsorbed onto PHEMA induced the exposure of binding 

sites for platelets. The denaturation of the adsorbed protein could lead to platelet activation 

and subsequent thrombus formation. In other words, when the protein molecule which adsorbs 

onto a polymer surface retains its native conformation, platelets cannot adhere to the surface. 

If we were able to develop a surface that does not denature proteins, that surface would be blood 
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compatible. 

Some hypotheses have been proposed to design blood compatible surfaces, which included 

hydrophilic surfaces, phase-separated microdomain surfaces, bioactive molecule incorporated 

surfaces, and biomembrane-like surfaces (36). Though the PMEA surface does not belong to 

these categories, the surface suppresses the denaturation of the adsorbed proteins and shows 

excellent compatibility for platelets. Why are the conformational changes proteins adsorbed 

on PMEA suppressed? Protein adsorption includes many complicated phenomena. It has 

been pointed out that protein adsorption depends on the various properties of the material, e.g., 

surface charge, wettability, surface free energy, topography or roughness, the balance between 

hydrophobic and hydrophilic groups, chain mobility, crystallinity, the capacity for ionic and 

hydrophobic interactions, and the presence of specific chemical groups on the surface (6,37,38). 

Recently, the environment surrounding the water molecule on the polymer surface is one of the 

great aspects to understand blood-contacting properties (4). How is water structured on the 

PMEA surface and how does it bind to the surface? Such studies are now in progress and will 

be reported in subsequent articles. In summary, PMEA surface suppressed platelet adhesion and 

spreading as compared to other poly(meth)acrylates. These results indicated that the PMEA 

surface minimized its interactions with blood. The reason why PMEA showed excellent 

compatibility with platelet lies on the fact that the higher-order structure of the adsorbed plasma 

proteins is maintained. Therefore, PMEA would serve to modify the surface of artificial 

materials to attain a higher blood compatibility. 

3-5 Conclusion 

Platelet adhesion and spreading is suppressed when a Poly(2-methoxyethylacrylate) (PMEA) 

surface is used, compared with other polymer surfaces. To clarify the reason for this 
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suppression, the relationship among the amount of the plasma protein adsorbed onto PMEA, its 

secondary structure and platelet adhesion was investigated. Poly(2-hydroxyethylmethacrylate) 

(PHEMA) and polyacrylate analogous were used as references. The amount of protein 

adsorbed onto PMEA was very low and similar to that absorbed onto PHEMA. Circular 

dichroism spectroscopy was applied to examine changes in the secondary structure of the 

proteins after adsorption onto the polymer surface. The conformation of the proteins adsorbed 

onto PHEMA changed considerably, but that of proteins adsorbed onto PMEA differed only a 

little from the native one. These results suggest that low platelet adhesion and spreading are 

closely related to the low degree of the denaturation of the protein adsorbed onto PMEA. 

PMEA could be developed as a promising material to produce a useful blood contacting surface 

for medical devices. 
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Chapter 4 Kinetics of Protein Adsorption and Desorption onto a 

PMEA Surface by a In Situ Quartz Crystal Microbalance 

4-1 Introduction 

In Chapter 2 and 3, we showed that PMEA had the excellent compatibility with platelet, 

white blood cell, coagulation and complement systems, and that the protein adsorption and 

protein denaturation were in the lowest level when compared with other polymers (1- 7 ). 

It is pointed out by many researchers that adsorption properties of plasma proteins onto the 

polymer surfaces affect the blood compatibility of polymers (8-10). One of the important 

properties is the adsorption amount of the proteins on the material surface. The well-known 

methods to determine the adsorption amount were ultraviolet spectroscopy (UV), infrared 

spectroscopy (IR), X-ray photoelectron spectroscopy (XPS) and radioisotope-labeled 

immunoassay (RI) (10-12). However, these methods cannot provide information about the real 

time adsorption behavior of the proteins. In other words, these methods cannot observe the 

adsorbing process and thus cannot evaluate directly the polymer-protein interactions. As in situ 

studies on the adsorption properties, radioisotope-labeling and fluorescent-labeling techniques 

have been reported (11, 12). One of the methods which has been successfully applied to get 

information on an absorbed proteins is total internal reflection fluorescence spectroscopy 

(TIRF) (13, 14). The high sensitivity of fluorescence spectroscopy enables the quantification of 

small amounts of the adsorbed proteins, including the competitive adsorption, interfacial 

conformation changes, and the surface mobility of the adsorbed proteins. These methods, 

however, have some problems. One is the complicated procedure to introduce the radioisotope

or fluorescent-labels to the proteins as pre- or post- treatment, and moreover this procedure has 

a possibility of denaturing the protein. Another problem is that it takes relatively long time to 

obtain the results. Recently, a new methodology, surface plasmon resonance, has been applied to 
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in situ detection of the adsorbed protein. However, it requires large and expensive equipment 

and has some difficulties to obtain quantitative results. As an effective and easy method to 

analyze the in situ biomolecular interaction, quartz crystal microbalance (QCM) has been 

recommended (15-19). QCM is known to be very sensitive mass-measuring device in the air 

(20, 21) and in the aqueous solution (22-25). The resonance frequency of QCM electrode 

decreases linearly with the increase in the mass of the electrode due to the adsorption of some 

compound, and the sensitivity is in nanogram level. Several researchers have reported the 

interaction between polymeric biomaterial and protein by using this method, but the 

investigations have been limited to the qualitative ones (26). We have adopted this method to 

perfonn the quantitative analysis of adsorption behavior of protein onto the PMEA surface. 

When an artificial material comes into contact with blood it will rapidly adsorb proteins onto 

its surface, and the adsorbed protein layer will detennine all further events, namely, platelet 

adhesion, aggregation and coagulation, as mentioned above. Protein adsorption behaviors on 

various kinds of polymer surfaces have been extensively investigated. It is reported that the 

important factor expressing the biocompatibility is not the amount of adsorbed proteins on the 

surfaces but the structure or orientation of the adsorbed proteins (27-34). One of the attractive 

objects is whether the protein adsorption is reversible or not, and many researches on it have 

been carried out. There are many reports that insisted on the irreversible adsorption of proteins 

on the polymer surface (35-37), whereas some researchers reported the reversible adsorption 

(38). Thus, it is important to analyze the kinetics during adsorption of protein on polymer 

surface in addition to the adsorption amount of the protein when the blood compatibility of 

polymers are discussed (chapter 2 and 3). 

In this chapter, we report the comparison of the adsorption properties of proteins to the 

polymer surfaces using the saturation method of QCM. That is, we discuss the adsorption 
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properties onto the PMEA, poly(2-hydroxyethylmethacrylate) (PHEMA), and polypropylene 

(PP) in terms of the maximum adsorption amounts and the apparent association constants of the 

proteins (39). PHEMA and PP were selected as the representatives of the hydrophilic and 

hydrophobic polymers, respectively because the former is known as one of the most popular 

biomedical polymer and the latter is used in many medical devices. We also report the 

investigation of early stage of the protein adsorption behaviors on PMEA and other common 

polymer surfaces by the curve fitting method of QCM (40). 

4-2 Experimental 

4-2-1 Coating of a QCM electrode with polymer and characterization of it 

Materials 

PMEA and PHEMA were prepared by radical polymerization and their weight average 

molecular weights were 85,000 and 110,000, respectively (by OPC with polystyrene standard). 

Polypropylene (PP) was purchased from Aldrich Chemical, Ltd. (Milwaukee, WI). Methanol 

and xylene used as solvents were of analytical grade. 

Proteins, bovine serum albumin (BSA) and human plasma fibrinogen, were purchased from 

Sigma Co. Ltd. (St. Louis, MO), and used without further purification. Protein solutions with 

the concentration mentioned below were prepared using a phosphate-buffered saline (PBS, 

pH7.4). The concentrations ofBSA were varied in the range of 0 to 27 x 10-6 M, and those of 

fibrinogen were from 0 to 32 x 10-8 M, , respectively. 

4-2-2 Measurement of QCM 

QCM-apparatus 

Figure 4-1 shows a schematic illustration ofa QCM equipment. The 9 MHz QCM employed 
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Figure 4-1. Schematic Diagram of QCM System. 
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was a commercially available from Ukou Electronics Co. Ltd., (Saitama, Japan). Au electrode 

(area 0.16 cm2
) was deposited on both sides of the AT-cut quartz (18 mm diameter). The one 

side of the QCM electrode was covered with a rubber sealing in order to insulate from the ionic 

aqueous protein solution, while the other was exposed to the aqueous solution. The electrode 

was connected to an oscillation circuit designed to drive it. The frequency changes were 

followed by a universal frequency counter (Iwatsu Co., model SC-7201, Tokyo, Japan) attached 

to a personal computer system (NEC Co., Model PC 980 I, Tokyo, Japan). The data of the 

frequency change during the experiment were put into the personal computer in every second, 

and treated. The stability or the drift of the 9 MHz QCM frequency in the aqueous solution 

and in the air was in the range of ± 1 Hz for 3 h at 37 °C. 

The relationship between the frequency change and the change of the quartz electrode mass in 

the air is presented by Sauerbrey equation [IJ (15) 

[IJ 

where ilF = the measured frequency change (Hz), Fo = the parent frequency of QCM (9 X 106 

Hz), !Mn = the adsorption amount (ng), P = the density of quartz (2.65 g/cm3
), d = the shear 

modulus of quartz (2.95 X lO ll dynlcm2
), and A = the effective area of the electrode (0.16 cm2

). 

Substituting these values ofFo, p, d, and A for eq [1] yields eq [2]. 

-ilF = (2.1±O.I)L1m [2J 

When QCM is employed in an aqueous solution, eq [1] cannot be simply applied due to the 

87 



effects of interfacial liquid properties such as viscosity, density and conductivity (41-43). It is, 

however, known that eq [1] can be used for the solution system existing under specific condition 

where the influence of the visco-elasticity of the polymer is negligible (23-25). In our 

experiments, a linear relationship was observed between the change of mass and frequency 

change of the QCM both in the air and in the aqueous solution. This means that the Sauerbrey 

equation can be applied in our aqueous solution system, and the frequency change of 1 Hz 

corresponds to the mass increase of 0.5 ng on the QCM electrode (23-25). 

Coating of a QCM electrode with polymer and characterization of it 

The bare Au plate side of the QCM was cleaned with a dilute sulfuric acid (H2SOJH20 2=311 

(v/v) ) (piranha solution) and was rinsed with ultra-pure water and CHCliMeOH=2/l (v/v). 

PMEA or PHEMA was simply coated on the cleaned Au surface by casting the MeOH solution 

of 0.1 wt% polymer, while polypropylene (PP) was cast from the xylene solution of 0.1 wt% 

polymer. The coated QCM electrode was dried under air at room temperature, and dried in 

vacuum oven for 24h to remove the residual solvent. 

The surfaces of these coated electrodes were analyzed by X-ray photoelectron spectroscopy 

(XPS) (Jeol, JPS-90SX, Tokyo, Japan) to confirm the state of the coated polymer. MgKa 

X-ray source (1254 eV) was used for this measurement, and the take-off angle was 90·. 

Contact angle was measured by the captive-bubble technique (44). The height (h) and width 

(d) of the air bubble in contact with the polymer surface were observed by a microscope. 

Contact angle (9) was calculated according to the following equation; 

e = arcos (2h1d-l) 
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Measurement of QCM 

At first, the stability of the frequency of the QCM electrode in the PBS buffer at 37°C was 

confirmed and then the adsorption experiment was started by the addition of an adequate protein 

solution into the PBS buffer. The solution was stirred at 1000 rpm. It was confirmed that the 

stirring did not disturb the stability of QCM. Monitoring the frequency change was continued 

for 3000 sec. During the experiments, the PBS buffer was stirred gently in order to avoid the 

effect of the diffusion process of the protein, and the stirring was confirmed not to affect the 

stability of QCM. 

4-2-3 Analysis of QCM Data (curve fitting method) 

The protein adsorption on polymer surface is described by the following Eq 1. 

[Polymer] + [Protein] ~ [Polymel~P1·otein] * !:i [Polymer-Protein] 
k'-~ /;;-2 1 

In the equation, [Po1ymer-Protein]* means the meta-stable complex composed of the polymer 

surface and the protein, and is formed by just the collision of the protein with the surface at the 

rate, k1• In the meta-stabe1 complex the protein on the polymer surface can be detached at k-l 

until the reorientation of the protein, which minimize the interaction energy between the protein 

and the polymer surface, is occurred (i.e.: This reaction is reversible), or changes to the final 

product, adsorbed protein, at k2 (mainly irreversible). 

In the early stage of the reaction, it is assumed that the production of meta-stable complex 

was predominant and the final product is negligible. Thus, Eq 1 could be approximated by Eq 

l' . 
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d[Polymer-Protein} , , 
dt = kJ [Polymer] [Protem} - k-l [Polymer-Pro1em] * 

l' 

where the concentration of polymer, [Polymer], means the number of the absorption site on the 

polymer surface. 

On the basis of Eq 1', the production rate of meta-stable complex can be expressed by the 

following Eq. 

d[Polymer-Protein]l dt = k1 [Polymer] [Protein] - k -1 [Polymer-Protein] * 2 

The concentration of polymer is expressed as follows. 

[Polymer] ::!:t [Poiymer]o - [Poiymel--Protein] * 3 

where [Polymer]o is the initial concentration of polymer. From Eqs 2 and 3, following 

equation 4 is given. 

4 

When the equation in the braces of the right side in the Eq 4 is abbreviated as 

[Polymer-Protein]*' CEq 5), Eq 4 can be changed to new equation CEq 6) 

[Polymer-Protein 1 '*' f [Polymer-ProteinJ - kJ [poly:mer]o[Pl·t"lteinJ 
== 

kJPro1ein] + Ll 5 
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d[Poiynler-Profeinj * (L. rp .] k ) [P 1 . 0 . 1 I --::...--dt----· == - )1(·1 t l'Oteln + -J 0 ymer-.:-rotem '* 
6 

In this experiment, we supposed that [Protein] approximated to [Protein]o, 

[Protein] = [Protein]o 7 

because the amount of the adsorbed protein was significantly small compared with the initial 

amount of the protein in the solution. Thus, Eq 5 can be converted to the following equation. 

8 

Both sides of Eq 8 are differentiated and Eq 9 is given. 

d[Polymel'-Pl"oleinl *' d(Polymer-Pl'Ote.in] * 
"-~---= ~----

dt dt 9 

From Eqs 6,7 and 9, Eq 10 is given 

d[P()lymer-PmtcjnJ *' (L {'p .'.J I.) [P I -P ']. I 
··~~"-··"--·~----dl-·--·---""-· ::: ..... "1 l'OleUl 0 + I\: - J (J )'ll\cr rl~tcm * 

10 

Integrating Eq 10 by time t gives Eq 11 

[PolYlller-Proie..in] *' ::: Ae(-l{T)t 11 
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Where Tis the relaxation time of the adsorption, and the reciprocal of't is defined by Eq 12, 

r -1 = k1 [Protein] 0 + k-1 12 

From Eqs 5 and 11, 

[
0 1 . D '1 . kj [Polymer] o [Protein] A (-II'Tlt 
.r.-Q )'lllel"--x-fotem * :::: .~---- +- e . 

KJ [Protein] + *-1 13 

When the time t is zero, [Polymer-Protein] is also zero, Consequently, from the Eq 13, 

following equation is obtained. 

It :::: _ ~2Ji.~r.?1el·]o[PIuteil1t 
Ih[Protein] + k-1 14 

By combing Eqs 13 and 14, the amount of polymer-protein complex formed at time t is given by 

Eq 15 (19-22). 

. [ 1r1 [PolYDlerloIProtein] } (-3(TII • (- J 'T)t [Polymer-Prolem] * ::::. -----, ------ (1.- e . ) :::: [Polymel,-Protem],_oo(l - e ' } 
(k][Protem] +,t_]) 

15 

where [Polymer-Protein]*t __ is the concentration of meta-stable polymer-protein complex at 

theoretical time 00. 

The absorbed mass of the protein on QCM electrode can be substituted for the concentration of the 

complex in Eq 15, and thus Eq 15 is expressed as 
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16 

where ~mt is the mass increase of the QCM electrode at time t, and ~met is the mass increase at 

1300 sec. 

Figure 4-2 shows schematic representation of the frequency change curve of the adsorption 

and desorption process in the time course and the kinetic measurements by QCM method. 

4-3 Results and Discussion 

Protein adsorption on polymer surface (saturation method) 

Figure 4-3 shows the XPS spectrum of surface of the QCM electrode coated with PMEA. 

CIs and 01s peaks based on the polymer were observed, and Au peak could not be observed. 

The XPS spectra of other electrodes coated with PHEMA and PP also showed no Au peak. 

This result indicates that the electrode surface is completely covered with the polymer. 

The contact angles of the air bubble in contact with the polymer surface are presented in 

Table 4-1. These data indicate that the hydrophilicity ofPMEA is between PP and PHEMA. 

Figure 4-4 shows a typical time-course of frequency changes (AF) caused by the adsorptions of 

BSA onto the PMEA-coated QCM. Almost the same time-course curves were obtained for the 

adsorption of fibrinogen except the degree of the frequency change. On the basis of the 

frequency changes in the equilibrium state of the adsorption, Ilm, the amount of each protein 

adsorbed onto the electrode could be calculated. The results are shown in Figure 4-5, where 

the adsorption amounts are plotted against the protein concentration in the PBS buffer. In both 

the protein systems, L1m increased sharply on injecting the protein solution to the PBS buffer, 

and reached the plateau (Figure 4-4). It is known that the adsorption onto the polymer surface is 
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Fi~ure 4-3. XPS spectra of PMEA coated on Au surface. 
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Table 4-1 Contact angle of air bubble on polymer surface 

Surface Bc (degree) 

PMEA 50.1 (+3.2) 

PHEMA 29.7 (+3.9) 

PP 92.3 (+2.2) 
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the monomolecular adsorption when the Langmuir type adsorption is observed (9, 10) and that 

proteins adsorb onto a polymer surface with a monomolecular layer structure (45). Therefore, 

L1m and the concentration of the protein were plotted according to Langmuir's adsorption 

isotherm eq [3]. 

[3] 

where C = the concentration of the protein, L1mmax = the maximum adsorption amount, and Ka = 

apparent association constant of protein 

The results are shown in Figure 4-6. In both cases of BSA and fibrinogen, one can notice the 

perfect linear relationship between the C / Ilm and C. These results indicate that the adsorption 

of the proteins occurs in the mode of Langmuir type adsorption, and therefore, it is concluded 

that the monolayer adsorption of the protein proceeds in this experiment. The L1mmax and Ka 

were calculated from the slope and intercept of each linear line in Figure 4-6, respectively, and 

the results are summarized in Table 4-2. The L1mmax values of BSA for PMEA, PHEMA, and 

PP were 0.33,0.38, and 0.41 ~g/cm2, respectively, and the L1mmax values of fibrinogen for them 

were 0.34, 0.62 and 0.99 ~g/cm2, respectively (Table 4-2). In the case of the hydrophilic 

protein, BSA, PMEA shows indeed the lowest adsorption, but the L1mmax values for three 

surfaces are in the same level. It is implied that the adsorption of BSA onto the polymer is 

hardly influenced by the hydrophobicity / hydrophilicity of them under this experimental 

condition. On the other hand, the hydrophobic protein, fibrinogen, shows marked different 

adsorption behavior toward the polymer surfaces. The large value for PP and rather small 

value for PHEMA will be attributed to the hydrophobic/hydrophilic interaction between the 

polymers and fibrinogen. The Ilmmax values for PMEA is half and one-third as large as those 
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Table 4-2 Maximum adsorption amounts ( Ll mmax) and 
Association aonstants (Ka) 

Ka LJmmax 
(10~l) (nglQCM) (l1'11cni) 

PMEA 5.1 52 0.33 

PHEMA 9.2 60 0.38 

PP 16.0 66 0.41 

Ka LJmmax 
(107Ml) (nglQCM) (l1'11cm2

) 

PMEA 3.7 54 0.34 

PHEMA 8.1 99 0.62 

PP 14.0 159 0.99 
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on PHEMA and PP, respectively. 

It is well established that protein adsorption on hydrophilic surface is relatively small, 

whereas the adsorption of proteins onto hydrophobic surfaces is very strong and often partially 

irreversible (8-10, 46). Moreover, it is known that the intermediate hydrophilic surface where 

the water contact angle is in the range of 60-80° is most favorable for cell adhesion (47, 48). 

It is surprising fact that the amount of the fibrinogen absorbed on PMEA is smaller than that on 

PHEMA though PHEMA is significantly more hydrophilic than PMEA as mentioned above. 

On the basis of the ..d mmax the structure of the adsorbed protein layer will be discussed below. 

From the..d mmax and the occupation area of the protein molecule, it can be predicted which type 

of the adsorption occurs, in the end-on type or the side-on type adsorption. The theoretical 

amounts of the monomolecular BSA adsorption are ca. 0.25 t.L g/cm2 for the side-on type 

adsorption and ca. 0.9 t.L glcm2 for the end-on type (Table 4-3)(45). The theoretical one of 

fibrinogen for end-on type adsorption is 1.7 t.L g/cm2
, and that for side-on type is 0.18 J.lg/cm2 

(Table 4-3)(45). As mentioned above, the ~ 11?max values of BSA are in the range of 0.33 to 

0.41 J.lg/cm2 and the ..d mmax values of fibrinogen are in the range of 0.34 to 0.99 J.lglcm2 for 

these three polymers. From the comparison of these values with the theoretical adsorption 

amounts of BSA and fibrinogen it will be concluded that the end-on type adsorption occurs, 

resulting in the mono-layered structure in our experiment. 

The tendencies of Ka values observed for both the proteins are similar to those of ..d mmax values. 

Thus, the Ka values of both the proteins for the polymers increase in the following order, 

PMEA <PHEMA <PP. Ka values for PHEMA are about twice and those for PP are about three 

times as large as those for PMEA, as shown in Table 2. These results indicate that PMEA 

surface has a weaker interaction with the proteins than HEMA and PP surfaces in spite of the 

middle hydrophobicity. In addition, the table shows that Ka of fibrinogen for each polymer is 
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Table 4-3 Dimensional data for plasma proteins 

Protein Molecular Weight Projected Area Ocupied Projected Cone. Plasma Cone. Function 
DiamlLength( A) (A2) ~JJ, g/cm22 (gldl) 

End-on Side-on End-on Side-on 

Albumin 67,500 1,256 4,600 0.9 0.25 4.5 Carrier 
I-' 
0 40X 115 Ca:) 

. Fibrinogen 340,000 3,317 30,875 1.7 0.18 0.3 Clotting 
65X475 



markedly large, about 100 times higher than that of BSA for the corresponding polymer though 

..d mmax values of BSA and fibrinogen are in the same order. This implies that the interaction 

between fibrinogen and the polymer surface is much stronger than that between the surface and 

BSA. These results will relate the properties of the protein such as hydrophobicity, 

electrostatic potentials, molecular size, protein structure and structural stability as well as the 

nature of the surface. Considering that fibrinogen plays an important role in the coagulation 

system, the fact that the interaction of fibrinogen with the PMEA surface is small may be one of 

the main factors to express the excellent blood compatibility. 

Kinetics in the early stage of the protein adsorption on polymer surface (curve-fitting method) 

We have already confirmed the quantification of the adsorbed protein on PMEA in terms of 

the apparent association constant (Ka) and adsorption amount by the saturation method of quartz 

crystal microbalance (QCM) (22). Next, we report the investigation of early stage of the 

protein adsorption behaviors on PMEA and other common polymer surfaces by the curve fitting 

method of QCM. 

Protein adsorption on polymer surface is complex phenomenon and involves many dynamic 

steps as mentioned above. Considering these facts, we assumed the adsorption model in the 

analysis of kinetics of protein adsorption as follows. First, the protein adsorption proceeds 

according to equation 1. In the process, we defmed the meta-stable complex, 

[Polymer-Protein]*, which is the intermediate formed by just the collision of the protein with 

the polymer surface at the rate, k l • In the meta-stabel complex the protein on the surface can 

be detached at k..1 until the reorientation of the protein, which minimize the interaction energy 

between the protein and the surface, is occurred (i.e.: This reaction is reversible). By the 

reorientation or the conformational change of the protein, the intermediate changes to the final 

product at k2. The extent of stability of the final product will determine whether the adsorption 
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is reversible or irreversible, and it will depends on the properties of the surface structure (i.e. 

electric charge, hydrophobicity, hydrogen-bond and so on). We conceived that the meta-stable 

complex would affect the adsorption behaviors and the amount of the final product (e.g: 

adsorbed protein), which involved the blood compatibility of the materials. Therefore, we 

focused our attention on the kinetics of production of the meta-stable complex. In the early 

stage of the adsorption reaction, we assumed that the production of meta-stable complex was 

predominant, and that the equation 1 could be approximated by the equation 1'. That is, in the 

early stage of the reaction, the observed mass increase of the QCM cell is due to the meta-stable 

complex, and the amount of the final product could be negligible. 

Am oc [Polymer-ProteinJ* 

The time presenting the early stage of the reaction was defined to be within 1300 sec, because 

within this time the data points obtained by QCM could be curve-fitted well by the equation 16. 

When the measuring time was over 1300 sec, the data points could not curve-fitted. These 

results will strongly support that the assumption that in early stage of the adsorption reaction the 

reversible formation of the meta-satable complex is predominant is right. 

It is known commonly that in the analysis of the adsorption kinetics of the protein on solid 

surface the diffusive effect sometimes affect the apparent result. However, the diffusion effect 

was shown to be negligible if well-stirred system was adopted (49-51). In the QCM 

measurement we confirmed that stirring at under 500 rpm did not give a reproducible results, 

but over 500 rpm the values observed were stable and were the same regardless of the stirring 

rate. Therefore, we stirred the solution at 1000 rpm in this study. We thought this condition 

gave a sufficient stirring efficiency and the diffusion effect could be negligible. 

The attachment and detachment constant rates (k1 andk_J' respectively) of the protein on polymer 

surfaces could be calculated as follows. At first, from curve-fitting the time courses of mass 
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increases (frequency decreases) in Figure 4-7 by Eq 5, the reciprocal of the relaxation time of 

the adsorption II r was obtained for each concentration of the protein. Next, plotting the 11 r 

against the protein concentration (eq 4) gave a linear line (Figure 4-8), and thus kl and LI 

were obtained from the slope and the intercept of the Figure 4-8, respectively. Association 

constant, Ka, was presented by the ratio of k/k -I' 

The parameters of the kinetics (k l and k_ l ) and the association constant, Ka, are summarized 

in Table 4-4. In this work, the QCM measurement for each sample was carried out 4-6 times, 

and they were almost the same time courses of frequency changes (see the error bar in the 

Figure 4-8). The plot of the relaxation time 't obtained by curve-fitting the time course curve 

to equation 16 against the protein concentration in the solution gave a linear line with good 

coefficient of correlation, 0.99 (Figure 4-8). Therefore, it is concluded from these results that 

the kl and k_1 were well reproducible. 

In the case of BSA which is the major component of plasma proteins, the rate of the 

attachment, k I, for PMEA is almost equal to that for PHEMA and they are close to the half of 

that for PP. However, the desorption rate constant, k -1. for the PMEA was three times larger 

than those for PHEMA and PP. In the case of fibrinogen which plays an important role in 

coagulation system, k 1 for PMEA is indeed smaller than two third times of those for PHEMA 

and PP. However, it will be concluded that k 1 's for the three polymers are in the same level. 

On the contrary, PMEA showed the highest k_1 value among the three polymers. The k_1 for 

PMEA was three and six times larger than those for PHEMA and PP, respectively. 

We have already reported the investigation of amounts of the absorbed proteins on the polymer 

surfaces by using QCM (39). In the article, we showed that the maximum adsorption amounts 

(Llmmax) ofBSA on both PMEA and PHEMA surfaces were the same level and that the Llmmax of 

fibrinogen on PMEA surface was significantly smaller than those on PHEMA and PP surfaces 
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Table 4-4 Adsorption behaviors of BSA and fibrinogen on polymer surfaces. 

Proteins Polymers Ammax kl k.l K.=ktlk.1 

(tJ,g/cm2
) (103M'!S'!) (10.3 S·!) (106Ml) 

BSA PMEA 0.33 2.9 7.3 0.40 

PHEMA 0.38 2.6 2.8 0.93 

PP 0.41 4.4 2.4 1.8 

Fibrinogen PMEA 0.34 240 14 17 

PHEMA 0.62 370 5.0 74 

PP 0.99 360 2.3 160 

amm .. : maximmn adsorption amount 
kl : adsorption rate constant 
k.l : desorption rate constant 
K. : association constant 
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as shown in Table 4-4. When the phenomenon is considered from the viewpoint of the kinetic 

parameter in the formation of the meta-stable complex, the marked low protein adsorption on 

PMEA surface will be explained by the difference of the detachment rate (k _I) of the proteins 

observed for each polymer surface. 

The Ka "s defined as the ratio of the attachment and detachment rate constants are 

summarized in Table 4-4. Ka* for PMEA is the smallest among the investigated polymers. 

This is due to the large desorption rate constant. Therefore, it will be clear that the feature of 

the PMEA surface is related to the large desorption rate constant of protein compared with those 

for other polymers. In the results, one should notice that differences of the hydrophobicity in 

proteins and polymers have little or no influence on the adsorption behavior (39). That is, the 

hydrophobicity of the polymers increased in the following order; PHEMA<PMEA«PP, and 

this trend does not agree with the trend of the kinetics observed in the polymers. 

In fact, as indicated Figure 4-9, the adsorbed BSA and fibrinogen on PMEA were slower 

than those of PHEMA and PP. While, when the protein injected buffer solution was changed 

to a new buffer solution at the arrow in the figure, the frequency was increased (mass decreased) 

due to desorption of the adsorbed protein. The desorption of the adsorbed protein onto PMEA 

was faster than those of PHEMA and PP. This means that while rinsing, the protein adsorbed on 

PMEA desorbed more easily than those of PHEMA and PP. By investigating the behavior, 

protein adsorbed on PMEA gave higher degree of reversibility than those of PHEMA and PP. 

If the protein molecule which adsorbs onto a polymer surface retains its native conformation, 

adsorbed protein could remove from the surface easily. 

Next, the conformation of BSA and fibrinogen adsorbed on the polymer surfaces are discussed 

on the basis of the CD results (as mentioned chapter 3). In this study the polymer surface was 

contacted with the protein solution for 60 min and thus the results would not the one for the 
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the early stage of the adsorption reaction. In the sample for the early stage reaction, the 

amount of the protein on the polymer surface was little, so that we could not observed CD 

spectra. The CD spectra of the proteins are shown in Figure 4-10. It is found that PP and 

PHEMA surfaces strongly denature the conformations of BSA and fibrinogen and that the 

conformations of both the proteins on PMEA surface are close to the native ones, where the 

native conformation means the one observed for the protein in the phosphate buffer. The 

contents of a-helix in the proteins adsorbed on the polymer surfaces, which will present the 

degree of the denaturation quantitatively and are calculated on the basis of chapter 3, are shown 

in Figure 4-11. The figure indicates that the degrees of denaturation of both the proteins 

increase in the following order; PMEA«HEMA<PP. From these results of the kinetics and 

conformational changes, it is concluded that the interaction between PMEA and the proteins is 

weaker than those between the other polymers and proteins, and thus the denaturation is small. 

These properties will bring about the excellent blood compatibility of PMEA. On the basis of 

the results described above, the schematic representation of adsorption-desorption behavior of 

albumin and fibrinogen onto polymer surfaces is illustrated in Figure 4-12. Here, the thicker 

arrows mean the larger adsorption and desorption rate constants. The study on the long-term 

protein adsorption and desorption onto PMEA surface is now in progress and will be published 

elsewhere. The reason for the marked low adsorption of protein observed on PMEA surface 

has not been well understood. We believe that the water structure observed as cold 

crystallization in DSC measurement as mentioned next chapter is an important factor for blood 

compatibility (chapter 5). To prove the hypothesis, more detailed researches described below are 

now in progress. The mobilities of water molecule in PMEA and other polymers and their 

polymer chains are investigated by means of NMR. The thermal behaviors and the hydrogen 

bonding states of water in PMEA and the some other polymers are analyzed by DSC and FT-IR 
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spectroscopy, respectively. These results will be reported elsewhere. 

4-4 Conclusion 

We adopted a QCM technique to quantify the protein adsorption on PMEA surface. The 

amounts of the absorbed proteins on PMEA were markedly smaller than those on PHEMA and 

PP. The adsorption behaviors of the proteins obey the Langmuir's adsorption isotherm and this 

fact indicates the mono-layered adsorption occurs. On the basis of the adsorption isotherm, the 

apparent association constants (KJ and maximum adsorption amounts (Llmmax) of BSA and 

fibrinogen for PMEA, PHEMA, and PP were obtained. Llmmax and Ka values of both proteins 

increase in the following order, PMEA<PHEMA<PP. These results indicate that the PMEA 

surface is less active than PHEMA and PP for both the hydrophobic and hydrophilic proteins, 

though its hydophobicity is between PP and PHEMA. This article is the first report that QCM 

system could be applied to investigating kinetics in the early stage of the protein adsorption on 

polymer surface, where the property of PMEA was compared with those of PHEMA and PP 

using BSA and fibrinogen. Our experiment revealed that the detachment rates of protein from 

PMEA surface (LI's) were much higher than those from the other polymer surfaces though the 

difference of kl 's for the three polymers were not so large. Therefore the association constants, 

Ka's (the ratios of k 1/ k -1)' for PMEA were lower than those for PHEMA and PP (schematically 

showed Figure 4-10). Moreover, the investigation of conformation changes of the adsorbed 

proteins on the polymer surfaces showed that the degree of protein denaturation decreased in the 

following order: PP>PHEMA»PMEA. These results suggest that the interaction between 

PMEA and the proteins is weaker than those observed in the other polymers. This weak 

interaction on PMEA surface will be the cause of its excellent blood compatibility. 
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Chapter 5 Water Structure of PMEA -The Role of Water in the 

Mechanism of Biocompatibility-

5-1 Introduction 

Among many polymers having a potential for biomedical application [1-10], 

biocompatibility is the most important characteristic when a polymer is selected for 

practical use. On this account, it is necessary to fmd a suitable criteria for examining 

biocompatibility of targeted polymers. Biological activity always occurs in aqueous 

environments. When a polymer comes into contact with blood, the polymer rapidly adsorbs 

plasma proteins onto its surface, following the adsorption of water molecules [11]. The 

above situation suggests that the water-polymer interaction plays a crucial role in biological 

processes. It is thought that structural change of water on the polymer interface is one of the 

important aspects affecting blood compatibility [12-16]. 

From the viewpoint of water structures in polymers, a large number of studies have been 

performed using various experimental methods, such as nuclear magnetic resonance 

spectroscopy (NMR) , dilatometry, differential scanning calorimetry (DSC), Raman 

spectroscopy and infrared spectroscopy [17-20]. DSC is one of the most promising methods, 

since it is accurate and the measurement is relatively easy. DSC has enabled us to analyze 

quantitatively the structures of water in the polymers from their enthalpies of melting and 

crystallization. 

We have already reported that poly(2-methoxyethylacrylate) (PMEA) shows excellent 

blood compatibility (chapter 2). It is found that induced denaturation of the adsorbed 

proteins on the PMEA surface is less than that of other polymers (chapter 3) [21-25] 

although the reason for this is not clear. 

In this chapter, we investigated the structural change of water in the PMEA using DSC in 
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order to clarify the reason why PMEA exhibits low adsorption of proteins and low 

denaturation. Morerover, we characterized PMEA analogous poly(meth)acrylate, such as 

poly(2-hydroxyethyl methacrylate), poly(2-methoxyethyl methacrylate), and copolymers 

(poly(MEA-co-HEMA)) with respect to the chemical structure of the side chain, contact 

angle of water, water content, and water structure, and discussed the relationship between 

platelet compatibility and these properties. 

5-2 Experimental 

5-2-1 Materials 

The initiator, 2,2' -azobis-isobutyronitrile (AIBN) purchased from Wako Pure Chemical 

Industries (Osaka, Japan), was recrystallized from methanol. The monomers used were 

2-methoxyethyl acrylate (MEA), 2-methoxymethyl metacrylate (MEMA), ethyl acrylate 

(EA), 2-phenoxyethyl acrylate (PEA), 2-ethylhexyl acrylate (EHA), n-butyl acrylate (BA), 

2-hydroxyethyl methacrylate (HEMA) and 2-hydroxyethyl acrylate (HEA). MEA, EA, 

PEA, EHA and BA were obtained from Osaka Organic Chemical Industry (Osaka, Japan). 

HEMA and HEA were obtained from Tokyo Chemical Industry (Tokyo, Japan). MEMA 

was obtained from Aldrich (Milwaukee, USA). Methanol (MeOH), 1,4-dioxane, 

N,N-dimethylformamide (DMF), tetrahydrofuran (THF), and diethylether used as solvents 

were of analytical grade (Kanto Chemicals, (Tokyo, Japan)). Poly(ethyleneterephthalate) 

(PET) film (Futamura kagaku (Osaka, Japan)) was used as a substrate for coating the 

polymers. Deionized water from a Milli-Q (18MQ-cm) system was used to prepare all 

aqueous solutions. 

Co-polymerization ofpoly(MEA-co-HEMA) 

Poly(2-methoxyethylacrylate )(PMEA), poly(2-hydroxyethylmethacrylate )(PHEMA) 
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and methoxyethylacrylate-hydroxyethyImethacrylate copolymers (poly(MEA-co-HEMA)) 

with five different compositions were prepared by free-radical polymerization initiated by 

AIBN. The polymerizations of MEA and the copolymerization of MEA with HEMA were 

carried out in l,4-dioxane at 75°C for 8 h. After the reaction, the reaction solution was 

poured into an excess of hexane, and then the polymer was obtained as precipitate. The 

polymerization of HEMA was performed in DMF at 70°C for 8 h, and subsequent 

precipitation was carried out in diethyl ether. The polymers were purified by three-time 

precipitation of THF solution for PMEA and the copolymers, and of MeOH solution for 

PHEMA in hexane and diethylether, respectively. The feed compositions of the monomers 

were MEA:HEMA=100:0, 90: 10, 80:20, 70:30, 60:40, 50:50, and 0: 100 (mol/mol), and the 

polymer yields were 61,68, 73, 60, 72, 78, and 62 %, respectively. 

Polymerization of PMEA analogous poly(meth)acrylate 

The radical polymerizations of MEA, MEMA, EA, PEA, BA and EHA were carried out 

in l,4-dioxane at 75°C for 8 h using AIBN as initiator under nitrogen. After the reaction, 

the reaction solution was poured into an excess of hexane, and then the polymer was 

obtained as precipitate. The polymerization of HEMA and HEA were performed in DMF at 

70°C for 8 h, and the subsequent precipitation was carried out in diethyl ether. The 

polymers were purified by three-time precipitation from THF solution for PMEA, PMEMA, 

PEA, PPEA, PBA and PEHA, and from MeOH solution for PHEMA and PHEA. 

Characterization 

The average molecular weights of the polymers were measured by using gel permeation 

chromatography (GPC) with polystyrene (Aldrich, Milwaukee, USA) as a standard. GPC 

measurement was carried out using a Tosoh SC-8020 equipped with refractive index 

detector (Rl-8020) (Tosoh, Tokyo, Japan), and the column used was a Waters Styragel 
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HR4E ( Waters, Milford, USA). THF was used as mobile phase at a flow rate of 1.0 

mVmin. 

The composition of the copolymer was determined by 400 MHz proton nuclear magnetic 

resonance eH-NMR) spectroscopy using a Varian Unity Plus 400 spectrometer. The NMR 

solvents were eDeh for PMEA and the copolymers containing up to 40 mol% of HEMA, 

and DMSO-d6 for PHEMA and the copolymer with 50 mol% of HEMA. The reference used 

was tetramethylsilane (TMS). 

Equilibrium water content 

PMEA is insoluble in water. The water content (Wc) and The equilibrium water content 

(EWC) of the polymer were defmed as defmed by the following equation (26, 27). 

We (wt %) = {(WI-Wo) I WI}X 100 (%) eq.(l) 

where Wo and WI are the weights of the dry sample and the hydrated sample, 

respectively. 

The EWe was obtained by the method shown below. The polymer was soaked in distilled 

water for 7 days at room temperature, taken out of water, and wiped with filter paper to 

remove excess water on the surface. The fully hydrated polymer was weighed quickly (WI)' 

and then the polymer was dried at 120 °e in vacuo until the weight (Wo) became constant. 

5-2-2 Measurement of DSC 

The different water contents were obtained by evaporation method [18, 27]. After the 

hydrated sample was weighed in a DSe aluminum sample pan, the water of hydrated 

sample was slowly evaporated till the weight of the sample become to be close to the 
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expectant value. After sealing the DSC sample pan, the sample was kept at room 

temperature for a few days to stabilize the sample. The dry sample weight was obtained as 

follows: After puncturing the sealed sample pan, the sample was dried at 100 DC in vacuo 

and then was weighed. A sample with Wc=36 wt % was prepared without removing the 

excess water on the surface. 

The phase transition of water in PMEA, PMEA analogous poly{meth)acrylate and 

p{MEA-co-HEMA) were measured under nitrogen atmosphere with DSC (DSC-50, 

Shimadzu Co., Kyoto, Japan) equipped with a low temperature cooling apparatus (TAC-50, 

Shimadzu Co., Kyoto, Japan). The hydrated sample was placed in an aluminum pan and 

hermetically sealed. The weight of the sample used was 5-6 mg, and no weight loss was 

observed during the measurement. The hydrated sample was first cooled to -100 DC at the 

rate of 2.5 °C fmin, held at -100 DC for 10 min and then heated to 50 DC at the same rate 

under nitrogen atmosphere. The heating process was monitored. It was confirmed that there 

was no weight loss during the measurement. 

5-2-3 Platelet adhesion test of MEA-HEMA copolymers and PMEA analogous 

poly(meth)acrylate 

PET sheet (7 mrnx 7 mm) was cleaned thoroughly using THF and then dipped into MeOH 

solution of the polymer, whose concentration was 10 mg/ml. The PET sheet coated with 

the polymer was dried overnight at room temperature. The sample sheet was washed three 

times with phosphate-buffered saline (PBS) before the platelet adhesion test. 

Human blood was drawn from healthy volunteers and mixed with a 119 volume of acid 

citrate dextrose (ACD). Platelet rich plasma (PRP) and platelet poor plasma (PPP) were 

obtained by centrifugation of the blood at 1200 rpm for 5min and at 3000 rpm for IOmin, 
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MEA-HEMA copolymer 

Figure 5-1. Chemical structure ofpoly(MEA-co-HEMA). 
m=1-0.5, and 0, n=0-0.5, and 1. 
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respectively. The platelet suspension plasma containing I x 105 cellslJlI of platelet was 

prepared by mixing PRP with PPP. The platelet concentration was determined by an 

automated hematology analyzer (Sysmex SE-9000, TOA MEDICAL ELECTRONICS, 

Tokyo, Japan). Then, 200 JlI (platelet number: 2x107
) of the platelet suspension plasma 

was placed on the polymer surface of the sheet, and incubated for 60 min at 37°C. After the 

sheet was washed three times with PBS, it was immersed into I % glutaraldehyde of PBS 

for 60 min at 4 °C to fix the adhered platelet. The sample was freeze-dried, and 

sputter-coated using gold (JUC-5000, JEOL Tokyo, Japan) prior to observation under 

scanning electron microscopy (JSM-840, JEOL, Tokyo, Japan). 

5-3 Results and Discussion 

Characterization of poly(MEA-co-HEMAJ 

The polymers used in this study were PMEA, PHEMA, and poly(MEA-co-HEMA), and 

the chemical formula of poly(MEA-co-HEMA) is shown in Figure 5-1. The NMR 

spectrum of the copolymer with 30 mol% of HEMA is shown in Figure 5-2 as a 

representative of the copolymers. The assignment of each proton peak is also shown in the 

Figure. The monomer composition of the copolymer was calculated from the equations 2 

and 3. 

2X + 2Y = Peak intensity based on c and h protons in the Figure eq.(2) 

5X + 2Y = Peak intensity based on d, e and i protons in the Figure eq.(3) 

where X and Yare the MEA and the HEMA contents in the copolymer, respectively. The 
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Table 5-1. Result of Copolymerization of MEA with HEMA 

Feed comE osition COEoll!!!er comEosition a 

Sample MEA 
mo1% 

PMEA 100 
PMEA90 90 
PMEA80 80 
PMEA70 70 
PMEA60 60 
PMEA50 50 
PHEMA 0 

a Determined by IH-NMR 
b Determined by GPC 

HEMA Yield Content of MEA Content ofHEMA 
mol% wt% mol% mol% 

° 61.1 100 ° 10 68.3 90.9 9.1 
20 73.2 80.1 19.9 
30 60.5 68.2 31.8 
40 72.3 60.8 39.2 
50 77.6 48.5 51.5 
100 62.0 0 100 

CH3 f 
-t-CHT"CH)m ( CHT"C )0-

f f 
C=O· C=O 
I I 
o 0 
I I 

CH2CH20CH3 CH2CH20H 

poly(MEA-co-HEMA) 

Mw b 

78,000 
68,000 
65,000 
80,000 
78,000 
66,000 
75,000 

MwlMn b 

2.2 
1.8 
2.1 
1.6 
2.3 
2.4 
1.6 

0 
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results are shown in Table 5-1 together with the results of GPC analysis. The Table shows 

that the monomer composition in the copolymer agrees well with the feed composition 

regardless of the polymer yield, and that the molecular weights of these polymers are in the 

same level (Mw=65,000-80,000). 

PMEA analogous poly(meth)acrylate Properties related to Water 

Figure 5-3 shows the chemical structures of the poly(meth)acrylates used in this work 

and their abbreviations. Contact angle of water droplet on the polymer surface is listed in 

Table 5-2. The contact angle reflects the surface property of the polymer: hydrophobic or 

hydrophilic. On the basis of the result of the contact angle one can classify these polymers 

into three categories. The one is the hydrophobic polymer with more than 70° of contact 

angle and it has alkyl, methoxyethyl, or phenoxyethyl group as a ester side chain of the 

polymer. The second is the hydrophilic polymer with less than ca. 30° of contact angle 

and PHEMA and PHEA with hydroxy group are the representatives. The last is the 

intermediate hydrophilic polymer with ca. 50° of contact angle and is represented by PMEA 

that has methoxyethyl group. The difference in the contact angle will be caused mainly by 

the chemical structures of the side chains (the ester side chain and the methyl group in a

position in acrylate monomer unit). 

In Table 5-2 the total eqUilibrium water contents (EWC) of the polymers are also listed. 

From the result of EWC the polymers can be categorized into three groups again like the 

case of the contact angle; the one has below 5 % of EWC (hydrophobic polymer), the 

second has high EWC, over 30% (hydrophilic polymer), and the third has the intermediate 

EWC, ca. 10 % (intermediate hydrophilic polymer). This classification is in good 

agreement with the one by the contact angle. That is, the polymer species belonging to 
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Table 5-2 Properties ofpoly(meth)acrylates 

Mw l ) Contact Angle2) EWC(wt%) 

PMEA 85,000 48.0° (±4.0) 9.0 

PMEMA 108,500 70.1 ° (±2.3) 4.2 

PHEMA 75,000 30.2° (±3.6), 39 

PHEA 109,800 17.3° (±4.7) 60 

PEA 87,000 79.0° (±2.9) 4.8 

PPEA 80,000 86.8° (±2.3) 3.3 

PBA 105,000 81.1° (±3.3) 1.9 

PEHA 110,000 82.1 ° (±1.2) 2.1 

I): GPC 2):means±SD, n=6 

each group classified by EWC or by the contact angle are the same. However, these 

results imply that EWe does not relate strictly to the contact angle. The increasing order 

of hydrophilicity or hydrophobicity is different between in the polymer group classified by 

contact angle and in the one by EWC. For example, the hydrophobicity determined by 

contact angle increases in the following order; PEA <PBA <PEHA <PPEA, while that by 

Ewe is ; PEA<PPEA<PEHA<PBA. In addition, it is found that methyl group in 

a-position of the monomer unit strongly decreases EWC. When EWCs of PMEA and 

PHEA are compared with PMEMA and PHEMA, respectively, the marked decrease of 

Ewe in the polymethacrylates is observed. 

Water structure in PMEA 

Figure 5-4 shows DSC heating curves for PMEA-water systems, whose We was varied 

from 0.2 to 36 wt %. In the samples with We of 0.2 and 1.8 wt %, baseline deviation due to 

glass transition was observed. A large and distinct exothermic peak was observed for the 

samples with W e 3.0 to 36 wt %. For the samples with W e 3.0 and 5.8 wt %, an 

endothermic peak at -4 ~ -14°C was also observed. . In the case of the samples with 
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Figure 5-3. Chemical structures ofpoly(meth)acrylates. 
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over 7.0 wt % of We, the exothermic peaks at -42 °C and two endothermic peaks at -3°C 

and -1°C were detected. As a reference, Figure 5-5 shows DSC heating curves for 

PHEMA-water systems, whose We was varied from 4.9 to 42.8 wt %. The exothermic peak 

was not observed. This means the water structure of hydrated PHEMA and that of PMEA is 

different. 

It is well known that there are two kinds of water in a hydrated polymer. The water which 

shows first-order phase transition such as crystallization and melting, is called freezing 

water, and the water which never crystallizes even at -100°C is called "Non-freezing 

water". "Non-freezing water" is strongly bound to polymers. Freezing water is classified 

into two types of water. One is "Free water" crystallizing at ca. 0 °C. The other is 

"Freezing bound water"crystallizing below 0 °C which interacts with the polymer weakly. 

Figure 5-6 shows the classification of water structure in a hydrated polymer (28-30). On the 

basis of the classification (28-33), the freezing water in PMEA can be divided into two 

groups. One is the "Freezing bound water" showing the melting point at -4 °C ~ -14°C 

(Tml). The other is the free water melting at-1°C (Tm2). 

Low temperature melting peak (T ml) rises with an increase in We in the range of 3.0~9.0 

wt %. The rise of Tml is explained as follows. The interaction of water molecules with the 

polymer molecules will be weakened by the increase of We because the number of water 

molecules per PMEA repeating unit increases. 

The exothermic peak clearly observed in the samples with more than 3.0 wt % of We is 

attributed to the cold crystallization of water (Fig 5-4). It is reported that cold crystallization 

of water is the transition of amorphous ice to crystalline ice [18, 27]. On cooling, the water 

vitrifies without crystallization. Therefore, the exothermic peek corresponding to the cold 

crystallization is never observed at -100 °C ~ 0 °C. On heating, the water molecule 
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solidified as an amotphous ice can be mobilized when the temperature rises above the glass 

transition (Tg), and successive heating enhances the molecular motion. The ice starts to 

crystallize at ca. -50 °e. In the case of PMEA, enthalpy of the cold crystallization (&Icc) 

increases with increase in We from 3.0 to 7.0 wt % and reaches a plateau at ca. 14 Jig 

(Table 5-3). For the samples with 3.0 and 5.8 wt % of We, the &Icc is almost equal to the 

enthalpy of melting (.&im). This indicates that the cold crystallizable water is assigned to 

freezing bound water. 

Table 5-3 Enthalpy changes of melting (&1m) and enthalpy changes of crystallization (&Icc) of 

PMEA-water system. 

We 

wt% 

0.2 

1.8 

3.0 

5.8 

7.0 

9.0 

36.0 

* not observed 

Jig 

-* 

4.6 

11.8 

14.1 

14.0 

13.6 

4.6 

11.8 

14.4 

20.1 

108 

At the same time, as shown in Figures 5-4 and 5-7, the cold crystallization temperature 

(Tee) maintains a constant temperature regardless of the We. The above facts can be 

attributed to the correlation between Tg and We. As shown in Figure 5-4, Tg was clearly 

observed at ca. -50 °e for all the samples. For the samples with less than 1.8 wt % of We, 

the transition was clearly observed. In the case of the samples with over 3.0 wt % of We, Tg 
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Figure 5-7. Phase diagram ofPMEA-water system. 
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is also at around ca. -50°C observed, although the endothermic deviation partially overlaps 

with the cold crystallization peak. This fact indicates that We has little or no effect on the 

Tg. On this account, it is thought that the molecular motion of PMEA is not affected by 

the presence of water. Therefore, constant Tg values regardless of We suggests that the cold 

crystallization is induced by the molecular motion of PMEA. 

Next, the state of the water in PMEA is discussed below in detail in terms of the ratio of 

the free water (Wf), freezing bond water (Wfb) and non-freezing water (Wnf). Wfb and Wf 

correspond to the water which crystallizes near -50°C in the heating process and the water 

that freezes near -0 °C, respectively. Wnf is the water that shows no transition over the 

range from -100 to O°C. The relation of these parameters is represented by the following 

equation; 

Wc(wt%)= WnC(wt%) + Wtb(wt%) + Wc(wt%) eq.(4) 

The amount of the water corresponding to Wfb can be obtained by the entharpy of the 

cold crystallization (LlHcc) and the heat of fusion of the water, where it is assumed to be 

equal to the heat of fusion for pure water, 334 Jig (18). As the fusion entharpy observed 

near 0 °C is the summation of the waters corresponding to the Wfb and Wf, the amount of 

freezing water was calculated by subtracting LlHcc from the entharpy of melting (LlHm). 

Wnfwas obtained by subtracting Wfb and Wffrom Wc. 

The results are shown in Figure 5-8. Wnf and Wfb reach plateau values, 3.0 wt% and 4.4 

wt% at ca. 3.0 and 7.0 wt % of Wc, respectively, while Wf firstly appeared at ca. 7.0 wt % 

of Wc, and increases with increasing Wc. When the Wc is below 3.0 wt %, all of the water 

exists as the Wnf. The EWC inc1udes32 % Wnf, 48 % Wfb and 20 % Wf, respectively. 
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This means that the major part of the hydrated water in the equilibrium state is Wfb. 

There are a few reports on cold crystallization of water in the hydrated polymers, such as 

polysaccharide-water, polyethylene oxide (PEO)-water and gelatin-water systems [27, 

34-38]. PMEA is similar to PEO, polysaccharide and gelatin in that the hydrated polymers 

show the phenomenon of the cold crystallization. PEO is known as one of the most 

biocompatible synthetic polymers at the present. Polysaccharides are components of extra 

cellular matrix. The polysaccharide moieties in the outer regions of the cell surface playa 

fundamental role in cell interfacial phenomena. Gelatin is one of the most important 

biocompatible biopolymers. The water content in PMEA is smaller than in these biomedical 

hydrogels [39]. However, blood compatibility of PMEA is successfully confIrmed in our 

previous paper [21-25]. In general, cold crystallization is observed in a very narrow Wc 

range and in some cases lacks the thermal reversibility. As for the PMEA, cold 

crystallization is observed over a wide Wc range and is well reproducible. This indicates 

that amorphous ice in PMEA is stable, although the reason for the stability of the 

amorphous ice in the PMEA is not clear yet. It is reported that the important factor 

expressing the biocompatibility is not the amount of water bound in the systems but the 

structure or orientation of the water in the polymer [20]. Considering these facts, the water 

structure appeared as cold crystallization may play an important role in the expression of 

the blood compatibility. The fmal goal of this research is to establish the relationship 

between water structure and blood compatibility, and to design biomedical materials. We 

have not enough information to prove the hypothesis that water observed cold 

crystallization is an important factor for blood compatibility. More detailed research is now 

m progress. 
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Water structure in p(MEA-co-HEMA) 

One of the important characteristics of the polymers in this study is the equilibrium water 

content (EWC), and the results are shown in Figure 5-9. The EWe of PMEA was 9 wt%. 

The Ewe of the copolymer increases linearly with an increase of the HEMA content up to 

50 mol%, and levels off. The EWe of the copolymer with 50 mol% of HEMA is almost 

equal to the EWe of PHEMA, 40 wt%. 

It is well known that water in a polymer can be classified into three types of water : 

non-freezing water, freezing bound water, and free water (28-33). The relationship between 

EWC and the three types of water can be expressed by equation 4. (EWe (wt%) = Wnf 

(wt%) + Wfb (wt%) + Wf(wt%)) where Wnf, Wfb, and Wfare the contents of non-freezing, 

freezing bound, and free waters, respectively. These three kinds of water will be described 

latter. 

The thermal behavior observed by DSe for the hydrated polymers with the EWC is 

discussed in the following. The thermo grams in the heating process are shown in Figure 

5-10. A characteristic exothermic peak was found for the copolymers with 0-30 mol% of 

HEMA at around -50°C, and this peak is due to the cold crystallization of water in the 

hydrated polymer. The large endothermic peak with a shoulder appearing in the range of 

-15 to 0 °C is based on the melt of the ices, where the ices are derived from free water and 

freezing bound water. The cold crystallization of water mentioned above is interpreted as 

the phase transition from the amorphous ice to crystalline ice, the former of which will be 

originated from the freezing bound water in the polymer (18, 26, 27). Generally, the 

crystallization occurs in the cooling process from liquid to solid. On the other hand, the 

cold crystallization is defmed as the crystallization occurring in heating process in the solid 

state. Cold crystallization is commonly observed in the solid ( amorphous) state substance 

143 



50 

..-.. 40 
';ft 
....... 30 ~ 
'-" 

U 20 ~ 
~ 

10 

0 
0 20 40 60 80 100 

HEMA(mol%) 

Figure 5-9. EWe of poly(MEA-co-HEMA). 
(mean + SD, n=4) 

144 



Cold crystallization 

~ ~~--

b~~. ____ ~ 
~ ----

C - .. -~--.~~---______ 
'-

~ 

:=-=~--:\' 
~'" \ 

f ~~-------------.~ 

g 
------.--.-----~ ~ 

-100 -50 0 50 
Temperature (CC) 

Figure 5-10. DSC heating curves ofpoly(MEA-co-HEMA) 
with EWC. heating rate=2.5 DC/min. HEMA content 
in copolymer (mol%) : (a) ° (PMEA), (b)10, (c)20, (d)30, 

(e)40, (f)50, (g)100 (PHEMA). 

145 



fonned by very rapid cooling of the liquid state. In our experiment, as the rapid cooling 

was never carried out, the reason for the cold crystallization of water will be due to the 

specific interaction with PMEA molecule. The cold crystallization peak was observed 

clearly till the HEMA content increases to 30 mol%, but the peak became broader with an 

increase of the HEMA content from 0 to 30 mol%. In the case of the copolymer with 40 

mol% of HEMA, the peak could barely be observed, and in 50 mol% of HEMA the peak 

disappears thoroughly. The broadening of the cold crystallization peak with an increase of 

the HEMA content will be attributed to the change of the water environment : the mobility 

of the polymer chain and the hydrogen bonding by the hydroxyl group of HEM A. 

On the basis of EWC, Mice, MIm, and equation 4, we can quantify the amount of the three 

kinds of water: non-freezing, freezing-bound, and free water, where Mice is the enthalpy of 

the cold crystallization and MIm is the fusion enthalpy of ice observed by DSC. To 

determine the content of each water we assume the followings: 1) The cold crystallizable 

water is composed of the freezing bound water (WfbocMIcc), and MIm is the summation 

of the fusion enthalpies of the ices, which derive from the free water and the freezing 

bound water in the polymer ((Wfb + Wf)ocMIm). 2) The fusion enthalpies of the ices are 

equal to the fusion enthalpy of ice derived from bulk pure water, 334J/g (18). The 

enthalpy of the cold crystallization is also 334 Jig. The results are shown in Figures 5-11 

and 5-12 where the Wnf, Wfb, and Wf are plotted against the HEMA content in the 

polymers. Wnf and Wf increase steadily over the range of HEMA content, 0-50 mol%, 

and the Wnfand Wf at 50 mol% of HEM A are close to those ofPHEMA. The polymers 

with 30-100 mol% of HEM A content have non-freezing water as major water. On the other 

hand, Wfb reaches a maximum at 30 mol% of HEMA, decreases harshly with increasing 

HEMA content from 30 mol%, and disappears at 50 mol%. It should be noticed that 
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freezing water is major water in the polymers with 0-20 mol% of HEM A content. 

Water structure in PMEA analogous poly(meth)acrylate 

The structure of water in the polymer with Ewe was investigated by DSe. The 

thermograms in heating process are shown in Figures 5-13. It can be recognized that the 

significant difference between the thermogram of PMEA and other polymer's ones. That 

is, PMEA shows clear exothermic peak at -42 °C, and the other polymers never show such 

exothermic peak. We have attributed this peak to cold-crystallization of water (defined as 

freezing bound water), and defined it as freezing bound water (35). In addition, it is found 

that there is a small difference in the shape of the endothermic peak at the range of -15 to 

o °C due to the melt of ice, when all of the thermograms are compared. Except PMEA 

and PHEMA, the peak is single and symmetrical. PMEA has two endothermic peaks and 

PHEMA has a peak with shoulder. In the case of PMEA, the endothermic peak at lower 

temperature will be due to the melt of the cold-crystallized water. The shoulder observed in 

PHEMA peak will be caused by the water interacting weakly with the polymer molecule. 

The peak appering at higher temperature in both the cases is due to the melt of ice based on 

free water. As non-freezing water is defined as the water which never crystallizes even at 

-150 °e, it does not appear in the DSe curve. 

As mentioned above, the relationships between EWe and the three waters (non-freezing 

water, freezing bound water, and free water) and between the enthalpy change and the 

content of the water can be described as equations 4-6. 

Ewe (wt%) = Wnf(wt%) + Wfb (wt%) + Wf(wt%) 

LfHcc oc Wfb 
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&1m oc(Wf+Wfb) eq.(6) 

where Wnf, Wfb, and Wf are the contents of the non-freezing, freezing bound, and free 

waters, respectively, and &Icc and &1m are enthalpy changes in the cold-crystallization and 

the melt of ice at ca. -15 to 0 °e, respectively. 

When the water contents were calculated from the equations, it was assumed that the heat 

capacities in &Icc and &1m are 334J/g [36]. EWe and the content of each water in the 

polymers, Wnf, Wfb, and Wf, are listed in Table 5-4. 

Table 5-4 Contents of three waters in poly(meth)acrylates. 

EWC (wt%) free water:Wf(wt%) freezing bound non-freezing 

water:Wfb (wt%) water :Wnf 

(wt%) 

PMEA 9.0 2.7 4.5 1.8 

PMEMA 4.2 0.4 0 3.8 

PHEMA 39 24 0 15 

PHEA 60 29 0 31 

PEA 4.8 3.4 0 1.4 

PPEA 3.3 2.2 0 1.1 

PBA 1.9 0.4 0 1.5 

PEHA 2.1 0.6 0 1.5 

EWC = Wf+ Wfb + Wnf 

From these results it is found that only PMEA contains a large amount of freezing bound 

water, and that water in other poly(meth)acrylates is composed of two waters: 

non-freezing water and free water. Moreover, the table indicates that the polymers except 

PMEA are classified into three groups, the polymer containing non-freezing water as main 

water (PMEMA, PBA and PEHA), the polymer having free water as main water (PHEMA, 
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PEA and PPEA) and the polymer having both the waters equally (PHEA). The content of 

the water will be described below more quantitatively. Non-freezing water can be defined 

as the water bound to specific groups of the polymer directly and strongly, and thus its 

content is small, 0.8-3.7 wt% except PHEMA and PHEA. This phenomenon will be 

explained from the viewpoint that water molecule composing non-freezing water mainly 

interacts with the ester group or the methoxy group of the side chain. On the other hand, the 

content of non-freezing water in PHEMA and PHEA is large, in the range of 15-31 wt%, 

which depends on the formation of the strong hydrogen-bonding between water molecule 

and the hydroxy group in the polymer. The water having little interaction with these 

functional groups in the polymer exists as free water, and its content varies from 0.42 

(PBA) to 28.8 wr>Io(PHEMA). 

When the reason for the excellent blood compatibility of PMEA is clarified, it is important 

to reveal the water structure on the polymer surface. It should be noticed that the 

information obtained from DSe regards the structure of water in the polymer, and does not 

exhibit the structure of the water on the polymer surface, while the contact angle reflects the 

surface structure of the polymer. The above-described fact that the classification of the 

polymers by EWe agrees approximately with the one by the contact angle suggests a 

possibility that the water structure on the polymer surface relates to the one in the polymer. 

Therefore, the relationships between the results of the contact angle and the water in the 

polymer were investigated in detail. The results of plotting the content of the waters 

determined by DSe against the contact angle are shown in Figure 5-14. This figure 

indicates strongly that the content of the bound water corresponds to the contact angle, 

where the word, "bound water" includes both freezing bound water and non-freezing water. 

If the contact angle is plotted against only the content of non-freezing bound water, it is 
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obvious that the point of PMEA is not on the linear line drawn as the function of the content 

of the bound water. Moreover, this figure shows that the relation of free water in the 

polymer to the contact wangle is poor when compared with the bound water. Therefore, 

these results indicate that the amount of the bound water existing on the polymer surface 

determines the contact angle, or the surface property (hydrophobicity/hydrophilicity), and 

thus it will be concluded that the bound water exists on the surface stably. 

Platelet adhesion and spreading of polymers 

(a) p(MEA-co-HEMA) 

We have already reported the excellent blood compatibility of PMEA by estimating the 

early stage reactions of platelet (platelet adhesion test and ~-TO), leukocyte, complement 

system, and coagulation system which were induced by the contact of PMEA surface with 

human blood for 30-60 min in vitro (21-25). Anzai and Saito et al. showed that PMEA 

had a possibility of applying PMEA to clinical usage (23). That is, they coated an 

oxygenator with PMEA and evaluated the blood compatibility under the circulation of 

human blood for 6 h in terms of the activation of platelet (retention of the number and 

~-TG), coagulation system (bradykinin and TAT), and leukocyte (retention of the number, 

and PMN-elastase) (23). After the circulation, they analyzed the adsorbed proteins on the 

oxygenator and concluded that the surface of the oxygenator had significantly small amount 

of proteins compared with the non-coated one (23, 25). In addition Suhara et al. proved 

the excellent blood compatibility of PMEA in the extracorporeal circulation of the 

PMEA-coated oxygenator using a pig in terms of TAT, bradykinin, ATIII, and the retention 

of platelet number (40). On the basis of these results, we concluded that the platelet 

adhesion test has a sufficient validity to estimate the blood compatibility, and thus, we 
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Figure 5-16. Scanning electron micrographs of platelet adhered onto the surface 
ofpoly(MEA-co-HEMA). magnification left side image: X 1,000 right side image 
: X 3,000 HEMA content in copolymer (mol%) (A,H):O(PMEA), (B,I):lO, (C,J):20, 
(D,K):30, (E,L):40, (F,M):50, (G,N):lOO (PHEMA). 
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adopted this test method as a representative in the various blood-compatible indexes to 

evaluate the blood compatibility of poly(MEA-co-HEMA). Figure 5-15 shows the 

number of platelet adhered to the surfaces of the copolymers. The composition in the 

copolymer affects significantly the platelet adhesion. The number of the adhered platelet 

is least in the polymers containing 0-20 mol% of HEMA. When the HEMA content 

becomes over 30 mol%, the number sharply rises. In the copolymer with 50 mol% of 

HEMA, the platelet adhesion number is close to that of PHEMA. These results strongly 

suggest that the polymers containing over 30 mol% of HEMA activate the platelet. 

As the morphology of the platelet is one of the indexes expressing the degree of the 

platelet activation, the morphology was observed under SEM. The results are shown in 

Figure 5-16. The platelet adhered on the surfaces of polymers with 0-20 mol% of HEM A 

keep its original spherical shape. This result means that the surfaces do not activate the 

platelet. In the case of the copolymer with 30 mol% of HEMA, slightly small change in 

the morphology can be found. For the polymers containing 40-100 mol% of HEMA, it is 

clearly observed that the platelet has pseudopod and/or spread, which indicates the 

activation of the platelet. When both the results, the number and the shape of the adhered 

platelet, are combined, it is concluded that the platelet compatibility of the polymer changes 

drastically at around 30 mol% of HEM A content. 

(b) PMEA analogous poly(meth)acrylate 

In vitro platelet adhesion test was carried out for the poly(meth)acrylate polymers from the 

viewpoint of the adhesion number and the morphology, and the results are shown in 

Figures 5-17 and 5-18. The number of platelets adhering on PMEA surface, 2.5 cellsll04 

/-1m2, is markedly small when compared with those of other polymers, over 14 cells/104 11m2. 

These results suggest that the PMEA analogous polymers investigated activate platelet more 
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Figure 5-17. SEM images of adhered platelets to polymer surface. 
left side image magnification 1000 X , right side image magnification 
3000 X, A,D)PMEA, B,E)PHEMA, C,F)PMEMA. 
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than PMEA. Next, the morphology of the adhered platelet is described. The SEM 

images of the platelet morphology on PMEA, PHEMA and PMEMA are shown in Figure 

5-17 as representatives. The platelet adhering on PHEMA and PMEMA spread markedly, 

while in the case of PMEA the platelet kept its original shape. For other 

poly(meth)acrylates the similar drastic morphological change of platelet was also observed. 

From these results on the platelet number and the morphology, it is concluded that PMEA 

analogous polymers activate platelet markedly and PMEA is very inert for the activation of 

platelet. 

Relationship between water structure and platelet adhesion 

(a) p(MEA-co-HEMA) 

To clarify the reason for the drastic change of the compatibility of 

poly(MEA-co-HEMA) at around 30 mol% of HEM A content, the relationship between the 

amount and state of water in the polymer and the platelet adhesion behavior is discussed on 

the basis of results shown in Figures 5-11 and 5-12. From both the figures it is found that 

when HEMA content exceeds 30 mol% the amount of the freezing bound water decreases 

markedly and the platelet was activated, which indicates that the amount of the freezing 

bound water will play an important role in determining the platelet compatibility. 

The water structure described above is essentially limited to the water in the polymer, 

because the water structure was analyzed by DSC. However, one can anticipate easily 

that the water adsorbed on the polymer surface will have the same water structure in the 

bulk polymer. That is, the polymer surface will be covered with the three kinds of water 

layers. The bottom layer contacting with the polymer surface, outer layer, and outermost 

layer are composed of non-freezing water, the freezing bound water, and the free water, 
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respecti vel y. 

Many researchers have pointed out that the water structure on the material surface is an 

important factor for the material to express the good blood compatibility. Bruck indicated 

that there exists a critical level of water in PHEMA and poly(acrylamide) hydorogels to 

achieve blood compatibility (41). Andrade et al. proposed that the nature of the PHEMA 

hydrogel interface affects blood compatibility (42). Ratner and Hoffman have found that 

the important factor expressing the blood compatibility of grafted PHEMA and 

poly( acrylamide) hydorogels were not the amount of the adsorbed water on the surfaces 

but the structure of the water (43). Tanzawa et al. suggested that the mobility of polymer 

chains and water in poly( ethy leneglycol methacrylate) hydrogel correlated with blood 

compatibility (44-46). The importance of surface bound water on protein adsorption was 

indicated by Lu et al. (47) with respect of hydration interaction energies of polymer 

surfaces and proteins. When proteins adsorb onto polymer surfaces water molecules on 

their surfaces need to be replaced. Water molecules on polymer surfaces are attracted by 

hydrophilic amino residue on the protein and subsequently proteins adsorb onto the 

surfaces (see Figure 1-4). Israelachvili et al. (48) and Dequeiroz et al. (49) reported that 

the stability, density, and arrangement of the surface water molecules bring about the 

different capabilities of the lipid bilayer and poly(N,N-dimethylacrylamide) to adsorb the 

proteins and blood cells. Yui et al. (50) confIrmed that polypropylene surfaces with a 

particular crystalline (amorphous microstructure) reduce protein adsorption and platelet 

adhesion. Although the wettability such as dynamic contact angle and surface free energy 

components were almost constant, the structure of water sorbed into the polymer was 

changed. They suggests that the water structure is important on the blood-contacting 

properties of the polymer surface. Recently, Grunze et al. studied the protein adsorption 
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properties of the oligo(ethylenglycol)-terminated self-assembled membrane experimentally 

and computationally, resulting in that the protein resistance was caused by the formation of 

structured or tightly bound layer water at the interface, which prevented direct contact 

between the proteins and the surface.(51-55) Kataoka et al. (56,57) found the excellent 

platelet compatibility in poly(HEMA-block-4-bis(trimethylsilil)methylstyrene) and 

concluded that this property was attributed to the high free water content and the increased 

mobility of PHEMA segments. Ishihara et al. (58-60) also proposed that with respect to 

the expression of the excellent blood compatibility of poly(2-methacryloylethyl 

phosporylcholine) the amount of the free water would be the key parameter. In addition, it 

is well known that proteins and cells in blood have hydration shells composed of 

non-freezing water, intermediate water, and free water (61-66), and due to this hydration 

structure the components can keep themselves stable (see Figure 1-3). On the basis of 

these facts, we considered that the trigger of activation of the biological component is the 

change or the destruction of the hydration structure by contacting directly the non-freezing 

water on the materials. 

The above discussions implies that the activation of the biological components can be 

avoided if water layer exists between the biological components and polymer surface, and 

prevents the hydration shell of the component from contacting directly with the 

non-freezing water layer of the polymer material. Can free water act as the barrier layer? 

As the free water moves almost freely, it cannot act as this layer. We speculate that the 

freezing bound water which is present as the cold crystallizable water can play a role in 

shielding the non-freezing water layer of the polymer surface from the hydration shell of the 

biological components. Since the motion of the freezing bound water is only weakly 

restrained, this water layer can exist easily between the hydration shell and the non-freezing 
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water layer on the polymer surface. This speculation will be supported by the fact that the 

plasma proteins adsorbed onto the PMEA surface have the large adsorption/desorption rates 

and the small denaturation degree compared with those onto the surfaces of PHEMA and 

other acrylate polymers (21). It is important that the polymer surface has a sufficient 

amount of freezing bound water compared with the amount of the non-freezing water in 

order to prevent protein and cell from their recognizing the polymer surface or the 

non-freezing water layer as foreign substances. Thus, as PMEA and the copolymer with 

0-20 mol% of HEMA have the freezing bound water as a major structured water excellent 

blood compatibility is expressed. 

Our hypothesis, described above, may be supported by other reports that poly(ethylene 

glycol), gelatin and some polysaccharides which are well-known as good biomaterials have 

cold crystallizable water (27,34-38). Figure 5-19 shows Dse heating curves for PEG- and 

polysaccharide-water systems. A large and distinct exothermic peak was observed for the 

samples. 

(b) PMEA analogous poly(meth)acrylate 

The effects of the physico-chemical properties of the polymers on the platelet 

compatibility are discussed. Figure 5-18 indicates that the basic property of the polymer, 

hydrophilicity/hydrophobicity, has little effect on the compatibility. Moreover these 

results do not indicate that the chemical structure of PMEA is effective for the compatibility 

because both PMEA and PMEMA show the quite different compatibility though they have 

the same methoxyethyl group in the ester side chain of the monomer unit. 

Next, from the viewpoint of quantitative properties related to water, (EWe, the types of 

water and their content in the polymer) the platelet compatibility is described. As 

described earlier, we revealed that water structure on the polymer surface is related to the 
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amount of the bound water in the polymer determined by DSC. Focusing our attention on 

the bound water, we will discuss the platelet compatibility of the polymer. Before this 

main subject, the relationship of free water with the compatibility is mentioned briefly. As 

free water in the polymer does not have good correlation with the contact angle (surface 

structure), one cannot predict that it is valuable to link them to the platelet compatibility. 

Surely the results shown in Figure 20-a indicate that there is no relationship between free 

water and platelet activation. Next, the main issue is described. The number of the 

adhered platelet on the polymer was plotted against the content of the bound water, which is 

shown in Figure 20-b. This result indicates that the platelet compatibility is not 

interdependent on the amount of the bound water. Considering that the bound water is 

non-freezing water in the polymers except PMEA, one can conclude that both non-freezing 

water and the polymer surface are involved with the activation of platelet. The activation 

by non-freezing water will be proved by the following. In the cases of PH EM A and PHEA 

the number of water molecule bounded to the monomer unit of the polymer is estimated to 

be in the range of 2-3 from Wnf and molecular weight of the monomer unit, and thus the 

surfaces of the polymers is expected to be almost covered with non-freezing water. 

Moreover, it is found that there is no relationship between the platelet compatibility of the 

polymer and which water is predominant in the polymer. As mention earlier, the polymers 

except PMEA are classified into two type by the main water. When PMEMA is compared 

with PEA, their platelet compatibilities are in the same level though the types of the main 

water in the polymers are different. Therefore, it is important to pay attention to the 

difference of the water structure on the polymer surface between PMEA and other polymers. 

The difference is that the main bound water in PMEA is freezing bound water while the 

others have only non-freezing water. 
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In previous work we investigated the platelet compatibility ofpoly(MEA-co-HEMA) and 

the water structure by using DSC, and found that the compatibility worsend with a decrease 

in the content of freezing bound water or with an increase in the content of non-freezing 

water in the copolymer (67). In the work, however, we could not clarify which water 

affected the platelet compatibility. 

By combining the results obtained from the study of the copolymer and the results from the 

present work, we can conclude that freezing bound water affects the blood compatibility. 

Namely, the worsening of platelet compatibility of poly(MEA-co-HEMA) with an increase 

of HEMA content is not attributed to the increase of non-freezing water but attributed to 

the decrease of the freezing bound water. On the basis of these discussion we propose the 

mechanism for the expression of excellent blood compatibility of PMEA below. The 

interactions of the proteins or the membrane of the cells relating to defensive response of 

the living system with non-freezing water on the polymer surface and/or with the polymer 

surface affect strongly the structure of the protein and the membrane, resulting in activating 

the bio-components. Therefore, the important factor to express the excellent blood 

compatibility is how to prevent the bio-components from contacting them directly. When 

the polymer surface contacts with blood, first of all the polymer surface will absorb water, 

and a specific structure of water will be formed on the surface. Supposed that the structure 

formed is layer one, the layers will be in the following order; polymer surface ~ 

non-freezing water ~ (freezing bound water) .~ free water ~ bulk water. When 

freezing bound water layer has enough thickness, it prevents the cell or the protein from 

contacting directly the polymer surface or non-freezing water. Freezing bound water is 

weakly bounded to the polymer molecule or non-freezing water, so that this layer will make 

a rather stable structure compared with that of free water (Figure 5-21). We speculated 
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that the changes in the structure or the mobility in freezing bound water is small and does 

not bring about the activation of the bio-components (Figure 5-22). This will be supported 

by the above-mentioned result that the contact angle is strongly related to the bound water. 

As for free water it will never activate the system because the structure of it will be similar 

to that of bulk water. However, free water cannot shield the polymer surface or 

non-freezing water on the polymer surface, because it will exchange with the bulk water 

very freely. This will be supported also by the result of the relationship between the contact 

angle and free water. 

More detailed investigations such as the state of water adsorbed onto PMEA surface, 

mobilities of PMEA molecule and water in PMEA by NMR are now in progress, and I will 

investigate the multi-layer structure ofbiomolecules organaized at the living cell surface by 

a two-photon laser-scanning microscope combined with infrared-femtosecond laser (Figure 

5-23). The final goal of this research is to establish the key role in blood compatibility of 

PMEA and molecular design of novel biomaterials. I also plan to design of novel 

biocompatible polymers for tissue engineering in regenerative medicine and 

minimam-invasive medical instruments (including artificial organs and implant devices) 

(see next chapter). 

5-4 Conclusion 

The structure of water in the hydrated PMEA, PMEA analogous poly(meth)acrylate 

and p(MEA-co-HEMA) were investigated by DSC to clarify the reasons for the excellent 

blood compatibility of PMEA. The hydrated water in PMEA can be classified into three 

types, non-freezing water, freezing bound water, and free water on the basis of the 

equilibrium water content (EWC) and the enthalpy changes due to the phase transition 
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polymer surface, because it will exchange with bulk water very freely. 
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observed by Dse. 

Cold crystallization of water in heating process was clearly observed at ca. -42°C when 

the water content is more than 3.0 wt %. The cold crystallizable water will be assigned to 

the Wfb. At the EWe, the relative proportions of Wfb is 48% of all the water in hydrated 

PMEA. In this chapter, we focused our investigation on the relationship between the 

structure of water in the hydrated polymer and the adhesion of platelet onto the polymer 

surfaces, where the polymers used were PMEA, poly(MEA-co-HEMA), and PHEMA. 

Ewe of the polymers increased with an increase in the HEMA content in the polymer from 

9 (for PMEA) to 40 wt% (for PHEMA). The typical feature of the hydrated polymers is 

that the cold crystallization peak appeared clearly in the DSe curve for polymers with 

0-30mol % of HEMA. This cold crystallizable water was assigned to the freezing bound 

water, and was major water in the polymers with 0-20 mol% of HEMA. On the other hand, 

the polymers with 30-100 mol% of HEMA had non-freezing water as major water. In 

evaluation of the platelet compatibility, the polymers with 0-20 mol% of HEMA showed 

good performance in terms of the adhesion number and its morphology, while the polymers 

with 40-100 mol% of HEMA showed poor compatibility. In the polymer with 30 mol% of 

HEMA, the slight activation of platelet was observed. In addition, The PMEA analogous 

polymers investigated have typical functional group as ester side chain such as 

methoxyethyl, hydroxyethyl, phenoxyethyl, and alkyl groups. The polymers could be 

classified by Ewe or the contact angle of water into three types; hydrophobic, hydrophilic, 

and intermediate hydrrophilic polymers. This property was governed by the functional 

group. The water structure in PMEA defmed by Dse was quite different from those of other 

polymers. PMEA had three types of water: free water, freezing bound water, and 

non-freezing water while the analogous polymers had just two types: free and non-freezing 
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waters regardless of the chemical structure of the side chain. The amount ratios of these 

waters in the polymers did not depend on only the chemical structure of the side ester chain. 

It was found that the contact angle related to the content of the bound water (non-freezing 

water + freezing bound water), which indicated that the surface property was strongly 

affected by the amount of the bound water. The platelet compatibility of the polymer in in 

vitro test did not relate to free water or the bound water. We conclude that the amount of 

the freezing bound water relates to the platelet compatibility of the polymer and the 

excellent compatibility is expressed by freezing bound water, which prevents the 

biocomponents from contacting the polymer surface or non-freezing water on the polymer 

surface. 
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Chapter 7 Conclusion 

Polymers are widely used for a large range of medical devices used as biomaterials on 

a temporary, intermittent, and long-term basis. Blood compatibility of materials is an 

important factor in the development of medical devices. We have reported that 

poly(2-methoxyethyl acrylate) (PMEA) shows excellent blood compatibility with respect 

to coagulation, complement, and platelet systems when compared with other polymers. 

In addition, we have revealed that the amount of protein adsorbed onto its surface is 

very small, and that the denaturation of adsorbed proteins is much lower than those on 

the surfaces of other conventional polymer surfaces. To search the mechanism of the 

excellent blood compatibility, we have focused our attention on water structure and 

investigated the structures in PMEA and other polymers. On the basis of these results 

the mechanism of the expression of the excellent blood compatibility was discussed. 

In Chapter 2, we reported the excellent blood compatibility of PMEA by estimating 

the early stage reactions of platelet (platelet adhesion test and B-TG), leukocyte, 

complement system, and coagulation system which were induced by the contact of 

PMEA surface with human blood for 30-60 min in vitro. We showed that PMEA had a 

possibility of applying PMEA to clinical usage. That is, they coated an oxygenator with 

PMEA and evaluated the blood compatibility under the circulation of human blood for 6 

h in terms of the activation of platelet (retention of the number and B-TG), coagulation 

system (bradykinin and TAT), and leukocyte (retention of the number, and 

PMN-elastase). Mter the circulation, they analyzed the adsorbed proteins on the 

oxygenator and concluded that the surface of the oxygenator had significantly small 

amount of proteins compared with the non-coated one. 

In Chapter 3, to clarify the reason for the suppression of platelet adhesion and 
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spreading of PMEA, the relationship among the amount of the plasma protein adsorbed 

onto PMEA, its secondary structure and platelet adhesion was investigated. 

Poly(2-hydroxyethylmethacrylate) (PHEMA) and polyacrylate analogous were used as 

references. The amount of protein adsorbed onto PMEA was very low and similar to 

that absorbed onto PHEMA. Circular dichroism (CD) spectroscopy was applied to 

examine changes in the secondary structure of the proteins after adsorption onto the 

polymer surface. The conformation of the proteins adsorbed onto PHEMA changed 

considerably, but that of proteins adsorbed onto PMEA differed only a little from the 

native one. These results suggest that low platelet adhesion and spreading are closely 

related to the low degree of the denaturation of the protein adsorbed onto PMEA. 

In Chapter 4, the adsorption behaviors of bovine serum albumin (BSA) and human 

fibrinogen onto the surfaces ofPMEA, poly(2-hydroxyethyl methacrylate) (PHEMA) and 

polypropylene (PP) were investigated by using a quartz crystal microbalance (QCM), 

Both proteins were observed to adsorb onto the all polymer surfaces according to the 

Langmuir's adsorption isotherm. The maximum adsorption amounts and the apparent 

association constants of the proteins for PMEA obtained from the isotherm were lower 

than those for PHEMA and PP. These results suggest that the interaction between 

PMEA and the proteins is weaker than the interaction appearing on PP and PHEMA. 

The characteristic of PMEA is that its detachment rate constant k-l was higher than 

those from poly(2-hydroxyethylmethacrylate) (PHEMA) and polypropylene (PP) which 

were used as references. The degree of the conformational changes of the proteins 

decreases in the following order; PP>PHEMA»PMEA. This was strongly related to 

the difference of the desorption rate constant k-1• 

In Chapter 5, the water structures in PMEA and PMEA analogous polymers were 
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compared on the basis of results of contact angle, equilibrium water content (EWe), and 

Dse to clarify the reasons for the excellent blood compatibility of PMEA. The water 

structure in PMEA defined by DSe was quite different from those of other polymers. 

PMEA had three types of water: free water, freezing bound water, and non-freezing 

water while the analogous polymers had just two types: free and non-freezing waters 

regardless of the chemical structure of the side chain. The amount ratios of these 

waters in the polymers did not depend on only the chemical structure of the side ester 

chain. It was found that the contact angle related to the content of the bound water 

(non-freezing water + freezing bound water), which indicated that the surface property 

was strongly affected by the amount of the bound water. The platelet compatibility of 

the polymer in in vitro test did not relate to free water or the bound water. We 

conclude that the excellent compatibility is expressed by freezing bound water, which 

prevents the biocomponents from contacting the polymer surface or non-freezing water 

on the polymer surface. 

Chapter 6 is conclusions. These data are promising for the design of new biomaterial 

surfaces. In addition, further knowledge of how protein and cell interact with 

biomaterials will stimulate the development of better implants to avoid 

biomaterial-associated infections. Finally, systematic interdisciplinary research by 

physicians and biomaterial scientists is essential for the successful development of new 

materials with improved biocompatibility. 
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