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ABSTRACT  
 

The work presented in this thesis was focused on the surface modification of 

biomaterials with combinations of polyethylene glycol (PEG) and bioactive molecules 

(protein anticoagulants) for improved blood compatibility. Since the fate of biomaterials 

in contact with blood depends significantly on plasma protein-surface interactions, the 

objective of this work was to reduce non-specific protein adsorption using PEG and to 

promote specific protein interactions that could inhibit clot formation using protein 

anticoagulants as modifiers.   

Two anticoagulant molecules were used in this work: hirudin, a specific inhibitor 

of thrombin and corn trypsin inhibitor (CTI), a specific inhibitor of clotting factor XIIa. 

Gold, used as a model substrate, was modified with PEG and anticoagulant molecules 

using two methods referred to as sequential and direct. In the sequential method PEG was 

first immobilized on the surface and then the bioactive molecule was attached 

(conjugated) to the PEG. In the direct method, a PEG-bioactive molecule conjugate was 

first formed and then immobilized on the surface. Surfaces were characterized by contact 

angle, ellipsometry and x-ray photoelectron spectroscopy (XPS). Uptake of the bioactive 

molecules was measured by radiolabeling. Biointeraction studies included plasma protein 

adsorption, bioactivity assays using chromogenic substrates and clotting time assays. For 

PEG-hirudin and PEG-CTI surfaces (both direct and sequential) the protein resistance 

was similar to that of the PEG-alone surfaces. Despite having a lower density of bioactive 

molecule (both hirudin and CTI), the sequential surfaces showed superior bioactivity 

compared to the direct ones.  



 iv

To determine the optimal ratio of free PEG and bioactive molecule-PEG 

conjugate on the surface (best combination of protein resistance and bioactivity), PEG-

CTI was immobilized on gold substrate with varying ratio of conjugated to free PEG 

using both direct and sequential methods. As the ratio increased, protein resistance was 

maintained while specific interactions (bioactivity) increased.  The optimal composition 

appeared to be where all PEG molecules are conjugated to a CTI molecule.  

In the final part of this project, PEG and CTI were immobilized on polyurethane 

as a material with applicability to medical device construction. A sequential method was 

developed for this substrate. Comparison of the PEG-CTI surface with PEG only or CTI 

only surfaces indicated that the combination of PEG-CTI was effective both in reducing 

non-specific protein adsorption and promoting the specific interactions of CTI with its 

target plasma protein, factor XIIa. In fact, the presence of PEG improved CTI interactions 

with FXIIa compared with CTI only surfaces. Thus, sequential attachment of PEG and 

CTI may be effective for modifying polyurethane surfaces used in blood-contacting 

medical devices. 
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CHAPTER 1. INTRODUCTION AND LITERATURE REVIEW 

Biomaterials may be defined as materials used in applications where they interact 

with the biological environment.  Recently, Williams described a biomaterial as ‘‘ a 

substance that has been engineered to take a form which, alone or as part of a complex 

system, is used to direct, by control of interactions with components of living systems, the 

course of any therapeutic or diagnostic procedure, in human or veterinary medicine [1].’’ 

Biomaterials are used in applications related to gene therapy, tissue engineering, 

biosensors, drug delivery, medically related nano- and bio-technologies and implantable 

medical devices [1, 2]. In all such applications, it is important to minimize unacceptable 

and unwanted biological interactions with the material. In other words, biomaterials need 

to be “biocompatible”. Biocompatibility is usually defined based on the application. For 

implantable medical devices, for example, biocompatibility is defined as the ability of the 

medical device to perform its intended function without any undesirable systemic or local 

host response [3].  

The host response can take different forms depending on the application [4]; it 

usually starts with protein adsorption. Other reactions include complement activation, 

immune response, cell adhesion, coagulation and thrombosis (in the case of blood 

contacting materials), and tumor formation [3, 5, 6]. Biomaterials properties, both 

physical and chemical, influence the host response. These properties include surface 

chemistry, surface topography and morphology, surface energy, ion content, 

hydrophilicity and hydrophobicity, bulk properties and composition, water content, 

porosity, degradability and degradation product toxicity [2].  
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Biomaterials design has the aim of minimizing or, ideally, eliminating the 

complications associated with the host response. In this research, surface modification has 

been carried out to improve blood compatibility. Accordingly, this chapter will provide 

background information on blood-material interactions and biomaterials modification for 

blood compatibility.  

1.1 Blood-Material Interactions 

Many complications are associated with blood-contacting devices such as stents, 

catheters, left ventricular assist devices, heart valves, vascular grafts, etc. The interactions 

of the blood-contacting material can ultimately lead to the failure of the device. When 

blood contacts a foreign material, blood proteins adsorb to the surface and usually form a 

monolayer within seconds [7, 8]. This is usually followed by platelet adhesion and 

activation, leukocyte adhesion, activation of the complement system, activation of blood 

coagulation and thrombus formation [5, 6, 9]. Figure 1.1 shows a simplified view of 

blood-material interactions [10]. Coagulation (contact factor pathway) is activated by the 

adsorption and activation of contact factor pathway proteins. Furthermore, adsorbed 

proteins such as fibrinogen and fibronectin are known to influence platelet adhesion and 

activation (see platelet section of this chapter for more details). Erythrocyte and leukocyte  

interactions are also influenced by the nature of the adsorbed protein layer [11-13]. 

Leukocyte adhesion is linked to the inflammatory response to medical implants [14]. In 

blood contact complement activation often occurs and contributes to the inflammatory 

and immune responses [15]. Complement system is made of a number of proteins in 

blood that are involved in three pathways (classical, alternative and lectin binding 
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pathways), leading to complement activation. It is important to note that leukocyte and 

complement activation contribute to biomaterials-associated thrombosis [6] Activated 

leukocytes  produce and release substances such as platelet activating factors [8]. 

Complement activation is also closely associated with platelet activation [16]. Due to the 

importance of protein adsorption as the initiating step of blood-material interactions, 

protein structure and protein adsorption phenomena are discussed in the following 

sections. 

 
 

 

 

 

 

 

 

 

 
 

Figure 1. 1 Blood response to biomaterial (adapted from Ref # [10], Courtney et al, 1994) 
(with permission from publisher) 

 

1.1.1 Protein Structure and Properties 

 Proteins are biopolymers in which amino acids are linked together in long chains 

by peptide bonds formed between the amino and carboxyl groups of adjacent residues. 
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Proteins are generally globally charged depending on the amino acid composition. The 

net charge can be positive, negative or zero depending on the pH of the solution and 

protein’s isoelectric point (pH at which the protein’s  net charge is zero). 

Protein structure has four levels: primary, secondary, tertiary and quaternary. The 

primary structure describes the amino acid sequence. The secondary structure refers to the 

chain conformation, e.g. α-helix and β-sheet. The tertiary structure describes the overall 

shape of the protein determined largely by chain folding. The quaternary structure refers 

to the spatial arrangement of individual polypeptide chains in multi-chain proteins such as 

hemoglobin [17]. In general, the three-dimensional structure of protein is determined by 

interactions such as hydrogen bonding, electrostatic interactions, disulfide bonds, van der 

Waals forces and hydrophobic interactions.   

There are two main classes of proteins: fibrous and globular [18]. Fibrous proteins 

are long, rod-shaped proteins or aggregates that are typically insoluble in water. Most of 

the structural proteins such as collagen are fibrous proteins. Globular proteins have a 

quasi-spherical (globular) shape that is created by the tertiary and quaternary structure. 

Their non-polar residues are usually in the interior and the polar residues are on the 

periphery. Thus, they are generally soluble in water although to different extents 

depending on the molecular weight and surface composition. Most of the plasma proteins 

fall into this class. 

In the presence of an interface such as a biomaterial, proteins have a tendency to 

adsorb to the surface due to their amphipathic nature (presence of polar and non-polar 

regions) and generally high molecular weight [19]. Several interactions are possible 
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between protein and surface [20]. Hydrophobic interactions leading to disordering of 

water associated with the material and the protein surface, and thus to a gain of entropy, 

are considered one of the main driving forces for protein adsorption. This is sometimes 

referred to as hydrophobic dehydration. Second, electrostatic interactions between 

opposite electrical charges on protein and surface can occur. Third, protein and surface 

can interact through van der Waals forces. Finally, depending on the surface chemistry 

and protein structure, covalent and hydrogen bonding between the protein and surface are 

possible [21]. Protein-surface interactions can lead to conformational changes, unfolding, 

reorientation and denaturation [22]. In denaturation, the native structure of the protein is 

changed and this can have a significant effect on biological functions, leading, for 

example, to blood coagulation and platelet adhesion.  

 

1.1.2 Protein Adsorption  

Protein adsorption refers to the “accumulation” of protein at an interface. 

Adsorbed quantity depends on protein concentration and protein-surface affinity [23]. 

The kinetics of adsorption is influenced by affinity and the rate of transport to the surface. 

Protein size influences the rate of the transport (diffusion), with smaller proteins diffusing 

faster that bigger ones. Protein properties such as charge, hydrophilicity, hydrophobicity 

and internal structure influence protein-surface affinity [20]. For example, larger “soft” 

proteins adsorb with higher affinity than smaller “hard” ones that have greater structural 

stability [19].  
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The properties of the adsorbing interface also play an important role in protein 

adsorption. Factors such as surface hydrophilicity/hydrophobicity, surface topography, 

surface charge and chemistry can influence protein adsorption [24, 25]. Hydrophilic 

surfaces tend to adsorb less protein than hydrophobic ones [26]. Rough surfaces provide 

more surface area for protein adsorption. Roughness can also influence the geometrical 

arrangement of protein on surfaces and thus can affect protein adsorption [27]. Surface 

chemistry strongly affects the protein-surface binding mechanism. Clearly adsorption will 

be influenced by the relative signs of the surface and protein charge.  

Protein surface interactions start with the diffusion of protein from the bulk 

solution to the interface [28]. Protein-material interactions as such then occur including 

protein spreading, conformational change and denaturation [29, 30].  Once adsorbed, 

proteins  can exchange with other proteins that have higher affinities [31].  Desorption per 

se, i.e release into pure buffer is generally not observed, especially on hydrophobic 

surfaces. 

 

 

 

 

 

 

 

Figure 1. 2 Protein adsorption on biomaterials (adapted and redrawn from ref #[30]) 
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Several models have been used to describe protein adsorption [29, 32]. The 

Langmuir model or isotherm describes adsorption from a single component system. It is 

based on the following assumptions: adsorption is reversible; the surface is energetically 

uniform and the heat of adsorption ΔHa is independent of coverage; adsorption is 

restricted to a monolayer; the adsorption sites are independent of each other, i.e. 

adsorption of one molecule does not affect that of any other.  The model is described by 

Equation 1.1 [32] derived by equating the rates of adsorption and desorption (dynamic 

equilibrium):  

                                                   
p

p

KC
KC
+

=
1

θ                                                Equation 1.1 

Where θ is the surface fractional coverage, Cp is the protein solution concentration at 

equilibrium, and K is the adsorption equilibrium constant (rate constant for adsorption, ka, 

divided by rate constant for desorption, kd). As a function of solution concentration, 

adsorption increases linearly at low concentrations (KCp<<1; θ~KCp) and reaches a 

plateau at higher concentrations (KCp>>1; θ~1). The plateau is interpreted as a 

monolayer.   

 Some of the assumptions in the Langmuir model do not generally reflect 

experimental observations in the case of protein adsorption.  Thus protein adsorption is 

generally irreversible on a realistic time scale [33]. Also it is not true that the earlier 

adsorbed proteins do not affect the adsorption of later-arriving proteins. 

 The random sequential adsorption (RSA) model addresses the irreversibility and 

the excluded surface effect of protein adsorption.  This model assumes that adsorption 
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happens on a homogeneous surface and that adsorption continues until no space is left on 

the surface. Eq1.2 describes the rate of adsorption based on RSA assumptions  [34-37].  

                                                            Φ= paCk
dt
dθ                                  Equation 1.2 

 Where Φ is the fraction of the surface available for protein adsorption. Cp is the 

solution concentration of the protein. Ka is the rate constant of protein adsorption and θ is 

the fractional coverage of protein. The limitation of the RSA model as well as the 

Langmuir model is that they do not take into consideration the surface diffusion of protein 

[38].   

 The assumption that ΔHa is independent of coverage is also generally not true for 

proteins. The Freundlich and Temkin models [39-41] account for this non-independence 

on a largely empirical basis. The Freundlich model assumes that ΔHa decreases 

exponentially in magnitude with coverage leading to the isotherm Eq 1.3 [39]:  

                                                                    n
pkC /1=θ                                   Equation 1.3 

Where k is the equilibrium constant and n is  an exponent related to the adsorption energy. 

This model predicts that adsorption increases indefinitely with the increase of the 

solution concentration. The Temkin model assumes that ΔHa decreases linearly in 

magnitude with coverage leading to the isotherm Eq 1.4 [42, 43]: 

                                                                )ln( pnCk=θ                                     Equation 1.4 

Where the symbols have the same meaning as in Equation 1.3.  

In a multi-protein system such as blood or plasma, many proteins compete for the 

adsorption sites on the surface. Diffusion controls protein adsorption initially and thus, in 
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the early stages, concentration and protein size are critical [44-46]; smaller proteins 

present at higher concentration  adsorb more than larger ones at lower concentration. At 

longer time as the surface fills, however, proteins of higher surface affinity will displace 

those of lower affinity independent of concentration and size. These exchange phenomena 

are  known as the “Vroman effect” [45, 47].  The Vroman effect describes protein 

adsorption from plasma as an “adsorption-displacement” phenomenon. It has been 

observed for plasma proteins such as albumin, IgG and fibrinogen (Fg) [45, 48, 49]. For 

example, initially adsorbed Fg has been shown to be displaced at longer time by other 

higher affinity, low concentration proteins such as high molecular weight kininogen [7, 

48]. 

 One of the main consequences of protein adsorption on blood contacting 

biomaterials is the activation of the plasma coagulation cascade.  Blood coagulation 

mechanisms are reviewed in the following sections.  

1.1.3 Blood Coagulation  

The blood coagulation cascade involves a series of reactions in which an inactive 

clotting factor (zymogen) becomes enzymatically active and can activate other (zymogen) 

clotting factors. The coagulation cascade is shown in Figure 1.3.  It can be initiated 

intrinsically (contact factor pathway) or extrinsically (tissue factor (TF) pathway). Both 

pathways lead to the common coagulation pathway which results in the formation of 

thrombin and fibrin. The tissue factor (extrinsic) pathway is initiated by vascular injury 

for haemostatic control. The contact factor (intrinsic) pathway, on the other hand, is 

initiated when blood interacts with a foreign material.   
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 The cascade model of coagulation was proposed in the 1960’s. In a recent study, 

Monroe et al showed that coagulation not only involves a cascade of proteolytic reactions 

but also involves cells, and that cells play a major role in directing and controlling the 

coagulation process [50]. In their cell-based model of haemostasis, they described the 

three steps of initiation, amplification and propagation. In the initiation phase, the 

extrinsic pathway starts with TF-bearing cells. The thrombin generated in the initiation 

phase activates platelets (amplification). Finally, in the propagation phase, the intrinsic 

pathway takes place on the activated platelets [50].  
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Figure 1. 3 Blood coagulation cascade. From: 
http://www.enzymeresearch.com/CASCADES_2004/images/CASCADE_erl_2007.pdf 
(reprinted with permission) 

1.1.3.1 Contact Factor (Intrinsic) Pathway 

The contact factor (intrinsic) pathway starts with the activation of clotting factor 

(F) XII (Hageman factor) to FXIIa (refer to Fig 1.2). FXIIa then converts prekallikrein to 

kallikrein. Kallikrein amplifies the activation of FXII to FXIIa. FXIIa then converts FXI 

to FXIa.  The presence of high molecular weight kininogen (HMWK) is essential for the 

activation of kallikrein and FXI [51]. FXIa activates FIX. This is followed by the 
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activation of FX to FXa, FII (prothrombin) to FIIa (thrombin) and finally the conversion 

of fibrinogen to fibrin, the clot material.  

It is generally understood that biomaterials-induced clot formation is caused by 

the activation of FXII. The mechanism of interaction of FXII with surfaces, however, is 

not well understood and has been the subject of continuing research [51-55]. Several 

studies have shown that FXII is mainly activated by contact with negatively charged 

surfaces [51-53, 56].  It was believed that the specific binding of FXII to negatively 

charged surfaces was responsible for the activation of FXII in contact with such surfaces. 

A recent study [54] showed that FXII was activated in buffer with the same efficiency at 

both anionic hydrophilic surfaces and hydrophobic surfaces while in plasma, FXII 

activation was attenuated on hydrophobic surfaces.  This study concluded that the 

presence of plasma proteins affects surface activation of FXII. Due to the importance of 

FXII, thrombin and fibrinogen to the work reported in this thesis, the structure and 

function of these three proteins is discussed in the next sections. 

1.1.3.1.1 Hageman Factor (FXII) 

Hageman factor is an 80 kDa protein present in plasma at a concentration of ~30 

μg/mL. It is activated by formation of a heavy chain and a light chain by cleavage within 

a disulfide loop. The heavy chain contains three surface binding regions and the light 

chain contains the catalytic domain [57, 58]. 

Upon surface contact, FXII undergoes a conformational change and cleavage of 

Arg353-Val354 by plasma proteinases; it is thus converted to FXIIa (αFXIIa) [59]. Heavy 

chain and light chain of FXIIa has molecular weights of 52 kDa and 28 kDa, respectively 
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[60]. The surface contact activation of FXII is referred to in the literature as 

autoactivation [56]. FXII can also be activated by kallikrein and FXIIa through a 

reciprocal self-amplification reaction [59]. 

1.1.3.2 Thrombin  

 Thrombin is a serine protease of 308 amino acid residues with a molecular weight 

of 37 kDa [61]. It is composed of an A chain with a molecular weight of 6 kDa and a B 

chain with a molecular weight of 31 kDa.  The A and B chains are connected by a 

disulfide bond. The B chain contains the three active sites of thrombin at His57, Asp102, 

and Ser195 [62]. 

 Thrombin plays a major role in coagulation by converting fibrinogen to fibrin and 

by activating FXIII which is involved in crosslinking fibrin [63]. Furthermore, thrombin 

amplifies its own production by activating FV, FVIII and FXI. Thrombin also activates 

protein C which is involved in the inactivation of FVa and FVIIIa to prevent further clot 

formation [64].  

Besides its interaction with plasma proteins, thrombin also interacts with cells via  

receptors [65]. Thrombin interaction with platelets is a major thrombin-cell interaction 

and has an important role in clot formation. Thrombin induces platelet activation and 

aggregation. The surface of the activated platelets then becomes a catalyst for the 

activation of clotting factors.  Other cells that can interact with thrombin include 

monocytes, leukocytes and endothelial cells. Thrombin can interact with damaged 

endothelial cells to stimulate the production of tissue factor [61]. 
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1.1.3.3 Fibrinogen 

 Fibrinogen (Fg) is a globular protein with a molecular weight of 340 kDa and 

dimensions of 450 X 90 X 90 Å [66]. It is present in plasma at a concentration of about 3 

mg/mL.   It consists of two sets of α, β and γ polypeptide chains [67]. As the precursor of 

fibrin it plays a major role in coagulation. Thrombin cleaves Fg to allow polymerization 

and fibrin formation, and cross-linked fibrin forms a meshwork in which blood cells are 

trapped to form the mature clot. Fig 1.4 shows thrombin-Fg interactions. 

 

Figure 1. 4 Model of thrombin interacting with N-terminal fibrinogen Aα chain. (Ref # 
[62], with permission) 
 

Fg adsorption on biomaterials has been studied extensively. Adsorbed Fg has been 

shown to bind to and activate platelets by interaction with the platelet glycoprotein IIb-

IIIa integrin receptor [68-70]. The availability of RGD sequences in adsorbed fibrinogen, 

which interact with GPIIb-IIIa, is important for platelet adhesion [70]. Adsorbed Fg has 
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also been shown to stimulate activation of the inflammatory pathways by interaction with 

monocytes [71-73]. Indeed Fg is considered as a major adhesion or general cell-binding 

protein. 

1.1.4 Inhibition of Blood Coagulation: Anticoagulants 

Anticoagulants have been widely used for surface modification of biomaterials. 

Most anticoagulants used in biomaterials applications target thrombin to inhibit clot 

formation. These anticoagulants inhibit thrombin either directly or indirectly.  

The most commonly used anticoagulant, which inhibits thrombin indirectly, is 

heparin. Heparin is a highly sulfated glycosaminoglycan [74] with average molecular 

weight 12,000 Da (range  5,000 to 40,000 Da). Heparin binds antithrombin and catalyzes 

the inhibition of thrombin and FXa by antithrombin. Heparin interacts with antithrombin 

through a specific pentasaccharide sequence [75]. Only one third of the molecules in  

unfractionated heparin ( with average MW of 15,000) and one fifth of those in low 

molecular weight  heparin (LMWH, with average MW of 5,000)  contain this 

pentasaccharide sequence [75]. Fondaparinux (with average MW of 1,500) is a synthetic 

analog of the heparin pentasaccharide sequence [76]. The binding of the pentasaccharide 

unit of heparin to antithrombin results in a conformational change in antithrombin. The 

antithrombin reactive centre loop can then accelerate the interaction of antithrombin with 

FXa [74]. In order to catalyze antithrombin-thrombin interactions, however, heparin 

needs to bind to thrombin as well as antithrombin. To accomplish this, the 

pentasaccharide chain needs to be long enough to be able to interact with both thrombin 

and antithrombin [76].  Thus, compared with unfractionated heparin, LMWH is less 
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capable of inhibiting thrombin due to its shorter pentasaccharide chain length and 

fondaparinux is only capable of inhibiting FXa. 

There are limitations and unwanted side effects associated with heparin. Platelet 

factor 4 and heparinases can inactivate heparin [77]. Furthermore, heparin is not able to 

inhibit clot-bound thrombin [78].  In contrast, direct thrombin inhibitors are able to inhibit 

both clot-bound and free thrombin.  

Direct thrombin inhibitors include hirudin and its analogues as well as short 

peptides such as D-phenylalanyl-L-prolyl-L-arginine chloromethyl ketone (PPACK) [79, 

80]. These inhibitors can bind directly to the active site or the anion-binding exosite or 

both active and anion-binding sites of thrombin.  

1.1.4.1 Hirudin 

Hirudin is a small protein containing 65 amino acid residues (including 3 lysines) 

and three disulfide bridges; its molecular weight is approximately 6.9 kDa. The N-

terminal of hirudin binds to the apolar binding site of thrombin, and the C-terminal can 

interact with the anion-binding exosite of thrombin [81]. The Pro46-Lys47-Pro48 

sequence of hirudin occupies the basic specificity pocket near the active site of thrombin. 

Thus, hirudin is able to inhibit both free and fibrin-bound thrombin. Hirudin also 

interferes with the site for interaction of thrombin with platelets [82, 83]. Fig 1.5 and Fig 

1.6 show the amino acid sequence and crystal structure of hirudin, respectively [84, 85]. 

Hirudin has been used by a number of researchers as a surface modifier on biomaterials 

for improved blood compatibility. These studies are discussed in more detail in the 

section on research on surface modification with bioactive molecules (section 1.2.3.2). 
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Hirudin occurs naturally in leeches.  It is also available in recombinant form. The 

main isoforms of hirudin isolated from leeches are HV1 and HV2. HV1 has a Val-Val 

sequence at its N-terminal. HV2 has an Ile-Thr sequence at its N-terminal. The HV3 

isoform has the same sequence as the HV2 form except for an alanine residue adjacent to  

the sulfated tyrosine [86]. The hirudin used in the research reported in this thesis is the 

recombinant product lepirudin (Refludan®), derived from yeast cells. It is identical to 

HV2 except for the presence of leucine instead of isoleucine at the N-terminal and the 

absence of sulfate group on its tyrosine residue.    

Two important recombinant hirudin types are hirugen and hirulog. Hirugen 

contains the C-terminal portion of hirudin (amino acid residues 53-64) and thus it can 

inhibit the fibrinogen binding site of thrombin but not the active site [87]. Hirulog, also 

known as bivalirudin, is a 20-amino acid polypeptide with a molecular weight of around 

2.2 kDa. It contains the N-terminal residues and the C-terminal residues of hirudin. The 

termini are connected by four glycine residues [88]. Hirulog inhibits both the active site 

and the anionic binding site of thrombin. Unlike hirudin, hirulog inhibition of thrombin is 

reversible. Thrombin bound to hirulog retains partial activity by cleaving the Arg3-Pro4 

bond of hirulog [89].  
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 Figure 1. 5 Amino acid sequence of hirudin (HV2)(adapted and redrawn from ref #[84])    
       

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. 6 Crystal structure of hirudin in ribbon format, prepared by CLC Main 
Workbench 6 software using Protein Data Base file 1HIC. The active sites of hirudin are 
N-terminal, C-terminal and Pro46-Lys47-Pro48.   
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1.1.4.2 Corn Trypsin Inhibitor (CTI) 

Corn trypsin inhibitor (CTI) is a relatively small protein of molecular weight 

~12.5 kDa (112 amino acids). The amino acid sequence of CTI and its crystal structure 

are shown in Fig 1.7 and Fig 1.8 respectively [90, 91]. The isoelectric point of CTI is 

around 4.5. The active site is at Arg36-Leu37 [91]. One study has reported  dimensions of 

57 X 57 X 80.5 Å after crystallization [92].  

CTI is isolated from kernels of corn. Recombinant CTI has also been prepared and 

used for studies of activity [93, 94]. CTI can bind specifically to and inhibit the catalytic 

activity of trypsin [95]. CTI also inhibits clotting factor XIIa by forming a 1:1 complex 

[93]. Since it specifically inhibits FXIIa and since activation of FXII to FXIIa is among 

the first reactions in the contact factor pathway, CTI has been widely used for the study of 

tissue factor (TF)-dependent coagulation reactions [96-98]. In such studies, CTI has been 

used to suppress the contact factor pathway. It has been shown to prolong plasma clotting 

time by ~4 fold [96, 97]. It may thus be seen a promising candidate for surface 

modification of biomaterials for improved blood compatibility, but other than the studies 

done by Weitz and coworkers [99, 100] as well as the studies conducted in our lab and 

reported in this thesis, CTI has not been used for the biomaterials surface modification.  

Weitz and coworkers modified commercial polymeric catheters with PEG-CTI conjugate 

using a methacrylic coating to which the PEG-CTI conjugate was attached via epoxy 

groups. They observed significantly higher FXIIa inhibition and longer clotting times on 

the modified catheters compared with the unmodified ones.  

 



Ph.D. thesis- S.Alibeik                                McMaster University- Biomedical Engineering 

 20

 

 

 

 

 

 

 

 

 
Figure 1. 7 Amino acid sequence of CTI (adapted and redrawn from Ref # [90]) 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. 8 Crystal structure of corn trypsin inhibitor in ribbon format, prepared by CLC 
Main Workbench 6 software using Protein Data Base file 1BFA. The active site of CTI is 
at Arg36-Leu37.  
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1.1.5 Platelets 

 Platelets are disc shaped anuclear granular blood cells with a diameter of 2-4 μm 

and with a concentration of 150,000 to 400,000 per microlitre of blood. They play an 

important role in haemostasis and thrombosis [101]. In haemostasis upon vascular injury, 

exposure of subendothelial matrix causes adhesion and morphological changes of 

platelets. This results in a change of platelet shape with the creation of pseudopodia. 

Collagen, von Willebrand factor (vWF), fibronectin and other adhesive proteins are the 

matrix components that mediate platelet adhesion [102, 103]. Collagen is probably the 

principal mediator of platelet adhesion [104]. The platelet membrane has several collagen 

receptors including integrin α2β1, glycoprotein (GP) VI and GPIV [104]. Subendothelial 

vWF has also been shown to play an important role in platelet adhesion by interaction 

with the GPIb-IX receptor in platelets [103, 105].  Following platelet adhesion, 

intracellular granules release their contents including adenosine diphosphate (ADP), 

adenosine triphosphate (ATP), calcium ions and platelet factor 4. ADP release mediates 

the recruitment of additional platelets to the site of injury and results in platelet 

aggregation. Along with fibrin, platelets are a major component of the clot or thrombus 

formed at the site of injury [105].   

In blood contact with biomaterials, platelets adhere to the surface. The interaction 

of platelet receptors with adsorbed protein layers is believed to be responsible mainly for 

platelet adhesion to biomaterials [106]. Similar to haemostasis, platelet adhesion on 

biomaterials results in the release of granule contents that can promote platelet 

aggregation. It has been shown that platelet receptors interact principally with the peptide 
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ligands of four proteins: fibrinogen (Fg), vitronectin (Vn), fibronectin (Fn) and von 

Willebrand factor (vWF) [106, 107]. Fg binds to GPIIb-IIIa in stimulated platelets. Vn 

binds to vitronectin receptor, Fn binds to GPIc-IIa and vWF binds to GPIb-IX. Tsai et al 

showed that Fg is the major adsorbed protein mediating platelet adhesion and aggregation 

on biomaterials [69, 108]. Platelet receptors are believed to recognize and bind to the 

RGD sequence in the Aα chains and a specific dodecapeptide sequence in the γ chains of 

Fg [109]. 

Thrombin generated in coagulation can also activate platelets by cleaving its 

platelet receptor [61, 110]. Furthermore, thrombin generation leads to fibrin formation 

and fibrin can cause further aggregation [111]. The surfaces of activated platelets also 

provide a site for interaction and activation of clotting factors of the intrinsic pathway 

[50]. 

1.2 Biomaterials Modification for Blood Compatibility 

 Four general classes of biomaterials may be recognized, namely, polymers, 

ceramics, metals and natural materials. Various combinations of these four classes, 

referred to as composites, have also been used to construct biomedical devices. In most of 

the applications, the biomaterials trigger biological responses that can lead to device 

failure as discussed above. Biomaterials modification has been widely practiced to create 

materials that are more biocompatible, or in the context of blood contacting devices, to 

improve blood compatibility. Numerous approaches have been used to modify 

biomaterials. These can be divided into two major categories: bulk modification and 

surface modification. Since the focus of this thesis is on surface modification, literature 
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related to this category will be discussed in detail in the next sections. The “base” 

materials for modification used in the work reported here were gold and a polyurethane. 

More details on these two materials are given in the following sections. A review of the 

literature is given on general approaches to surface modification for improved blood 

compatibility including modification for protein resistance, modification for bioactivity 

(attachment of bioactive molecules), and modification for both protein resistance and 

bioactivity.   

1.2.1 Surface Modification using Gold-Thiol Chemistry 

The general inertness of gold as well as its specific reactivity with thiol and 

disulfide containing molecules are major reasons for its use as a model material in 

biomaterials studies. Being relatively pure, optically reflective, and available in highly 

smooth form, it is also amenable to detailed physical characterization such as 

ellipsometry, surface plasmon resonance and others. Thiols and disulfides chemisorb to 

gold with a bond energy of 45 kcal/mol [112, 113].  On crystalline gold surface with 1,1,1 

orientation, the sulfur atoms of adsorbing thiols reside in the three-fold hollows between 

the gold atoms (Fig 1.9) [114]. Oxidative interaction of S-H or S-S bonds with gold is 

believed to occur during chemisorption [115, 116]. The reactions may be represented as 

follows [117]: 

 

 

 

RS-SR + Au 0n                           RS-Au +. Au 0n

R-SH + Au 0n RS-Au +. Au 0n + 1/2 H2

RS-SR + Au 0n                           RS-Au +. Au 0n

R-SH + Au 0n RS-Au +. Au 0n + 1/2 H2
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Gold-thiol chemistry has been used generally to create self-assembled monolayers 

(SAMs) for applications ranging from electronics to nanotechnology to biosensors and 

biomedical devices [118, 119]. Chemisorption of long chain alkanethiols (R-SH) or 

dialkyldisulfides (RS-SR) has been widely studied for the formation of SAMs [120-123]. 

When gold is exposed to a solution of an alkanethiol or dialkyldisulfide, 80-90% of the 

monolayer is achieved within a few minutes. It then takes several more hours for the 

monolayer to rearrange and achieve an ordered structure. The driving force for the 

formation of SAMs is van der Waals interactions between adjacent carbon chains.  

Factors such as contamination of the gold, time of chemisorption, temperature, 

size and concentration of the thiol or disulfide containing molecule can influence 

chemisorption and the formation of SAMs [124-126].  Gold surfaces are prone to 

contamination [127] such that upon exposure to lab air, a hydrocarbon layer is readily 

formed. Although studies have shown that hydrocarbon contamination is displaced [121], 

when long chain alkanethiols are used to prepare SAMs, it is advisable to clean the gold  

thoroughly prior to the chemisorption reaction.  It was shown that as the chain length of 

the chemisorbing molecule decreased (chain length less than 10 carbons), surface 

heterogeneity increased [125, 128]. SAMs are usually formed within a few minutes at 1 

mM concentration.  100 minutes or more may be required when the concentration is 

decreased to 1μM [117]. 

When SAMs are formed on gold, the spacing between the neighboring sulfur 

atoms is 4.97Å (Fig 1.9). Thus if all the sites are occupied, the calculated area per 

molecule is 21.4 Å2 (density 4.6 molecules/nm2). On hydrocarbon  SAMs, the carbon 
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chains are tilted to about 30º from the surface normal as shown in Fig 1.7 and sulfur 

atoms form a √3 x √3 R30º lattice on gold  [116, 129] to optimize interchain interactions. 

Due to their well-defined chemistry and ease of characterization, SAMs are considered to 

be excellent model systems in the study of biomaterials [112, 130-133]. 

The surface properties of thiol-modified gold surfaces can be tailored by varying 

the head terminal group of the thiol or disulfide containing molecule.  In this work, gold-

thiol chemistry was used to attach polyethylene glycol (PEG) to gold to create model 

surfaces for the study of blood-material interactions. Other studies have shown that 

closely packed monolayers of PEG can be formed using thiol-gold chemistry [134-136]. 

The mechanism of formation of the PEG layer on gold in these cases is similar to that of 

hydrocarbon SAMs. There are, however, some differences between the two systems. For 

example, chemisorption of alkanethiol terminated PEG on gold was shown to reach 

saturation after about 2 h while for hydrocarbon SAMs saturation is achieved much 

quicker [134]. 

 

 

 
 

 
 
 
  

 

 

Figure 1. 9 SAMs on gold (a) Top view (b) side view 
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1.2.2 Segmented Polyurethanes as Biomaterials 

Polyurethanes (PU) are block copolymers consisting of sequences of soft and hard 

segments or blocks. The soft segment types include polyester, polyether, polycarbonate, 

and polybutadiene. The hard segment components are a diisocyanate and a small 

molecule diol or diamine (the chain extender). Most of the biomedical grade 

polyurethanes, including the polyurethane used in the work reported here, are based on an 

aromatic diisocyanate and a polyether soft segment. In the solid state, the hard and soft 

segments segregate to form microdomains due to thermodynamic incompatibility.  The 

hard segment domains are dispersed in the soft segment domains and act as virtual 

crosslinks giving the materials elastomeric properties overall (Fig 1.10).  

 

 

 

Figure 1. 10 Illustration of microphase separation of polyurethane (Reprinted with 
permission, from Ref #[137] Copyright © 1971, American Chemical Society) 
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The typical polymer forming reactions are shown in Fig 1.11. In the first step of 

the reaction, a diisocyanate reacts with a polyol to form the prepolymer. The second step 

involves the reaction of prepolymer with a diol or diamine (chain extension).  If the chain 

extender is a diol, a urethane linkage will be formed. If it is a diamine, a urea linkage will 

be formed [138]. A wide range of mechanical and physical properties can be obtained 

based on the choice of soft and hard segment and the ratio of the two. This broad range of 

properties, as well as the finding that some polyurethanes have modest biocompatibility, 

has resulted in the wide use of these materials in biomedical devices  [139]. 

Polyurethanes have been used in devices such as such as left ventricular assists, catheters, 

pace maker lead insulation and heart valves [140-143]. They  have also been used in 

artificial organs, drug delivery systems and scaffolds for tissue engineering [144].  

 

 

 

 

 
 

 
 
Figure 1. 11 Polyurethane forming reaction.  
 

The widespread use of polyurethanes in biomedical applications is not only due to 

the versatility of their properties but also to their relatively good “biocompatibility” 
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compared with other materials [145-147]. Biocompatibility, however, needs to be further 

improved for applications such as small diameter vascular grafts and other long term 

blood-contacting devices since thrombosis and clot formation do occur. Bulk and surface 

modification of polyurethane has been extensively investigated. In bulk modification the 

composition of the polymer chains is varied to improve mechanical, physical and 

biological properties. Some of the bulk modification methods include varying the soft 

segment, diisocyanate or chain extender, incorporating ionic groups or other side chains 

in the soft or hard segment [148-154]. Surface modification methods include surface 

coating, surface treatment by various physical and chemical methods, and surface grafting 

of polymers [49, 155, 156].  These are discussed in the following sections.  

1.2.3 Surface Modification for Blood Compatibility 

 Interactions between a material and the biological environment occur on the 

material’s surface. Hence, many studies have been focused on surface modification of 

biomaterials for improved blood compatibility. These studies have used surface coating 

and physical adsorption, incorporation of surface active components and covalent 

attachment (e.g chemical grafting). In this work, covalent attachment was used. Three 

general strategies were pursued: modification with protein resistant molecules for 

reduction of non specific protein adsorption, modification with bioactive molecules to 

promote adsorption of specific proteins, and combinations of the two.   
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1.2.3.1 Surface Modification for Protein Resistance  

Numerous studies have focused on surface modification with protein resistant 

molecules. Such surfaces are sometimes referred to in the literature as “non-fouling” 

surfaces. Reduction in non-specific protein adsorption is believed to prevent or at least 

minimize the adverse reactions caused by protein adsorption such as coagulation, 

complement activation, platelet adhesion, leukocyte adhesion and activation and the 

foreign body response [157-159]. 

Surface modification with hydrophilic polymers has been widely used to reduce 

non-specific protein adsorption. The mechanism of the protein resistant properties of 

hydrophilic molecules is not fully understood.  Polyethylene glycol (PEG), also referred 

to as polyethylene oxide (PEO), is the most studied protein resistant molecule. Other 

protein resistant molecules used for surface modification include poly 2-

hydroxyethylmethacrylate (PHEMA), poly sulfobetaine and poly carboxybetaine 

methacrylate, poly 2-methoxyethylacrylate (poly(MEA)), polyacrylic acid (PAA), 

polysaccharides,
 

poly(methacrylates), and poly(2-methacryloyloxyethyl 

phosphorylcholine) (poly(MPC)) [160-167]. 

1.2.3.1.1 Surface Modification with Polyethylene Glycol 

Polyethylene glycol (PEG) is a linear polymer with repeat unit -CH2-CH2-O-. 

PEG is crystalline and is soluble in water at room temperature. PEG (especially PEGs of 

molecular weight above 2000) comes out of the solution at a temperature known as the 

cloud point. The cloud point depends generally on solution conditions such as ionic 

strength and PEG concentration [168].  For example, under high ionic strength condition 
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(buffer containing 0.6 M K2SO4), cloud point of around 60°C was observed [169]. PEG is 

considered to be non-toxic and has been used for the modification of protein drugs by so-

called PEGylation [170]. The covalent attachment of PEG to a protein drug leads to an 

increase in the molecular weight of the drug and thus a prolonged circulation life time. 

Also the shielding properties of the PEG diminish the immune response. PEGs used in 

this way are usually modified with a functional group that reacts with amino or thiol 

groups of the protein [171]. Attachment to thiol groups results in a more site specific 

PEGylation since proteins usually have only a few thiol groups [172]. 

Two mechanisms have been proposed to explain the protein resistant properties of 

PEG attached to a surface. The first mechanism involves the flexibility and mobility of 

PEG chains. Flexibility is due to the conformational freedom of the  –C-C-O- backbone 

of PEG due to unrestricted rotation around the C-O bonds. This mechanism is usually 

referred to as “excluded volume- steric repulsion” (Fig 1.12). When the protein 

approaches the PEG modified surface, it compresses the flexible PEG chains. This 

implies an entropy loss generating a repulsive interaction, thus effectively pushing the 

protein away from the surface. The second mechanism is related to the low interfacial 

energy at the PEG-water interface and the ability of the PEG chains to bind water tightly 

(hydrogen bonding). Based on this mechanism the proteins are kept away from the 

surface by the water barrier, also referred to as “osmotic repulsion” [168].   
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Figure 1. 12 Excluded volume-steric repulsion of proteins by PEG. 

 Different surface modification techniques have been used with PEG ranging from 

physical adsorption (coating) to covalent grafting to chemisorption. When PEG is 

covalently grafted or chemisorbed to the surface through its end group, three surface 

“regimes” may be distinguished depending on the PEG density [173]. If the density is 

low, the PEG will be in a random coil conformation giving the so-called “mushroom 

regime” where the PEG chains do not overlap and there are empty spaces between them. 

As the density increases, the PEG chains cannot maintain the random coil state and must 

stretch to be accommodated.  At higher density when the distance between the PEG 

chains is smaller than the radius of gyration the chains will be more completely stretched, 

and the surface is said to be in the “brush regime” (Fig 1.13).  Due to the relevance of 

covalent attachment and chemisorption methods to the work reported in this thesis, a 

summary of the literature on surface modification with PEG through covalent attachment 

and chemisorption is now presented.  
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Figure 1. 13 Illustration of PEG regimes upon surface grafting of PEG. Depending on the 
PEG chain density, the PEG conformation on surface changes from non-overlapping 
“mushrooms” to fully extended “brushes”. (Adapted and redrawn from Ref #[174]) 

 

Linear and branched PEGs with various molecular weights were grafted on 

polystyrene surfaces by Bergstrom et al. The modified surfaces showed significant 

decreases in Fg adsorption. Branched PEG was less effective than linear PEG [175, 176]. 

Desai et al modified polyethylene terephthalate with cyanuric chloride-activated PEG and 

observed a significant reduction in fibrinogen and albumin adsorption as well as platelet 

adhesion [177]. Another study investigated albumin adsorption and platelet adhesion on 

PEG grafted to polyaniline films and showed significant reduction in protein adsorption 

and platelet adhesion on the modified surfaces[178]. Han et al modified polyurethane 

surfaces with PEG and PEG-SO3. The PU-PEG surfaces showed lower Fg and albumin 

adsorption from plasma than the control surfaces [179, 180]. In a study by Kishida et al, 

cellulose membrane was grafted with PEG-monoacid and PEG-diacid and the grafted 

membranes showed reduced complement activation [181]. Kim et al modified glass 

substrate with a monolayer consisting of a lipid and a PEG layer. The modified surfaces 

were effective in reducing platelet adhesion [182]. Snellings et al investigated protein 
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adsorption of PEG modified surfaces [183].  Surfaces were prepared by spin coating or 

chemisorption of PU-PEG or a copolymer of methylmethacrylate and PEG onto gold 

substrate.  These surfaces were shown to be significantly protein resistant. 

Several studies investigated the effect of chain density and chain length of PEG on 

protein adsorption. Grafting of PEG on TiO2  showed that  when ethylene glycol densities 

were above 15-20 EG/nm2, very little protein adsorbed to the surfaces  

(less than 10ng/cm2) [184]. Sofia et al modified silicon surfaces with PEGs of several 

molecular weights and densities and showed that with increasing grafting density of PEG, 

fibronectin and albumin adsorption were reduced and reached zero (below limit of 

detection) at a PEG density of ~100 ng/cm2 [185]. They did not observe any dependence 

on PEG molecular weight in the range of 3400 to 20,000. They found, however, that a 

higher grafting density of the smaller PEGs was required for low protein adsorption. 

Unsworth et al studied the effect of chain length, chain density and end group of PEG on 

protein adsorption using gold as a model substrate. Hydroxy-terminated PEG performed 

better than methoxy-terminated PEG. Furthermore, the PEG chain density was found to 

play a more important role than the chain length in reducing Fg adsorption [186]. This 

study also concluded that there was an optimal chain density of PEG beyond which 

protein adsorption increased [187]. Archambault et al modified polyurethaneurea with 

hydroxyl- and amino-terminated PEGs of different chain lengths [188, 189]. The 

modified surfaces showed significant protein resistance, but no effect of protein size or 

charge on adsorption to the PEG surfaces was observed. As the chain length of PEG 

increased, protein adsorption decreased. The amino-terminated PEG surfaces showed 
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greater protein resistance than the hydroxyl-terminated PEG due to the higher PEG 

density. Chen et al modified a polyurethane substrate with monobenzyloxy PEG with 

PEG and monomethoxy PEG as fillers to increase PEG density [190]. They concluded 

that backfilling with PEG caused the monobenzyloxy PEG chains to stretch, and thus the 

benzyloxy end groups caused high protein adsorption on these surfaces. Gon et al 

attached poly L-lysine (PLL)- PEG copolymer on a silica surface that already contained 

PLL (cationic) patches [191]. They observed a threshold of cationic patch density below 

which the PEG could keep surfaces protein resistant. In a study by Dong et al, PEGs of 

different molecular weight ranging from 200 to 4600 were immobilized on polyethylene 

terephthalate [26]. PEG of MW 2000 gave the best surfaces in terms of antifouling 

properties. Others have tried to increase PEG surface density by using star (multi arm)  

PEGs [173, 185, 192]. Grafting of such PEGs has been done on poly(divinylbenzene), 

poly(vinylidene fluoride) and silicone and the surfaces showed reduced protein 

adsorption.  

Recent studies have shown that despite low protein adsorption on surfaces 

modified with PEG and other protein resistant polymers, blood coagulation still occurs on 

these surfaces [167, 193] in some cases as rapidly as on the unmodified controls [167]. 

Thus it seems that protein resistance such as is conferred by PEG is not sufficient to 

achieve true blood compatibility. This realization has led to approaches based on 

bioactive molecules as surface modifiers or on combinations of bioactive and protein 

resistant molecules. 
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1.2.3.2 Surface Modification with Bioactive Molecules 

Modification with bioactive molecules has the goal of creating surfaces that can 

promote specific interactions with the biological system.  In the case of blood contact, 

anticoagulants such as heparin have been investigated extensively. As shown in Fig 1.14 

and described in details in section 1.1.4 (section on the inhibition of blood coagulation: 

anticoagulants) of this literature review, heparin catalyzes the inhibition of thrombin and 

FXa by binding antithrombin. 

 

 

 

 

 

 

 

 

 

Figure 1. 14 Heparin-antithrombin complex inhibits thrombin and FXa. 
 

Heparin has been used to modify a wide range of biomaterials and several 

chemistries have been used for surface attachment. Vinyl copolymers modified with 

heparin showed prolonged blood clotting times especially with poly(hydroxyethyl 

methacrylate) (HEMA) or polytetraethylene pentamine as spacer/linkers [194].  

Polyurethane (PU) substrate was modified with heparin by several groups. Kang and 
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coworkers [195-197] modified PU surfaces by exposing it to oxygen plasma glow 

discharge and attached heparin through its amino or carboxyl groups.  A higher heparin 

density was achieved when attachment was via the amino groups. Recently, Lin et al 

modified polyurethane membrane with heparin using low temperature plasma treatment 

and poly acrylic acid as a linker. The modified surfaces showed reduced platelet adhesion 

and prolonged coagulation time [198].  

PolyHEMA was also modified with heparin in several studies. Bayramoglu et al 

grafted heparin on PolyHEMA hydrogels and showed an increase in prothrombin time for 

the grafted materials [199]. Heparinized polyHEMA microspheres with or without 

methacrylate polymers as linkers were prepared by Denizli et al. The heparinized 

microspheres showed longer plasma clotting times than the unmodified ones. The 

heparinized microspheres with no linker showed the longest clotting time due to a higher 

heparin density [200]. Duncan et al immobilized heparin on polyHEMA gel using 

glutaraldehyde as the linker and showed that the modified gels had improved 

anticoagulant properties [201]. A hydrogel network of polyHEMA and albumin prepared 

in tube form and coated with heparin, showed reduced platelet adhesion and fibrinogen 

adsorption compared to the uncoated material [199]. Stents and vascular grafts were 

modified by heparin in several studies [202-204]. The heparinized stents and vascular 

grafts generally showed improved anticoagulant properties compared with unmodified 

ones. Many other natural and synthetic polymers have been modified with heparin, and 

numerous studies are ongoing [205-211]. Heparin coating is currently used for 

commercially available medical devices such as stents, oxygenators and vascular grafts 
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[212-217]. Most of these commercially available devices are coated using the method 

developed by Larm et al [218]. These surfaces are referred to as Carmeda® BioActive 

Surfaces (CBAS). 

Hirudin has also been used as for surface modification due to its anticoagulant 

properties and specific interactions with thrombin [219-224]. Berceli et al coated 

polyester grafts with hirudin and showed reduced local thrombin concentration in an in 

vitro assay under flow conditions [219]. Seifert et al modified poly(lactide glycolide) with 

hirudin and observed decreased platelet adhesion and activation on these surfaces. 

Furthermore, the hirudin-modified surfaces showed prolonged clotting time, similar to 

that for heparin-modified controls [220]. Phaneuf et al attached hirudin to polycarbonate-

urethane and showed high thrombin binding on the modified surfaces [221, 223]. In 

another study by the same group, hirudin was immobilized on polyethylene terephthalate 

(Dacron) and high thrombin binding was observed [224]. Lahann et al coated nitinol 

coronary stents with functionalized poly(paracyclophane) and attached hirudin to the 

coating. Prolonged clotting times and decreased platelet adhesion were observed for the 

hirudin- treated stents [222]. 

Other bioactive molecules used for surface modification include antithrombin-

heparin complex (ATH) and peptides with thrombin inhibitory properties. Du et al 

modified polyurethane catheters with ATH [225]. The modified catheters showed higher 

AT binding and anti-FXa activity compared with unmodified and heparin modified 

catheters. The ATH-modified catheters also performed better in an in vivo rabbit model 

[226]. Sun et al chemisorbed three peptides with N-terminal cysteine residues as thrombin 
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scavengers on gold-coated polyurethanes: Cys-Pro-Arg, Cys-(L)Phe-Pro-Arg, and Cys-

(D)Phe-Pro-Arg. The peptide modified surface specifically bound and inhibited thrombin 

[227]. Martins et al synthesized a heparin binding dipeptide of L-lysine and L-leucine and 

immobilized it on layers of tetraethylene glycol on a gold substrate [228]. Increased 

heparin binding was observed on the modified surfaces. 

Although all of the above-mentioned heparinized and other “anticoagulant” 

surfaces have been found to prolong clotting time, they do not prevent clotting ultimately. 

Indeed no surface has been found or developed which prevents coagulation. Thus “clot-

lysing” surfaces capable of dissolving the clot once formed instead of preventing its 

formation have been proposed [229-236]. These surfaces are designed to capture the 

proteins of the fibrinolytic system in blood contact. Two key proteins of the fibrinolytic 

system are plasminogen and tissue plasminogen activator (tPA). Activation of 

plasminogen by tissue plasminogen activator results in the formation of plasmin. Plasmin 

degrades fibrin forming fibrin degradation products.  A method of attracting plasminogen 

to blood contacting surfaces is the covalent attachment of lysine which has specific 

binding sites for plasminogen. In early work by Woodhouse, lysine was attached to 

polyurethane and the lysine-modified surfaces showed extensive plasminogen adsorption 

from plasma [229]. Lysine-modified silica glass showed similar behaviour [230]. In the 

presence of tissue plasminogen activator, the adsorbed plasminogen on the lysinized 

surfaces enhanced clot lysis [231]. Another approach to “clot lysing” surfaces is the use 

of lysine-rich coatings. McClung et al attached a coating of lysine-polyacrylamide 

covalently to a polyurethane substrate. The lysine moieties were attached via either the α-
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amino or ε-amino group. With attachment through the α-amino group (ε-amino group 

free), the surfaces showed specific plasminogen affinity [232, 233]. In follow on work, it 

was shown that the surfaces with free ε-amino groups had high affinity towards tissue 

plasminogen activator. Although t-PA affinity was lower than that of plasminogen, 

surfaces with pre-adsorbed t-PA were able to dissolve blood clots formed around them 

after plasma contact [234]. In subsequent work, polyethylene tubing was modified with a 

lysine containing polymer. After exposure to tissue plasminogen activator, the modified 

surfaces were shown to be effective in dissolving thrombus in a whole blood Chandler 

Loop experiment [235]. Samoilova et al used the same strategy and modified 

polyethylene-polystyrene surfaces with polyelectrolyte complexes containing lysine 

[236]. The L-lysine modified surfaces showed high plasminogen affinity and reduced 

thrombogenicity in an in vivo assay. 

1.2.3.3 Surface Modification for Combined Protein Resistance and Bioactivity  

Recent research has focused on surfaces that are modified with both a bioactive 

molecule for specific interactions and an inert/protein resistant component to reduce non-

specific interactions (Fig 1.15). The protein resistant molecule is usually an inert, 

hydrophilic polymer such as polyethylene glycol and the bioactive component, in the 

context of blood contacting materials, is usually an anticoagulant, a peptide or a protein 

that can either inhibit clot formation or lyse the clot. 
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Figure 1. 15 Concept of bioactive, protein resistant surfaces. The protein resistant 
component is usually a hydrophilic, non-fouling polymer. The bioactive molecule can be 
an antibody, an enzyme, a protein, a peptide or a polysaccharide. In the context of blood 
compatibility, the bioactive component usually has anticoagulant or clot lysing properties. 
 

Combinations of heparin and PEG have been used for this purpose. Kim and 

coworkers modified polyurethaneurea (PUU) surfaces to introduce free NCO groups. 

They then immobilized PEG and attached heparin. The PUU-PEG-heparin surfaces 

showed reduced protein adsorption and platelet adhesion in vitro compared with the 

control surfaces. The modified surfaces also showed prolonged occlusion time in an ex 

vivo rabbit shunt experiment [237, 238]. In another study, Kim and coworkers 

immobilized heparin on a styrene/p-amino styrene copolymer using a PEG spacer. These 

surfaces showed improved bioactivity in terms of antithrombin binding compared with 

surfaces prepared by direct immobilization of heparin [239]. Chen et al modified silicone 

with heparin through a PEG spacer. The modified surfaces showed high antithrombin  

binding and low fibrinogen adsorption [240]. Xu et al immobilized heparinized 

poly(oligoethylene glycol monomethacrylate) (poly(OEGMA) brushes on silicon using 

atom transfer radical polymerization (ATRP) [241]. These surfaces suppressed protein 

adsorption and platelet adhesion and increased clotting time. In other work heparin was 
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immobilized on a copolymer of poly(OEGMA) and poly(hydroxysuccinimidyl 

methacrylate) on silicon [242]. The modified surfaces showed significantly reduced 

fibrinogen adsorption but high antithrombin binding compared with the unmodified or 

polymer-only modified surfaces.  Antithrombin-heparin complex (ATH) has also been 

used in combination with PEG. Gold so-modified was shown to be protein resistant and 

to have high antithrombin adsorption [243, 244].  

To create a non-fouling clot lysing surface, a polyurethane was modified by 

sequential attachment of PEG and ε-amino-free lysine. These surfaces showed reduced 

non-specific protein adsorption and high plasminogen binding [245]. The effect of PEG 

chain length on the biological properties of the PEG-lysine surfaces was also investigated. 

In general PEG of lower chain length was shown to be more effective in terms of a 

balance of protein resistance, plasminogen adsorption and clot lysis [246]. Poly(dimethyl 

siloxane) (PDMS) was also modified with both PEG and lysine [247]. The modified 

surfaces showed reduced fibrinogen adsorption and dissolved clots formed around them 

after exposure to plasma and tissue plasminogen activator. Poly(hydroxyethyl 

methacrylate) (polyHEMA) as a protein resistant polymer, was also used in combination 

with lysine [248]. PolyHEMA was chosen to create surfaces with high hydroxyl 

functionality for lysine attachment and thus high lysine density. PolyHEMA was graft 

polymerized on a polyurethane substrate. The lysine-polyHEMA modified polyurethanes 

showed reduced non-specific protein adsorption and high plasminogen binding capacity. 

All of the above-mentioned studies were focused on surface modification for 

improved blood compatibility relevant to this thesis. The combination of bioactive-
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protein resistant molecules has been of interest for other biomedical applications such as 

biosensors, tissue engineering and protein purification. For example, RGD peptides were 

immobilized through PEG or poly(OEGMA) or a copolymer of poly(OEGMA) and 

poly(HEMA) to enhance cell adhesion [249-252]. Another example of this approach is 

the immobilization of biotin for biosensor applications. This has been done on silicon 

through poly(ethylene glycol methyl ether methacrylate) (PEGMA), 3-

(trimethoxysilyl)propyl methacrylate (TMSMA) and N-acryloxysuccinimide (NAS), or 

on glass through PEG or on gold through poly(ethylene glycol monomethacrylate) [253-

255].  Anticancer drugs were also immobilized on nanoparticles through a PEG spacer 

with applications in targeted tumor drug delivery [256, 257].  

The literature reviewed in this section shows that surfaces with bioactive and 

protein resistant molecules can be effective in improving blood compatibility. More 

research in this area, however, is crucial to address outstanding issues such as 

identification of the optimal ratio of the two components and others. The research 

reported in this thesis represents attempts to resolve some of these issues. 
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CHAPTER 2. OBJECTIVES AND CONTRIBUTIONS TO ARTICLES 

2.1 Objectives 

From the discussion in chapter 1, it is clear that despite numerous research studies 

on the modification of biomaterials for improved blood compatibility, thrombosis and clot 

formation remain problematic. Since these phenomena are initiated by blood protein 

adsorption, it is of interest to control protein-surface interactions in order to minimize or, 

ideally, eliminate thrombotic complications.  

 Research has shown that non-specific protein adsorption can be minimized using 

hydrophilic polymers such as polyethylene glycol (PEG). Modification with appropriate 

bioactive molecules has also proved beneficial, often by promotion of adsorption of a 

specific protein such that clot formation is inhibited. A combination of these two 

strategies can be employed to create surfaces that reduce non-specific adsorption while 

inhibiting thrombus formation. 

With the above in  mind the objectives of this thesis were: 

1. To explore the combined effects of polyethylene glycol and bioactive molecules in 

controlling protein-surface interactions for improved blood compatibility.   

2. To determine the optimal ratio of PEG:bioactive molecule on the surface. 

3. To explore two methods of dual surface modification designated “direct” and 

“sequential”. In the sequential method surfaces were modified first with PEG. The 

immobilized PEG was then reacted with the bioactive molecule. In the direct 
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method, a conjugate of PEG and the bioactive molecule was first prepared and then 

immobilized on the surface. 

Gold was used first as a model substrate and the following surfaces were prepared, 

characterized and studied in terms of their interactions with blood proteins: 

- Gold modified with PEG and hirudin. Hirudin was chosen on the basis of its 

anticoagulant properties through its specific interactions with thrombin. 

- Gold modified with PEG and corn trypsin inhibitor (CTI). CTI was chosen based on 

its anticoagulant properties through its specific interactions with clotting factor XIIa. 

Polyurethane was used as a substrate having applicability to real blood-contacting 

devices (catheters, intra-aortic balloon pumps etc) and was modified with PEG and CTI 

using a sequential method. 

2.2 Contributions to the Articles 

This thesis contains four articles (Chapters 3-6). The following describes my 

contributions. I was responsible for the design and performance of the projects, including 

literature searches, experiments and data analysis. I prepared the first draft of all four 

papers and the initial responses to the comments of the journal reviewers. I then worked 

with my supervisors on the subsequent drafts of the papers. In the case of papers 2, 3 and 

4, Dr. Jeffrey Weitz and Jonathan Yau provided general assistance with corn trypsin 

inhibitor, its modification with Traut’s reagent, and background on its use as a factor XIIa 

inhibitor. 
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Abstract 
 

In this work, we hypothesize that a surface modified with both polyethylene 

glycol (PEG) and hirudin may provide a non-fouling, thrombin-neutralizing surface 

suitable for blood contacting applications. With gold as a model substrate we used two 

different approaches to the preparation of such a surface: (1) a “direct” method in which 

PEG was conjugated to hirudin and the conjugate was then immobilized on the gold; (2) a 

“sequential” method in which PEG was immobilized on the gold and hirudin then 

attached to the immobilized PEG. The surfaces were characterized by water contact 

angle, ellipsometry and XPS. The biological properties were investigated by measuring 

protein adsorption (fibrinogen and thrombin) from buffer and plasma: thrombin inhibition 

was measured using a chromogenic substrate assay. Hirudin immobilization was found to 

be more efficient on surfaces prepared by the “direct” method. “Sequential” surfaces, 

however, despite having a lower density of hirudin, showed greater biological activity 

(thrombin binding and inhibition).  

 
Key words:  Blood compatibility, hirudin, PEG, gold, protein resistant surface, 
antithrombin. 
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1. Introduction  

Biomaterials used in blood contacting devices trigger protein adsorption and cell 

adhesion [1] resulting in failure of the device, most commonly due to thrombosis and 

embolization. Among several strategies used for the modification of biomaterials to 

overcome these problems, incorporation of hydrophilic polymers (eg polyethylene glycol) 

to reduce nonspecific protein adsorption has been widely investigated [2-5]. Also 

attachment of a biologically active biomolecule to the biomaterial surface can promote 

beneficial interactions between the surface and blood proteins [6-8]. Researchers have 

also investigated the attachment of biomolecules such as heparin to the surface through a 

PEG spacer [7, 9] with the objective of improving the ability of the biomolecule to 

interact with its target. 

Another approach is to combine the protein resistance of PEG with the specific 

activity of the biomolecule [10]. In the present study, we investigated such a bifunctional 

surface modified with PEG and hirudin to provide both protein resistance and thrombin 

inhibition. The peptide hirudin is a very strong inhibitor of both soluble and clot-bound 

thrombin. It has a molecular weight of 6.9 kDa and contains 65 amino acid residues [11]. 

The N-terminal of hirudin can bind to the apolar binding site of thrombin. The C-terminal 

can interact with the anion-binding exosite of thrombin. The Pro46-Lys47-Pro48 

sequence of hirudin may occupy the basic specificity pocket near the active site of 

thrombin. Hirudin is thus able to inhibit both free and fibrin-bound thrombin [12].   

Surfaces with immobilized hirudin have been investigated previously [13-16]; 

however none of these combined hirudin with PEG, and thus they could potentially 
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adsorb other proteins besides the target thrombin, some of which (eg fibrinogen) are 

undesirable.  In this work we used gold surface as the substrate for a number of reasons. 

First, gold is inert and nontoxic. Second, the reactivity of the gold with thiol and disulfide 

functions provides a means of grafting a variety of biomolecules with high grafting 

density [17].  

Gold surfaces were modified with PEG and hirudin using two different 

approaches. In the first approach, referred to as the direct method, a conjugate of PEG and 

hirudin was synthesized and then chemisorbed to gold. In the second approach, referred 

to as the sequential method, PEG was first chemisorbed to gold and hirudin was then 

attached via reaction with the PEG.  

 

2. Materials and methods 

(2, 2’-Dithiobisethylhepa(ethylene glycolic) acid)-N-hydroxy succinimidyl ester 

(PEG-NHS ester disulfide) (MW=1109.3) was purchased from Polypure AS (Oslo, 

Norway). α-hydroxy-ω-thiol terminated polyethylene glycol (MW=1100) was purchased 

from Polymer Source (Montreal). Hydrogen peroxide, ammonium hydroxide, ethanol and 

Atroxin snake venom were purchased from Sigma-Aldrich (Oakville, ON). Hirudin 

(Refludan® (lepirudin)) was purchased from Bayer HealthCare Pharmaceuticals (Wayne, 

NJ). Lepirudin is a recombinant hirudin derived from yeast cells. It is identical to hirudin 

from leeches except for substitution of leucine for isoleucine at the N-terminal and the 

absence of a sulfate group on the tyrosine at position 63.  Silicon wafers sputter-coated 

with titanium and then gold (1000Å) were purchased from Silicon Valley 
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Microelectronics  (Santa Clara, CA) and were cut into 0.5 x 0.5 cm pieces. Antithrombin-

depleted plasma (AT<0.01 U/mL) was purchased from Affinity Biologicals (Ancaster, 

ON). Chromogenic substrate for thrombin, S-2238, was purchased from DiPharma Group 

(West Chester, Ohio).   

 

2.1 Surface preparation  

Gold-coated silicon wafers were cleaned in a solution containing one part 30% 

hydrogen peroxide, one part 30% ammonium hydroxide and five parts water at 85ºC for 5 

min. They were then rinsed three times, 5 min each time, with deionized water before 

transferring to chemisorption solutions. The surfaces were modified using two methods. 

 

Method 1. Direct.  

A conjugate of PEG and hirudin was prepared by reaction of PEG-NHS ester 

disulfide (1 mM) with hirudin (0.5 mg/mL) in phosphate-buffered saline (PBS, pH=7.4) 

(NHS reacts with -NH2 of hirudin). The reaction product was characterized by MALDI-

mass spectrometry. The conjugate was attached to gold coated silicon by chemisorption 

through the disulfide group in the PEG moiety.  This reaction was carried out at room 

temperature for 3 h, then at 4ºC under nitrogen purge for 16 h.  

 

Method 2. Two-step, sequential.  

 PEG-NHS ester disulfide (1 mM) was first attached to gold surface by 

chemisorption for 2 h under nitrogen purge at room temperature. Hirudin (0.5 mg/mL) 



Ph.D. thesis- S.Alibeik                                McMaster University- Biomedical Engineering 

 67

was then attached to the chemisorbed PEG (NHS reacts with -NH2 of hirudin) by 

incubation at room temperature for 3 h, then at  4ºC under nitrogen purge for 16 h. 

A surface prepared by chemisorption of SH-PEG-OH of MW 1100 (1 mM) to 

gold was used as a “control”. The reaction was carried out for 2 h at room temperature 

under nitrogen purge. 

At the end of each modification step, surfaces were rinsed three times, five 

minutes each time, with deionized water. They were dried and stored under nitrogen or 

were used immediately for characterization and biological activity experiments. 

 

2.2 Mass Spectrometry  

The molecular weights of the hirudin sample and the PEG-hirudin conjugate were 

determined by matrix-assisted laser desorption-ionization time of flight (MALDI-TOF) 

mass spectrometry to confirm the conjugation reaction (Waters/Micromass MALDI 

MicroMX). 

 

2.3 Surface characterization 

Water contact angles were measured using the sessile drop method with a Ramé-

Hart NRL C.A. goniometer (Mountain Lakes, NJ). Advancing and receding angles were 

determined.  The thickness of chemisorbed layers on the modified surfaces was measured 

by ellipsometry using a self-nulling, single wavelength (6328Å) ellipsometer (Exacta 

2000). The incident angle was 70º and the refractive index and extinction coefficient for 

the gold substrate were taken as 0.2 and 3.5 respectively. The refractive indices for PEG 
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modified surfaces and PEG-protein modified surfaces were taken as 1.475 and 1.465 

respectively [18-20]. X-ray photoelectron spectroscopy (XPS) was conducted using a 

Thermo Scientific K-Alpha instrument. Surface chemical compositions were determined 

based on low resolution spectra at 90º and 20º takeoff angles.  

 

2.4 Determination of hirudin surface density 

Hirudin was labeled with 125I using the ICl method [21, 22]. Direct and sequential 

attachments to gold were carried out using the labeled hirudin. Densities were calculated 

by counting radioactivity and comparing to a solution of the labeled hirudin of known 

concentration [21]. 

 

2.5 Protein and blood interactions 

Thrombin adsorption from buffer, from serum and from plasma depleted of 

antithrombin and fibrinogen (AT-Fg) were studied using 125I-labeled thrombin. Thrombin 

was labeled with 125I by the Iodogen method and was used as a tracer (10% of total 

thrombin concentration) [23]. Total thrombin concentration was 0.06 mg/mL in all 

adsorption experiments from serum and AT-Fg depleted plasma. Serum was prepared by 

adding 25 mM CaCl2 to pooled normal citrated human plasma (PNP) at 37ºC (1:1 v/v) 

and centrifuging to remove the clot. To prepare AT-Fg depleted plasma, Atroxin (snake 

venom) was added to AT-depleted plasma.  After 15 min incubation at 37ºC the plasma 

was centrifuged to remove the clot.  Solutions for adsorption consisted of 50% serum or 

AT-Fg depleted plasma, and 50% phosphate buffered saline (PBS) containing “cold” NaI 



Ph.D. thesis- S.Alibeik                                McMaster University- Biomedical Engineering 

 69

to suppress free 125I-iodide uptake by gold [24]. In experiments to measure thrombin 

adsorption as a function of serum concentration, the initial serum was serially diluted 

using PBS-NaI buffer. Fibrinogen adsorption from 50% pooled normal citrated human 

plasma was also carried out using 125I-labeled Fg as a tracer. Fg was labeled using the ICl 

method. 

Immunoblotting of proteins eluted from the surfaces by SDS after a 2 h exposure 

to serum was carried out as described elsewhere [25]. The proteins were eluted by 

incubating the surfaces with 2% SDS for 16 h [26]. The eluates were run on reduced 

SDS-PAGE (12%) gels and transferred to polyvinylidene fluoride (PVDF) membranes. 

The membranes were cut into 3 mm strips and incubated in sequence with primary and 

enzyme-conjugated secondary antibodies followed by NBT/BCIP substrate (Pierce, 

Rockford, IL) to visualize the protein bands. In these experiments, the surface areas, the 

volumes of buffer used to elute, and the eluate volumes loaded on the gels were the same 

for all surfaces.  Comparisons among the surfaces are thus valid.  It should be mentioned 

that this approach depends on the elutability of adsorbed proteins by SDS.  One cannot be 

certain that all proteins are SDS-elutable, but previous experiments using radiolabelled 

proteins have shown that elutability of several proteins from gold is greater than 90% 

[24].    

The ability of the modified surfaces to inhibit thrombin in a contacting fluid was 

investigated using a chromogenic substrate assay. Surfaces were incubated with 100 μL 

of 0.01 mg/mL thrombin solution in PBS for 1 h in a 96-well plate format. 100 μL of 500 

nM chromogenic substrate (S-2238) solution was then added to the wells. The optical 
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density was recorded as a function of time at 405 nm.  A decrease in thrombin activity is 

expected if interaction with the surface inhibits thrombin.   Residual thrombin activity in 

the solution was calculated from a standard curve constructed by measuring the rate of the 

thrombin-substrate reaction using a series of thrombin solutions of known concentration. 

 

3. Results and discussion 

3.1 PEG-Hirudin conjugation 

MALDI-Mass spectrometry showed that after reaction with PEG, the molecular 

weight of hirudin increased, thus confirming conjugation (Fig 1). Hirudin has a molecular 

weight of 6.9 kDa. It contains 3 lysine residues and one N-terminal amino group leading 

to the possibility of conjugates containing 1, 2, 3, and 4 PEGs. The peaks seen at around 

7.9, 8.9, 9.9 and 10.9 kDa suggest that conjugates were formed in the range of molecular 

weights expected for species containing 1 to 4 PEGs per hirudin.  It appears that the 

product containing 3 PEGs, possibly indicating substitution of the three internal lysine 

residues, is the most abundant.  

 



Ph.D. thesis- S.Alibeik                                McMaster University- Biomedical Engineering 

 71

0

20

40

60

80

100

120

4000 5000 6000 7000 8000 9000 10000 11000 12000 13000 14000
m/z

%
 in

te
ns

ity
 

Hirudin

PEG-Hirudin
Conjugate10900

9900

8900

7900

6900

 

Fig 1. MALDI-MS of hirudin before and after conjugation to PEG. 
 

3.2 Contact angles 

Water contact angles (Fig 2) decreased after treatment of the gold substrate with 

HS-PEG-OH. The angles were not significantly different on the PEG-hirudin surfaces 

compared to the PEG-alone surfaces. All of the modified surfaces, with advancing angles 

between 30º and 40º and receding angles less than 30º, are more hydrophilic than the 

unmodified gold. Surfaces with angles in the 30 to 40º range may be viewed as less   

hydrophilic than might be expected for a layer of PEG.  It has been reported by Cohen 

Stuart et al [27] that the contact angles of PEG-modified surfaces are affected by 

adsorption of the surface-tethered PEG at the air-water interface which prevents decrease 

of the contact angles to very low values even for a good solvent.   

The contact angles were similar for the PEG-hirudin surfaces whether formed by 

the direct or sequential method, suggesting that similar surface compositions were 

achieved in both cases.  
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Fig 2.  Water contact angles for gold and modified gold surfaces. Data are mean ±SD, 
n>9. 
 
3.3 Ellipsometry 

From ellipsometry data (Table 1) the film thicknesses ranged from 14 to 31 Å and 

were in the order: Au-PEG-OH < Au-PEG-Hirudin (sequential) < Au-PEG-Hirudin 

(direct).  Among the three immobilized species, PEG-OH with a molecular weight of 

1100 Da gave the film with the smallest thickness. The species on hirudin surfaces 

prepared by the sequential method consist of PEG of effective MW 550 (half the 1100 Da 

disulfide) and hirudin of MW 6900 Da attached to the PEG.  The species on surfaces 

prepared by the direct method are conjugates with an average MW of ~9900 Da. The 

thickness data obtained by ellipsometry thus correlate well with the relative MWs (and 

presumably the relative sizes) of the three modifier species.   
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Table 1. Ellipsometry data for control and modified surfaces (mean±SD, n=6) 

Surface   Film Thickness (Å) 
Au-PEG-OH 14±4 

Au-PEG-Hirudin (sequential) 27±8 
Au-PEG-Hirudin (direct) 31±9 

 

3.4 Surface chemical composition from XPS 

Low resolution XPS data are shown in Table 2. The unmodified gold surface 

consisted mainly of gold with some contamination, mainly carbonaceous material with 

trace levels of N, O and S [28].  Contamination was kept to a minimum by storage of the 

cleaned gold surfaces under nitrogen. The gold content was lower on the PEG-alone and 

PEG-hirudin surfaces, while the carbon, oxygen and nitrogen contents were higher, 

confirming the presence of PEG and hirudin on these surfaces. As expected the carbon, 

oxygen, and nitrogen contents were greater on the PEG-hirudin surfaces than on the PEG-

alone surfaces. At 20º take-off angle, the gold content decreased for PEG-alone and PEG-

hirudin surfaces compared with the 90º take-off angle, and the carbon, oxygen and 

nitrogen contents increased confirming the attachment of PEG and PEG-hirudin.  

To compare surface composition from XPS with data on hirudin uptake by 

radiolabeling, the XPS data for PEG-alone and PEG-hirudin surfaces were re-analyzed 

after subtracting the gold content. The compositions were then calculated based on 

carbon, oxygen, nitrogen and sulfur. The values of each element were also calculated 

based on the quantity of hirudin as determined by radiolabeling (see section 3.5). XPS 

gave higher carbon and oxygen contents than radiolabeling, probably due to 

contamination of the gold “seen” by XPS but not by radiolabeling. For nitrogen the 
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radiolabeling and XPS values were very close. For example, for the PEG-hirudin surfaces 

prepared by both the sequential and direct methods, the normalized XPS values at 20º 

take-off angle were 3.1% and 3.6% respectively compared to values of 4% and 6% 

respectively based on radiolabeled hirudin uptake.   The lower nitrogen content from XPS 

may also be due to contamination causing an increase in carbon and oxygen and, 

therefore, a decrease in nitrogen on a percentage basis. 

 
Table 2. Composition of control and PEG-Hirudin modified surfaces determined by XPS  

90º angle Au% C% N% O% S% %N (from 
normalized 
XPS data) 

%N (from labeled 
hirudin uptake) 

Au 82.3 14.8 0.7 0.7 0.9   
Au-PEG-OH 58.5 27.5 1.1 7.1 5.9   

Au-PEG-Hirudin (sequential) 39.1 42.1 1.3 15.3 2.3 2.2 4 
Au-PEG-Hirudin (direct) 56.4 28.4 2.1 7.8 5.3 4.8 6 

20º angle             
Au 51.0 41.6 1.6 4.2 1.6   

Au-PEG-OH 34.4 44.0 2.4 11.9 7.2   
Au-PEG-Hirudin (sequential) 23.4 54.6 2.4 17.6 2.1 3.1 4 

Au-PEG-Hirudin (direct) 29.7 48.8 2.6 13.2 5.7 3.6 6 
Data are means of two determinations.  Precision ~5%.   

 

3.5 Determination of hirudin density on PEG-hirudin surfaces   

125I-labeled hirudin was used to determine the densities of hirudin on the PEG-

hirudin surfaces. The densities on surfaces prepared by the direct and sequential methods 

were 11±0.1 and 7.8±0.1 ng/cm2 respectively, i.e., uptake on the “direct” surfaces was 

significantly higher than on the “sequential”. When preparing surfaces by the sequential 

method, PEG is immobilized first, and it is expected that hirudin reaction at these PEG 

surfaces will be impeded by the inherent protein resistance of the PEG; this may account 

for the lower density of hirudin on these surfaces. The higher density of hirudin on the 
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direct surfaces does not necessarily mean that they will be more effective in binding and 

inhibiting thrombin since the conformation and availability of thrombin binding sites on 

hirudin should also play a role.  Data bearing on these considerations are discussed in the 

next sections.  

To estimate the coverage of hirudin on the PEG-hirudin surfaces, a monolayer of 

hirudin was calculated by assuming hirudin shape as a 25 Å diameter sphere [16].  Based 

on these dimensions a monolayer of hirudin should contain 0.06 μg/cm2 implying 

coverage of hirudin on the sequential and direct surfaces of 11% and 16% respectively. 

These apparently low values are probably due to the effect of the PEG: on the sequential 

surface it may impede the access of hirudin for reaction at the surface; on the direct 

surface the reactivity of the conjugate may be reduced due to the masking effects of the 

PEG.     

 

3.6 Protein interactions  

Fibrinogen adsorption from plasma 

Fibrinogen adsorption from plasma after 3 h (Fig 3) was low on all the surfaces 

(20-35 ng/cm2). Although higher on the PEG-hirudin surfaces than on the PEG-alone, the 

adsorbed quantities were very close.  Based on statistical analysis (student t-test) the Au-

PEG-OH and sequential surfaces were in fact not significantly different, whereas the Au-

PEG-OH and direct surfaces were different (p < 0.05).  These data demonstrate the 

protein resistance of the PEG-hirudin surfaces, and show that the protein resistance of the 

PEG component is not greatly compromised by the presence of the hirudin.   
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Fig 3. Fg adsorption from 50% plasma on PEG-alone and PEG-hirudin surfaces. 
Adsorption time, 3 h. Data are mean ±SD, n=3. 
 

Thrombin adsorption from buffer, serum and AT-Fg depleted plasma 

For an exposure time of 2 h, thrombin uptake from PBS on the PEG-hirudin 

surfaces was significantly greater than on the PEG-alone surface (Fig 4), suggesting 

specific interactions of the immobilized hirudin with thrombin. Similarly thrombin uptake 

from serum was significantly greater on the PEG-hirudin surfaces compared to the PEG-

alone (Fig 5), and slightly, but not significantly, greater on the sequential compared to the 

direct surface. The latter difference, seen also in the buffer data (Fig 4), may be due to the 

limited availability of hirudin molecules to interact with thrombin when the hirudin is 

conjugated to (and to some extent buried in) multiple PEGs so that its thrombin binding 

sites may be “hidden”. Thrombin adsorption levels from buffer were significantly higher 
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than from serum.  This is to be expected due to the competitive multi-protein environment 

in serum. 
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Fig 4. Thrombin adsorption from PBS buffer on PEG-alone and PEG-hirudin modified 
surfaces. Thrombin concentration was 0.1 mg/mL. Adsorption time, 2 h. Data are mean 
±SD, n=3. 
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Fig 5. Thrombin uptake from 50% serum on PEG-alone and PEG-Hirudin modified 
surfaces. Thrombin in serum at a final concentration of 0.06 mg/mL. Adsorption time, 2h.  
Data are mean ±SD, n=3. 

 

Adsorption of thrombin from serum as a function of time from 2 to 100 min (Fig 

6) again showed consistently and significantly greater uptake on the PEG-hirudin surfaces 

than on the PEG-alone, and the sequential surfaces showed greater thrombin uptake than 

the direct surfaces, presumably due to the greater availability of hirudin to interact with 

thrombin. In 50% serum, and to a lesser extent in 1% serum, adsorption on the hirudin 

surfaces increased with time up to about 30 min and then appeared to decrease. To 
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investigate whether this maximum was indicative of a Vroman effect, whereby initially 

adsorbed thrombin would be replaced by other proteins at longer time [29], thrombin 

uptake at a fixed time of 2 h as a function of serum dilution was investigated [29].  As 

shown in Fig 7, thrombin uptake increased monotonically with increasing serum 

concentration, suggesting that the apparent maximum in adsorption observed in the 

kinetics (Fig 6) was probably not due to a Vroman effect.  In fact, a Vroman effect is 

unlikely if the thrombin is bound to hirudin via its active site since that interaction is 

reported to be essentially irreversible [30].  

Plasma depleted of Fg and AT was also used for thrombin adsorption studies.  It 

seemed important to investigate thrombin uptake from a blood-like fluid that, unlike 

serum, contains most of the clotting factors.  Since adding thrombin to plasma with Fg 

present would cause clot formation, fibrinogen had to be removed. AT also had to be 

removed since it binds to thrombin and thus would interfere with thrombin-hirudin 

interactions. The kinetics of thrombin uptake from AT-Fg depleted plasma (Fig 8) was 

similar to thrombin uptake from serum. The adsorbed quantities, however, were smaller. 

For the PEG-hirudin surfaces, adsorption from AT-Fg depleted plasma (Fig 8) was about 

half as much as from serum (Fig 6). We have no definitive explanation for this difference.  

Clearly the two fluids are of different composition as indicated, and this may account for 

the variation in thrombin uptake. Thrombin adsorption to the PEG-hirudin surfaces is 

significantly higher than to the PEG-alone surfaces thus supporting the conclusion that 

the interaction is specific. 
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Fig 6. Kinetics of thrombin uptake to PEG-alone and PEG-hirudin surfaces from a) 50% 
serum,  b) 1% serum. Thrombin concentration in serum was 0.06 mg/mL. Data are mean 
±SD, n=3. 
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Fig 7. Effect of serum concentration on thrombin uptake on PEG-alone and PEG-hirudin 
surfaces. Thrombin added to 50% serum was 0.06 mg/mL. Adsorption time, 2h. Data are 
mean ±SD, n=3.   
 

0

0.005

0.01

0.015

0.02

0.025

0 2 15 30 90 180
Time(min)

T
hr

om
bi

n 
ad

so
rp

tio
n 

(µ
g/

cm
2 )

Au-PEG-OH
Au-PEG-Hirudin(Sequential)
PEG-Hirudin Conjugate on Au(Direct)

 

Fig 8. Kinetics of thrombin uptake from 50% AT-Fg depleted plasma. Thrombin added to 
50% AT-Fg depleted plasma to give 0.06 mg/mL. Data are mean ±SD, n=3. 
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Immunoblots of serum proteins eluted from surfaces 

To investigate the interactions of serum proteins more generally with these 

surfaces, we performed SDS PAGE and Western blotting on proteins eluted from the 

surfaces after exposure to serum. 

For serum exposure, the PEG-alone and PEG-hirudin surfaces showed similar blot 

patterns (Fig 9). Antibodies against nine different blood proteins were used, and most of 

the proteins probed for were found in the eluates from all of the modified surfaces. The 

responses were generally weak, however, suggesting that these PEG-hirudin surfaces 

have a low affinity for serum protein adsorption due to the presence of PEG; also it 

appears that on the PEG-hirudin surfaces PEG resists proteins to about the same extent as 

on the PEG-alone surfaces.    

For the thrombin blot it should be noted that the antibody against thrombin also 

reacts with thrombin-antithrombin (TAT) complex. TAT complex (MW ~90 kDa) was 

observed on all of the surfaces. The response for thrombin (37 kDa) was greater for the 

PEG-hirudin surfaces than for the PEG-alone surface, providing additional support for the 

specific interaction of PEG-hirudin surfaces with thrombin. The PEG-hirudin sequential 

surface again showed the highest thrombin adsorption from serum probably due to the 

greater availability of hirudin when sequentially attached.  
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It is seen that the response to apo AI was among the strongest for the proteins 

investigated, again indicating the high surface activity of this protein as has been found 

previously [31].  

 

Fig 9. Immunoblots of serum proteins eluted from surfaces exposed to serum for 3h: (a) 
Serum  (b)PEG-OH surface (c)sequential surface and (d)direct surface  

1. HMWK,  2. Plasminogen, 3. C3, 4. Albumin, 5. IgG, 6. Vitronectin, 7. Protein C, 8. 
Thrombin, 9. Apolipoprotein-AI.   
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3.7 Activity of adsorbed thrombin 

The thrombin-inhibitory activity of PEG-hirudin surfaces was measured using a 

chromogenic substrate assay. Cleavage of the chromogenic substrate by active thrombin 

results in a color change due to the formation of paranitroaniline (pNA), and the rate of 

pNA formation increases with increasing concentration of active thrombin.   

 To measure thrombin inhibition by PEG-hirudin surfaces, the surfaces were 

incubated with 100 μL of 0.01 mg/mL thrombin solution and the decrease in active 

thrombin concentration was determined. A standard curve for thrombin concentration was 

constructed using a series of thrombin solutions of known concentration. Using the 

standard curve, it was found that 50% and 25% of the initial thrombin quantities in the 

incubation solutions were inhibited by the sequential and direct surfaces, respectively, 

whereas no thrombin was inhibited by the PEG-alone surfaces (Fig 10). Thus it is 

concluded that hirudin retained its antithrombin activity when attached or conjugated to 

PEG on these surfaces.  

The bound hirudin appeared to be more active when attached by the “sequential” 

than by the “direct” method. This observation correlates with the thrombin adsorption 

data showing higher adsorption on the sequential surfaces.  Thrombin adsorption on the 

“sequential” surfaces was about 10% greater on the “direct” surfaces (radiolabeling data), 

but thrombin activity (chromogenic assay) was about 25% greater. The “masking” of 

hirudin molecules when directly conjugated to PEG (average of three PEGs per hirudin) 

may be responsible for this difference since on the direct surfaces, the N-terminal amino 

group of hirudin might not be as available as on the sequential surfaces. Furthermore, in 
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the case of the direct surfaces most of the thrombin uptake is probably due to interaction 

with the C-terminal of hirudin since the N-terminal is used in conjugation. The N-

terminal of hirudin inhibits the catalytic site of thrombin which is the main site for the 

interaction of thrombin with the chromogenic substrate [32, 33]. Therefore, if 

immobilized hirudin does not inhibit the active site of thrombin then the site would be 

available to react with the chromogenic substrate and less thrombin inhibition would be 

observed in the activity assay.  
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Fig 10. Inhibitory activity of PEG-hirudin surfaces measured by chromogenic substrate 
assay. Surfaces were incubated with thrombin (0.01mg/mL) for 1 h. Chromogenic 
substrate was then added and OD at 405 nm was measured.  Rate of OD change was 
measured and compared with a standard curve (n=2).   
 

4. Conclusions     

Surfaces modified with PEG and hirudin were prepared using two methods 

described as “direct” and “sequential”. Contact angle, ellipsometry, XPS and experiments 

with labeled hirudin confirmed the modification of the surfaces. Protein interactions were 
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studied by radiolabeling and immunoblotting methods. Thrombin showed more extensive 

adsorption to the PEG-hirudin surfaces than to the PEG-alone surfaces.  Adsorption was 

similar on both types of hirudin surface. These results indicate that the PEG-hirudin 

surfaces are generally protein resistant and that they interact specifically with thrombin. 

When PEG-hirudin surfaces were incubated with thrombin solutions, the enzymatic 

activity decreased suggesting retention of thrombin inhibitory activity of the immobilized 

hirudin. Hirudin attached via previously immobilized PEG (sequential surface) showed 

greater thrombin inhibitory activity than when attached as a preformed PEG conjugate 

(direct surface), probably due to masking of binding sites by PEG in the conjugate.  
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Abstract 

Blood contacting surfaces bind plasma proteins and trigger coagulation by 

activating factor XII (FXII). The objective of this work is to develop blood contacting 

surfaces having the dual properties of protein resistance and inhibition of coagulation. 

Gold was used as a model substrate because it is amenable to facile modification using 

gold-thiol chemistry and to detailed surface characterization. The gold was modified with 

both polyethylene glycol (PEG) and corn trypsin inhibitor (CTI), a potent and specific 

inhibitor of activated FXII (FXIIa). Two methods of surface modification were 

developed; sequential and direct. In the sequential method, PEG was first chemisorbed on 

gold; CTI was then attached to the PEG. In the direct method, a conjugate of PEG and 

CTI was first prepared; the conjugate was then immobilized on gold. The surfaces were 

characterized by water contact angle and XPS. Biointeractions with the modified surfaces 

were assessed by measuring fibrinogen adsorption from buffer and plasma and by 

immunoblot analysis of eluted proteins after plasma exposure. Inhibition of FXIIa, 

autoactivation of FXII, and clotting times of plasma in contact with the surfaces were also 

measured. Both the sequential and direct surfaces showed reduced protein adsorption, 

increased FXIIa inhibition and longer clotting times compared with controls. Although 

the CTI density was lower on surfaces prepared using the sequential method, surfaces so 

prepared exhibited greater CTI activity than those generated by the direct method. It is 

concluded that the activity of immobilized PEG-CTI depends on the method of 

attachment and that immobilized CTI may be useful to render biomaterials more blood 

compatible.   
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1. Introduction 

Current blood contacting devices have limitations because they trigger thrombus 

formation [1] resulting in device failure. Protein adsorption is the first event when blood 

contacts the material in such devices; this leads to platelet adhesion and thrombin 

generation [1-3].  Approaches to this problem have focused on reducing protein 

adsorption by modifying surfaces with hydrophilic polymers such as polyethylene glycol 

[4-7].  Attachment of bioactive molecules has also been investigated as a means of 

promoting the specific adsorption of proteins that may endow the surface with 

anticoagulant or antithrombotic properties [8, 9]. Heparin, for example, can attenuate clot 

formation by binding  antithrombin and enhancing its capacity to inhibit thrombin, factor 

Xa and other clotting enzymes [10]. In more recent studies, combinations of PEG and 

bioactive molecules have been used to modify surfaces [11, 12].  

Most of the bioactive molecules used for surface modification to prevent clot 

formation target the later stages of the coagulation cascade [9, 12-14]. In this work we 

focus on the first step of the coagulation cascade, i.e. the activation of FXII to FXIIa. 

Corn trypsin inhibitor (CTI) was used as the surface modifier to bind and inhibit FXIIa. 

CTI, a ~12,500 Da protein derived from corn kernels, is a known specific and potent 

inhibitor of FXIIa [15, 16]. In other work in our labs, commercial catheter surfaces were 

modified with CTI [17] and showed improved blood compatibility compared with 

unmodified catheters. In the work reported here, two different methods of surface 

modification using both PEG to inhibit nonspecific protein adsorption and CTI to inhibit 
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coagulation were developed. Gold was used as a model substrate because it is amenable 

to facile modification via gold-thiol chemistry and to detailed surface characterization.  

It should be recognized that CTI inhibits FXIIa by formation of a 1:1 molar 

complex and thus on a surface inhibition will be limited by the amount of CTI present. 

Heparin, which inhibits activation of later steps in the coagulation pathway,  does so by a 

catalytic mechanism and is thus in principle “renewable”.   It is important to point out, 

however, that by blocking upstream at the root cause of surface-induced activation of 

clotting, as anticipated for CTI, a stoichiometric inhibitor may be effective.  

 

2. Materials and methods 

(2,2’-Dithiobisethylhepa(ethylene glycolic) acid)-N-succinimidyl ester (PEG-

NHS ester disulfide), MW=1109 (A, Fig 1a), was from Polypure AS (Oslo, Norway). 

Maleimide PEG amine (MW=2000, B, Fig 1a) was from JenKem Technology USA Inc. 

(Allen, TX). α-hydroxy-ω-thio polyethylene glycol (MW=1100, D in Fig 1a) was from 

Polymer Source Inc. (Montreal). Hydrogen peroxide, ammonium hydroxide, ethanol, 2-

iminothiolane-HCl (Traut’s reagent) and ethylene diamine tetraacetic acid (EDTA) were 

from Sigma-Aldrich (Oakville, ON). CTI was from Haematologic Technologies Inc. 

(Essex Junction, VT). FXII and FXIIa were from Enzyme Research Laboratories (South 

Bend, IN). Pefachrome XIIa, a FXIIa-directed chromogenic substrate, was from 

Pentapharm Ltd. (Basel, Switzerland). PD-10 desalting columns were from GE 

Healthcare (Baie d’Urfe, Quebec). Silicon wafers sputter-coated with titanium and then 

gold (1000Å), from Silicon Valley Microelectronics Inc. (Santa Clara, CA), were cut into 
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0.5 x 0.5 cm squares.  The plasma used in the experiments was from blood collected from 

a minimum of 10 healthy volunteers. The volunteers were aspirin-free and antihistamine-

free for a minimum of 10 days prior to donating. Blood was collected into  polypropylene 

centrifuge tubes containing acid citrate dextrose (ACD, 1 part ACD, 6 parts whole blood) 

and mixed gently. It was centrifuged for 5 min at 2500 x g to give platelet rich plasma 

(PRP).  The supernatant was centrifuged again for 5 min at 2500 x g to give platelet poor 

plasma (PPP). The plasma was stored at -70ºC.  This procedure has ethics approval from 

McMaster University (McMaster University ethics protocol #04-046). 

 

2.1 Surface preparation  

A solution containing one part 30% hydrogen peroxide, one part 30% ammonium 

hydroxide and five parts water was used to clean the gold-coated silicon wafers (5 min, 

85ºC). Cleaned surfaces were rinsed with deionized water three times, five minutes each 

time, prior to the modification procedure. 

To convert the primary amino groups of CTI to thiol groups, CTI was incubated 

with a 5-fold molar excess of 2-iminothiolane-HCl (Traut’s reagent) for 1 h at room 

temperature in phosphate buffered saline (PBS)-2mM EDTA (pH 8) and dialyzed against 

PBS-2 mM EDTA (pH 6) for 16 h to remove residual reagent (Fig 1b, reaction (I)). The 

thiol-modified CTI (Thiol-CTI) was then used for conjugation to PEG and surface 

modification.  Gold surfaces were modified using either a sequential or a direct method. 

 For the sequential method, PEG-NHS ester disulfide (1 mM in ethanol) was first 

immobilized on gold by chemisorption for 2 h at room temperature under nitrogen purge. 
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This was followed by incubation with maleimide PEG amine (1 mM in buffer) for 2 h at 

room temperature and then with thiol-CTI (15 µM in buffer) for 2 h at room temperature 

and for 16 h at 4ºC (Fig 1b, reaction (II)).   

For the direct method, maleimide PEG amine was reacted with thiol-CTI (1:5 

molar ratio) for 2 h at 37°C and 16 h at 4ºC (Fig 1b, reaction (III)). Excess PEG was 

removed using a PD-10 column equilibrated with PBS (pH 7.4). Amine-PEG-CTI 

conjugate was then reacted with PEG-NHS ester disulfide (1 mM in buffer) for 16 h at 

4°C. Excess PEG was removed using a PD-10 column with PBS (pH 7.4) as eluent. The 

final conjugate (concentration, 15 µM in buffer) was immobilized on gold by 

chemisorption under nitrogen purge for 2 h at room temperature and 16 h at 4ºC. 

Gold coated silicon wafers and surfaces prepared by chemisorption of SH-PEG-

OH (1 mM) (Fig 1b, reaction (IV)) and chemisorption of thiol-CTI (15 µM in buffer) on 

gold (Fig 1b, reaction (V)) were used as controls.    

At the end of each step of surface modification, surfaces were rinsed three times 

with deionized water, 5 min each time. They were either used immediately for 

characterization and biointeraction experiments or were dried and stored under nitrogen. 

 

2.2 Mass Spectrometry  

Matrix-assisted laser desorption/ionization, time of flight (MALDI-TOF) mass 

spectra of CTI, thiol-CTI and PEG-CTI conjugates were obtained with a view to 

confirming the conjugation reactions (Waters/Micromass MALDI Micro MX). 
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Fig 1. a) Reagents used in the surface modification reactions, and b) Surface modification 
reactions. (I) Introducing thiol groups to CTI. (II) Sequential method. (III) Direct method. 
(IV) Au-PEG-OH control surface. (V) Au-CTI control surface.  
 

2.3 Surface characterization 

Advancing and receding water contact angles were measured using the sessile 

drop method (Ramé-Hart NRL C.A. goniometer, Mountain Lakes, NJ)). A self-nulling, 

single wavelength (6328Å) ellipsometer (Exacta 2000) was used to measure the thickness 

of chemisorbed layers on the modified surfaces. The incident angle was 70º. For the gold 

substrate, the refractive index and extinction coefficient were taken as 0.2 and 3.5 

respectively [12]. For PEG-modified surfaces and PEG-CTI modified surfaces, the 

refractive indices were taken as 1.475 and 1.465 respectively [18, 19]. X-ray 

photoelectron spectroscopy (XPS) was conducted using a Thermo Scientific Theta Probe 

instrument. Low resolution spectra were obtained to determine surface chemical 

compositions.  Take off angles of 70º, 50º and 30º were used (angles defined with respect 

to the normal; smaller angle, greater sampling depth). 

 

2.4 Determination of CTI surface density 

Thiol-CTI and PEG-CTI conjugates were labeled with 125I using the Iodo-gen 

method [20]. Sequential and direct surfaces were prepared as described in section 2.1 

using the radiolabeled protein and radiolabeled conjugate, respectively. CTI density on 

the surfaces was determined by counting radioactivity and comparing with solutions of 

known concentration [21]. 
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2.5 Protein and blood interactions 

Fibrinogen (Fg) adsorption from buffer and plasma was studied using 125I-labeled 

Fg (ICl method) as a tracer added to the buffer solution or plasma [22]. Total Fg 

concentration for the buffer experiments was 1 mg/mL.  For the plasma experiments,  

solutions consisted of 50% pooled normal citrated human plasma and 50% phosphate 

buffered saline (PBS). Cold NaI (0.218 g/L) was added to suppress free radioactive iodide 

adsorption to the gold [23].  

SDS-PAGE and immunoblot analyses of proteins eluted from the surfaces after 3 

h exposure to pooled normal citrated human plasma were carried out.  Details are given 

elsewhere [24]. The proteins were eluted by incubation with 2% SDS for 16 h. The 

eluates were run on reduced SDS-PAGE (12%) gels and transferred to polyvinylidene 

fluoride (PVDF) membranes for blotting. 3 mm wide strips of membrane were incubated 

with primary and enzyme-conjugated secondary antibodies and then with NBT/BCIP 

substrate (Pierce, Rockford, IL) to visualize the protein bands.  

A chromogenic substrate assay was used to determine the activity of the 

synthesized thiol-CTI and PEG-CTI conjugates in solution.  6 μL of a 1 mg/mL solution 

of thiol-CTI or PEG-CTI conjugate was added to 150 μL of 50 nM FXIIa solution in TBS 

(pH 7.4) containing 2 mM CaCl2, 12.5 μM ZnCl2 and 15.4 μM bovine serum albumin 

(BSA). After 1 h incubation at room temperature, 50 μL of 1.6 mM chromogenic 

substrate (Pefachrome) solution was added and samples were immediately placed in a 

UV-vis plate reader. The optical density was recorded at 405 nm as a function of time.  
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The ability of the modified surfaces to bind and inhibit FXIIa was also 

investigated using a chromogenic substrate assay. Surfaces were incubated with 100 μL 

of 25 nM FXIIa solution in TBS (pH 7.4) containing 2 mM CaCl2, 12.5 μM ZnCl2 and 

15.4 μM BSA in a 96-well plate format for 1 h at room temperature.  50 μL of a 1.6 mM 

solution of chromogenic substrate (Pefachrome) solution was then added to the wells. The 

plate was immediately placed in a UV-vis plate reader and the optical density was 

recorded at 405 nm as a function of time.  

FXII autoactivation was measured using the chromogenic substrate assay in 

multiwell plate format. Surfaces were incubated with 100 μL of 50 nM FXII in TBS (pH 

7.4) containing 2 mM CaCl2, 12.5 μM ZnCl2 and 15.4 μM BSA for 15 min at room 

temperature.  33 μL of a 1.6 mM solution of chromogenic substrate was then added and 

the optical density at 405 nm recorded as a function of time. 

Clotting time was measured for thiol-CTI and CTI conjugates in solution. 5 μg of 

each was added to 96-well plates and incubated with 100 μL of pooled normal citrated 

human plasma for 15 min at 37˚C. 100 μL of 0.025 M CaCl2 was then added to each well 

and optical density at 405 nm was recorded. On surfaces, clotting times were measured by 

incubating surfaces with 100 μL of pooled normal citrated human plasma for 15 min at 

37˚C and then adding 100 μL of 0.025 M CaCl2. Optical density at 405 nm was recorded. 

The time to reach half maximum was estimated using the instrument software. 
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2.6. Statistical analysis 

 Analysis of variance (ANOVA) was carried out to determine whether significant 

differences existed in groups of data.  The Student t-test was conducted as a post-hoc test 

to compare surface pairs.  Differences were considered significant for p < 0.05. Data are 

reported as mean ± SD. 

  

3. Results and discussion 

3.5 PEG-CTI conjugation 

MALDI mass spectra of CTI were obtained before and after thiolation.  The 

expected molecular weight increase of about 137 Da, corresponding to the addition of a 

molecule of Traut’s reagent, was observed (Fig 2a and 2b). This result confirms that one 

primary amino group of CTI, most probably the N-terminal, was converted to thiol. Fig 

2a shows the mass spectrum of the CTI before any modification. CTI molecular weight 

reported in the literature ranges from 12,000 to 14,000 Da [15, 16]. The spectrum showed 

two main peaks at 12,930 m/z and 13,230 m/z (Fig 2a). It has been observed by mass 

spectrometry that CTI exists in three forms which differ in the number amino acid 

residues [25]. From Fig 2a it appears that our sample contained two forms. When CTI 

was modified with Traut’s reagent (Fig 2b) the peaks shifted by ~100 amu, indicating that 

both forms were modified.  

MALDI-MS of the product of reaction of HS-CTI with maleimide-PEG-amine 

(Fig 2c) showed two major peaks centered at 13,350 and 15,500 m/z.  These are attributed 

to unchanged HS-CTI and HS-CTI conjugated to maleimide-PEG-amine (MW 2000 Da), 
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respectively. The area ratio of these peaks indicates that the reaction product consisted of 

about 1/3 conjugated and 2/3 unchanged HS-CTI. On reaction of PEG-NHS ester 

disulfide (A in Fig 1, MW 1109 Da) with this mixture an increase of ~1000 m/z was 

observed in the higher mass peak indicating that the CTI-PEG-NH2 conjugate (E) was 

converted to disulfide-PEG-CTI conjugate F (Fig 2d) essentially quantitatively. The 

product of these reactions, containing disulfide-PEG-CTI conjugate and unchanged HS-

CTI, was used for surface modification by the direct method (reaction (III), Fig 1b).    

From the MALDI-MS data, it is clear that for surfaces prepared by the direct 

method (reaction III, Fig 1b) the modifier solution contained unconjugated thiol-CTI as 

well as PEG-conjugated CTI in the ratio of ~2:1. Chemisorption of unconjugated thiol-

CTI as well as PEG-CTI conjugate to the gold substrate would therefore be expected to 

occur as indicated.  
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Fig 2. MALDI-MS of CTI: (a) Before modification. (b) After thiol modification. (c) After 
conjugation to amino-PEG-maleimide. (d) After conjugation to PEG-NHS ester disulfide. 

 

3.6 Surface characterization and composition 

The water contact angles decreased significantly upon PEG attachment to gold 

(Fig 3). The angles were higher on the PEG-CTI surfaces than on the PEG-alone surface, 

suggesting that introduction of CTI caused an increase in hydrophobicity.    

The direct method gave surfaces of higher contact angle than the sequential 

method.  Two factors may be responsible: first, initial immobilization of PEG by the 

sequential method may create a relatively dense layer of PEG of low contact angle; 

second, the higher density of CTI obtained by the direct method. The angles were similar 

on the Au-CTI and direct surfaces indicating that the latter contained a significant 

quantity of CTI chemisorbed directly to gold.   

The thickness of the modifying layers ranged from 10 to 23 Å as determined by 

ellipsometry (Table 1).  The lowest value was seen on the PEG-alone surface.  The 

thickness was higher and similar for the other three surfaces.   
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Fig 3. Water contact angles for gold and modified gold surfaces. Data are mean ± SD, 
n>9. 
 
Table 1. Ellipsometry data for control and modified surfaces (mean±SD, n=6) 

Surface Film Thickness (Å) 

Au-PEG-OH 10 ±3 

Au-CTI 18±8 

Sequential 23 ±5 

Direct 21 ±9 
 

To determine the density of CTI on the modified surfaces, 125I-labeled thiol-CTI 

or 125I-labeled PEG-CTI conjugate were used to prepare sequential and direct surfaces. 

125I-labeled thiol-CTI was chemisorbed to bare gold to prepare Au-CTI surfaces. The bare 

gold surface showed the highest CTI density (Fig 4). With 10 cysteine residues (albeit  
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involved in disulfide bonds) and one free cysteine introduced by Traut’s reagent, CTI is 

expected to chemisorb extensively to gold. The sequential surface showed lower CTI 

density than the direct, possibly due to the resistance of the pre-immobilized PEG layer to 

the “approach” of CTI. A similar result was obtained in work on PEG-hirudin modified 

surfaces [12]. The higher CTI density on the direct surface correlates with the higher 

water contact angle.   

Surface area coverage of CTI on the modified surfaces was estimated by assuming 

the dimensions of CTI to be similar to those of lysozyme (MW, 14,000 Da; 45Å x 30Å x 

30Å) [26]. A close packed monolayer of CTI having these dimensions should contain 

0.16-0.25 μg/cm2 depending on orientation; CTI coverage was thus estimated as 28 to 

44% of monolayer for the sequential surface, and 64-100% for the direct. On the bare 

gold surface, coverage was very close to 100%. 
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Fig 4. CTI density on PEG-CTI surfaces.  Data are mean ± SD, n=9. 
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Low resolution XPS data (Fig 5) showed that the unmodified gold surface was 

contaminated with carbon- and oxygen-containing materials. Such contamination is 

difficult to prevent in a typical laboratory environment [27]. It is believed to be largely 

displaced when thiols are chemisorbed [27, 28].  To minimize contamination, surfaces 

were freshly cleaned and stored under nitrogen prior to XPS. As seen in Fig 5, the gold 

content was lower on the modified surfaces than on the unmodified gold at all take-off 

angles, while the carbon, oxygen and sulfur contents were higher, confirming the 

presence of PEG and CTI on these surfaces.  Increases in sulfur content on Au-PEG-OH 

and Au-PEG-CTI surfaces compared with unmodified gold were due to sulfur from the 

thiolated PEG-OH and PEG-CTI. On the PEG-CTI surfaces, sulfur also originates from 

the 10 cysteine residues of CTI [16]. 

 On the PEG-alone surface, the C:O ratio was close to 2:1 at all angles 

corresponding to PEG itself. 

As expected, nitrogen was present on the CTI surfaces due to the amino and 

amide groups of CTI. Since the CTI density was higher on the direct surface, a higher 

content of nitrogen was expected for this surface, but this was not observed.  We have no 

explanation at present for this observation.  

At 70º take-off angle (smallest sampling depth, closest to surface), the gold 

content was lower than at 30º for all surfaces. For the CTI surfaces carbon, oxygen and 

nitrogen were greater, thus further confirming the presence of PEG and PEG-CTI.  
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Fig 5. Composition of surfaces from XPS. (a) 30° take off angle, (b) 50° angle, (c) 70° 
angle. Data are mean of two determinations.  Data precision ~5%. Take off angles are 
relative to the vertical:  smaller value, greater sampling depth.  

 

3.3 Biointeractions  

Fibrinogen adsorption from buffer and plasma 

An important consideration was whether PEG on the surface retains its protein 

resistance when conjugated to CTI. Fibrinogen was chosen for these experiments as an 

abundant blood protein and one which is relevant in the context of blood contacting 

materials.  Adsorption from both buffer and plasma (Fig 6) was found to decrease 

significantly on the PEG-alone, Au-CTI and PEG-CTI surfaces compared with the gold.  

It should be noted that an additional PEG alone control is included.  For this surface the 

PEG MW was 2500, the same as for the PEG-CTI surfaces, and the end group was 

maleimide (see Fig 1, reaction sequence II).  The sequential surface showed adsorption 

from buffer similar to the PEG-alone surfaces, whereas the Au-CTI and direct surfaces 

showed significantly higher adsorption. The initially immobilized PEG layer on the 
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sequential surface may be responsible for this difference. Based on the CTI density 

measurements, relatively low CTI coverage was achieved on the sequential surface so 

that it is unlikely that all of the PEG chains were “covered” by CTI. These “free” PEG 

chains could contribute to the low fibrinogen adsorption on this surface. On the direct 

surface, the presence of significant CTI not conjugated to PEG may also contribute to the 

higher adsorption seen on this surface.  

In the multi-protein environment of plasma, both the direct and sequential surfaces 

adsorbed amounts of fibrinogen similar to the PEG-alone surfaces while the Au-CTI 

showed the highest adsorption among the modified surfaces. The data thus show that both 

the sequential and direct surfaces are protein resistant and that the PEG retained its 

resistance when conjugated to CTI. As expected, adsorption from plasma was generally 

much lower than from buffer for all surfaces.  This is undoubtedly due to the competition 

for surface sites by other plasma components.  

 

Immunoblot analysis of plasma proteins eluted from surfaces  

Immunoblot data are shown in Fig 7. Antibodies directed against nine plasma 

proteins were used in these experiments. All of the proteins probed for were in general 

detected. The band intensities, however, varied from surface to surface and were lower on 

the PEG-alone (Fig 7b) and PEG-CTI surfaces (Fig 7c-7d) than on the unmodified gold, 

again indicating the protein resistant characteristics of the modified surfaces. For Fg, the 

band intensities were lower on the PEG-alone and PEG-CTI blots than on the unmodified 

gold. This trend is consistent with the labeled Fg adsorption data (Fig 6).  The C3, 
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HMWK and vitronectin band intensities were also lower for the PEG-alone and PEG-CTI 

surfaces. These data support the conclusion that immobilized PEG retains its protein 

resistant properties when attached to CTI. 

A band at 110 kDa was observed for high molecular weight kininogen (HMWK) 

on the plasma blot (not shown). On the surfaces two bands were observed at ~56 kDa and 

46 kDa indicative of contact phase activation [29]. On the plasma blot, a band at 80 kDa 

was seen for FXII.  The antibody directed against FXII also binds to FXIIa so the blots 

reflect both forms. The gold surface showed the strongest FXII band at 80 kDa most 

likely due to the chemisorption of FXIIa to gold. The CTI surfaces showed faint bands at 

80 kDa while the PEG-only surface showed no band. Although these data are not 

quantitative and are not indicative of the inhibition of adsorbed FXIIa on the CTI 

surfaces, they may suggest that a more specific interaction with FXIIa took place on the 

CTI surfaces compared with the PEG-only surface.   
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Fig 6. Fibrinogen adsorption from: (a) buffer, (b) 50% plasma. Adsorption time, 3 h. Data 
are mean ± SD, n=3. * indicates significant difference Au vs. other surfaces. ** indicates 
significant difference direct vs. sequential (p<0.05, Student’s t-test). 
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Fig 7. Immunoblots of plasma proteins eluted from surfaces exposed to plasma for 3 h. 
(a) Au surface, (b) Au-PEG-OH surface, (c) Sequential surface, (d) Direct surface. 
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FXIIa inhibition by thiol-CTI and PEG-CTI conjugates in solution 

A chromogenic substrate assay was used to determine the activity of the 

synthesized thiol-CTI and PEG-CTI conjugates prior to surface immobilization. A 

solution of unmodified CTI was used as control. CTI and thiol-CTI showed 100% 

inhibition of FXIIa in these experiments, indicating that thiol modification did not affect 

the activity of the CTI. This result was not unexpected since the active site of CTI is at 

arginine 36-leucine 37, remote from the thiol modification sites.  The PEG-CTI conjugate 

showed a small (not statistically significant) decrease in activity (Fig 8), possibly due to 

masking of the active site of FXIIa by PEG.  Clearly the synthesized thiol-CTI and PEG-

CTI retained significant anti-FXIIa activity. 
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Fig 8. CTI activity after thiol modification and conjugation. Data are mean ± SD, n=3. 

 
FXIIa inhibition by surfaces 

Surfaces were incubated for 1 h with FXIIa solution prior to adding the substrate.  

Chromogenic substrate was then added to determine residual FXIIa activity (Fig 9). For 
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this experiment a new control surface was included to check on the specificity of surface 

CTI interactions with FXIIa.  This surface was prepared by the sequential attachment of 

PEG and α-lactalbumin in the same manner as for the PEG-CTI sequential surface. α-

Lactalbumin was chosen since it has a molecular weight of 14.2 kDa close to that of  CTI. 

As seen in Figure 9, the PEG-CTI surface prepared by the sequential method inhibited a 

significantly higher fraction of CTI than the gold, PEG-alone and PEG-lactalbumin 

surfaces. The PEG-CTI surface prepared by the direct method, also inhibited a higher 

fraction of FXIIa than the Au, PEG-alone and PEG-lactalbumin surfaces. It thus appears 

that the PEG-CTI surfaces interact with FXIIa in a manner involving the active site to a 

greater extent than do the unmodified gold, PEG-alone and PEG-lactalbumin surfaces.  

The sequential surface inhibited more FXIIa than the direct, possibly due to the more 

favourable orientation of CTI on this surface.  Although having significantly higher CTI 

density, FXIIa inhibition on the Au-CTI surface was not significantly different than the 

PEG-CTI.   

It should be emphasized that the chromogenic assay as used in this work measures 

residual FXIIa in the solution following incubation with the surface. The surface can have 

a number of effects in this situation: nonspecific adsorption such that the active site of the 

adsorbed FXIIa is inaccessible to a substrate; nonspecific adsorption such that the active 

site is accessible; or specific adsorption involving the CTI-FXIIa interaction.  It is 

difficult to distinguish among these effects.  However, the greater inhibition on the CTI 

surfaces compared with the controls (especially the PEG-lactalbumin surface) suggests 



Ph.D. thesis- S.Alibeik                                McMaster University- Biomedical Engineering 

 115

that specific FXIIa-CTI interactions are occurring on these surfaces.  It is likely that at 

higher CTI density, a much greater degree of specificity could be achieved.  

To compare the different surfaces with respect to FXIIa interactions more 

specifically, plasma eluates were run on a single gel and blotted with an anti-FXII 

antibody which binds to FXIIa at 80 kDa.  The data (not shown) were inconclusive, but a 

somewhat stronger band at 80 kDa was observed on the PEG-CTI surfaces compared 

with the PEG-alone and gold surfaces, again suggesting specific interactions of CTI with 

FXIIa. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 9. Activity of FXIIa solutions after incubation with control and PEG-CTI surfaces. 
Data are mean ± SD, n > 3. * Indicates significant difference (p<0.05, Student’s t-test). 
 
FXII autoactivation 

  FXII autoactivation on the various surfaces was also investigated.   Autoactivation 

refers to putative conformational changes in FXII that occur upon adsorption, which 
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initiate activation to FXIIa [30, 31].  Surfaces were incubated with FXII solution and 

FXIIa generation was measured using the chromogenic substrate assay. The Au-CTI, 

sequential and direct surfaces showed significantly reduced FXIIa generation compared 

with the control gold and PEG-alone surfaces (Fig 10). These data suggest that the CTI on 

these modified surfaces inhibits FXII autoactivation, most likely by “neutralizing” FXIIa 

as it forms. In this sense the autoactivation data might be seen as the net effect of 

autoactivation and inhibition. Similar to the findings in the FXIIa inhibition experiments, 

the sequential surfaces were slightly, but not significantly, more effective than the direct 

and Au-CTI surfaces. 
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Fig 10. FXII autoactivation on PEG-CTI surfaces. Data are percent reduction in FXII 
autoactivation compared to control Au and Au-PEG-OH surfaces. Data are mean ± SD, 
n=3. 
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Plasma clotting times 

The clotting time of plasma in the presence of 5 μg of thiol-CTI or PEG-CTI 

increased from 700 ± 200 s to 1,200 ± 100 s and 1,000 ± 150 s. respectively. The clotting 

time of plasma containing a comparable amount of unmodified CTI (5 μg) was 1,200 ± 

189 s. Thus the clotting time did not change after thiol or PEG modification of CTI and 

its anticoagulant activity was retained. 

Plasma clotting times were measured to compare the PEG-CTI surfaces with the 

control surfaces in terms of their procoagulant activity. The surfaces were placed in 

contact with citrated plasma and after incubation, the plasma was recalcified and turbidity 

versus time measurements were taken.  The time to reach half maximum optical density 

was recorded (Fig 11). When no surface was present, the plasma clotted at 570 ± 80 s. For 

Au, Au-CTI and Au-PEG-OH the clotting times decreased to 490±105, 480±150 and 

420±30 s, respectively. The PEG-CTI surfaces showed significantly longer clotting times 

than the Au and Au-PEG-OH. This result is in line with the FXIIa inhibition data (Fig 8). 

Also consistent with the inhibition data, the clotting time was longer on the sequential 

surface than on the direct.  It is noteworthy that the Au-CTI surface (with a higher CTI 

density than either of the PEG-CTI surfaces) did not prolong the clotting time, suggesting 

that the CTI is more effectively deployed when conjugated to PEG.    
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Fig 11. Plasma clotting times. Data are mean ± SD, n=3. * Indicates significant difference 
sequential vs. Au, Au-PEG-OH, Au-PEG-maleimide and Au-CTI surfaces (p<0.05, 
Student’s t-test). 
 

4. Conclusions 

Two methods designated “sequential” and “direct” were used to modify gold with 

PEG and CTI. Several differences were observed between these surfaces.  In particular 

although the CTI density was greater, the anti-FXIIa activity was lower on the direct 

surface. The reasons for this seeming paradox are unclear. On the sequential surface it is 

expected that the CTI molecules would be attached by reaction with the pre-immobilized 

PEG layer via the thiol end group of CTI, possibly presenting the CTI in an orientation 

that is favorable for interaction with FXIIa.  On the other hand, it may be that the PEG 

moieties of the preformed conjugates (direct surface) have a masking effect on the CTI 

component that inhibits CTI-FXIIa interactions.  Also the direct surface likely has a 



Ph.D. thesis- S.Alibeik                                McMaster University- Biomedical Engineering 

 119

significant proportion of its CTI linked directly to gold due to residual HS-CTI in the 

PEG-CTI conjugate reagent (reaction sequence III, Fig 1b).  CTI attached in this way is 

of relatively low bioactivity.  Thus on the Au-CTI surface (no PEG), the density of CTI 

was significantly higher than on the PEG-containing sequential and direct surfaces. The 

Au-CTI surfaces, however, were less effective in terms of anti-FXIIa activity and were 

less protein resistant. PEG thus appears to provide the twin benefits of protein resistance 

and enhancement of bioactivity due to a more favorable presentation of the CTI 

molecules.   

Both types of PEG-CTI modified surface showed protein resistance similar to the 

Au-PEG surface without CTI, suggesting that the PEG retained its protein resistance 

when conjugated to CTI. These observations may also indicate that some “free” PEG was 

present on the PEG-CTI surfaces. It may also be that even with CTI present, the surfaces 

remain in a highly and appropriately hydrated state similar to that of a PEG-alone surface.          

 Overall it is concluded that modification of surfaces to inhibit the contact 

coagulation pathways, specifically using CTI to inhibit FXIIa, may be a useful approach 

for improving blood compatibility.    
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CHAPTER 5. DUAL SURFACE MODIFICATION WITH PEG AND CORN 
TRYPSIN INHIBITOR (CTI):  EFFECT OF PEG:CTI RATIO ON PROTEIN 
RESISTANCE AND ANTICOAGULANT PROPERTIES 
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Working Hypothesis: 

On dual functional PEG-CTI surfaces, varying the ratio of PEG: bioactive molecule may 

affect protein resistance and bioactivity. In particular, it is important to address whether 

there is an optimum ratio of PEG: bioactive molecule on such surfaces and whether 

protein resistant properties of PEG are affected by conjugation to bioactive molecule. 
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Abstract 

The objective of this study was to investigate the bioactivity and protein resistant 

properties of dual functioning surfaces modified with PEG for protein resistance and corn 

trypsin inhibitor (CTI) for anticoagulant effect.  Surfaces on gold substrate were prepared 

with varying ratios of free PEG to CTI-conjugated PEG. Two methods designated, 

respectively, “sequential” and “direct” were used. For sequential surfaces, PEG was first 

immobilized on gold and the surfaces were incubated with CTI at varying concentration. 

For direct surfaces, a PEG-CTI conjugate was synthesized and gold surfaces were 

modified using solutions of the conjugate of varying concentration. The CTI density on 

these surfaces was measured using radiolabeled CTI. Water contact angles were measured 

and the thickness of PEG-CTI layers was determined by ellipsometry. Fibrinogen 

adsorption from buffer and human plasma, and adsorption from binary solutions of 

fibrinogen and α-lactalbumin were investigated using radiolabeling methods. Bioactivity 

of the surfaces was evaluated via their effects on FXIIa inhibition and plasma clotting 

time. It was found that as the ratio of CTI-conjugated PEG to free PEG increased, 

bioactivity increased but protein resistance was relatively constant. It is concluded that on 

these surfaces conjugation of PEG to CTI does not greatly compromise the protein 

resistance of the PEG but results in improved interactions between the CTI and the 

“target” protein FXIIa.  At the same CTI density, sequential surfaces were more effective 

in terms of inhibiting FXIIa and prolonging clotting time. 

 
Key words: polyethylene glycol-protein conjugate, surface modification, protein 
resistant surface, bioactive surface, blood compatibility, anticoagulant.  
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INTRODUCTION 

Thrombus and clot formation on blood contacting devices is initiated by protein 

adsorption1-3 and leads to device failure4,5. Inhibition of protein adsorption by hydrophilic 

polymers such as polyethylene glycol (PEG) has been investigated extensively6-9. 

Polymer chain flexibility and water interactions are believed to contribute to the protein 

resistance of PEG-modified surfaces.  

Surface modification with bioactive molecules has also been investigated10-13.  In 

general the bioactive molecule has specific binding affinity for a “target” in the blood, 

e.g. heparin with affinity for antithrombin, giving an anticoagulant effect. Combinations 

of PEG with bioactive molecules have also been investigated14-16. Such surfaces may be 

considered to be “dual-functioning”, i.e. inhibitory of non-specific protein adsorption and 

having bioactivity involving the adsorption of a specific protein. Questions arising with 

respect to such surfaces include: Does PEG retain its protein resistance in the presence of 

the bioactive molecule? What are the effects of the ratio of PEG to bioactive molecule on 

biointeractions?  Is there an optimal ratio that maximizes both protein resistance and 

bioactivity?  

In this communication, we address the question of a possible optimal composition 

in a system in which gold is modified with PEG and corn trypsin inhibitor (CTI), a potent 

and specific inhibitor of factor XIIa 17.  CTI is expected to inhibit contact activation and 

thus provide an anticoagulant effect.  Surfaces were modified using two methods16; these 

are referred to as “sequential” and “direct”.  For sequential surfaces, PEG was first 

immobilized on gold and the surfaces then treated with CTI. For direct surfaces, a PEG-
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CTI conjugate was synthesized and gold was incubated with the conjugate. Surfaces with 

varying ratios of PEG-to-CTI were prepared by varying the concentration of CTI 

(sequential) or conjugate (direct). Figure 1 shows the concept schematically.  

Biointeractions were investigated by measuring fibrinogen adsorption from buffer 

and plasma and adsorption from binary solutions of fibrinogen and α-lactalbumin in 

buffer.  FXIIa inhibition, and the clotting time of plasma in contact with the surfaces were 

also measured. 

The present work extends previous studies where PEG and CTI were used 

together 18 on gold as substrate.  Only one surface composition was investigated. These 

initial studies showed that FXIIa was inhibited, clotting time was prolonged, and 

nonspecific adsorption was reduced on this surface compared to unmodified controls19.   

 

MATERIALS AND METHODS 

Corn trypsin inhibitor (CTI) was from Haematologic Technologies (Essex 

Junction, VT) and was dialyzed against phosphate buffered saline-2 mM EDTA (PBS, pH 

8) before use. (2,2’-Dithiobisethylhepa(ethylene glycolic) acid)-N-succinimidyl ester 

(PEG-NHS ester disulfide, MW=1109.3) was from Polypure AS (Oslo, Norway). α-

maleimido-ω-amino PEG (MW=2000) was from JenKem Technology USA (Allen, TX). 

α-hydroxyl-ω-thiol polyethylene glycol (MW=1100) was from Polymer Source 

(Montreal, Canada). Hydrogen peroxide, ammonium hydroxide, ethanol, 2-iminothiolane-

HCl (Traut’s reagent) and ethylene diamine tetraacetic acid (EDTA) were  from Sigma-

Aldrich (Oakville, ON). Human factor XIIa and human fibrinogen (Fg) were from 
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Enzyme Research Laboratories (South Bend, IN). Fibrinogen was dialyzed against 

isotonic Tris buffer (TBS, pH 7.4) and stored at −70°C. PD-10 desalting columns were 

from GE Healthcare (Baie d’Urfe, Quebec, Canada). Silicon wafers sputter-coated with 

titanium and gold (1000Å) were from Silicon Valley Microelectronics (Santa Clara, CA). 

They were cut into 0.5 x 0.5 cm squares. Pefachrome XIIa, a FXIIa-directed chromogenic 

substrate, was from Pentapharm (Basel, Switzerland). 

 

Surface preparation 

Gold-coated silicon wafers were cleaned in a solution containing one part (v/v) 

30% hydrogen peroxide, one part 30% ammonium hydroxide, and five parts water for 5 

min at 85ºC. Surfaces were then rinsed with deionized water three times, five minutes 

each time. 

Primary amino groups of CTI were converted to thiol (thiol-CTI) using Traut’s 

reagent (2-iminothiolane-HCl) 18. The reaction was carried out for 1 h at room 

temperature in phosphate buffered saline (PBS)-2 mM EDTA (pH 8) with a 5-fold molar 

excess of reagent. The product solution was dialyzed against PBS-2mM EDTA (pH 6) for 

16 h to remove residual reagent. As reported previously, matrix-assisted laser desorption-

ionization, time of flight (MALDI-TOF) mass spectrometry showed that one primary 

amino group of CTI (most likely the N-terminal) was converted to thiol 18.. 

  Figure 1 shows a schematic of the surface preparation methods. Sequential 

surfaces were prepared by first chemisorbing PEG-NHS ester disulfide on gold to give 

Au-PEG-NHS. These surfaces were incubated with maleimide-PEG-amine to give Au-
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PEG-MAL (NHS-NH2 reaction), and then with thiol-CTI solutions of varying 

concentration (PBS, pH 7.4) from 2.5 to 20 µM to give surfaces with varying ratios of 

free to conjugated PEG. Au-PEG-MAL was used as the “100% free PEG” surface for the 

sequential series.  

For the direct surfaces maleimide-PEG-amine was reacted with thiol-CTI to give 

amine-PEG-CTI conjugate. After removing excess PEG (PD-10 column), amine-PEG-

CTI was reacted with PEG-NHS ester disulfide to give thiol-PEG-CTI conjugate. Excess 

PEG was removed. MALDI-TOF mass spectrometry showed that approximately 33% of 

the CTI was converted to conjugate 18. Gold surfaces were incubated with conjugate for 2 

h at room temperature and then for 16 h at 4ºC under nitrogen, at concentrations from 2.5 

to 20 µM (PBS, pH 7.4). These surfaces were treated with SH-PEG-OH (1 mM, 2 h, 

room temperature) to cover areas not modified by conjugate. Surfaces modified with SH-

PEG-OH only were used as the “100% free PEG” surface for the direct series.   

 

CTI density measurements 

 CTI density was measured using thiol-CTI and PEG-CTI conjugate radiolabeled 

with 125I using the Iodo-gen method (Iodination Reagent, Pierce Biotechnology, 

Rockford, IL)20.  Sequential and direct surfaces were prepared as described above using 

the radiolabeled protein and the radiolabeled conjugate, respectively.  
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Fig 1. Schematic showing concept of surfaces modified with free PEG and CTI-
conjugated PEG and varying free:conjugated ratio. 

 

Surface characterization 

Advancing water contact angles were measured with a Ramé-Hart NRL 

goniometer (Mountain Lakes, NJ) using the sessile drop method.  

Modifying layer thicknesses were measured by ellipsometry at a wavelength of 

6328 Å and incident angle 70º (Exacta 2000, Waterloo Digital Electronics, Waterloo, 

ON). The refractive index and extinction coefficient for gold were taken as 0.2 and 3.5, 

respectively. The refractive indices for PEG-modified surfaces and PEG-CTI modified 

surfaces were taken as 1.475 and 1.465 respectively21,22. 

 

Biointeractions 

Fibrinogen adsorption from buffer and plasma was measured by 125I labeling 

(iodine monochloride method)23. Labeled fibrinogen was added as a tracer to phosphate 
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buffered saline-NaI (PBS-NaI, CNaI=0.218 g/L) or plasma. Cold NaI was included to 

suppress free radioactive iodide adsorption to gold24. For the buffer experiments the total 

fibrinogen concentration was 1 mg/mL (10% 125I-labeled).    

For the plasma experiments, blood was collected from a minimum of 10 healthy 

volunteers. The volunteers were aspirin-free and antihistamine-free for a minimum of 10 

days prior to donating. Blood (43 mL) was collected into polypropylene (PP) centrifuge 

tubes containing 7 mL of acid citrate dextrose (ACD, 1 part ACD in 6 parts whole blood) 

and mixed gently. It was centrifuged for 5 min at 2500 x g to give platelet rich plasma 

(PRP).  The supernatant was centrifuged again for 5 min at 2500 x g to give platelet poor 

plasma (PPP). The plasma was stored at -70ºC.   The plasma was diluted 1:1 with PBS-

NaI.  125I-labeled fibrinogen was added at 10% of the endogenous level.   

In the binary adsorption experiments the molar ratio fibrinogen:α-lactalbumin 

(Lac) was 1:1 and the fibrinogen concentration was 1 mg/ml. Fibrinogen was labeled with 

131I and Lac with 125I using the ICl method. For fibrinogen 10% of the protein in the 

adsorption solutions was labeled; for Lac 100% was labeled.   

All adsorption experiments were carried out for 3 h at room temperature (23ºC). 

After adsorption surfaces were rinsed three times (five minutes each time) with PBS to 

remove loosely adherent protein. Adsorbed quantities were determined by comparing the 

surface radioactivity with that of a solution of known concentration and are reported as 

mass density (µg/cm2). 

 FXIIa inhibition was measured using a chromogenic substrate assay. Surfaces 

were incubated with 100 μL of 50 nM FXIIa solution (TBS, pH 7.4, 2 mM CaCl2, 12.5 
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μM ZnCl2, 15.4 μM BSA) at room temperature in a 96-well plate format.  After 1 h, 50 

μL of a 1.6 mM solution of chromogenic substrate was added to the wells. Optical density 

was measured over time (15 s intervals, 1 h period) at 405 nm. 

Coagulation response was evaluated by clotting time measurements. Surfaces 

were incubated with 100 μL of pooled normal citrated human plasma (PNP) for 15 min at 

37˚C in a 96-well plate format. 100 μL of 0.025 M CaCl2 was added and absorbance at 

405 nm was recorded at 15 s intervals over a 1 h period.  The time to reach half maximum 

absorbance was taken as a measure of clotting time.  

  

RESULTS  

Surface characterization  

CTI density  

125I-labeled thiol-CTI and 125I-labeled PEG-CTI conjugate were used, 

respectively, to prepare sequential and direct surfaces for measurement of CTI density.  

The data are shown in Fig 2.  As the concentration of CTI increased, the density increased 

on both surface types, ranging from 0.004 to 0.03 molecules/nm2 on the sequential and 

from 0.006 to 0.07 molecules/nm2 on the direct surfaces. At a given concentration the 

density on the direct surfaces was higher than on the sequential ones.   Assuming the 

dimensions of CTI to be similar to those of lysozyme (viz. 45x30x30Å 25) given their 

similar molecular weights (lysozyme ~14.6 kDa, CTI ~13 kDa), a close packed 

monolayer of normal CTI will have a surface concentration in the range of 0.07-0.12 

molecules/nm2 depending on orientation. On the direct surface at a CTI concentration of 
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20 µM, the CTI density was in this range. On this surface, therefore, very little free PEG 

should be presented to a contacting fluid. For the sequential series, the highest CTI 

density was below that of a close packed monolayer. Thus, for this series a significant 

fraction of the PEG would have remained “free” after reaction with CTI (Fig 2). 

The lower CTI density on the sequential surfaces may be due to the protein 

resistance of the initial PEG layer, i.e. PEG immobilized in the first step may act as a 

protein resistant layer that inhibits the binding of CTI in the second step.  
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Fig 2. CTI density on sequential and direct surfaces.  Data are mean ± SD, n=6. 

Water contact angles  

Advancing contact angles were measured on the direct surfaces after modification 

with PEG-CTI conjugate and again after subsequent incubation with PEG (Fig 3). The 
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contact angle decreased from 56° to 26° after PEG modification of gold (0 μM, Fig3) as 

observed previously16. Upon treatment of gold with CTI-PEG conjugate the contact angle 

decreased from 56° to about 37° and did not vary greatly with CTI concentration. After 

subsequent PEG treatment of the CTI surfaces the contact angle decreased further, 

indicating that attachment of PEG occurred. This decrease became smaller as the CTI 

concentration (and corresponding density, Fig 2) increased, presumably because there 

was less bare gold for PEG attachment.  
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Fig 3. Water contact angles on “direct”  surfaces  prepared with varying concentrations of 
conjugate (x-axis).  Data are shown after modification with conjugate, and again after 
incubation of the conjugate-modified surfaces with  SH-PEG-OH . Data are mean ± SD, 
n>6.  
 

Fig 4 shows advancing contact angle versus CTI density for both sequential and 

direct surfaces, the latter after subsequent PEG treatment. As CTI density increased 
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(increase in the ratio of conjugated to free PEG) the contact angle increased on both 

surface types, with values in the range of 24° to 37°. At the same CTI density, the contact 

angles were similar on the sequential and direct surfaces suggesting similar compositions. 
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Fig 4. Advancing water contact angles versus CTI density for sequential and direct 
surfaces. Zero CTI density indicates the surface modified with PEG only. Data are mean 
± SD, n>6. 
 

Film thickness  

Fig 5 shows layer thickness versus CTI density as determined by ellipsometry. 

The values ranged from 11 to 26 Å. At zero CTI density the thickness was 11±4 Å on Au-

PEG-MAL (sequential) and 13±5 Å on Au-PEG-OH (direct). The PEG density on these 

surfaces can be estimated as:  

σ =
dρdryNA

M
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where σ is density in chains/nm2, d is thickness as determined by ellipsometry, ρdry is  

density of dry polymer layer (assumed to be 1 g/cm3), NA is Avogadro’s number and M is 

the polymer molecular weight26,27. The molecular weights used were: PEG-NHS = 554 

g/mole, PEG-MAL = 2554 g/mole and PEG-OH = 1100 g/mole.  

PEG density on the 100% free PEG surfaces (zero CTI density) was estimated as 

1.2±0.5 chains/nm2 on Au-PEG-NHS, 0.3±0.1 chains/nm2 on Au-PEG-MAL and 

0.66±0.3 chains/nm2 on Au-PEG-OH. These densities are inversely related to the PEG 

MW and fall within the expected range for brush-type PEG layers22; they indicate high 

PEG coverage. For the sequential series it is important to note that PEG coverage was 

high prior to reaction with CTI. The film thickness on both sequential and direct surfaces 

increased as the CTI density increased. At the same CTI density the layer thickness was 

similar on both surface types. 
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Fig 5. Layer thickness versus CTI density for sequential and direct surfaces. Zero CTI 
density indicates the surface modified with PEG only. Data are mean ± SD, n>6. 
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Protein interactions  

Protein adsorption from buffer and plasma 

To investigate the effect of the conjugated-to-free PEG ratio on protein resistance, 

single and binary protein adsorption experiments were carried out.  Fig 6 shows 

fibrinogen adsorption from buffer. As CTI density (conjugated-to-free PEG ratio) 

increased fibrinogen adsorption increased on both surface types.  The differences between 

the 100% free PEG surfaces (zero CTI density) and the highest CTI density surfaces 

(lowest number of free PEGs) were statistically significant (p<0.05). The adsorbed 

quantities at the higher densities were in the close packed monolayer range (0.14-0.7 

µg/cm2). At a given CTI density, the direct surfaces adsorbed more fibrinogen than the 

sequential ones possibly due to the way the PEG is oriented/deployed. 
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Fig 6. Fibrinogen adsorption from buffer versus CTI density for sequential and direct 
surfaces. Adsorption time, 3 h. Zero CTI density indicates the surface modified with PEG 
only. Data are mean ± SD, n=3. 
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Fig 7 shows fibrinogen adsorption from plasma. Adsorption increased slightly, but 

not significantly, as the CTI density increased. On both sequential and direct surfaces 

adsorption ranged from about 0.026 µg/cm2 for the “pure” PEG surface (zero CTI 

density) to about 0.035 µg/cm2 on the surfaces of highest CTI density. The higher CTI 

densities on the direct surfaces are at the monolayer level.   Hence, it is likely that the free 

PEG content on these surfaces was close to zero, i.e. all of the PEG was conjugated to 

CTI. Since fibrinogen adsorption on these surfaces was not significantly higher than on 

the free PEG surface (zero CTI density), it appears that the conjugated PEG on the direct 

surfaces retained its protein resistant properties. 
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Fig 7. Fibrinogen adsorption from 50% plasma versus CTI density for sequential and 
direct surfaces. Adsorption time, 3 h. Zero CTI density indicates the surface modified 
with PEG only. Data are mean ± SD, n=3. 
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Fibrinogen and α-lactalbumin (Lac) were used in binary adsorption experiments. 

Fibrinogen has MW 340 kDa, dimensions of 450 x 90 x 90 Å, and  isoelectric point 4.5. 

α-lactalbumin has MW 14.2 kDa, dimensions of  37 x 32 x 25 Å and  isoelectric point 

4.328. Both proteins will have similar charge at neutral pH thus allowing study of the 

effect of protein size, independent of charge, on interactions with the modified surfaces.   

Table 1 shows data from the binary adsorption experiments. The fibrinogen concentration 

was the same as in the single protein experiments (1 mg/mL) and the molar ratio of the 

proteins in the solution was 1:1. 

Table 1. Adsorption from binary fibrinogen-lactalbumin solutions, molar ratio 1:1. 
  

Sequential surfaces 
CTI density 

(molecules/nm2) 
Fg adsorption 

(µg/cm2) 
Lac adsorption 

(µg/cm2) 
Lac : Fg 

(molar ratio) 
0 0.12±0.01 0.006±0.002 1.21 

0.004±0.002 0.16±0.05 0.004±0.0005 0.61 
0.006±0.001 0.18±0.02 0.0068±0.0007 0.92 
0.010±0.001 0.28±0.01 0.0068±0.001 0.59 
0.013±0.0004 0.29±0.02 0.007±0.001 0.59 
0.029±0.006 0.31±0.05 0.0073±0.0003 0.57 

 
Direct surfaces 

CTI density 
(molecules/nm2) 

Fg adsorption 
(µg/cm2) 

Lac adsorption 
(µg/cm2) 

Lac : Fg 
(molar ratio) 

0 0.13±0.03 0.008±0.004 1.49 
0.006±0.0004 0.21±0.04 0.005±0.002 0.58 
0.012±0.001 0.28±0.06 0.008±0.002 0.69 
0.019±0.005 0.29±0.01 0.011±0.004 0.92 
0.036±0.007 0.33±0.07 0.013±0.002 0.96 
0.074±0.012 0.36±0.08 0.013±0.0009 0.88 

Data are mean ± SD, n=3. 

Fibrinogen adsorption on both the direct and sequential surfaces was similar to 

that in the single protein experiments, indicating that the presence of the smaller protein 
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did not affect adsorption of the bigger one. Similar to the single protein experiments, 

adsorption to the high-density CTI surfaces was in the monolayer range.  

α-lactalbumin adsorption was very low (0.004-0.007 µg/cm2  sequential, 0.008-

0.013 µg/cm2 direct) and increased as CTI density increased. In the direct series, 

adsorption on the surface of highest CTI density was significantly greater than on the one 

of lowest density (p<0.05). 

The molar ratios of adsorbed α-lactalbumin:fibrinogen (Table 1) should be 

compared with the 1:1 ratio in the solution. Ratios of ~1.2 and 1.5 found on Au-PEG-

MAL (sequential, CTI=0) and Au-PEG-OH (direct, CTI=0), respectively, indicate a 

preference for the smaller protein.  This behaviour may reflect the nature of the barrier to 

adsorption presented by the PEG.  On the CTI surfaces, the ratio was lower and ranged 

from ~0.6 to ~1.0.  For the sequential surfaces the ratio did not trend clearly with CTI 

density and was fairly constant at ~0.6, i.e. inverted compared to the ratio on the zero CTI 

surface.  For the direct surfaces the ratio was ~0.6 at the lowest CTI density; it trended 

upwards close to 1.0 as the density increased.  It is possible that as CTI increased on the 

surface the effect of the PEG was diminished, and the relative affinities of the proteins 

competing for CTI sites determined the final layer composition.   

 

FXIIa inhibition 

The free PEG controls and the direct and sequential surfaces with the highest and 

lowest CTI densities were studied for their ability to inhibit FXIIa as described above.  

The data are shown in Fig 8. For the 100% free PEG surfaces 25-27% inhibition of FXIIa 
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was observed. Since there was no CTI on these surfaces, inhibition was likely caused by 

removal of FXIIa from the solution by physical adsorption such that the active site was 

“hidden” and unavailable to react with substrate.  

For the CTI-modified surfaces, FXIIa inhibition increased as CTI density 

increased. The sequential surfaces with the lowest and highest CTI densities gave 35±1 

and 41±2 % inhibition, respectively. On the direct surfaces the corresponding values were 

32±1 and 37±2 %. The CTI surfaces thus reacted more extensively than the PEG alone 

surfaces.  On the CTI surfaces it is not possible to distinguish between inhibition due to 

specific CTI-FXIIa interactions and physical adsorption of FXIIa. It is probable that both 

are involved.   In our previous work 18, we compared the PEG-CTI surface with surfaces 

modified with PEG-lactalbumin by using FXIIa activity assay, in order to distinguish 

between the specific CTI-FXIIa interactions and non-specific protein-protein interactions. 

We observed significantly higher inhibition of FXIIa on PEG-CTI compared with PEG-

lactalbumin surfaces. Thus, it can be assumed that most of FXIIa inhibition observed here 

is due to the specific interactions of CTI with FXIIa. 

At a given CTI density the sequential surfaces inhibited FXIIa more effectively 

than the direct ones. This may be due to the more favorable orientation of CTI on the 

sequential surfaces, and/or to the effect of PEG conjugation in reducing the activity of 

CTI on the direct surfaces.    

It appears that if CTI density on the sequential surfaces could be increased to a 

higher level, e.g. a close packed monolayer, a higher degree of FXIIa inhibition would be 
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achieved. Formation of CTI monolayers by the sequential method, however, may be 

difficult due to the presence of the pre-formed protein resistant PEG layer. 
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Fig 8. Activity of FXIIa solutions after incubation with sequential and direct surfaces 
versus CTI density. Zero CTI density indicates the surface modified with PEG only. Data 
are mean ± SD, n=3.  
 
Clotting time assay 

The anticoagulant effect of the materials was evaluated by incubating with citrated 

human plasma and recording turbidity versus time after re-calcification (Fig 9). On the 

100% free PEG surfaces, the clotting time (time to half maximum absorbance) was 

510±40 s (average of sequential and direct). The time increased as the ratio of PEG-CTI 
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conjugate to free PEG increased. For the sequential surface with the highest CTI density, 

the clotting time was 788±53 s, significantly higher than for the corresponding free PEG 

surface (p<0.05). On the direct surfaces, the maximum clotting time was 675±42s, again 

significantly higher than for the free PEG surface (p<0.05). These data indicate that 

protein resistance alone, as conferred by PEG, does not prolong the clotting time; the 

presence of the FXIIa inhibitor CTI does give an anticoagulant effect. 

At a given CTI density, the clotting time was significantly longer on the sequential 

surfaces than on the direct. For example, at 0.01 CTI molecules/nm2, the clotting time 

was 688±23 s on the sequential surface and 570±42 s on the direct.  This result parallels 

the FXIIa inhibition data and shows, as found previously for the anticoagulant hirudin 16, 

that the CTI-PEG combination is more effective when the surface is prepared by the 

sequential method. 
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Fig 9. Plasma clotting times versus CTI density on direct and sequential surfaces. Zero 
CTI density indicates the surface modified with PEG only. Data are mean ± SD, n=3.  
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DISCUSSION 

In recent work 16,18 we used PEG-protein combinations to create dual functioning 

surfaces, PEG for protein resistance and CTI or hirudin for anticoagulant properties. We 

used direct and sequential methods to prepare the surfaces as described above. Other 

PEG-bioactive molecule combinations have been investigated14,15, mostly using 

sequential methods where it is unlikely that all of the free PEG is converted to PEG-

bioactive molecule, leaving unknown areas covered with free PEG.  

It is of interest to consider the effect of the free-to-conjugated PEG ratio on bio-

interactions. On the sequential surfaces, while adsorption did increase with increasing 

CTI density (Figs 6 and 7, Table 1), the levels remained low compared to unmodified 

gold (~0.5 µg/cm2 fibrinogen from a 1 mg/mL solution18). It thus appears that attachment 

of CTI to the PEG layer did not seriously compromise its protein resistance. Since the 

highest FXIIa inhibition and longest clotting times were observed on the surfaces with the 

highest ratios of conjugated to free PEG, it appears that the maximum possible density of 

CTI on these surfaces is optimal.   

On the direct surfaces CTI density reached the monolayer level at the higher CTI 

concentrations and very little free PEG appeared to be taken up subsequently (Fig 3). 

Hence, it is likely that the free PEG content on the high CTI density surfaces was close to 

zero. Since fibrinogen adsorption on these surfaces was not significantly higher than on 

the 100% free PEG surface (zero CTI density), it appears that the conjugated PEG on the 

direct surfaces retained its protein resistant properties in plasma.  Again the best 

biological performance was seen for the surfaces of highest CTI density. Hence, we 
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conclude that on these dual functioning surfaces the optimal composition is the one with 

the highest density of the bioactive component.  

It is of interest also to consider whether the protein resistance of the PEG 

component affects the behavior of the CTI. In this as well as in previous work and work 

of others 9,18, clotting time was not prolonged on the PEG-alone surfaces despite their 

protein resistance. At first glance, it might seem that the bioactive component alone 

would be optimal to achieve its effect. In recent work CTI was immobilized on gold and 

polyurethane substrates without PEG and with PEG (single PEG-CTI ratio) 18,29. 

However, FXIIa inhibition on the CTI-alone surface was significantly lower than on the 

PEG-CTI surface, suggesting that PEG improves the function of the CTI. As the data 

presented here demonstrate, PEG contributes to the protein resistant properties of the 

“dual” surfaces but probably more importantly, it may act as a “spacer-presenter” to 

facilitate the interactions of the bioactive molecule with its target protein.  

Finally it is of note that the surfaces remained protein resistant even when the 

PEG was effectively covered with CTI. This result may be seen as support for the “water 

barrier”, as opposed to the “steric exclusion” hypothesis for PEG protein resistance30.  

The contact angles remained low at all CTI densities (Figs 3 and 4) suggesting that the 

surfaces were extensively hydrated in aqueous contact, so that water interactions with the 

PEG would not be significantly diminished.    

Summary and conclusions   

Gold surfaces modified with free PEG and PEG-CTI in varying ratios were 

prepared using sequential and direct methods. Protein adsorption from buffer increased as 
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the ratio of conjugated to free PEG increased, but less so on the sequential than on the 

direct surfaces. Fibrinogen adsorption from plasma was essentially independent of the 

ratio of conjugated to free PEG on both surface types.  FXIIa inhibition increased and 

plasma clotting time was prolonged as the ratio of conjugated to free PEG increased on 

both types.  At the same CTI density, sequential surfaces were more effective than direct 

ones in terms of FXIIa inhibition and clotting time prolongation. The highest ratio of 

CTI-conjugated to free PEG was optimal for FXIIa inhibition and prolongation of plasma 

coagulation.    
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Abstract  

 In previous work using gold as a model substrate, we showed that modification of 

surfaces with polyethylene glycol (PEG) and corn trypsin inhibitor (CTI) rendered them 

protein resistant and inhibitory against activated factor XII. Sequential attachment of PEG 

followed by CTI gave superior performance compared to direct attachment of a 

preformed PEG-CTI conjugate. In the present work, a sequential method was used to 

attach PEG and CTI to a polyurethane (PU) substrate to develop a material with 

applicability for blood-contacting medical devices. Controls included surfaces modified 

only with PEG and only with CTI. Surfaces were characterized by water contact angle 

and x-ray photoelectron spectroscopy (XPS). The surface density of CTI was in the range 

of a monolayer and was higher on the PU substrate than on gold reported previously. 

Biointeractions were investigated by measuring fibrinogen adsorption from buffer and 

plasma, factor XIIa inhibition and plasma clotting time. Both the PU-PEG surfaces and 

the PU-PEG-CTI surfaces showed low fibrinogen adsorption from buffer and plasma, 

indicating that PEG retained its protein resistance when conjugated to CTI. Although the 

CTI density was lower on PU-PEG-CTI than on PU modified only with CTI, PU-PEG-

CTI exhibited greater factor XIIa inhibition and a longer plasma clotting time, suggesting 

that PEG facilitates the interaction of CTI with factor XIIa.  Thus sequential attachment 

of PEG and CTI may be a useful approach to improve the thromboresistance of 

polyurethane surfaces. 

Key words:  Polyethylene glycol, corn trypsin inhibitor, polyurethane, surface 
modification, blood compatibility, blood coagulation, protein resistance.  
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1. Introduction 

Failure of blood contacting devices due to thrombosis and clotting  is initiated by 

rapid non-specific protein adsorption.[1-3] Two main approaches have been used for the 

modification of biomaterials to overcome these problems: (1) attachment of protein 

resistant polymers such as polyethylene glycol (PEG) to reduce non-specific protein 

adsorption[4-7], and (2) incorporation of bioactive molecules which either inhibit fibrin 

formation[8,9] (e.g heparin, which acts as an anticoagulant by activating antithrombin 

[10-12]) or promote fibrin degradation (e.g. lysine, which binds plasminogen and t-

PA[13,14]). Combinations of both approaches have also been investigated.[15-17]    

In this work, we modified a polyurethane surface with PEG and corn trypsin 

inhibitor (CTI), the former for protein resistance and the latter as an inhibitor of factor 

XIIa.[18] The PEG serves also as a tether for CTI. When blood contacts a material, factor 

XII binds to the surface and undergoes so-called autoactivation. The resultant factor XIIa 

then initiates clotting via the intrinsic coagulation pathway.[19] Thus active CTI on a 

surface may be expected to inhibit any factor XIIa generated and thus inhibit clot 

formation.  

In previous work[20] we used gold as a model substrate to investigate the PEG-

CTI combination. First, the N-terminal amino group of CTI was converted to a thiol 

group to allow site specific attachment of this protein. Two methods of surface 

preparation were then used: (a) a sequential method in which PEG was first immobilized 

and CTI was then attached to the PEG, (b) a direct method involving initial preparation of 

a PEG-CTI conjugate and subsequent surface immobilization of the conjugate. It was 
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shown that PEG retained its protein resistant properties with both methods of surface 

preparation, but there was greater CTI inhibition of factor XIIa and prolongation of 

clotting time for the “sequential’ than the “direct” surfaces. 

Polyurethanes (PU) have been used extensively for medical devices such as 

catheters and cardiac assist devices.[21-23] The main attributes of PUs for such 

applications are that they are mechanically well suited and are available over a range of 

properties from flexible to stiff. However, like other biomaterials, contact of PU with 

blood induces clot formation. Surface modification is therefore required to improve blood 

compatibility.[24-27] 

In the present work PU was modified with PEG and CTI using a sequential 

method. First, isocyanate groups were introduced into the surface. PEG was then attached 

by reaction with the NCO groups; finally CTI was attached covalently via the PEG distal 

chain end. Protein resistance was investigated by measuring fibrinogen adsorption from 

buffer and plasma.   CTI activity was evaluated by assessing factor XIIa inhibition and 

plasma clotting time. The PU-PEG-CTI surfaces were compared with several control 

surfaces including surfaces modified only with CTI and only with PEG.  

 

2. Materials and Methods 

 Tecothane® polyurethane (PU) (TT-1095A) was from Thermedics Inc. 

(Wilmington, MA). Dimethyl formamide (DMF) was from Caledon Laboratories 

(Georgetown, ON, Canada). Toluene and acetonitrile were from EMD Chemicals 

(Gibbstown, NJ). Triethylamine (TEA, 99%) was from Alfa Aesar (Ward Hill, MA). 2-
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iminothiolane-HCl (Traut’s reagent), ethylene diamine tetraacetic acid (EDTA) and 4,4′-

methylenebis(phenyl isocyanate) (MDI) were from Sigma-Aldrich (Oakville, ON). 

Maleimide PEG amine (MW, 2000) was from JenKem Technology USA (Allen, TX). 

Methoxy PEG amine (MW 2000) was from Shearwater Polymers Inc. (Huntsville, AL).  

It was dried at 60ºC under vacuum for 4 h before use. Corn trypsin inhibitor (CTI) was 

from Haematologic Technologies (Essex Junction, VT) and was dialyzed against 

phosphate-buffered saline (PBS, pH 8) before use. Human factor XIIa was from Enzyme 

Research Laboratories (South Bend, IN). Pefachrome XIIa, a factor XIIa-directed 

chromogenic substrate, was from Pentapharm (Basel, Switzerland). Human fibrinogen 

was from Enzyme Research Laboratories (South Bend, IN); it was dialyzed against 

isotonic Tris-buffered saline (TBS pH 7.4) and stored at -70°C. 

 

2.1. Surface Preparation  

Tecothane® polyurethane (PU) was treated with methanol to remove impurities 

and dried in a vacuum oven at 50ºC for 48 h. It was then dissolved in DMF (5% wt./vol.) 

at 60°C.  Polymer films were cast in a petri dish and dried at 65°C for 48 h. Discs 6 mm 

in diameter and ~0.5 mm in thickness were cut from the films, washed with ethanol to 

remove impurities and dried at 50ºC.  

CTI was treated with 2-iminothiolane-HCl (Traut’s reagent) to introduce thiol 

groups as described previously[20].  A 5-fold molar excess of Traut’s reagent in PBS-2 

mM EDTA (pH 8) was used and the reaction allowed to proceed for 1 h at room 

temperature. The product was dialyzed against PBS-2 mM EDTA (pH 6) to remove 
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residual Traut’s reagent. In previous work[20], we confirmed that the modification was 

successful using mass spectrometry to determine the product molecular weights. It was 

shown that the N-terminal amino group of CTI was converted to thiol. 

Fig 1 shows the surface modification steps. Surface functionalization with MDI 

(reaction 1) was carried out as described previously [16,25,27].  Briefly, PU discs were 

incubated with a toluene solution containing 7.5% (wt./vol.) MDI and 2.5% (wt./vol.) 

triethylamine under nitrogen purge for 2 h at 50°C (PU-NCO surface). The discs were 

then rinsed three times with toluene, five minutes each time, and dried in a vacuum oven 

at 40ºC. PU-NCO surface was incubated with an acetonitrile solution containing 0.01 

g/mL of maleimide-PEG-amine (MW 2000) under nitrogen purge for 16 h at 40°C to give 

PU-PEG-MAL surface (reaction 2 upper, Fig 1). The surfaces were rinsed three times 

with acetonitrile, five minutes each time, and dried in a vacuum oven at 40ºC. 

The PU-PEG-MAL surface was incubated with a 7.5 µM solution of thiol-CTI in 

PBS for 2 h at room temperature, then for 16 h at 4°C to give PU-PEG-CTI surface 

(reaction 3c, Fig 1). This surface was rinsed three times with PBS, five minutes each 

time. The PU and PU-NCO surfaces were modified by treatment with 7.5 µM thiol-CTI 

to give PU-CTI and PU-NCO-CTI surfaces, respectively (reactions 3a and 3b, Fig 1). 

These were used as controls in the biointeraction experiments. 

Surfaces modified with methoxy-PEG-amine, MW 2000 (PU-PEG-OCH3), were 

also prepared for use as controls. PU-NCO surfaces were incubated with 0.05 g/mL 

methoxy-PEG-amine in toluene for 16 h at 40°C under nitrogen purge (reaction 2 lower, 

Fig 1). They were rinsed three times with toluene, five minutes each time, then with 
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water, and dried in a vacuum oven at 40ºC.  These surfaces were exposed to 7.5 µM thiol-

CTI to give surfaces designated PU-PEG-OCH3-CTI.  

 

2.2. Surface Characterization 

The sessile drop method was used to determine advancing and receding water 

contact angles (Ramé-Hart goniometer, Mountain Lakes, NJ). Angles were measured at 

multiple points on both sides of the surfaces. Surface chemical composition was 

determined by X-ray photoelectron spectrometry (XPS, Thermo Scientific Theta probe). 

Low resolution scans were taken at 70º, 50º and 30º take off angles (measured from the 

perpendicular: smaller angle, greater sampling depth) to provide composition information 

as a function of depth.    

 

2.2.1. Determination of CTI Surface Density 

CTI density was measured using 125I-labeled CTI. The Iodogen method (Iodogen 

Iodination Reagent, Pierce Biotechnology, Rockford, IL) was used to label thiol-CTI.[28] 

The labeled thiol-CTI was then used to prepare PU-CTI, PU-NCO-CTI, PU-PEG-OCH3-

CTI and PU-PEG-CTI surfaces. The radioactivity of the surfaces was measured and 

compared with that of a labeled CTI solution of known concentration.[29] 
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Fig 1. Surface modification. (1) Introduction of  NCO groups, (2) Modification with PEG,  
(3) Modification with CTI  
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2.3. Biointeractions 

Fibrinogen was labeled with 125I  (ICN Pharmaceuticals, Irvine, CA) using  the 

iodine monochloride (ICl) method[30] and added as a tracer to a solution of cold 

fibrinogen in buffer or to plasma to investigate fibrinogen adsorption. The fibrinogen 

concentration in the buffer experiments was 1 mg/mL (10% labeled). Human citrated 

platelet poor plasma prepared from blood collected from multiple donors was used in the 

plasma experiments[20]. The quantity of labeled fibrinogen added to the plasma was 

equivalent to 10% of the endogenous amount. 

To determine the activity of surface-immobilized CTI, surfaces were  incubated 

with a factor XIIa solution, and the residual activity was measured. A chromogenic 

substrate assay in 96-well plate format was used for this purpose. 100 µL of a 200 nM 

solution of factor XIIa in TBS (pH 7.4) containing 2 mM CaCl2, 12.5 μM ZnCl2 and 15.4 

μM BSA was added to wells containing the surfaces  (area, 0.565 cm2) and incubated for 

1 h at room temperature. 100 μL of a 1.6 mM solution of factor XIIa-directed 

chromogenic substrate (Pefachrome XIIa) was then added to the wells and the plate was 

immediately placed in a UV-visible plate reader; optical density was recorded at 405 nm 

over a 1 h period. A factor XIIa standard curve was constructed using solutions of known 

factor XIIa concentration.  Solutions were incubated for 1 h at room temperature in a 96-

well plate. Chromogenic substrate was then added, the plate was placed in the plate reader 

and absorbance determined over a 1 h  period.  

To determine the effect of the surfaces on plasma clotting time, samples were 

incubated with 100 μL of pooled human platelet poor plasma for 15 min at 37˚C in a 96-
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well plate. 100 μL of 0.025 M CaCl2 was then added to each well to initiate clotting and 

the optical density at 405 nm was recorded. The time to reach half maximum optical 

density, as determined using the instrument software, was taken as a measure of the 

clotting time. 

  

3. Results 

3.1. Surface Characterization  

Advancing and receding water contact angles are shown in Fig 2. The contact 

angles decreased upon modification of PU with MDI (PU-NCO surface).  The advancing 

angle decreased from 94° on PU and 85° on PU-NCO to about 45° on the PEG-only  

surfaces (PU-PEG-OCH3 and PU-PEG-MAL) confirming the presence of hydrophilic 

PEG on these surfaces. Upon treatment of PU-PEG-MAL with CTI (PU-PEG-CTI 

surface), the advancing angle increased to 55°, significantly higher than for the PEG-

alone surfaces and significantly lower than for the other CTI modified surfaces (PU-CTI 

and PU-NCO-CTI). The contact angles on PU-CTI and PU-NCO-CTI were only slightly 

lower than those on their respective precursors PU and PU-NCO.  
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Fig 2. Water contact angles. Data are mean ± SD, n>9. 
 

CTI surface density data are shown in Fig 3. Following exposure to CTI and 

determination of the density, the surfaces were incubated with 2% SDS solution for 3 h to 

remove CTI that was relatively loosely bound and the density determined again. As can 

be seen, the CTI was retained on the PU-NCO-CTI and PU-PEG-MAL-CTI surfaces but 

was largely released from the PU-CTI and PU-PEG-OCH3–CTI surfaces.  These results 

suggest that the CTI was more tightly bound (possibly covalently) on the former two 

surfaces.  Specific binding (covalent or other) of CTI to the PU and PU-PEG-OCH3 

substrates is not expected; rather the interactions are presumably physical as suggested by 

the SDS-induced release. Since NCO groups react with amino and hydroxyl groups, the 
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PU-NCO substrate is expected to show high uptake of proteins. In thiol-CTI, the N-

terminal amino group of CTI is converted to thiol, but the primary amino group of the 

lysine residue and the hydroxyl groups of serine residues remain available and may react 

with NCO. The PU-PEG-MAL-CTI and PU-PEG-OCH3-CTI surfaces showed lower CTI 

density presumably because of the protein resistance of the PEG. CTI density on PU-

PEG-MAL-CTI was significantly higher than on PU-PEG-OCH3-CTI presumably due to 

the reaction of the maleimide groups with thiol groups of CTI. A close packed monolayer 

of CTI should have a density in the range of 0.15-0.25 μg/cm2 assuming that the 

dimensions of CTI are similar to those of lysozyme (MW 14 kDa; 46Å x 30Å x 20Å). 

Thus all of the surfaces showed CTI density in the monolayer range. For protein 

adsorption experiments CTI surfaces were used after standard buffer rinsing (not exposed 

to SDS). 
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Fig 3. Surface density of CTI. Data are mean ± SD, n=9.  * indicates significant 
difference (p<0.05, Student’s t-test). 
 

Low resolution XPS data are shown in Table 1. At all three take off angles, a 

significant increase in nitrogen concentration (from ~4 to ~10 atom%) was observed on 

PU-NCO compared with PU, indicating modification of PU with MDI. After reaction 

with PEG, the nitrogen and carbon concentrations decreased while the oxygen 

concentration increased. As the take-off angle increased (sampling closer to the surface), 

the oxygen content increased slightly on the surfaces that contained PEG segments but no 

CTI, confirming that the increase in the oxygen content was due to the presence of PEG. 

Furthermore, as expected, the C:O ratio decreased upon PEG attachment. Based on the 

C:O ratio and oxygen concentration, it appears that slightly higher densities of PEG were 

obtained on the PEG-MAL surface compared with the PEG-OCH3 surface. Upon CTI 
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reaction with PU-PEG-MAL, the nitrogen and sulfur concentrations increased indicating 

attachment of the protein.  

 
Table 1. Composition of surfaces from XPS data (mean of two determinations, different 
samples). Take off angles are relative to the vertical:  smaller value, greater sampling 
depth. 
 

30º angle (greatest depth) C N O S C/N ratio  C/O ratio 
PU 90.1 4.4 5.4  20.3 16.7 

PU-NCO 77.6 10.0 12.4  7.8 6.2 
PU-PEG-OCH3 74.2 3.4 22.4  22.0 3.3 
PU-PEG-MAL 69.5 4.1 26.4  17.0 2.6 
PU-PEG-CTI 70.9 4.7 24.4 0.1 15.2 2.9 

50º angle C N O S C/N ratio C/O ratio 
PU 91.4 3.9 4.6  23.2 19.7 

PU-NCO 75.3 9.1 12.6  8.3 6.0 
PU-PEG-OCH3 75.1 2.6 22.3  29.3 3.4 
PU-PEG-MAL 70.8 3.5 25.7  20.5 2.8 
PU-PEG-CTI  72.0 3.8 24.2 0.1 19.0 3.0 

70º angle (nearest surface) C N O S C/N ratio C/O ratio 
PU 92.4 3.8 3.7  24.2 24.7 

PU-NCO 76.8 9.3 13.9  8.3 5.5 
PU-PEG-OCH3 73.4 2.1 24.5  34 3.0 
PU-PEG-MAL 69.5 2.8 27.7  24.7 2.5 
PU-PEG-CTI 69.1 3.4 27.5 0.03 20.3 2.5 

Data precision ~5%   
   

3.2. Blood Protein Interactions  

3.2.1 Fibrinogen Adsorption from Buffer and Plasma 

  Data on fibrinogen adsorption from buffer and plasma are shown in Figures 4a 

and 4b respectively. Adsorption from buffer (Fig 4a) was slightly lower on PU-CTI than 

on unmodified PU. The higher adsorption seen on PU-NCO may be related to reaction of 

the NCO groups with amino and hydroxyl groups of fibrinogen. Adsorption was 

significantly lower on the PEGylated surfaces PU-PEG-OCH3, PU-PEG-MAL and PU-

PEG-CTI. These results indicate successful modification with protein resistant PEG. 
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Reaction of PU-PEG-MAL with CTI did not compromise protein resistance: the PU-

PEG-CTI surface showed significantly lower fibrinogen adsorption compared with the 

non-PEG CTI surfaces (PU-CTI and PU-NCO-CTI).  

Adsorption from plasma (Fig 4b) was lower than from buffer, and showed similar 

trends with respect to the different surfaces to those seen in the buffer experiments.  

Adsorption was relatively high on the non-PEG surfaces and low on PU-PEG-OCH3, PU-

PEG-MAL and PU-PEG-CTI. Again, PEG retained its protein resistance on the PU-PEG-

CTI surface.  

3.2.2. Factor XIIa Inhibition by Surfaces  

Fig 5 shows data on factor XIIa inhibition by the surfaces. Surfaces were 

incubated with factor XIIa solution for 1 h. The chromogenic substrate was then added 

and the residual factor XIIa determined. It can be seen that the PU-PEG-CTI surface 

inhibited about 72% of the factor XIIa, a significantly greater proportion than any other 

surface. We assume that inhibition on these surfaces is due simply to non-specific 

interactions of XIIa with the surface such that it is unavailable to react with the substrate.   

Interestingly, although the CTI density on PU-NCO-CTI was higher than that on PU-

PEG-CTI, the factor XIIa inhibition was lower. This result suggests that the 

“presentation” of CTI on PU-PEG-CTI may be more effective than on PU-NCO-CTI. 

Two factors may contribute to this improvement. First, the orientation of CTI may be 

more optimal when attached to PEG via the thiol group, and second the spacer effect of 

the PEG may increase CTI accessibility for reaction with factor XIIa.  
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Fig 4. Fibrinogen adsorption from: (a) buffer, (b) plasma. Adsorption time, 3 h. Data are 
mean ± SD, n=3. * indicates significant difference for PEG-containing surfaces vs. other 
surfaces (p<0.05, Student’s t-test). 
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Fig 5. Activity of FXIIa solutions after incubation with surfaces. Data are mean ± SD, 
n=3. * indicates significant difference (p<0.05, Student’s t-test). 
 

3.2.3. Plasma clotting times  

Clotting time data are shown in Fig 6. Attachment of PEG to the PU surface had 

only a slight effect on clotting time (PU-PEG-OCH3). This is consistent with previous 

results using gold as a model substrate [20]. Since the PU-PEG surfaces showed relatively 

low fibrinogen adsorption from buffer and plasma but did not prolong the clotting time, it 

appears that fibrinogen adsorption is not directly related to coagulation, at least as 

indicated by clotting time. Attachment of CTI increased clotting times on the CTI 

surfaces relative to controls: PU-CTI vs PU, PU-NCO-CTI vs PU-NCO, and PU-PEG-

CTI vs PU-PEG-MAL. Presumably this effect is due to inhibition of factor XIIa. PU-
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PEG-CTI was the most effective surface, showing a significantly longer clotting time 

than PU, PU-NCO, PU-PEG, and PU-CTI  (p<0.05). 
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Fig 6. Plasma clotting times. Data are mean ± SD, n=3. * indicates significant difference 
(p<0.05, Student’s t-test). 
 

4. Discussion 

The guiding hypothesis on which the work is based is that the presence of PEG to 

provide protein resistance and CTI for anticoagulant activity should improve blood 

compatibility. Our previous work on PEG-CTI modified surfaces showed that 

immobilizing PEG first and then attaching CTI (sequential method) was more effective 

than immobilizing a preformed PEG-CTI conjugate (direct method) [20]. Therefore in 

this study we used a sequential method to modify the polyurethane substrate.  
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CTI densities on the polyurethane surfaces in this work were significantly higher 

than on the gold model substrate surfaces used previously [20]. The higher densities on 

PU were probably due to the different modification chemistry.  For the gold substrate, 

PEG-NHS disulfide was attached first, followed by maleimide-PEG-amine and finally 

CTI. In the present work, PU was first reacted with MDI to introduce NCO groups. From 

the increase in nitrogen content (Table 1), it is clear that a high density of NCO groups 

was present on the PU-NCO surface, which in turn led to high densities of PEG and CTI.  

On PU-PEG-CTI, we assume that thiol-CTI was attached via the maleimide groups of 

PEG and not via unreacted underlying NCO groups. This assumption is supported by the 

observation of low fibrinogen adsorption on PU-PEG-MAL. If free NCO groups were 

present to any significant extent on PU-PEG-MAL, they would be expected to react with 

contacting proteins, and fibrinogen adsorption on PU-PEG-MAL and PU-PEG-OCH3 

surfaces would be higher. 

 The PU-CTI and PU-NCO-CTI control surfaces performed poorly in terms of 

protein resistance, showing relatively high fibrinogen adsorption from buffer and plasma. 

PU-PEG-CTI, on the other hand, showed low fibrinogen adsorption, similar to the other 

PEG surfaces PU-PEG-MAL and PU-PEG-OCH3. Furthermore, despite the higher 

density of CTI on PU-NCO-CTI than on PU-PEG-CTI, the former was less effective in 

inhibiting factor XIIa and prolonging the plasma clotting time. These differences may be 

due to the orientation of CTI as dictated by reaction with the thiol group in CTI, making 

the active site of CTI at Arg-62 more accessible for protein interactions. In the reaction of 

thiol-CTI with PU-NCO to prepare PU-NCO-CTI, the NCO groups can potentially react 
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with amino and hydroxyl groups as well as with the thiol group in CTI. The CTI 

orientation might then be altered such that the active site is less available to interact with 

and inhibit factor XIIa.  Greater factor XIIa inhibition by PU-PEG-CTI may also be due 

to the action of PEG as a spacer, again increasing the accessibility of factor XIIa to the 

active site of CTI. Both of these effects may contribute to the superior performance of 

PU-PEG-CTI. 

 

5. Summary and Conclusions 

Polyurethane surfaces were modified with PEG and CTI both individually and 

together. PU-PEG-CTI showed protein resistance similar to PEG-only surfaces. Of the  

CTI surfaces investigated, PU-NCO-CTI showed relatively high CTI density but 

relatively low anti-factor XIIa activity. The PU-PEG-CTI surface exhibited the highest 

factor XIIa inhibition and protein resistance. It is concluded that combined PEG and CTI 

modification reduces non-specific protein adsorption while promoting specific adsorption 

of factor XIIa and that this approach may be useful for the development of 

thromboresistant polyurethanes.  
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CHAPTER 7. SUMMARY AND RECOMMENDATIONS FOR FUTURE WORK 

7.1 Summary and Conclusions  

 It was hypothesized in this research that surface modification with polyethylene 

glycol (PEG) and appropriate bioactive molecules will improve blood compatibility. The 

following points indicate the thinking behind this hypothesis. First, PEG-modified 

biomaterials have been studied extensively on the basis of their protein resistant 

properties [1-3]. Second, bioactive molecules have been used to create surfaces that 

promote specific protein-surface interactions that are advantageous for blood 

compatibility [2, 4]. In the work presented in this thesis, surface modification was 

explored using combinations of PEG and two bioactive molecules: hirudin and corn 

trypsin inhibitor (CTI). Two methods, sequential and direct, were employed to 

immobilize PEG and the bioactive molecules. When PEG was immobilized first and the 

bioactive molecule was then conjugated to the immobilized PEG, the modification 

method was referred to as sequential. When a conjugate of PEG and bioactive molecule 

was first prepared and then immobilized on surface, the method was referred to as direct. 

In the first part of this research (Chapter 3), gold-coated silicon was modified with 

PEG and hirudin using sequential and direct methods. Hirudin is a potent anticoagulant 

with specific thrombin inhibitory activity. After verifying surface modification using 

contact angle, ellipsometry, XPS and radiolabeled hirudin adsorption experiments, plasma 

protein interactions were studied by radiolabeling and immunoblotting. Hirudin inhibitory 

activity against thrombin using a chromogenic substrate assay was also measured. 
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Fibrinogen adsorption was found to be similar on the PEG-hirudin and PEG-alone 

surfaces while thrombin adsorption was significantly higher on the PEG-hirudin surfaces. 

The sequential surfaces were more effective in terms of thrombin inhibition. 

In subsequent work, gold coated silicon was modified with PEG and corn trypsin 

inhibitor (CTI) using sequential and direct methods (Chapter 4). CTI is a specific 

inhibitor of FXIIa, and thus can inhibit the first step in the contact phase of the intrinsic 

coagulation pathway. This is in contrast to hirudin which inhibits thrombin and thus 

interferes near the end of the cascade. Surface modification was confirmed with contact 

angle, XPS, ellipsometry and radiolabeled CTI adsorption experiments. Plasma protein 

interactions were studied by radiolabeling, immunoblotting, CTI activity assay using a 

chromogenic substrate and clotting time measurements. Fibrinogen adsorption on both 

the direct and sequential PEG-CTI surfaces was the same as on the PEG-alone surface. 

The PEG-CTI surfaces showed greater FXIIa inhibitory effect and longer plasma clotting 

times than PEG-alone surfaces.  Sequential surfaces showed greater inhibition than direct 

ones. 

The gold-PEG-CTI system was investigated further (Chapter 5) using surfaces 

with varying ratio of free PEG to conjugated PEG (PEG-CTI), prepared using both 

sequential and direct methods. The objective was to ascertain whether a particular surface 

composition would give optimum performance in terms of both protein resistance and 

bioactivity.  Surfaces were characterized by contact angle, ellipsometry and radiolabeled 

CTI adsorption. Plasma protein interactions were investigated by measuring: (1) 

fibrinogen adsorption from buffer and plasma, (2) fibrinogen and α-lactalbumin 
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adsorption competitively (binary system) from buffer, (3) FXIIa inhibition. Plasma 

clotting time assays were conducted in the presence of the surfaces. With increasing ratio 

of conjugated to free PEG it was found that protein resistance was preserved while CTI 

bioactivity (FXIIa inhibition) increased.  It thus appears that the optimum surface would 

be one in which the PEG:CTI ratio is 1:1.  

In the final part of this research (Chapter 6), surface modification of a 

polyurethane with PEG-CTI was studied. Polyurethanes have been widely used to 

construct blood contacting devices. A sequential method was used for surface 

modification. Surfaces were characterized by contact angle, XPS and radiolabeled CTI 

uptake experiments. Fibrinogen adsorption from buffer and plasma, FXIIa inhibition by 

chromogenic assay and plasma clotting times were measured. Despite having lower CTI 

density, PU surfaces modified with both PEG and CTI showed significantly greater 

protein resistance and greater XIIa inhibition compared with PU surfaces modified with 

CTI only.  

Overall, from the research presented in this thesis, it is concluded that 

modification of biomaterials with combinations of PEG and bioactive molecules can 

improve blood compatibility. On PEG-hirudin and PEG-CTI surfaces, PEG retained its 

protein resistant properties while the hirudin and CTI were inhibitory of thrombin and 

factor XIIa respectively. For both hirudin and CTI as the bioactive component, the 

effectiveness of the PEG-bioactive combination was greater when the components were 

attached sequentially to the surface. PEG seemed to have a positive effect, presumably as 
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a spacer, on interactions between the bioactive component and its target plasma protein 

especially in the case of sequential surfaces.  

7.2 Recommendations for the Future Work 

Several foci can be envisaged for future work on protein resistant, bioactive 

surfaces.  

1. Materials that are more relevant to medical devices, specifically in blood 

contact situations such as catheters and stents should be further investigated. Most of the 

work reported in this thesis was on gold surfaces as a model substrate. Although this 

allowed detailed surface characterization and was an appropriate choice to investigate the 

modification process including variables such as PEG:bioactive ratio, it would be useful 

to extend the dual modification approach to other appropriate substrates. The work on 

polyurethanes initiated here should be extended to polyurethanes more generally and to  

other polymers. From the present work it was concluded that the sequential attachment of 

PEG and bioactive molecule is more effective than the direct attachment. Thus, the 

sequential approach should be investigated for the improvement of various blood 

contacting devices such as catheters and stents.  

2. CTI, as an inhibitor of coagulation which acts on the initial step of the intrinsic 

pathway, should be investigated in greater depth; for example different chain lengths of 

PEG as spacer should be used to optimize CTI-plasma protein interactions and CTI 

density. 

 3. The protein resistant and bioactive components should be further explored. 

Other protein resistant molecules such as polyMPC and polyOEGMA should be 
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investigated. Surfaces should be prepared having two bioactive components: for example 

CTI to inhibit the early stages of coagulation and hirudin or heparin to inhibit the 

“downstream” stages. 

4. Future work should focus on more detailed studies of the biological interactions 

of PEG-CTI and PEG-hirudin surfaces. Studies of platelet interactions with the modified 

surfaces should be conducted since platelets play a major role in clot formation. Longer 

time frames for blood-material exposure will provide essential information for long-term 

applications. Furthermore, the host response to blood contacting devices is not limited to 

thrombosis and clot formation. Other reactions such as inflammation and immunological 

responses generally occur and can lead to device failure [5]. Investigation of such 

responses should be carried out for PEG-bioactive-molecule modified surfaces.   
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APPENDIX A: Experimental Methods 
 

In this appendix the experimental methods used in this work are explained in 
detail.  

A.1  Surface Analysis Methods   

1.1 Water Contact Angle 

 Water contact angle measurement is a simple method for the determination of 

surface hydrophilicity/hydrophobicity. A drop of water beads up on a hydrophobic 

surface giving a high contact angle, while it spreads on a hydrophilic surface giving a low 

contact angle. Young’s equation describes the contact angle on a smooth, homogeneous 

surface [1].  

LV

SLSVCos
γ

γγ
θ

−
=  

Where θ is the contact angle, γSV is the solid-vapor surface tension, γSL is the 

liquid-solid surface tension and γLV liquid-vapor surface tension. Surface modification 

results in changes in γSV and γSL. Surface chemical heterogeneity, surface roughness, size 

and shape of the surface can affect contact angle [2]. Since surfaces are usually 

heterogeneous and rough, two contact angles are measured: advancing and receding. The 

advancing angle is measured when the droplet is placed on the surface and the receding 

angle is measured when the droplet is withdrawn. Hysteresis, the difference between 

advancing and receding contact angles, is an indication of heterogeneity and roughness.  

In this work, the static sessile drop method was used to measure water contact 

angles. The goniometer used for the measurements was a Ramé-Hart NRL (Mountain 
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Lakes, NJ) instrument. A 10 µL drop of water was placed on the surface using a syringe. 

After drop equilibration, the advancing angle was measured. Water was then removed 

from the drop, using the syringe, to the point where the water contact line started to 

retract. After drop equilibration, the receding angle was measured. 

 
1.2 Ellipsometry  

 
 Ellipsometry is an optical technique, that is used to determine film thickness 

ranging from a few angstroms to micrometers with a precision of around 2 Å. A light 

source (He-Ne laser in this work) emits radiation which passes through a polarizer, 

impinges on the sample and is reflected and analyzed [3]. The change in the polarization 

of the reflected light is measured by the analyzer to determine the reflection coefficient. 

Reflection coefficient is defined as the ratio of the amplitude of the reflected light to that 

of the incident light.  The change in polarization of reflected light depends on  sample 

properties such as film thickness, refractive index and extinction coefficient [4]. These 

properties are estimated by mathematical models. To calculate the film thickness 

estimates must be used for the refractive index and extinction coefficient. For dry 

polymer films, the extinction coefficient is usually assumed to be zero indicating that the 

polymer films are non-absorbing [5].  

 In this work, a self-nulling, single wave length (6328 Å), Exacta 2000TM 

(Waterloo Digital Electronics, Waterloo, Ontario) was used to measure the thickness of 

films on modified surfaces. Gold surfaces were cleaned and stored under nitrogen before 

the ellipsometry measurements. Analyzer and polarizer angles were measured for gold 
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substrate and the refractive index and extinction coefficient for gold were measured using 

the Exacta 2000TM variable theta simplex fit program supplied by the manufacturer.  

These values for gold were 0.2 and 3.5, respectively. The incident angle was 70º. 

Analyzer and polarizer values were also measured for the modified surfaces and the 

thickness of PEO film was determined using the software supplied by the manufacturer.   

 

1.3 X-ray Photoelectron Spectroscopy  

X-ray photoelectron spectroscopy (XPS), also known as electron spectroscopy for 

chemical analysis (ESCA) is a quantitative method for determining the elemental 

composition of surfaces. Surfaces are exposed to an X-ray source and photoelectrons are 

emitted from the core levels of the surface atoms. The analyzer determines the binding 

energy of the photoelectrons. Each element has characteristic electron binding energy 

values and thus by obtaining the number of detected electrons and their binding energy, 

the chemical composition of the surface can be obtained [6]. XPS typically measures  

elements in the top 1-10 nm of the surface.  

Two XPS spectrometers were used in this work, the Thermo Scientific K-Alpha 

and the Thermo Scientific Theta Probe. Both use a monochromated Al Kα X-ray source 

with a spot area of 400 μm. For K-Alpha, the low resolution spectra were taken at two 

take-off angles, 90º and 20º (90º is perpendicular to the surface, so bigger angle, greater 

sampling depth). For the Theta probe, the low resolution spectra were obtained at 70º, 50º 

and 30º take-off angles (90º is parallel to the surface, so smaller angle, greater sampling 

depth). On spectra of gold surfaces, the position of the energy scale was adjusted to place 
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the main Au 4f7/2 peak at 84.0 eV. On the spectra of polyurethane surfaces, position of 

the energy scale was adjusted to place the main C 1s feature (C-C) at 285.0 eV. As an 

example, a low resolution spectrum of unmodified polyurethane is shown in Fig A-1.  
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Figure A- 1 Low resolution XPS of unmodified polyurethane 
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A.2 Matrix-Assisted Laser Desorption/Ionization Mass Spectrometry 
  

Matrix-assisted laser desorption ionization mass spectrometry (MALDI-MS) is a 

technique that can be used to determine the molecular weights of proteins, peptides and 

other large biomolecules that cannot tolerate the harsh conditions of conventional 

ionization methods [7].  The sample is embedded in a matrix material (eg 3,5-dimethoxy-

4-hydroxycinnamic acid (sinapinic acid)) which protects it from the laser beam. The ions 

produced by the action of the laser then travel through a field free region to reach the 

detector. The detector can identify the ions based on the time to reach the detector and 

thus can categorize them based on their mass to charge ratio (m/z). Calibration with a 

known sample is required to create the mass to charge ratio scale.  

In this work, MALDI-MS was used to confirm the polymer-protein conjugation 

reactions (see paper 2). The equipment was a Waters/Micromass MALDI Micro MX with 

the ability to detect masses ranging between 100 Da to 200 kDa. Samples were de-salted 

before conducting mass spectrometry. MALDI-MS was carried out at the McMaster 

Regional Centre for Mass Spectrometry. 

A.3 Biological Interactions 

3.1 Plasma Preparation 

To prepare plasma pool for the plasma experiments, blood was collected from a 

minimum of 10 healthy volunteers. The volunteers were aspirin-free and antihistamine-

free for a minimum of 10 days prior to donating. Blood was added into polypropylene 

centrifuge tubes containing acid citrate dextrose (ACD, 1 part ACD, 6 parts whole blood) 

and mixed. It was centrifuged for 5 min at 2500 x g to give platelet rich plasma (PRP).  
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The supernatant was centrifuged again for 5 min at 2500 x g to give platelet poor plasma 

(PPP). The plasma was pooled and stored at -70ºC.  This procedure has ethics approval 

from McMaster University (McMaster University ethics protocol #04-046). 

Defibrinogenated plasma was prepared by adding Atroxin (snake venom) to 

platelet poor plasma (PPP) (0.5 μg per mL of plasma). The mixture was incubated for 10 

min at 37ºC, followed by 30 min at 4ºC. It was then centrifuged at 1000 x g for 30 min to 

remove the fibrin clot. 

Serum was prepared by mixing 4 mL of 0.25M CaCl2 with 24 mL PPP in a 50 mL 

conical centrifuge tube. The tube was incubated at 37ºC until the clot was fully formed. It 

was then centrifuged at 1000 x g for 30 min to remove the clot. The serum was stored at -

70°C. 

3. 2 Protein Adsorption Experiments 

 Protein adsorption was measured using 125I-labeled proteins. This method allows 

quantification of proteins adsorbed on surfaces. In radiolabeling, the protein is chemically 

modified by introducing radioactive iodine atom(s) [8]. Two radioactive isotopes of 

iodine, 125I and 131I, were used for labeling in this work. Both of these isotopes are γ 

emitters. 131I also decays by β emission. Since the half life of 131I is much shorter than that 

of 125I (8 days vs. 60 days) 125I was used in all experiments except those where two 

proteins were labeled. In the labeling reactions conducted in aqueous solution, iodine 

attaches to tyrosine and/or histidine residues of proteins. 

 A list of proteins used in the radiolabeling experiments is given in table A-1. Two 

methods were used for radiolabeling using Na 125I: the Iodo-Gen method and the iodine 
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monochloride (ICl) method. The Iodo-Gen method was used to label CTI and thrombin 

both of which were available in limited quantities. The ICl method was used to label 

hirudin, fibrinogen and α-lactalbumin. For both methods, free iodide was removed from 

the preparations by either ion exchange chromatography (AG 1-x4 analytical grade anion 

exchange resin, Bio-Rad) or dialysis.  Free iodide in the final protein solutions, as 

determined by trichloroacetic acid precipitation [9], was <3% for all proteins.    

In the Iodo-Gen method, 10 µg of Iodo-Gen reagent (Pierce chemical Co, 

Rockford IL) was dissolved in chloroform and used to coat glass vials. 100-200 µg of 

protein and 0.5 mCi of Na 125I was added to each vial and the contents mixed for 15 min. 

The free iodide was then separated. The amount of radiolabeled protein added to buffer or 

plasma for protein adsorption experiments was 2-10 % of the total protein present.  

In the ICl method, 1-10 mg/mL of protein (depending on the type of protein 

labeled) was mixed with 200 µL of glycine buffer (pH, 8.8). ICl reagent (0.0033 M in 1.8 

M NaCl) in a molar ratio of 2.5:1 (reagent:protein) was mixed with 40 µL of glycine 

buffer (pH, 8.8) and 0.5 mCi of Na 125I for 1 min. This mixture was then added to the 

protein solution and mixed for 2 min. The free iodide was then separated. The amount of 

radiolabeled protein added to buffer or plasma for protein adsorption experiments was 2-

10 % of total protein concentration. Table A-2  shows the recipe of glycine buffer and ICl 

reagent. 

Surfaces were exposed to the radiolabeled protein solutions in a 96 well plates for 

a given time (typically 3 h for adsorption experiments from plasma). After exposure to 

the radiolabeled protein solution, the surfaces were rinsed and their radioactivity was 
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determined by gamma counter.  The quantity of protein adsorbed (μg/cm2) was calculated 

using the following equation: 

Protein adsorbed (μg/cm2) 
solutiont

Abackgroundtotal

CPMA
proteinCPMCPM

*
][*)( −

=   Equation 2.2 

Where CPM is counts per minute, [protein]A is the protein concentration in 
solution and At is the total surface area of the sample. 
 
Table A- 1 Proteins used in radiolabeling experiments 

Protein  Molecular weight Isoelectric point 

Fg 340 kDa 5.1-6.3 

Hirudin 6.9 kDa 3.9 

Thrombin 37 kDa 7-7.6 

CTI 13 kDa 4.5 

α-lactalbumin 14.2 kDa 4.2-4.5 

 
Table A- 2 ICl reagents 

ICl Reagent:     
      
- Dissolve 150 mg NaI in 8 mL of 6N 
HCl    
- Dissolve 108 mg NaIO3.H2O in 2 mL Milli-Q 
water   
- Mix the two solutions above and bring volume up to 40 mL with Milli-
Q H2O  
- Add 5 mL of CCl4 and shake vigorously.  Repeat until there is no longer any pink 
colour visible in the organic phase. 
- Remove residual CCl4 by aerating solution for 1 hour in 
fumehood.   
- Bring solution volume to 45 mL with Milli-Q H2O   
- For the labelling procedure, 1 part of the above ICl stock solution is mixed with 9 
parts of 2M NaCl ==> 0.0033 M ICl in 1.8M NaCl. 
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Glycine Buffer (2M Glycine in 2M NaCl):   
     
  500 mL    
  wt., g  formula  mw 
Glycine:  75.0  C2-H5-NO2 75.07 
Sodium Chloride: 58.5  NaCl 58.44 
      
pH to 8.8 with 2N 
NaOH: 

(8 g of solid NaOH in 100 mL Milli-Q H2O ==> 2N 
NaOH) 

 

3.3 Western Blotting 

SDS-PAGE and immunoblotting were used to identify proteins adsorbed to the 

surfaces from plasma. SDS-PAGE allows the separation of the proteins in a mixture 

based on size. Immunoblotting can then be used to identify specific proteins using 

antibodies directed against the proteins of interest. 

In Summary, surfaces were incubated with platelet-poor plasma or serum for 3 h. 

They were then rinsed 3 times, 5 minutes each time with water. Adsorbed proteins were 

eluted by incubation overnight in 2% SDS. The protein eluates were then run on SDS-

PAGE and the gels. The gels were transferred to polyvinylidene fluoride (PVDF) 

membrane for immunoblotting. The membrane was cut into 3 mm strips and each strip 

was exposed to an antibody directed against a specific protein of interest. The strips were 

then exposed to a secondary antibody (conjugated to alkaline phosphate) directed against 

the primary antibody. A chromogenic substrate for alkaline phosphatase was then used to 

detect the protein on the blot.  The following describes the detailed Western blot 

procedure and recipe for the reagents. Table A-3 shows the list of antibodies used and 

their sources. 
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Gel preparation (12% separating gel, 4% stacking gel): 
    (ref:  Mini Protean II Dual Slab Cell Instruction Manual) 
 
12% SeparatingGel:   Distilled water     3.35 mL 
   1.5M Tris-HCl, pH 8.8    2.5 mL 
   10% (w/v) SDS stock (room temp)  100 μL 
   Acrylamide/Bis (30% stock)    4.0 mL 
  Degas above 4 reagents for 15 min @ room temperature. 
  Add: 10 % ammonium persulfate (fresh)  50 μL 
   TEMED     5 μL  
 
 Fill gel plates with polymer solution, leaving enough space to add stacking gel later.  
Layer a small amount of water over gel.  (Instead of water, some people overlay with 
saturated isobut./water.)   Allow the separating gel to  polymerize for 1 hour before adding 
stacking gel.  
 
 
 4% Stacking Gel: Distilled water     3 mL 
   0.5M Tris-HCl, pH 6.8   1.2 mL 
   10% (w/v) SDS stock (room temp)  100 μL 
   Acrylamide/Bis (30% stock)   0.65 mL 
  Degas above 4 reagents for 10 min @ room temperature. 
  Add: 10 % ammonium persulfate (fresh)  25 μL 
   TEMED     5 μL 
 
 Fill remainder of gel plates with stacking (4%) polymer solution.  Add comb.  Allow 
to polymerize for 1 hour before use. 
 
Prepare samples by adding the appropriate amount to the Sample Buffer (SDS reducing 
buffer). 
 
 Sample Buffer: (also referred to as tracking dye, TD) 
   Distilled water     4 mL 
   0.5M Tris HCl, pH 6.8    1.0 mL 
   Glycerol     0.8 mL 
   10 % (w/v) SDS    1.6 mL 
Mix the above 4 reagents, and aliquot into 225 μL volumes, and store in fridge until needed. 
 
  Add: (to 225 uL aliquot) 
   2-Bmercaptoethanol    30 μL 
   0.05% (w/v) Bromphenol blue   30 μL  
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Typical loading volumes for 3 well comb. 
  (Lane 1) 1 μL markers, 10 μL TD 
  (Lane 2) 150 μL sample, 80 μL TD 
  (Lane 3) 7.5 μL prestained markers  
 
Typical loading volumes for 10 well comb. 
  (Lane 1) 1 μL markers, 10 μL TD 
  (Lanes 2-9) 1 to 20μL sample, 10 μL TD 
  (Lane 10) 7.5 μL prestained markers  
 
 
The above samples are placed in 95 °C water for 7.5 minutes. Note that the prestained 
markers are used to ensure that the gel is running properly, and are not used for molecular 
weight determination.  
 
Electrophoresis  Remove gels from casting stand, and place into clamp assembly.  Place 
clamp assembly into buffer chamber.  Fill upper buffer chamber to 3 mm below outer long 
glass plate with electrophoresis buffer.  Fill lower buffer chamber until 1 cm of gel is 
covered with electrophoresis buffer.  Add samples onto gels.  Operate power pack at 200 
volts for approximately 45 minutes of electrophoresis.  Layer a small quantity of Pyronin 
dye (in sample buffer) into wells just before the tracking dye (TD) reaches the bottom of the 
separating gel.  Continue the electrophoresis until the Pyronin dye has just reached the top of 
the separating gel. (ref:  Mini Protean II Dual Slab Cell Instruction Manual) 
 
 Electrophoresis Buffer: (5X stock solution, pH 8.3) 
   Tris Base  15 g 
   Glycine   72 g 
   SDS   5 g 

Fill to 1 L with water.  Check pH.  Do not adjust with NaOH or HCl.  Just 
before use dilute to 1X strength. 

 
Gel Equilibration  in transfer buffer (25 mM Tris, 192 mM glycine, 15% HPLC grade 
methanol, pH 8.2-8.3) for 15-20 minutes. 
 
 Transfer Buffer: 
    3.03 g Tris 
    14.4 g glycine 
    200 mL methonal 
    fill to 1 L with water. 
    pH should be 8.3.  Do not adjust with NaOH or HCl. 
 
Electrophoretic Transfer using Immobilon PVDF transfer membrane and iBlot® Gel 
Transfer Device (Invitrogen) for 7 min.  
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Molecular Weight Determination. Remove marker lane and small portion of sample lane 
(which covers the remainder of the blot).  Block for 1 hr, Tween-PBS. Rinse with Milli-Q 
water, 3X.  Stain using stabilized gold sol (Protogold, Cedarlane Laboratories, Hornby, 
Ontario, Canada). 
 
Block Unbound Membrane Sites.  Cut remainder of blot into 3 mm wide strips.  Wet strips 
with 100% methanol, rinse with distilled water, and place into culture tubes.  Incubate the 
strips for  1h, with gentle agitation, in 5% w/v nonfat dry milk in TBS, pH 7.4.  This 
procedure blocks the areas of the membrane devoid of bound proteins so that nonspecific 
binding of antibodies to these areas will not occur.  Wash strips 3 times for 5 minutes in 
0.1% (w/v) nonfat dry milk in TBS. 
 
Incubate with primary antibody.  Incubate for 1h in 1 mL 1% (w/v) nonfat dry milk, 0.05% 
(v/v) Tween 20 in TBS containing the first antibody to the protein of interest. 
 
We typically use a 1/1000 titre for the majority of first antisera. 
 
Wash away unreacted material.  Wash the strips as before, in 0.1% (w/v) nonfat dry milk in 
TBS. 
 
Incubate with second antibody.  Incubate strips for 1h with enzyme-conjugated second 
antibody.  Alkaline phosphatase conjugate diluted 1/1000. 
 
Wash away excess and nonspecific probe.  Wash the strips as before, in 0.1% (w/v) nonfat 
dry milk in TBS 
 
Detect.  Incubate with the appropriate substrate to develop the colour reaction.  Stop reaction 
by rinsing with distilled water. 
 
The substrate for alkaline phosphatase is 5-bromo-4-chloro-3-indolyl phosphate (BCIP), and 
nitroblue tetrazolium (NBT). 
 
 TBS      
 
 50 mM Tris 
 150 mM NaCl 
  Adjust pH to 7.4 
 
 Carbonate Buffer 
 
 20 mg MgCl2 6H20 
 840 mg NaHCO3 
 -fill to 100 mL with ddH20 
 - pH with NaOH to 9.8 
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NBT & BCIP 
dissolve 30 mg NBT in 300 μL H20, 700 μL DMF 
dissolve 15 mg BCIP in 1000 μL DMF 
 -add above reagents to 100 mL of carbonate buffer just before use.   
 Note:  these reagents are light sensitive with a maximum working time of 1 hour. 
 
 
Please note that the water used in the preparation of all reagents is Milli-Q Plus water (18 
megohm-cm resistivity).  It meets or exceeds all ASTM, CAP, ACS, and NCCLS standards 
for purity. 
  Resistivity    18 megohm-cm 
    Total Organic Carbon  < 10 ppb 
  Particle Free   < 0.22 μm 
  Total dissolved solids  < 20 ppb 
  Silicates   < 0.1 ppb 
  heavy metals   < 1 ppb 
  Microorganisms  < 1 cfu/mL 
 
Table A- 3 List of antibodies and their sources 

Protein HOST AP-conj. Supplier 

 (anti-human) second Ab  

Factor XI GAH anti-Goat Cedarlane 

Factor XII GAH anti-Goat Cedarlane 

HMWK GAH anti-Goat Cedarlane 

Fibrinogen GAH anti-Goat Cedarlane 

Plasminogen GAH anti-Goat Sigma 

ATIII SAH anti-Sheep Cedarlane 

C3 GAH anti-Goat Calbiochem 

Albumin GAH anti-Goat Cedarlane 

IgG GAH anti-Goat Sigma 

Vitronectin SAH anti-sheep Cedarlane 

Protein C SAH anti-sheep Cedarlane 

Protein C GAH anti-Goat American Diag. Inc. 

Thrombin SAH anti-sheep Cedarlane 

Apolipoprotein A1 GAH anti-goat ESBE 
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3.4 Activity Assays 

 Chromogenic substrate assays were employed to measure the activity of factor XIIa 

and thrombin on surfaces.  Chromogenic substrates are synthetic peptides that selectively 

bind to and react with enzymes giving products that can be measured colorimetrically.  

The rate of color generation is proportional to the enzyme activity. The color generation 

is usually due to release of p-nitroaniline (pNA) from the substrate and is measured at 405 

nm.  Two substrates were used in this work: one to measure thrombin activity and the 

other to measure factor XIIa activity.  

 The substrate used for thrombin was S-2238 from DiPharma group (West Chester, 

Ohio). S-2238 was a tripeptide H-D-Phe-Pip-Arg-pNA·2HCl (MW, 625.6). The substrate 

used for FXIIa was H-D-HHT-Gly-Arg-pNA.2AcOH from Pentapharm Ltd. (Basel, 

Switzerland) (MW, 640.7).  In both cases the peptide-pNA bond of the substrate was 

hydrolyzed and release of pNA generated color measured at 405 nm.  

 For thrombin activity experiments, surfaces were incubated with 100 μL of 0.01 

mg/mL thrombin solution in PBS for 1 h in a 96-well plate format. 100 μL of 500 nM 

chromogenic substrate (S-2238) solution was then added to the wells. For FXIIa activity 

assay on gold surfaces, surfaces were incubated with 100 μL of 25 nM FXIIa solution in 

TBS (pH 7.4) containing 2 mM CaCl2, 12.5 μM ZnCl2 and 15.4 μM BSA in a 96-well 

plate format for 1 h at room temperature.  50 μL of a 1.6 mM solution of chromogenic 

substrate (Pefachrome) solution was then added to the wells. For FXIIa activity assay on 

polyurethane, 100 µL of 200 nM FXIIa in TBS (pH 7.4) containing 2 mM CaCl2, 12.5 

μM ZnCl2 and 15.4 μM BSA was added to the wells containing the surfaces  (total 
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surface area, 0.565 cm2) and incubated for 1 h at room temperature. 100 μL of a 1.6 mM 

solution of chromogenic substrate (Pefachrome) was then added to the wells.   

 Plate reader was used to measure the change in the absorbance of light over time. 

This change was proportional to enzyme activity and thus by comparing that with a 

standard curve of known concentration of enzyme, the activity of enzyme could be 

measured in both cases.   
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