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Abstract

A major area Ofbiomaterials research is the development of surfaces that reduce 

or eliminate non-specific protein adsorption. End-tethered PEO has been shown to reduce 

protein and cell interactions at the tissue-material interface; the effects of polymer chain 

length, chain density and end-group chemistry are not yet completely understood. To 

date, there have been few detailed, systematic studies that have attempted to elucidate the 

effect of end-tethered PEO conformation, surface chain density, molecular weight (MW) 

and end-group chemistry on protein adsorption at the solid-liquid interface.

In the research described in this thesis PEOs of varying molecular weight (600, 

750, 2000 and 5000 MW) and terminal functional group (-OH, -OCH3) were thiolated 

and chemisorbed to gold coated silicon wafers for the purpose of characterizing film 

thickness and surface chain density for direct correlation to protein adsorption behaviour. 

Tethered chain density was varied by manipulating PEO solubility and chemisorption 

time, which in principle, should allow for variable, controlled surface chain density from 

low to very high values. PEO layers were characterized using water contact angles, X-ray 

photoelectron spectroscopy (XPS), self-nulling ellipsometry and neutron reflectometry 

(NR). The adsorption of two proteins having widely different molecular weights was 

examined using radiolabeling and ellipsometry to ascertain the effectiveness of these 

surfaces in resisting protein adsorption and to provide information about the nature of 

protein interactions with end-tethered PEO surfaces. These experiments were carried out 

using single or binary protein solutions in buffer. Adsorption from plasma was also 
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investigated: (1) by Western Blot analysis of the proteins eluted after plasma contact; (2) 

via experiments using radiolabeled fibrinogen.

The chemisorption of thiolated PEO to gold coated silicon wafers proved to be an 

effective method for producing surfaces with variable, controlled chain densities. Also, it 

was apparent that the chain densities obtained were not only among the highest ever 

reported for these systems, but also that the range of achievable chain density was very 

broad for all molecular weights studied. Neutron reflectometry and ellipsometry 

measurements gave values of chain density that were the same within experimental error. 

For the 750 MW PEO, in situ neutron reflectometry yielded novel information about the 

evolution of layer structure, as the surface filled, for layers formed under high and low 

solubility conditions. It was concluded from these experiments: (1) that protein 

adsorption passed through a minimum as PEO volume fraction increased, the minimum 

occurring at a PEO volume fraction of ~0.39. This is a novel observation for PEO-based 

inhibition of protein adsorption; (2) that at high chain density there may be regions within 

the PEO layer where the effective concentration is above the solubility limit of PEO in 

aqueous solution. It is hypothesized that in these regions the polymer has been “forced” 

from solution, forming hydrophobic patches that facilitate increased protein adsorption at 

high chain density.

Initial single protein adsorption experiments using radiolabeled proteins showed 

that resistance to fibrinogen passed through a maximum as chain density increased and 

that at a chain density of ~0.5 chains∕nm2 protein adsorption was suppressed to about the 

same extent (80% decrease in adsorption compared to unmodified gold) for 750 and 2000 
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MW PEO layers. Further study of single protein adsorption using in situ ellipsometry 

showed similar trends: i.e. adsorption minima for the 750 and 2000 MW systems were 

similar and occurred at similar chain densities (in this case for both fibrinogen and 

lysozyme). The observed fibrinogen and lysozyme adsorption trends suggest that chain 

density, not chain length, is the major determinant of protein resistance. Furthermore, at 

chain densities of ~ 0.5 chains∕nm2, protein resistance (expressed as fractional reduction 

compared to the control) seems to be independent of protein size. It is hypothesized that 

at high chain density, the chemisorbed PEO becomes dehydrated yielding a surface that is 

less protein resistant. This idea is substantiated by neutron reflectometry data.

Experiments on adsorption from plasma were used to evaluate the surfaces 

determined to be ‘optimal’ in reducing single protein adsorption. Vroman effect type 

experiments, using 125I labeled fibrinogen added to the plasma as a tracer, showed that 

PEO layers formed from solutions near the cloud point adsorbed the lowest amounts of 

fibrinogen. Layers of OH-terminated 600 MW PEO showed almost complete suppression 

(versus controls) of the Vroman peak. Respective Vroman peak amounts of adsorbed 

fibrinogen for 600-OH, 750-OCH3 and 2000-ΘCH3 were 20 ± 1, 70 ± 20, and 50 ± 3 

ng∕cm2 compared to 400 ng∕cm2 for unmodified gold; adsorption levels at higher plasma 

concentration were 6.7 ± 0.6, 16 ÷ 9 and 12 ± 3 ng∕cm2 respectively compared to 150 

ng∕cm2 for gold. Fibrinogen adsorption from plasma was not significantly different for 

surfaces prepared with PEO of molecular weight 750 and 2000 when the chain density 

was the same (~0.5 chains∕nm2) supporting the conclusion that chain density may be the 

key property for suppression of protein adsorption. Furthermore, the data suggested a 
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distal chain end group effect such that fibrinogen adsorption was reduced and/or its 

displacement from the surface facilitated, on hydroxyl-terminated compared to methoxy­

terminated PEO layers.

SDS-PAGE gels and immunoblots of the proteins eluted from these surfaces after 

plasma contact showed that a number of proteins were adsorbed, including fibrinogen, 

albumin, C3 and apolipoprotein A-L However, the blot responses were weak for all four 

proteins of the contact system; some complement activation was observed on all of the 

surfaces studied.

vi
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1 .0 Introduction

Protein adsorption, the initial and fate determining step in all biomaterial 

applications, is responsible for initiating unwanted host responses that ultimately destroy 

or isolate ‘foreign’ material. Biocompatibility has been defined as “the ability of a 

material to perform with an appropriate host response in a specific application, including 

acceptance of the material by the host” [Ratner, 1993], which is intimately linked to the 

adsorption of proteins. As a result, a major area of biomaterials research is the 

development of surfaces that reduce or eliminate non-specific protein adsorption. Surface 

physical and chemical characteristics, including chemical surface structure, relative 

hydrophobicity, ion content, morphology and topography (surface roughness) are all 

believed to be important in mediating protein adsorption [Wegner, 1985; Ikada, 1994], It 

is generally accepted that the hydrophobic effect is a particularly important driving force 

for protein-surface interactions [Norde, 1998].

The widespread use of polyethylene oxide (PEO) in biomaterial applications is 

due to its inherently non-cytotoxic and weakly immunogenic nature [Harris, 1992]. End- 

tethered PEO has been widely shown to reduce protein and cell interactions at the tissue­

material interface, without leading to protein denaturation or inactivation [Harris, 1992; 

Archer, 1964; Zhang, 2001 ]. However, the mechanisms responsible for these interactions 

are largely undefined and the effects of end-tethered polymer chain length, chain density 

and end-group chemistry are not yet completely understood. This is primarily due to the 

fact that the interpretation of protein adsorption responses to surfaces is uncertain since 

there is a lack of molecular level definition of both the polymer and adsorbed protein 
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layer before, during and after adsorption [Ostuni, 2003]. To date, there have been few 

detailed, systematic studies that have attempted to elucidate the effect of end-tethered 

PEO conformation, chain density, molecular weight (MW) and end-group chemistry on 

protein adsorption at the solid-liquid interface. The main difficulty in examining chain 

density, chain conformation and molecular weight effects on protein adsorption arises 

from the fact that all of these properties are closely interrelated [Alexander, 1977]. 

Furthermore, proteins have a wide range of molecular weights and contain many subunits 

and subdomains with different hydrophobicity, charge and flexibility. The combined 

complexity of the surface and the protein structure hinders understanding of protein 

adsorption mechanisms.

In this work, PEO of varying molecular weight (600, 750, 2000 and 5000 MW) 

and two terminal functional groups (-OH, -OCH3) was thiolated and chemisorbed to gold 

coated silicon wafers for the purpose of examining the fundamental properties of end- 

tethered monolayers such as thickness and chain density, and of correlating these 

properties to protein adsorption. Tethered chain density was varied by manipulating PEO 

solubility and incubation time, which in principle should allow for controlled chain 

density ranging from low to very high values. PEO layers were characterized using water 

contact angles, X-ray photoelectron spectroscopy (XPS), self-nulling ellipsometry and 

neutron reflectometry (NR). The adsorption of two proteins of widely differing molecular 

weight was examined using radiolabeling and ellipsometry methods to ascertain the 

effectiveness of these surfaces in resisting protein adsorption and to provide information 

about the nature of protein interactions with end-tethered PEO surfaces.

2
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2 .0 Literature review

2.1 Chemisorption: Thiol-Gold Interactions

In general adsorption involves three main mechanisms: physical adsorption, 

chemisorption and chemical bonding. Physical adsorption describes the weak bonding of 

a molecule to a surface as a result of attractive surface forces (discussed in more detail 

below) [Clark, 1974]. Chemical bonding involves the sharing of electrons, and thus 

involves relatively strong interactions. Chemisorption may be defined as an event which 

occurs when an atom or molecule is bonded to a surface through the overlapping of one 

or more electron orbitals [Clark, 1974]. While many investigators have tried to 

characterize the bonding involved in chemisorption, there is as yet no generally accepted 

description of the phenomenon that applies in all cases [Clark, 1974; Sellers, 1993].

Although generally thought to be inert, gold interacts strongly with sulfur 

functions including disulfides and thiols, with an approximate bond energy of 44 

kcal/mol [Sellers, 1993]. When chemisorbed to face centered cubic (fee) gold (Au(ll 1)), 

thiols are thought to reside in the three-fold hollow sites between the gold atoms. The 

gold-thiol interaction can be written as,

RSH + (Au) → RS-Au + H+ + e-(Au)

where the hydrogen ion is assumed to remain in close proximity to the Au interface, and 

e-(Au) represents an electron that is closely associated with local gold atoms [Paik, 2000].

Electron diffraction studies suggest that the nearest neighbor distance for 

alkanethiols (CH3(CH2)21SH) chemisorbed to Au(111) is 4.97 A Conesponding to 21.4 

4
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A2 per thiol group [Strong, 1988; Dubois, 1993]. LEED-Auger studies on silver surfaces 

showed a minimum S—S distance of 4.41 A for similar alkanethiol adsorbates [Rovida, 

1981; Schwaha, 1979]. These values are important since they set the limit for the 

maximum attainable surface density of thiol adsorbate (such as the PEO-thiols used in 

this work) on gold. While the mechanism of the gold-thiol reaction is not fully 

understood, it can nonetheless be exploited as a method to tether macromolecules such as 

PEO on gold surfaces. In principle, the gold-thiol method of preparation should yield 

surfaces with well defined structures.

2.2 PEO Structure and Properties

PEO, with repeat unit -CH2CH2O-, is a linear polymer with a high degree of 

conformational freedom inherent in the simple -C-C-O- backbone structure. In crystalline 

PEO the chains adopt a helix structure with internal rotational conformations about the 

O-CH2, CH2-CH2, and CH2-O bonds that are trans, gauche, and trans, respectively 

[Molyneux, 1983; Bailey, 1976]. In this conformation, the oxygen atoms are internalized 

and the methylene groups reside on the periphery of the helix [Molyneux, 1983]. The 

bulk refractive index for pure 5000 MW PEO is reported to be 1.46 [Brandrup, 1999] 

although a general refractive index of 1.475 (λ - 620.0 nm) can be estimated using the 

appropriate Cauchy parameters [Tokumitsu, 2002].

5
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2.2.1 PEO IN SOL UTION

2.2.1.1 Effect of solvent on PEO structure

PEO is soluble in water and a number of common organic solvents. When 

dissolved in water the PEO chains adopt a conformation consisting of many short helical 

sections, similar to the crystalline state, connected by segments having a random coil 

conformation [Molyneux, 1983]. Although this broken helical conformation cannot be 

considered a true random coil, the equations used to model random coil polymer 

conformation in solution are still generally considered to be valid [Molyneux, 1983]. 

PEO conformational entropy, i.e. the entropy associated with a single chain 

conformation, dictates that, in the absence of external forces, the chain will adopt an 

overall spherical shape [Malmsten, 2003]. The sphere has a characteristic size (R, radius 

of gyration) that has been described by Flory for hydrated polymers as follows [de 

Gennes, 1981],

Rf = aNv Eqn. 2-1

where Rf is related through a power law function to the number of monomers (N) per 

chain, the solvent quality or excluded volume exponent (v) and a statistical characteristic 

segment size (a). It is evident that Rf is strongly dependent on the excluded volume 

exponent, which is directly associated with solvent quality: as solvent quality decreases 

there is less penetration of solvent into the polymer coil leading to a reduction in polymer 

swelling and thus decreasing the excluded volume and overall radius of gyration.

6
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2.2.1.2 Cloud Point: Definition and effect on PEO Excluded Vol ume

PEO is unique in that its solubility in water decreases with increasing 

temperature. The cloud point is defined as the temperature corresponding to the onset of 

precipitation [Bailey, 1959; Saeki, 1976]. It can be reduced in a controlled manner by 

changing solution conditions: for example the cloud point of PEO in aqueous solution 

decreases as ionic strength increases [Bailey, 1976]. The mechanisms involved in “salting 

out” amphiphilic molecules like PEO are largely undefined. Classically, it is accepted 

that, for PEO in water, the cloud point exists due to a balance of hydrophobic/hydrophilic 

forces that can be altered by changing the temperature and/or ionic strength. The switch 

from hydrophilic to hydrophobic may be associated with the collapse of structured water 

associated with the PEO [Bailey, 1958; Cook, 1992; Mahler, 1971]. Recent studies 

suggest that anions can form bridges between amphiphilic, neutral macromolecules 

directing chain re-arrangement that ultimately facilitates precipitation [Bowron, 2003].

Solvent quality directly affects the PEO excluded volume exponent (v) and thus is 

crucial to the radius of gyration calculation. The Gibbs free energy change on mixing a 

polymer and solvent may be written as,

∆Gm=kBT   [ Φ1 lnΦ1 + Φ2/N  lnΦ2+Φ1Φ2Χ ] Eqn. 2-2

where Φι and Φ2 are the respective volume fractions of solvent and polymer, N is the 

degree of polymerization and χ is the Flory-Huggins interaction parameter [Jones, 1999]. 

For good solvents, χ is small, making the entropy contribution (ΦιlnΦι) the dominant term 

in the equation. This suggests that polymer dissolution is a direct result of solvent

7
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molecules being incorporated throughout the polymer domain [Jones, 1999]. This 

solvation greatly reduces the accuracy of the random walk statistical model in estimating 

the radius of gyration. Furthermore, when the polymer concentration becomes such that 

the distance between molecules is greater than the radius of gyration (R), a gradient of 

solvent concentration around the center of each molecule leads to a local osmotic 

pressure [Jones, 1999]. Under these conditions, the volume occupied by the chains is 

greater than in concentrated solutions, and a self-avoiding random walk model is 

required. An excluded volume exponent of v = 3/5 is generally used to describe this case; 

although it has been shown that a value of 0.588 can be more accurate for some systems 

[Jones, 1999]. At the cloud point condition, χ= ½, the excluded volume effects that 

further solvate the polymer molecule in the dilute case are balanced by the unfavourable 

polymer-solvent interactions [Jones, 1999]. This allows for the use of the random walk 

model to describe the polymer conformation at the cloud point with an excluded volume 

exponent of v = ½. The use of this value in Eqn. 2-1 defines the Flory radius.

Alternatively, the physical meaning of the Flory-Huggins parameter, and the 

effect of solvent quality on polymer conformation, can be described by the enthalpy 

contributions upon mixing (Eqn. 2-3):

χ = z(h}2 - ½h11-½h22)/kBT Eqn. 2-3

In this equation, z is the coordination number between solvent (1) and polymer (2), h 

represents the enthalpy associated with the specific interactions, T is temperature and kβ is 

the Boltzmann constant. It is easily seen that for every 1-1 or 2-2 interaction that is 
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broken, two (1-2) interactions are formed [Fleer, 1983]. When considering system 

enthalpy, χ > 0 indicates a poor solvent where ‘like’ contacts are favoured over ‘unlike’ 

contacts. When the system is under unfavourable enthalpy conditions, it can remain 

thermodynamically stable as long as the entropy of mixing contributions, which are not 

accounted for in Eqn. 2-3, are favourable [Fleer, 1983].

2.3 Proteinsand Theirinteractionsatinterfaces

The adsorption of proteins to surfaces is ubiquitous and is important in fields from 

food processing to drug manufacture to biomaterials. Three important conclusions have 

been reached about protein adsorption in biomedical applications: 1. protein adsorption is 

ubiquitous and is the initial event at the biomaterial tissue interface that determines all 

subsequent biointeractions; 2. the hydrophobic effect is a major driving force for protein 

adsorption in many systems; 3. the adsorbed protein layer is dynamic and is subject to 

both protein conformational change and exchange processes (the Vroman effect) 

[Andrade, 1987; Zwaal, 1986; Vroman, 1967; Horbett, 1993]. In biomaterials 

applications, the adsorbed protein layer mediates several host responses including 

inflammation, blood coagulation, thrombosis, hydrolytic and oxidative processes as well 

as bacterial adhesion and growth [Bakker, 1988; Williams, 1987; Dankert, 1986; Brash, 

2000]. The adsorbed protein layer structure, affecting these interactions, is dependent on 

the surface properties of the biomaterial.
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2.3.1 Protein Structure

Limited to a set of 20 amino acids (monomers) for their make-up, proteins can be 

considered nonrepetitive biopolymers that are the basis of life. Protein molecular weights 

span a range of approximately 6,000 to 1,000,000 g∕mol. Due to the presence of both 

acidic (-COOH) and basic (-NH2) groups, proteins can adopt positive, negative or neutral 

states depending on pH. The isoelectric point (pl) is the pH at which the protein is 

globally neutral. Characterization of protein structure is difficult due to the variety of 

forms proteins may take. A four level system is required for their description, viz., 

primary, secondary, tertiary and quaternary structures. Primary structure refers to the 

sequential ordering of amino acids in the peptide chain. Secondary structure describes the 

structural configuration of local amino acid residues as directed by nearest neighbour 

interactions. It is the amino acid near neighbour constraints that induce secondary 

structures like α-helices and β-sheets. Tertiary structure accounts for the interactions 

(folding, bending) within the entire protein due to hydrogen bonding, electrostatic 

interactions, intramolecular covalent disulphide bonds and hydrophilic/phobic 

interactions. Quaternary structure describes the interactions of individual polypeptide 

chains within a single protein. In general, protein structure allows for the precise 

biological activity required for protein function. Many proteins are also glycosylated, i.e., 

sugars or polysaccharide chains are attached pendant to the polypeptide backbone. It is 

also well known that the charged and hydrophobic domains presented by the protein are 

conformation dependent and can be easily altered upon exposure to a slightly changed 

environment (pH, temperature, ionic strength) or the presence of a surface.
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It is the amphiphilic and macromolecular nature of proteins that makes them 

surface active, with a strong tendency to concentrate or adsorb nonspecifιcally at any 

interface. Inhibition of non-specific protein adsorption is thus difficult since it runs 

counter to “nature”.

2.3.1.1 Fibrinogen

Best known for its crucial role in blood coagulation, fibrinogen (Fg), a globular 

protein that is abundant in plasma (~ 3 mg∕mL), has a MW of 330 kDa, a pl of 4.3 and is 

composed of two sets of three peptide chains (α, β, γ) interconnected by disulfide bonds 

[Loewy, 1969; Doolittle, 2003]. Structural analysis of Fg has shown protein dimensions 

of 450 x 90 x 90 A [Norde, 1995]. Adsorption of Fg as a close packed monolayer would 

thus give coverage in the range of 0.14 - 0.7 μg∕cm (0.42 - 2.12 μmol∕cm ). At 

physiological pH values the various domains and sub-domains (see Figure 2-1) have 

differing net charges [Feng, 1995], while the net charge on the molecule as a whole is 

negative. These regional variations in properties result in a multitude of mechanisms by 

which Fg can adsorb to surfaces.

The primary role of Fg in coagulation is the formation of fibrin through thrombin 

catalyzed cleavage [Doolittle, 2003]. Fibrin quickly crosslinks and forms a network. In 

the in vivo situation this network traps miscellaneous blood cells, including platelets, 

forming either a hemostatic plug to seal off vascular defects, or a thrombus. It has been 

suggested that the highly flexible α chain in the D domain (Figure 2-1, local +2 charge at 

pH 7.4) acts as the main adsorptive tether for Fg, as it is attracted to negative surfaces and 
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can easily change conformation and interact with surfaces that present either hydrophobic 

Orhydrophilic domains [Feng, 1995].

Figure 2-1. Molecular model of fibrinogen and its individual domains and 
corresponding net charges at a pH 7.4 [Adapted from Feng, 1995].

It has been shown that when Fg is adsorbed to surfaces that are in contact with 

blood, it is able to bind to the platelet glycoprotein IIb-IIIa integrin receptor [Slack, 

1995], thus promoting platelet adhesion, activation, and aggregation [Tsai, 1999; 

Doolittle, 2003]. It has been suggested that platelet adhesion and activation are reduced to 

insignificant levels if the Fg adsorbed amount is less than 5 ng/cm [Tsai, 1999]. This 

may be seen as a design goal for blood contacting biomaterials: it is crucial to prevent 

platelet adhesion since activated platelets act as a catalyst for several of the coagulation 

reactions. It has also been shown that adsorbed Fg and fibrin can facilitate macrophage­

biomaterial interactions [Hu, 2001 ]. The denaturation of fibrinogen upon adsorption may 

reveal two concealed epitopes, Pl and P2, which interact with the β2 integrin 
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(CDllb∕CD18) on macrophages [Tang, 1996], Similar epitopes exist for fibrin. This is an 

excellent example of the multiple structure-function relationships that exist for a single 

protein: not only does Fg adsorption to a surface play a crucial role in thrombosis but it 

can also lead to the activation of the inflammatory pathways.

2.3.1.2 Lysozyme

Found primarily in tear fluid, lysozyme (Lys, Figure 2-2) is a small (14.4 kDa) 

single-chain globular protein with a pl of 11.1. It has a compact structure with five 

intramolecular disulphide bridges [Loewy, 1969]. The core of the globule is hydrophobic 

and the shell, where the charged and polar groups reside (11 arginine, 8 lysine, 1 

histidine, 8 aspartic acid, 2 glutamic acid) [Lu, 1998], is hydrophilic.

Figure 2-2. Stereoplot showing the crystal structure of lysozyme [Adapted 
from Higo, 2002]. Dark spheres represent tightly bound water molecules.
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The strong internal cohesion of lysozyme should prevent unfolding and other 

conformational changes when it adsorbs at the solid-liquid interface [Lu, 2003], making 

this a protein with very low natural entropy. Determination of Lys structure has shown 

protein dimensions of 46 x 30 x 20 A [Norde, 1995]. Adsorption of Lys as a close packed 

monolayer would thus give coverage in the range of 0.17 - 0.26 μg∕cm2 (11.8 - 18.1 

μmol∕cm ).

Although primarily found in tear fluid, it has been shown that Lys is expressed by 

epithelial cells throughout the body, including the human eye, lung and intestines 

[Mason, 1975; Fahlgren, 2003]. It has also been shown that lysozyme is secreted by 

thrombin activated platelets [Kuijpers, 2000].

Lysozyme sorption from tear fluid to contact lenses plays a key role in lens 

spoilage and associated clinical complications [Castillo, 1985], Thus, understanding and 

reducing lysozyme adsorption to contact lenses is one of the major areas of current 

ophthalmic biomaterials research. While tear fluid consists of a myriad of materials, 

including proteins, lipids and mucins, that are also deposited onto contact lenses, 

lysozyme is the major component of research interest [Senchyna, 2004]. The lysozyme­

rich adsorbed protein film precedes a large-scale accumulation of debris on the lens 

surface facilitating bacterial adhesion, and resulting in reduced lens performance, 

increased lens discomfort, poor in-eye wettability and increased inflammation [Arciola, 

1995]. Despite its structural compactness, it has also been suggested that, upon 

adsorption, lysozyme may denature and act as an immunological stimulant, possibly 
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resulting in papillary conjunctivitis and other external ocular surface changes [Porazinski, 

1999],

2.4 Macromolecular Adsorption at the Solid-Liquid Interface

Macromolecular adsorption events at the solid-liquid interface are similar whether 

the macromolecule is a synthetic polymer or protein [Malmsten, 2003], although there are 

differences. Important to the adsorption of proteins and synthetic polymers at aqueous 

interfaces are surface forces.

2.4.1 SurfaceForces

Macromolecular adsorption events are largely directed by interfacial forces in the 

region between the surface and the bulk contacting medium [Ramsden, 2003; Norde, 

2003; van Oss, 1994]. For the following discussion the medium is assumed to be 

aqueous.

2.4.1.1 Primary Interactions

van Oss [1994] has described primary interactions as including van der Waals, 

electrostatic, hydrophobic and hydration pressure: the latter two being associated with 

hydrogen bonding. The associated forces govern the interactions between suspended or 

dissolved entities and surfaces. Secondary interactions, which include those associated 

with osmotic pressure, are defined as combinations of the fundamental primary 

interactions.

Approximately 95% of van der Waals interactions in aqueous media are related to 

dispersion interactions that arise from fluctuating dipole-induced dipole interactions [van 
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Oss, 1994]. This is not surprising as water is itself highly polar and aqueous solutions 

usually contain ions. Similar to both orientation and induction forces, dispersion forces 

are considered to be long range forces that have been shown to decay, for distances less 

than 100 A, as a function of distance to the power of negative seven [Overbeek, 1952],

Electrostatic interactions can be repulsive or attractive and, for surfaces in 

aqueous media, arise from interactions between fixed surface charges and charged 

particles in solution (Figure 2-3). Once immersed in an aqueous solution containing ions, 

the charged surface disrupts the ion distribution and, in order to preserve electrical 

neutrality, drives the accumulation of counter-ions at the surface. It is this preferential 

segregation of charged ions over this vicinal region that is referred to as the ‘electrical 

double layer’. The electric double layer is characterized by two layers: the Stem layer and 

the Gouy-Chapman layer. The Stem layer is the closest layer to the surface and consists 

of ‘fixed’ counter-ions. The adjacent Gouy-Chapman layer is characterized by a more 

diffuse ion concentration and extends to the point where the bulk ion distribution 

resumes. The surface-induced ion segregation leads to the formation of a potential energy 

gradient, which has been shown, for systems of low potential, to be related to the inverse 

of the Debye length (κ), the latter being the characteristic dimension of the electrical 

double layer as defined by Eqn. 2-4 [Israelachvili, 1991].

κ = (2n0z2e2 /ε  kT)½ Eqn. 2-4

The Debye length, being a function of the bulk ion concentration (n0), ion valence (z), 

electric charge (e), temperature (T), Boltzmann constant (k) and medium permittivity (ε), 
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is very sensitive to ionic strength. Systems of low ionic strength tend to have greater 

Debye length and a more diffuse double layer, than systems of high ionic strength [van 

Oss, 1994].

Hydrophobic interactions and hydration pressures both arise, in part, from 

hydrogen bonding interactions and are attractive and repulsive, respectively. 

Furthermore, these interactions may represent energies that are up to IOO times greater 

than the energies from combined dispersion and electrostatic forces [van Oss, 1994]. 

They have been shown to decay with distance from the surface as: exp(ℓ0-ℓ/o), where ℓ0 is 

the minimum equilibrium distance between species (empirically determined to be ~0.157 

nm), ℓ is distance and ω is a characteristic length, ω values of 1 and up to 13 nm have 

been observed for repulsive and attractive interactions, respectively. It is the increase in 

overall system entropy associated with the ‘release’ of highly ordered water molecules 

from the hydration shells present around hydrophobic moieties that drives the interaction 

between hydrophobic species in aqueous solvents. Repulsive hydrogen bonding 

interactions can extend several water layers from the ‘surface’ [Head-Gordon, 1995] and 

are the result of the high degree of water orientation near the interface which influences 

subsequent hydration layer ordering [van Oss, 1994].
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Counterions (cations)

Figure 2-3. Illustration of interphase structure, composed of electrons, ions and 
solvent molecules, near a negatively charged surface. I. Schematic of ion 
distribution. II. Potential and ion density profiles, where l∕κ represents the Debye 
length, and ‘a’ indicates location of ‘fixed’ charges in Stem layer [adapted from 
Israelachvili, 1991].
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2.4.1.2 Macromolecular Adsorption

In the bulk solution (far from the surface), the macromolecule maintains its native 

conformation. At a particular distance, diffusion becomes the dominant mechanism by 

which the macromolecule moves toward the interface. The diffusive boundary, for 

Reynolds numbers in the range of ~1 -100, may extend up to tens of micrometers from the 

surface, well beyond the range of any significant interfacial forces. Surface forces 

generally begin to affect the macromolecule at distances of approximately 10 nm from 

the surface [Ramsden, 2003]. The range of hydration forces (extension from the surface) 

greatly depends on whether they are attractive or repulsive and on the interfacial 

chemistry. The hydration force generally extends only a few water layers (1-5 nm) 

whereas the hydrophobic ‘force’ may extend up to tens of nanometers [Ramsden, 2003; 

van Oss, 1994; Vogler, 1997]. The electrostatic force, whose effective range is well 

described by the ionic strength dependent Debye length, is usually only ‘seen’ at 

distances of less than 1 nm in 0.15 M saline aqueous solutions (blood, tears). However, 

some reports state that, depending on the aqueous environment, this can be the force of 

longest range and can be seen up to tens of nanometers from the surface [Israelachvili, 

1991 ]. van der Waals forces, although usually attractive, have been shown to be repulsive 

in some cases for two materials immersed in aqueous solution [van Oss, 1994].

2.4.2 Pol ymer Adsorption and End- tethered Pol ymer Conforma tion

A more complete understanding of polymer adsorption can be developed by 

considering together the effects of solvent quality (Flory-Huggins parameter), surface 

forces, and adsorption events. The initial driving force for polymer adsorption is the 
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balance among the forces on the polymer in solution and the various attractive and 

repulsive forces associated with the surface. Ultimately, polymer adsorption occurs only 

if the polymer-surface interactions are favoured over the polymer-solvent or solvent­

surface interactions. It is effectively an exchange process such that for every polymer­

surface interaction that occurs one solvent-surface and one polymer segment-solvent 

interaction must be disrupted. Silberberg [1968] first introduced χs (Eqn. 2-5) as the 

adsorption enthalpy parameter which is analogous to the fundamental Flory-Huggins 

parameter.

χs = z1(hs1 - hs2+ ½h22 -½h11)lkT Eqn. 2-5

Here χs is a function of the enthalpy associated with polymer-polymer (h11) and solvent­

solvent (h22) interactions in the solution and at the surface (hs1, h22), and the total number 

of possible surface contacts (z,) [Fleer, 1983]. Therefore χs is a net enthalpy change 

which is positive if a polymer segment is preferred over a solvent molecule by the 

surface. Clearly this argument does not take into account any entropic effects associated 

with the polymer or solvent being in the solution or at the interface.

Different polymer layer morphologies can be achieved depending on the relative 

affinity of the polymer for the solvent and the surface. For example, easily deformed 

polymers that are strongly attracted to the surface usually form a ‘pancake’ layer: 

described as a thin layer where there is a high degree of surface-monomer association 

resulting in a polymer surface concentration that is higher than that of the solution 

(surface excess). A thicker film, with a polymer concentration that is lower than that of 
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the bulk, may form if the polymer is unable to deform and only somewhat favors the 

surface over the solvent. The concentration profile of adsorbed polymers is thus 

dependent on the balance between the monomer-surface affinity relative to the polymer 

conformational entropy [Norde, 2003].

While the above is true for polymer adsorption in general, it is possible to design 

polymers of specific architecture and chemistry such that their interactions with a 

particular interface would be specific with, for example, formation of a chemical bond. 

The formation of polymer layers in which the polymer is tethered to the surface, via a 

chemical bond, is an important example. The chains in an end-tethered polymer layer in a 

good solvent can assume different conformations as shown in Figure 2-4. When the 

conditions are such that the net interactions are repulsive (χs < 0), and the surface does 

not interact with the polymer repeat unit, the layer consists of isolated polymer 

‘mushrooms’ [Szleifer, 2000]. Lateral pressure and chemical potential are important 

factors that influence the final layer structure. The lateral pressure reflects the average 

repulsion between adjacent chains, and the chemical potential the partial molar free 

energy change associated with the addition of another chain to the layer [Szleifer, 1996]. 

As surface chain density increases, the excluded volumes associated with individual 

chains begin to overlap. This leads to an increase in lateral pressure that forces the chains 

to stretch normal to the surface until the entropy gain obtained by reducing the excluded 

volume, through the release of water molecules, is offset by the loss of entropy associated 

with chain stretching [Jones, 1999]. Thus, by varying chain density, it is theoretically 

possible to obtain chain conformations ranging from unperturbed random coils to fully- 
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extended chains (Figure 2-4). Polymer “brushes” are formed when spacing between 

chains (S) is less than twice the Flory Radius. In practice, it is difficult to achieve 

extremely high chain densities, when grafting polymers from solution, since tethered 

polymers form a steric barrier that dramatically increases the energy required for further 

addition of molecules to the layer [Szleifer, 2000]. For PEO layers, experiment has 

shown that there is a continuous change from mushroom to brush structure as layer 

formation proceeds [Szleifer, 1996].

S<<<2Rf

Figure 2-4. Illustration of end-tethered polymer conformation and layer 
structure. From top to bottom: dilute non-overlapping mushrooms , semi­
dilute weakly overlapping ‘mushrooms’; ‘extended mushrooms’, dilute 
brush regime; highly extended chains, dense brush regime. S = distance 
between attachment points. Rf = Flory radius.
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2.4.3 Differences Between Polymer and Globular Protein Adsorption

Although there are many similarities between globular protein and synthetic 

polymer adsorption at the solid-liquid interface, proteins exhibit unique adsorption 

properties arising from their specific structure. Proteins are innately amphipathic, and 

consequently are highly surface active molecules [Norde, 2003]. Contributing to their 

amphipathic nature is the fact that proteins are usually highly spatially organized, with 

various substructures that have both differing stabilities and different charges at a given 

pH. Nevertheless, the basic adsorption mechanisms remain the same for globular protein 

and polymer adsorption.

Proteins that have a native conformation described as compact and highly ordered 

(e.g. lysozyme), where native volumetric packing densities in solution can be as high as 

70-80% v/v [Norde, 2003], are considered low entropy or hard proteins. These proteins 

adsorb somewhat differently than either soft proteins or polymers. Although these 

proteins can attach to the surface with multiple contacts, their strong internal cohesion 

reduces the rate at which they change conformation and spread, usually yielding layers 

with higher adsorbed masses [Norde, 2003]. Another important difference between 

flexible and low entropy molecules is the conformational entropy change upon 

adsorption. When highly ordered proteins adsorb, their conformational entropy may 

increase, something that is rarely observed for flexible polymers [Norde, 2003]. This 

entropy gain may be sufficient to cause adsorption to surfaces otherwise considered non­

biofouling, and to hydrophilic, electrostatically repelling surfaces [Norde, 2003]. This is 
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another aspect of protein structure that makes it more difficult to design truly non-fouling 

surfaces.

2.4.4 Competitive Adsorption of Proteins: the Vroman Effect

The initial observation by Vroman and colleagues [Vroman, 1964] that the 

antibody binding activity of fibrinogen, when adsorbed to surfaces from plasma, 

appeared to decrease with increasing adsorption time was later shown to be due to the 

displacement of initially adsorbed fibrinogen by proteins of higher affinity and lower 

concentration [Brash, 1984; Horbett, 1984]. This is a manifestation of competitive 

adsorption and is now known as the Vroman effect. Questions regarding the Vroman 

effect still remain, including its overall physiological significance and identification of 

the proteins responsible for Fg displacement [Slack, 1995]. It was hypothesized that the 

spatiotemporal protein layer composition should depend largely on protein properties 

relative to those of the surface. This is mainly due to the abundance of plasma proteins 

and the limited number of surface sites [Andrade, 1985]. Generally, it is thought that the 

Vroman effect is not unique to Fg, but is a general phenomenon involving all surface 

active proteins, and that the main driving force for protein exchange are the differences in 

affinity of the different proteins.

Subsequent to the discovery of the Vroman effect, studies of blood coagulation 

mechanisms demonstrated that surface dependent autoactivation of Factor XII led to the 

cleavage of high molecular weight kininogen (HK) into the more surface active form, 

HKa [Wiggins, 1983]. Several studies, mostly involving negatively charged surfaces (i.e. 

glass and kaolin), seem to suggest that HKa is largely responsible for Fg displacement 
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[Brash, 1988; Slack, 1995; Colman, 1997]. However, Brash and colleagues, using plasma 

deficient in HK in studies of adsorption to glass, found that a weak Vroman peak 

persisted [Brash, 1988]. Studies involving materials that do not aggressively activate the 

coagulation cascade, however, such as polyethylene and silicone rubber, and surfaces of 

varying hydrophobicity, suggested that HKa has no significant effect on Fg displacement 

[Slack, 1995]. Other proteins that have been implicated in the displacement of Fg include 

oxyhemoglobin and albumin [Horbett, 1984; Malmsten, 1997]. It has been shown that the 

highly flexible αC chain of fibrinogen (local charge of +2 at pH 7.4) may act as the main 

adsorptive “tether” [Feng, 1995]. It has recently been shown that at neutral pH, the αC 

chain interacts electrostatically with silicon surfaces (and thus probably with negatively 

charged glass and kaolin as discussed previously), preventing the rest of the Fg molecule 

from forming intimate contacts with the surface [Jung, 2003]. Under acidic conditions, 

the αC chain no longer interacts electrostatically with the silicon surface, allowing the 

rest of the molecule to form strong hydrogen bonds with the surface. This reduces Fg 

elutability by 170 fold [Jung, 2003]. This suggests that the conformation of adsorbed Fg 

may play role in the Vroman effect.

2.5 PEO MEDIATED PROTEIN REPULSION

It is well known that both protein adsorption and platelet adhesion are reduced 

significantly when surfaces are modified with hydrophilic, water soluble polymers like 

poly(ethylene oxide) [McPherson, 1994]. Although this strategy has been extremely 

successful, the underlying anti-fouling mechanisms have yet to be fully understood.
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2.5.1 Steric Stabilization/Repulsion

The steric repulsion theory is a relatively basic model that accounts for the 

inhibition of protein adsorption due to the presence of end-tethered PEO or other surface 

bonded, long chain hydrophilic molecules [Napper, 1983]. According to this theory, the 

PEO layer is compressed and the protein molecules dehydrate as they approach the 

surface. Compression decreases the PEO chain conformational entropy, thereby pushing 

the system into an unfavorable thermodynamic state [McPherson, 1995; van Oss, 1994], 

Compression also leads to a local increase in PEO volume fraction (density) that lowers 

the rate of protein transport through the layer to the underlying surface. Furthermore, 

local osmotic pressures increase due to regional dehydration, thus forcing water back into 

both the PEO layer and the proteins near the interface, and increasing the conformational 

entropy. It is the movement of water back into the PEO and protein that is credited with 

facilitating decreased protein-surface interactions [McPherson, 1995]. As can be inferred 

from the above discussion, steric repulsion is considered an osmotic-entropy effect 

[McPherson, 1995].

In a sense this conclusion is somewhat surprising for as early as 1967 researchers 

were viewing steric stabilization as resulting from three main interactions: chain 

elasticity, Brownian movement and osmotic pressure [Ottewill, 1967]. Chain elasticity 

refers to the deformation energy associated with layer compression due to elastic 

collisions and is estimated using the elastic modulus of the layer [van Oss, 1994], It has 

been suggested [van Oss, 1994] that in an aqueous environment, the Brownian movement 
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and osmotic contribution to steric stabilization is small. In this case the main mechanism 

arises from hydrogen bonding interactions.

The notion that the conformational entropy of the polymer is of major importance 

for steric stabilization may be flawed, since protein adsorption should result in an 

increase in overall entropy due to both the release of PEO-bound water via chain 

compression and protein-bound water during protein spreading on the surface. In fact, it 

appears that the role of water is entirely neglected in most discussions of protein 

adsorption [Morra, 2000]. It can be argued that the entropy loss associated with PEO 

compression is compensated by the entropy gain due to the ‘freeing’ of the 2-3 water 

molecules associated with each monomer [Antonsen, 1992]. As Morra [2000] points out, 

the putative importance of polymer conformational entropy may arise from assumptions 

in some of the earliest models of steric repulsion. Water interactions in these models are 

only considered with respect to polymer solubility via the Flory-Huggins parameter, and 

always define the polymer as being soluble. While PEO must remain soluble in order to 

remain an effective inhibitor of protein adsorption, its solubility may range from high to 

only slight. In fact, PEO solubility may even change as proteins approach the surface, for 

as compression occurs the polymer may become locally insoluble. If this effect is not 

reversible, the steric repulsion mechanism may break down.

In early descriptions of steric repulsion due to terminally attached polymers 

[Makor, 1951; Makor, 1952] the polymer chains were modeled as rigid rods and only 

entropic effects were considered, with the number of accessible conformations being 

defined by the footprint of the rods [Morra, 2000]. Under these conditions, the approach 
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of another molecule (polymer or protein) to the surface results in a reduction in the 

conformational entropy. In more recent work by Szleifer [2000] and Halperin [1999], the 

contributions of graft density, solvent quality, and molecular weight have been 

considered; this work has led to significant advances in modeling the interactions within 

the layer and between the layer and ‘idealized’ proteins. In other theoretical work, Tang 

[1995] initially focused on single chain mean field theory to model the transition from 

‘mushroom’ to ‘brush’ layers in poor solvents. The main conclusion of this study was 

that the mushroom-brush transition corresponds to the shift from a dilute to a semi-dilute 

system. In papers by Szleifer [Szleifer, 1996; 1997a; 1997b; 1997c], proteins in solution 

were modeled as hard spheres and all protein-polymer, protein-solvent and polymer­

solvent interactions were considered to be equal. Although they were able to model 

accurately some of the experimental results of the Whitesides group [Prime, 1993], where 

it was shown that a few oligo-ethylene oxide units were enough to reduce protein 

adsorption significantly, these models have shown only repulsive protein-polymer 

interactions [Morra, 2000].

In recent work Fang and Szleifer [Fang, 2002] have tried to address the 

shortcomings of these previous models, specifically by investigating the effects of 

protein-surface and polymer-surface interactions as well segment volume and types of 

polymer conformation that can be achieved during adsorption. This work demonstrated 

that protein adsorption depends strongly on the polymer surface density, protein-surface 

and polymer-surface interactions, the size of the polymer segments and the protein 

conformational freedom. It represents perhaps the first attempt to model proteins with 
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limited conformational freedom. However, the effects of solvent quality and possible 

phase transitions were still largely ignored. Related to this, Halperin [1999] tried to link 

primary interaction energies directly to protein adsorption. Although he considered an 

idealized case that only accounts for attractive surface-protein interactions and repulsive 

brush-protein interactions, his model is one of the first to try to explain protein resistance 

by considering surface forces. However, as in previous work, no repulsive forces other 

than those caused by brush compression were considered.

2.5.2 Properties OF PEO Affecting Protein Adsorption

Stemming from the rigid rod approximation for end-tethered polymeric chains, it 

is commonly held that in order for surface bonded polymers to inhibit protein adsorption, 

they must be flexible, tightly anchored to the surface, and must cover the surface 

completely [McPherson, 1995]. Most studies investigating protein adsorption to PEO 

modified surfaces have tried to determine and correlate the effects of PEO chain length 

(MW), chain density and end-group chemistry to protein adsorption.

The effect of PEO chain length on protein adsorption has been widely studied 

[Kingshott, 2002a; Kingshott, 2002b; Zhu, 2001; Holmberg, 2003], Kingshott [2002a∕b] 

showed that when PEO of 3400 and 5000 MW was grafted under cloud point conditions, 

lysozyme and fibronectin adsorption were reduced below the detection limits of both 

XPS and matrix assisted laser desorption/ionization time-of-flight mass spectrometry 

(MALDI-ToF-MS). In contrast, protein adsorption was evident on surfaces formed under 

conditions away from the cloud point. This work led to the suggestion that the 

optimization of chain density is the key factor in reducing protein adsorption.
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Holmberg [2003] showed that when PEO was grafted to polystyrene, via a pre­

adsorbed Polyethylenimine (PEI) layer, fibrinogen adsorption was the same for MWs 

between 1,500 and 19,000 but was greater for MWs less than 1,000. Zhu [2001], using 

surface plasmon resonance (SPR) to measure adsorption, studied the effect of PEO chain 

length on protein and cell resistance using PEO terminated alkanethiol self assembled 

monolayers on gold. All of the PEO layers were shown to be protein resistant to the same 

degree, suggesting little or no effect of chain length on protein adsorption.

Considerable discussion has focused on the minimum PEO chain length required 

to repel proteins. Prime and Whitesides [1993] demonstrated that chain lengths of as few 

as 1-3 ethylene oxide units are sufficient for ‘total’ protein inhibition as determined using 

XPS. However, it has been shown that XPS is not sufficiently sensitive to detect trace 

amounts of adsorbed protein [Kingshott, 2002b]. Others have reported that a minimum of 

35 to 100 ethylene oxide units is required for effective protein repulsion [Malmsten, 

2003].

Kingshott [2002a] prepared layers of tethered PEO by grafting on polymeric 

substrates using various MWs under different solubility conditions (including cloud point 

grafting) and studied the effects of chain density on protein adsorption behaviour. They 

showed that dense PEO films could be obtained by grafting near the cloud point. 

Subsequent work by this group [Kingshott, 2002b] demonstrated that only the surfaces 

with the highest PEO chain density showed “zero” adsorption of fibrinogen or lysozyme 

as assessed by MALDl-ToF-MS.
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One problem that has hampered work in this area is the difficulty of designing 

experiments that decouple the effects of chain density and chain length, leading 

Holmberg [2003] to suggest that there has been no systematic study correlating PEO 

chain density and protein resistance. Nonetheless, there have been some attempts to 

investigate chain density (and the associated chain conformation) for correlation to 

protein adsorption. Theoretical studies were carried out by Harder [1998] and Wang 

[1997] to investigate how closely packed layers of slightly different chain density, but 

similar chain length, could lead to different molecular structures and different protein 

adsorption behavior. Harder [1998] investigated oligo(ethylene oxide) terminated 

alkanethiolates adsorbed to <111> Au and Ag. Different chain densities were possible 

due to the fact that the three fold hollow separation is less on Ag than Au. This difference 

in spacing results in a predominantly helical and amorphous conformation on the Au 

surface and an all trans conformation on the Ag surface. The silver surface was found to 

adsorb more fibrinogen than the gold, a result that was attributed to the different PEO 

conformations. Wang [1997] studied water binding to PEO layers in helical and all trans 

conformations and concluded that the helical oligo(ethylene oxide) system provides a 

template that promotes water nucleation. This was one of the first investigations where an 

attempt was made to correlate solvent-polymer interactions to protein adsorption trends. 

The studies of both Wang and Harder suggest that the stability of the water layer 

associated with helical oligo(ethylene oxide) prevents proteins and other molecules from 

adsorbing.
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However, in none of these studies was the chain density quantified. Rather, 

systems were compared based on differences in how the surfaces were formed. In fact 

there have been very few studies where chain density has been determined accurately for 

the purpose of correlation to protein adsorption. Malmsten [1998] used ellipsometry to 

determine the chain density of 5000 MW PEO adsorbed to silica from solution. These 

layers were then exposed to solutions containing fibrinogen, human serum albumin, IgG, 

fibronectin and cleaved complement factor Clq. Chain densities in the range of 0.004 - 

0.12 chains∕nm2 were obtained for CH3-EOn3 layers. These surfaces showed fibrinogen 

adsorbed amounts from 0.28 to 0.015 μg∕cm2. Sofia [1997] prepared surfaces with chain 

densities ranging up to 1.8xl0^4, 6.8xl0'5 and 2.5xl0'5 chains∕nm2 for PEO MWs 3400, 

10000 and 20000, respectively. These lower chain densities were presumably due to the 

relatively high molecular weights. It was shown that minimum chain densities of 1.2x10’ 

7, 4.2xl0^5 and 2.2xl0^5 chains∕nm2 for the 3400, 10000 and 20000 PEO respectively, 

were required to reduce fibrinogen adsorption to levels below the XPS detection limit.

Only a few studies of the effect of end-group chemistry on protein adsorption 

have been reported. Prime and Whitesides [1993] reported no significant difference in 

adsorbed protein for tethered OEO layers with hydroxyl or methoxy end groups. 

However, Du [2001] observed that chemisorbed hydroxyl terminated PEO adsorbed 

significantly less fibrinogen than the methoxy analog. Similarly, Benesch [2001] found 

that methoxy terminated EO3-alkanethiols adsorbed significantly more fibrinogen than 

the hydroxyl analog. Lindblad [1997] studied the effect of end group on protein, cell and 

soft tissue interactions. They found that fibrinogen adsorption was lower on the hydroxyl 
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terminated alkane thiol surfaces than on the methoxy analogs. They also observed, 

perhaps surprisingly, that cell adhesion was less on the methylated surfaces, but the cells 

in the fluid space around the methylated surfaces contained higher numbers of 

inflammatory cells compared to the hydroxyl-terminated ones.

2.5.2.1 ‘Masking ’ of Surface Forces by PEO

In addition to the intrinsic properties of PEO that may be considered important in 

imparting protein resistance, is the idea that the presence of end-tethered PEO has a 

significant effect on the underlying interfacial forces. Assuming that the interactions are 

averaged over the entire surface and that the surface roughness is zero, the effect of PEO 

on the resulting surface may be dramatic as illustrated in Figure 2-5 [Malmsten, 2003 ]. 

Figure 2-5A illustrates the case of a surface exhibiting attractive forces arising from 

hydrophobic and van der Waals interactions. The effect of adding a PEO layer to this 

“substrate” is shown in Figure 2-5B.
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Figure 2-5. Illustration of possible energy balance diagrams for hypothetical 
hydrophobic surface (A) and the possible effects associated with the presence of a 
PEO layer (B).

In effect a new ‘pseudo’ interface is formed, whereby the PEO layer not only 

destroys the water structure responsible for the strong long-range hydrophobic 

interactions but also effectively masks the van der Waals interactions associated with the 

substrate [Israelachvili, 1996]. Although the tethered PEO film will have its own 

associated van der Waals interactions, these are expected to be relatively weak as the 

PEO film is usually well hydrated (~90%): provided that the solvent is “good” 

[Malmsten, 2003]. Another important PEO-induced modification is the attenuation or 

elimination of the surface induced electrostatic force, whether attractive or repulsive, 

through the disruption of the electrical double layer [Bums, 1995]. Recent studies have 

shown that for oligo(ethylene oxide) alkanethiol surfaces there is a unique repulsive 

electrostatic force that is strongly dependent on ionic strength, and which extends tens of 
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nanometers from the surface [Feldman, 1999; Dicke, 2002a; Dicke, 2002b]. Feldman 

[1999] showed that this force was not present for thin films composed of 2000 MW PEO 

chains.

2.5.2.2 Hydra tion Forces and Interphase Wa ter

Potentially the most important interaction associated with the presence of tethered 

PEO at interfaces, depending on the model, is the highly controversial repulsive 

hydration force. While hydrophobic forces (attractive hydration forces) are commonly 

accepted, the existence of repulsive hydration forces has yet to be established, and it is 

considered by some researchers that this concept is only employed to account for 

repulsive forces at the interface that can not be easily described in any other way 

[Israelachvili, 1996]. Israelachvili [1996] suggested that short range repulsive forces arise 

from entropic repulsion due to the confinement of mobile surface groups at the interface 

and that the effect of water structure may be oscillatory or attractive only. On the other 

hand, Besseling [1997] and van Oss [1994] consider this repulsive force to be important 

and to be related to the total concentration of hydrogen bonds and to the hydrogen bond 

acceptor to donor ratio at the interface. Besseling [1997] developed models suggesting 

that if the hydrogen bond acceptor to donor ratio was close to one, the resulting water 

structure would give rise to long range attractive forces. If however, it was far from one, 

short range repulsive forces would be present.

Vogler [1999] proposed that water association at the biomaterial surface is the 

first step in biomaterial-tissue interactions and that designing for appropriate surface­
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water interactions is more important than trying to control secondary biological responses 

such as protein adsorption that are only a consequence of water interactions.

It is well known, through experiments conducted with the surface forces apparatus 

(SFA) and the atomic force microscope (AFM), that hydrophilic surfaces repel each other 

as they approach within the contact limit [Morra, 1999]. Also, recent experimental work 

by Hyun [2003] and Feibelman [2004] has shown the presence of a viscous water 

interphase adjacent to oligo(ethylene oxide) alkanethiol monolayers. It seems likely that 

an oriented, dense vicinal water region with a collapsed hydrogen bonded network forms 

near hydrophilic surfaces [Vogler, 1999]. Including the hydration force at the effective 

PEO interface (Figure 2-5B), and given that its overall energy can be up to 100 times 

greater than either the van der Waals or electrostatic forces that are induced by either the 

substrate or PEO film [van Oss, 1994], a profile as depicted in Figure 2-6 may reasonably 

represent the interface on introduction of a PEO layer.
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ΔG

Figure 2-6. Possible energy balance diagrams associated with a hydrophobic surface 
that has been modified by an end-tethered PEO film. The net hydration pressure 
induced by the presence of a hydrophilic layer is included.

2.5.3 Protein adsorption to Oligo(ethylene oxide) Alkanethiols

It is generally accepted that the osmotic pressure-entropy effect exists for films 

composed of relatively high PEO MWs. Hence this effect cannot explain the protein 

resistance of oligo(ethylene oxide) terminated alkanethiol layers observed by Prime and 

Whitesides [1993]; these layers are too thin and densely packed for steric stabilization 

mechanisms to be applicable. It may be that these dense oligo(ethylene oxide) layers 

represent the extreme limit of steric repulsion mechanisms or that other, as yet 

undiscovered, PEO mediated repulsion mechanisms are in play, as further discussed 

below. Though these surfaces showed low protein adsorption, the EO chains are not long 

enough for resistance to be accounted for by the steric stabilization mechanism.
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It has been suggested that electrostatic effects [Feldman, 1999; Dicke, 2002a; 

Dicke, 2002b], vicinal and interphase water structure [Kim, 2003; Feibelman, 2004; 

Ostuni, 2003; Herrwerth, 2004], reduction of substrate induced attractive forces 

[Malmsten, 2003; Israelachvili, 1996], internal and terminal hydrophilicity [Herrwerth, 

2003] and hydration forces [Vogler, 1999; van Oss, 1994; Besseling, 1997; Morra, 1999] 

play a dominant role in inhibiting protein adsorption. Therefore novel mechanisms, 

particularly for the case of oligo(ethylene oxide) SAMs, must be considered: for example 

these surfaces may be indicative of a ‘regime’ whereby inherent EO properties, which are 

masked in the case of long EO chains, become important.

In experiments to measure the forces between functionalized scanning force 

microscopy tips and gold or silver surfaces modified with (EO)3-alkanethiols, Feldman 

[1999] observed repulsive forces on Au and attractive forces on Ag. It was concluded that 

the difference was related to the chain conformation: helical on gold and eX∖-trans on 

silver. This work also suggests that if the chain density is too great, protein adsorption 

may increase. Furthermore, it was observed that the repulsive force seen for the modified 

gold surface was strongly affected by ionic strength, suggesting electrostatic involvement 

in the repulsive force. On the other hand, while it has been observed that 2000 MW PEO 

directly grafted to gold via a thiol anchor is predominantly helical in conformation 

[Tokumitsu, 2002], Feldman [1999] found that the repulsive force did not depend on 

ionic strength. Recent work [Wang, 2000; Zolk, 2000] has suggested that the orientation 

of interfacial dipole moments and the resulting structure of water at the interface are 

important determinants for an inert surface. A similar mechanism has been postulated by 
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van Oss [1994] and the associated phenomenon is referred to as hydration pressure. Force 

spectroscopy studies conducted by Dicke [2002a∕b] on similar modified gold surfaces 

showed that a negative surface charge was associated with the adsorption of hydroxyl 

ions at the EO-solution interface and that the resulting electrostatic repulsive force 

extends up to several tens of nanometers from the surface. These results suggest that 

these layers act as a template for water nucleation and emphasize that they must be 

hydrogen bond acceptors and not hydrogen bond donors in order to generate effective 

repulsive forces [Ostuni, 2003].

Kim [2003] investigated the forces between OEO-alkanethiol surfaces and 

modified (various alkanethiol chemistries) probe tips. It was found that (EO)3-OH 

terminated monolayers generated an aqueous interphase layer with a viscosity 6 orders of 

magnitude greater than bulk water that extended up to 5 nm from the surface. This 

distance accounts for a layer that is ~30 water molecules thick. It was proposed that EO- 

mediated protein repulsion may be due to a diffusion barrier that is imposed by this thick, 

viscous interphase layer coupled with a neighbouring tightly bonded water monolayer. 

Neutron reflectometry studies have shown the existence of a vicinal water layer that is ~4 

nm thick with a density 85-90% that of bulk water [Schwendel, 2003].

2.6 Review of Relevant Surface Analysis Methods

2.6.1 Ellipsometry: Introduction

Ellipsometry is a valuable optical technique that uses the properties of polarized 

light to investigate interfacial phenomena non-destructively by measuring changes in the 
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state of polarization of light upon reflection from the interface [Drude, 1889; Azzam, 

1977]. The quantities derived from ellipsometry measurements are layer thickness and 

refractive index. Information on adsorbed quantity can be derived. Ellipsometry can be 

used to monitor the growth and evolution of thin films in real time (in situ monitoring). 

Thickness values on the order of nanometers can be measured with a precision of ~2A 

[Rabe, 1988]. Limitations of this method are that at the wavelength of interest there must 

be a significant refractive index discontinuity at the interface and the surface must be 

smooth.

2.6.2 Ellipsometry: Comparison With Other Methods

Many studies have been conducted to evaluate the effectiveness of different 

techniques in measuring surfactant adsorption at the solid-liquid interface. Surfactant 

adsorption studies have shown that ellipsometry gives values of adsorbed amount and 

adsorbed layer thickness (to within a few Angstroms) similar to values obtained using 

neutron and x-ray scattering, neutron reflectometry and surface force measurements 

[Bohmer, 1992; Gellan, 1985; Lee, 1989; McDermott, 1992; Rutland, 1993; Tiberg, 

1996]. However, as film thickness decreases it is increasingly difficult to unambiguously 

determine thickness and refractive index values simultaneously; this is due to the fact that 

there is a strong correlation that exists between these parameters at very small thickness 

values [Dura, 1998]..
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2.6.3 Ellipsometry: Adsorption Studies

Ellipsometry has been widely used in biomaterials research to study protein 

adsorption [Vroman, 1964; Vroman, 1969; Tengvall, 2001; Benesch, 2001; Olivieri, 

1999; Elwing, 1987; Liu, 1994], antigen-antibody reactions at surfaces [Rothen, 1945; 

Elwing, 1981], and cell surface interactions [Poste, 1972; Tegoulia, 2000]. It has also 

been used to investigate PEO layers and their effect on protein adsorption. Tiberg [1992] 

studied the effect of temperature on the thickness of surface grafted poly(ethylene oxide)- 

poly(propylene oxide) copolymers. IgG adsorption to these surfaces was also studied. It 

was found that increasing temperature caused a collapse of the film which resulted in an 

increase in protein adsorption. Although no explanation was given for this result, it may 

have been due to a loss of PEO solvation, consequent increase in PEO film related van 

der Waals forces, and loss of steric repulsion.

Ellipsometry experiments reported by Malmsten [1998], showed that the critical 

chain density of monomethoxy-PEG 5000 MW at the silica interface required to reduce 

fibrinogen adsorption to 0.02 mg∕m2, was 0.066 chains∕nm2. Malmsten [1994] also 

studied lysozyme adsorption at the silica-solution interface, and showed that the 

molecules adopt a side-on orientation with minimal conformational change [Oppenheim, 

1996]. It has also been observed that in the adsorption of lysozyme at the solid-liquid 

interface multilayers may form at higher solution concentrations [Malmsten, 1994; Su, 

1998].

Measurement of protein adsorption by ellipsometry and radioisotope labeling 

techniques have been shown to give similar values of adsorbed amount [Wojciechowski, 
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1993; Lensen, 1984; Benesch, 2000], although it should be kept in mind that phenomena 

unique to protein adsorption including conformational changes and effects of electrolyte 

concentration and pH, may introduce complications. Benesch [2000] showed that human 

serum albumin (HSA) adsorption measurements using ellipsometry and 125I labeling 

procedures gave similar data.

2.6.4 Neutron Reflectometr y: Introduction

The specular reflection of neutrons at an interface yields information about 

interfacial properties perpendicular to the interface (z-direction) at high resolution. 

Fundamentally, neutron reflection (NR) experiments are performed in a similar manner to 

light reflection. A parallel beam, with incident angle θ, is specularly reflected from the 

interface under study (Figure 2-7). The basic measurement is the variation of specular 

reflectivity as a function of the wave vector transfer function, Q:

Q = 4 π sinθ∕/λ Eqn. 2-6

where λ is the neutron de Broglie wavelength. Since λ is fixed, Q varies effectively as the 

sine of the angle of incidence. The intensity and shape of the reflectivity profile is 

determined by the layer thickness and the variation of the film density normal to the 

interface. Therefore the evaluation of interfacial properties, viz., thickness and density, is 

possible because the variation in neutron reflectivity with Q is related to the scattering 

length density profile, /Xz):

p(z)= ∑ b,nl (z) Eqn. 2-7 
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where p(z) is a function of the unique neutron scattering length (b1) of the individual 

atoms (readily available reference values, see Sears [1992]) within the film and their 

number density (ni) which may vary with distance (z) from the interface [Russell, 1990; 

Penfold, 1990; Zhou, 1995]. Briefly, the presence of a thin layer (eg. adsorbed species) at 

the interface produces oscillations in the reflectivity profile (reflectivity vs. Q) with a 

period that is inversely proportional to the layer thickness. The basic principle can be 

understood by considering an isotropic thin film in contact with a surface on one side and 

a fluid on its other. In this case, the characteristic feature is the difference in path length 

between the beams reflected at the solid-film and film-liquid interface. Here the phase 

shift is a function of θ, which leads to alternating constructive and destructive 

interference as the reflected beams move in and out of phase. The constructive peaks of 

the interference fringes are related to θ by,

η λ = 2 d sinθ Eqn. 2-8

where n is an integer, λ is the wavelength and d is film thickness [Lu, 2003].

Figure 2-7. Diagram showing the specularly reflected beams impinging on the 
solid-solution interface [Adapted from Lu, 2003].
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Neutrons are particularly suited for reflectivity studies since they are highly 

penetrating and their interactions with matter are atom specific. High penetration 

facilitates in situ measurements, since the neutrons are able to pass easily through the 

adjacent contacting media before reaching the interface under scrutiny. Limitations of the 

neutron method include the lack of contrast between most polymers (including PEO) and 

air or water (the relevant contacting fluid media in the present work) the inherent 

uncertainty associated with modeling the interface under study and the fact that the 

surface must be ‘relatively’ smooth.

2.6.5 Neutron Reflectometry: Comparison with other methods

Although optical techniques are readily available, non-destructive to the interface, 

relatively inexpensive and can be used under ambient conditions, their resolution is 

limited. Thus the resolution in concentration profiles normal to the surface is generally of 

the order of several tenths of a micrometer [Russell, 1990]. In the case of ellipsometry 

accurate thickness values down to ~10 A [Brunner, 1998] can be achieved, with an 

associated error of ~2 A [Rabe, 1986]. Neutron (and X-ray) reflectivity are more 

powerful methods. X-ray reflectivity indicates the variation in electron density in the z- 

direction [Jark, 1989], while neutron reflectivity (NR) measures the change in scattering 

length density [Fernandez, 1988]. Some major disadvantages that limit the application of 

X-ray reflectivity include surface degradation, the requirement of labeling for contrast 

(case specific) and beam attenuation.

The main problem associated with NR, as indicated, is the inherent lack of 

contrast between most polymers and either air or water. However, in the case of aqueous 
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contact, matching of the solution scattering length density to that of the substrate 

(contrast matching) using D2O, has been shown to provide sufficient contrast to allow for 

the characterization of even minute traces of adsorbent [Penfold, 1991]. Lu [1995] 

demonstrated that thicknesses of the order of 2 A can be accurately measured by contrast 

matching using D2O.

2.6.6 Neutron Reflectometry: Adsorption Studies

NR has been used to study adsorption at various interfaces. Included in these 

investigations are time dependent processes [Gentle, 1993], adsorption of surfactants 

used in colloidal dispersions [Staples, 1999], copolymer adsorption at the liquid/liquid 

interface [Cosgrove, 1992; Li, 1998], and protein adsorption at various interfaces [Lu, 

1999; Harzallah, 1998; Lu, 1998; Lee, 1999; Su, 1998; Su, 1999]. Studies have also been 

done on the adsorption of star-type and deuterated polyethylene oxide (PEO) at the solid 

liquid interface [Lee, 1990; Irvine, 1998] and on Iipidated PEO at the air/water interface 

[Bianco-Peled, 2001], In the latter study, the structure of monolayers of PEO-Iipid 

complexes with PEO molecular weights of 120, 750, 2000, and 5000 was examined. It 

was shown that surface density and the resulting layer profile were related: higher 

molecular weight PEO chains formed parabolic monomer density profiles normal to the 

interface. ‘Brush’ layer configurations were seen at lower molecular weight. Lee [1990] 

studied the adsorption of PEO (145,000 MW) to quartz from H2O-D2O and MgSO4 

contrast matched solutions. By adding ions to vary polymer solubility it was found that 

the polymer layers were denser and thicker when formed under poor solubility 

conditions.
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Specifically applied to studies of protein adsorption, NR has been used to 

examine the adsorption of HSA and BSA at the aqueous/hydrophilic silica interface. Su 

[1999] showed that bovine serum albumin (BSA) adsorption at the silica/water interface 

was strongly dependent on pH, and that it was reversible depending on the pH cycle used. 

Su [1998] investigated the effect of pH on lysozyme adsorption and concluded that the 

orientation and adsorbed amount are dominated by the Intermolecular electrostatic 

interactions within the adsorbed protein layer, rather than surface-protein interactions. Lu 

[2003] observed that when the pH cycles from 4 to 8 to 4, lysozyme adsorption to SiO2 

surfaces is totally reversible. In contrast, for hydrophobic OTS films formed on silicon, 

lysozyme adsorption was found to be irreversible [Lu, 2003].
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3 .0 Objectives

From the above discussions of end-tethered PEO structure and protein adsorption 

to PEO modified surfaces, it is clear that while it is well accepted that PEO modified 

surfaces inhibit non-specific protein adsorption, the mechanisms involved remain largely 

undefined. Furthermore, it should be apparent that there is a lack of studies in which 

polymer film properties (chain density, thickness, volume fraction) have been determined 

and correlated with protein adsorption data.

Therefore, the overall objective of this work was to determine the properties of 

tethered PEO layers (chain density, chain length, volume fraction and terminal functional 

group) for correlation to protein adsorption behaviour. This necessitated the preparation 

of PEO layers of variable and reproducible chain density, and the precise determination 

of chain density. Complementary high quality data on protein adsorbed amount were also 

required, including data on proteins of varying size (as a probe of the mechanism of 

protein resistance). A model system based on the chemisorption of chain-end thiolated 

PEO to gold substrates was chosen for these studies. PEO solubility (proximity to cloud 

point conditions) and time of chemisorption were manipulated to generate variable, 

controlled surface density of PEO chains.

Fundamental layer properties were determined using water contact angles, x-ray 

photoelectron spectroscopy (XPS), ellipsometry and specular neutron reflectometry (NR). 

Ellipsometry and neutron reflectometry were employed with the goal of determining 

layer properties in the z-direction on the nm scale. Given some a priori knowledge of the 

layer, as discussed previously, ellipsometry and NR can be used to determine accurately 
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both the amount and volume fraction of any adsorbed species. It was hoped that these 

techniques would yield accurate PEO layer properties and that, combined with detailed 

knowledge of protein interactions, a better understanding of the mechanisms by which 

PEO reduces the adsorption of proteins would be achieved.

Protein adsorption was determined using various techniques including 125I 

radiolabeling (buffer and plasma), ellipsometry (buffer), and Western Blot analysis of 

proteins adsorbed after contact with human plasma.

As well as providing insights into the mechanism of protein resistance of tethered 

PEO, this research may also provide guidance on more practical matters such as the layer 

properties (chain density, chain length and end-group chemistry) required for maximum 

inhibition of protein adsorption; information that ultimately affects the design rationale of 

‘non-fouling’ surfaces.
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4 .o Methods

4.1 Sessile Drop ContactAngles

Measurement of sessile drop water contact angles allows for rapid assessment of 

global interfacial characteristics such as relative hydrophilicity. However, interpretation 

of contact angle data is complicated and depends not only on surface chemistry, but also 

topography, chemical heterogeneity, contamination and measurement protocol [Dettre 

and Johnson, 1964-1967; Chibowski, 2003]. The use of water contact angles on 

polymeric substrates introduces another complication, namely that the interface may 

rearrange due to water-polymer interactions [Miyama, 1997]. For hydrophilic surfaces 

such as those under study, the hydrated form of the interface is of greater interest and 

therefore the receding contact angles may be more relevant. In this work, sessile drop 

water contact angles were determined using water drops of volume no greater than 3 μL. 

Advancing and receding angles were obtained using a Rame-Hart NRL 100-00 

goniometer (Mountain Lakes, NJ).

4.2 X-Ra y Photoelectron Spectroscop y

X-ray photoelectron spectroscopy (XPS) was used to determine the surface 

chemical composition of both the unmodified gold and PEO modified surfaces. 

Photoelectron emission from the core atomic levels of the elements present in the sample 

is achieved through exposure to X-rays. The surface sensitivity of this technique arises 

from the inability of photoelectrons to escape from anywhere but the outermost atomic 

layers of the surface. The actual range is dependent on the photoelectron attenuation 
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length which is specific to the substrate atomic composition, but at most a depth of about 

~100 A is sampled [Lamont, 1999; Bain, 1989]. The energy associated with the emitted 

photoelectrons is indicative of the chemical elements and their bonding environment, 

while the intensity is related to the species abundance. Furthermore, through variation in 

the take off angle, it is possible to investigate the chemistry of the surface layers as a 

function of depth into the material (depth profiling).

XPS spectra were obtained using a Leybold (Specs, Berlin) MAX 200 XPS 

system employing an unmonochromated Al Ka source operating at 15 kV and 20 mA. 

Low-resolution spectra (pass energy = 192 eV) were used to determine atomic 

compositions; high resolution Cls spectra (pass energy = 48 eV) provided additional 

surface Stmctural information. Specslab (Specs, Berlin) software was used for spectral 

fitting. Spectra were taken at two takeoff angles: 90o and 20o relative to the surface. The 

respective spot sizes were 2x4 mm and 1 x 1 mm; the smaller area at 20o was used to 

ensure that the beam footprint remained on the samples.

4.3 Ellipsometry

4.3.1 Setup

The null-ellipsometry setup is illustrated in Figure 4-1. Quasi-monochromatic 

light, produced by a He-Ne laser, passes through a polarizer prism, faraday rod and 

quarter wave plate (compensator). These optical components produce an elliptically 

polarized incident beam. Reflection from the sample changes the state of polarization. 

This change is determined from the position of the polarizer and analyzer prisms required 
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to fully cross polarize the reflected beam. The photodetector is used in a feedback loop 

configuration and controls the prism angles so as to achieve the null position.

Surface

V VQuarter Wave 2 
Faradav Rod

Polarizer Prism

Photo-detector
Laser

Figure 4-1. General ellipsometric layout. The light from the monochromatic source 
passes through the Polarizer Prism (generating elliptical polarization) to the 
surface. Reflection from the surface changes the polarization. The reflected beam 
passes through the Analyzer Prism (which detects the change in polarization) and 
finally through the detector which senses the presence of the electromagnetic wave 
and its intensity.

In practical terms, the most important ellipsometric parameter is the ratio of the 

amplitude of the outgoing reflected wave to that of the incoming beam, defined as the 

total reflection coefficient [Azzam, 1977; Heavens, 1965]. Mathematical models have 

been developed that allow estimation of the average film thickness (d), the complex 

refractive index (N) and the quantity of material in adsorbed layers at the surface 

[Azzam, 1977]. These values are considered average in the sense that they are taken over 

large footprint areas; also adsorbed polymer studies have shown that macromolecular 

density normal to the interface decreases with increasing distance [Hoeve, 1970; Hoeve, 

1971]. Nevertheless, the polarizer (P) and analyzer (A) positions at the null condition are 
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directly related to the fundamental angle Ψ whose tangent is the ratio of the magnitudes 

of the total reflection coefficients, and to the change in phase that occurs upon reflection 

(Δ ). From this information the amount adsorbed (Γ, mass per unit area) can also be 

determined [de Feijter, 1978]. Detailed ellipsometric theory is presented by Azzam and 

Bashara [1977].

4.3.2 La yer Refractive Index Estima tion

Although ellipsometric data for thick films can theoretically be used to calculate 

both the film thickness and the complex refractive index simultaneously, this 

convenience does not apply to thin films (d < 50A). This limitation arises from the lack 

of significant change in the analyzer readings for thin films. As illustrated in Figure 4-2, 

differences of only ~0.005o in the analyzer readings (compared to differences of ~ 0.2o in 

polarizer readings) differentiate between refractive index values of 1.37, 1.40, 1.43, 1.46 

for a common film of 5θA thickness; capturing analyzer data to this degree of accuracy is 

difficult and the resulting refined model is greatly influenced by even small uncertainties. 

Therefore, when analyzing these thin films the complex refractive index, including both 

the film refractive index (nf) and the film extinction coefficient (kf), must be estimated to 

determine the average film thickness (d).
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Figure 4-2. Illustration of lack of significant changes in analyzer readings among 
various models (refractive index values) used to describe thin layers. For layers < 
50 A thick it is impossible to differentiate models using these refractive index 
values. (Parameters for models shown: solution refractive index of 1.3355 ± i0.00; 
Nsi = 0.18 ± i3.1; wavelength, 6328 A; 60.0o incident angle.)

Estimation of nf and kf values is dependent on the nature of the layer and its 

environment; the refractive index will be different for the dry and solvent-saturated 

layers. Furthermore, both n and k are dependent on the wavelength of the incident 

radiation and the temperature as shown in Eqns. 4-1 to 4-3 [Martensson, 1995]. Usually 

nymust be estimated. According to Allara [1985], a value of nf  of 1.5 can be used for any 

solid, organic layer. This value is based on polyethylene which has a refractive index in 

the range of 1.49-1.55 [Brandrup, 1975]. Generalized Cauchy equations (Eqns 4-2 and 4-
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3) have been developed whereby it is possible to estimate the bulk PEO refractive index 

as 1.476 for λ = 620.0 nm [Porter, 1987; Tompkins, 1999].

Eqn. 4-1

Eqn. 4-2

Eqn. 4-3

where P, C and T are pressure, concentration and temperature (Kelvin), respectively; na, 

nb, nc, ka, kb and kc are the Cauchy coefficients for refractive index (n) and extinction 

coefficient (k). Tillman [1998] estimated that an increase in nj of 0.05 resulted in a 

decrease in thickness of ~1 A. A similar estimate by Porter [1987] indicated a thickness 

change of 1.4 A. Based on the work of Rabe [1988], the inherent error of an ellipsometer 

is approximately 2 A, so that nj values within 0.15 of the true value would be sufficiently 

accurate not to affect significantly the thickness measurement.

For in situ measurements of polymer adsorption from solution, the interaction of 

the polymer with the surrounding fluid greatly affects the film thickness, refractive index 

and density profile normal to the interface. For example, layers of poly(ethylene imine)- 

poly(ethylene glycol) copolymers in water have been shown to have a refractive index of 

1.352 [Malmsten, 1988]. This is quite different from the refractive index of solid PEO 

(1.475). In the present work, a refractive index of 1.37 was used to analyze in situ 

ellipsometry data for PEO chemisorbed on gold [Huang, 2001],

67



Ph.D. Thesis - L.D. Unsworth McMaster University, Chemical Engineering

For dry polymer films kf is generally considered to be zero since these films are 

usually considered non-absorbing. However, a spectroscopic ellipsometry investigation 

of thiol-gold surfaces has shown that when kf is set to zero the model fit does not 

accurately describe the results obtained for select photon wavelengths [Shi, 1995]. It is 

suggested that this is due to a strong interaction between the near interface electrons and 

the thiol group that causes a unique optical transition, for some photon wavelengths, 

which is localized in the near (1.2 A) interface layer [Shi, 1995; Martensson, 1995]. This 

means that for certain wavelengths kf cannot be considered equal to zero for Au-thiol 

interactions. However, the wavelength used in the present work is far from these values, 

thus a kf of zero was used in all calculations.

4.3.3 CalculationofmassinLayer

For dry films, two methods have been proposed to convert the thickness of 

tethered PEO layers to surface density [Cuypers, 1983; Sofia, 1998]. In the present work 

dry chain densities were estimated using the method of Sofia [1998] as in Eqn. 4-4:

{P^a)
Eqn. 4-4

where L is the average distance between chain attachment points, Λ/is the PEO molecular 

weight, pdry is the density of the dry PEO layer (initially assumed to be 1.0 g cm3), d is 

the ellipsometrically-determined PEO average layer thickness, and Na is Avogadro’s 

number. Surface chain density can then be estimated as L'2. A weakness of this method is 

the requirement that a value for the film mass density must be assumed. Calculations of 
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Eqn. 4-5

adsorbed amount for wet (measured in situ) films were carried out using Eqn. 4-5 [de 

Feijter, 1978],

where (d) is the average film thickness, ∏2 is the film refractive index, nj is the ambient 

refractive index and dn/dc is the specific refractive index increment. This relationship 

holds only if dn/dc is constant and the refractive index of the film is a linear function of 

the solute concentration. It can be used to determine the adsorbed amount of any 

macromolecule as long as the appropriate dn/dc value is used. The respective dn/dc 

values for PEO, fibrinogen and lysozyme are 0.134, 0.188 and 0.188 cm3∕g [Fu, 1997; 

Malmsten, 1994]. Furthermore, due to the strong correlation between film refractive 

index and average thickness, the error in the adsorbed amount is much smaller than in 

these two parameters individually [Tiberg, 1993], Also the adsorbed amount, compared 

to either film refractive index or average thickness, is less sensitive to the optical model 

used. The adsorbed amount is thus a very robust parameter allowing for the investigation 

of complex systems [Malmsten, 2003].

4.3.4 Ellipsometry procedures

All ellipsometry experiments were conducted using a self-nulling, single 

wavelength (6328 A) Exacta 2000™, as purchased from Waterloo Digital Electronics 

(Waterloo, Canada). All readings were conducted at an incident angle of 70°
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4.3.4.1 Eγsm√ PROCEDURE

Unique substrate optical parameters (A, P) were obtained for the gold - air 

interface. The gold was cleaned as described in Appendix A, and dried in a stream of 

ultra-high pure (UHP) N2 gas (>5 min). Extreme care was taken not to scratch the 

surface. To ensure that carbonaceous contamination was minimized, the samples were 

immediately placed in the appropriate chemisorption solution. Chemisorption solutions of 

5 mM PEO were prepared using Milli-Q, de-ionized distilled water, and were filtered (< 

0.02 μm) prior to contact with the gold. After treatment samples were removed from the 

chemisorption solution, placed in filtered Milli-Q water and sonicated for 1 min to 

remove any unbound PEO. The samples were removed from the solution and dried under 

a nitrogen stream (> 5min). Ellipsometry measurements were then performed and ψ and 

Δ data were obtained at an incident angle of 70o. The adsorbed layer refractive index was 

assumed to be 1.475 and the thickness of the PEO film was determined using the Exacta 

2000™ variable theta simplex fit program supplied by the ellipsometer manufacturer. Ex 

situ PEO chain densities were determined using Eqn. 4-4.

4.3.4.2 In situ procedure

In situ measurements required the design and construction of a “wet” cell capable 

of maintaining the sample in contact with the solution during the measurement. The wet 

cell used was constructed entirely of glass (Hellma, Germany) which was carefully 

annealed so as to reduce residual stresses in the windows which could induce 

birefringence effects. After cleaning, the substrates were placed in the cell containing 
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phosphate buffered saline (PBS) and their optical parameters (A, P) were obtained (30 

min incubation). Extreme care was taken not to scratch the sample surface. To minimize 

carbonaceous contamination, the samples were immediately transferred into the 

appropriate chemisorption solutions, prepared as described above, for times ranging from 

10 min to 4 h. The samples were then removed from the chemisorption solution, placed 

in filtered Milli-Q water and sonicated for 1 min to remove any physisorbed PEO. They 

were then transferred into the wet cell where A and P data were obtained after 30 min. 

Adsorbed PEO film refractive index and refractive index increment were assumed to be 

1.37 and 0.134 cm3∕g respectively. The PEO film thickness was determined using the 

Exacta 2000™ Variable theta simplex fit program supplied by the ellipsometer 

manufacturer. In situ PEO chain densities were determined using Eqn. 4-5 as discussed 

previously.

In situ ellipsometry was also employed to characterize adsorbed protein amounts 

on both control and PEO modified surfaces. Samples were placed in the wet cell in PBS 

(19 mL) and the optical parameters (A, P) were obtained every 5 s for 1 h. Protein-PBS 

solution (10 mg∕mL) was then introduced into the cell to give a final protein 

concentration (after thorough mixing) of 0.5 mg∕mL. As protein adsorption proceeded, 

ellipsometry data (A and P) were collected at an incident angle of 70o every 5 s for more 

than 3 h. Adsorbed protein layer refractive index and refractive index increment were 

assumed to be 1.37 and 0.188 cm ∕g, respectively. Protein layer thickness was determined 

using the Exacta 2000™ Variable theta simplex fit program. Protein adsorbed amounts 

were determined using Eqn. 4-5. Sample calculations are provided in Appendix A.
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4.4 Neutron Reflectometr y.

4.4.1 Setupandprocedure

Samples were mounted on the C5 Spectrometer of the Dualspec facility at the 

NRU reactor, Chalk River, Ontario configured as a reflectometer (Figure 4-3). A pyrolitic 

graphite monochromator [(002) Bragg reflection] selected neutrons with de Broglie 

wavelength λ = 2.37 A as the incident beam. Beam collimation was controlled by a pair 

of motorized slits Sl and S2. Reflected intensity was measured as a function of the 

scattering vector normal to the sample defined by Qz = 4π sin θ∕λ, where θ is the incident 

angle and 2θ the angle between the incident beam and the specularly reflected beam. 

During the 20:0 scans, covering a Qz range from 0.01 to 0.12 A^1, the incident beam slits 

were fixed at openings Sl = S2 = 0.4 mm for the low Qz range (<0.01) and 0.8 mm for 

the high Qz range (>0.01). Due to the different Sl and S2 openings for high and low Qz 

values the neutron intensities must be scaled prior to analysis. Scaling was achieved by 

applying the factor (0.8∕0.4)2 = 4 (accounting for the different slit openings) to the Iow-Qz 

data. The scattered-side slits, S3 and S4, were also adjusted during the scans, but did not 

affect the instrument resolution since the opening was kept greater than the width of the 

specularly reflected beam. No background correction was applied to the data, but a Qz- 

independent background was included in the least-squares fitting of the models. The 

variation of the incident beam slits led to effective wavelength resolution ∆λ∕λ = 0.6%, 

and effective ∆θ = 0.5 milli-radian (FWHM), the values adopted for the analysis.
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Figure 4-3. Schematic of neutron reflectometer setup.

4.4.2 Neutron Reflectometry Data Analysis

The analysis of reflectometry data involves proposing a layer profile model for 

the sample and refining its parameters. The least-squares fitting program MLAYER was 

used for this purpose [Ankner, 1988]. The most general model needed to represent the 

samples consisted of the following layers: air or contrast matched solution, PEO, gold, 

chromium, and the silicon substrate. For gold and chromium, the coating thicknesses 

specified by the supplier and the scattering length densities (SLD) for the bulk metals 

were adopted as the initial values. For the PEO layer, an initial thickness based on 

ellipsometry data was used, while the initial SLD was the value corresponding to a bulk 

density of 1.0 g cm’3. The interfaces between layers were modeled initially as being 
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sharp, and the roughness parameters were introduced in later iterations provided they led 

to a significantly better fit.

4.5 Protein Adsorption using 125I Radiolabeled proteins

Radiolabeling of proteins is a standard technique used for determining protein 

adsorbed amounts and is perhaps the best method for precise quantification of small 

amounts. Several amino acids in proteins can react with active iodine species, specifically 

those that contain a sulfur atom or an aromatic structure, viz., cysteine, histidine, 

methionine, phenylalanine, tryptophan and tyrosine, the latter being the most reactive 

[Regoeczi, 1984]. The labeled protein can be used as a tracer to measure adsorbed 

amount.

4.5.1 Protein labeling procedure

Fibrinogen and lysozyme (Calbiochem, La Jolla, CA) were radiolabeled with 

Na125I (ICN, Irvine, CA) using the iodine monochloride method, and dialyzed extensively 

against phosphate buffered saline (PBS, pH 7.4) to remove unbound 125I (held to <1% of 

total solution radioactivity). Prior to protein adsorption experiments, gold-coated silicon 

wafers (unmodified or modified with PEO) were equilibrated in PBS-NaI buffer 

overnight; “cold” NaI was added to the buffer to inhibit the sorption of unbound 125I to 

the gold surface according to a previously determined protocol [Du, 2000].

4.5.2 Protein adsorption from Buffer

Protein adsorption experiments were performed in PBS-NaI buffer (pH=7.4) at 

protein concentrations of 1, 0.5, 0.3, 0.1, and 0.001 mg/mL (2% labeled, 98% 
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unlabelled). The surfaces were placed in the wells of 96-well multiwell plates and 

incubated for 3 h at room temperature (~220C). The surfaces were rinsed three times (10 

min each) with fresh PBS to remove any loosely bound protein. Surface radioactivity was 

determined and adsorbed amounts were calculated using background-corrected surface 

counts relative to the solution count for the highest protein concentration (1 mg∕mL). The 

percent reduction of adsorption on the PEO surfaces relative to the unmodified gold was 

determined (see Appendix A).

4.5.3 Proteinadsorptionfromplasma

Human fibrinogen was labeled with 125I as described in Section 4.5.1. Whole 

human blood was used to prepare platelet poor plasma (PPP). Whole blood from at least 

ten healthy, drug-free donors was collected and mixed with 3.8% sodium citrate (w∕v) 

solution (blood to citrate solution ratio, 9:1 v∕v). The citrated blood was centrifuged at 

40C and 3000 g for 20 min. The PPP supernatant was removed, pooled, aliquoted and 

stored at -70oC. The PPP fibrinogen concentration was determined by the Clinical 

Hematology Laboratory at the McMaster University Medical Centre. Labeled fibrinogen 

was added to the plasma, in amounts corresponding to 2% (w∕w) of the fibrinogen 

already present. Plasma solutions were serially diluted with phosphate buffered saline 

(PBS). Surfaces were introduced to the diluted plasma solutions, incubated, rinsed and 

counted as described in Section 4.5.2.
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4.6 Protein Adsorption Using SDS-PAGE and Westernblotting

The effect of tethered PEO on the adsorption of proteins more generally (not just 

fibrinogen) from plasma and the identification and quantification of the various adsorbed 

proteins is of considerable interest. Sodium dodecyl sulfate poly(acrylamide) gel 

electrophoresis (SDS-PAGE) and immunoblotting, two important methods that are used 

to identify individual proteins (whole or fragmented) in a complex multi-protein mixture, 

were employed to identify the proteins eluted from the gold-PEO surfaces after plasma 

contact.

SDS-PAGE separates the proteins according to size. Colloidal gold staining 

allowed for observation of the banding patterns in the gels. Immunoblotting, whereby the 

protein bands in the gel are electrophoretically transferred to a polyvinylidene fluoride 

(PVDF) membrane and probed immunochemically, was used to identify the proteins. The 

blot membrane, cut into strips, was probed with various antibodies directed against 

specific proteins. Alkaline phosphatase conjugated secondary antibody, directed against 

the primary antibodies was subsequently introduced. Reaction of the alkaline phosphatase 

component with a chromogenic substrate indicated the presence of the various proteins. 

Detailed procedures for SDS-PAGE and immunoblotting are given in Appendix A.
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Abstract

Physical property studies of surfaces formed by chemisorption of polyethylene oxide (PEO) onto gold are reported. Such surfaces have 
potential as model materials for elucidation of the mechanism of resistance to protein adsorption by PEO surfaces. Thiolated monomethoxy 
polyethylene oxide) (PEO) was chemisorbed onto gold-coated silicon wafers under various conditions such that different surface chain den - 
sities were achieved. Chain density was varied by controlling PEO Solubihty (proxiruity to cloud-point conditions) as well as chemisorption 
time. Films prepared with PEO of molecular weight 750,2000, and 5000 g/mol were studied Chain densities deteπnιned in the dry state 
by ellipsometry were found to be in the range of 0.4-0.7, 0.33-0.58, and 0.12-0.30 chains∕nm2 for MW 750, 2000, and 5000 PEO, respec­
tively. Chain density was found to decrease with increasing molecular weight and to increase as cloud-point conditions were approached. 
PEO-Iayer mass densities and chain densities were determined independently by neutron reflectometry. Under low-solubility conditions and 
for a 4-h Chemisorphon time, film mass and drain density values of 1.0 ± 0.3 gem-1 and 1.8 ± 0.9 cbains∕nm2 were found for MW 750 
PEO, and 0.82±0.02 gem-3 and 0.23 ±0.07 chains∕nπE for MW 5000 PEO. Elhpsometrydata for these Systenrsyieldedgiaftdensities of 
0.63 ± 0.13 and 0.30 ±0.02 chains∕nm2, respectively. Using the mass densities obtained from the neutron data in the ellipsometry calcula­
tions, chain densities of 0.6 ±0.3 and 0.25 ±0.02 chains/πrm, respectively, Wereobtainedfbrthe MW 750 and 5000 films. Theellipsonietry 
and neutron data for the MW SOOO system are thus in agreement within experimental error. In general, the chain-density values are much 
higher than those corresponding to layers of unperturbed random coil PEO ("mushrooms"), suggesting that the PEO layers are in the brush 
regime with the chains in an extended conformation.
© 2004 Elsevier Inc. All rights reserved.

Keywoids: Ellipsometij'; XPS; PolyfetliyIeTie oxide); Cliemisotption; Conformstion; Cloud point; Surface chain density; Neutron reflectometιy

1. Introduction

Poly(ethylene oxide) (PEO)-modified surfaces have at­
tracted much attention due to their excellent anti-biofouling 
properties [ I—4]. In particularthey have been shown to be re­
sistant to nonspecific protein adsorption. An important class 
of such materials are formed by grafting, i.e., attachment of 
PEO to the surface via the polymer chain ends. Although 
the meclranism of protein resistance on these surfaces is not 
entirely clear, it is believed that PEO chain length, surface 

chain density, and chain Confonnation are important fac­
tors [3,5].

Alexander [6] has pointed out that tire conformation 
of end-tethered chains on a surface depends on the chain 
density (Fig. 1). A random coil conformation (mushroom 
regime) occurs when tire graft spacing (S) is greater than 
2Λρ (Rf is the Flory radius), and a more extended confor­
mation (brush regime) occurs when S < 2⅛. It is also well 
understood that stretching-entropy and excluded-volume in­
teractions influence the chain density in the brush regime, 
in both cases as a result of lateral confinement. Tlius by 
varying chain density, chain conformations ranging from un­
perturbed random coil to fully extended can, in principle, be 
obtained.

0021-9797/5 - ιee front matter © 2004 ElievierInc. All rights reserved, 
doc 10.10167j Jcis .2 004.0 8 02 2
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Fig. 1. IIliBtration of adsorbed PEO Confonnition and layer structure: 
(1) dilute Iionoverlipping "mushrooms ^ (b) Seniidilute wcιkly overlipping 
“mushrooms;" (c) "extended mushrooms" dilute brush regime; (d) highly 
extended chιins, dense brush regime. S = distance between Ittxchment 
points. Λp = Floryradius.

The focus of the present work is to produce well- 
characterized PEO-grafted surfaces of variable chain density 
and chain Iengtli to allow a detailed study of the influence 
of these parameters on protein resistance. In this article the 
preparation and characterization of a series of surfaces pre­
pared by chemisorption of chain-end tlτiolated PEO (mole­
cular weiglιt range 750-5000) to gold is reported. Sucli a 
system should in principle allow variation of chain density 
up to high values, with an absolute upper limit correspond­
ing to the density of thiol binding sites on gold.

Tlie coupling of polymers and other molecules to gold by 
reaction with thiol groups lias been widely reported [7-10], 
A system that has been investigated extensively consists of 
inteιτnediate-length alkanes (e.g., C-11), thiol-teιτninated at 
one end and “tipped” or not with an oligoethylene oxide 
(OEO) moiety at the other end. In these systems the ra­

tio of OEO-terminated to non-OEO-terminated chains was 
used to control the effective PEO chain density on the sur­
face [8-10]. The PEO chain length was in the range of three 
to six ethylene oxide units.

The approach taken in the present work is to vary surface 
chain density by varying tire temperature and buffer ionic 
strength of the PEO solutions used for chemisorption [1,2]. 
Solution conditions can be used to modulate the polymer 
radius of gyration. Solutions of PEO in water exhibit a re­
verse dependence of solubility on temperature and begin to 
precipitate as the temperature is increased toward the cloud 
point. In addition, the cloud point temperature decreases 
with increasing ionic strength. As discussed by Kingsbott 
et al. [2], grafting near cloud point conditions, where the 
polymer coils are relatively small, results in a relatively high 
surface chain density even though still in the mushroom 
regime; i.e., the chains are in the unperturbed random coil 
state. Wlien the temperature is subsequently lowered and/or 
the ionic strength decreased, the tethered chains tend to ex­
pand, and constraints imposed by chain-chain proximity on 
the surface lead to extended chains and a bnιsh-type layer 
(see Fig. 1), depending on the chain density and the unper­
turbed dimensions at the off-cloud-point conditions.

Cliaracterization of the sur faces was carried out by four- 
techniques, water contact angle, X-ray photoelectron spec­
troscopy (XPS), ellipsometry, and neutron reflectometry, 
where the latter two methods allow estimates of PEO chain 
density. Ellipsometry allows determination of the average 
thickness, the complex refractive index, and the quantity' of 
material in adsorbed layers [11,12). In the case of layers 
fanned in solution, these quantities can be determined in 
situ [13] or in air after drying (ex situ) [14]. In the present 
work ex Situmeasurements in air are reported.

In neutron reflectometry (NR) [15,16], thin films are in­
vestigated by measuring the intensity of specularly reflected 
neutrons over a range of incident angles. The analysis in­
volves defining a multilayer model of the sιuface (number 
and nature of components, thickness of each) whose calcu­
lated reflectivity is as close as possible to the experimentally 
deteπnined value. Infomiation on the layer profile normal to 
the interface is obtained. An advantage of NR over ellipsom­
etry is that knowledge of the refractive index of the layer is 
not required to determine the thickness of ultrathin (<20 A) 
films.

The objective of the present work was to deteπnine accu­
rate values of PEO chain density for correlation to protein 
interactions in subsequent studies. The use of ellipsometry 
and neutron reflectometry as two independent methods giv­
ing reasonably concordant values, as found here, represents 
significant progress toward this objective.

2. Materialsandmethods

or,α>-Methoxyhydroxypoly(ethy]ene oxides) (MW 750, 
2000, 5000) were purchased from Shearwatei- Polymers,
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Inc. (Huntsville, AL) and used without further purifica­
tion. Dimethyl fomtamide (DMF), ITiercaptoacetic acid, 
isopropyl ether, dichlorαmethane, deuterated Chlorofbnn 
(99.9% grade), hydrogen peroxide, ammonium hydroxide, 
and toluene were purchased from Sigma-Aldrich (Oakville, 
ON). Silicon(Hl) wafers (2-in. diameter, l000-μm thick­
ness) were polished on both sides, treated to remove natural 
oxide, and sputter-coated with chromium (adhesion layer, 
nominally 400 A), followed by gold (nominally IOOO A), 
and cut into (0.5 x 0.5)-cm pieces (Tltin Film Technology, 
Buellton, CA).

2.1. ThiolafionofPEO

PEO was chain-end thiolated by reaction with mer­
captoacetic acid as described in detail elsewhere [17,18]. 
Briefly, a drop of sulfuric acid, 5 g of PEO, and a stoi­
chiometric amount of mercaptoacetic acid (1:1, OH:COOH) 
were added to 25 ml of toluene preheated to 80 "C. The 
reaction proceeded for 3 h and was driven forward by the 
continuous removal of the water produced. Tlte modified 
polymer was purified by precipitation in isopropyl ether 
(300 ml) and subsequent dissolution in dichloromethane. 
This sequence was repeated three times. The reaction prod­
uct was then dried under vacuum at room temperature for 
2 days. Verification of the esterfication reaction was obtained 
from proton NMR spectra of the products, taken in deuter­
ated chloroform. The products were also characterized by 
gel pemιeation chromatography (GPC) using dimethyl for­
mamide as tlιe carrier solvent at 80 "C and 0.25¾ w/w poly­
mer solutions. Data were analyzed using software provided 
by the manufacturer·and a calibration ctuve constructed with 
narrowly distributed PEO standards.

2.2. Chemisorption procedure

Conditions for the chemisorption of thiolated PEO onto 
gold (Table 1) were varied as a means of manipulating PEO 
chain density on the surface. This strategy is based on the 
premise that higher chain densities should be obtained as 
cloud point conditions are approached [2]. Cheraisorption 
time was also varied over the range from 10 min to 4 h.

Note. All polymer concentrations were 5 mM and solution pH was 7.4 ± 0.1.

Tiblc 1
Chciniioiption solution conditions

PEO molecular 
weight (g∕τnol)

Ttmpcrature 
(°C)

Ionic strength 
(M)

Solubility

750 25 Low High
25 2.9 Intermodiate
35 2.9 Low

2000 25 Low High
25 2 8 Intermediate
35 2.8 Low

5000 25 Low High
25 1.9 Intermediate
30 1.9 Low

Prior to chemisorption, the gold-coated silicon wafers 
were immersed in a solution consisting of one part by vol­
ume hydrogen peroxide (30%), one part by volume ammo­
nium hydroxide (30%), and five parts by volume water at 
80 oC for 5 min, sonicated for I min, and rinsed with Milli­
pore Milli-Q water to remove carbonaceous contamination. 
The wafers were immediately placed in the wells of a 96- 
well plate containing Milli-Q water. Otlrer wells contained 
the chemisorption solutions. Tlie plate was then placed in 
a temperature-controlled bath (25 or 35 "C). Once thermal 
equilibrium was achieved, the wafers were transferred into 
the wells containing the chemisorption solutions for vari­
ous times. Followingcheniisoiption, the wafers were placed 
in wells containing Milli-Q water, sonicated for 4 min, and 
rinsed extensively with water. They were then dried in a 
stream of ultra-high-purity nitrogen (UHP-Nj) prior to con­
tact angle, XPS, ellipsometry, and neutron reflectivity mea­
surements.

2.3. Water contact angles

Sessile-drop water contact angles were detennined using 
water drops with a volume no greater than 3 μl. Advancing 
and receding angles were obtained using a Rame-Hait NRL 
100-00 goniometer (Mountain Lakes, NJ).

2.4. X-ray photoelectron spectroscopy (XPS)

XPS spectra were obtained using a Leybold (Specs, 
Berlin) MAX 200 XPS system employing an unmonochro­
mated AlKor source operating at 15 kV and 20 mA. Low- 
resolution spectra (pass energy = 192 eV) were used to 
deteπnine atomic compositions; high-resolution C Is spectra 
(pass energy = 48 eV) provided additional surface structural 
infonnation. Specslab (Specs, Berlin) software was used for 
spectral fitting. Specha were taken at two takeoff angles: 
90° and 20° relative to the surface. The respective spot sizes 
were 2x4 and 1 x 1 mm; the smaller area at 20° was used 
to ensure that the beam footprint remained on the samples.

2.5. Exsituellipsometry

A self-nulling, single-wavelength (6328 A) ellipsome­
ter (Exacta 2000, Waterloo Digital Electronics, Waterloo, 
Ontario, Canada), with an incident angle of 70°, was used 
to deteπnine the properties of the chemisorbed PEO lay­
ers. Gold-coated wafers, cleaned and dried as described 
above, were considered as the substrate. The refractive in­
dex (ns) and extinction coefficient (kl) were determined to 
be 0.33 ± 0.01 and 3.3 ± 0.01, respectively. For the PEO- 
ιnodified surfaces, the polarizer (P) and analyzer (A) angles 
for the null condition were measured and thickness values 
were determined using a three-layer air-PEO-gold model. 
Complex refractive-index values (n∣ + ιk,) of 0 + ∣O and 
(∕∣f + ι⅛f) of 1.47 + <0 were used for air and PEO film, re­
spectively. Tlre PEO film refractire index (n f) was estimated 
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from the lowest Cauchy parameters, namely A,∣ = 1.45 and 
B„ = 0.01, corresponding to a refractive index of 1.47 at a 
wavelength of 620.0 nm [19]. Final thickness values were 
obtained by fitting the experimental data to the model us­
ing tire Exacta 2000 Variable Theta Simplex Fitting Program 
(Waterloo Digital Electronics). Tire relative humidity was 
not controlled but in all experiments was at a level of 50% or 
less. Matsuguchi et al. [20] have shown that Lmderthese con­
ditions the water content in the PEO layer is less than 1 wt% 
and thus should make a negligible Contributionto the optical 
properties.

Different methods have been used to convert data on tire 
thickness of PEO layers to surface chain density [4,14]. In 
this work chain densities were estimated using an equation 
proposedby Sofia et al. [4],

(1)

where L is the average distance between drain attachment 
points, M is the PEG molecular weight, Airy is tire density of 
the dry PEO layer (assumedinitially to be 1.0 gem-1),ri is 
the ellipsometrically determined PEO average layer thick­
ness, and Wa is Avogadro ,s number. Surface drain density 
can then be estimated as L-. A weakness of this method is 
the requirement that a value for tire film mass density must 
be assumed. Inthe present work this assumption was tested 
for several systems by deteπnining the layer density using 
neutron reflectometry.

2.6. Neutron reflectometry

Samples were mounted (in air) on the C5 Spectrometer 
of the Dualspec facility at the NRD reactor, Chalk River, 
Ontario, configured as a reflectometer·. A pyrolitic graphite 
monochromator [(002) Bragg reflection] selected Iieutrons 
with de Broglie Wavelerrgtlr λ = 2.37 A as the incident 
beam. Beam collimation was controlled by a pair of motor­
ized slits, Sl and S2. Reflected intensity was measured as 
a function of the scattering vector normal to the sample, as 
defined by tire equation

Q1 = 4π sin(0)∕λ, P)

where 0 is the incident angle and 20 tire angle between the 
incident beam and the specularly reflected beam. During 
the 2θtθ scans, covering a Qz range from 0.01 to 0.1 A , 
the incident-beam slits were fixed at openings Sl = S2 = 

0.4 mm for low Qz range and 0.8 mm for high Qi range. 
Scaling between these two ranges was achieved by apply­
ing tire factor (0.8∕0.4)2 = 4 to the low-Q,-range data. No 
background correction was applied to the data, but a Qz- 
independent background was included in the least-squares 
fitting of the model. The variation of the incident slits led to 
effective wavelength resolution ∆λ∕λ = 0.6% and effective 
Δ0 = 0.5 milliτadian (FWHM), tire values adopted for the 
analysis.

As discussed above, the analysis of reflectometry' data 
involves proposing a layer profile model for the sample 
and refining its parameters. Tlre least-squares fitting pro­
gram MLAYER was used for this purpose [21 ]. The most 
general model needed to represent the samples consisted 
of the following layers: air (incident medium), PEG, gold, 
ChromiLurr, and the silicon substrate (final medium). For gold 
and chromium, the coating Ilrickiresses specified by the sup­
plier and the scattering length density (SLD) for the bulk 
metals were adopted as tire initial values. Foi- the PEG layer, 
tire initial thickness was from the ellipsometry data while tire 
initial SLD was tire value corresponding to a bulk density 
of 1.0 gcm-i. Tire interfaces between layers were modeled 
initially as being sharp, and the roughness parameters were 
introduced in later iterations provided they led to a signifi­
cantly better fit.

3. Results and discussion

3. J. (filter contact angles

Experiments in which gold Siuiaces were exposed to un­
modified PEG under various conditions were carried out to 
verify that the thiol group was necessary both for permanent 
PEG attachment to the gold surface and for obtaining Iriglr 
PEO densities. Exposure and washing procedures were tire 
same as wlren the thiolated PEOs were used. Water contact 
angles were measured before and after exposure to unmodi­
fied PEO. It is apparent from tire data (Table 2) that tire water 
coirtactangles of the surfaces incubated with solutions of un­
modified PEO (possibly leading to physisorption) and then 
washed do not differ from those of the Uirmodified gold sur­
face.

In contrast, surfaces incubated with thiolated PEO show 
significant decreases in contact angle (Table 3). The advanc­
ing and receding angles on unmodified gold were 62° ± 6° 
and 34’ ± 11°, respectively. Following chemisorption, the

Tiblc 2
Water ∞πtιct angles (o) of surfaces prepared with noπ-thiolated PEO —

MW 750 MW20∞ MW 5Q∞

Advancing Receding Advancing Receding Advancing Reoedittg

High solubility, 4 ha 62 ±4
Low solubility, 30 mina 67± 4

43±4
46 ±7

56±4 4t±4
65±2 44±4

59±3
60±2

44±2
42 ±6

Note. Unmodified gold advancing and receding contact ingles were 62° ± 6°' and 34° ±11°, respectively. Data are mean ±SD (n ⅛ 8).

' SecTiblc 1.
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Tiblc 3
Water contact ingles (o) of ≥υr⅛oes prepared by chemisorption of PEO to Au

MW 750 MW 2 OOO MW 5000
Advancing Receding Advancing Receding Advancing Receding

Unmodified gold 62±6 34±ll 62±6 34±11 62±6 34±11
High solubility» 4 ha 36±11 23±6 40±4 18±4 47 ±8 25 ±10
Intenucdiate solubility, 4 hn 30 ±5 25 ±3 30±4 16±5 27±5 12 ±5
Low solubility, 10 mina 46 ±1 24±2 53±9 25 ±3 37± 10 19±7
Low solubility, 30 min” 39 ±1 16±1 38±5 18 ±4 41 ±8 19±4
Low solubility, 2 hα 42±4 2O±2 4O±4 22 ±6 39 ±6 18±3
Low solubility, 4 ha 35±1 17±1 37±4 20 ±4 38±4 17±3

Nole. Data are m≡n ±SD (λ ⅛ 8).
• SeeTbbIc I.

Table 4
Atomic compositions (⅜) from low-resolution XPS data for high- and low-solubility systems

Sudkoe Takeoff angle (α) Au4∕(84eV) CU (285 eV) Olr (532 eV) S2p (162 eV) C:O

Gold 90 37.4 47.8 14.7 3.25
Pure PEO 90 71.8 25.8 2.78

MW 750, high sal, 4 h 90 45.9 ± 10.5 43.5 ±11.8 14.9 ±7.6 2.2±l.O 2.92
20 19.3 62.1 17.8 0.8 3.49

MW 750, low sol, 0.5 h 90 59.5 ±2.3 31.6± 1.3 6.4 ±0.6 2.6±O.l 4.94
20 34.4 42.9 17.3 5.3 2.48

MW 750, low sol, 4 h 90 58.0 ±1.9 32.3 ±2.2 7.3±0.1 2.5 ±0.4 4.42
20 31.4±0.7 48.5 ±1.8 16.8±0.l 3.4 ±1.0 2.88

MW 2000, high sol, 4 h 90 53.4 ±6.1 34.2 ± 4.7 10.9 ±1.7 1.4 ±0.4 3.14
20 25.6 ±4.7 53.5 ±5.7 18.5 ± 1.6 2.5 ±0.7 2.89

MW 2000, low sol, 4 h 90 56.8 ±7.4 34.5 ±5.9 6.8 ± 1.1 2.1 ±0.4 5.07
20 21.7±2.8 56.2 ±0.3 20.3 ±3.0 1.9 ±0.6 2.76

MW 5000, high sol, 4 h 90 60.6±0.1 31.9 ± 1.3 7.3 ±0.6 0.8 ±0.6 4.37
20 22.4 ±0.3 53.6±1.2 19.6 ±4.9 0.l ±0.1 2.73

MW 5000, low sol, 4 h 90 51.6±5.5 35.5 ±5.5 10.3 ±0.6 2.6±0.6 3.45
20 23.4±1.6 55.0±4.1 19.6±6.9 2.1 ±1.2 2.81

Note. Where no error limits are given, n = 1. For entries with error limits, data are mean ±SD,n = 3.

angles decreased significantly (a < 0.05, Student Mest) for 
all exposure conditions and PEO MWs, suggesting the pres­
ence of strongly attached PEO. It can also be seen that the 
receding angle for the MW 750 PEO surface decreased from 
23’±6’ at high solubility to 17’± 1’ Iiearerthecloudpoint. 
A similar trend was seen for the MW 5000 systems. Also, for 
low-solubility conditions, the receding angle reachedacon- 
stant value after 30 min of chemisorption for MW 750 and 
2000, and after 10 min for MW 5000 PEO, suggesting that 
saturation is achieved more rapidly for the higher molecular 
weiglιts.

3.2. X-ray photoelectron spectroscopy (XPS)

XPS data were obtained at takeoff angles of 90’ and 
20’ for selected surfaces. Atomic compositions derived 
from low-resolution data are summarized in Table 4. High- 
resolution Clr data are summarized in Table 5. PEO was 
melted and cast as a 5-mm-thick film for XPS analysis. Data 
on this "pure" PEO surface and a bare, clean gold surface 
were obtained for comparison with the PEO-modified sur­
faces. Reference to the bare gold surface as “clean" is only 
nominal, as contamination on this surface by carbon- and

ThbleS
Chain density estimates based on close packed layers of unperturbed PEO 
(Eq.(3))

System High solubility 
(chains∕r>m2)

Low solubility 
(chains∕ntn2)

MW 750 0.14 0.24
MW 2∞0 0.04 0.09
MW 5∞0 0.0l 0.04

oxygen-containing material, probably deposited from the at­
mosphere [22], is evident (C and O contents at 47.8 and 
14.7%). For the pure PEO, however, the measured C:O ra­
tio was 2.78, compared to an expected value of 2.0. The 
discrepancy is again probably due to Iiistiuinent resolution 
and atmospheric contaminants. For the PEO-modified sur­
faces, less gold and more C and O are seen when the takeoff 
angle is changed from 90’ to 20’. This is as expected, as 
XPS becomes more surface-sensitive at lower takeoff an­
gles. Furthermore, the C and O contents for the modified 
surfaces, when viewed at a 90’ takeoff angle, were con­
sistently less than for the bare gold. This observation may 
suggest displacement of the contaminants by the thiolated 
PEO (of lower O and C content), as it is well known that 
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gold interacts strongly with thiols [22]. On the other hand, 
at a 20’ takeoff angle, the CO ratios were close to 2.78 for 
all modified systems (an exception is the MW 750, high-sol, 
4-h, surface with a CO ratio of 3.49). This trend Strggests 
that the outermost surface fbπned under low solubility con­
ditions consists of PEO and little else. It is also evident that 
the surface concentration of PEO is greater when chemisorp­
tion occurs under low-solubility, compared to high-solubility 
conditions.

An Indicationofhow tire surface chain density varies with 
tire solubility of PEO is given by the sulfur content data. 
First, it should be noted that S is not a constituent of the 
contaminants on bare gold, making it a unique marker of tire 
presence of adsorbed PEO. For tire MW 5000 surfaces, it is 
seen that the S content increases by at least a factor of 2 upon 
changing from high to low solubility. Thus it appears that as 
the cloud point is approached the dehydration and collapse 
of the chains is relatively greater for die MW 5000 Uian for 
either the MW 750 or 2000 PEO. Similar trends were seen in 
the ellipsometry data on chain density, as discussed below.

3.3. PEO chain density in chemisorbed layers

To provide context for the data from ellipsometry and 
neutron reflectivity rneasurements, an approximate upper 
limit to clτain density and the chain density Correspondingto 
close-packed layers of Unpei turbedrandom coils (mushroom 
regime) are of interest. An upper limit of 5.8 chains∕nm2 
may be estimated based on a layer of close-packed, extended 
PEO chains of cross section 17.1 A2 [23]. The chain density 
of Iayeis of “equivalent” PEO spheres with radius equal to 
the Flory radius (Rp) can be estimated using the e quation

Rr=aNv, (3)

where a is the characteristic monomer dimension (taken as 
2.78 A for the ethylene oxide repeat [3]), N is the degree of 
polymerization and v may be taken as 0.6 for high-solubility 
conditions, 0.5 far the θ condition. Cliain densities estimated 
for the unperturbed chains at Iiigli- and low-solubility condi­
tions for MW 750, 2000, and 5000 PEO are summarized in 
Table 5.

3.4. Eltipsometry

Cliain densities determined by ellipsometry (Table 6) 
ranged from about 0.1 to 0.7 chains∕mn2, and for each mole­
cular weight were significantly greater than the values for 
monolayers of unperturbed random coils (Table 5). It is con­
cluded that for all ConditionsusedthePEO Iayerswere in the 
bnιsh regime, implying that the driving force for chemisorp­
tion was sufficient for coverage to proceed beyond the close- 
packed mushroom regime (S ~ 2Λy), thus forcing the chains 
to adopt an extended conformation [24]. However, it ap­
pears that coverage corresponding to a close-packed layer 
of fully extended chains (i-e., ~-5.8 chains∕nm2) did not oc­
cur in these systems, presumably due to limitations imposed

Tsble 6
Ellipsomclrically detcnπined chain densities (chaina∕nnι2)

MW 750 MW 2000 MW 50∞
High Bolubilityi 4 ha 0.4 ±0.1 0.33 ± 0.08 0.12 ±0.02
Intermediate solubility, 4 ha 0.68 ±0.16 0.56 ±0.09 0.22 ±0.03
Low solubility» 10 miαa 0.44 ±0.12 0.33 ±0.04 0.25 ±0.01
Low solubility, 30 mina 0.47 ±0.11 0.33 ± 0.10 0.24 ±0.02
Low solubility, 2 hn 0.70 ±0.16 0.51 ±0.09 0.27 ±0.02
Low solubility, 4 hfl 0.63 ±0.13 O.58±O.13 0.30 ±0.02

Note. Estimates from Ihickncsi as determined by ellipsometry and the use 
of Eq. (1). Values are mean ±SD (n ⅛ 7).

» See Table 1.

Table 7
Model parameter estimates for gold-ooeted silicon wafers

Medium Thickness (A) Intcrfkoc width (A) SLDxlO4 (A-2)

Air ∞
17.3

0 (fixed)

Au S26
Sharp

4.5

Cr 1∞
Sharp

3.0

Si ∞ 2.069 (fixed)

Note. All entries had SD values of 0.1 or less.

by steric hindrance at higher coverage. It is also seen that 
tire chain densities decreased significantly with increasing 
PEO molecular weight, possibly due to the greater steric 
hindrance associated with insertion of longer chains into the 
developing layer. For all three molecular weights tire chain 
density increased significantly (e < 0.05) with increasing 
proximity to cloud-point conditions (high to low solubility).

Data on the time dependence of chemisorption from 
10 min to 4 h were obtained for low-solubility conditions, 
and for all three molecular weights drain density increased 
Overtlris interval. The rate of Cheraisorptiondecreased with 
time, presumably since at higher coverage the layer must 
“re-arrange” to allow access of additional chains to the gold.

3.5. Neutron reflectometry

Neutron reflectometry measurements were first done on a 
bare gold surface (no PEO) and tire SLD profile was least­
squares fitted for the model layer structure air∕Au∕Cr∕Sι. 
This surface served as a “control" and allowed validation 
of the data-acquisition and least-squares refinement proce­
dures. The least-squares fitted model parameters are listed in 
Table 7. Tlie refined SLD values are slightly lower than the 
values expected for crystalline gold and chromium, probably 
indicating that the metal layers are somewhat amorphous. 
The agreement between observed and calculated intensities 
(not showm) is excellent over the entire Q1 range, providing 
strong evidence that the model used to analyze the NR data 
is appropriate.

The value of the parameter describing the width of the 
air/gold interface is of interest, since it provides a measure 
of the roughness of the surface onto which PEO layers were
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Fig 2. SLD profiles for PEO-modified gold<oated Si suhstrate. (a) Control, hire gold suffice, (b) MW 750 PEO. Layer formed at 15oC, 2.9 M ionic strength 
over 4h. The layer order of the model is Sir-PEO-Ait-Cr-Sl from zero to high z values, (c) MW 50∞ PEO. Layer formed st 30°C, 1.9 M ionic strength over 

4h.

adsorbed. This width, specified by the MLAYER roughness 
parameter [21], was estimated as 17.31 ± 0.07 A. We note 
that the width of the gold/air interface is significant com­
pared to the Flory radii of 11.5 and 29.7 A for the MW 750 
and 5000 PEO1 respectively. Consequently the PEO layers 
are not expected to appear as plateaus in the model profiles 
(SLD vs Z distance curves) since the composition will be 
changing continuously over the interfacial region. This ef­
fect will be especially important for the MW 750 system.

Least-squares fitted SLD profiles obtained for tire sur­
faces chemisorbed for 4 h under low-solubility conditions 
with PEO of MW 750 and 5000 are shown in Fig. 2, where 
the assumed layer structure is air/PEO/Au/Cr/Si. The agree­
ment between observed and calculated reflectivity from the 
models (circles and solid curve) is depicted in Fig. 3, for 
tire MW 5000 system as an example. The agreement ob­
tained for the MW 750 is at tire same level and hence is 
not shown. Fig. 3 also includes the calculated reflectivity 
from least-squares fitting of a model without a PEO layer 
(dashed curve). For this test all parameters were allowed to 
vary except the βj-independent background and those rep-

Fig. 3. Reflected neutron intensities for gold-coated Si substrate modified 
»ith MW 50∞ PEO under low-solubility conditions after 4 h. Observed 
(circles) and calculated (solid curve) reflected neutron intensities for PEO 
present (χ2 = 7 03) and not present (χ2 = 19.40) at the surface.
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Table 8
Least-squares fitted model parameters (±SD) for chemisorbed PEO Iayera 
formed under low-solubility conditions. Where two entries are shown, the 
upper number is for MW 750 PEO and the lower number for MW 5000 
PEO

Thickness (A) Interface width (A) SLDx IO6 (A~2)

Air CG
57.8 ±4.7
16.0±2.4

0(fixed)

PEO 98±80 0.54 ± 0.12
19.4±0.5

12.4±0.9
12.4±O.6

0.46 ±0.01

Au 735 4.3
792

19.1 ±0.6
65.7

4.2

Cr 92 2.9
174

Shup
Shup

2.8

Si OO 2.0fi9 (fixed)

Note. All entries had SD values of 0.1 or less, unless presented.

resenting tire instrument resolution. Clearly the “PEO-less” 
model does not yield satisfactory agreement for the entire 
Q, range, indicating that this extra layer is essential. Yet, 
the layers representing the PEO are not seen as well-defined 
plateaus in Fig. 2, presumably due to the roughness of the 
underlying gold surface.

The refined parameters for tire PEO-containing models 
are listed in Table 8. Tire main interest is in the parameters 
for the PEO layer since changes in the gold and chromium 
parameters, unless they deviate substantially from expected 
values, simply reflect sample-to-sample variations in metal 
deposition. The parameters for Uie PEO films are reason­
able forboth MW 750 and 5000 systems. Indeed, the thick­
nesses of 9.8 ± 8.0 and 19.4 ± 0.5 A obtained for the MW 
750 and 5000 low-solubility' systems (4 h incubation) com­
pare well with the values deteπnined by ellipsometry, viz., 
7.2± 1.4and21.0±2.9 A, assuming a PEO refractive index 
of 1.475. Furthermore, the calculated dry PEO film densi­
ties for tlιe MW 750 and 5000 low-solubility systems (4 h 
incubation) w,ere 1.0 ± 0.3 and 0.82 ± 0.02 gem-3. The es­
timated error in the NR-detennined thickness and film den­
sity for the MW 750 system is especially large as a result 
of a low intensity-to-background ratio at very high Q1 val­
ues (an inherent instrument problem for very thin layers). In 
this regard it must be pointed out that although greater layer 
contrast could have been obtained using deuterated PEO for 
the NR measurements, natural isotopic PEO was used be­
cause direct comparison with ellipsometry data and future 
solution-contrast matched in situ studies, an important goal 
of the work, would then be possible.

As stated above, an ultimate goal of this work is to de­
termine tire density of PEO chains based on NRwithout any 
prior assumptions. Iflayers with well-defined SLD plateaus 
were observed this would be straightforward. Since SLD1 by 

definition, is volume density (p) times scattering Iengtli (b) 
of constituent molecules, surface density Γp0ιy is given by

(4a)

where t is the thickness of the PEO layer. Toapplythis equa­
tion, one would identify the SLD value of the plateau as 
(SLD)poIy and the distance between the midpoints of the in­
terfaces on either side of the plateau as the thickness, t. In 
the absence of a plateau a different method has been devised 
as follows.

One could calculate the SLD corresponding exclusively 
to PEO from the model parameters (Table 8). Tlie calculation 
using the MLAYER program is Straiglitforward—the SLD 
values for all materials except PEO are set to zero and the 
calculation that produces the curves in Fig. 2 is repeated. 
This curve essentially shows how the SLD of PEO varies as 
a function of depth z, and the numerical integral under the 
curve is the generalization of the numerator in Eq. (4a). Γpo∣y 
is given by

(4b)

where SLDJjoly is a function of z as described above. Also, 
bp0∣y *s the total scattering Iengtli of the PEO molecule 
which, in our case, is 17 t⅛o∏0 for MW 750 and 114 
⅛ono for MW 5000, where ⅛moπo for an H4C2O unit is 
4.15 x IO-5 A.

Thechain densities Obtainedbythis procedure were 1.8± 
0.9 chains∕nm2 for MW 750 PEO, and 0.23 ± 0.07 chains/ 
run2 for MW 5000 PEO. Ellipsometry measurements on 
these systems (chemisorption done under low,-solubility 
conditions) yielded chain densities of 0.63 ± 0.13 and 
0.30±0.02chains∕nm2 for MW750and5000PEO,respec­
tively, assuming a film density of 1 gem-3. Using the film 
densities determined by NRin the ellipsometry calculations, 
chain densities of 0.6 ± 0.3 and 0.25 ± 0.02 chains∕nm2 
were obtained for the MW 750 and MW 5000 systems, 
respectively. Again, for the thicker MW 5000 films the el­
lipsometry and NR values are very similar. For the MW 750 
layers the chain densities are not statistically different, viz., 
1.8± 0.9 and 0.63 ± 0.13 chains∕nm2 for NR and ellipsom­
etry, respectively.

The drain densities obtained in this work are larger' 
than most previously reported values for end-tethered PEO. 
Malmsten et al. [3] reported a maximum density, as deter­
mined by ellipsometry, of 0.12 chains∕nm2 for MW 5000 
PEO grafted to silica or quartz. This value, though lower 
t)ran those found in the present study, also indicates an ex­
tended chain Confonnation. Efiemova et al. [25] found chain 
densities of 1.16, 0.20, and 0.23 chains∕nm2 for PEO of 
MW 120, 2000, and 5000 at the air-water interface. In 
these systems the PEO was conjugated to a phospholipid 
(1,2-distearoyl-OT-glycero-3-phosphoethanolamine, DSPE) 
adsorbed to the air-water interface and the chain densities
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determined using a Langmuir trough. The maximum chain 
density for the MW 5000 PEO was similar to the value 
found in the present work and is also in the range expected 
for an extended chain Confonnation. Recently, Tokumitsu 
et al. [19] reported a maximum dry thickness, as deteπnined 
by ellipsometry, of 120 A for a layer, foπτιed by chemisorp­
tion to gold, of MWr 2000 PEO conjugated to C∏ alkanethi­
ols. This corresponds to a chain density of~3.6 chains∕um2, 
assuming a film mass density of 1 and application of Eq. (1). 
In the latter system the PEO appears to adopt an extended 
chain conformation with graft densities much Irigherthan in 
tlτe simpler HS-PEO chemisorbed layers reported here. Hy­
drophobic interactions among the alkane components near 
the gold surface in the systems studied by Tokumitsu et al. 
may account for this difference. Previous neutron reflectivity 
measurements conducted by Kuhl et al. [26] may be com­
pared with our data Tlieir experiments were conducted with 
a βj.maz in the range of 0.05 to 0.15, compared to our cho­
sen βj.max of 0.1 (Fig. 3). KuhTs work showed that going 
to values of Q1 greater than 0.1 did not yield additional in- 
fonnation, nor did it increase the data resolution. Our choice 
°F βj,max = θ∙l thus seems reasonable. It should also be 
noted that the work of Kulil et al. employed a strategy for 
fitting similar to that used in this study; i.e., the dry state 
layers were analyzed with box models, including interfacial 
roughness zones.

It is apparent from the results of this study that by varying 
both PEO solubility and chemisorption time, it is possible to 
generate surfaces with Varyingchain densities. Furthermore, 
it is apparent that ellipsometry' and neutron reflectometry 
measurements returned similar values of chain density for 
tlιe MW 5000, low'-solubility system. For the thinner lay­
ers formed in the low-solubility MW 750 PEO system, for 
which agreement between the two methods is not as good, 
it is likely that the accuracy of the data is reduced for both 
methods.

As indicated, these surfaces are of interest for the study of 
the mechanisms involved in the resistance of PEO-modified 
surfaces to protein adsorption. Such studies will be reported 
in future communications.

4. Summary

Thiolated PEO (MW 750, 2000, and 5000) was chemi­
sorbed to gold under various solubility conditions and for 
various times as a means of varying the surface chain den­
sity. Tlie dry layers were characterized using ellipsometry 
and neutr on reflectometry as independent methods for deter­
mining chain density.

It was shown that a teπninal thiol group on the PEO was 
required for “penuanent” attachment of PEO (resistant to 
washing with buffer). Following chemisorption, the water 
contact angles decreased significantly for all MWs, indicat­
ing increased hydrophilicity associated with the presence 
of PEO. The angles were found to level off for the low- 

solubility MW 750, 2000, and 5000 systems after 30, 30, 
and 10 min chemisorption, respectively. XPS data showed 
significantly higher sulfur content for the low- versus high- 
solubility MW 5000 systems. Similar C∙.O ratios were ob­
served for pure PEO and the different modified surfaces. 
These data suggest that the surface density Ofchemisorbed 
PEO increases with decreasing solubility (approach to cloud 
point conditions).

Cliain densities were estimated from ellipsometry data as­
suming a layer density of 1.0 g cm-1, and were found to be 
in the range of 0.4-0.7,0.33-0.58, and 0.12-0.3 Ocliains∕ιun2 
for MW 750, 2000, and 5000 PEO1 respectively. Layer den­
sities and surface chain densities determined by neutron 
reflectometry for layers fonned under low-solubility con­
ditions (4 h incubation) were 1.0 ± 0.3gem-1 and l.8 ± 
0.9 chains∕nm2 for MW 750 PEO and 0.82 ± 0.02 gem-3 
and 0.23 ± 0.07chains∕nm2 for MW 5000 PEO. The 
large scatter in the neutron reflectometry data for the low- 
solubility MW 750 PEO system is believed to be due to the 
fact that the PEO layer is too thin to be resolved accurately 
with the captured Qz range.

Iu general, the chain density values are Iiigherthan those 
expected for layers of unperturbed random-coil PEO (the 
“mushroom” regime), suggesting that the layers are in the 
brush regime. Maxiinmn possible coverage, estimated at 
5.8 cbains∕nm2 based on the cross section of fully extended 
PEO, did not occur, suggesting that beyond a given (limit­
ing) coverage steric hindrance prevented further chemisorp­
tion.
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Working Hypothesis:

Protein adsorption to chemisorbed thin films of PEO with MWs 750, 2000 and 5000 may 
be greatly affected by film chain density.

Main Contributions:

1. It was found that for 750 and 2000 MW PEO layers, resistance to fibrinogen 
adsorption increased with chain density and was maximal at a density of ~0.5 chains∕nm2 
(80% decrease in adsorption compared to unmodified gold). For PEO of 5000 MW the 
optimal chain density was 0.27 per nm2 and gave only a 60% reduction in fibrinogen 
adsorption. The PEO-modifιed surfaces were found also to be resistant to lysozyme 
adsorption with reductions similar to, if somewhat less than, those for fibrinogen.

2. As PEO chain density increased beyond the ‘optimum’ chain density protein 
adsorption increased.

3. It is suggested that at high chain density, the chemisorbed PEO becomes dehydrated 
giving a surface that is no longer protein resistant.
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Nonspecific protein adsorption generally occurs at the biomaterial-tissue interface and usually has 
adverse consequences. Thus, surfaces that are protein-resistant are eagerly sought with the expectation 
that these materials will exhibit improved biocoιnpatibility. Surfaces modified with end-tethered poly- 
Cethylene oxide) (PEO) have been shown to be protein-resistant to some degree. Although the mechanisms 
are unclear, it has been suggested that chain length, chain density, and chain conformation are important 
factors. To investigate the effects OfPEOchain density, we Selectedamodel system based on the chemisorption 
of chain-end thiolated PEO to a gold substrate. Chain density was varied by varying PEO solubility (proximity 
to cloud point) and incubation time in the chemisorption solution .The adsorption of fibrinogen and lysozyme 
to these surfaces was investigated. It was found that for 750 and 2000 MW PEO layers, resistance to 
fibrinogen increased with chain density and was maximal at a density of ~0.5 chains∕nm2 (80% decrease 
in adsorption compared to unmodified gold). As PEO chain density increased beyond 0.5∕nm2 adsorption 
increased. For PEO of 5000 MW the optimal chain density was 0.'27∕nms and gave only a 60% reduction 
in fibrinogen adsorption. It is suggested that, at high chain density, the chemisorbed PEO is dehydrated 
giving a surface that is no longer protein resistant. The PEO-modified surfaces were found also to be 
resistant to lysozyme adsorption with reductions similar to, if somewhat less than, those for fibrinogen. 
The fibrinogen to lysozyme molar ratios were within the expected range for dose-packed layers of these 
proteins in their native conformation and were relatively insensitive to PEO chain density and MW. This 
may suggest that such adsorption as did occur, even at chain densities giving minimum adsorption, may 
have been on patches of unmodified gold.

Introduction
Protein adsorption at the biomaterial-tissue interface 

is the first and fate-determining event that orchestrates 
subsequent host responses, including blood coagulation, 
platelet activation, and ∞mplement activation.1 Poly­
ethylene oxide) (PEO) has attracted much attention as 
a biomaterial coating due to the fact that it inhibits 
nonspecific protein adsorption.2 Although the exact 
mechanism of PEO-mediated protein resistance is still 
a matter of debate, it is thought that PEO density, chain 
length, Confonnation1 and charge neutrality are important 
factors.3-6 The possible effect of PEO-water binding on 
protein adsorption has also been discussed, and it has 
been proposed that the interactions between PEO and 
water exert a strong influence on protein resistance.3·7

(1) Brash, J. L. J. Biomater. Scl., Polym. Ed 2000,11,1135.
(2) Harris, J. M. Introduction to Biotechnical and Biomedical 

Applications of PoljKethylene glycol). In Polytethylene glycol) Chemis- 
try: Biolechnical and Biomedical Applications; Harns, J. M., Ed.; 
Plenum Press. New York, 1992; pp 1-14.

(3) Marra, M. J. Biomater. Sci., Polym. Ed. 20β0,11 647.
(4) Malmsten. M.; Emoto, K.; Van Alstine, J. M. J. Colloid Interface 

Scι. 1998,202, 607.
(5) Szleifer. L Biophys- J. 1997. 72, 596.
(6) Tosatti. S.; De Paul, S. M.; Askeodal, A.; Vandevondele, S.; 

Hubbell. J A ; Tengvall, P.; Textor1 M Biomaterials 2003, 24, 4949.
(7) Vogler, E. A. J. Biomater. Sei., Poiym Ed 1999,10,1015.

(8) Unsworlh1 L. D.; Tun, Z.; Sieardown1 H.; Brash, J. L. J. Colloid 
Interface Set. 2095, 287, 112.

(9) Nuzzo, R G.; Allara, D. L. J. Am. Chem. Soc. 1983,105, 4481
(IO)Prime, K L.; Whitesides, G. M. J. Am. Chem. Soc. 1993, US, 

10714.
(11) Zhu1 B.; Eurell1 T.; Gunawan1 R; Leckband, D. J. Biomed. Mater. 

Res. 2001, S6, 406.
(12) Kingshott1 P.; Griesser1 H. J. Curr. Opin. Solid State Mater. Sei. 

1999,4, 403.
(13) Kingshotζ P.; Thissen, H ; Griesser1 H. J. Biomaterials 2002, 

23. 2043.

Although chain density is believed to be important, there 
is very little work where this quantity has been varied 
systematically and where it has been measured with any 
degree of precision. In recent work from the authors’ 
laboratory, ellipsometry and neutron reflectometry were

* To whom Corrsspondenco should be addressed at the Depart­
ment of Chemical Engineering. Telephone: (905) 525-9140, 
ext.24946. E-mail: brashjl@mcmaster.ca. 

employed to measure the density of PEO on surfaces 
prepared by chemisorption of chain-end thiolated PEO to 
gold.8 In this paper we present data on the adsorption of 
proteins to similar surfaces.

A common approach to achieving variable surface 
density in gold-thiol systems is the use of an 'inert* thiol 
as a diluent in the chemisorption solution.9-11 In this work 
we have varied PEO density via solution conditions 
(proximity to cloud point) and incubation time.12-13 The 
relevant solution variables are ionic strength and tem­
perature: PEO solubility decreases as both of these 
variables increase, ultimately reaching a cloud point where 
the polymer be∞mes insoluble. As discussed by Kingshott 
et al.,12∙u grafting near cloud point conditions, where the 
polymer coils are relatively small, results in a relatively 
high surface chain density. Conversely at conditions away 
from the cloud point, the coils are more expanded and 
lower densities are achieved. Ofcourse changing conditions 
after chemisorption will alter the size and Confonnation 
of the PEO chains. We have shown previously that 
chemisorption Undervaryingsolutionconditions produces 
reproducible chain densities over a broad range for the 
PEOs used here.8
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Alexander11 has pointed out that the conformation of 
end-tethered chains depends on spacing. Tire so-called 
mushroom conformation (unperturbed random coils) oc­
curs when the spacing (L) is greater than 2Ri (Rb = Flory 
radius), whereas a brush or extended conformation occurs 
when L < 2Rf. It is also well-understood that stretching 
entropy and excluded volume interactions influence the 
brush density, in both cases as a result of chain—chain 
imposed lateral confinement. By varying brush density, 
conformations ranging from Slightlyperturbed (extended 
mushroom conformation) to fully stretched would be 
obtained. Furthermore, it is apparent that an increase in 
chain density implies an increase in PEO volume fraction.

In the present work, the protein resistance of PEO- 
gold surfaces has been evaluated by measuring the 
adsorption Offibrinogen and lysozyme as single proteins 
in buffer. These proteins were Selectedfar various reasons. 
Fibrinogen is alarge protein (340 kDa, 450 × 90 × 90 A)ls 
that plays a crucial role in wound healing, clot forma­
tion,16 and platelet adhesion and activation,17 the latter 
associated with catalytic effects in the coagulation cas­
cade.18·18 Fibrinogen is also known to facilit ate macrophage 
and leukocyte attachment, leading to inflammation, 
degradation, and fibrous encapsulation.20,51 In contrast 
to fibrinogen, lysozyme is a small protein (14.6 kDa, 46 
x 30 × 30 A)55,23 and it was of interest to investigate 
whether the PEO surfaces would be less resistant to 
lysozyme than to fibrinogen as might be expected if 
adsorption is facilitated by easier access to the underlying 
gold substrate. It was also of interest that the isoelectric 
points of fibrinogen and lysozyme are 5.5 and 11.4, 
respectively, so that at physiologic pH, the net charge on 
these proteins will be negative and positive, respectively.

(14) Alexander, S. J. Phyι. (Paris) 1977, 38, 983.
(IS)Herde, H.; Haupt, H.; Schwick, H. B. In Plasma Protein 

Fractionation. Academic Press: New York, 1977.
(16) Shen, M.; Horbett, T. A. J. Biomed. Mater. Res. 2001, S71 336.
(17) Brash, J. L.; Horbett, T. A Proteins at Interfaces. In Proteins 

at IntcrfaceslI: Fundamentals OndApplications; Horbett1T. A., Brash, 
J. L., Eds.; American Chemical Society: Washington, DC, 1996; p 18

118) Adams, G. A.; Feuerstein, I. A Trans.-Am. Soc. Artif. Intern. 
Organs 1981, 27, 219.

(19)Tsai, W.-B.; Grunkmeier, J. M.; McFarland, C. D.; Horbett1 T. 
A. J. Biomed. Mater. Res. 2002, 60, 348.

(20) Tang1 L.; Ugarova1 T. P.; Plow. EF.; Eaton. J. W. J. CUn. Incest. 
1S9«, 97, 1329.

(21) Anderaon1 J. M. Curr. Opin. Hematol. 2000, 7, 40.
(22) Arai, T.; Norde1 W. Colloids Surf. 1990, 51,1.
(23) Norde1 W.; Haynes1 C. A. Reversibihty and the Mechanism of 

Protein Adsorption. In Proteins al Interfaces II· Fundamentals and 
Applications; Horbett1 T. A, Brash, J. L., Eds.; American Chemical 
Society: Washington. DC, 1996; pp 26-40.

(24) Du, Y. J ; Brash, J. L. J. Appl. Polym. Sci. 2003, 90, 694.
(25) Barbosa, R. V.; Mcraes1 M A R.; Gomes, A. S; Soares B. G. 

Macromol. Rep. 1995, A32, 663.

We report here on the effect of surface chain density of 
PEO (MW750,2000, and 5000) on fibrinogen and lysozyme 
adsorption from buffer. Chain density data determined 
previously by ellipsometry were used for this purpose.8

Materials and Methods
Surfaces. Gold-mated silicon wafers were cleaned and exposed 

to solutions of 5 mM end-thiolated1 methoxy-teπninatedPEO2*^s 
as discussed elsewhere.8 Briefly, silicon wafers (2 in. diameter; 
1000∣ιm thickness; Institute OfElectronicMaterialsTechnology, 
Warsaw, Poland) were polished on both sides to λ∕10 (EL CAT, 
Warsaw, Poland), treated to remove any natural oxide layer, 
coated with a 400 A chromium adhesion layer followedby a 1000 
Alayerofgold, and diced into 0.5 cm x 0.5 cm pieces (Thin Film 
Technology, Inc., Buellton. CA). The gold-coated wafers were 
cleaned in a solution of 1 part hydrogen peroxide, 1 part 
ammonium hydroxide, and 5 parts water at 80 "C, for 5 min to 
remove any carbonaceous contamination, sonicated for 1 min,

Tablel. ChemisorptionsalutionComditions"

PEO MW temp (oC) ionic strength (M) PEO solubility
750 25 0.05 high

25 1.5,2.5 intermediate
35 2.9 low

2000 25 0.05 high
25 1.5,2.5 intermediate
35 2.8 low

5000 25 0.05 high
25 1.9 intermediate
30 1.9 low

• Solution PEO concentration was fixed at 5 mM and pH 7.4 L 
0.1.

rinsed in Millipore Milli-Q water, and placed in Milli-Q water- 
filled wells of a 96-well microtiter plate. The surfaces were 
equilibrated in a water bath at different temperatures and were 
then placed in the appropriate chemisorption solutions.

Chemisorption solution conditions (Table 1) were varied as a 
means of varying PEO chain density based on the idea, as 
explained above, that higher densities should be obtained as 
proximity to the cloud point increases. The Conditionsindicated 
as low solubility are essentially B conditions. The surfaces were 
immersed in the chemisorption Solutionsfor the appropriate time 
(10 min to 4 h), then placed in microtiter plate wells containing 
Milli-Qwater1 sonicated for 4 min, and rinsed extensively with 
Milli-Qwater. As discussed elsewhere,8 this procedure generates 
PEO layers Ofreprodudble chain density and water contact angle. 
Static water contact angle data showed that PEO was present 
and that as chemisorption time increased, the receding contact 
angles decreased with values in the range 17—20'.

Protein Adsorption. Fibrinogen and lysozyme (Calbiochem1 
La Jolla1 CA) were radiolabeled with NalasI (ICN1 Irvine1 CA) 
using the iodine monochloride method and dialyzed extensively 
against phosphate-buffered saline (PBS1 pH 7.4) to remove 
unbound lasI (held to < 1% of total solution radioactivity). Prior 
to protein adsorption experiments, gold-coated silicon wafers were 
equilibrated in PBS-NaI buffer overnight; *cold' NaI was added 
to the buffer to inhibit the sorption of unbound 125I to the gold 
surface according to a previously determined protocol.28 Protein 
adsorption experiments were performed in PBS-NaI buffer (pH 
= 7.4) at protein concentrations of 1, 0.51 0.31 0.11 and 0.001 
mg/mL (2% labeled, 9S,X ‘cold”). The surfaces were placed in the 
wells of96-well multiwell plates and incubated for 3 h at room 
temperature (~22 oC). It was determined that no further 
adsorption occurred at times longer than 3 h. The surfaces were 
rinsed three times (10 min each) with fresh PBS-NaI to remove 
any loosely bound protein. Surface radioactivity was determined 
and adsorbed amounts were calculated using background- 
corrected surface counts relative to the solution count for the 
highest protein concentration (0.5 mg/mL). The percentreduction 
of adsorption on the PEO surfaces relative to the unmodified 
gold was determined

PEO Surface Density from Ellipsometry Measurem exits. 
As discussed in detail elsewhere,8 a self-nulling, single­
wavelength (6328 A) ellipsometer. with an incident angle of70°1 
was used to determine the properties of the chemisorbed PEO 
layers. Thickness values were determined using a three-layer 
air-PEO-gold model. Chain densities were estimated from the 
thickness data using eq 1.

1-½)"
where L is the average distance betw een chain attachment pαi nts, 
M is the PEO molecular weight, pdry is the density of the dry PEO 
layer (assumed initially to be LO g cm-3), d is the ellipsometrically 
determined PEO average layer thickness, and Nλ is Avogadro’s 
numberA,τ Surface chain densities were estimated as L'8.

(26) Du, Y. J.; Cornelius, R. M ; Brash, J. L. Colloids Surf., B 2000, 
17, 59.

(27) Sofia, S. J.; Premnatli, V.; Merrill, E. W. Macromolecules 1998, 
31, 5069
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Figure 1. Fibrinogen adsorption to the unmodified gold and 
twoPEO750 surfaces prepared under low solubility conditions 
and chemisorption times of 4 h and 30 min with respective 
chain densities of 0.63 ± 0.13 and 0.47 ± 0.11 chaιn∕nm2. 
Fibrinogen adsorption time was held constant at 3 h. Error 
bars are ±1 SD; n > 18. The curves are trend lines and are 
included as a guide to the eye.

The chain density of layers of “equivalent” PEO spheres with 
radius equal to the Florv radius (Rr) can be estimated using eq 
2:

Rr= aNr (2)

where α is the characteristic monomer dimension (taken as 2.78 
Aforthe ethylene oxiderepeat4),N is the degree Ofpolymerization, 
v may be taken as 0.6 for high-solubility conditions, and 0.5 for 
the fl condition. Rr values estimated for the unperturbed chains 
at low- and high-solubility conditions for 750, 2000, and 5000 
MW PEO were determined to be 11 and 15; 18 and 27; and 30 
and 47 A, respectively.8 In discussing PEO packingon the surface 
it is helpful to consider the ratio Ll2Rr∖ values less than unity 
indicate Closepackingwith molecules Occupyingspaceless than 
would be required for the unperturbed random coils.

Results
Fibrinogen Adsorption. Representative fibrinogen 

adsorption data for unmodified gold and two 750 M W PEO 
modified surfaces are shown in Figure 1. The unmodified 
gold surface adsorbed 0.93 ± 0.09 μg∕cm3 of fibrinogen 
(average of data in the plateau region), i.e., in the range 
expected for close-packed monolayer coverage. For both 
of the PEO modified surfaces in Figure 1, fibrinogen 
adsorption was reduced significantly compared to gold. 
Surprieingly, the PEO film formed after 30 min (0.47 ± 
0.11 chain∕nm3) incubation adsorbed significantly less 
protein than after 4 h (0.63 ± 0.13 chain∕nm3).

Figure 2 shows the effects of solution conditions on the 
inhibition of fibrinogen adsorption to the 750 MW PEO 
surfaces. The data are reported as percent reduction vs 
bare gold. It should be noted that since the adsorption 
data for a given surface varied somewhat from experiment 
to experiment, a bare gold surface was included in every 
experiment and its adsorption value used in estimating 
percent reduction. It is clear that it was only when 
chemisorption was carried out under low solubility condi­
tions , i.e., either at high ionic strength or high temperature 
and high ionic strength (near the cloud point), that 
adsorption was inhibited to any significant extent. Similar 
trends were seen for the 2000 and 5000 MW systems (data 
not shown).

Figures 3-5 show, for each PEO molecular weight, plots 
of protein resistance (expressed as percent reduction in 
adsorption of fibrinogen) versus PEO chain density. The 
chain density data were obtained from ellipsometric 
measurements on the dry PEO surfaces as reported 
previously.8 The relatively large errors in chain density

Figure 2. Reduction in fibrinogen adsorption to gold surfaces 
modified with 750 MW PEO: effect of ionic strength and 
temperature during chemisorption. The chemisorption time was 
4 h. The adsorption data are averages across the isotherm 
plateau region from 0.1 to 1.0 mg∕nιL. Error bars are ±1 SD; 
n ≥ 18.

Figure 3. Reduction in fibrinogen adsorption to gold surfaces 
modified with 750 MW PEO: effect of surface chain density as 
measured by ellipsometry. The protein adsorption data are 
averages across the isotherm plateau region from 0.1 to 1.0 
ιng∕mL. Data are mean ± 1 SD with n = 9 and n ≥ 18 for chain 
density and protein adsorption, respectively. The trend Γme is 
provided as a guide for the eye.

Chain density. ChainVnm'

F⅛ure 4. Reduction in fibrinogen adsorption to gold surfaces 
modified with 2000 MW PEO: effect of surface chain density 
as measured by ellipsometry. The protein adsorption data are 
averages across the isotherm plateau region from 0.1 to 10 
mg∕mL. Data are mean ± 1 SD with a = 9 and n> 18 for chain 
density and protein adsorption, respectively. The trend Γme is 
provided as a guide for the eye.

seen in Figures 3—5 are probably due to the low values 
of film thickness from which the chain densities were 
derived. It is apparent that for all three plots Ofresistance 
vs chain density there are multiple points “stacked” at 
about the same chain density (e.g., Figure 5 at~0.25 chain/
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Figure 5. Reduction in fibrinogen adsorption to gold surfaces 
modified with 5000 MW PEO: effect of surface chain density 
as measured by ellipsometry. The protein ads Oiyition data are 
averages across the isotherm plateau region from 0.1 to 1.0 
mg∕mL. Data are mean ± 1SD with a = 9 and B > 18 for chain 
density and protein adsorption, respectively. The trend Ime is 
provided as a guide for the eye.

nm1). The chain densities for these points were not 
statistically different, but the adsorption data were. 
It appears that the transition from modestly protein 
resistant to strongly resistant as PEO chain density 
increases is sharp. Tlie data suggest that even a slight 
change in chain density, not discernible using our 
measurement technique, causes a large change in protein 
adsorption. The fact that all three molecular weights 
showed the same behavior reinforces this viewpoint.

It is seen that in. each case there was a maximum in 
resistance at an intermediate density, leading to the 
conclusion that there is an optimum chain density for 
protein resistance. For 750 MW PEO (Figure 3), there 
appears to be a threshold chain density of ~0.5 chain∕nm2 
(L⅛⅛ ~ 0.5) above which protein resistance increased 
sharply. At higher chain densities, resistance decreased. 
The same trends were seen for 2000 and 5000 MW PEO1 
with resistance maxima occurring at ~0.5 (L∕2Rτ ~ 0.3) 
and 0.28 (L∕2Rp ~ 0.2) chaiι√nm∖ respectively (Figures 
4 and 5). (It should be noted that these U2Rτ values are 
based on the ‰ for the chain as fo und in the protein buffer.) 
These results are in large measure counterintuitive: it 
might be expected, rather, that resistance would increase 
continuously with increasing chain density to a constant 
limiting value.

Chain densities and fibrinogen adsorption values, 
including data for the surfaces formed under I ow solubility 
Conditionsthat showed the greatest fibrinogen resistance, 
are listed in Table 2. It is apparent that the optimum 750 
and 2000 MW surfaces had similar chain densities (~0.5 
chain∕nm2) and adsorbed similar amounts of fibrinogen 
(~0.14 gg∕cm2) despite the fact that the chemisorption 
conditions were very different, as indicated in Table 1. It 
is also apparent that the 5000 MW surface was a less 
effective inhibitor of fibrinogen adsorption, possibly due 
to the fact that the maximum chain density is relatively 
low for this surface at 0.33 chain∕nm2. Again these data 
indicate that chain density is a key variable in the 
inhibition of protein adsorption. Moreover, as chain 
conformation and hydration are related to chain density, 
these properties may also play a role in repelling proteins 
that has yet to be defined.

Lysozyme Adsorption. The adsorption of lysozyme 
was also investigated, the objective being to ascertain 
whether the protein resistance of these PEO surfaces is 
affected by protein size and, in particular, to determine 
whether a small protein is resisted to the same extent as

a large one. Table 2 shows lysozyme data for surfaces 
prepared under conditions that gave the highest and 
lowest adsorption for each PEO molecular weight Both 
plateau adsorption and reduction of adsorption compared 
to the unmodified gold are shown. Adsorbed amounts 
range from 0.06 to 0.30 μg⅛m2 and reductions from about 
3 to 80%. A close-packed monolayer of lysozyme should 
have a surface concentration between 0.2 and 0.3 μg∕cm2. 
The layers adsorbed on the “high solubility” surfaces are 
in this vicinity. It is clear again, as for the fibrinogen 
data, that chemisorption of PEO near the cloud point gives 
surfaces that are significantly lysozyme resistant, whereas 
formation under high Solubfiity conditions gives surfaces 
that are only weakly resistant. Also, as observed for 
fibrinogen, similar adsorbed amounts (0.11 ± 0.04 and 
0.06 ± 0.03 μg∕cm2) were seen on the 750 and 2000 MW 
surfaces of similar chain density (~0.5 chain∕nm2) and 
the 5000 MW PEO surfaces were not as effective at 
inhibiting adsorption, probably due to the fact that chain 
densities on these surfaces were lower.

The molar ratios of lysozyme to fibrinogen adsorbed to 
these surfaces are also presented in Table 2. For most of 
the surfaces, this ratio is of the order of 8-9. It is somewhat 
higher for the 5000 MW PEO surfaces at about 12. The 
low-solubility 750 PEO surface is higher yet at about 18. 
For a given area of surface on which adsorption is 
unimpeded (and thus on which close-packed layers could 
potentially form), these ratios are approximately as would 
be expected on the basis of the dimensions and thus the 
“footprints’ of the intact, native molecules. The footprint 
ratio fibιlys may be estimated to be in the range ~30:1 to 
9:1 depending on molecular orientation.

Discussion
Although investigations of fibrinogen and lysozyme 

adsorption to PEO modified surfaces have been reported 
by others, studies in which chain densities as well as 
adsorbed amounts are measured are rare. Malmsten et 
al* found that adsorption of fibrinogen decreased sig­
nificantly with increasing PEO chain density (determined 
by ellipsometry). Thus, at densities of0.004 and 0.12 chain/ 
nm2, fibrinogen adsorption was 0.28 and 0.02 ,ug∕cm2, 
respectively. Sofia et al.27 showed that at a chain density 
of 0.17 chain∕nm2 (end-tethered, MW 3400) the adsorption 
of several proteins was completely inhibited as judged by 
the absence of nitrogen inX-ray photoelectron spectroscopy 
(XPS; a less sensitive method than radiolabeling). Tosatti 
et al.6 also used in situ ellipsometry to quantify protein 
adsorption from heparinized human plasma to titanium 
surfaces modified with poly(L-lysine⅛rα∕l-poly(ethylene 
oxide) (PLL-g-PEO) polymers (2000 MW PEO segments). 
These surfaces gained very little mass upon exposure to 
plasma. This nonfouling behavior was attributed to 
suppression of protein adsorption through steric stabili­
zation and the reduction of electrostatic interactions 
between the surface and the proteins. Similar PLL-g-PEO 
surfaces with grafted PEO chains of 2000 and 5000 MW 
were also studied by Kenausis et al.28 It was observed 
that the lowest fibrinogen adsorbed amount, as determined 
using the OWLS technique, was ~2 ng∕cm2 and occurred 
at an L∕2Rj ratio of ~0.47. Similar calculations using our 
data show that the lowest fibrinogen adsorption, as 
determined by radiolabeling, was 140 ng∕cm2 and occurred 
at an Ll,2Rι ratio of ~0.4. IJIRt = 0.47 was the lowest 
value observed by Kenausis et al., whereas in the present

(28) Kenausii, G. L; Voros, J.; Elbert, D. L., Huans, N-I Hofer, R.; 
Ruiz-Tayior1LiTfflrtorbM.;Hubbell, JA.; Spencer, N. D J. Phys. Chem 
B 2000, 104, 3298.
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Table 2. Comparison of Fibrinogen and Lysozyme Adsorption (Isotherm Plateaιι)α

system
chain density 
(chain∕nm2)

fibrinogen 
(μg∕cms)

reduction vs 
control (%)

lysozyme 
iμg∕cm2)

reduction vs 
control (%)

mol ratio 
lysozymeιΓιbrinogen

control 0.93 ± 0.09 0.31 ± 0.02 7.9
750 MW, high solubility, 4 h 0.4 ±0.1 0.71 ±0.1 24 0.23 ± 0.01 25 7.5
750 MW, low solubility, 30 min 0.47 ±0.11 0.14 ±0.04 85 0.11 ±0 04 65 18.3
2000 MWi high solubility, 4 h 0.33 ± 0.08 0.71 ± 0.09 24 0.27 ± 0.02 13 8.8
2000 MW, low solubility, 2 h 0.51 ± 0.09 0.15 ± 0.03 84 0.06 ± 0.03 81 9.5
5000 MW. high solubility, 4 h 0.12 ±0.02 0.52 i 0.15 44 0.30 ± 0.02 3 12.8
5000 MW1 low solubility, 30 min 0.24 ± 0.02 0.31 ±0.03 66 0.21 ± 0.02 33 15.9

• Data are mean ± 1 SD, with n = 9 and n ≥ 18 for chain density and protein adsorption values, respectively.

work lowest values of 0.39, 0.24, and 0.2, respectively, 
were observed for the 750,2000, and 5000MWPEOlayers. 
Tltis tight packing implies that the PEO chains are in an 
entropically unfavorable state.29

(29) Benesch, J.; Svedhem, S ; Svensson, S. C. T.; Valiokns, R.; 
Liedberg, B., TengvalL P. J. Biomater. Sei., Polym. Ed 2001,12, 581.

(30) McPherson1T.'.Kidane1A .; Sdeifer1I.;Park1K-Lmgmuir 1998, 
14. 176.

(31) Harder1P.; Grunze1 M.; Dahint1 R.; Whitesides1G. M.; Laibinis.
P. E. J. Phyι. Chem. B 1998,102, 426.

(32) Tiberg1F.; Brink1C.; Hellsten1M.; Holmberg1 K. Colloid Polym 
Sci. 1992, 270, 1188.

(33) Vanderah1 D. J.; La1 H.; Naff1 J.; Silin1 V.; Bubinson1 K A. J. 
Am. Chem. Soc. 2004,126, 13639.

Several studies of the adsorption of fibrinogen and 
lysozyme to self-assembled monolayers (SAMs) of oligo- 
(ethylene oxide) (EO) “tipped’ alkane-thiols have been 
reported. Prime and Whitesides10 showed that EO-6 (PEO 
260) tipped SAMs adsorbed very low amounts of fibrino­
gen. Block copolymers of structure PEO-PPO-PEO 
(Pluromcs) adsorbed to glass at respective densities of 
0.08 and 0.19 chain∕nms showed fibrinogen adsorption of 
0.1 and 0.05 μg∕cm3 and lysozyme adsorption of 0.02 and 
0.06 μg∕cms for 3300 and 5500 MW PEO blocks, respec­
tively.30 Again these may be considered surfaces of 
significant protein resistance.

In the present work, the surfaces of greatest resistance 
gave reductions of the order of 80% compared to the 
controls, with adsorbed amounts of about 0.14 μg∕cm2 for 
fibrinogen (750 MW, low solubility, 30 min) and 0.06 μ%∕ 
cm2 for lysozyme (2000 MW, low solubility, 2 h). In both 
cases the chain density was ~0.5 chain∕nm2. These 
adsorbed quantities are of the same order of magnitude 
as those reported by others, although generally speaking 
the chain densities are higher. However, itshould be noted 
that comparisons between results from different labora­
tories are difficult due to the different methods used to 
determine adsorption and chain density.

The experiments comparing lysozyme and fibrinogen 
show that for most of the surfaces the percent reduction 
in adsorption vs the unmodified gold is similar for both 
proteins, suggesting that resistance is about the same 
whether the protein is big or small. Moreover for a given 
PEO molecular weight, the molar ratio of the two proteins 
is similar for the low and high chain densities and similar 
to that on the bare gold. As mentioned, the molar ratios 
are also similar to the “footprint” ratio of the two proteins. 
Taken as a whole, these data may indicate that such 
adsorption as does occur, even at chain densities giving 
minimum adsorption, is on patches of unmodified gold. 
Since we do nothave data for lysozyme at densities where 
adsorption has increased beyond the minimum, we do not 
know if the same ratios would be seen for these densities. 
At these higher chain densities it is less Ukely that any 
bare gold would be accessible to the proteins. However if 
the PEO is dehydrated (see below for further discussion 
of this possibility) giving hydrophobic patches that are 
strongly adsorbent, one might expect close-packed layers 
ofprσtein such that the mol ar ratio Iyscfib would be similar 
to that on gold. In support of this proposition, it is noted 
that the fibrinogen adsorption levels at the highest chain 
densities return more or less to those on the bare gold 
(Figures 3-5).

The most interesting finding in this work is the 
occurrence of an adsorption minimum as a function of 
PEO surface density, suggesting that there is an optimal 
surface density for protein resistance. Minima were found 
for fibrinogen adsorption to surfaces modified with PEO 
OfdifferentMW (750 and 2000) at approximately the same 
chain density (~0.5 chain∕nm2). Furthermore, similar 
lysozyme adsorption levels were observed for surfaces 
having the same PEO chain density (~0.5∕nm2) but 
different MW. This suggests that chain density plays a 
role of major importance in protein resistance mediated 
by end-tethered PEO. While it is obvious that at very low 
chain density protein resistance should be negligible, it 
is less obvious why at Iiigher chain density resistance 
should decrease. It might rather be expected that resis­
tance would increase with density, reaching a plateau 
value once density (and thus coverage) had reached a 
sufficient level.

A possible explanation might be that a hydrophobic 
contaminant is introduced in the surface preparation 
process and that contamination increases with increasing 
PEO density. Water contact angle data8 showingreceding 
angles in the range of 17 —20° argue against this possibili ty. 
Another possibihty is that the terminal methoxy groups 
begin to dominate the surface at the higher densities. That 
this is probably not the case is indicated by recent work 
in our laboratory (unpublished) showing that the same 
trends are seen with hydroxyl-terminated PEO.

It is possible that it is the decrease in chain mobility3·0 
and hydration6·31 associated with increased chain density 
that is the root cause of the loss of resistance at higher 
density (though water contact angles do not indicate 
any global increase in hydrophilicity). As chain density 
Bicreases, the effective “solubility” limit of tethered PEO 
chains will be reached with a corresponding decrease in 
hydration and mobility, both of which are components 
crucial to effective protein resistance. Work by Tiberg et 
al.31 bears on the question of hydrophilic—hydrophobic 
transitions in PEO surfaces. For surfaces Consistmg of 
immobilized PEO-PPO block copolymers it was found 
that the thickness of a polymer layer of fixed chain density 
decreased as the temperature increased through the doud 
point. This was attributed to loss of hydration at the higher 
temperatures. The adsorption of IgG increased through 
this same temperature interval as would be expected if 
the surface were be∞ming more hydrophobic.

Minima in protein adsorption as chain density varies 
have been reported by Vanderah et al.33 They showed 
that on oligo(ethylene oxide)-SAM-gold surfaces, the 
adsorption of both fibrinogen and albumin decreased 
as coverage increased. At an OEO coverage of 80%, 
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however, adsorption, increased sharply. This sharp re­
versal was attributed to the reduction of chain mobility 
in the OEO domains accompanying the transition to the 
highly ordered 7/2 helical conformation, implying that 
protein resistance is due mainly to the excluded volume 
effect since, as lateral packing density increases, chain 
mobility and hydration most likely decrease. Herrwerth 
et al.,34 working with gold- and silver-alkanethiol-OEO 
surfaces where the methoxy-terminated OEO was of 
chain length 1 to 6, showed that protein adsorption was 
low at intermediate chain density up to about 4∕nma, and 
increased sharply at higher chain density.

(34) Herrwerth1 S.; Eck, W.; Reinhardt, S.; Grunze, M. J. Am. Chetn.
Soc. 2003, 125,9359. , „ , , λλλλ „

(35) Anne, A.; Deinaille, C.; Moiroux, J. Macromolecules 2∞2, 35, 
5578.

(36) Yan, G.; Li, J-T.; Huang, S-C.; CaldweU, K. D. Calorimetric 
Observations of Protein Conformation at Solid-Liquid Interfaces. In 
Proteins at Interfaces IL Fundamentals and Applications; Horbett, T. 
A.. Brash, J. L., Eds.; American Chemical Society: Washington, DC, 
1996; pp 256-268.

It seems likely that the lack of observation by others of 
the adsorptive nature of dense higher molecular weight 
PEO layers is due to the fact that the layers were not of 
sufficiently high density. The chain densities achieved in 
this work ranged from about 0.4 to 1.3 per nma for 750 
PEO, from 0.2 to 0.7 per nm2 for 2000 PEO, and fromO.14 
to 0.32 per nma for 5000PEO; i.e., chain density decreased 
with increasing chain length. The limitations on achiev­
able density for this type of surface have been discussed 
elsewhere and involve steric restrictions on the addition 
of chains to partially covered surfaces.4 Thus our surfaces 
have densities well below the theoretical maximum of 
about 5∕nma for a clos e-packed layer of helical PEO. Anne 
et al.3s found a maximum density of 0.1∕nm2 for surface- 
grafted PEO 3400 chains.

The results of the present work, along with those from 
other laboratories,s'4'ls'34 may indicate that it is the 
hydration state of particular conform ations (as determined 
by chain density) of end-tethered PEO that is largely 
responsible for inhibiting protein adsorption to these 
surfaces. Our data suggest that an optimal hydration state 
exists at a chain density of 0.4—0.5 chain∕nms. Additional 
support for this mechanism could come from knowledge 
of the hydration of PEO attached to surfaces. It is possible 
that DSC measurements on finely dispersed systems of 
high surface-to-volume ratio could provide such informa­
tion.36
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Working Hypothesis:

Protein resistant surfaces formed under optimal chemisorption conditions should show 
decreased transient fibrinogen adsorbed from plasma and decreased overall adsorption of 
plasma proteins compared to both the unmodified control and surfaces formed under high 
solubility conditions. Also PEO layers where the distal chain ends are methoxy and 
hydroxyl groups, should show different protein resistance.

Main Contributions:

1. PEO layers formed from solutions near the cloud point adsorbed the lowest amount of 
fibrinogen from plasma. Layers of OH-terminated PEO of MW 600 showed almost 
complete suppression (versus controls) of the Vroman effect.

2. Respective Vroman peak amounts of adsorbed fibrinogen for 600-OH, 750-ΘCH3 and 
2000-OCH3 were 20 ÷ 1, 70 ± 20, and 50 ± 3 ng∕cm2 compared to 400 ng∕cm2 for 
unmodified gold; adsorption levels at higher plasma concentration were 6.7 ± 0.6, 16 ± 9 
and 12 ± 3 ng∕cm2 respectively compared to 150 ng∕cm2 for gold. Fibrinogen adsorption 
from plasma was not significantly different for surfaces prepared with PEO of molecular 
weight 750 and 2000 when the chain density was the same (~0.5 chains∕nm2) supporting 
the conclusion that chain density may be the key property for suppression of protein 
adsorption.

3. The data suggested a distal chain end group effect such that fibrinogen adsorption 
was reduced and/or displacement from the surface facilitated on hydroxyl-terminated 
compared to methoxy-terminated PEO layers.

4. SDS-PAGE gels and immunoblots of the proteins eluted from these surfaces after 
plasma contact showed that a number of proteins were adsorbed, including fibrinogen, 
albumin, C3 and apolipoprotein A-L However, the blot responses were weak for all four 
proteins of the contact system; some complement activation was observed on all of the 
surfaces studied.

99



Ph.D. Thesis - L.D. Unsworth McMaster University, Chemical Engineering

Abstract

The mechanisms involved in the inhibition of protein adsorption by polyethylene 

oxide (PEO) are not completely understood, but it is believed that PEO chain length, 

chain density and chain conformation all play a role. In this work, surfaces formed by 

chemisorption of PEO-thiol to gold were investigated: the effects of PEO chain density, 

chain length (600, 750, 2000 and 5000 MW) and end-group (-OH, -OCH3) on protein 

adsorption from plasma are reported. Similar to previous single protein adsorption studies 

it was found that, of the different surfaces investigated, PEO layers formed from 

solutions near the cloud point adsorbed the lowest amount of fibrinogen from plasma. 

Layers of hydroxyl-terminated PEO of MW 600 formed under these low solubility 

conditions showed almost complete suppression (versus controls) of the Vroman effect, 

with 20 ± 1 ng∕cm2 adsorbed fibrinogen at the Vroman peak and 6.7 ± 0.6 ng∕cm2 at 

higher plasma concentration. By comparison, Vroman peak adsorption was 70 ± 20 and 

50 ± 3 ng∕cm2 respectively for 750-OCH3 and 2000-OCH3 layers formed under low 

solubility conditions; adsorption on these surfaces at higher plasma concentration was 16 

± 9 and 12 ± 3 ng∕cm2. Thus in addition to the effect of solution conditions noted 

previously, the results of this study also suggest a chain end group effect which inhibits 

fibrinogen adsorption to and/or facilitates displacement from hydroxyl terminated PEO 

layers. Fibrinogen adsorption from plasma was not significantly different for surfaces 

prepared with PEO of molecular weight 750 and 2000 when the chain density was the 

same (~0.5 chains∕nm2) supporting the conclusion that chain density may be the key 

100



Ph.D. Thesis - L.D. Unsworth McMaster University, Chemical Engineering

property for suppression of protein adsorption. The proteins eluted from the surfaces after 

contact with plasma were investigated by SDS-PAGE and immunoblotting. A number of 

proteins were detected on the various surfaces including fibrinogen, albumin, C3 and 

apolipoprotein A-E The blot responses were zero or weak for all four proteins of the 

contact system; some complement activation was observed on all of the surfaces studied.

Introduction

Protein adsorption is believed to occur to some extent on all implanted 

biomaterials [1]. It is the initiating event that determines subsequent host responses 

including blood coagulation, platelet activation and complement activation. Surface 

modification of biomaterials with polyethylene oxide (PEG) has been shown to inhibit 

non-specific protein adsorption [2]. Although the exact mechanism of PEO mediated 

protein resistance is still a matter of debate, it is thought that chain density, chain length, 

chain conformation and charge neutrality are important factors [3-5]. It has also been 

proposed that the interactions of PEO with water exert a strong influence on protein 

resistance [6].

The attachment of polymers and other molecules to gold via a thiol end group has 

been studied extensively [7-12]. In the case of polymers, solution conditions can be used 

to modulate the polymer dimensions thus allowing variation of the surface density of 

PEO [13,14]. Also, it has been shown that end-tethered chain conformation depends on 

chain density (spacing), with chain conformations ranging from unperturbed (mushroom) 

to slightly perturbed (extended mushroom) to fully extended (brush layer) [15].
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A model PEO surface system based on the chemisorption of chain-end thiolated 

PEO to gold has been under investigation in our laboratory [7,8,16]. In this system the 

PEO is attached to the surface via the chain ends (end tethered). Convenient manipulation 

of surface properties, including PEO chain density, molecular weight and distal chain end 

chemistry is possible. Chain density can be varied by varying PEO solubility (proximity 

to cloud point) and chemisorption time.

Fibrinogen adsorption from blood and plasma and its subsequent displacement 

from the surface (Vroman effect) has been discussed extensively [17,18]. More generally 

it has been shown that abundant plasma proteins, such as fibrinogen, adsorbed initially 

from blood or plasma, may be replaced by other proteins of lower concentration and 

higher binding affinity [19]. In vitro plasma adsorption experiments using 'I labeled 

fibrinogen can be used to determine both the transient (i.e. Vroman peak) and kinetically 

stable adsorbed amounts of fibrinogen. These data may be diagnostic of the overall 

effectiveness of a surface in inhibiting platelet adhesion, platelet activation and thrombus 

formation. It has been suggested, for example, that fibrinogen adsorption must be less 

than 5 ng∕cm2 to prevent significant platelet adhesion [20].

In this communication the effects of PEO chain density, chain length (600, 750, 

2000 and 5000 MW) and end-group (-OH, -OCH3) on protein adsorption from plasma are 

reported. Protein adsorption was studied by Vroman effect experiments using 

radioiodinated fibrinogen [21] and by analysis of the proteins eluted following plasma 

contact using SDS-PAGE and immunoblotting. The physical properties of the surfaces 

studied have been described elsewhere [7,8]; these surfaces were selected for study here 
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since in previous work they were shown to be effective in suppressing adsorption of 

fibrinogen from buffer [16].

Materials and Methods

Surfaces

Chain end thiolated PEOs were prepared as described elsewhere [7,8,16,22]. Gold 

coated silicon wafers were cleaned and exposed to solutions of 5 mM end-thiolated 

methoxy terminated PEO [7,8]. Silicon wafers treated to remove the native oxide layer, 

and coated with a chromium (400 A) adhesion layer followed by layer of gold (1000 A) 

were obtained from Thin Film Technology, Buellton, CA, and diced into 0.5 cm x 0.5 cm 

pieces. They were cleaned in a solution consisting of 1 part hydrogen peroxide, 1 part 

ammonium hydroxide, and 5 parts water at 80oC for 5 min to remove any carbonaceous 

contamination, sonicated for 1 min, rinsed in Millipore -Milli Q water, and placed in 

Milli-Q water-filled wells of a 96-well microtitre plate. The plates were immersed in a 

water bath at the desired temperature. Once equilibrated, the samples were placed in the 

appropriate PEO-thiol solution at the same temperature.

Chemisorption solution conditions (Table 1) were varied as a means of 

manipulating PEO chain density; for example it has been shown that higher densities can 

be obtained as proximity to the cloud point increases [13,14]. The conditions indicated as 

low solubility (LS) are essentially theta conditions. Following chemisorption, wafers 

were placed in microtitre wells containing Milli-Q water, sonicated for 4 min and rinsed 

with copious amounts of Milli-Q water to remove loosely adsorbed polymer.
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aAll polymer concentrations 5 mM; pH, 7.4 ± 0.1. 
bDetermined by ellipsometry as reported in references 7, 8.

Table 1. Chemisorption solution conditions41.
Molecular 

Weight 
(g∕mol)

Solution 
Temperature 

(0C)

Ionic 
Strength 

(M)

Chemisorption 
Time 

(h)

PEO 
Solubility

Surface chain 
density 

(chn∕nm2)b

600 25 Low 4 High 0.9 ±0.2

25 4.4 2 Low 1.1 ±0.2

750 25 Low 4 High 0.4 ±0.1

35 2.9 0.5 Low 0.47 ±0.11

2000 25 Low 4 High 0.33 ±0.08

35 2.8 2 Low 0.51 ±0.09

5000 25 Low 4 High 0.12 ±0.02

30 1.9 0.5 Low 0.24 ± 0.02

Protein labelling

Fibrinogen (Calbiochem, La Jolla, CA) was radiolabeled with 125I (Na125I, ICN, 

Irvine, CA), using the iodine monochloride method, and dialyzed extensively against 

phosphate buffered saline (PBS, pH 7.4) to remove unbound radioactive iodide (held to 

<1% oftotal solution radioactivity) as discussed elsewhere [23].

Adsorption from plasma

Blood was taken from normal human donors into 3.8% sodium citrate (blood: 

citrate, 9:1, v∕v), centrifuged at 40C and 3000 x g for 20 min, and the supernatant plasma 

collected. The plasma samples from multiple donors were pooled, aliquoted, and stored at 

-70oC prior to use.
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For fibrinogen adsorption experiments radioiodinated fibrinogen was added to the 

plasma in amounts equivalent to about 10% of the endogenous fibrinogen level. Prior to 

plasma exposure the gold surfaces were incubated overnight in PBS containing “cold” 

NaI. This step is required to prevent uptake of free radioactive iodide by the gold [23]. 

The surfaces were incubated in the radiolabeled plasma for 3 h under static conditions at 

room temperature as described previously [21 ]. Adsorption was measured as a function 

of plasma “concentration” by exposing the surfaces to a series of plasmas diluted to 

varying extents (from undiluted to 10,000:1) with PBS. This allows observation of any 

Vroman effect that may be occurring since adsorption goes through a maximum in the 

low plasma concentration range due to competitive adsorption effects [17,24].Following 

plasma exposure surfaces were washed three times (10 min each) with fresh PBS-NaI 

prior to gamma counting.

In other experiments proteins eluted after plasma contact were investigated by 

SDS-PAGE and immunoblotting. Surfaces were exposed to undiluted pooled human 

plasma for 3h at room temperature and washed extensively to remove loosely bound 

proteins (as well as residual plasma) as described above. Adsorbed proteins were eluted 

from the surfaces by incubating for 24 h in 2% aqueous sodium dodecyl sulfate (SDS) 

[25].

SDS-PAGE and immunoblotting

Eluted proteins were analyzed using reduced SDS-PAGE (12% gels) and 

immunoblotting analysis as described elsewhere [25,26]. Proteins were transferred from 

the gels to Immobilon PVDF membranes (Millipore, Bedford, MA) and exposed to 
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primary antibodies (dilution 1:1000). Affinity-purified secondary antibodies conjugated 

to alkaline phosphatase (dilution 1:1000) were used to detect specific proteins. To allow 

comparisons among the different surfaces, the surface area for adsorption, the volume of 

eluent buffer used to elute the proteins, and the volume of eluate loaded onto the gels 

were the same for each surface.

Results and Discussion

Fibrinogen adsorption from plasma

Vroman effects were evident for all surfaces studied with peak adsorption 

occurring at about 0.1 plasma (Figures 1 - 4) as has been observed for other surfaces 

[17,18]. At higher plasma concentration, adsorption tended to level off although a slight 

increase was observed at the highest concentration. As shown in Table 2, the adsorption 

at the Vroman peak and at higher plasma concentration appear to be sensitive to both 

PEO MW and chemisorption conditions. Surfaces formed under low solubility conditions 

showed significant reduction in adsorption compared to the unmodified gold for all MWs 

[16], The 600-OH “low solubility” surface showed the lowest Vroman peak of 20 ± 1 

ng∕cm2. While higher than the 5 ng∕cm2 criterion suggested for prevention of significant 

platelet adhesion [20], this value is significantly lower (α<0.05) than those for the other 

surfaces. The 750-OCF13 and 2000-OCH3 low solubility surfaces showed peak adsorbed 

amounts of 70 ÷ 20 and 50 ± 3 ng∕cm2, respectively, while the 5000-ΘCH3 surface 

adsorbed 140 ± 20 ng∕cm2 at the peak. Adsorption levels at higher plasma concentration 
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for the low solubility 600-OH, VSO-OCH3, 2000-OCH3 and SOOO-OCH3 surfaces were 6.7 

± 0.6, 16÷9, 12 ± 3 and 50 ± 20 ng∕cm2, respectively.

We showed previously that in buffer, fibrinogen adsorption to the 750-OCH3 and 

2000-OCH3 systems was at a minimum at a chain density of ~0.5 chains/nm [16]. 

Similarly, the Vroman-type plasma experiments reported here indicate that at this chain 

density (low solubility conditions, Table 1) these surfaces adsorbed similar quantities of 

fibrinogen at the peak (70 ± 20 and 50 ± 3 ng∕cm2 respectively) and at higher plasma 

concentration (16 ± 9, 12 ± 3 ng∕cm2). This result strongly supports our previous 

conclusion [16] that PEO chain density perhaps plays the key role in determining the 

extent of protein resistance.

Figure 1. Fibrinogen adsorption from plasma to OH-terminated PEO, MW 600. Effect of 
chemisorption conditions. Data are mean ± SD, n=6.
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Figure 2. Fibrinogen adsorption from plasma to C⅛O-terminated PEO, MW 750. Effect 
of chemisorption conditions. Data are mean ÷ SD, n=3.

Figure 3. Fibrinogen adsorption from plasma to CH3O-terminated PEO, MW 2000. Effect 
of chemisorption conditions. Data are mean ± SD, n=3.
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Figure 4. Fibrinogen adsorption from plasma to CH3O-terminated PEO, MW 5000. Effect 
of chemisorption conditions. Data are mean ÷ SD, n=3.

Table 2. Vroman peak and plateau percent reductions and adsorbed amounts for 
fibrinogen adsorption from plasma.

Surface Vroman peak adsorption 
(% reduction, ng∕cm2) 

(mean ±SD, n=6)

Plateau adsorption 
(% reduction, ng∕cm2) 

(mean ±SD, n≥l 1
600 MW, high solubility, 4 h
600 MW, low solubility, 2 h

75 ±2, 50± 10
90 ± 1, 20 ± 1

65 ± 3, 6 ± 1
60 ± 1,6.7 ±0.6

750 MW, high solubility, 4 h
750 MW, low solubility, 30 min

20 ± 1,230 ±20
76 ±3, 70 ±20

76± 10, 35± 16 
91 ±5, 16±9

2000 MW, high solubility, 4 h
2000 MW, low solubility, 2 h

6 ± 6, 280 ± 30 
85 ±4, 50 ±3

76± 14, 25 ±7 
92 ±3, 12 ±3

5000 MW, high solubility, 4 h
5000 MW, low solubility, 30 min

-11 ± 5, 330 ±20 
54 ±9, 140 ±20

54 ± 24, 80 ± 20 
67± 19, 50 ±20
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Of the various surfaces studied, those prepared with 5000 MW PEO clearly show 

the lowest protein resistance. We have no definitive explanation for this observation; it 

may be due to the inability of the system to optimize chain density, hydration state and 

chain mobility. In previous work we found that for materials prepared by blending PEO 

copolymers with a polyurethane matrix, those based on higher MW PEO were less 

protein resistant [27].

The present results support previous conclusions that PEO layers formed from 

solutions of PEO near the cloud point [13,14] are of relatively high chain density and 

high protein resistance. In general these results also suggest that with appropriate chain 

density, chain length, and end group chemistry, PEO modified surfaces may reduce 

fibrinogen adsorption to levels that should be non-reactive to platelets. The adsorption 

level at high plasma concentration (ie. normal plasma) on the 600-OH low solubility 

surface, viz. 6.7 ± 0.6 ng∕cm2, is close to the threshold of 5 ng∕cm2 below which 

significant platelet adhesion and activation are expected to be negligible. However, the 

Vroman peak adsorption, about 20 ng∕cm2, is significantly above this threshold.

Analysis of eluted proteins by SDS-PAGE and immunoblotting

SDS-PAGE and immunoblot analysis of the proteins eluted after plasma contact 

was conducted to provide a broader assessment of the effect of PEO modification on 

protein adsorption from plasma. The blots (not shown) were similar in general 

appearance to those shown in previous publications [25,26]. It should be noted that for 

the different surfaces, equal surface areas and equal volumes of SDS eluent were used in 
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these experiments. In addition, equal volumes of eluate were loaded on the gels. The 

relative intensities of the lanes for a given protein should therefore give an indication of 

the relative amounts of that protein for the different surfaces. The major proteins detected 

were fibrinogen, albumin, IgG, complement C3, apolipoprotein A-I and high molecular 

weight kininogen. Band intensity data are summarized in Tables 3, 4 and 5. It should be 

emphasized that while these proteins were detectable, the adsorbed amounts (not 

available from the blot data) were undoubtedly low. Detection limits, of the order of 0.1 

ng, are inherently low. Moreover the intensities of the bands for the different proteins 

were similar to or less than those for fibrinogen, which as we have shown was adsorbed 

in very low amounts from undiluted plasma.

Table 3. Relative band intensities in immunoblots for fibrinogen and albumin.* 
Fibrinogen Albumin

α, 68 kPa β, 56 kPa γ, 48 kPa Fragments 66 kPa

Control ***_ ***-∣- * *

600 MW HS *+ ***_ ****_ * * * *_

LS * **_ * * *_ * ***_(_

750 MW HS * **_ * * *_ * ***-p

LS **ψ **_ ***_ * ****_

2000 MW HS *** ***ψ * * ***_|_

LS * ***_ * * *_ * ****_

5000 MW HS * **ψ ***_ * ***_|_

LS * * *+ *+ * * *ψ

♦Five stars indicates a high intensity band. One star indicates zero intensity. + 
AND - INDICATE, RESPECTIVELY, SLIGHTLY GREATER OR LESS THAN THE INDICATED 
INTENSITY LEVEL. (LOWEST TO HIGHEST INTENSITY: *, *+, **-, **, **+, ***-, ***, ***+ 

....)
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Table 4. Relative band intensities in Immunoblots for Complement C3, IgG and 
APOLIPOPROTEIN A-I.*

C3
70 kDa 42 kDa

IgG 
55 kDa 27 kDa

Apo A-I 
27 kDa

Control ****_ ***_ ****_ * *** I

600 MW HS *+ ****_ * * *+

LS **** * * * * —|—

750 MW HS * **_ * ****_|_

LS ****_ *** ** * **_

2000 MW HS ****_ **ψ ****_ * *****

LS **ψ **_ * * ****_|_

5000 MW HS ****_|_ ****_ **. * * * *-|_

LS **_ *+ * ***_|_

*Five stars indicates a high intensity band. One star indicates zero intensity. + and -
indicate, respectively, slightly greater or less than the indicated intensity level. (Lowest to
highest intensity: *, *+, **-, **, **+, ***-, ***, ***+ ....)

*Five stars indicates a high intensity band. One star indicates zero intensity. + 
AND - INDICATE, RESPECTIVELY, SLIGHTLY GREATER OR LESS THAN THE INDICATED 
INTENSITY LEVEL. (LOWEST TO HIGHEST INTENSITY: *, *+, **-, **, **+, ***-, ***, ***+ 

....)

Table 5. Relative band intensities in Immunoblots for contact phase 
COAGULATION PROTEINS.*

HK
Fragmei

FXI 
its 83 kDa 50,33 kDa

FXII
80 kDa

Prekallikrein
85 kDa

Control ***_ **_(_ * * *

600 MW HS **+ * * * *

LS **- * * *+ *+
750 MW HS * * * * *

LS **+ * * * *

2000 MW HS *+ * * * *

LS * * * * *

5000 MW HS *+ * * *+ *+
LS *+ * * * *
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Fibrinogen normally runs in reduced SDS-PAGE as three bands at 68, 56, and 48 

kDa, corresponding to the α, β and γ chains respectively. Bands of lower molecular 

weight are generally indicative of fibrinogen cleavage resulting from activation of the 

fibrinolytic system. The 750 PEO surfaces showed the highest intensity fibrinogen bands, 

possibly indicating that fibrinogen was adsorbed to and/or eluted more readily from these 

surfaces than from the others. The 5000 PEO low solubility surface showed a weak band 

at ~ 35 kDa, indicating cleavage of the molecule on this surface.

Albumin runs as a single band at ~66 kDa. Significant responses on all surfaces 

were observed for this protein (Table 3). The control surface showed the lowest band 

intensity and the 750 and 2000 MW low solubility systems showed the highest 

intensities. In general, the low solubility surfaces showed higher intensity for albumin 

than the high solubility surfaces, except for the 5000 MW systems where both the high 

solubility and low solubility surfaces showed similar intensities. Both the increased 

presence of albumin on the PEO modified surfaces, compared to the control, and the high 

band intensity for surfaces with higher PEO chain density (600, 750 and 2000 MW 

systems) may be related to albumin-PEO affinity as reported by Vert et al. [28].

IgG runs as two bands at ~55 and ~27 kDa corresponding to the heavy and light 

chains respectively. The IgG blots showed significant responses for the control, and for 

the 2000 PEO high solubility surfaces (Table 4). Only weak responses were seen for the 

600 surfaces and all of the other low solubility surfaces.

Complement C3 usually runs as two bands at 115 and 72 kDa corresponding to 

the α and β chains respectively. In the process of complement activation the α chain is
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cleaved while the β chain remains intact [29]. All of the C3 blots showed bands at ~110 

(weak), ~70, and ~42 kDa (activation fragment), the latter suggesting that all of the 

surfaces are complement-activating to some extent. The control, 750 low solubility, 600 

(both high and low solubility) and 5000 (both high solubility and low solubility) surfaces 

appeared to be the most active.

Apolipoprotein A-I is the major apolipoprotein of high density lipoprotein [30]. It 

has a molecular weight of ~27 kDa and a concentration in plasma of 1.1 to 1.4 mg/mL 

(40-50 μM). We have found previously that apolipoprotein A-I is a major component of 

the protein layer adsorbed from plasma to many biomaterials [31]. In this study, the 

immunoblots for apo A-I indicate significant adsorption to the control and to all of the 

PEO-modifιed surfaces, thus confirming the high surface activity of this protein.

The four contact phase coagulation proteins, factor XI factor XII, prekallikrein 

(PK) and high molecular weight kininogen (HK) are of interest because of their role in 

initiating coagulation on surfaces. These four proteins interact on blood contacting 

surfaces through a complex series of reactions to produce activated factor XI, which then 

continues the clotting cascade leading ultimately to fibrin formation [32]. Their 

concentrations in plasma are ~5, ~30, ~50 and ~70 μg∕mL, respectively and adsorbed 

amounts are expected to reflect these relatively low concentrations. HK is known as a 

strongly surface active protein and is believed to play an important role in displacing 

initially adsorbed fibrinogen via the Vroman effect [19,21]. The molecular weight of 

intact HK is 120 kDa. It is normally present in plasma as a binary complex with 

prekallikrein and is cleaved by kallikrein yielding a two chain disulfide linked protein 
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which runs at 56 and 46 kDa in reduced gels. The intensities for the HK response were in 

the order: Control > 600 PEO HS and 750 PEO LS > 600 PEO LS > 2000 PEO HS and 

both 5000 PEO systems > 750 PEO HS and 2000 PEO LS surfaces (Table 5). The other 

contact phase proteins showed very weak or zero responses, indicating low adsorption 

and/or low elutability. In general the immunoblot data on the contact phase proteins 

suggest that activation of coagulation via the contact phase would be low on these 

surfaces.

Conclusions

In agreement with previously reported single protein adsorption studies, PEO 

layers formed by chemisorption to gold under low solubility conditions adsorbed the 

lowest amounts of fibrinogen from plasma. The 600-OH “low solubility” surface showed 

the lowest Vroman peak (20 ± 1 ng∕cm2) at 0.1 % plasma and adsorption of only 6.7 ± 

0.6 ng∕cm2 at normal plasma concentration. The latter is similar to the value of 5 ng∕cm2 

suggested as the threshold below which significant platelet adhesion does not occur [20]. 

A low Vroman peak is significant because even transient adsorption of fibrinogen could 

result in platelet adhesion and activation. Adsorption to the 750-OCH3 and 2000-OCH3 

surfaces with Vroman peaks of 70 and 50 ng∕cm2, respectively, was significantly higher, 

suggesting that chain end chemistry affects the adsorption and/or displacement of 

fibrinogen on these PEO surfaces. The 750-OCH3 and 2000-ΘCH3 “low solubility” 

surfaces with similar chain densities (~0.5 chains∕nm2) showed similar overall fibrinogen 

adsorption behavior, suggesting the importance of chain density for protein interactions.
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Immunoblots of eluted proteins confirmed adsorption of fibrinogen, and showed that 

some albumin, IgG, complement C3, apolipoprotein A-I, and HK were also adsorbed on 

most of the surfaces. Adsorbed complement C3 (all surfaces) was degraded in a manner 

suggesting the occurrence of complement activation.
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9.0 Paper Four: PEO-Grafted surfaces for suppression of protein

ADSORPTION: EFFECT OF CHAIN DENSITY DETERMINED BY INSITU ELLIPSOMETRY.

Authors: L.D. Unsworth, H. Sheardown, and J.L. Brash

Working Hypothesis:

Determination of the chemisorbed amount of PEO and the corresponding protein 
adsorbed amounts using in situ ellipsometry may provide useful insights on protein 
adsorption mechanisms to PEO-modifιed surfaces.

Main Contributions:

1. Hydrated chain densities were found to be in the range of 0.21 to 2.3 and 0.18 to 0.98 
chains∕nm2 for 750 and 2000 MW PEO films, respectively; these are among the highest 
densities observed for these systems.

2. The respective fibrinogen and lysozyme adsorption minima for the 750 and 2000 MW 
systems were similar and occurred at similar chain densities.

3. The observed fibrinogen and lysozyme adsorption trends suggest that chain density, 
and not molecular weight, is the major determinant of protein resistance. Furthermore, at 
chain densities of ~0.5 chains∕nm2, protein resistance seems to be independent of protein 
size.

4. It may be that as chain density increases to very high values, the chains become 
dehydrated and lose mobility, thus facilitating increased protein adsorption to these films.
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Abstract:

In situ ellipsometry was used to determine both the chain densities of layers formed by 

chemisorption of polyethylene oxide (PEO) to gold, as well as the corresponding 

fibrinogen and lysozyme adsorption. Thiolated-monomethoxy PEO was chemisorbed to 

gold-coated silicon wafers. Surface chain density was varied by controlling PEO 

solubility (proximity to cloud point conditions) as well as incubation time. Hydrated 

chain densities were found to be in the range of 0.21 to 2.3 and 0.18 to 0.98 chains/nm 

for 750 and 2000 MW PEO layers, respectively. These chain densities are much higher 

than those corresponding to layers of PEO chains with an unperturbed random coil 

(“mushroom”) conformation, suggesting that the layers are in the brush regime. For both 

fibrinogen and lysozyme it was observed that adsorption decreases and then increases as 

chain density increases. The respective fibrinogen minima for the 750 and 2000 PEO 

surfaces were 11.6 ± 0.5 and 20 ± 1 ng∕cm2 and occurred at similar chain densities of 0.5 

±0.1 and 0.4 ± 0.1 chains∕nm2. Fibrinogen adsorption of 61 ± 3 and 62 ± 2 ng∕cm2 for the 

750 and 2000 PEO surfaces were observed at similar chain densities of 1.2 ± 0.2 and 1.0 

± 0.5 chains∕nm2, respectively. For lysozyme adsorption, minima for the 750 and 2000 

PEO surfaces were 22 ± 2 and 15 ± 4 ng∕cm2, respectively, and also occurred at similar 

chain densities (0.5 ±0.1 and 0.4 ± 0.1 chains∕nm2). At very high chain density (~2.3 

chains∕nm2) lysozyme adsorption on the 750 PEO surface was similar to that on the 

unmodified gold. It may be that as chain density increases to high values, the chains 

become dehydrated and lose mobility, thus facilitating increased protein adsorption. The 
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results of this study suggest that chain density, not chain length, is the main determinant 

of protein resistance on PEO-tethered surfaces.

Introduction

It is well known that, when present at the material-tissue interface, poly(ethylene 

oxide) (PEO) impedes nonspecific protein adsorption [l-4]. Surfaces where the PEO is 

tethered at one end have been found to be particularly effective in this regard. Despite 

extensive study, the mechanisms responsible for the protein resistant nature of these 

surfaces are not entirely clear. However, it is believed that PEO chain length, surface 

chain density, and chain conformation are some of the factors involved [3,5]. In general it 

has been found that protein resistance increases with chain length to an upper limit of 

about IOO ethylene oxide (EO) units, beyond which there is no additional benefit, 

although some investigators have shown that chain lengths of just a few ethylene oxide 

units can be sufficient to provide significant effects [6]. One difficulty in determining the 

effects of PEO chain density and chain conformation derives from the fact that these two 

factors are interdependent. As pointed out by Alexander [7], the conformation of end- 

tethered chains on a surface depends directly on the chain density. General conformations 

have been described for various chain density ‘regimes’: a random coil conformation 

(mushroom regime) occurs when the chain density is low and the graft spacing (S) is 

greater than 2Rf (Rf is the Flory radius) and a more extended conformation (brush 

regime) occurs at higher chain density when S<2Rf [8,9].

121



Ph.D. Thesis - L.D. Unsworth McMaster University, Chemical Engineering

The chemisorption of thiolated polymers to gold-coated substrates has been 

widely employed to prepare well-defined polymer layers in which the chains are end- 

tethered [10-13] An example are alkanes (e.g. C-11) thiol-terminated at one end and 

having an oligoethylene oxide (OEO) moiety at the other. The PEO density in these 

surfaces can be varied by using mixtures of OEO-terminated and non-OEO-terminated 

chains [10-12], It has been shown that protein adsorption to surfaces of this type can be 

reduced to levels near or below the detection limit of the adsorption measurement.

The approach taken in the present work was to chemisorb thiol-terminated PEO of 

variable molecular weight (MW) to gold, and to vary chain density by varying incubation 

time under conditions where PEO is marginally soluble [1,2]. It is well known that 

aqueous PEO solutions exhibit a reverse dependence of solubility on temperature and the 

polymer begins to precipitate as the temperature is increased towards the cloud point. In 

addition, the cloud point temperature decreases with increasing ionic strength. It has been 

shown that relatively high PEO chain densities can be achieved by grafting near cloud 

point conditions, even though the tethered polymer chains remain in the unperturbed 

random coil state [2]. The tethered chains tend to expand when the temperature is 

lowered and/or the ionic strength decreased, leading to chain extension and the formation 

of brush-type layers.

The objective of the present work was to prepare and characterize layers of end- 

tethered PEO of variable MW and chain density by chemisorption to gold and to 

investigate their ability to suppress protein adsorption. In particular we wanted to perform 

in situ measurements for comparison to previous ex situ studies of these surfaces [8,14].
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In situ observations may more reflective of the interactions occurring at the interfaces 

during adsorption, avoiding in particular the necessity of separating the surface from the 

protein solution. In this article the chain densities of PEO surfaces prepared by 

chemisorption of chain-end thiolated PEO to gold, and the adsorption of fibrinogen and 

lysozyme (as single proteins) to these surfaces as measured by in situ ellipsometry are 

reported.

Materials and Methods

Surfaces:

As described elsewhere [15,16], gold-coated silicon wafers, obtained 

commercially, were carefully cleaned and exposed to solutions of 5 mM chain end- 

thiolated, monomethoxy poly(ethylene oxide) (PEO) of molecular weight 750 or 2000. 

Chemisorption solution conditions (Table 1) were chosen to be near the cloud point of the 

PEO. In previous work [8,14] we found that high chain densities can be achieved under 

these conditions. Chain density was varied by varying the chemisorption time over the 

range of 30 min to 4 h. Following chemisorption, wafers were placed in multiwell plates 

containing Milli-Q water, sonicated for 4 min and rinsed extensively with water.

Table 1. Chemisorption conditions.
PEO Molecular 
Weight (g∕mol)

Temperature 
(0C)

Ionic Strength 
(M)

750 35 2.9

2000 35 2.8

PEO concentration, 5 mM; pH, 7.4 ÷ 0.1.
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Ellipsometry:

A self-nulling, single wavelength (6328 A) ellipsometer (Exacta 2000, Waterloo 

Digital Electronics, Waterloo ON, Canada), with an incident angle of 70o, was used to 

determine the properties of both the chemisorbed PEO and adsorbed protein layers. The 

gold coated wafers were considered as the substrate, with refractive index (ns) and 

extinction coefficient (ks) determined to be 0.33 ÷ 0.01 and 3.34 ± 0.01, respectively. For 

the PEO- and protein-modified surfaces, the polarizer (P) and analyzer (A) angles for the 

null condition were measured in situ using a specially designed “wet cell”, and thickness 

values were determined.

In situ measurements of both the PEO and the adsorbed protein layers were 

conducted using fixed complex refractive index values (n∣ + ιk⅛) of 1.33 + ιθ for the 

aqueous medium and 1.37 + 10 for both the PEO [17] and adsorbed protein layers 

[12,18]. Fixed values of refractive index were used for these layers since they were too 

thin, in most cases, to allow determination of both average thickness and refractive index 

from the ellipsometry data. Final thickness values were obtained by fitting the 

experimental data to a three-layer model: aqueous medium-PEO-gold or aqueous 

medium-protein- PEO/gold substrate. Calculations were carried out using the Exacta 

2000 Variable Theta Simplex Fitting Program (Waterloo Digital Electronics).

In situ PEO and protein adsorbed amounts were estimated using the de Feijter 

equation [19], eq. (1).
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The adsorbed amount, Γ, is a function of the average thickness (d) returned by the 

ellipsometry measurements, the difference in layer (nj) and aqueous medium(πα) 

refractive index and the specific refractive index increment (dn/dc). The latter accounts 

for the effect of the atomic concentration within the layer on the overall layer refractive 

index. This quantity is unique for a given macromolecule of interest. Values of 0.134 

cm /g for PEO [20] and 0.188 cm /g for both fibrinogen and lysozyme [18] were used in 

this work.

Results and Discussion

Chain Density

In situ ellipsometrically determined chain density data are shown in Figure 1. It 

can be seen that density increased with chemisorption time, with values ranging from 

0.21 ± 0.10 to 2.3 ± 0.14 and from 0.18 ÷ 0.02 to 0.98 ± 0.05 chains∕nm2, for 750 and 

2000 MW PEO respectively. These values are similar to, or greater than the densities of 

0.24 and 0.09 chains∕nm2 estimated for layers of close packed 750 and 2000 MW PEO 

where the chains are in the random coil conformation (mushroom regime) [8]. Also, they 

are significantly lower than the estimated upper limit of 5.8 chains∕nm2 for a layer of 

close packed, fully extended PEO chains [21]. Thus it appears that in all cases the 

chemisorbed PEO layers were in the brush regime, implying that the chains adopted an 

extended conformation [9]. As seen in Figure 1, chain densities under comparable 

chemisorption conditions were lower for the 2000 than the 750 MW PEO, probably due 
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to increased steric hindrance associated with the introduction of longer chains into the

developing layer.

3.0 - 750 MW
° 2000 MW

2.5

2.0

1.5

1.0
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0.0
0 1

Incubation time, h

Figure 1. Hydrated chain densities for 750 (■) and 2000 (□) MW PEO layers vs. 
incubation time under low solubility conditions. Data are mean ÷ SD, n=4.

Our previous work on similar PEO layers gave chain densities measured in the 

dry state (ex situ) much smaller than those reported here [8]. Values for 750 and 2000 

MW PEO layers formed under similar chemisorption conditions ranged from 0.4 to 0.7 

and 0.33 to 0.58 chains∕nm2, respectively. The apparent discrepancy between the in situ 

and ex situ chain densities most likely arises from the assumption (for the ex situ case) of 

a constant layer mass density of 1 g∕cm3 regardless of whether the chain density is high or 

low. Furthermore, even though a refractive index must be assumed for the calculation 
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(eq. 1) of both the PEO and protein adsorbed amounts in situ, the resulting values are 

relatively insensitive to the value assumed. This is because the average thickness and the 

refractive index are interdependent: different refractive index estimates, within a 

reasonable range, while yielding different average thickness values, nonetheless give 

similar adsorbed amounts. Therefore, the in situ chain density values may be considered 

more accurate than the ex situ.

The PEO chain densities reported in this work appear to be significantly greater 

than those found by others. For surfaces formed by adsorption of PEO-conjugated 

phospholipid at the air-water interface, Efremova et al. [22] found chain densities of 1.16, 

0.20 and 0.23 chains∕nm2 for PEO of MW 120, 2000 and 5000 respectively. Lin, et al. 

[23] found a maximum chain density of 0.4 chains∕nm2 for 2000 MW PEO grafted 

surfaces formed through two-phase Silanization of flat silica surfaces. Malmsten, et al. [3] 

reported a maximum density, as determined by ellipsometry, of 0.12 chains/nm for 5000 

MW PEO grafted to silica or quartz. The high chain densities achieved in the present 

work may be attributable to the strategy of “grafting” under low solubility conditions 

where the chains are contracted.

Protein adsorption:

Data on fibrinogen adsorption to the unmodified gold and to the surfaces modified 

with 750 and 2000 MW PEO are shown in Figure 2. It is apparent that as chain density 

increases there is a decrease and then an increase in fibrinogen adsorption, i.e. there is a 

particular chain density at which adsorption is a minimum. The respective adsorption 

minima for the 750 and 2000 PEO surfaces were 11.6 ± 0.5 and 20 ÷ 1 ng∕cm2 and
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occurred at similar chain densities (0.5 ÷ 0.1 chains∕nm2 for 750 PEO; 0.4 ± 0.1 for 2000 

PEO). Furthermore, at chain densities around 0.2 and 1.0 chains∕nm2 both surfaces 

showed similar adsorbed Eimounts of - 120 and ~ 60 ng∕cm2, respectively. The trends in 

these data thus suggest that protein adsorption is more strongly dependent on chain 

density than on PEO MW.

250 -⅛ 750 MW
2000 MW

OD 200

150

<υ 
OD

co

100

3
2Chain density, chains/nm

Figure 2. Fibrinogen adsorption as a function of chain density determined by in 
situ ellipsometry. Fibrinogen adsorption to the unmodified control is shown as a 
filled triangle at the zero chain density position. Data are mean ± SD, n=4.

Data on lysozyme adsorption are shown in Figure 3. Again it is apparent that 

there is a minimum in adsorption as a function of chain density. The respective

2
adsorption minima for the 750 and 2000 PEO surfaces were 22 ± 2 and 15 ± 4 ng/cm 

and again they occurred at similar chain densities (0.5 ± 0.1 chains∕nm^^ for 750 PEO; 0.4 
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÷ 0.1 for 2000 PEO). At the highest high chain density of ~2.3 chains∕nm2, adsorption on 

the 750 PEO surface was similar to that on the unmodified gold, indicating that the 750 

PEO surface at this density is not protein resistant to any significant extent. Adsorption at 

the lowest chain density was greater on the 750 PEO surface than on the 2000 PEO, 

possibly because the latter is able to resist adsorption more effectively by “covering” a 

larger area. However in general, the lysozyme data again point to the conclusion that the 

protein resistance of PEO-grafted surfaces is strongly dependent on chain density and less 

so on PEO MW.

2Chain density, chains/nm“

Figure 3. Lysozyme adsorption as a function of chain density determined by in 
situ ellipsometry. Lysozyme adsorption to the unmodified control is shown as a 
filled triangle at the zero chain density position. Data are mean ± SD, n=4.
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The phenomenon of a minimum in adsorption as a function of PEO density was 

observed previously in our laboratory. In the earlier work adsorption was measured using 

!-labeled proteins [14]. For a similar set of surfaces (PEO molecular weight and chain 

density) adsorption minima of ~ 40 and 60 ng∕cm2, respectively, were observed for 

fibrinogen and lysozyme, ie significantly greater than those determined using in situ 

ellipsometry in the present work. The reason for the difference is not clear, but it may be 

noted that for the 125I measurements the buffer contained cold NaI to suppress the 

adsorption of free radioactive iodide to the gold [24],

The occurrence of an adsorption minimum suggests that there is an optimal 

surface chain density for protein resistance. The lysozyme minima on surfaces modified 

with PEO of different MW (750 and 2000) occurred at approximately the same chain 

density (~ 0.5 chains∕nm2). Perhaps more striking is the observation that for both MWs 

the protein adsorption vs chain density data are virtually co-incident. These observations 

suggest strongly that chain density, and its effect on the polymer layer structure, plays a 

role of major importance, perhaps the key role, in protein resistance mediated by tethered 

PEO. The increase in adsorption of protein at higher chain density is counter-intuitve. As 

discussed elsewhere [14], it may be that decreases in chain mobility and hydration 

associated with increased chain density are responsible for this observation.

The role of PEO chain density on protein resistance has been investigated by 

others. Using oligo(ethylene oxide)-SAM-gold surfaces, Vanderah et al.[25] showed that 

the adsorption of fibrinogen and albumin decreased as coverage increased up to 80%, 

beyond which adsorption increased sharply. It was suggested that the increase in 
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adsorption was due to a reduction of chain mobility in the OEO domains, implying that 

protein resistance is due mainly to the excluded volume effect related to lateral packing 

density. Similarly, Zheng et al. [26] showed that fibrinogen adsorption to OEO4-SAMs 

decreased as the OEO fractional packing density approached 0.6 and then increased at 

packing density above 0.8. Simulations of OEO layer formation suggested that both OEO 

flexibility and hydrogen bonding between water and OEO chains are greater when the 

packing density is in the region of 0.5-0.8. This work is in accord with the present 

observations on the effects of PEO chain density as well as with those of Prime et al. [12] 

suggesting that protein adsorption is strongly influenced by chain hydration and 

flexibility.

In other work Pasche et al. [27] showed, using poly (L-Lysine)-graft- 

poly(ethylene glycol) (PLL-g-PEG) surfaces, that EO density was the determining factor 

in reducing protein adsorption, with strong effects on surfaces having densities greater 

than ~ 15 EO units∕nm2. This agrees with the observations of Malmsten et al. [3] and of 

Sofia et al. [4] that maximum protein resistance occurred at densities of 15-20 EO 

units∕nm2 and greater. In the present work the EO densities at the lowest adsorption were 

in a similar range, viz., 8 and 15 EO units∕nm2 for the 750 and 2000 MW surfaces, 

respectively. However none of the other investigators reported an increase in adsorption 

at higher density as seen here. It may well be that the densities in these other studies were 

not high enough to observe this effect. Thus in the present work EO densities up to 39 

and 45 EO units∕nm2 were achieved for the 750 and 2000 systems, respectively, whereas 

the highest density investigated by Pasche et al. [27] for 5000 MW was 30.
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Our results, and those of others [2,3,21,28], may imply that it is the hydration state 

of particular conformations (as determined by chain density) of end-tethered PEO, 

regardless of the MW, which determines largely whether the surface will be protein 

resistant. The data suggest that, at intermediate chain densities, a state may exist where 

the chain properties (flexibility, conformation, hydration, etc.) are optimal for inhibiting 

protein adsorption.

Adsorbed Iysozymeifibrmogen ratio

A comparison of lysozyme and fibrinogen adsorption from single protein 

solutions is shown in Figure 4 as the IysozymeTibrinogen molar ratio. In most cases this 

ratio was higher on the PEO-modifιed surfaces than on the unmodified gold, suggesting 

that the PEO surfaces are able to resist the bigger protein better than the smaller one. This 

is expected if the chain density is such that “residual” adsorption to the PEO surfaces is 

mainly of type 1 [29], ie adsorption to the gold-PEO interface requiring penetration of the 

PEO layer by the protein.

It is also of note that for the lower density PEO 2000 surfaces the 

IysozymeTibrinogen ratio is similar to that for the unmodified gold, again suggesting that 

at this density the proteins are able to reach the gold and adsorb to it. In general the ratios 

for the 2000 PEO are lower and closer to the control than the PEO 750 surfaces at a given 

chain density, indicating that the grafted PEO of lower chain length discriminates more 

effectively on the basis of size than the higher chain length. This seems intuitively 

correct, at least for the lower density surfaces where penetration of the PEO is more 

likely. At the higher densities, in the brush regime, it seems more likely that steric 
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hindrance would limit access to the gold-PEO interface; thus most of the adsorption 

would occur at the PEO-water interface. If, for example the layer becomes regionally 

dehydrated, and forms small hydrophobic patches, these patches may not affect the 

adsorption of the larger protein, while significantly affecting the adsorption of the smaller 

one. However, more extensive data on a wider range of proteins and PEO densities will 

be required to resolve these questions.

■ 750 MW
60

0 12 3
2

Chain Density, chains/nm"

Figure 4. Comparison of lysozyme and fibrinogen (molar ratio 
Iysozymeifibrinogen) adsorbed from single protein solutions to surfaces modified 
with PEO ofMW 750 and 2000.

Summary

PEO-grafted surfaces were prepared by chemisorption of thiolated-PEO (750 and

2000 MW) to gold. A range of PEO surface chain density was achieved by varying the 
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chemisorption time. Chain densities were estimated from in situ ellipsometry data 

assuming a PEO layer refractive index of 1.37 and a specific refractive index increment 

of 0.134 cm3∕g, and were found to be in the range of 0.5 to 2.3 and 0.4 to 1.0 chains∕nm2 

for 750 and 2000 MW PEO, respectively. Protein adsorption was also measured in situ by 

ellipsometry. Similar to previous work using radiolabeling techniques, the adsorption of 

both fibrinogen and lysozyme was found to pass through a minimum as the chain density 

increased. The chain density at the minimum was similar for both molecular weights. It 

may be that as chain density increases to higher values, the chains become dehydrated, 

lose mobility and thus facilitate increased protein adsorption. Comparison of fibrinogen 

and lysozyme suggests that adsorption on the PEO surfaces is similar for both proteins, 

although a slight preference for lysozyme, the smaller of the two, was evident. In general 

the data also suggest that the PEO of lower chain length discriminates between proteins 

of different size more effectively than the higher chain length PEO.
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10.0 Paper Five: In situ neutron reflectometry investigation of 

CHEMISORBED PEO FILMS OF VARYING CHAIN DENSITY: INSIGHTS INTO PROTEIN 

ADSORPTION BEHAVIOUR.

Authors: L.D. Unsworth, Z. Tun, H. Sheardown, and J.L. Brash

Working Hypothesis:

Investigation of end-tethered 750 MW PEO film evolution using neutron reflectometry 
may allow for a better understanding of how film characteristics (chain density, PEO 
volume fraction) affect protein adsorption: in particular addressing the question of the 
increase in protein adsorption at very high chain density and the layer properties that may 
account for the ‘optimum’ chain density for protein resistance.

Main Contributions:

1. Films formed under high solubility conditions had PEO volume fraction, film 
thickness and chain density of 0.33, 28 A, and 0.56 chains∕nm2 respectively after 0.5 h of 
chemisorption and 0.31, 28.5 A, 0.59 chains∕nm2 respectively after 11 h, suggesting that 
the layer is fully formed after 0.5 h.

2. For low solubility conditions, the corresponding values were 0.39, 34 A, 0.99 
chains∕nm2 after 0.5 h, 0.57, 37.4 A, 1.32 chains∕nm2 after 4 h, and 0.57, 35.9 A, 1.17 
chains∕nm2 after 11 h.

3. The data suggest that at high chain densities there may be regions within the PEO 
film where the effective concentration is above the solubility limit of PEO in aqueous 
solution. It is hypothesized that in these regions the polymer has been “forced” from 
solution forming hydrophobic patches that facilitate increased protein adsorption.
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Abstract

Chain density, chain length and chain conformation are considered important for the anti­

biofouling properties (protein and cell resistance) of end-tethered polyethylene oxide 

(PEO) layers. Previous experiments (Unsworth et al, Langmuir, 21 (2005) 1036) 

investigated PEO layers formed by chemisorption of thiol-PEO on gold. It was shown 

that, as a function of surface chain density, protein adsorption decreased, passed through 

a minimum, and increased again at higher chain density. In the follow-on work reported 

here, neutron reflectometry (NR) was used to investigate, in situ, the properties of such 

PEO layers (volume fraction and chain density) for the purpose of gaining further insight 

into their interactions with proteins. Chain density was varied by varying solubility 

conditions (far from and near the cloud point) and chemisorption time. Neutron 

experiments were carried out at the NRU (Chalk River, Ontario) using neutrons of de 

Broglie wavelength 2.37 A. Contrast matching techniques were used to improve 

sensitivity. Layers formed under high solubility conditions were found to have PEO 

volume fraction, layer thickness and chain density of 0.33, 28 A, and 0.56 chains∕nm2 

respectively after 0.5 h chemisorption; and 0.31, 28.5 A, and 0.59 chains∕nm2 

respectively after 11 h, suggesting that the layer is fully formed within 0.5 h. For low 

solubility conditions, PEO volume fraction, layer thickness and chain density were 0.39, 

34 A, and 0.99 chains∕nm2 after 0.5 h; 0.57, 37.4 A, and 1.32 chains∕nm2 after 4 h; and 

0.57, 35.9 A, 1.17 chains∕nm2 after 11 h. Both chain density and PEO volume fraction in 

the chemisorbed layers were significantly greater when the layers were formed under low 
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solubility conditions. The PEO layers shown in our previous work (Unsworth et al, 

Langmuir, 21 (2005) 1036) to have maximum protein resistance were found to have a 

PEO volume fraction of ~ 40%. Moreover limiting volume fractions in the PEO films 

formed under low solubility conditions were ~57%, a value similar to the solubility limit 

of PEO in aqueous solution, suggesting that local regions in the layers may be phase 

separated. This may result in increased hydrophobicity and may explain why protein 

adsorption was found to increase on the layers of higher chain density.

Introduction

The use of poly(ethylene oxide) (PEO) to reduce protein interactions at the 

biomaterial-tissue interface has attracted much attention [l-5]. The mechanism of protein 

resistance of tethered PEO layers is not well understood but it is thought that chain 

density, chain length, chain conformation and hydration state are significant factors [5-8]. 

Thus through systematic investigation of these variables, knowledge of the protein 

repulsion mechanism of PEO layers should be improved, and the design of non-fouling 

surfaces should be facilitated. Few studies have been aimed at elucidating the effects of 

chain density on protein adsorption. Also, while it has been suggested that definition of 

the layer at the molecular level is crucial to the understanding of protein resistance [9, 

10], information of this nature is lacking.

As discussed elsewhere [11, 12], when the tethered polymer chain density is such 

that neighbouring chains begin to interact (graft spacing less than twice the Flory radius, 

Rf: i.e. the “brush” regime) the chains are constrained to stretch normal to the interface.

140



Ph.D. Thesis - L.D. Unsworth McMaster University, Chemical Engineering

Thus, tethered polymer conformation, layer thickness and solvation state are strongly 

dependent on chain density. The Flory radius (Rf = a Nv) and the solvated layer thickness 

model (eq 1)

L= N a 5/3/s 2/3 (1)

can be used to describe grafted PEO conformation on a surface in contact with a solvent. 

Here a is the effective monomer length reported to be in the range of 2.78 A (crystalline) 

to 4 A (hydrated) [7, 13], N is the degree of polymerization, v accounts for the effect of 

PEO solubility (with values of 1/2 under the theta condition and 3/5 under high solubility 

conditions), L is the solvated layer thickness in a good solvent and s is chain spacing 

[14]. A difficulty in using these equations to describe systems of similar PEO MW, but 

different chain density, is that it is not clear how the effective monomer length changes 

with chain density. Although one would expect the ia, value to decrease with increasing 

chain density due to reduced hydration and excluded volume, the relationship between 

the two is unknown. In this work an ia, value of 4 A was used to describe all layers, 

whether formed under high or low solubility conditions.

To investigate the effect of tethered PEO chain density on protein resistance we 

have chosen a model system based on chemisorption of chain-end thiolated PEO (in 

aqueous solution) to gold [11, 15] Chain density is varied by varying both the solubility 

of PEO in the contacting aqueous medium, which affects the polymer dimensions, and 

the chemisorption time. The PEO solubility limit, or cloud point, can be manipulated by 

varying the solution temperature and ionic strength. In principle, manipulation of these 

variables should allow for the preparation of surfaces having chain densities over a broad 
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range. In previous work we measured layer thickness and chain density values for similar 

PEO layers using ellipsometry and neutron reflectometry [11]. In that work the layers 

were dried prior to measurement. In the work reported here the neutron measurements 

have been repeated for gold-PEO layers in the hydrated condition, ie the condition under 

which proteins would actually encounter the PEO layers.

In the earlier work on PEO of MW 750 we showed that as chain density increases 

protein adsorption passes through a minimum [15] at ~0.5 chains∕nm2. The “optimal” 

layer was formed by incubating for 0.5 h under conditions close to the cloud point. 

Additional motivation for the work reported here was to investigate possible differences 

in structure, as revealed by neutron reflectometry measurements in situ, between this 

optimal PEO layer and those of higher and lower chain density. The new information 

generated (hydration and kinetics of formation) provides new insight on the mechanism 

of the protein resistance of PEO modified surfaces.

Materials and Methods

α,ω methoxy hydroxy poly(ethylene oxide) (PEO) of MW 750 was purchased 

from Shearwater Polymers (Huntsville, AL) and used without further purification. 

Dimethyl formamide (DMF), mercaptoacetic acid, isopropyl ether, dichloromethane, 

deuterated chloroform (99.9% grade), hydrogen peroxide, ammonium hydroxide, toluene 

and potassium phosphate (mono and di basic) were purchased from Sigma-Aldrich 

(Oakville, ON) and used without further purification. Silicon wafers (2” diameter, 1 mm 

thick) treated to remove the native oxide layer, and coated with a chromium (400 A) 
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adhesion layer followed by a platinum (200 A) layer, to prevent chromium-gold mixing, 

and a gold (1000 A) layer, were obtained from Thin Film Technology, Buellton, CA, and 

diced into 0.5 cm x 0.5 cm pieces. D2O (Chalk River Labs, AECL) was used to prepare 

contrast matched solutions.

Chemisorption of PEO on Gold

The PEO was chain-end thiolated (replacement of hydroxyl group) by reaction 

with mercaptoacetic acid as described elsewhere [11]. The reaction was verified by 

proton NMR spectra taken in d-chloroform. The products were also characterized by gel 

permeation chromatography (Waters 600 system, DMF mobile phase, 80oC, 0.25% wt 

polymer solutions).

Gold-coated silicon wafers were immersed in a solution consisting of 1 part 

hydrogen peroxide, 1 part ammonium hydroxide, and 5 parts water at 80oC for 5 min, 

sonicated for 1 min and rinsed in Milli-Q water to remove any carbonaceous 

contamination. After cleaning, the wafer was mounted in a temperature controlled Lucite 

cell, with the gold coated surface exposed to the solution, as shown in Figure 1.

Figure 1. Experimental setup and neutron beam path for in situ reflectivity measurements. 
The assembly is clamped between two outer plates: (a) gold coated silicon wafer; (b) O- 
rings; (c) cylindrical Iucite wet cell containg PEO solution; (d) thin silicon wafer acting 
as heat conductor ; (e) copper block with embedded heater and thermocouple.
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The cell was first filled with contrast matched water (CMW) and a neutron 

reflectometry scan performed (see below for details) to characterize the unmodified gold 

surface. The use of CMW increases measurement sensitivity through isotopic matching 

of the scattering length density (SLD) of the solution to that of the gold substrate using a 

D2OiH2O mixture (CMW) [16], Under these conditions the presence of small amounts of 

adsorbate at the interface can more easily be detected. Chemisorption was then carried 

out by introducing solutions of PEO and incubating for various times (0.5, 4 and 11 h). 

Solution conditions were varied as a means of manipulating PEO chain density, with 

higher PEO densities expected as conditions approach the cloud point [1,2]. Two sets of 

conditions were investigated, viz, “high solubility” (0.05 M phosphate buffer prepared 

with H2O, 250C), and “low solubility” near the cloud point (2.9 M phosphate buffer 

prepared with H2O, 350C). After the initial chemisorption period (0.5 h) the cell was 

flushed extensively with CMW and a neutron scan performed in situ, i.e. in the presence 

of CMW. The CMW was then replaced with PEO solution and chemisorption was 

continued. CMW flushing and neutron scanning were carried out at the end of each 

chemisorption period. The chemisorption times indicated represent total exposure time. 

The temperature in the cell was controlled by a built in heater/controller.

NR Experiment and Layer Profile Model

Neutron reflectometry measurements were performed on the C5 Spectrometer of 

the Dualspec facility at the NRU reactor (Chalk River), configured as a reflectometer. A 

pyrolitic graphite monochromator [(002) Bragg reflection] selected neutrons with de 
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Broglie wavelength λ = 2.37 A as the incident beam. Collimation was controlled by a 

pair of motorized slits Sl and S2. Reflected intensity was measured as a function of 

scattering vector normal to the sample: Qz = 4π sin(θ)∕λ, where θ is the grazing incident 

angle, and 2θ is the angle between the incident beam and the specularly reflected beam. 

Normally, during a 2θ:θ scan, the incident-side slits Sl and S2 are adjusted in order to 

maintain a constant footprint of the beam on the sample. It was found, however, that such 

a strategy led to unacceptably high background scattering from the CMW, especially as 

the slits were opened wider for the high-Qz measurements. Consequently, except for the 

lowest Qz range (Qz < 0.01), S2 was kept at a fixed width (for 0.011 < Qz < 0.064, and for 

Qz > 0.065) and the width of Sl was varied in such a way as to progressively increase the 

flux on the sample at high Qz. The scattered-side slits, S3 and S4, were also adjusted 

during the scans, but did not affect the instrument resolution since the opening was kept 

greater than the width of the specularly reflected beam. This method of varying the slits 

with Qz gave an effective instrument resolution corresponding to ∆λ∕λ = 2.5% and ∆θ = 

0.7 milli-radian (FWHM); these values were adopted for the analysis. No background 

correction was applied to the data, but a series of θ-rocking scans showed that the 

background was largely Qz-independent. Its contribution to the absolute reflectivity, 

estimated at the level 1.0 x 10^5, was included as a fixed parameter in the least-squares 

refinement.

To obtain absolute reflectivity, the incident neutron flux on the sample was 

measured. Subsequent to measuring reflected intensities, the detector was placed at 20 = 

0 and the sample cell shifted so that the neutron beam traversed the Si slab (see Figure 1).
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A scan was then performed, varying the slits in exactly in the same manner as in the 

measurement of the reflected beam except that both θ and 2θ angles were kept at zero. 

Absolute reflectivity was obtained by dividing the measured intensity by the incident 

neutron flux.

The reflectivity data were analyzed using a layer profile model that was refined 

by least-squares fitting. The final result is a model representing the variation of scattering 

length density (SLD), pb(z), with depth in the layer (p and b are the number density of 

atoms at depth z and their nuclear scattering-length respectively). Provided that the model 

is realistic and the neutron wavelength calibration is accurate, layer thicknesses 

determined by NR are highly reliable and free from a priori assumptions. In the present 

work, the least-squares fitting program MLAYER was used for the analysis [17]. The 

most general model needed to represent the samples consisted of layers for Si (incident 

medium), Cr, Pt, Au, PEO and CMW (final medium). For the metallic layers, we adopted 

the specified thicknesses as given by the manufacturer. The scattering length densities 

(SLD) for the bulk metals were used as the initial values for subsequent refinement. All 

interfaces were initially modeled as sharp and the roughnesses, modeled with a 

hyperbolic tangent function, were introduced gradually provided they led to a 

significantly better fit (with the understanding that it is better to limit unnecessary 

parameters in an already large parameter space). Moreover, models with extra layers 

incorporated to represent roughness of PEO interfacial regions were attempted, but it was 

found (results not shown) that they produce SLD profiles similar to those generated with 

the tanh function, without greatly reducing χ2. Determining the best model was based on 
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a minimization of χ . In the case of similar χ values for different models, the simplest 

model was taken as the final model.

Results and Discussion

Unmodified gold

Prior to chemisorption, several gold-coated wafers prepared in the same batch 

were characterized by taking neutron data with the cell dry, filled with CMW, or filled 

with pure D2O. These measurements served as “controls” for analysis of the data 

obtained after chemisorption. While sample-to-sample variations were detected, the 

general trends as described in the following paragraph were clear.

The surface of a “blank” gold-coated wafer is not free of contamination. Evidence 

that contamination is present is that a significantly better least-squares fit is obtained if a 

layer with reduced SLD (i.e. lower than the SLD of Au or CMW) is introduced at the 

gold-CMW interface (Figure 2). This layer appears to be minimal, however, since: (1) it 

was not required (for the fit) when the samples were in contact with pure D2O (results not 

shown), but only when the sensitivity of the measurements was increased using CMW; 

and (2) the best refinement of this system resulted in a relatively large χ2 value of ~30, 

whereas all other models gave χ < 10. It is important to note that the large χ value 

attests to the difficulty in generating an accurate model for this system using MLAYER. 

The model parameters (Table 1) used to generate the SLD profile for the gold control 

show that while the contamination layer thickness, 0.4 ± 0.2 A, is not different from zero 

the interface roughness (188.1 ± 0.7 A) is significant. Although these parameters for the
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contamination layer do not seem meaningful, nonetheless they generate a credible SLD 

profile (Figure 2) for this system. Although the nature of the contaminant is not known it

will be treated as carbonaceous (CC).

O -I-----------------1-----------T---------------- T--------------------->----------------

O 300 600 900 1200 1500
Distance Normal to Interface, A Qz , A'1

Figure 2. A. The SLD profile model obtained by neutron reflectivity for the unmodified 
gold substrate. The layer order is Si/Cr/Pt/Au/Carbonaceous Contamination (CC)∕CMW 
from zero to high z values. Zero on the distance axis is 100 A within the silicon. B. 
Neutron reflectivity profiles showing agreement between the observed (circles) and 
calculated (curve) values.

This control sample was used as the substrate for chemisorption of PEO under 

high solubility conditions and the values in Table 1 were used in the analysis of the PEO 

surfaces. The gold sample used for chemisorption experiments under low solubility 

conditions showed a similar contamination layer and SLD profile (data not shown). The 

rapid surface contamination of gold is a well known phenomenon; Troughton et al. [18] 

suggested that airborne hydrocarbons are mainly responsible. Based on the general 

observation that the structure of polymers chemisorbed on such a “not-so-clean” surface 

does not depend on the history of substrate handling, these authors concluded that the 
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contaminants are displaced by the thiolated adsorbate if the gold-adsorbate bond is 

sufficiently strong. There is evidence (see below) that such displacement occurs for the 

thiolated PEO used in the present work.

Table 1. Model parameters for the control surface and films formed under high solubility 
conditions after chemisorption times of 0.5 and 11 h, as illustrated in Figures 2 and 3. 
Errors given in parentheses are ± 1 s.d. (last digit of parameter value), and the parameters 
held constant during refinement are listed without errors.

Layer Thickness (A) SLD × 10 f, (A'2) Interface width (A)
Control 0.5 h 11 h Control 0.5 h Ilh Control 0.5 h Hh

Si ∞ ∞ ∞ 2.07 2.07 2.07

Sharp Sharp Sharp
Cr 431.9(2) 431.9 431.9 3.064(4) 3.064 3.064

21.9 21.9 21.9
Pt 174.9(2) 174.9 174.9 6.704(3) 6.704 6.704

33.4(3) 33.4 33.4
Au 608.8(2) 608.8 608.8 4.526(2) 4.526 4.526

18.0(5) 18.0(2) 18.0(2)
PEO/ 
CC

0.4(2) 28.7(3) 29.2(3) 2.032(8) 3.20(1) 3.26(1)

188.1(7) 0.7(4) 0.2(4)
CMW CO ∞ ∞ 4.526(8) 4.526 4.526

The thicknesses of the metallic layers of the substrate (Cr, Pt and Au) were found 

to be close to but not exactly as specified by the sample manufacturer. The discrepancies 

are most likely the result of differences in precision of the measurements. The refined 

SLD values for the metal layers differ by up to 5% compared to the values estimated 

using the densities of the crystalline materials, thus suggesting that the crystallinity of the 

metal films is not perfect. Given that these parameters were found to be relatively 

insensitive to conditions in the contacting fluid (e.g. CMW or D2O) they were held 

constant in refinements of the data for the PEO layers.
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PEO-modified surfaces

Representative least-squares fitted SLD profiles for the PEO-modified surfaces 

are shown in Figures 3 and 4 for PEO formed after 0.5 h incubation under high and low 

solubility solutions, respectively. However, model pararmeters for all systems studied are 

summarized in Tables 1 and 2. Figures 3B and 4B illustrates that the agreement between 

observed and calculated reflected intensities is excellent over the entire Qz range (0.005 to 

0.128 A^1), thus providing strong support for the refined NR models of the PEO modified

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14

Figure 3. A. The SLD profile model obtained by neutron reflectivity for the 750 MW 
PEO layers formed under high solubility conditions for 0.5 h. The layer order is 
Si/Cr/Pt/Au/Carbonaceous Contamination (CC)∕CMW from zero to high z values. Zero 
on the distance axis is 100 A within the silicon. B. Neutron reflectivity profiles showing 
agreement between the observed (circles) and calculated (curve) values (χ2=7.1).

0 200 400 600 800 1000 1200 1400

Distance Normal to Interface, A
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Figure 4. A. The SLD profile model obtained by neutron reflectivity for the 750 MW 
PEO layers formed under low solubility conditions for 0.5 h. The layer order is 
Si/Cr/Pt/Au/Carbonaceous Contamination (CC)∕CMW from zero to high z values. Zero 
on the distance axis is 100 A within the silicon. B. Neutron reflectivity profiles showing 
agreement between the observed (circles) and calculated (curve) values (χ2=9.2).

TABLE 2. Model parameters for the films formed under low solubility conditions after 
chemisorption times of 0.5, 4 and 11 h, as illustrated in Figure 4. Errors given in 
parentheses are ± 1 s.d. (last digit of parameter value), and the parameters held constant 
during refinement are listed without errors.__________ _____________________________

Layer Thickness (A) SLD × 10ι(A'2) Interface width (A)

0.5 h 4h Hh 0.5 h 4h Ilh 0.5 h 4h Ilh
Si ∞ ∞ ∞ 2.07 2.07 2.07

Cr 431.1(3) 431.1 431.1 3.064(3) 3.064 3.064
Sharp Sharp Sharp

Pt 172.8(2) 172.8 172.8 6.704(2) 6.704 6.704
29.6(9) 29.6 29.6

Au 622.0(2) 622.0 622.0 4.526(2) 4.526 4.526
37.4(3) 37.4 37.4

PEO/CC 34(2) 34.5(3) 32.8(2) 2.90(3) 2.13(2)) 2.12(2)
18(1) 18.0(4) 18.0(5)

CMW CO CO CO 4.526 4.526 4.526
3(7) 3(2) 2(D

As indicated above the refinements leading to the data in Tables 1 and 2 were 

carried out with the parameters for the metal layers and the inner interfaces held constant 
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at the values obtained for the “clean” gold sample. The PEO layer parameters and the 

roughness of the gold-PEO interface were allowed to vary, even though the latter should 

in principle remain constant. However, the best fit always returned the same value of 

roughness thereby showing the validity of the model. The width of the gold/PEO 

interface in the refined models was 18 A (within error) in all cases. This value is in 

agreement with the roughness of the gold surface as determined prior to chemisorption. 

While the thickness and SLD of the PEO layers varied depending on chemisorption 

conditions and time, the outer surface (PEO-aqueous interface) was surprisingly sharp in 

all cases. The general shape of the SLD profile of the PEO films (Figures 3 and 4) 

appears very different from that of the contamination layer (Figure 2) supporting the 

conclusion of Troughton et al. [18] that chemisorption is a “self-cleaning” process.

The “space” beyond the gold layer is occupied by either PEO or CMW which has 

the same SLD as gold, thus allowing determination of the volume fraction of PEO as a 

function of distance z from the gold-PEO interface. The volume fraction, (⅛eo[z], is given 

by:

(2)

where (p6)0bs[z] is the experimentally observed SLD (Figures 3 and 4). (j⅛>)au,cmw was 

taken as 4.526 x IO'6 A-2, the value given by least-squares fitting; (jo⅛)peo was estimated 

as 0.56 x IO'6 A-2 using a density of Ig/mL for the polymer.

The volume fraction profiles normal to the plane of the interface are shown in 

Figure 5 for the PEO layers formed under high solubility conditions. The data suggest 
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that the layers are fully formed after 0.5 h. The PEO volume fractions and effective PEO 

layer thicknesses (estimated from the height and FWHM of the profiles in Figure 5) for 

the 0.5 and Ilh layers were similar at 32% and 29 ÷ 3 A. In experiments using the 

surface forces apparatus, Efremova et al. [14] observed thicknesses of 25 ÷ 5 A for 750 

MW PEO layers coupled to mica via a supported lipid bilayers, ie in good agreement 

with the values found in this work. For our high solubility conditions a value of effective 

monomer length a = 4 A was used to calculate the chain densities, and values of ~ 0.56 

and 0.59 chains∕nm2 were found for chemisorption times of 0.5 h and 11 h respectively, 

n
similar to a previously reported value of ~ 0.39 chains/nm obtained using ellipsometry 

for 750 MW PEO layers formed after 4 h of chemisorption [11].

Distance Normal to Interface, A
Figure 5. PEO volume fraction profiles for 750 MW PEO layers formed under high 
solubility conditions after 0.5 and 11 h chemisorption times. Zero on the x-axis is the 
gold-PEO interface.

153



Ph.D. Thesis — L.D. Unsworth McMaster University, Chemical Engineering

As shown in Figure 6, layers formed under low solubility conditions require 

longer than 0.5 h to reach saturation; there is little change in PEO volume fraction (and 

probably in conformation) after 4 h. The volume fraction increases from 39% at 0.5 h to a 

limit of about 57% at longer chemisorption times. As expected, the volume fractions 

under low solubility conditions are greater than those under high solubility (maximum, 

32%). The PEO layer thicknesses (FWHM) were determined to be 34 ± 2, 37.5 ± 3 and 

35.8 ± 2 A after 0.5, 4 and 11 h, respectively. Again, similar to these data, Efremova et al. 

[14] observed a maximum thickness of 31 ÷ 6 A for 750 MW PEO layers in the brush 

regime. Given the FWHM layer thicknesses and an effective monomer length of 4 A, the 

average chain density for the layers formed at 0.5, 4 and 11 h under low solubility 

conditions may be estimated as ~ 0.99, 1.32 and 1.17 chains∕nm2, respectively. These 

values for the hydrated layers are less than the previously reported value of 1.8 ± 0.9 

chains/nm (4 h chemisorption) determined for the dry layers using neutron reflectometry 

[11]. The “dry” and the “wet” NR chain density values appear to be similar, within error. 

Greater precision is expected for the in situ experiments as opposed to ex situ 

experiments, as previously discussed [11]: (1) there is a large error associated with NR 

measurements on thin (< 1 nm) dry PEO layers due to the low contrast between dry PEO 

and air; (2) the measured thickness of the dry-state 750 PEO layer was 10.0 ± 8.0 A. This 

may be considered at the limit of the method since the ΔQ range needed to fully describe 

such a layer is 0.63 A'1, whereas the AQ captured for the ex situ work was only 0.1. The 

combination of these two difficulties, leads to high errors in the estimates of chain 

density in the dry state.
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Distance Normal to Interface, A

Figure 6. PEO volume fraction profiles for 750 MW PEO layers formed under low 
solubility conditions after 0.5, 4 and 11 h chemisorption times. Zero on the x-axis is the 
gold-PEO interface.

It should be pointed out for the in situ experiments that, although the PEO volume 

fraction for the films formed under low solubility increases by a factor of 1.5 from 0.5 to 

4 h incubation time, the calculated chain densities remain relatively the same. This may 

be due to the fact that the effective monomer length is held constant in the calculations 

whereas it probably decreases with increasing chain density, so that chain densities in the 

high range may be underestimated.

Of interest is the upper limit on PEO volume fraction of ~57% for layers formed 

under low solubility conditions. It is interesting to note that the solubility limit for PEO in 

water is ~60% (v∕v); at higher concentrations the polymer begins to precipitate [19]. The 

similarity between these values suggests the possibility that as the layer increases in 

density, a phenomenon akin to precipitation involving extensive chain-chain interactions, 
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begins to occur. If the entire layer phase separated a sharp decrease in overall PEO layer 

thickness, as a direct result of dehydration due to increased hydrophobic interactions, 

would be expected, a result that was not observed (Figure 6). Nonetheless it seems likely 

that at ~60% volume fraction, the layer is, on average, approaching the PEO solubility 

limit and may begin to develop local regions where the solubility limit is exceeded such 

that regional phase separation may occur. This would imply that the PEO layer is 

heterogeneous with a spatial distribution of densities, and that the mechanism for 

precipitation of PEO in aqueous solution is similar to that for the interactions of end- 

tethered chains at high concentration. Given that the neutron reflectometry data are 

averages over the entire beam footprint it is not unreasonable to suggest that local 

heterogeneity exists. Although the mechanism of precipitation of PEO in solution is not 

fully defined, it is thought that it arises from the loss of the hydration shell and the 

subsequent increase in hydrophobic interactions (both inter- and intra-molecular) 

between polymer moieties [20]. It does not seem likely that tethering at the solid-liquid 

interface would interfere fundamentally with this mechanism. If regions of phase 

separated PEO are indeed formed at high chain density, resulting in the presence of 

hydrophobic patches within the PEO layer, then this may explain why protein resistance 

at high chain densities begins to decrease as observed previously [15].

An interesting feature of the volume fraction profiles is the sharpness of the PEO- 

CMW interface. It would be expected that the roughness of the underlying gold would be 

replicated through the fairly thin PEO layer and would be evident at the PEO-CMW 

interface. The fact that this is not the case for any of the systems studied is surprising.
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The most likely reason is a Q-dependent signal attenuation leading to over-estimation of 

reflectivity at high Q. This, in turn, would cause the interface roughness parameter to 

converge to an unrealistically small value in the least-squares refinement.

In previous work [15] we showed that for low solubility conditions, fibrinogen 

adsorption is greater on the 4-h layer than on the 0.5-h layer. The present NR 

investigation of these layers shows that the PEO volume fractions were 0.39 and 0.57, 

respectively, suggesting that there is an optimal PEO volume fraction for protein 

resistance (possibly of the order of 0.4). The data also suggest that the observed increase 

in adsorption at higher chain density may be due not only to reduced PEO mobility, but 

also to the formation of hydrophobic patches which form as the effective PEO 

concentration in the layer exceeds the solubility limit.
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11 .0 Summaryandconclusions

To investigate the effect of the surface chain density of PEO on protein 

adsorption, model surfaces comprising end-tethered PEO were prepared and 

characterized. Thiolated PEO was surface-tethered by chemisorption to gold-coated 

silicon wafers. Since PEO exhibits unique inverse temperature dependence of solubility 

in water, such that at higher temperatures and/or higher solution ionic strength solubility 

decreases and precipitation occurs (cloud point), it was possible to vary graft density by 

manipulation of both temperature/ionic strength and chemisorption time. Therefore, 

solution conditions were designed for various PEO species (600-OH, 750-OCH3, 2000- 

OCH3 and 5000-OCH3) such that PEO solubility was close to, or far from, cloud point 

conditions.

The chemisorbed PEO layers were characterized using water contact angles, XPS, 

ellipsometry and neutron reflectometry. Ellipsometry and neutron reflectometry 

techniques were employed for the specific purpose of determining film properties (chain 

density, film thickness, PEO volume fraction) with high precision for correlation to 

protein adsorption data. The objective was to elucidate the mechanistic role of PEO chain 

density in the inhibition of protein adsorption. Since lysozyme and fibrinogen are of 

widely different size, are expected to have different “footprints” when adsorbed on a 

surface, and to have different ability to penetrate a given PEO layer, they were used to 

probe further the mechanism of protein resistance of the PEO films.

Western blot analysis was used to determine qualitatively the relative amounts 

and types of proteins adsorbed to the PEO-modified surfaces in contact with plasma.

160



Ph.D. Thesis - L.D. Unsworth McMaster University, Chemical Engineering

Quantitative measurements of fibrinogen adsorption from plasma using radiolabeled 

protein were used to evaluate the effectiveness of the PEO layers in inhibiting the 

transient adsorption of fibrinogen (Vroman effect).

The chemisorption of thiolated PEO to gold coated silicon under different 

solution conditions proved an effective method of producing surfaces with variable chain 

density. The chain densities obtained were not only among the highest reported for these 

systems, but also the achievable chain density ranges were wide for all PEO molecular 

weights studied. Determination of PEO chain density from ellipsometry data obtained in 

situ involves fewer assumptions than from data obtained after drying (ex situ), and was 

found to be a more reliable procedure. Chain densities determined by neutron 

reflectometry and ellipsometry generally agreed within experimental error.

Neutron reflectometry studies yielded novel information about the structure of 

layers formed by 750 MW PEO under high and low solubility conditions. PEO volume 

fraction, film thickness and chain density were 0.33, 28 A, and 0.56 chains∕nm2 

respectively after 0.5 h of chemisorption, and 0.31, 28.5 A, 0.59 chains∕nm2 respectively 

after 11 h, suggesting that layer formation is complete after 0.5 h for films formed under 

high solubility conditions. For low solubility conditions, the corresponding values were 

0.39, 34 A, and 0.99 chains∕nm2 after 0.5 h; 0.57, 37.4 A, and 1.32 chains∕nm2 after 4 h; 

and 0.57, 35.9 A, and 1.17 chains∕nm2 after 11 h. These data suggest that at high chain 

densities there may be regions within the PEO film that are effectively at concentrations 

above the solubility limit of PEO in aqueous solution, and are thus “forced” out of 

solution forming hydrophobic patches that facilitate increased protein adsorption.
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Initial single protein adsorption experiments showed that resistance to fibrinogen 

passed through a maximum as chain density increased and that at a common chain 

density of ~0.5 chains∕nm2 protein adsorption was equally suppressed (80% decrease in 

adsorption compared to unmodified gold) for both 750 and 2000 MW PEO layers. The 

PEO-modified surfaces were also found to be resistant to lysozyme adsorption with 

fractional reductions similar to, if somewhat less than, those for fibrinogen. Further study 

of single protein adsorption using in situ ellipsometry showed trends similar to those 

observed using radiolabeled proteins. Thus minima in the adsorption of fibrinogen and 

lysozyme on the 750 and 2000 MW surfaces were of a similar magnitude and occurred at 

similar chain densities.

The observed trends in fibrinogen and lysozyme adsorption suggest that chain 

density, not molecular weight, is the major determinant of protein resistance. 

Furthermore, at chain densities of about 0.5 chains∕nm2 protein resistance seems to be 

independent of protein size. It is suggested that at high chain density, the chemisorbed 

PEO becomes dehydrated yielding a surface that is less protein resistant: a conclusion 

that is substantiated by neutron reflectometry data.

Adsorption of fibrinogen from plasma was investigated on surfaces determined to 

be ‘optimal’ in reducing adsorption in single protein systems. PEO layers formed from 

solutions near the cloud point adsorbed the lowest amount. Layers of 600-OH MW PEO 

showed almost complete suppression (versus controls) of the Vroman peak. Respective 

Vroman peak amounts for 600-OH, 750-OCH3 and 2000-OCH3 were 20 ± 1,70 ± 20, 50 

± 3 ng∕cm2. Amounts adsorbed at higher plasma concentration were, respectively, 6.7 ± 
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0.6, 16 ± 9 and 12 ± 3 ng∕cm2. Fibrinogen adsorption from plasma was not significantly 

different for surfaces prepared with PEO of molecular weight 750 and 2000 when the 

chain density was the same (~0.5 chains∕nm2) supporting the conclusion that chain 

density may be the key property for suppression of protein adsorption. Furthermore, it 

was found that at a chain density of ~0.5 chains∕nm2, layers of PEO with terminal 

hydroxyl groups adsorbed less fibrinogen than those with terminal methoxy groups, 

suggesting that the “hydroxyl” surface inhibits fibrinogen and/or facilitates its 

displacement more effectively than the “methoxy” surface.

SDS-PAGE and immunoblotting were used to identify proteins eluted from these 

surfaces after plasma contact and showed that a number of proteins were adsorbed, 

including fibrinogen, albumin, C3 and apolipoprotein A-I. However, the blot responses 

were zero or weak for all four proteins of the contact system; some complement 

activation was observed on all of the surfaces studied.

The careful determination of PEO layer properties and corresponding protein 

adsorption behaviour as carried out in this research leads to the conclusion that chain 

density is the most important property of tethered PEO layers for inhibition of non­

specific protein adsorption.
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12 .0 Recommendations for Future work

Although gold coated silicon is an appropriate choice as a model surface for 

investigation of PEO chain density effects on protein adsorption, the surfaces used in this 

work were not optimal, in particular with respect to roughness at the gold-air interface. 

This is particularly important when using surface analysis techniques such as neutron 

reflectometry where nanometer scale substrate roughness increases the difficulty of 

interpreting the data. This situation could be improved by depositing thinner gold layers 

directly on polished Si wafers. Moreover, while the investigation of PEO modified 

surfaces using neutron reflectometry is amenable to nanometer level resolution of film 

properties in the z-dimension, this requires careful experimental setup and sophisticated 

equipment.

From this work it seems apparent that to further elucidate the mechanisms 

involved in PEO-mediated protein repulsion it will be necessary to determine the film 

structure, including hydration, at the nanometer scale. To obtain this information, 

experiments will have to be carefully designed, possibly using surface sensitive 

techniques such as neutron reflectometry, spectroscopic ellipsometry and TOF-SIMS. 

Future work should focus on understanding the hydration state of the PEO layer as it is 

formed (in situ) and as protein adsorption/repulsion occurs. Also, it would be interesting 

to evaluate the evolution of the hydration state of the protein (including orientation of 

bound water) during adsorption to the PEO layer. Efforts to determine the surface force 

profiles during layer formation and during the adsorption of selected peptides and 
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proteins using the surface force apparatus (or a modified AFM) would also be valuable in 

understanding protein-PEO repulsion mechanisms.

Finally much more work remains to be done to investigate and understand the 

behaviour of PEO-modified surfaces in complex biological systems like blood. The 

present work represents only a beginning in this regard.
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Appendix A: Experimental Procedures

In this work, gold coated silicon wafers were modified by chemisorption of 

thiolated PEO. To determine whether the solubility properties of PEO affect its 

interaction with the gold substrate, the adsorption of 750, 2000 and 5000 MW PEO was 

carried out under various solubility regimes. Herein, the protocols for all experimental 

procedures are detailed.

A. 1 Thioliza tion reaction

Thiolization of the PEO was carried out by reaction of HO-PEO-OMe with 

mercaptoacetic acid in toluene at 80oC for 3 hours (Figure A-l). Mercaptoacetic acid was 

stored at 40C. Poly(ethylene glycol) methyl ether (HO-PEO-OMe) with molecular 

weights of 750, 2000 and 5000 was stored in a sealed container under ambient conditions. 

25 mL of toluene was preheated in a round bottom flask, with a magnetic stir rod. 5 g of 

the appropriate PEO, a drop of sulfuric acid, and a stoichiometric amount (1:1, 

OH:COOH) mercaptoacetic acid were added dropwise. A condenser water trap was used 

to drive the reaction forward by removing the evolved water. The solution was 

precipitated into 300 mL of isopropyl ether, and vacuum filtered. The precipitate was 

further purified by redissolving in dichloromethane and reprecipitated in isopropyl ether 

three times. Once purified, the reaction product was dried under vacuum at room 

temperature for two days. Proton NMR in deuterated chloroform with a drop of 

tetramethylsilane (TMS) as internal standard was used to characterize the reactants and 

the resulting products.
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CH3-(-O-CH2-CH2-)n-OH + HOOC-CH2-SH

▼

CH3-(-O-CH2-CH2-)n-OOC-CH2-SH + H2O

Figure A-l. Thiolization reaction mechanism.

A. 2 Gold coa ting of silicon wafers

Gold layers, 1000~2000 A thick, were thermally deposited on both sides of 

double polished, p doped, silicon wafers with the aid of a chromium/titanium adhesion 

layer ~500 A thick by Koral Labs (Flint, Michigan). The product was tape tested on both 

sides to verify adhesion of the gold substrate. The wafers were then scored into 0.5 cm2 

samples, and stored in a sealed container.

A. 3 In Situ ellipsometry sample calcula tions

Sample calculations for the adsorption of protein are discussed herein; a similar 

procedure is followed for the adsorption of any molecule. As discussed in section 5.3 

after PEO modification and prior to protein adsorption, polarizer (P) and analyzer (A) 

angles were obtained every 5 s for >30 min (incidence angle of 70o) for substrates in 19 

mL of PBS. Protein (1 mL, 10 mg∕mL) was introduced such that the final protein 

concentration was 0.5 mg/mL and mixed thoroughly. Adsorption data (P and A) were 

collected at an incidence angle of 70° every 5 secs for greater than 3 h, yielding a P vs. A 

plot as illustrated in Figure A-2.
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44

Polarizer Angle, 0

Figure A-2. Representative lysozyme adsorption plot of polarizer angle and analyzer 
angle as a function of time. Line represents modeled layer of adsorbed lysozyme.

From this dataset, it is obvious that as time progressed the polarizer angle decreases from 

around 1.38 to 1.120. Using a protein film refractive index of 1.37 it was possible to 

construct a layer model, as outlined in Table A-I and summarized by the line in Figure 

A-2.
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Table A-l: Summary of model used to evaluate the layer 
properties of adsorbed lysozyme. The incident angle was 70o.

n k Thickness, A

Ambient 1.33 0.0

Lysozyme layer 1.37 0.0 40

Substrate 0.2 3.37

Using equation 5-5, and refractive index increment of 0.188 cm3∕g, it is possible to 

calculate an adsorbed lysozyme amount of 0.085 μg∕cm2.

A. 4 Protein Labeling

Protein adsorption experiments were carried out using phosphate buffered saline 

spiked with NaI (PBS-NaI) at a pH of 7.4 and an NaI concentration of 5 mol%. 

Fibrinogen was labeled with 125I using the ICl method. The ICl methods uses three vials: 

Vial 1 - 60 μL glycine buffer and 5 μL fresh 125I; Vial 2 - 1.0 μL ICl; Vial 3 - 0.2 mL 

glycine buffer and 1 mg fibrinogen. Vials 1 and 2 were mixed with a pipette for one 

minute and then the mixture was transferred to vial 3, and mixing continued for two 

minutes. It was found that bubble formation during mixing increases the percent free 

iodide or the amount of unbound radioactive iodide in the preparation. Reduction of the 

free radioactive iodide level to below 1% is crucial as the unbound 125I has a high affinity 

for gold. Clearly the uptake of free 125I results in overestimates of adsorbed fibrinogen. 

Free iodide was removed by dialysis (SLIDALYZER® cassette) for 3 h at 250C, and 16 h 

at 4 C, against PBS-NaI, with two changes of dialysate. The solution was removed from 
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the dialysis cassette, and the cassette was rinsed twice with 0.4 mL of PBS-NaI. Free 

iodide present in the labeled protein solution was measured by TCA precipitation of the 

protein. In all experiments, the free iodide content was between 0.4 and 0.6%. Cold NaI 

was added to the buffer to minimize uptake of free radioiodide by the surface.

The working solutions containing 1% labeled Fg were diluted with PBS-NaI to 

give total Fg concentrations of 1, 0.5, 0.3, 0.1 and 0.001 mg∕mL. Modified gold surfaces 

(in triplicate) were incubated in 250 μL solution at each concentration for 3 h at room 

temperature. The samples were dip rinsed in 250 μL of PBS-NaI three times for 10 min 

each time. The radioactivity for each sample was determined using a gamma counter and 

the amount of adsorbed fibrinogen (μg∕cm2) was determined using the following 

equation,
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where CPM is the counts per minute in total less the background, [Fg]a is the fibrinogen 

concentration, and At is the total surface area of the sample.

A. 5 SDS-PAGE and Western Blot Procedure

Polyacrylamide gel preparation (12% separating gel, 4% stacking gel)

The acrylamide/bis solution is prepared by dissolving the following reagents in distilled 
water, diluting to 100 mL and filtering the final solution:

AcrylamideZBis 29.2 g
N5N5-Methylenebisacrylamide 0.8 g

The reagents for the 12 % separating gel were mixed and degassed for 15 min at room 
temperature:

(A-I)
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12% SeparatingGel:

Distilled water
1.5M Tris-HCl, pH 8.8
10% (w∕v) SDS stock (room temp)
30% (w∕v) Acrylamide/Bis

3.35 mL
2.5 mL 
0.1 mL 
4mL

Immediately prior to casting the gel, the following reagents are added to initiate 
polymerization in the above mixture:

10 % ammonium persulfate (fresh) 
TEMED

50 μL
5 μL

Casting plates were cleaned with distilled water and ethanol (95%), dried and inserted into 
the casting assembly. The assembly was secured to the casting stand. The gel plates were 
filled using a syringe with polymer solution, leaving enough space to add stacking gel later. 
After 2 min a small amount of water was layered over the gel. Allow the separating gel to 
polymerize for 1 hour before adding stacking gel.

The reagents for the 4% stacking gel were mixed and degassed for 15 min at room 
temperature:

Distilled water
0.5M Tris-HCl, pH 6.8
10% (w∕v) SDS stock (room temp) 
Acrylamide/Bis (30% stock)

3 mL
1.2 mL
100 μL
0.65 mL

Immediately prior to casting the gel, the following reagents are added to initiate 
polymerization in the above mixture:

10 % ammonium persulfate (fresh) 
TEMED

25 μL
5 μL

Using a syringe, the remainder of gel plates was filled with stacking (4%) polymer solution. 
The appropriate comb was added and the gel was allowed to polymerize for 1 hour before 
use.

Sample Preparation

The sample buffer used in sample preparation consists of the following reagents, mixed and 
stored at 4oC in 225μL aliquots:

Distilled water 
0.5M Tris HCl, pH 6.8

4mL
1.0 mL
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Glycerol
10 % (w∕v) SDS

0.8 mL
1.6 mL

Immediately prior to use, the following reagents were added to an aliquot, yielding tracking 
dye (TD):

2-Mercaptoethanol 30 μL
0.05% (w∕v) Bromphenol blue 30 μL

Samples and standards used for SDS-PAGE only are prepared as follows: 
0.5μL SDS-PAGE MW Standards, Low Range, 10μL TD 
10 μL Protein sample, 10μL
7.5 μL Prestained SDS-PAGE Standards, Low Range

Samples and standards used for immunobloting are prepared as follows: 
lμL SDS-PAGE MW Standards, Low Range, 10μL TD 
80-150 μL Protein sample, 10 μL TD
7.5 μL Prestained SDS-PAGE standards, Low Range

Once mixed, the samples are placed in a 95oC water bath for 7.5 min.

Electrophoresis

Gently remove combs and rinse wells with distilled water. Remove gels from casting stand, 
and place into clamp assembly. Place clamp assembly into buffer chamber. A 5X stock 
solution of electrophoresis buffer was prepared by mixing the following reagents in distilled 
water and diluting to IL (Note: pH of this solution should be 8.3 +/- 0.3, do not adjust with 
NaOH or HCl).

TrisBase 15 g
Glycine 72 g
SDS 5 g

Just before use dilute to IX strength. 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 min of electrophoresis. Layer a small quantity of Pyronin Y 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.
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Gel Equilibration

Transfer buffer was prepared by mixing the following reagents in distilled water and 
diluting to IL (Note: pH of this solution should be 8.3 +/- 0.3, do not adjust with NaOH or 
HCl).

3.03 g Tris
14.4 g glycine
200 mL methonal

Gels were equilibrated in fresh, cold transfer buffer for 15-20 minutes upon removal from 
assembly.

Electrophoretic Transfer

Immobilon PVDF transfer membrane were cut to gel-size, prewetted in methanol (1-3 s), 
water (1-2 minutes) and soaked in transfer buffer (15 min). The gels and membranes were 
loaded in the transfer cassettes according to specifications and placed in the transfer 
chamber. The chamber was then filled with transfer buffer so that the entire gel surface was 
covered. A potential difference of IOOV (200mA) was applied for 1 h.

The membranes can then immediately be stained with colloidal gold or dried and used for 
immunoblot analysis.

Gold Staining

The PVDF membranes were washed 2X,s in phosphate buffered saline (PBS), pH 7.4. PBS 
was prepared by mixing the following reagents in distilled water, adjusting the pH to 7.4 and 
diluting to 1 L:

Na2HPO4 
NaH2PO4-H2O 
NaCl

l∙32g 
0.342 g
8∙5g

The membranes were then incubated in 0.3% (v∕v) Tween 20 solution in PBS for 1 h at 
20oC to block unbound membrane sites. This was followed by 3 further washings of 5 min 
with this blocking solution. The membranes were then rinsed in water 3 times for 1 min 
each.
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Western Blotting

Molecular Weight Determination: Remove marker lanes and small portion of sample lane 
(which covers the remainder of the blot) to be stained with the gold stained procedure 
described above.
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 plastic wells. Block unbound 
membrane sites and prevent non-specific adsorption by incubating the strips for lh, 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 Ih 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. Strips were then rinsed 3X,s for 5 min 
each in 0.1% (w/v) nonfat dry milk in TBS.

Incubate with second antibody: Incubate strips for Ih in 1% (w/v) dry skim milk in TBS and 
0.05% (v∕v) Tween 20 in TBS with a 1/1000 dilution of the with the alkaline phosphatase 
conjugate secondary antibody. Strips were again rinsed 3X,s for 5 min each in 0.1% (w/v) 
nonfat dry milk in TBS.

Detection: The strips were incubated for up to 4 h with a solution to develop the colour 
reaction for the detection of the bands. The buffer for this solution is prepared by dissolving 
the following reagents in distilled water, adjusting the pH to 9.8 and diluting to 100 mL:

NaHCO3 
MgC12-6H2O

840 mg
20 mg

The final reaction is prepared by mixing ImL nitroblue tetrazolium (NBT) stock and ImL 5- 
bromo-4-chloro-3-indolyl phosphate (BCIP) in 100 mL buffer: This reaction was stopped by 
rinsing with distilled water twice for 5 min each.

The following is a list of pertinent solutions:

TBS

50 mM Tris 
150mMNaCl 
Adjust pH to 7.4
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Carbonate Buffer

20 mg MgCl2 6H20
840 mg NaHCO3 
fill to 100 mL with ddH20 
pH with NaOH to 9.8

NBT & BCIP

dissolve 30 mg NBT in 300 μL H2O, 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
Total Organic Carbon 
Particle Free
Total dissolved solids 
Silicates 
heavy metals 
Microorganisms

18 megohm-cm
< 10 ppb
< 0.22 μm
< 20 ppb
< 0.1 ppb
< 1 ppb
< 1 cfu/mL
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