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Foreword 

I H E ACS S Y M P O S I U M S E R I E S was first published in 1974 to 
provide a mechanism for publishing symposia quickly in book 
form. The purpose of this series is to publish comprehensive 
books developed from symposia, which are usually "snapshots 
in time" of the current research being done on a topic, plus 
some review material on the topic. For this reason, it is neces­
sary that the papers be published as quickly as possible. 

Before a symposium-based book is put under contract, the 
proposed table of contents is reviewed for appropriateness to 
the topic and for comprehensiveness of the collection. Some 
papers are excluded at this point, and others are added to 
round out the scope of the volume. In addition, a draft of each 
paper is peer-reviewed prior to final acceptance or rejection. 
This anonymous review process is supervised by the organiz­
er^) of the symposium, who become the editor(s) of the book. 
The authors then revise their papers according to the recom­
mendations of both the reviewers and the editors, prepare 
camera-ready copy, and submit the final papers to the editors, 
who check that all necessary revisions have been made. 

As a rule, only original research papers and original re­
view papers are included in the volumes. Verbatim reproduc­
tions of previously published papers are not accepted. 
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Preface 

i H E SURFACE ACTIVITY OF PROTEINS is a fundamental property of 
these complex macromolecules that derives from their large size, amphi-
pathic nature, and the many types of chemical interactions that can occur 
between proteins and surfaces. Thus interfaces of almost any type that 
come into contact with protein solutions tend to become quickly occupied 
by proteins, leading to profound alterations in the physicochemical and 
biological properties of the interfaces. Proteins at interfaces are impor­
tant in many applied areas, including separation and purification, the 
biocompatibility of biomaterials, mammalian and bacterial cell adhesion, 
blood coagulation at solid and membrane surfaces, solid-phase immunoas­
says, biosensor development, the opsonization of particulates used as 
therapeutic agents, food processing, and biotechnology in general. 
Despite a fairly long history of study of proteins at interfaces, many of the 
fundamental mechanisms remain only partly understood, and research on 
proteins at interfaces remains very active. 

Reflecting the diversity of situations affected by proteins at interfaces, 
investigations in this area are also very diverse with respect to types of 
interfaces, proteins studied, methodology employed, and practical prob­
lems to which the work is directed. Consequently, research on proteins at 
interfaces is presented at diverse scientific meetings with typically only a 
few papers at each meeting. Similarly, the research is published in a wide 
variety of journals and other publications, resulting in very few 
comprehensive sources of information on this topic. By bringing workers 
from the many disparate application areas together into one symposium, 
we believed we could provide a means to foster advances in proteins at 
interfaces via presentation of the many common concepts and approaches 
embodied in the diverse systems and applications being studied. 

To make participation in the symposium on which this book is based 
as comprehensive as possible, we began more than a year in advance by 
inviting many, if not most, of the investigators actively involved in studies 
of proteins at interfaces to participate, and we subsequently included their 
contributions in this book. This volume is similar in its intent to ACS 
Symposium Series 343, Proteins at Interfaces, edited by us in 1987, but the 
approach we have taken to the content is somewhat different. In the pre­
vious volume, we invited overview chapters, whereas in this volume, the 
chapters are similar to journal articles that reflect the current interests 
and work of each group. 

xi 
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This book provides a broad collection of articles on the behavior of 
proteins at interfaces, most of which derive from recently completed 
investigations focusing on topics of current interest. The major themes 
include molecular mechanisms, competitive adsorption, conformation of 
proteins at interfaces, surface chemistry effects, protein effects on cell 
interactions, and the behavior of proteins at fluid-fluid interfaces. 

We believe this book can provide a sound introduction for those new 
to the field but will have its greatest impact as a convenient way for 
experienced investigators to broaden their understanding of the behavior 
of proteins at interfaces. 

The introduction by Leo Vroman, surely the expert's expert on pro­
tein interfacial interactions in "outrageously complex protein mixtures", 
relates specifically to blood-material interactions, phenomena that have 
motivated many of the researchers who study proteins at interfaces and 
whose work is described in this volume. However, its message can be 
transposed and applied to any complex biofluid. Vroman's introduction 
indicates, in a way that only a scientist-poet of long experience could, the 
complex nature of these interactions and warns us, lest we become 
prematurely smug, that we still have a long way to go in achieving any­
thing resembling a full understanding. 

T H O M A S A. H O R B E T T 

Department of Chemical Engineering 
University of Washington 
Seattle, W A 98195-1750 

JOHN L. B R A S H 

Department of Chemical Engineering 
McMaster University 
Hamilton, Ontario L8S 4L7 
Canada 

June 28, 1995 

xii 
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Prologue 

i H E MOST COMPLICATED L A N G U A G E we can ever attempt to learn is 
the one spelled by the proteins within us and rapidly written by them on 
any blank surface they face. Each of the "words" is long enough to fill an 
entire page if printed legibly, and as they are being "written" on the blank 
surface, they may rapidly change their meaning or, in the presence of 
more protein species, be displaced by a succession of these others. How 
then can we ever hope to read the significance of such a briefly present 
and changing text and context? 

Perhaps we have been very slow to face this problem, misled since we 
invented glass test tubes, especially once we learned to put blood in them 
that had been anticoagulated and could be swung around to separate its 
deceptively simple-looking plasma. Slowly it dawned on us that the 
resulting interactions were far from simple, and we now know that on 
many surfaces, outrageously complex protein mixtures such as blood 
plasma write their own opinions by means of adsorbing and interacting 
protein molecules. 

Of course our blood's authorship did not evolve to entertain us; it 
merely tries to protect us. I am sure that any spilled blood is not aware 
of having left its host forever, nor of the relative immensity of foreign 
surface it faces. All interactions with this surface are aimed at protecting 
the host against what this poured blood perceives as an invasion of its 
host's body by strange and unfathomed matter. 

Thus it is the blood itself that is doing the reading. It reads the sur­
face properties with the help of its own proteins and passes the informa­
tion on to others: the intrinsic clotting system, the complement system, 
and from there to the platelets and white cells that may arrive just in time 
to read a few code elements exposed by some of the plasma's "written 
words"—protein epitopes that these cells and platelets are tuned to by 
their receptors. 

So it is not surprising that we can find a wild paradise of elements left 
on devices that blood has streamed over. Fixed and stained, it represents 
a rather slow snapshot of a few physiologically significant and not entirely 
simultaneous events that were driven by very local conditions. For exam­
ple, we found that heparinized blood injected between a glass slide and a 
convex lens resting belly-down on the slide may leave a small ring of pla­
telets surrounded by a fine line of fibrin. What happened, we believe, is 
that platelets adhered where high molecular weight kininogen (HMK) 

xiii 
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could not remove fibrinogen before the platelets arrived. Immediately 
beyond this spot, where H M K did compete successfully for the surface, 
the clotting system was activated next to the area where heparin had been 
neutralized by platelet antiheparin activity so that fibrin could form. 

A reasonable and yet naive question is what keeps our plasma from 
writing its graffiti on the surfaces of all cells floating in it? And if we 
create surfaces resembling those of cells, would proteins not be adsorbed 
on them? Only the second question allows experimentation and can be 
answered. There is no logical way of separating or cultivating normal 
healthy cells in total absence of added or generated proteins in their 
medium. Our ability to separate cells from their plasma may let us forget 
that these cells were born in plasma and have been exposed to hundreds 
of proteins at their interfaces before we put our hands on them. Clean 
cell surfaces do not exist until they are dead. Even single purified pro­
teins must be suspected of not behaving as they would normally in the 
environment where they evolved their specific and often unknown func­
tions. 

We can create surfaces now that vaguely resemble cell surfaces, e.g., 
by coating materials with phospholipid bilayers. The mobility of 
molecules in such a coating lets it respond to very local events, such as 
the approach of a protein molecule. If it is true that a protein molecule 
simply cannot attach itself on such a "soft" surface and will not be forced 
to spread, the complexity of such an interaction has been taken away 
from this protein molecule and transferred to the substrate. When we 
attempt to write on oatmeal, the invisible words may still change the oat­
meal. 

Such interactions between surface and proteins, and between 
adsorbed and hence modified proteins and formed elements, are echoed 
in this volume by the interactions among those scientists who study them. 

LEO VROMAN 

Department of Chemical Engineering, 
Materials Science, and Mining 

Columbia University 
500 West 120th Street 
New York, N Y 10027 

June 29, 1995 
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Chapter 1 

Proteins at Interfaces 
An Overview 

John L. Brash1 and Thomas A. Horbett2 

1Department of Chemical Engineering, McMaster University, Hamilton, 
Ontario L8S 4L7, Canada 

2Department of Chemical Engineering, University of Washington, 
Seattle, WA 98195-1750 

Proteins at interfaces are involved in a wide variety of phenomena, including 
mammalian cell growth in culture, reactions to implanted biomaterials, growth of soil 
bacteria, and formation of organized layers of proteins at the oil/water and air/water 
interfaces. This broad range of phenomena has attracted the interest of a 
correspondingly broad range of scientists and engineers, many with different 
backgrounds and different perspectives. As a result, the field of proteins at interfaces 
displays as much breadth as depth, and many of the investigators in this field of research 
conduct investigations that are unique with respect both to the particular protein/surface 
system studied and to the methods used. The many different approaches and systems 
under investigation, and in particular the wide variety of applications towards which the 
research is directed, means that an overview such as this one which is limited in length, 
must be selective. In selecting subtopics for discussion we had to be somewhat 
arbitrary, and therefore tried to focus on broad aspects which are common to most 
application areas. 

The contributions to the San Diego Symposium and to this volume represent a 
significant fraction of the workers who are actively involved in studying the behavior of 
proteins at interfaces. We have therefore chosen to organize our overview around six 
major aspects of protein behavior at interfaces which emerged from the Symposium. 
These aspects are: (1) theory, including molecular mechanisms; (2) competitive 
adsorption; (3) conformation and orientation of proteins at interfaces; (4) surface 
chemistry effects on adsorption; (5) the behavior of proteins at fluid interfaces; and (6) 
effects of proteins on cell interactions with surfaces. For each topic, current 
understanding is briefly summarized, and the contributions of the articles in this volume 
are then discussed. Inevitably this type of subdivision is to some extent arbitrary and 
artificial, so there is some overlap of material from one section to another. We trust, 
however, that on balance our approach will facilitate the readers' (as well as the authors') 
task of understanding the state of the art in this field. 

0097-6156/95/0602-0001$12.75/0 
© 1995 American Chemical Society 
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2 PROTEINS AT INTERFACES II 

Theory and molecular mechanisms of protein adsorption 

It is fundamental to recognize at the outset of this discussion that proteins are large, 
amphipathic molecules. As a result they are intrinsically surface active, and one of their 
natural habitats may be said to be in the interface between phases. This idea gains in 
plausibility if one considers that within cells proteins are often membrane associated. 
Thus it may be argued that to understand the behavior of proteins at interfaces is to 
understand an important aspect their normal behavior. A good perspective for adoption 
by the novice approaching this field is that all proteins adsorb to all surfaces. It is rarely 
a problem how to achieve the adsorption of a protein, but rather how to prevent it. 
Consequently, protein adsorption is the central event in the biofouling of surfaces. 

The interactions recognized as occurring in protein adsorption are mostly 
noncovalent, ie H-bonding, electrostatic, and hydrophobic interactions. Examples of 
covalent adsorption (as opposed to intentional covalent immobilization) are rare. These 
are the same phenomena that occur in small molecule adsorption. Protein adsorption is 
distinguished by the large size of the adsorbate and by the fact that while adsorbed the 
protein can undergo various transformations, both physical and chemical. Apart from 
the theoretical aspects of these transformations, which are of themselves of considerable 
interest, they often entrain changes in the biological activity of the protein, eg enzyme 
activity. 

Most of the effects mentioned have been recognized for many years and we will 
not attempt to review the relevant literature in detail. Rather a few examples of recent 
developments bearing on adsorption theory and mechanistic aspects will be discussed. 

Modeling oriented studies of adsorption in single protein systems (as opposed to 
mixtures, for which see below) have been relatively few in recent years. Many authors 
continue to fit adsorption data to the Langmuir equation despite its obvious 
shortcomings in relation to proteins. A major one is that the Langmuir model requires 
adsorption to be reversible while protein adsorption in most systems examined to date is 
to all intents and purposes irreversible on a realistic time scale. There seems little doubt 
that this stems from the multivalent binding interactions which are typical of protein 
adsorption. However, the data in many experimental studies appear to fit well to the 
Langmuir equation and some authors have interpreted this as confirmation that the 
Langmuir mechanism is applicable. Estimates of the affinity constants for binding have 
been made from such data fits, although there is considerable scepticism about this 
practice. Such estimates should strictly speaking not be considered as thermodynamic 
equilibrium constants. They are at best apparent, and at worst pseudo binding constants. 
However they can be regarded as giving a qualitative indication of binding affinity. 

This more conservative approach to the interpretation of isotherm data is 
illustrated by the work of Norde and Anusiem (/) on BSA and lysozyme adsorption to 
silica and hematite. In this work the relative values of the initial isotherm slopes for a 
series of protein-surface systems were interpreted in terms of the relative adsorption 
affinities. An interesting result from these studies was that BSA that had been adsorbed 
and then desorbed showed higher affinity than native BSA, suggesting that adsorption 
caused a significant physical transition in the protein. No such effect was found for 
lysozyme, a smaller protein also considered to be "harder" than BSA. 

The paper by Norde and Haynes in this volume takes yet another look at 
reversibility of protein adsorption. It shows that significant internally created entropy 
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1. BRASH & HORBETT Proteins at Interfaces: An Overview 3 

AjS may be generated, leading to the conclusion that in such cases adsorption is indeed 
irreversible. Their estimates of AjS are obtained from hysteresis loops in the adsorption-
desorption isotherms, and it is argued that the higher adsorption values seen in the 
descending branches of the isotherms indicate higher affinity for the desorbed than for 
the native protein. As indicated this is borne out by experimental data on the BSA-silica 
system (7). 

An important approach to the modeling of protein adsorption has come from the 
studies of Schaaf and Talbot (2). These groups have investigated the random sequential 
adsorption (RSA) model in relation to proteins. RSA is essentially surface filling 
governed by geometry and does not allow for desorption or diffusion of the protein over 
the surface. It may be considered as the opposite of fully reversible equilibrium 
adsorption. An important result of this theory is that a so-called jamming limit of 
surface coverage is reached, beyond which no additional molecules can be 
accommodated in the layer. For circular discs the jamming limit of surface coverage is 
0.547 (2). The fact that coverage in protein adsorption is known to reach higher values 
(close to 1.0) suggests immediately that some desorption and/or surface diffusion can 
occur as has in fact been demonstrated by experimental means (3,4). These authors have 
also drawn attention to a perceived weakness of the Langmuir model which gives the 
available surface function (related to the rate of adsorption) as (1-6), where 0 is the 
fractional surface site coverage. This is a consequence of the Langmuirian specification 
that one molecule occupies only one site. Clearly for proteins, which are generally big 
enough to cover several sites, this is inappropriate. More appropriate available surface 
functions have been suggested on theoretical grounds. In general such functions are 
nonlinear implying that in contrast to the Langmuir mechanism, the rate of adsorption 
should show a nonlinear dependence on coverage. A possible flaw in these arguments is 
that the definition of a site may have to be different for a large heterogeneous molecule 
like a protein than for the small gas molecules that were considered by Langmuir. For 
physical adsorption, for example, it may be that a site is defined simply by the protein 
footprint, and not by any recognizable chemical entity. 

The RSA model is relevant to protein adsorption in that it stipulates 
irreversibility. However the other major requirement that surface diffusion should not 
occur is not necessarily met. There have been a number of reports showing that protein 
molecules can diffuse over surfaces even though they cannot desorb. Recently Rabe and 
Tilton (5) have shown using fluorescence methods that adsorbed BSA diffuses over the 
surface of acrylic polymers with diffusivities of the order of 10"8 cm2/s, ie approximately 
two orders of magnitude smaller than the bulk diffusivity. Moreover the diffusivity 
showed a sharp increase in the region of the glass transition temperature of the polymer 
indicating that motions in the surface itself can augment surface diffusion of adsorbed 
protein. 

The past several years have witnessed considerable activity in the search for 
protein resistant/repellent surfaces. Such materials are expected to be bioinert and 
should resist cell adhesion and biofouling generally, with applications in 
biocompatibility, biosensors, liposomes (6) and other devices. Based on an 
understanding of protein adsorption mechanisms it should in principle be possible to 
design protein resistant surfaces, but the approaches taken to this problem have been 
more empirically than mechanistically based. 
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4 PROTEINS AT INTERFACES II 

It has been found by a number of groups that surfaces with polyethylene oxide 
(PEO) grafts show greatly reduced protein adsorption (7). The mechanism of resistance 
to protein adsorption is not well understood but appears to be related to the high 
hydrophilicity, high flexibility and therefore high excluded volume of PEO chains. 
These properties allow steric repulsion interactions to dominate over van der Waals 
attraction. There is no general agreement on the optimal structure of such a surface, but 
the important variables are believed to be the PEO chain length and spacing on the 
surface (8,9). In the present volume the paper by McPherson, Lee and Park shows that 
PEO chains of length 3 to 128 immobilized on glass (through the use of PEO-PPO-PEO 
block copolymers) are effective in reducing the adsorption of fibrinogen and lysozyme. 
The most important property of such materials is the surface concentration of grafted 
PEO. 

The paper by Ivanchenko et al in this volume also shows that shorter PEO chain 
lengths (in the range 4 to 24) are more effective in reducing protein adsorption. 
However the relevance of these data to the question of the optimum PEO graft length is 
somewhat obscured by the fact that the PEO chains are not grafted directly to the 
surface, but are in fact side chains on methacrylate polymers which are grafted to the 
surface. In addition the length of the methacrylate chains, which was controlled by a 
chain transfer agent, was also found to affect adsorption, with the short chains giving the 
best results. 

The idea that protein resistance may be achieved through the use of phosphoryl 
choline (PC) moieties has also been pursued by a number of groups. PC is the head 
group of phosphatidyl choline (lecithin) which is a major component of the exterior 
surface of cell membranes. The expectation of protein resistance is based on the 
hypothesis that these groups should mimic the lipid component of the cell surface (10) 
which is supposed to be essentially protein resistant. Ishihara et al (11) have suggested 
that arrays of such PC moieties attached to a surface in contact with blood will bind 
phospholipids and organize them into structures that are lipid bilayer-like, and thus 
protein resistant. The paper by Nakabayashi et al in this volume provides additional data 
in support of this concept. 

It is not clear whether the expectation that the outer surface of lipid bilayers 
should be protein resistant is entirely justified. In fact there have been few investigations 
of protein interactions with such surfaces. The tendency of liposomes and foreign cells 
to become opsonized and then phagocytosed (6) presumably results from adsorption of 
immunoglobulins. 

A highly significant recent development is the use of protein mutants as a way to 
investigate the effects of structure on protein adsorption to solids. Previous studies of 
the behavior of protein mutants at the air-water interface showed a linear dependence of 
several indicators of surface activity with the thermodynamic stability of mutants of 
tryptophan synthase alpha subunit (12). Although just beginning, this approach appears 
to hold much potential to elucidate the details of the adsorption process. Pioneering 
work in this area has been done by McGuire et al (13) using mutants of bacteriophage 
T4 lysozyme. In their paper in this volume they show that minimal changes in amino 
acid composition can change adsorption behavior significantly. For example 
substitution of the isoleucine residue at position three of lysozyme gave proteins of 
altered stability and correspondingly altered adsorption kinetics and resistance to elution. 
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1. BRASH & HORBETT Proteins at Interfaces: An Overview 5 

Strength of attachment to the surface appeared to be greater for the less stable mutants. 
It may be anticipated that exploitation of this approach will increase in the near future. 

Also relevant to the mechanism of protein adsorption are the studies of Nygren 
and Alaeddine reported in this volume, which address the question of the distribution of 
protein over the surface as this relates to the kinetics of the adsorption process. This is a 
little explored aspect and indeed it is generally assumed that for a homogeneous surface 
the adsorption is random (see discussion of random sequential adsorption above). 
Nygren and Alaeddine find that adsorption kinetics for several systems shows an initial 
lag phase followed by autoacceleration and finally a phase of logarithmically decreasing 
growth rate. This behavior is described as fractal kinetics and may be due to 
nonrandom distribution of the components in the surface regions. The initial nucleation 
and acceleration phases produce surface clustering of protein, while the later phase (in 
which desorption plays an important role) leads to re-randomization. There are some 
novel and stimulating ideas in this approach and it will be interesting to see if such 
results are more generally observed. 

Mechanistic aspects of protein adsorption should in principle benefit greatly 
from the recent advances in scanning probe microscopy. Atomic force microscopy 
(AFM) in particular with its potential to yield images of adsorbed protein molecules 
while still in contact with the mother solution seems well adapted to give new insights. 
The promise of this method, however, has not yet been fulfilled, and technical problems 
remain. In particular it has been found that the A F M probe tends to rearrange as well as 
image the protein molecules {14). Also limitations on resolution due to the finite radius 
of curvature of the probe tip have been noted (75). Nonetheless, some useful studies 
have been carried out. For example Marchant et al have obtained images of von 
Willebrand factor adsorbed on mica showing a domainal structure in agreement with 
earlier T E M images (75). 

An interesting development in A F M is the use of modified probes containing 
ligands that can interact with adsorbed proteins (16,17). In principle this approach can 
be used to measure the forces between ligand and protein and to provide images of the 
distribution of the specific binding sites. 

Competitive adsorption of proteins 

The competitive adsorption of proteins is important in the many interfacial phenomena 
that occur in the presence of mixtures of proteins. These phenomena include the blood 
and tissue compatibility of biomaterials, cell culture on solid supports, bacterial adhesion 
to teeth and to implanted materials, soil bacterial growth, fouling of contact lenses in tear 
fluids, and the protein fouling phenomena that occur during food processing. Thus, for 
example, the mechanisms of cell adhesion are affected by competitive protein adsorption 
processes because the outcome of competition between fibronectin and vitronectin in 
serum are different on different surfaces (see article by Steele et al in this volume). 
Similarly, many investigators have tried to develop biomaterials that would adsorb 
layers enriched in passivating proteins like albumin and depleted of activating proteins 
like fibrinogen. The well known tendency of glass-like surfaces to activate the intrinsic 
clotting enzymes much more than hydrophobic surfaces like polyethylene is another 
example of the importance of competitive processes. Surface induced clotting is 
believed to arise from the higher relative affinity of the clotting proteins, especially 
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6 PROTEINS AT INTERFACES II 

HMWK, for glass-like surfaces, whereas on hydrophobic surfaces other proteins 
compete too well and reduce the uptake of the clotting proteins (see papers by Elwing et 
al, Arnebrant et al, and Turbill et al in this volume). 

The irreversibility of protein adsorption results in a fundamental difference 
between the competitive adsorption of proteins and other competitive adsorption 
processes. The adsorption behavior of reversibly adsorbed, low molecular weight 
detergents in mixtures is predictable from the adsorption behavior of the individual 
species because the species can exchange readily until an equilibrium mixed layer is 
achieved that reflects the relative affinity and concentration of the competing species 
(18). In contrast, a previously adsorbed protein molecule at a given site on the surface 
may or may not be displaceable by a later arriving molecule of another protein, 
depending on how long a time elapsed between the two events. The removability of the 
protein depends on residence time because the adsorbed protein molecules tend to 
undergo a molecular relaxation or spreading process on the surface. 

The effect of these relaxation processes on competitive adsorption cannot be 
predicted from data taken with single protein solutions. In competitive, multiprotein 
systems one often sees time, concentration, and spatially dependent maxima in 
adsorption. The best known example of this behavior is the Vroman effect observed for 
fibrinogen adsorption from plasma (see Slack and Horbett, this volume). The existence 
of peaks in adsorption at intermediate dilutions of plasma or serum is expected on the 
basis of differences in transport rates and binding affinities. Thus abundant proteins of 
low affinity are expected to be adsorbed initially and later replaced by scarcer proteins of 
high affinity. However when adsorbed proteins relax to irreversibly adsorbed states in a 
time dependent manner, the situation is complicated since displacement is then more 
difficult. Thus the time or plasma dilution at which adsorption peaks occur will be 
altered by relaxation effects, and in some cases the peaks may be eliminated altogether if 
relaxation is very rapid, and the protein becomes irreversibly adsorbed before 
concentrations of competing proteins reach effective levels. 

The finite time required to achieve the irreversible state is a key point, because it 
allows for multiple hits of the adjacent surface sites by incoming molecules to occur. 
This molecular race for the surface will in some cases prevent the initial adsorbate from 
ever achieving the irreversible state. Instead, later arriving molecules will occupy the 
sites which the initial adsorbate is trying to occupy as it undergoes a surface relaxation 
process. The outcome of such a race between reversibly adsorbed species would 
normally be an equilibrium mixture on the surface reflecting the relative binding affinity 
of the competing species, but the irreversibility of some of the adsorbing events prevents 
the equilibrium mixture from being achieved. Consequently, competitive adsorption 
events involving proteins are affected by factors in addition to affinity. 

Such additional factors include the rate of transport (diffusion and convection) 
and the rate of relaxation or unfolding of the protein in the adsorbed state. Because of 
the complex and progressively irreversible nature of protein adsorption, the only reliable 
way to characterize the competitive adsorption effectiveness of different proteins is to 
compare them under identical conditions on a given surface, e.g. in binary (or more 
complex) mixtures. Even then, however, the apparent competitive adsorption 
effectiveness of a protein will depend on exactly how the experiments are run, because 
of the kinetic factors mentioned above. Thus, for example, Horbett has shown that the 
amount of competing protein required to inhibit the adsorption of fibrinogen to solid 
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surfaces from binary mixtures depends on the absolute concentration of the species 
involved, suggesting that the apparent competitive effectiveness is occupancy dependent 
(79). Such complexities notwithstanding, the extreme surface activity of a few proteins 
seems indisputable. Among these should be mentioned hemoglobin (79) and high 
molecular weight kininogen (20). Convincing, structurally based explanations of the 
high surface activity of these proteins have not so far been proposed, although the 
positively charged histidine-rich domain of H M W K (27) may account for its adsorption 
to negatively charged surfaces. 

While irreversibility causes unique features in competitive protein adsorption to 
surfaces, other aspects are generally similar to competitive adsorption processes of all 
types. A major factor determining the outcome of any competitive process is the relative 
concentrations of the competing species. Thus, for example, increasing the 
concentration of fibrinogen in plasma results in a roughly proportional increase in the 
amount of fibrinogen adsorbed to surfaces (22,23). Similarly, the adsorption of 
fibrinogen from binary mixtures decreases as the concentration of the competing species 
increases, and the sigmoid shapes of fibrinogen adsorption versus the competing 
protein/fibrinogen ratio are similar to those observed for other competitive binding 
processes (24). A rigorous description of the process of competitive adsorption of 
proteins will therefore include unique aspects deriving from irreversibility as well as 
more general features characteristic of any competitive adsorption process. A complete, 
molecularly based model of competitive adsorption will probably require inclusion of 
the rate of transport of the various species, the rate of adsorption, and the rate of 
conversion to an irreversible state for each species. 

Recent studies by Norde et al, and by McGuire et al reported in this volume, 
stress the concept of the stability of the molecule in determining its relative adsorption 
affinity (e.g., "soft" or more denatureable proteins are expected to have greater surface 
affinity than "hard" or more stable proteins). However, these ideas derive from 
measurements of equilibrium unfolding energies of proteins, whereas it seems likely that 
the rate of unfolding of the proteins at the surface may also be important in determining 
the outcome of competitive adsorption of proteins. To date, actual measurements of the 
rates of unfolding of proteins have not been used in models of competitive protein 
adsorption, and would appear to be a fruitful area for investigation in view of the 
importance of irreversibility in the competitive adsorption process. 

A number of the chapters in the present volume address the issues of competitive 
protein adsorption, and most of them support and confirm the general ideas and trends 
discussed above. The paper by Baszkin and Boissonade reports on competition between 
albumin and fibrinogen. A rather unusual observation is that the presence of albumin 
can cause an increase in the adsorption of fibrinogen beyond its value in the 
corresponding single protein system. The notion of adsorption driven by spreading 
pressure, akin to the relaxation phenomena already discussed, is advanced in this work. 
Of interest also is the Vroman type peak in the kinetics of fibrinogen adsorption to 
polyethylene from mixtures with albumin. The absence of such peaks at the air-water 
interface is attributed to denaturation of initially adsorbed albumin which can then not be 
displaced. 

The chapter by Le et al emphasizes the role of transport in protein interfacial 
exchange in plasma and shows that the displacement of adsorbed fibrinogen is more 
rapid under flow than static conditions. A similar theme is taken up by Nadarajah et al 
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8 PROTEINS AT INTERFACES II 

who present a model for competitive adsorption which includes differential transport as 
well as differential adsorption behavior of proteins. Such models predict the classical 
maxima in the adsorption of fibrinogen from plasma. Although the models include a 
surface relaxation step leading to irreversibility, the authors conclude that this step is 
unimportant for initial adsorption and exchange in multiprotein systems. It is clear that 
the latter conclusion depends on the relative magnitudes of the exchange and relaxation 
rates as has been pointed out by others in analyses of similar models (25). If relaxation 
to an irreversibly adsorbed state is rapid then exchange cannot occur regardless of the 
intrinsic relative affinities of the native proteins. 

Similar ideas are discussed by Sevastianov et al in relation to competition 
between IgG and HSA in binary mixtures. Interestingly it is shown that albumin is able 
to displace IgG from quartz and polydimethyl siloxane surfaces, but the reverse is not 
true. Addition of IgG to albumin solutions simply suppresses albumin adsorption, 
presumably by direct competition for surface "space", with no evidence of ability to 
displace albumin once adsorbed. The displacement of IgG by albumin is explained in 
terms of a re-orientation of IgG by interactions with HSA. 

The chapter by Arnebrant and Wahlgren discusses protein-surfactant-surface 
interactions, which have strong relevance to competitive protein adsorption. It is 
recognized that one mechanism by which a surface may be "cleaned" of a protein is via 
solubilization involving formation of complexes between adsorbed protein and 
surfactant. Analogous mechanisms may be involved in the exchange of one protein for 
another in adsorbed layers. 

Extensive data in the chapter by Warkentin et al emphasize the role of protein-
protein interactions, both in solution and at the surface, in multiprotein systems. The 
detergent like action of a solution protein on an adsorbed one is pointed out. Also 
related aspects of protein antigen-antibody interactions at surfaces are discussed which 
bear on the technology of immunoassays involving immobilized reactants. As has been 
pointed out elsewhere, the quantification of adsorbed antigens by reaction with antibody 
depends on knowledge of epitope availability which can be greatly affected by the 
manner in which the proteins are adsorbed. 

Conformation and orientation of proteins at interfaces 

The conformational and orientational state of proteins at interfaces has been the subject 
of continuing interest and investigation for both theoretical and practical reasons. Many 
of the theories attempting to explain the behavior of proteins at interfaces postulate some 
contribution from the entropy gain upon unfolding of the protein, while variations in the 
degree of retention of native structure upon adsorption of enzymes, clotting factors, 
antibodies, and cell adhesion proteins is thought to be an important way in which 
surfaces affect a variety of biological processes. For example, variations in the ability of 
adsorbed adhesion proteins to influence cell adhesion, depending on the substrate to 
which the protein is adsorbed, are thought to arise from conformational or orientational 
changes in the adsorbed proteins that modulate the availability and potency of their cell 
binding domains (see below). 

It is reasonable to suppose that proteins adsorbed to solid surfaces may undergo 
some conformational change because of the relatively low structural stability of proteins 
and their tendency to unfold to allow formation of additional contacts with the surface 
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1. BRASH & HORBETT Proteins at Interfaces: An Overview 9 

(26). Consequently, several models of protein adsorption include a transition from a 
reversibly adsorbed state to a more tightly held state, the latter brought about by a 
molecular restructuring or relaxation of the protein on the surface (27-29). However, 
since enzymes and antibodies retain at least some of their biological activity in the 
adsorbed state, and biologic activity is exquisitely dependent on maintenance of a native 
structure, it would seem that at least on some surfaces, conformational changes in 
adsorbed proteins are limited in nature. 

The competitive aspects of unfolding on surfaces may result in complete access 
to the surface for some molecules, while others are prevented from unfolding because 
the surface sites adjacent to them are already occupied by other molecules. In this case, 
one would expect selected parts of the adsorbed molecules to be altered, while others 
remain unperturbed. This model should be attractive to those who believe in unfolding 
as well as to others who observe retention of structure since it allows both to be correct. 
However, this model also implies a critique of both points of view since typically neither 
deals with the fact that knowledge regarding the fraction of the surface molecules that 
are native or denatured is incomplete. It has often been stated simply that denaturation 
occurs without attempting to assess whether all molecules on the surface are similarly 
denatured or instead whether there is a distribution of states. Many earlier studies are 
consistent with the idea that proteins at the solid/liquid interface range from native to, at 
most, partially unfolded (see 27,28,30 for reviews). On the other hand, recent studies 
have indicated that at least for some proteins and surfaces, there are major changes in 
the structure of the adsorbed protein. In this brief overview selected studies will be used 
as examples to indicate that the conformation of adsorbed proteins can vary from native 
or nearly so to extensively unfolded, depending greatly on the particular protein and 
surface. 

Before beginning that discussion, however, two caveats should be indicated. 
First it should be pointed out that most of the studies to be discussed use techniques that 
provide only a global indication of the structure of the protein. Physicochemical 
methods do not usually give information about the state of specified local regions of 
adsorbed proteins. Instead some overall measure is obtained such as change in alpha 
helix content from circular dichroism (CD) measurements or from infrared spectra. In 
some cases a change in the signal from an extrinsic label (e.g. a fluorescent label) whose 
location is specific but typically not known may be measured. An exception to this is 
the labeling of human serum albumin at cysteine 34 with a spin labeling reagent (see 
Nicholov et al, this volume). This label allows detection, with electron spin resonance 
spectroscopy, of changes in a specific region of the adsorbed protein due to the 
adsorption process. Electron spin resonance spectroscopy has also been used to detect 
conformational changes upon adsorption of fibronectin to polystyrene beads (31) and 
Cytodex microcarrier beads (32). Another method to detect localized changes in 
adsorbed proteins is the binding of monoclonal antibodies to known regions of an 
adsorbed protein. This method has been used to detect changes in regions of the 
fibrinogen molecule involved in platelet adhesion (see below for a brief review). 

Secondly, there is at present little direct evidence on the orientational 
arrangement of proteins at interfaces, despite its likely importance in many phenomena, 
including the biological activity of adsorbed cell adhesion proteins. One cannot tell, for 
example, if reduced binding of monoclonal antibodies specific to cell binding domains 
reflects changes in orientation that sterically hinder access to the epitope or if instead the 
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10 PROTEINS AT INTERFACES II 

reduction in antibody binding is to due to conformational changes rendering the array of 
amino acid side chains in the binding region ineffective for proper docking to the 
antibody. However, the theoretical studies of Park et al predict that there should be 
energetically favored orientations (33,34). Also, studies of lysozyme adsorbed to mica 
using the surface force apparatus have shown that at low concentrations, the contact 
thickness corresponds to a side-on monolayer, while at higher concentrations, the 
contact thickness corresponds to end-on molecules, suggesting that proteins may assume 
preferred orientations, depending on conditions (Blomberg and Claesson, this volume). 
In addition, Lee and Saavedra (this volume) provide evidence that cytochrome c 
adsorbed to hydrophilic and hydrophobic wave guide surfaces is not randomly oriented 
because the average tilt angle of the porphyrin is respectively 17±2 and 40±7 degrees, 
while the average tilt angle expected for a completely isotropic distribution of molecular 
orientations is 54.7 degrees. The tilt angle of 17 degrees for cytochrome c on the 
hydrophilic surface indicates that the heme plane is oriented essentially vertical to the 
waveguide plane. In contrast, Haynes and Norde recently cited some unpublished data 
taken with the internal reflection fluorescence method suggesting that cytochrome c 
adsorbed to charged silica is randomly oriented (35). 

As already indicated, there is substantial evidence suggesting that in some 
systems native or near native structure of adsorbed proteins is retained. For example, 
enzyme activity is frequently retained after adsorption although the most thorough 
studies of this phenomenon have shown that the degree of retention varies with enzyme 
type and the degree of loading of the surface (36). Similarly, the widespread success of 
the solid phase immunoassay method presumably depends on the retention of structure 
in at least some of the adsorbed antibody or antigen molecules because the binding of 
the antibody and antigen depends on a complex, sterically sensitive interaction of an 
array of interacting groups in the two molecules. Furthermore, the thickness of adsorbed 
protein films has frequently been found to be close to the dimensions of the native 
molecule, as previously discussed by Norde (37). As reported in this volume (Blomberg 
and Claesson), studies with the surface force apparatus have shown that the thickness of 
a lysozyme layer adsorbed to mica is similar to the dimensions of the native molecule. 
In the case of beta casein at the air/water interface studied with the novel technique of 
neutron reflectivity (Atkinson et al, this volume), the data are consistent with the 
presence of both a thin, dense inner layer of protein (1 nm thick) and a much less dense, 
more tenuous outer layer (4-5 nm) which may indicate the presence of both the 
denatured and native states. 

Despite the indications of retention of native structure in adsorbed protein 
obtained from studies of enzyme activity or layer thickness, several recent studies with 
new differential scanning microcalorimetry methods indicate that some adsorbed 
proteins may lose much of their structure. Since the release of heat occurs for native 
proteins in solution due to unfolding at the transition temperature, an absence or 
reduction of this effect for an adsorbed protein suggests that it has already undergone the 
transition, i.e. that it has already unfolded upon adsorption, and thus has released the 
heat of unfolding prior to the calorimetry measurement. Haynes and Norde observed 
that the transition enthalpy of lysozyme adsorbed to negatively charge polystyrene was 
much less than for the protein in solution (0-170 kJ/mol for the adsorbed protein 
depending on the pH (35) versus about 600 kJ/mol for the native protein). However, for 
lysozyme adsorbed on hematite, the unfolding enthalpy was only about 20% less than 
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for the native protein, indicating that changes in the enthalpy of unfolding depend on the 
adsorbing surface. Furthermore, for lactalbumin the heat released was nearly zero when 
adsorbed to either the polystyrene or the hematite surface, suggesting complete 
unfolding of lactalbumin on both surfaces. It was suggested that these observations 
could be explained in terms of the lower stability of lactalbumin in comparison to 
lysozyme. Recently, Feng and Andrade have shown that several proteins adsorbed to 
pyrolytic carbon no longer show any release of heat at the expected transition 
temperature, suggesting that pyrolytic carbon induces complete unfolding, a result that is 
consistent with the tenacious binding of proteins to this surface (38). Using the same 
calorimetric methods, Yan et al (this volume) have shown that albumin and lysozyme 
adsorbed to polystyrene exhibit no unfolding enthalpy, while lysozyme adsorbed to a 
hydrophilic contact lens still exhibits about 50% of the heat released by the native 
protein. Yan et al also showed that streptavidin adsorbed to polystyrene displays an 
unfolding enthalpy that is very similar to that for the native protein in solution, 
attributing this to the greater stability of streptavidin in comparison to lysozyme or 
albumin. 

An important new experimental development in the study of the structure of 
adsorbed proteins was reported by Kondo (39). The method uses CD spectra to provide 
a measure of secondary structure, but instead of measuring the spectra of eluted proteins 
as others have done (40), the proteins in the adsorbed state are examined directly. This 
is made possible by the use of small silica particles (of the order of 15 nm) as adsorbent. 
Since these particles do not cause scattering at the wavelengths of interest, the particle 

suspension can be examined directly. Results from this work demonstrate the range of 
behavior which has been referred to above. Thus it was shown that "soft" proteins like 
albumin and hemoglobin undergo extensive loss of a-helix on adsorption, while smaller 
"hard" proteins like ribonuclease do not. Interestingly it was also shown that upon 
desorption into solution, albumin "recovered" to its native structure, presumably via 
refolding and re-formation of a-helices. The same principle has been used by Elwing et 
al (41) to measure the fluorescence of proteins adsorbed on silica nanoparticles, thus 
eliminating the need for total internal reflectance methods which are experimentally 
demanding. 

The influence of surface properties on protein adsorption 

Surface properties have an enormous effect on the rate, the extent, and the mechanism of 
adsorption. Perhaps the broadest, most widely accepted generalization regarding surface 
properties concerns hydrophobicity and holds that the more hydrophobic the surface the 
greater the extent of adsorption. Recent confirmation of this "rule" or "principle" is 
provided by the work of Prime and Whitesides (42) using surfaces consisting of self 
assembled monolayers of long chain alkanes with terminal groups of differing 
hydrophobicity. 

The hydrophobicity "rule" derives its strongest support from studies of 
hydrophobicity gradient surfaces. The concept and implementation of the gradient 
surface was first reported by Elwing et al (43). The gradient surface provides an 
excellent tool with which to study the effects of surface properties, and several research 
groups have made use of it (44-46). A single surface specimen spans a wide range of 
hydrophobicity (or other property) so that adsorption properties over the entire range can 
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12 PROTEINS AT INTERFACES II 

be examined in the same experiment. Much of the data obtained with this method have 
shown that adsorption is greater at the hydrophobic end of the gradient for a variety of 
proteins including fibrinogen, IgG and complement proteins. 

It should be pointed out that gradient surfaces must be heterogeneous at some 
level, and analyses which take this into account have yet to appear. By the nature of the 
gradient forming process, the substrate is increasingly covered with an "overlayer" of the 
modifying substance so that macroscopic properties such as contact angle change 
smoothly along the gradient. However at the level of an adsorbing protein molecule the 
properties may not change smoothly depending on the size of the hydrophobic and 
hydrophilic domains or islands which form the gradient. If the domains are large 
compared to the protein molecule then the protein adsorption response will effectively 
be the sum of the responses for the two types of domain, reflecting merely the relative 
quantities of each. For domains that are small compared to the protein, the protein 
molecules will straddle the two domain types and the response will be potentially quite 
different. 

Three articles in the present volume describe results using the gradient method. 
The work of Warkentin et al is concerned mostly with competitive adsorption and has 
been mentioned above in that context. It is worth pointing out here that the effect of 
hydrophobicity can be very different for a given protein depending on whether it is 
present alone or in admixture with other proteins. Thus Warkentin et al (this volume) 
have shown that when alone H M W K is adsorbed more at the hydrophobic end of a 
methyl-hydroxyl gradient, whereas in serum or plasma it predominates at the 
hydrophilic end. 

The paper by Ho and Hlady reports on the adsorption of low density lipoprotein 
to a gradient surface having hydrophilic silica (advancing water contact angle 0°) at one 
end and a self assembled monolayer of C-18 hydrocarbon chains (contact angle 104°) at 
the other. It was found that the adsorption capacity was higher at the hydrophilic end. 
The affinity was also higher due to a more rapid adsorption rate at the hydrophilic end. 
These results are in contrast to the general rule of thumb regarding hydrophobicity and 
protein adsorption. Interactions at the hydrophilic part of the gradient in this work may 
be influenced by negative charges on the silica since L D L binding is known to be 
sensitive to charge. The responses observed may thus not be determined entirely by 
hydrophobicity. 

The chapter by Elwing et al is concerned with competitive adsorption from 
plasma and shows that hydrophobicity plays a role in these phenomena also. The 
gradients in this work were created by methylation of oxidized silicon and the water 
contact angle ranged from 10 to 90°. Both albumin and fibrinogen adsorption were 
favored at the hydrophobic end of the gradient, but the accumulation of high molecular 
weight kininogen occurred at both ends of the gradient with lower adsorption at 
intermediate hydrophobicities. 

It seems important to point out that some of the older evidence for the 
hydrophobicity rule may be suspect. Adsorption experiments where measurements are 
made after separating the surface from the solution and then washing to remove residual 
solution may underestimate adsorption on hydrophilic surfaces which tends to be more 
easily reversible. Thus the most convincing evidence comes from in situ methods, 
particularly ellipsometry on which much of the more recent work cited above is based 
(42,43). 
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1. BRASH & HORBETT Proteins at Interfaces: An Overview 13 

More recently gradient surfaces based on properties other than hydrophobicity 
have been fabricated. The fabrication methods are generally based on the counter 
diffusion principle established by Elwing et al. Thus Liedberg and Tengvall (45) have 
described a method of making chemical gradients on gold substrates by reaction with 
thiols of different structure. Yueda-Yukoshi and Matsuda (46) have produced gradients 
in carbonate and hydroxyl groups by slowly immersing a polyvinylene carbonate surface 
in a solution of hydrolyzing agent. These and similar materials will be immensely useful 
for the study of surface chemistry effects in protein adsorption. 

The search for surfaces that do not adsorb proteins at all, or at least minimize 
adsorption, has been discussed above. The use of polyethylene oxide in this connection 
is in a sense related to the hydrophobicity rule. However it appears that factors more 
subtle than global hydrophilicity (eg chain flexibility, effective excluded volume) are 
involved. It may be that hydrophilicity of the grafted chains is a necessary but not 
sufficient condition for protein resistance, suggesting that a more systematic 
investigation of the broad class of hydrophilic polymers for this application may be 
warranted. In this regard a comparison between PEO and dextran has recently been 
published by Osterberg et al (8). They suggest that thickness of the attached polymer 
layer (beyond the requirement for a certain minimum value) is less important than 
packing density. Achievement of a packing density sufficient to prevent access of the 
protein to the bare substrate material is crucial. This work also confirms the unique 
protein rejecting properties of grafted PEO. 

Electrical charge is another general surface property that has been much 
investigated in relation to protein adsorption, although no clear consensus has developed 
as to its effects. It seems obvious that attractive interactions should dominate between 
opposite charges and repulsive interactions between like charges. Although this is often 
the case, charge effects can be confounded by "lurking" factors such as small multivalent 
counterions bridging between a protein and surface having the same charge, which 
would normally be expected to repel each other. Also proteins are large molecular 
entities which usually contain many charged groups, some negative and some positive. 
The question of whether they behave as particles with a net "point" charge or as 
assemblages of individual charges thus arises. 

Perhaps the most extensive studies in this area have been from the group of 
Norde et al (see reference 35 for a review, and the chapter by Norde and Haynes in this 
volume). Along with several other groups they have observed maxima in adsorption 
capacity at the isoelectric point of the protein, suggesting a strong effect of global 
charge. They have also observed greater adsorption of net positive proteins on negative 
polystyrene surfaces and vice versa. Other examples indicate that while electrostatic 
interactions are important they do not necessarily dominate protein adsorption. Indeed it 
is suggested that the dominant effects are "structural rearrangements in the protein 
molecule, dehydration of the sorbent surface, redistribution of charged groups and 
protein surface polarity". The latter effects, which can be probed by proton titration, are 
discussed by Norde and Haynes in this volume. They have found that carboxyl groups 
in some proteins which are dissociated in solution, are protonated in the adsorbed state. 

Considerable evidence has accumulated showing that sulfonate-containing 
surfaces have high affinity for protein adsorption. The high affinity has been observed 
for a wide variety of proteins and sulfonated surfaces. Thus several reports have noted 
the extensive and strong adsorption of fibrinogen to sulfonated polyurethanes from 
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14 PROTEINS AT INTERFACES II 

buffer and from plasma or blood (47,48). Thrombin behaves in a like manner on similar 
materials (49). Similarly plasminogen has been shown to adsorb strongly to sulfonated 
silica surfaces (50) and sulfonated polystyrenes have been found to adsorb large amounts 
of proteins from plasma (51). It may be inferred that these interactions are nonspecific 
and indiscriminate with respect to protein type, ie all such surfaces appear to adsorb all 
proteins extensively and with high affinity. The nature of the sulfonate-protein 
interaction is unknown. A possibility is that sulfonamide bonds could be formed by 
reaction of sulfonate with amine groups in the proteins, but this seems unlikely under the 
the usually mild conditions of protein adsorption experiments. 

The extensive adsorption of proteins to sulfonated surfaces is quite similar to the 
binding of many proteins to sulfoethylated chromatography matrices (eg SE Sephadex). 
The separation of proteins in mixtures using these matrices can occur over a wide range 
of pH and ionic strength because the sulfoethyl group retains its full charge except at 
very low pH and because this group interacts strongly with positively charged groups in 
proteins. 

The work of Han et al (52,53) is of interest with respect to sulfonate groups and 
protein adsorption. They have developed polyurethane surfaces grafted with PEO chains 
which terminate in sulfonate groups at the free end. These are described as negative 
cilia surfaces (52), and appear to combine the protein repellent properties of PEO with 
the protein binding properties of sulfonate groups. Interestingly it has been shown that 
compared to control surfaces grafted with unmodified PEO, the sulfonated materials 
adsorb increased amounts of all proteins from plasma (53). By far the greatest increase 
is in albumin adsorption, perhaps explaining the relatively low platelet adhesion 
observed on these materials. From these various observations on protein adsorption to 
sulfonated surfaces it appears that more detailed investigations of sulfonate-protein 
interactions at a fundamental level are warranted. 

Over the past several years many reports have appeared in which surfaces have 
been designed for the selective adsorption of specific proteins from mixtures. The entire 
class of substrates for immunosorbent assays falls into this category. These substrates 
are based on the immobilization of an appropriate antigen which then captures the 
corresponding specific antibody on exposure to the test fluid. An example of this 
approach is provided by the chapter of Melzac and Brooks in this volume in which a 
ferrichrome A antigen is immobilized on silylated silica. Affinity chromatography 
matrices also provide many examples of design of materials for binding of a specific 
protein. 

Examples of ligand-derivatized surfaces from the biomaterials area are lysinized 
materials to bind plasminogen from plasma (50,54), heparinized materials to capture 
antithrombin HI, and tyrosine-containing materials for the removal of anti-factor VIA 
antibodies from hemophiliac plasma (55). By and large these surfaces do not adsorb the 
target protein exclusively, but bind other proteins as well, presumably in a nonspecific 
manner. Affinity chromatography matrices which combine a protein resistant base 
material (eg Sepharose) with a specific protein binding ligand appear to give the best 
performance with respect to suppression of nonspecific binding. 
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Proteins at fluid interfaces 

Fluid-fluid interfaces have traditionally been considered separately from solid-fluid 
interfaces in discussions of protein interfacial behavior. Fundamentally there is no 
difference between these two interfacial types insofar as protein interactions are 
concerned, and the same phenomena occur at both, including exchange between 
adsorbed and dissolved protein, surface diffusion, and conformational change. However 
the applications are different, and interest in the adsorption of proteins at liquid-gas and 
liquid-liquid interfaces relates mostly to food colloids including emulsions and foams. 
As will be discussed below, the interactions of proteins at cell membranes can also be 
considered to be a liquid interface phenomenon. Adsorption will of course occur at any 
protein solution-air interface leading to possible conformational change, loss of 
biological function and creation of stable foams. These phenomena can therefore be 
important simply in the handling of protein solutions, especially at very low 
concentrations. 

Another difference is the fact that adsorbed protein can move more freely on the 
fluid-fluid interface than on the solid-fluid interface and can therefore undergo 
reorientation, diffusion and conformational change more readily, probably due to the 
greater relative mobility of the interface itself. In this regard Baszkin and Boissonade 
point out (this volume) that the air-water interface may have unique properties in that 
accommodation of additional protein at higher coverage can be made through facilitated 
penetration of adsorbing protein and rearrangement of already adsorbed protein. 

Different experimental techniques have been developed for the study of fluid-
fluid interfaces, including surface pressure (Langmuir trough) and surface viscosity 
measurements. These methods reflect the different properties of interest at the fluid-
fluid interface compared to the solid-fluid interface. 

The reader is referred to a comprehensive earlier review of this topic by 
MacRitchie (56). An excellent recent review has been given by Dickinson and 
Matsumura (57). The latter article introduces the interesting idea that the structure of 
globular proteins adsorbed at liquid interfaces resembles the so-called molten globule 
state, considered to be intermediate between the native and completely unfolded states 
(secondary structure intact, tertiary structure destroyed). They suggest that proteins 
adsorbed at liquid interfaces may retain normal secondary, but not tertiary structure. 

In the present volume there are four chapters which focus on various aspects of 
proteins at fluid interfaces. The paper by Vogel examines the role of surface interactions 
in the transformation of fibronectin from its soluble form in plasma to its 
multimeric/fibrillar form in connective tissue. Data are presented on the behavior of 
plasma fibronectin at the air-water interface, and on phospholipid layers spread at the 
air-water interface. The latter is used as a model for the cell membrane which does not 
contain specific receptor molecules. The data obtained suggest that fibronectin can self 
assemble into fibrillar structures at the phospholipid interface. 

The theme of protein interactions at the cell surface is also the subject of the 
articles by Maloney et al and by Lecompte and Duplan. In the work of Maloney et al the 
hydrolysis of phospholipid monolayers by the adsorbed enzyme phospholipase A2 was 
studied, and evidence is presented suggesting the formation of interfacial microphases 
consisting of reaction products (fatty acids and lyso-lipids) and the adsorbed enzyme. 
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16 PROTEINS AT INTERFACES II 

This work makes use of a broad range of experimental methods including surface 
pressure, surface potential and fluorescence microscopy. 

The paper by Lecompte and Duplan reports an investigation of the adsorption of 
prothrombin to monolayers of phospholipids (phosphatidyl ethanolamine and 
phosphatidyl choline) at the air-water interface. These experiments constitute a model 
for the interactions of clotting factor proteins at the platelet surface during blood 
coagulation. Using alternating current polarography methods these authors were able to 
demonstrate that at higher solution concentrations, prothrombin can penetrate the mixed 
phospholipid layers as well as adsorb to them. Penetration is probably driven by 
hydrophobic interactions whereas adsorption is believed to be electrostatic in origin. It is 
of interest to speculate on whether such phenomena may occur in the binding of proteins 
to cell membranes. 

The paper of Magdassi et al, while reporting data on the adsorption of IgG at the 
oil-water interface, is primarily directed to the development of methods to modify IgG 
antibodies so that they become more surface active. Such antibodies would be better 
adapted for use as targeting moieties on the surface of drug delivery vehicles such as 
liposomes. Hydrocarbon chains were attached to IgG by reaction with the amine groups 
of lysine residues. It was found that such molecules are much more surface active than 
unmodified IgG in the sense that the adsorption capacity of oil-in-water emulsions is 
considerably higher for the hydrophobized IgG. At low degrees of modification it was 
demonstrated that the IgG retained its antigen recognition properties. Thus the approach 
of promoting attachment of targeting antibodies to therapeutic devices by increasing 
their surface activity appears to hold promise. 

The development of protein repellent surfaces has been discussed above. 
However it is appropriate to mention this aspect again under the liquid interface heading. 

A major problem in the development of liposomes as intravenous injectable drug 
carriers is their rapid clearance in the reticuloendothelial system, probably mediated by 
the adsorption of opsonins (IgG, complement proteins etc). The adsorption of these 
proteins to liposomes also suggests that the putative protein resistance of lipid bilayers 
may be somewhat more limited than has been supposed by some investigators. As 
indicated above the incorporation of water soluble polymers, particulary PEO, into the 
surface of the liposomes appears to be a promising approach to this problem (6). 

Finally, it is of interest to note that some of the newer techniques which were 
applied originally to investigations of proteins at the solid-liquid interface are being used 
to study the liquid-liquid interface also. Thus Corredig and Dalgleish (58) have used 
DSC to examine the structure of whey proteins at the oil-water interface, and have 
concluded that these proteins are at least partly denatured. This work complements that 
of Caldwell and of Norde and Haynes in the present volume. 

The role of adsorbed proteins in cell interactions with solid surfaces 

The adsorption of proteins to solid surfaces plays an important role in the adhesion, 
spreading, and growth of cells, primarily because of the existence of cell surface 
receptors that bind specifically to certain proteins that act as adhesive agents. In this 
section, three mechanisms by which adsorbed adhesion proteins affect cells will be 
discussed. These mechanisms are the differential affinity of the adhesion proteins for 
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different surfaces, the mpdulation of the biological activity of the adsorbed adhesion 
protein by the surface, and substrate activation of adhesion proteins. 

The differential affinity of adhesion proteins. In this mechanism, differences in the 
relative affinity of the adhesion protein for various surfaces lead to variable degrees of 
enrichment of the adsorbed protein layer in the adhesion protein, which then cause 
differences in the behavior of cells. For example, changes in the ability of a surface to 
adsorb fibronectin would result in different degrees of enrichment of this protein in 
comparison to the many competing proteins, most of which inhibit cell adhesion. 

The differential affinity model is supported by studies that showed large 
differences in the adsorption of fibronectin onto various surfaces (59-62). In addition, 
the initial spreading of 3T3 cells on H E M A - E M A copolymers is linearly correlated with 
the amount of fibronectin adsorbed to the surfaces from serum (61). Similarly, plasma 
deposited polymers which enhanced 3T3 and muscle myoblast cell growth also 
enhanced fibronectin adsorption from serum in comparison to untreated surfaces (63). 
Depletion studies, in which the fibronectin or vitronectin are selectively removed from 
the serum, have shown that vitronectin, rather than fibronectin, appears to be the primary 
adhesion factor for certain cells and surfaces (62,64-66). However, the most recent 
studies of this type show that the enhanced affinity of fibronectin for the nitrogen rich 
Primaria tissue culture surface in comparison to ordinary oxygen rich tissue culture 
surfaces is sufficient to provide for the attachment of human vein endothelial cells to 
Primaria from serum depleted of vitronectin. In contrast, cell attachment to tissue 
culture polystyrene in the absence of vitronectin is greatly reduced because there is not 
enough fibronectin adsorbed to this surface (Steele et al, this volume). 

The differential affinity model is also supported by the effect of serum dilution 
on cell behavior. Fibronectin adsorption displays a maximum in adsorption at 
intermediate serum dilutions, a phenomenon similar to the maximum in fibrinogen 
adsorption at intermediate plasma dilutions (19,67). A corresponding maximum in cell 
spreading or attachment has been observed in several studies, using B H K cells (68), 
platelets (69), 3T3 cells (67), and endothelial cells (70). The magnitude and position of 
the peak in adsorption of fibronectin depends somewhat on the surface composition of 
the substrate (60). 

Vitronectin adsorption from serum does not appear to exhibit a peak at 
intermediate serum dilution, at least on the surfaces studied to date (62,71) so surfaces 
tend to have much more adsorbed vitronectin than fibronectin, especially at higher serum 
concentrations. Binary competitive adsorption studies have indicated the ranking of 
surface activity of vitronectin relative to other plasma proteins to be in the approximate 
order: vitronectin=fibrinogen»albumin=IgG (72). 

Modulation of the biological activity of adsorbed adhesion proteins. Surfaces with 
similar amounts of adsorbed adhesion proteins sometimes exhibit substantial differences 
in cell attachment or spreading, suggesting that the substrate properties somehow 
modulate the biologic activity of the adhesion protein (see 73 for a more detailed 
review). Modulation of the biological activity of adsorbed fibrinogen by the substrate is 
indicated by differences in platelet retention on a series of poly (alkylmethacrylates) 
despite similar amounts of adsorbed fibrinogen (74). Since the binding of 
anti-fibrinogen antibody to fibrinogen adsorbed on these surfaces did vary, the adsorbed 
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18 PROTEINS AT INTERFACES II 

fibrinogen was thought to have different conformations on the various poly(alkyl 
methacrylates) (74). Variations in monoclonal antibody binding to various epitopes on 
fibrinogen adsorbed to the different poly(alkyl-methacrylate) polymers also suggested 
differences in the accessibility of epitopes on adsorbed fibrinogen molecules that would 
likely also influence the reactivity of the fibrinogen with the platelets (75). Fibrinogen 
adsorbs in high amounts to PTMO-based sulfonated polyurethanes but nonetheless these 
surfaces exhibit very low platelet adhesiveness in vivo (48,76). Kiaei et al (this volume) 
have shown that when adsorbed to PTFE fibrinogen is much more supportive of platelet 
adhesion than when adsorbed to CFrrich plasma-deposited TFE polymers. 

Modulation of the biologic activity of adsorbed fibronectin is indicated by 
several studies showing that fibronectin adsorbed to various surfaces is not equivalent in 
its interactions with cells, despite the presence of similar amounts of adsorbed 
fibronectin (77-82). For example, fibronectin adsorbed to tissue culture grade 
polystyrene supports B H K cell attachment and spreading, whereas fibronectin adsorbed 
to ordinary polystyrene does not support spreading unless some albumin is added to the 
fibronectin solution (77). Similarly, substrata of varying chemical composition to which 
fibronectin was pre- adsorbed varied considerably in their ability to induce cell spreading 
and intracellular stress fiber formation in fibroblasts and neural cells, in their ability to 
induce neurite formation in neuroblastoma cells, and in their degree of inhibition of 
stress fiber formation by an RGDS peptide (78). Finally, the ability of fibronectin 
adsorbed to various surfaces to promote the outgrowth of corneal cells was found to vary 
considerably, even when compared at similar amounts of adsorbed fibronectin. The 
changes in outgrowth were better correlated with the strength of fibronectin binding onto 
the substrate (83) than with changes in availability of the RGD sequence measured with 
a monoclonal antibody (80). 

Substrate activation of the adhesion proteins. It appears that adsorption of fibronectin 
and fibrinogen to surfaces potentiates their adhesive properties, a phenomenon termed 
"substrate activation". Early studies suggested that fibronectin was somehow "activated" 
by adsorbing to surfaces because the binding of the cells to the adsorbed form appeared 
to be much stronger than to the soluble form (59,84-86). Substrate activation of 
fibrinogen is indicated by the observation that unstimulated platelets bind and spread 
readily on adsorbed fibrinogen and other adsorbed adhesion proteins (87-89) while 
platelets do not bind to fluid phase fibrinogen or other adhesion proteins unless the 
platelets have first been exposed to an agonist such as ADP or thrombin. Inhibition of 
platelet adhesion to adsorbed fibrinogen required much higher concentrations of RGD 
peptides (16 uM) than was required to inhibit aggregation of the platelets in suspension 
(1.5 juM), suggesting that platelets demonstrate a higher affinity for the adsorbed form of 
fibrinogen (90). 

Observations of this type have led to a two step model for platelet interactions 
with fibrinogen, in which either the platelet GPHb/HIa receptor or fibrinogen must first 
become activated to allow an initial "recognition" between these agents (97). The 
recognition step is then followed by the induction of additional high affinity 
ligand-receptor interactions. Three mechanisms for the substrate activation of fibrinogen 
have been proposed: multivalency; conformation/orientation; and tightness of binding. 
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Multivalency and substrate activation of adhesion proteins. In this model, 
adsorption of proteins to surfaces appears to accentuate the adhesion receptor- adhesion 
protein interaction, probably because of the concentrating and localizing effect of 
immobilizing the proteins at the interface. Thus, the mere presence of enough fibrinogen 
may be sufficient to cause platelet activation because it allows simultaneous cooperative 
interactions between the platelet and many fibrinogen molecules (92-94). 

Conformational or orientational changes. A second and more prominent 
mechanism for substrate activation involves conformational and/or orientational changes 
in adsorbed fibrinogen. Changes are detectable with monoclonal antibodies, some of 
which bind to adsorbed but not soluble fibrinogen. In addition, certain of the antibodies 
that bind to adsorbed but not soluble fibrinogen have also been shown to bind to 
receptor-bound fibrinogen but not to fibrinogen in solution. Fibrinogen binding to the 
receptor evidently causes the exposure of so-called receptor-induced binding sites 
(RIBS) on the fibrinogen molecule. Three RIBS are now known: RIBS-I lies near the 
C-terminus of the gamma chain (residues 373-385 are involved); RIBS-H is in the 
middle of the gamma chain (involving 112-119); and RIBS-HI lies near the N-terminus 
of the Aa chain involving the RGDF (95-98) sequence (95). Since soluble fibrinogen is 
not activated and will only bind to a pre-activated receptor, it is thought that the changes 
in receptor bound fibrinogen are induced by binding to the activated receptor. Thus, 
when it was found that adsorption also induced changes in fibrinogen that allow these 
same RIBS antibodies to bind, it suggested that surface activation involves 
conformational changes in fibrinogen that allow recognition by unactivated platelet 
receptors. More recently, it was proposed that the degree of exposure of the RIBS-HI, 
RGD site induced by adsorption to different surfaces may be a key factor determining 
the thrombogenicity of foreign surfaces (95). 

Tightness of binding. Fibrinogen adsorbed from plasma or pure solutions 
undergoes transitions in its physicochemical and biological state that depend on the 
postadsorptive residence time and surface properties. For example, fibrinogen adsorbed 
from plasma quickly becomes non-displaceable by plasma but at very different rates on 
different substrates (29,96). Transitions in adsorbed fibrinogen have been detected with 
several physical methods, including decreases in SDS elutability (96) and changes in the 
FTIR spectra (97). Transitions in adsorbed fibrinogen have also been detected using 
biological assays, including reductions in polyclonal antibody binding and in platelet 
adhesion to adsorbed fibrinogen with increasing residence time of the protein on the 
substrate (98). The reduction in displaceability of adsorbed fibrinogen that occurs with 
residence time is thought to involve further contact between the fibrinogen molecule and 
the substrate, resulting in a more tightly held molecule that is less subject to competitive 
displacement by other proteins in plasma. Changes in the binding of antibodies specific 
for three known platelet binding regions of fibrinogen did not correlate with changes in 
platelet adhesion as a function of residence time (99). 

The morphology of adherent platelets and the ability of the platelets to remove 
substrate bound fibrinogen are affected by the residence time of the adsorbed fibrinogen 
(100). Placing surfaces pre-adsorbed with fibrinogen in albumin containing buffers 
prevents residence time dependent decreases in platelet (98) and polyclonal 
anti-fibrinogen binding to adsorbed fibrinogen (707), presumably because albumin 
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occupies some of the empty sites on the surface and prevents further contact formation 
between the fibrinogen molecule and the surface. The effect of albumin in preventing 
decreases in fibrinogen elutability and platelet adhesion, together with the fact that the 
binding of antibodies to the platelet binding regions of fibrinogen does not correlate with 
changes in platelet adhesion, are all consistent with the possible role of tightness of 
binding of fibrinogen to the substrate in platelet adhesion. 
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Chapter 2 

Reversibility and the Mechanism of Protein 
Adsorption 

Willem Norde1 and Charles A. Haynes2 

1Department of Physical and Colloid Chemistry, Wageningen Agricultural 
University, P.O. Box 8038, 6700 Wageningen, Netherlands 

2Biotechnology Laboratory, University of British Columbia, 
6174 University Boulevard, 237 Wesbrook Building, Vancouver, 

British Columbia V6T 1Z3, Canada 

Detailed adsorption isotherm data are combined with thermodynamic 
arguments in an effort to determine whether protein adsorption to 
solids is a reversible or irreversible process. We then examine the 
dominant driving forces for protein adsorption and present a 
thermodynamic framework for understanding the protein-adsorption 
process which is consistent with results from our study of process 
(ir)reversibility. 

Phenomenologically, a system is in equilibrium if no further changes take place at 
constant surroundings. At constant pressure P and temperature T, the equilibrium 
state of a system is characterized by a minimum value of the total Gibbs energy G. 
Any other state, away from this minimum, is nonequilibrium and there will be a 
spontaneous transition (i.e. a process) towards the equilibrium state provided the 
energy barriers along this transition are not prohibitively large. By definition, a 
process is reversible if, during the whole trajectory of the process, the departure from 
equilibrium is infinitesimally small, so that in the reverse process the variables 
characterizing the state of the system return through the same values but in the reverse 
order. Since a finite amount of time is required for the system to relax to its 
equilibrium state upon changing the conditions, investigations of the reversibility of a 
process must be designed such that the time of observation exceeds the time required 
for the system relaxation. 

In this paper, we address the question whether adsorption of proteins from 
aqueous solutions to solids is a reversible process with respect to variations in the 
bulk-solution protein concentration. The answer to this question, which is too often 
ignored in literature, determines what thermodynamic criteria apply to the protein 
adsorption process and also provides information about affinities between proteins and 
sorbent surfaces. 

We then examine the dominant driving forces for protein adsorption and 
present a thermodynamic framework for understanding the protein-adsorption process 
which is consistent with results from our study of process (ir)reversibility. A 
complementary set of adsorption-isotherm, isothermal-titration-microcalorimetry, 
potentiometric-titration, and differential-scanning-calorimetry data are used to argue 
that three effects, namely, structural rearrangements in the protein molecule, 
dehydration of the sorbent and protein surfaces, and redistribution of charged groups 
in the interfacial layer, usually make the primary contributions to the overall driving 
force for adsorption. 

0097-6156/95/0602-0026$12.00/0 
© 1995 American Chemical Society 
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2. NORDE & HAYNES Reversibility and Mechanism of Protein Adsorption 27 

Adsorption Isotherms and Reversibility 

Adsorption data are often presented as adsorption isotherms, where, at constant T, the 
amount adsorbed T is plotted against the concentration of sorbate c p in solution (see 
Figure 1). For adsorption to be reversible with respect to variation of c p , an increase 
in c p from a value corresponding to point A in Fig. 1 to that corresponding to point C 
should result in a change in the adsorbed amount that is independent of the manner in 
which Cp has been changed. In this case, T should increase to its value at c p = c p(C) 
regardless of whether the change in concentration is made in one step [i.e., c p = c p(A) 
-> Cp = Cp(C)] or in multiple steps [e.g., via path A B ' B C ' C in Fig. 1]. Reversibility 
also requires that a decrease in c p from its value at point C to its value at point A " 
result in a reduction in T to the value corresponding to point A , again independent of 
path. Therefore, in a reversible adsorption process, the ascending (increasing 
concentration in the bulk) and descending (decreasing concentration in the bulk) 
branches of the isotherm must overlap at all c p . Only for such reversible processes 
can the adsorption isotherm be used to determine the (equilibrium) binding constant K, 
from which the thermodynamic functions of state (i.e., Gibbs energy of adsorption 
AadsG* enthalpy of adsorption A a (js//, and entropy of adsorption A^S) can be derived 
by applying reversible thermodynamics. 

r 

Cp 

Figure 1: Adsorption isotherm distinguishing reversible and irreversible pathways. 

Protein adsorption from aqueous solution often results in high-affinity 
isotherms where the initial slope of the ascending branch merges with the T-axis as 
depicted in Fig. 2a. Plateau values are reached at very low bulk protein concentrations 
and the region in which T depends on c p is limited to values very near the T-axis. 
Verification of reversibility in such systems is difficult because precise measurement 
of the ascending and descending branches of the isotherm requires a method for 
determining bulk protein concentrations in very dilute solutions. Occasionally, low-
affinity isotherms are observed where the isotherm is distinguishable from the ordinate 
at low Cp (see Fig. 2b). In such systems, the form of the ascending branch is usually 
but not always (see refs. 1,2) independent of the number and size of c p steps used in 
measuring the curve. However, when diluting such systems, V rarely if ever follows 
the same path backwards, thereby making the descending and ascending branches of 
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28 PROTEINS AT INTERFACES II 

the isotherm distinguishable. As a rule it is found that, when shear is excluded, 
dilution does not lead to detectable desorption of proteins from solid sorbents, 
particularly hydrophobic sorbents, even when the observation time is extended to 
several days and is therefore much longer than the relaxation time of the protein at the 
surface [2,3]. Such a deviation between the ascending and descending branches of the 
isotherm is defined as hysteresis. The occurrence of hysteresis indicates that at a 
given c p the system has two equilibrium/meta-stable states: one on the ascending 
branch and the other on the descending branch. These two states are characterized by 
local minima in G which are separated by a Gibbs energy barrier that prevents the 
transition from the one state to the other and, hence, prevents the adsorption process 
from following a reversible path. The fact that the ascending and descending 
isotherms represent different equilibrium states implies that during the transition from 
adsorption to desorption a physical change has occurred in the system. 

Irreversible Protein Adsorption 

In spite of the irreversible nature generally observed for protein adsorption, many 
authors erroneously interpret their experimental data using theories that are based on 
reversible thermodynamics. The most common example is the determination of A a d s G 
by fitting the ascending adsorption isotherm to the Langmuir or Scatchard equation 
[e.g., 4,5]. Another common approach involves calculation of the Gibbs energy of 
adhesion A adhG using the reversible thermodynamic result known as the Dupre 
equation 

AadhG = Ysp - Ysw - Ypw (1) 

where y is the interfacial tension of the interface indicated by the subscript and Aa (jhG 
is the reversible work (at constant T and P) of forming a protein (p)/sorbent (s) 
interface at the expense of sorbent (s)/solution (w) and protein (p)/solution (w) 
interfaces [e.g., 6]. It is not clear how A ^ h G relates to A a d s G since the latter quantity 
reflects an irreversible process which, as shown below, often includes contributions 
from structural rearrangements in the protein molecule during adsorption; however, 
A ^ G and the quantity of interest AadsG are not equivalent. 

Figure 2: Schematic representation of ascending and descending adsorption 
isotherms: (a) high-affinity isotherm, and (b) isotherms for which the descending 
branch shows a higher affinity between the protein and the sorbent surface. 
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2. NORDE & HAYNES Reversibility and Mechanism of Protein Adsorption 29 

A persistent argument by those who continue to interpret protein-adsorption 
phenomena with reversible thermodynamics theories involves the assertion that the 
kinetics of protein adsorption are such that structural perturbations in the protein do 
not contribute to the driving force for adsorption because they occur after initial 
attachment of the protein to the interface [e.g., 7,8]. However, the Gibbs energy 
change A^G driving the protein-adsorption process refers to the global free energy 
required or released when taking a mole of protein in its native conformation in 
solution to its perturbed steady-state structure(s) on the sorbent surface. Thus, when 
they occur, protein structural rearrangements are an integral part of the adsorption 
process and cannot be ignored in any meaningful adsorption theory. 

The minimum error involved in treating protein adsorption as a reversible 
process can be estimated by calculating the entropy production due to the irreversibility 
of the process. In a closed system, the entropy change associated with any internal 
process can be written as 

where A e S is the reversible entropy exchange between the system and the 
surroundings and A{S is the internally created entropy in the system. For a reversible 
process A[S = 0 and for an irreversible process AiS > 0. According to Everett [9], 
Aads,iS can be calculated from the hysteresis loop (i.e., the closed-loop integral) 
between the ascending and descending branches of the adsorption isotherm 

where T* is the adsorbed amount at the upper closure point of the hysteresis loop and 
R is the universal gas constant. Accurate solution of Eq. 3 requires detailed 
knowledge of r(c p) for both the ascending and descending isotherms, especially in the 
very-dilute c p region. Regrettably, such data are rarely available. However, a 
minimum value for A ^ j S can be determined by letting the hysteresis loop close at the 
lowest experimentally detectable c p . As an example, outlines of the ascending and 
descending isotherms for bovine serum albumin (BSA) on silica particles are shown in 
Fig. 3a [data can be found in ref. 10]. Replotting the data as shown in Fig. 3b and 
subsequent application of Eq. 3 above the lowest detectable c p provides a minimum 
value for A ^ i S of 37 J K " 1 mol" 1, indicating that irreversible entropy changes will 
lower the overall driving force for adsorption Aa^G (at 298 K) by more than 11 kJ 
mol - 1 . It should be realized that if the ascending and descending branches of the ITT* 
versus In c p plot do not coincide at concentrations below the detectable c p limit (which 
in view of the shapes of the isotherms in Fig. 3b is almost certain), the true value of 
Aads,iS will be far greater than the minimum values calculated above. 

The hysteresis loop reflects a higher adsorption affinity for the descending 
branch of the isotherm as compared to the ascending branch. Assuming the sorbent 
surfaces before and after adsorption are identical, the following identity for the molar 
Gibbs energy of the protein g p 

AS = A^S + A[S (2) 

(3) 

gp(adsorbed) - gp(desorbed) < gp(adsorbed) - gp(native) (4) 

must therefore hold. Thus, 

gp(desorbed) > gp(native) (5) 
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30 PROTEINS AT INTERFACES II 

indicating that the protein undergoes a physical change during the adsorption process. 
The nature of this physical change is illustrated by the transmission circular dichroism 
data of Norde et al. [11] for BSA adsorbed to and desorbed from silica. In these 
experiments, Norde et al. used morpholine to displace the adsorbed BSA after 
verifying that dilution did not lead to significant desorption. The average a-helix 
contents of BSA in its native, adsorbed, and desorbed (displaced) states are shown in 
Table 1. Adsorption to silica involves a severe reduction in the helical content of 
BSA, particularly when the surface coverage is low enough to allow for the increase in 
molecular volume which follows from a loss in ordered intra-atomic packing. Upon 
desorption from silica, BSA regains only a fraction of the helix content lost during 
adsorption and does not return to its native-state conformation (at least within the two-
day observation time of the experiment). 

Table 1: a-helix content of bovine serum albumin in native, adsorbed to silica, and 
desorbed from silica states as measured by transmission circular dichroism (0 is the 
fractional surface coverage, i.e. 6 = T/TP1, where TP1 is the plateau adsorption value) 

pH percentage a-helix content pH 
Native 
State 

Adsorbed State Desorbed 
State 

pH 
Native 
State 0 = 0.24 q= 1.00 

Desorbed 
State 

4.0 69 - - 50 
4.7 70 - - 51 
7.0 74 28 38 55 

Figure 3: Adsorption and desorption data for bovine serum albumin (BSA) on silica 
particles: (A) conventional representation of ascending and descending isotherms, and 
(B) replot of data according to Eq. 3, where the vertical dashed line indicates the 
lowest BSA detection level (c p = 0.002 g dm-3; 0.05-M PBS; 25 °C). 

According to Eq. 5, re-incubation of desorbed BSA with fresh silica should 
show an adsorption affinity for silica which is stronger than that of native BSA. This 
is indeed the case. Time dependent reflectometry data [10] for adsorption of native 
and desorbed BSA to oxidized silicon wafers are shown in Figure 4a. Initial slopes of 
the reflectometry curves indicate that rates of adsorption are substantially higher for the 
previously (pre-)desorbed protein and, thus, that a higher fraction of the pre-desorbed 
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protein molecules attach to the surface upon contact. As shown in Figure 4b, initial 
slopes of adsorption isotherms for native and pre-desorbed BSA also indicate that the 
latter conformation has a higher affinity for the silica surface. 

1.5 - mg m~ ^ 

g dm'' 

Figure 4: Adsorption of bovine serum albumin (BSA) on silica: (A) adsorbed 
amounts from stagnation-point-flow reflectometry data (c p = 0.01 g dm"3) where (x) is 
native BSA, (A) is BSA previously desorbed from silica by morpholine, and (A) and 
( • ) are native B S A pre-exposed but not adsorbed (i.e., that remaining in the 
supernatant after equilibration) to silica and to morpholine, respectively; (B) 
adsorption isotherms for (O) native BSA and for (•) BSA previously desorbed from 
silica by morpholine (all experiments at 0.05-M PBS, pH 7,25 °C). 

Dominant Driving Forces for Protein Adsorption 

The simplest realistic chronology of irreversible protein adsorption to a solid 
nonporous surface involves the three steps shown in Figure 5: (1) protein transport to 
the energetic boundary layer where the potential at the sorbent surface influences the 
rate of approach of the protein (including diffusion through the stagnant boundary 
layer), (2) interaction and attachment of the protein with the surface which may 
involve perturbations in protein structure, and (3) relaxation of the adsorbed protein to 
its steady-state conformation(s). As demonstrated by Northrup [12] and others [13], 
in the absence of convection, step (1) is a stochastic process which can be accurately 
described by the Langevin equation and Brownian-dynamics simulations. We will not 
concern ourselves further with this step of the adsorption process. Instead, we focus 
on steps (2) and (3), which are primarily controlled by direct forces (e.g., coulombic 
and hydration forces) between the protein, the sorbent surface, solvent (water) 
molecules, other adsorbed protein molecules in close proximity, and low-molecular-
weight ions in the interfacial region. The ability of water to hydrogen bond, the 
heterogeneous, usually charged surface chemistry of solid sorbents, and the 
amphipolar, amphoteric, compact nature of native proteins combined with their 
marginal structural stabilities suggest that no type of molecular interaction is 
unimportant in the adsorption process. However, our aim is to identify the nature and 
magnitudes of the dominant driving forces for globular protein adsorption, bearing in 
mind the irreversibility of the adsorption process. 
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© 

Native-State 
Conformation 

Transport to 
Interfacial Region 

© 
Attachment to 
Surface 

© 
Steady-State 
Perturbed Structure 

Further Structural 
Rearrangements 

Figure 5: 
solid. 

Simplified chronology of irreversible protein adsorption to a charged 

Table 2: Physico-chemical Properties of Model Proteins and Sorbent Surfaces 

Property LSZ ocLA PS- aFe203 
(pH 9.5) 

Molar Mass (D) 14,600 14,200 
Dimensions (A 3 ) 46x30x30 37x32x25 
Isoelectric Point 11.1 4.2 
Total Hydrophobicity (Jg _ 1) - 7.6 - 5.8 
% Apolar Surface Area 53 61 
A N - D G (Jg"1) 4.1 1.7 
% a-Helix Content 42 26 
Surface Charge Density (|iC nr 2 ) 
Electrophoretic Mobility (10 - 8 m 2 V" 1 s"1) 
Electrokinetic Potential (mV) 
Hydrophobicity 
(contact angle of a sessile drop of 0.05-M PBS) 

•23 
-4.9 
69 
82° 

- 2.9 
-47 
OP 

Regardless of the mechanism and kinetics of the process, protein adsorption at 
constant T and p can only occur if the Gibbs energy of the system decreases: 

A^sG = AadsH - TAadsS (6) 

The irreversible nature of the protein-adsorption process eliminates the possibility of 
direct measurement of the overall driving force for adsorption, A adsG, as well as 
determination of A a d S S. This leaves A ads# and the heat capacity change upon 
adsorption, AadsCp> as the only directly measurable thermodynamic parameters 
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2. NORDE & HAYNES Reversibility and Mechanism of Protein Adsorption 33 

describing the irreversible adsorption process. Regrettably, such data are severely 
limited for protein adsorption systems [14-16]. Here we report A ads// and A a dsC p 

data for adsorption of two model proteins, hen egg-white lysozyme (LSZ) and bovine 
milk a-lactalbumin (aLA), to a negatively-charged polystyrene latex (PS-). As 
shown in Table 2, these proteins are of similar size, shape, and primary structure 
(40% sequence homology), but differ in native-state structural stabilities, 
hydrophobicities, and electrical properties. Electrokinetic, proton-titration, and 
chfferential-scanning-rmcrocalorimetry data are also reported for adsorption of these 
two model proteins to PS- and used to elucidate further those subprocesses involved 
in the adsorption process. 

Heats of Adsorption. A^SH represents the total enthalpy required or released 
when taking a mole of protein in its native conformation in solution to its perturbed 
steady-state structure(s) on the sorbent surface. The sign and magnitude of Aads// are 
therefore governed by a competition between the energetic subprocesses occurring 
within the protein molecule and between the protein and the sorbent surface. For 
instance, the total contribution from the electric field overlap, which includes the 
enthalpy change associated with net protein-protein and protein-sorbent coulombic 
interactions Aads//el> with low-molecular-weight ion (including proton) coadsorption 
in the interfacial layer Aads//ion-coad» and with formation of ion pairs between adjacent 
oppositely-charged residues on the protein and sorbent surfaces Aads//ion-pair, can be 
endothermic or exothermic depending on the solution pH, the ionic strength, and the 
nature and density of charges on the protein and sorbent. 

400.0-

200 .0 -

E - 2 0 0 . 0 -

r - 4 0 0 . 0 -

< -600.0 

-800.0 + 

-1000.0 

l y s o z y m e 
O pH 4 
• pH 7 
A pH 10 

lactalbumin 
-m- pH 7 

0.2 
—I ' h-
0.4 0.6 

r / r p i 

0.8 

Figure 6: Enthalpy of adsorption data Aa^sH at 25°C for lysozyme and a-
lactalbumin on negatively-charged polystyrene microspheres in 50-mM K G solution. 
Al l data from isothermal titration microcalorimetry measurements. 
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Figure 6 shows A ads# data at 25° C measured by isothermal titration 
calorimetry for adsorption of LSZ and ocLA on PS- as a function of surface coverage 
and, for LSZ, as a function of adsorption pH. In the LSZ system, increasing the 
adsorption pH and, thus, decreasing the attractive charge differential between the 
protein (pi 11.1) and the negatively-charged sorbent leads to a progressive reduction 
in the enthalpic driving force for adsorption. Less exothermic A^H values are also 
observed at high surface coverages, where the influence of repulsive lateral 
electrostatic interactions between adsorbed LSZ molecules becomes significant. The 
A a ( i s / / data for L S Z therefore provide a first indication of the importance of 
electrostatic interaction in the overall driving force for globular protein adsorption. 

Although important, coulombic interactions in general do not dominate protein 
adsorption to solid surfaces, as illustrated by the strong adsorption of ocLA to PS- at 
conditions where the protein carries a substantial net negative charge. The complex 
dependence of Aq^H on fractional surface coverage for ccLA adsorption to PS- at pH 
7 (see Fig. 6) suggests that a number of subprocesses in addition to electrostatic 
effects make substantial contributions to the overall driving force for adsorption. For 
instance, A ads# is endothermic at surface coverages less than 0.55, indicating that 
adsorption is driven by an increase in entropy at these conditions. Thus, entropically 
driven subprocesses such as sorbent and protein dehydration and protein denaturation 
must contribute to the overall driving force of adsorption. 

Dehydration Effects. Essentially all globular proteins, regardless of their native-
state stabilities and electrokinetic charges, adsorb to some extent on hydrophobic 
surfaces. The signature of a dehydration process is a large decrease in the heat 
capacity of the system. The heat capacity change upon adsorption A a d S C p can be 
determined from the temperature derivative of AA(\SH at constant pressure, 
composition and pH: 

As discussed by Brandts [17], two subprocesses in addition to sorbent and protein 
dehydration are known to influence the sign and magnitude of A adsCp- The transfer of 
ions from aqueous solution to an apolar environment causes an increase in heat 
capacity. A loss of ordered secondary structure (e.g., a-helices and (3-sheets) in a 
protein molecule also leads to an increase in heat capacity which is proportional to the 
increase rotational mobility along the polypeptide chain. 

Table 3 shows A a dsC p values calculated from A^H data at 15° C and 25° C 
for the adsorption of L S Z and ocLS on PS-. The large negative A a d S C p values 
observed make substantial contributions to the overall driving force for protein 
adsorption to PS-. In both adsorption systems, A a d s C p becomes more positive with 
increasing charge (either positive or negative) on the protein molecule. This trend is 
most pronounced in the ccLA adsorption system, where A a d s C p eventually takes on 
positive values at high pH. A pH 10, a L A carries a large net negative charge and, 
consequently, a relatively low native-state stability and a strong electrostatic repulsion 
for the PS- surface. Adsorption of ccLA to PS- at pH 10 will therefore involve a large 
transfer of positive counterions (including protons) to the interfacial layer to preserve 
electroneutrality; it may also involve a relatively large change in protein structure. The 
sensitivity of A a d s C p to these subprocesses indicates that, although clearly important, 
dehydration effects alone do not dominate the overall driving force for protein 
adsorption at all conditions. 

(7) 
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Table 3. AadsCp values for lysozyme and a-lactalbumin adsorbed to a negatively-
charged polystyrene latex in 50-mM KC1. Values determined using Eq. (7) and Aads# 
data at 15° C and 25° C and r=rpl. 

Protein 
Sample pH AadsCp 

(uj m-2 K-l) 
Lysozyme 4.0 -110 

7.0 -305 
10.0 -420 

a-Lactalburnin 3.0 -310 
7.0 - 150 
10.0 + 120 

Protein Structural Changes. Protein folding involves a considerable loss in the 
conformational entropy of the polypeptide chain. Creighton [18] estimates that this 
loss in conformational entropy destabilizes the native state relative to the fully 
denatured state of a 100-residue protein by ca. 2500 (± 1200) kJ mol - 1 . Under 
certain solution conditions, other effects, particularly dehydration of hydrophobic 
residues, outweigh this entropic opposition to folding and the native state is marginally 
preferred. However, there is now substantial evidence that solid/water interfaces 
upset this delicate balance by providing a region on which the polypeptide backbone 
can unfold without exposing hydrophobic residues to water molecules [19]. The 
extraordinary intra-atomic packing densities of native-state globular proteins suggest 
that protein unfolding at a surface leads to an increase in the conformational entropy of 
the polypeptide chain and, thus, a second entropic driving force for adsorption. 
Evidence for rearrangements in protein structure upon adsorption have come from 
transmission circular dichroism, N M R and fluorescence spectropscopy, FTIR, and 
proton titrations [19]. Unfortunately, few of these studies have provided a 
quantitative understanding of the extent of protein unfolding at solid-liquid interfaces. 
As a result, structures of adsorbed protein, their dependence on sorbent and solution 
properties, and the contribution of protein structural rearrangements to the driving 
force for adsorption remain the most poorly understood aspects of the protein 
adsorption process. 

The differential-scanning-microcalorimetry (micro-DSC) method pioneered by 
Privalov has provided much of the direct thermodynamic data characterizing the 
stabilities and structures of globular proteins [20]. Recently, we demonstrated that 
micro-DSC can also be used to quantify losses in ordered secondary structure of 
globular proteins upon adsorption to solids [15]. The direct thermodynamic 
observables in the micro-DSC experiment are the enthalpy change AP_D#, the 
denaturation temperature Td, and the heat capacity change Ap-oCp accompanying the 
temperature-induced denaturation of the protein in its adsorbed perturbed-state (P) 
structure. The magnitude of A P _ D / / relative to A N - D # , where A N - D # is the 
denaturation enthalpy of the native-state protein at the same solution pH, provides an 
unambiguous gauge of the extent of ordered secondary structure loss in proteins as a 
result of adsorption. A high Td is indicative of a highly stable adsorbed-state 
structure. Figure 7 shows enthalpy of denaturation data, measured by micro-DSC, for 
L S Z dissolved in 50-mM KC1 at 25° C and adsorbed to PS- at the same solution 
conditions [15]. In all cases, the micro-DSC data corresponds to a total protein 
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Figure 7: Micro-DSC data for lysozyme (O) dissolved in 50-mM KC1, ( • ) 
irreversibly adsorbed to PS- in 50-mM KC1, and (A) irreversibly adsorbed to hematite 
in 50-mM KC1. (See text for addition information.) 

Figure 7 also shows micro-DSC data for L S Z adsorbed to an aqueous 
dispersion of hematite (i.e., 0cFe2O3). Comparison of the micro-DSC data for the P-
state and N-state protein indicates that LSZ retains most of its native-state structure 
when adsorbed to this hydrophilic surface. Thus, for structurally stable proteins such 
as LSZ, perturbations in protein structure can make a substantial contribution to the 
driving force for adsorption, particularly when the sorbent is hydrophobic, but they do 
not appear to dominate adsorption under all conditions. 

In contrast, when the adsorbing protein has a low native-state stability, A a d S G 
is strongly influenced by rearrangements in protein structure irrespective of the nature 
of the sorbent surface. For instance, Figure 8 compares micro-DSC data at 25 °C for 
ccLA dissolved in 50-mM KC1, and adsorbed from a 50-mM KC1 solution to both PS-
and hematite. Adsorption of ocLA to either surface involves a near complete loss of 
ordered secondary structure. 

Sequential micro-DSC scans of adsorbed protein samples indicate that thermal 
denaturation of P-state proteins is an irreversible process. Moreover, the magnitude 
and location (i.e., Td) of Ap.p// recorded in the initial micro-DSC thermogram are 
dependent on the scan rate, indicating that the protein unfolding reaction on the sorbent 
surface is kinetically controlled. A general theory for such scan-rate dependencies has 
been provided by Sanchez-Ruiz et al. [21], who assumed that irreversible protein 
denaturation reactions can be represented by a two-step mechanism where I is the final 
state of the protein irreversibly arrived at from a reversible unfolded state D. In this 
model, k i and k2 represent the forward and reverse rate constants, respectively, for the 
reversible transition from the N-state to the D-state and k3 is the rate constant for the 
irreversible transition from D to I; all of the kinetic constants are first order and change 

 A
ug

us
t 1

6,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

5 
| d

oi
: 1

0.
10

21
/b

k-
19

95
-0

60
2.

ch
00

2

In Proteins at Interfaces II; Horbett, T., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1995. 
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with temperature according to the Arrhenius equation. If k3 » k2, all of the D-state 
molecules formed are converted to I and the reaction mechanism reduces to 

N -» I (8) 

where k equals k i or k3 depending on the rate-determining step. Assuming the 
thermogram is initiated at a low enough temperature to assure that all protein present is 
in its adsorbed perturbed state, Eq. (8) and the kinetic model associated with it predict 
that the transition temperature Td should vary with scan rate v (K min"1) according to 

In 
AR EaJ_ 

R T d 

(9) 

where A (min -1) is the frequency factor, E a (kJ mol' 1) is the activation energy for the 
surface denaturation process, and R is the universal gas constant. 

350.0 

300.0 

| 250.0 

200.0 
x 

Q 
<~ 150.0 

o 
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2 
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50.0-

0.0-
3 1 5 320 325 330 335 340 345 

[K] 

Figure 8: Micro-DSC data for a-lactalbumin (O) dissolved in 50-mM KC1, (•) 
irreversibly adsorbed to PS- in 50-mM KC1, and (A) irreversibly adsorbed to hematite 
in 50-mM KC1. (See text for additional information.) 

Figure 9 shows a plot of ln(v/Td2) as a function of Td" 1 for LSZ and a L A 
adsorbed to PS- at pH 7. The activation energy for the irreversible surface 
denaturation reaction (i.e., P-state to I-state), determined from the slope of each line, is 
243 ± 13 kJ mol" 1 for L S Z and 132 ± 16 kJ mol" 1 for a L A . Thus, although the 
amounts of ordered secondary structure retained in the P-states are low and similar for 
the two proteins, the activation energy which must be overcome to reach the I state on 
the surface is substantially higher for LSZ. This suggests that the conformational 
dynamics of P-state L S Z remain fairly limited compared with adsorbed a L A , 
providing further evidence that the contribution of protein structural changes to the 
overall driving force for adsorption is dependent on the structural stability of the 
native-state protein. 
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-10.5-

ln(v/T/) 

-14.0-
0.0029 

1 kJ mol' 

0.003 0.0031 

1/T [K] 
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Figure 9: Determination of activation energies for the irreversible denaturation of 
(O) lysozyme and (•) a-lactalbumin adsorbed at pH 7 and 25 °C to PS- in 50-mM 
KC1. 

5.5-r 

5.0-
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3.0 + 
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Figure 10: Carboxyl-residue dissociation data at 25 °C for lysozyme dissolved in 
50-mM KC1 and adsorbed to PS- in 50-mM KC1. Ordinate was calculated from 
proton titration data and the fundamental relation pK = pH + logio[(l+oc)/<x] where a 
is the degree of dissociation. 

Redistribution of Charged Groups. The fact that electrostatic forces must 
contribute to protein adsorption at solid surfaces has long been recognized. For 
instance, many researchers have noted a bell-shaped dependence of FP1 on adsorption 
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pH with a maximum centered on the isoelectric point of the protein-sorbent complex 
[19]. However, the relative magnitude of coulombic contributions to the overall 
driving force for protein adsorption remains unknown. 

As shown by Haynes et al. [22], proton titration experiments provide an 
effective (but underutilized) method for probing charged-group redistribution in 
protein-adsorption processes. Figure 10 plots pK as a function of the degree of proton 
dissociation (a) for the carboxyl groups on LSZ when it is adsorbed to PS- in 50-mM 
KC1 and when it is dissolved in its native-state conformation in 50-mM KC1. The 0.9 
positive shift in the average pK of the carboxyl groups reveals the strong influence of 
the negatively charged apolar sorbent on the electrostatic properties of the adsorbed 
protein. This shift in pK at pH 4 is consistent with the protonation of 3 carboxy 
groups in the adsorbed state which remain deprotonated in the dissolved state. For 
a L A , a positive pK shift of 1.1, which at pH 4 requires titration of an additional 8 
carboxyl groups, was observed upon adsorbing the protein to PS- [22]. Clearly, 
charge redistribution effects contribute to protein adsorption. 

However, as discussed above, electrostatic effects do not dominate protein 
adsorption at all conditions. For instance, a L A adsorbs to hydrophilic sorbents such 
as aFe2C>3 and glass at all solution conditions, including those where the net 
electrostatic force between the protein and sorbent is large and repulsive. 

Summary 

The complex irreversible nature of protein adsorption to solids suggests that in most 
systems the overall driving force for adsorption A^G is not controlled by a single 
force or subprocess, but rather by an interplay between several adsorption 
subprocesses. Dehydration of a sorbent surface requires close contact between the 
sorbent and the adsorbed protein which, for structurally rigid globular proteins, can 
only be achieved through sincere changes in protein conformation. If those 
conformational changes involve a breakdown in ordered secondary structure, the 
concomitant increase in rotational freedom of the polypeptide backbone contributes 
further to the driving force for adsorption. Moreover, the increased backbone 
flexibility improves the ability of the protein to form strong ion pairs with oppositely 
charged residues on the sorbent and to reduce lateral electrostatic repulsions with 
proximal proteins. This interplay between major adsorption processes points to a 
synergistic adsorption mechanism; in addition to its inherent contribution, each 
subprocess amplifies the other contributions to the overall driving force for adsorption. 
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Chapter 3 

Logarithmic Growth of Protein Films 

Simon Alaeddine and Håkan Nygren 

Department of Anatomy and Cell Biology, University of Göteborg, 
Medicinaregatan 5, S-413 90 Göteborg, Sweden 

The kinetics of protein adsorption and antibody binding to surface­
-immobilised antigen was measured with off-null ellipsometry under non­
-diffusion limited conditions. An initial lag-phase was seen, followed by 
an accelerating reaction rate (auto catalysis). The reaction rate then 
decreased at a surface concentration far below monolayer coverage and a 
continuously decreasing rate of binding was seen. The kinetics can be 
described by a logistic law of limited growth function. The theoretical 
description of surface reactions with fractal kinetics is discussed. 

The reaction rate of macromolecular reactions at interfaces decreases logarithmically 
over long periods of time as shown for protein adsorption (7, 2 ) and antigen-antibody 
reactions (3,4). The general phenomenon of logarithmically decreasing reaction rates 
has been collectively named fractal kinetics (5) and has been demonstrated 
experimentally in a number of situations (6) . Spatial and/or energetic heterogeneity of 
the medium or non randomness of the reactant distribution in low dimensions have 
been suggested as mechanisms behind the phenomenon of fractal kinetics. 
Experimental studies of ferritin adsorption, a suitable model system with fractal 
kinetics, have revealed that the logarithmic growth of the protein film is preceded by an 
initial acceleration-phase of adsorption ( 2). 

The acceleration of the initial adsorption can be described by nucleation-and-
growth- like kinetics assuming attraction between adsorbed molecules and molecules in 
solution. The initial cooperative adsorption can be described theoretically by an 
exponential growth (7), which rapidly leads to depletion of reactants in the reaction 
zone making the reaction mass-transport limited. 

It has also been shown that ferritin clusters are restructured during adsorption 
with fractal kinetics. Orderly structured aggregates seen in previous phases of 
adsorption disappear and a more random distribution is seen. This process of 
rearrangement of dense clusters is not necessarily a continuous one but may take place 
through critical dissociation of orderly structured aggregates (2, 8 ). An intellectual 
model of this phenomenon is the continuous build up and discontinuous fall down of 
sand on sand piles in an hour-glass. Theoretical models of such processes have been 
elaborated (9, 10 ) and may serve to explain the fractal kinetics of macromolecular 
reactions at surfaces. The use of such models have been suggested for intermolecular 
protein dynamics (77 ). 

The present study was undertaken in order to further describe the molecular 
mechanism behind the kinetics of macromolecular reactions at interfaces. 

0097-6156/95/0602-0041$12.00/0 
© 1995 American Chemical Society 
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42 PROTEINS AT INTERFACES II 

Theory 

1. Nucleation. From previous studies with T E M it is known that there is a limited 
number of sites available for monomolecular binding. The number of nucleation sites 
differ between surfaces but is typically of the order of 10^-10^ molecules/cm2 (7, 12 
). It is not easy to measure the kinetics of this initial binding, but a probability for 
independent binding is relevant, at least for short incubation time (< 5 sec). Thus the 
initial nucleation rate can be written as (7): 

no 

^- = R,k{t){Nmax-N) 
dt (1) 

where the function, k(t), corresponds to the sticking probability of independent binding 
at the nucleation sites (N m ax)i N is the number of occupied nucleation sites; X is the 
frequency of collision with the nucleation sites; A u ^ e s is the mean activation energy per 
molecule; R s is the molecular flux towards the surface (number of molecules striking 
l cm^ of the surface per second) that is dependent on the boundary conditions of 
diffusion and the concentration of reactant in the bulk. The subscript "s" represents the 
concentration close to the surface. 
2. Growth. The cluster can grow in an arbitrary shape, favouring the interaction 
energy, and may be described in different ways. One, two, and three-dimensional 
aggregates will grow if the mean interaction free energy, A|LL, decreases with the 
number of adsorbed molecules, S. Thus the interaction free energy of the molecules in 
the bulk phase can be expressed as (13) 

Hl=^ + ^ L (2) 

where a m . m is a positive constant dependent on the strength of the intermolecular 
interactions and q is a number that depends only on the shape or the dimensions of the 
aggregates. 

For clusters adsorbed to the surface it is reasonable to assume that the 
interaction free energy is a superposition of the strength of the intermolecular 
interaction, a m . m , and the strength of the surface-molecules interaction, a s - m 

& = £ + B s ^ - « m - , k T (3) 

The adsorbed protein film grows from initial nucleation sites, dependent on binding 
growth (14, 15) until critical clusters of various size and shape reach equilibrium with 
the bulk molecules. In the initial stages of adsorption, clusters of various sizes are in 
metastable equilibrium with adsorbed monomers. As these clusters grow, they deplete 
the surrounding region of adsorbed monomers so that further nucleation (or cluster 
formation) is not possible in this region (called a capture zone). Taking such a capture 
zone to be of radius r c , one gets 

(4) 
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3. ALAEDDINE & NYGREN Logarithmic Growth of Protein Films 43 

where D is the surface-diffusion coefficient of adsorbed monomers on the substrate, Ta 
is the mean free residence time before adsorbed monomer desorption. Hence the rate of 
addition of new molecules per cm^ per second is proportional to the number of 
occupied nucleation sites, N , the flux, the sticking probability, and the free residence 
time 

(5) 

where A|x S ( i is the Gibbs free energy of activation for surface diffusion of adsorbed 
monomers, Au<ies is the Gibbs free energy of activation for monomer desorption, and p 
is the density of independent binding sites per nucleation site. It is of interest to note 
that the theory behind the derivation of the first factor in f(t) is based on the gamma 
distribution (p, X) where p represents the density of independent binding sites and X is 
the frequency of collision with the nucleation sites. 

Another process of growth around a nucleation site, where limiting factors are 
taken into account, has been derived in reference (16): 

e kT (6) 

where S m a x is the maximum number of population per nucleation site, and g(t) is a time 
dependence function which corresponds to the probability of favourable interaction 
between bound and surface diffusing molecules. This growth model is usually called 
the logistic law of limited growth. A third possibility of describing cluster growth is by 
using a statistical model 

S = Rs(l-e-at) (7) 

where a relates to the probability of favourable interaction between adsorbed and 
adsorbing molecules. 

Any of the equations mentioned above predicts a rapid growth of protein films 
with an exponential time dependence in the initial stage. This is also seen 
experimentally but only for short periods of time before growth is limited by external 
constraints (17), e.g., (a) the mass transport, which is often found to limit the rate of 
macromolecular reactions at surfaces (18 ), and (b) due to the geometry of growing 
clusters ( Nygren, H. Biophys. Chem. in press.) 
3. Desorption. An obvious reason for a decreasing rate of growth is desorption of 
bound molecules. Spontaneous desorption of single molecules is described by: 

dS -Afl^ 

— oc-Se^r (8) 

or when limiting factors are taken into account 

-^-h{x){s-s0)e * ( 9 ) 

0 < s0 < s 
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44 PROTEINS AT INTERFACES II 

where So is the number of molecules at which the surface-rate density becomes 
constant, and h(k) is desorption rate depending on the collision frequency and the 
adsorption time . Reference (19 ) suggested that the desorption rate of aggregates 
containing i monomers is given by 

1 (10) 

where a is a constant. 
Associative desorption due to collisions between bound and colliding particles, 

or due to association by surface diffusion is described by (20): 

f ~ - 5 « e x p [ - ^ ] (11) 

where n is the number of molecules taking part in the reaction. Associative desorption 
may also be described in a statistical model by the term 

S(l-e-pt) (12) 

where p relates to the probability of desorption. 
In analogy with the discussion in paragraph 2, the time dependence of 

desorption is limited by the geometry of the adsorbing clusters, the number of 
collisions of monomers with the aggregate and the fluctuation density of molecules 
close to the surface. The rate of adsorption, taking into account nucleation, growth and 
limited desorption can be written as: 

no 

f = Rs{{Nmax-N)k(t) + Nf(t))-h(X){S-S0) ( 1 3 ) 

where equation (13) is the result of combining equations (1), (5), and (9). A statistical 
description of the adsorption process is obtained by combining equations (7) and (12): 

(l-e~at) 
S = RS

K J (14) 

Experimental 

Measurements of the kinetics of protein adsorption are often hampered by the effect of 
mass transport limitation (18 ). The mass transport limitation is due to depletion of 
protein in the reaction zone close to the surface and no conclusions can be made from 
such measurements regarding the sticking probability of protein molecules at the 
surface. 

In the present study precautions were taken to avoid mass transport limitations 
by using a flow cuvette and fast ellipsometric detection. The kinetics of protein 
adsorption was measured by off-null ellipsometry in situ allowing a time resolution 
of 0.1 seconds which makes it possible to measure the initial adsorption taking place 
before the diffusion layer in the solution is depleted of protein. The flow cuvette had a 
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3. ALAEDDINE & NYGREN Logarithmic Growth of Protein Films 45 

small volume (50|il) and a high flow rate was used to give a thin unstirred layer and a 
continuous exchange of the bulk phase to ensure constant concentration of protein in 
the solution close to the surface. Under these boundary conditions, mass transport 
limitation is described by the relationship (18): 

dS0 _ DC0 

dt~R U ^ 

where S 0 is the amount of protein reaching the surface, D is the diffusion constant of 
the protein, C 0 is the concentration of protein in the solution, R is the thickness of the 
unstirred water film and t is time. 

The experimental set-up makes it possible to use high concentrations of protein 
in the solution which further decreases the risk for depletion of protein in the diffusion 
layer. The benefit of reducing the risk of depletion of protein near the surface was 
obtained at the cost of losing the defined boundary conditions for diffusion since the 
thickness of the unstirred layer is unknown and almost impossible to estimate. 

Chemicals: Fibrinogen (Kabi, Stockholm, Sweden) was dissolved in PBS. 
Monoclonal antibody directed against dinitrophenol (DNP) was a generous gift from 
professor M . Steward, London School of Hygiene and Tropical Medicine. 
Hexamethyldisilazane (E. Merck, Darmstadt, Germany) was used for methylation of 
Si02 surfaces (oxidized silicon wafers) as described (21 ). Hydrophobic quartz was 
coated with antigen as described elsewhere (22 ). 
Ellipsometry: A null ellipsometer (Rudolph Research model 436) was used as 
described previously (17). The film thickness during adsorption is given by: 

d = KjTT0 (16) 

The thickness d is an equivalent optical thickness. The relation between this film 
thickness and the amount of bound protein can be found in different ways depending 
on what properties of the protein used are best characterised experimentally. With a 
well known density of the protein, the relation 

r = d £ * 1 0 0 (17) 

can be used, where T is the surface concentration (ng/cm2), d is film thickness (nm) 
and £ is the density of the protein (g/cm^). The density of the proteins used was 
determined pycnometrically as described (23). 

Results and Discussion 

It is easy to realize that equation (13) has no analytical solution, especially when the 
integrand contains a power of exponential functions. However, there are two possible 
ways of expressing this equation in a simple form: a) N = N(t), i . e, N as a function of 
time, or b) N = N(S), i . e, N as a function of S. Thus using the first case equation (13) 
takes the form 

^ = z/>>-VA''(i-<r*C ( p''^ 
at v 

with 
AocAj, X2 =(A1+^A"1), p ~ A , p 2 = P + Pi 08) 

Where z i , Z2, Z3, k, c, and B are proportionality constants. Q(p, to) is called the 
gammaregularized function (24). Integrating equation (18) results in the following 
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S(t) = ztp>-
2 

(19) 

where CDF is the cumulative distribution function (24). 
The kinetics of adsorption of fibrinogen onto a hydrophobic or hydrophilic 

quartz surface, measured by ellipsometry, is shown in Figures 1 and 2 respectively 
together with a fitted theoretical model (equation 19). Antibody binding to immobilised 
hapten (DNP) is shown in Figures 3 and 4, together with a fitted theoretical model 
(equation 19). 

The initial accelerated kinetics of the reaction suggests favourable interactions 
between adsorbed molecules and molecules in the bulk solution. This initial phase of 
adsorption can be described by an exponential growth which is limited with time. A 
statistical model (equation (7)) of the initial kinetics of adsorption is shown in Figure 5. 
The parameter a will critically determine the kinetics of growth from linear at low a-
values to strongly auto catalytic growth at high a-values. In model experiments with 
adsorption of ferritin, showing fractal kinetics, it has been found that the limitation of 
growth is due to discontinuous desorption of large molecular clusters that are formed. 
A statistical model of auto catalytic growth and critical desorption (equation (14)) is 
shown in Figure 6. Note that two exponential terms with different sign will result in 
logarithmic growth. In order to explain the solubility of protein in solution and the 
discontinuous desorption from surfaces some mechanism has to be assumed 
counteracting the intermolecular attractive forces. Thermal motion is an obvious 
candidate. A useful formalism to describe this duality of attractive forces and thermal 
motion was suggested by Bronsted (25 ) 

f - e x p [ - # ] (20) 

( I - I 0 ) A . 5 * . 32 ( ( v r . 5 ) 
0.4 r 

0.2 

0.1 0.2 0.3 0.4 0.5 
t*.75 1C 

Figure 2. Numerical fitting of equation (19) to the experimental data of fibrinogen 
binding onto a hydrophilic surface. Surface concentration (S) adsorbed from a bulk 
concentration of 0.1 mg/ml as a function of time (t). 

S=o.556n 0 - 2 8 , - O 0 O O 0 4 7 ' ( i - -2.1^(2.5,0,22.2221)) 
+ 0.00847*-0.1196f 
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S (ng/cm2) 

600 

400 

200 -

100 200 300 400 t (s) 

Figure 4. Surface concentration of antibody bound to immobilised DNP-hapten 
versus the adsorption time (concentration of Mab = 100 |ig/ml).The experimental 
data are fitted using equation (19). 

-2(7(2.5,0,0.067568 
57814*-0.00084138* 
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CC 

c o 
o 
03 

(0 

• • • • i S g 1 

• a= 1 
• a=0,1 
& a=0,01 
o a=0,001 
m a=0,0001 

200 400 600 800 1000 

Time units 
Figure 5 . A plot of the fraction of the flux of molecules adsorbed to the surface as 
a function of the parameter a of equation (7). 

O) 
CC 
o 
c 
o 
o 
(0 

CO 

• res 0.90 
a res 0.70 
o res 0.50 
ii res 0.3 
• res 0.1 

res 0.01 

Time units 
Figure 6. A plot of the fraction of the flux of molecules adsorbed to the surface as a 
function of the parameter p of equation (14). a =0.01. Resorption (p) = 1% to 90% 
of a . 
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where X denotes molecular properties, e.g., hydropathy; A is the molecular area and 
C1/C2 are the concentration of the molecules in two phases ( bulk and surface). This 
simple relationship, reflecting the duality of protein molecules, may explain the 
existence of short-lived clusters as the mechanism behind the complex kinetics of 
protein adsorption. 
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Synthetic, Structural Stability and Charge 

Mutants of Bacteriophage T4 Lysozyme 

J. McGuire1, V. Krisdhasima1, Marie C. Wahlgren2, and 
Thomas Arnebrant2 

1Department of Bioresource Engineering, Oregon State University, 
Gilmore Hall 116, Corvallis, OR 97331-3906 

2Department of Food Technology, University of Lund, P.O. Box 124, 
S-221 00 Lund, Sweden 

We have purified wild type, three structural stability mutants and four 
charge mutants of bacteriophage T4 lysozyme from E. coli strains 
harboring desired expression vectors. Structural stability mutants were 
produced by substitution of the isoleucine at amino acid position three, 
yielding a set of proteins with stabilities ranging from 1.2 kcal/mol 
greater, to 2.8 kcal/mol less, than that of the wild type. Charge mutants 
were produced by replacement of positively charged lysine residues 
with glutamic acid, yielding a set of molecules with formal charges 
ranging from +5 to +9 units. Adsorption kinetic data, along with the 
dodecyltrimethylammonium bromide-mediated elutability of each 
protein, has been monitored with in situ ellipsometry at hydrophobic 
and hydrophilic silica surfaces. A simple mechanism that allows 
adsorbing protein to adopt one of two states, each associated with a 
different resistance to elution and a different interfacial area occupied per 
molecule, has been used to assist interpretation of the adsorption data. 
Conditions implicit in the model have been used to estimate the fraction 
of molecules present on the surface just prior to surfactant addition that 
had adopted the more resistant state, and this fraction has been observed 
to correlate positively with resistance to elution. For the stability 
mutants, these properties were clearly related to protein stability as well. 
Concerning the charge mutants, results have not been clearly explainable 
in terms of protein net charge, but rather in terms of the probable 
influence of the location of each substitution relative to other mobile, 
solvent-exposed, charged side chains of the molecule. 

Study of molecular influences on protein adsorption has received much attention due in 
part to the relevance of this matter to tetter understanding of the nature of adsorption 
competition in complex mixtures. Important contributions to current understanding of 
molecular influences on protein adsorption have evolved from several comparative 
studies of protein interfacial behavior, in which similar or otherwise very well-
characterized proteins (1-4), genetic variants (5-7) or site-directed mutants (8) of a 
single protein had been selected for study. A number of factors are known to affect 
protein adsorption, and these studies have stressed the importance of protein charge, 
hydrophobicity and structural stability in interfacial behavior. 

0097-6156/95/0602-0052$12.00/0 
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4. McGUIRE ET AL. Charge Mutants of Bacteriophage T4 Lysozyme 53 

Comparative studies with genetic variants and site-directed mutants of single 
proteins have particularly demostrated the importance of structural stability in protein 
interfacial behavior, beginning about 20 years ago with investigation of the interfacial 
behavior of several single-point mutants of human hemoglobin (5). Study of human 
hemoglobin variants was motivated by the finding that the oxy-form of the abnormal 
hemoglobin involved in sickle cell disease precipitated very quickly upon mechanical 
treatment relative to normal hemoglobin (9,10). A number of similar approaches to 
better understand protein adsorption have taken place since then. For example, 
Horsley et al. (6) made a comparison of isotherms constructed for hen and human 
lysozyme at derivitized silica surfaces, Xu and Damodaran (7) compared adsorption 
kinetic data measured for native and denatured hen, human, and bacteriophage T4 
lysozymes at the air-water interface, and Kato and Yutani (8) evaluated the interfacial 
behavior of six mutants of tryptophan synthase a-subunits, produced by amino acid 
substitution at a single position in the protein's interior. In general, less stable mutants 
have been observed to be more surface active, i.e., they more rapidly adsorb and/or 
more readily unfold or otherwise rearrange at an interface. Similarly, adsorption from 
single-component solutions of model globular proteins of similar size, but differing 
charge and structural stability, has shown that at a given surface adsorption is related to 
structural stability; i.e., proteins of high stability behave like "hard" particles at a 
surface, with the interactions governed by hydrophobicity and electrostatics, while 
adsorption of proteins of low stability ("soft" proteins) may be influenced by structural 
rearrangement, allowing adsorption to occur even under conditions of electrostatic 
repulsion (7,2). Still, although the importance of protein charge and structural stability 
on adsorptive behavior is well-accepted, it remains incompletely quantified. 

The elutability of adsorbed protein by surfactant has been used to provide an 
index of protein binding strength (11-15), and Wahlgren and coworkers (16-19) have 
used in situ ellipsometry to continously monitor the effects of different surfactants on 
the elutability of selected proteins, as well as adsorption from protein/surfactant 
mixtures, at a number of interfaces. We recently reported on the adsorption and 
dodecyltrimethylarnmonium toomide-mediated elutability of wild type, stability mutants 
and charge mutants of bacteriophage T4 lysozyme (McGuire et al., / . Colloid Interface 
Sci., in press). Here we review the most significant conclusions from that work, and 
provide a brief treatment of results from longer-term, single-component adsorption 
kinetic experiments, as well as circular dichroism experiments performed with the 
stability mutants following their adsorption to ultrafine silica particles. 

Bacteriophage T4 Lysozyme 

Serious study of the molecular basis for any aspect of protein behavior would require a 
set of very similar proteins, and the use of mutant proteins with single amino acid 
substitutions is arguably the best way to achieve this. T4 lysozyme was selected for 
study as numerous variants of this protein have been synthesized and characterized 
with respect to their deviations in crystal structure and thermodynamic stability from the 
wild type. 

A schematic of the a-carbon backbone of T4 lysozyme is shown in Figure 1. 
Figure 1 shows that the molecule is comprised of two distinct domains: the C-terminal 
and N-terminal lobes, joined by an a-helix (residues 60-80) that traverses the length of 
the molecule (20). The two-domain structure of T4 lysozyme is more distinct than is 
that of hen lysozyme, and in general several important differences between these two 
variants exist. There is very little homology between the two with respect to primary 
structure, T4 lysozyme has no disulfide linkages (21), and although some homology 
exists at the tertiary level, most of the C-terminal domain of T4 lysozyme has no 
counterpart in hen lysozyme (22). T4 lysozyme has 164 amino acid residues with a 
molecular weight of about 18,700 daltons (23). Crystallographic data would support 
more prolate molecular dimensions for T4 lysozyme in solution than those of hen 
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Figure 1. The a-carbon backbone of the wild type lysozyme from bacteriophage 
T4. (Reproduced with permission from McGuire et al., J. Colloid Interface Sci., 
in press. Copyright 1995 Academic Press.) 
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4. McGUIRE ET AL. Charge Mutants of Bacteriophage T4 Lysozyme 55 

lysozyme, allowing estimation as an ellipsoid about 54 A long, with the diameter of the 
C-terminal lobe being about 24 A, and that of the N-terminal lobe about 28 A (22-24). 
Similar to hen lysozyme, however, T4 lysozyme is a basic molecule with isoelectric 
point above 9.0, and an excess of nine positive charges at neutral pH. In addition to 
the terminal amino and carboxylate groups, the wild type molecule has 27 positively-
charged side chains and 18 negatively-charged side chains at pH 7, with nearly all of 
the out-of-balance charge located on the C-terminal lobe (20,27). 

Stability Mutants. The isoleucine at position three (lie 3) has been replaced with 13 
different amino acid residues by site-directed mutagenesis (25). In that work, 
thermodynamic measurements of stability for each mutant, along with high resolution 
X-ray structural analyses were used to unambiguously illustrate the contribution of 
hydrophobic interactions at the site of He 3 to the overall structural stability of the 
protein. The structural stability of each mutant was quantified by A AG: the difference 
between the free energy of unfolding of the mutant protein and that of the wild type at 
the melting temperature of the wild type (20). He 3 contributes to the major 
hydrophobic core of the C-terminal lobe, and helps to link the C- and N-terminal 
domains. The side chain of He 3 contacts the side chains of methionine at position six, 
leucine at position seven, and isoleucine at position 100; it also contacts the main chain 
of cysteine at position 97. These residues are buried within the protein interior (25). 

In addition to the wild type lysozyme, three stability mutants have been studied 
thus far. A mutant with cysteine substituted for He 3 (He 3 -> Cys (S-S)), within 
which a disulphide link is formed with Cys 97, was selected as that mutation yields a 
more stable protein than the wild type (AAG = +1.2 kcal/mol at pH 6.5). A mutant 
with tryptophan substituted for He 3 (He 3 -> Trp) was selected as it is one of the least 
stable lysozymes characterized to date (AAG = -2.8 kcal/mol at pH 6.5). The third 
mutant selected was one in which He 3 was replaced with serine (He 3 -> Ser), as its 
structural stability falls near the middle of the range bounded by wild type and He 3 -> 
Trp (AAG = -1.2 kcal/mol at pH 6.5). 

Charge Mutants. Five positively charged surface residues of this molecule have 
been individually and collectively replaced with glutamic acid, yielding mutants with 
formal charges ranging from +1 to +9 units (26). Individual substitutions were made 
for the lysine at position 16 (Lys 16), the arginine at position 119 (Arg 119), Lys 135, 
Lys 147, and Arg 154. High resolution X-ray analysis of these five molecular 
structures showed each to be very similar to the wild type. Eight additional mutants 
were produced, in which two, three or four replacements were made at the sites 
indicated above. Small differences in stability among the variants were attributed to 
local interactions at the site of the substitution: these workers stated there was no 
suggestion that the substitutions altered the stability of the folded relative to the 
unfolded form. With reference to their catalytic activity, like the stability mutants of the 
same molecule described by Matsumura et al. (25), each of the charge mutants 
produced were fully functional lysozymes. 

In addition to the wild type lysozyme, four charge mutants have been studied thus 
far, each involving substitution of a lysine with a glutamic acid residue (Lys -> Glu). 
Two mutants were used where the substitutions were made only on the C-terminal lobe: 
the single-point mutant Lys 135 -» Glu, and the double-point mutant Lys 135 Glu + 
Lys 147 -» Glu. These mutants will be abbreviated 135 and 135-147, respectively. 
Another mutant involved a substitution on only the N-terminal lobe: Lys 16 -> Glu, or 
simply 16. The fourth mutant involved a substitution at both the C-terminal and N-
terminal lobes: Lys 135 -» Glu + Lys 16 -> Glu, or 135-16. Inspection of the a-
carbon backbone shows that all of the substitutions relevant to the present study were 
made on the "back" of the molecule, defined here as the opposite face of the molecule 
from that presented in Figure 1. 
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56 PROTEINS AT INTERFACES II 

Experimental Methods 

Protein Isolation. Synthetic mutants of T4 lysozyme are produced from 
transformed cultures of E. coli strain RR1. Individual bacterium strains, containing the 
desired mutant lysozyme expression vectors are kindly provided by Professor Brian 
Matthews and co-workers at the Institute of Molecular Biology, University of Oregon, 
Eugene. Expression and purification of the mutant lysozymes from this point are 
performed at Oregon State University, Corvallis, and generally follow established 
procedures as described with some detail earlier (McGuire et al., J. Colloid Interface 
Sci., in press). In summary, cells bearing a desired expression vector, which carries 
an ampicillin resistant gene, are grown overnight in media containing ampicillin. This 
is allowed to ferment (total volume about 5 L) for further growth at 35°C. The 
temperature is then lowered to 30°C and lysozyme expression induced by addition of 
isopropyl-P-thiogalactoside. Fermentation continues for an additional period after 
which time the cells are harvested and centrifuged. From this point, all purification 
procedures are performed at 4°C. Mutant proteins are purified from both the pellet and 
supernatant fractions. The pellets are combined, resuspended then centrifuged again, 
and this supernatant combined with that from the original centrifugation. This is 
dialyzed against about 4 L of deionized, distilled water, until its conductivity is between 
2 and 3 urnho/cm for stability mutants, or below 2 |xrnho/cm for charge mutants. The 
pH is adjusted and the solution loaded onto a CM Sepharose ion exchange column; 
lysozyme is eluted with a salt gradient from 0.05 M to 0.30 M NaCl. Eluted fractions 
are combined and dialyzed against 50 mM sodium phosphate buffer, pH 5.8, 
containing 0.02% sodium azide, then concentrated in a SP Sephadex column. Mutant 
proteins are eluted with 0.10 M sodium phosphate, pH 6.5, containing 0.55 M NaCl 
and 0.02% azide. The yield of lysozyme is usually between about 40 and 150 mg, in 
concentrations anywhere from about 20 to 100 mg/mL. Preparations are stored 
without further treatment at 4°C. On the average, SDS-gel electrophoresis shows the 
isolated proteins to be over 95% pure. 

Surface Preparation, Adsorption and Elution. Preparation of hydrophilic 
silica and silanized, hydrophobic silica surfaces, and in situ monitoring of adsorption 
and dcdecyltrimethyl-arnmonium bromide (DTAB)-mediated elution of each protein 
with ellipsometry, have been described earlier (McGuire et al., / . Colloid Interface 
Sci., in press). For convenience, the experimental procedure used to monitor 
adsorption and elution with ellipsometry is restated here. Experiments were performed 
in 0.01 M sodium phosphate buffer, pH 7.0. Solutions were stirred with a magnetic 
stirrer at 325 rpm, and all tests were conducted at 25°C. The pseudo-refractive index of 
the bare surface was determined prior to addition of protein. A plot illustrating the 
course of a typical adsorption-elution experiment is shown in Figure 2. An experiment 
began with addition of 0.5 mL of protein solution to the cuvette containing 4.5 mL of 
buffer, prepared to yield a final protein concentration of 1.0 mg/mL. Adsorption was 
monitored for 30 min. The cuvette was then rinsed with buffer for 5 min at a flow rate 
of 20 mlVrnin, and film properties were monitored for an additional 25 min. This was 
followed by addition of 0.5 mL of DTAB (Sigma Chemical Co.), prepared to yield a 
final solution concentration in the cuvette of 0.03 M. After 15 min the cuvette was 
rinsed for 5 min and the sample monitored an additional 25 min as before. Each 
experiment was performed at least twice, with an average deviation from the mean of 
about 0.02 mg/m2 for stability mutants, and about 0.03 mg/m2 for charge mutants. 

Other Methods. Kinetic data have been monitored over a longer period for wild 
type, lie 3 -> Cys (S-S) and He 3 -» Trp with ellipsometry (Singla et al., Oregon State 
University, unpublished data). In those experiments, silica surfaces were silanized to 
exhibit a low or high hydrophobicity by reaction with 0.01 or 0.10% 
dichlorodimethylsilane in xylene. Adsorbed mass was monitored for 8 h under static 
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Figure 2. The pattern of a typical adsorption-elution experiment. 
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58 PROTEINS AT INTERFACES II 

conditions, i.e., no stirring and no flow. The change in secondary structure exhibited 
by the same proteins upon adsorption to silica nanoparticles (particle size about 9 nm) 
has been measured as well, using circular dichroism (Billsten et al., Linkoping Institute 
of Technology, Sweden, unpublished data). In each case experiments were performed 
in 0.01 M sodium phosphate buffer, pH 7.0. 

Results and Discussion 

Results obtained for the adsorption-elution experiments at hydrophilic and hydrophobic 
silica surfaces for both the stability mutants and the charge mutants were discussed 
earlier (McGuire et al., / . Colloid Interface Sci., in press). The goal here is to propose 
adsorption mechanistic features apparently shared by all of the variants, then to support 
that proposal with reference to what we can learn from simple kinetic models for 
adsorption from single-component solutions. Although data recorded for each of the 
lysozyme variants can be interpreted in a manner consistent with the following 
hypotheses, here we will specifically refer only to wild type, He 3 -»Cys (S-S), He 3 
-> Trp, 135, and 135-147. Adsorption of the stability mutant He 3 -> Ser, and of 
charge mutants involving substitution in the N-terminal lobe (16 and 135-16), is 
apparently accompanied by molecular associations that complicate the simple analysis 
to be applied to the five former proteins. Adsorption of 16 was apparently affected 
greatly by intermolecular associations inhibiting the general process experienced by 
wild type, 135, and 135-147, while adsorption of 135-16 and of He 3 -> Ser is thought 
to occur with associated monomers as the dominant surface active species. 

Table I shows, for each adsorption-elution test, the average values of mass of 
protein remaining on the surface after 60 min, in addition to the average amount 
remaining following contact with DTAB, rinsing and incubation in buffer, i.e., after 
105 min. The average resistance to elution, also tabulated, was calculated as the mass 
of protein remaining after 105 min divided by that remaining after 60 min. Considering 
"end-on" adsorption of a T4 lysozyme molecule to require about 784 A 2 (28 x 28 A), 
and "side-on" adsorption to require about 1512 A 2 (28 x 54 A), one can estimate limits 
in surface coverage expected for a monolayer of molecules adsorbed end-on and side-
on as 3.96 and 2.05 mg/m2, respectively. The amounts of protein remaining on the 
surface after rinsing and incubation in buffer (i.e., after 60 min) would therefore 
correspond to monolayer or sub-monolayer coverages in each case. 

Table I. The Mass of Each Protein at Selected Times in the 
Adsorption-Elution Tests, and the Fraction of Protein that 

Resisted Elution in Each Case 

Protein Surface Adsorbed Mass (mg/m2) 
60 min 105 min 

Resistance to Elution 

wild type hydrophilic 2.38 0.84 0.35 
hydrophobic 2.94 0.65 0.22 

He 3 -» Cys hydrophilic 1.63 0.45 0.28 
hydrophobic 1.32 0.22 0.17 

He 3 -» Trp hydrophilic 1.90 1.11 0.58 
hydrophobic 2.16 0.62 0.29 

135 hydrophilic 2.24 0.96 0.43 
hydrophobic 2.24 0.73 0.33 

135-147 hydrophilic 2.14 0.98 0.46 
hydrophobic 2.35 0.70 0.30 

SOURCE: Adapted from McGuire et al., / . Colloid Interface Sci., in press. 

 A
ug

us
t 1

6,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

5 
| d

oi
: 1

0.
10

21
/b

k-
19

95
-0

60
2.

ch
00

4

In Proteins at Interfaces II; Horbett, T., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1995. 



4. McGUIRE ET AL. Charge Mutants of Bacteriophage T4 Lysozyme 59 

T4 Lysozyme Behavior at Hydrophilic Silica Surfaces. Nearly all of the out-
of-balance charge on these molecules resides in the C-terminal lobe, and it is probably 
fair to hypothesize that the C-terminal lobe would first be oriented toward the 
negatively-charged, hydrophilic surface during adsorption. Molecular rearrangement 
may take place whereby the most mobile regions of positive charge are brought near the 
interface. The mobility of a residue can be estimated from the refined X-ray crystal 
structure of the molecule, by calculating its average thermal displacement. Alber et al. 
(27) calculated the average thermal displacement separately for each of the side chain 
and main chain atoms in die wild type molecule. This property of an atom is quantified 
by the crystallographic thermal factor, B (A2), where B is related to the unidirectional 
mean square thermal displacement (27). Considering only the side chains of each 
residue in T4 lysozyme, the average value of B (calculated as the mean of the individual 
B values of each atom of the side chain) is 26.5 A2. Generally, only side chains of low 
mobility and low solvent accessibility contribute substantially to the thermal stability of 
a protein (27). A residue side chain characterized by a B value greater than 40 A 2 is 
considered "very mobile" (26,27). 

So each charged group is not equally capable of interacting with a surface, as the 
mobility of some may be inhibited by interactions with side chains of opposite charge, 
with helix dipoles, or involved in hydrogen bonding interactions. Using data found in 
(27), a total of 18 positively-charged groups and eight negatively-charged groups can 
be identified as solvent exposed and very mobile (these include side chains of residues 
16, 135 and 147). These are distributed on the molecule such that the front of the C-
terminal and N-terminal lobes has an excess of very mobile, positively charged side 
chains, while there is an excess of very mobile, negative charges on the back of the C-
terminal domain for 135 and 135-147. Again, the front and back of the molecule are 
defined as shown in Figure 1. 

Thus, molecular features that would facilitate rearrangement or orientation of 
adsorbed molecules such that mobile, positively-charged side chains are brought to the 
hydrophilic silica should enable that molecule to bind relatively tightly to the surface. 
Concerning facilitated rearrangement, this is consistent with the high resistance to 
DTAB-mediated elution shown by the least stable variant, De 3 -> Tip, relative to wild 
type, and the low resistance shown by He 3 -» Cys (S-S). Concerning CD spectra 
recorded before and after adsorption to colloidal silica, changes in spectra for He 3 -> 
Trp corresponded to a 29% loss in a-helix content upon adsorption, while the loss in 
a-helix was calculated to be 13 and 9% for wild type and lie 3 -> Cys (S-S), 
respectively (Billsten et al., Linkoping Institute of Technology, Sweden, unpublished 
data). 

Orientation of the face of the C-terminal lobe toward the silica surface would 
orient the back of the C-terminal lobe to solution. The greater resistance to elution 
exhibited by 135 and 135-147 would be consistent with each of these protein molecules 
being more readily anchored to the surface in this favorable orientation, presumably 
associated with a greater number of noncovalent bonds with the surface. Such 
rearrangement or orientation may also facilitate formation of a less tightly bound second 
layer, expected to more readily undergo exchange reactions with protein in solution, 
and be more readily removed by rinsing. 

T4 Lysozyme Behavior at Hydrophobic Surfaces. At hydrophobic surfaces, 
we may expect adsorption to be mediated first by the N-terminal lobe, as it has 
approximately the same numbers of positively- and negatively-charged residues at pH 
7. Molecular graphic depiction of space-filled models of hen and human lysozymes 
have shown these molecules to possess a hydrophobic patch, opposite the active-site 
cleft (6). Similar techniques applied to T4 lysozyme show it can be considered as 
possessing a hydrophobic patch opposite the active site cleft, surrounding the region of 
He 3. This patch may serve to facilitate packing of molecules if in an end-on 
orientation, or side-on, hydrophobic association with the surface. Molecular features 
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that would favor either local rearrangement toward optimization of such association, or 
simply orientation of the hydrophobic patch to the interface, should enable that 
molecule to bind relatively tightly to the surface. Again, concerning facilitated 
rearrangement, this is consistent with the high resistance to DTAB-mediated elution 
shown by the least stable variant, He 3 -> Trp, relative to wild type, and the low 
resistance shown by He 3 -> Cys (S-S). And, as the back of the C-terminal lobe is 
made increasingly negative, orientation of the molecule with its hydrophobic patch 
toward the surface would allow association between the back of the C-terminal lobe of 
one molecule and the front of a neighboring molecule; indeed, the definition of front 
and back used for the purpose of this discussion defines the region of the patch as one 
"side" of the molecule, such that hydrophobic association with the surface would avail 
the front and back to interaction with neighboring molecules. Thus relative to wild type 
we would expect 135 and 135-147 to rapidly attain a more or less side-on orientation at 
the hydrophobic surface, with closest packing in that orientation being predicted for 
135-147, and in any event less electrostatic repulsion experienced among neighboring 
135-147 molecules. This was consistent with the behavior observed prior to DTAB 
addition, as it is with the high resistance to elution observed for the mutants relative to 
wild type (McGuire et al., / . Colloid Interface Sci.t in press). Formation of a second 
layer can be fairly expected at hydrophobic surfaces as well, but molecular 
rearrangements allowing for a strong hydrophobic association with the surface may 
render regions of the molecule exposed to solution more positively-charged and 
hydrophilic than their counterparts at hydrophilic surfaces, inhibiting formation of an 
outer layer. In any event, greater amounts of each protein were removable by rinsing at 
hydrophilic as opposed to hydrophobic surfaces (McGuire et al., / . Colloid Interface 
Sci.y in press). 

Interpretation with Reference to Kinetic Models. With reference to their 
model for bulk-surface exchange reactions at an interface involving two different types 
of protein, Lundstrom and Elwing (28) considered an experimental situation in which 
adsorption to a solid surface is allowed to occur from a single-component protein 
solution, followed by incubation in buffer, after which time a second, dissimilar 
protein is added. They showed that their model would lead to an experimentally 
verifiable expression relating the fraction of originally adsorbed protein that is 
nonexchangeable to rate constants governing conversion of the originally adsorbed 
protein to an irreversibly adsorbed form, and exchange of adsorbed protein by the 
dissimilar protein introduced to the solution. Krisdhasima et al. (29) made use of that 
development by adapting it to the sodium dodecylsulfate-mediated removal of selected 
milk proteins from silanized silica surfaces, where the tests were conducted in a manner 
similar to the present experiments. Considering adsorbed protein to exist in either a 
removable or nonremovable state, where Qx is the fractional surface coverage of 
removable protein, and 9 2 the fractional surface coverage that is nonremovable, they 
showed the consequence of the original kinetic model (28) would be, after a 
sufficiently long time, 

e 2 /e l f t i = 1 - [V(si + k^-exp ^ O , (1) 

where t[ is the time at which protein is contacted with pure buffer and ts the time of 
surfactant addition, ks is a concentration-independent rate constant for surfactant-
mediated removal of protein, and Sj the rate constant governing conversion from the 
removable to the nonremovable state. The left side of equation 1 is a measure of 
adsorbed protein binding strength, and increases with increasing value of sx associated 
with the adsorption. 

Concerning the stability mutants, one could assume that ks is independent of 
protein type, i.e., adsorbed mutants would differ only in their relative populations of 
removable and nonremovable forms. Approximating the left side of equation 1 as 
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resistance to elution (given in Table I), differences in binding strength among the 
proteins could be considered a function of S j alone, in which case sx would correlate 
well with AAG at each surface. Thus, we would conclude that less stable proteins 
more readily make the conversion from a removable to a nonremovable form. We 
would reach the same conclusion using a mechanism consistent with that described in 
(25), but for irreversible adsorption of protein from single-component solutions. Such 
a mechanism has been used by Krisdhasima et al. (29,30), and is shown in Figure 3a. 
In step 1, corresponding to short contact time, the protein molecule reversibly adsorbs 
to the surface, with its adopted surface conformation closely approximating its native 
form. In step 2, a conformational change takes place in which the reversibly adsorbed 
molecule is changed to an irreversibly adsorbed form. Solving equations describing 
the time-dependent fractional surface coverage of protein in each of the two states, one 
reversibly adsorbed (0^ and one irreversibly adsorbed (02), yielded an expression for 
total surface coverage (8) as a function of time: 

0 = 0! + 9 2 = A! exp^t) + A 2 exp(-r2t) + A 3 , (2) 

where A l f A 2 and A 3 are constants, the roots (vx and r2) are known functions of the 
three rate constants defined in Figure 3a, and t is time. An expression for total 
adsorbed mass as a function of time can be obtained from equation 2 as: 

T = aj exp(-rtt) + a 2 exp(-r2t) + a3. (3) 

The parameters a l t a 2 and a3 are the products of T m a x , the "equilibrium" adsorbed 
mass, with A ^ A 2 and A 3 , respectively. 

Nonlinear regression performed on adsorption kinetic data fit to equation 3 would 
yield estimates of the parameters a l f a 2 and a3, rx and r 2. Parameters tx and r 2 are 
known functions of kx, k_x and ŝ  In particular (30), 

(r!+r2) = (^C + k^ + Sj) (4) 
and 

r x r 2 = sxkxC, (5) 

where C is protein concentration. Assuming kx and k_x are similar among the T4 
lysozyme stability mutants, kinetic experiments for any two stability mutants allow 
equations 4 and 5 to be written for each kinetic curve yielding four equations and four 
unknown variables, since kx and k_j are assumed not to change among these mutants, 
with only sx being affected by stability. This analysis was performed with each pau­
per-mutation allowable for the three stability variants wild type, He 3 —» Cys (S-S) and 
He 3 -> Trp. Values of rate constant s j for each mutant relative to that for wild type are 
shown in Table H, and agree fairly well with both AAG and the elution data of Table I. 

Table II. The st Value for Each Stability Mutant Relative to that 
of the Wild Type 

Mutant AAG (kcal/mol) Surface 
sl, mutant 

&1,wild type 

He 3 -> Cys (S-S) +1.2 

He 3 -> Trp - 2.8 

hydrophobic 
hydrophilic 
hydrophobic 
hydrophilic 

0.93 
0.64 
1.63 
2.19 
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62 PROTEINS AT INTERFACES II 

Figure 3. Two simple mechanisms for irreversible protein adsorption from single-
component solutions: (a) initial, reversible adsorption into one state followed by 
conversion to an irreversibly adsorbed form (adapted from ref. 30); and (b) 
adsorption into one of two states exhibiting different resistances to elution and 
occupying different interfacial areas (adapted from McGuire et al., / . Colloid 
Interface Sci., in press). 

 A
ug

us
t 1

6,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

5 
| d

oi
: 1

0.
10

21
/b

k-
19

95
-0

60
2.

ch
00

4

In Proteins at Interfaces II; Horbett, T., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1995. 



4. McGUIRE ET AL. Charge Mutants of Bacteriophage T4 Lysozyme 63 

The developments leading to equations 1-5 assumed that generation of irreversibly 
adsorbed molecules occurs only after adsorption in the removable form, that s x is much 
smaller than the adsorption rate constant, and that the conversion involves no change in 
interfacial area occupied by the molecule (28-30). But results to-date indicate that 
adoption of a more tightly bound state may occur rather quickly, and molecules in that 
state may occupy a greater interfacial area. A more suitable mechanism (for adsorption 
of T4 lysozyme monomers) is shown in Figure 3b. In this case, protein may again 
adopt one of two states, where state 1 molecules are less tighdy bound (less resistant to 
elution) than those in state 2, but where molecules are considered partially elutable in 
either state. Additionally, a state 2 molecule is defined as occupying a greater interfacial 
area (A2) than it would occupy in state 1 (Aj). Although drawn to depict the possibility 
of attainment of state 2 immediately upon adsorption, the parallel reaction characterized 
by rate constant k 2 should be taken only as a convenient means to account for the 
apparent observation that some population of adsorbing molecules rapidly attains a 
more tightly bound state. 

It is most instructive here to interpret the elutability data in terms of certain 
conditions implicit in the mechanism of Figure 3b. We will define the maximum mass 
of molecules that could be adsorbed in a monolayer as T m a x (mg/m2). We will define 
81 as the mass of state 1 molecules adsorbed at any time (m^m2) divided by r m a x , and 
8 2 as the mass of state 2 molecules adsorbed at any time divided by r m a x . For cases 
where the surface can be considered as covered following incubation in buffer, and in 
the absence of desorption at that time, the definitions of Qx and 8 2 require that 

8! +a82 = 1 (6) 
and 

r 6o = r m a x (8 1 + e2), (?) 

where a is A2/Al, and T 6 0 (mg/m2) is the value of adsorbed mass recorded after 60 min 
(Table I). Equations 6 and 7 allow expressions for &x and 8 2 to be written as follows: 

6, = l -a(T 6 0 -r m a x ) / [r m a x ( l -a)] (8) 
and 

8 2 = (1-80/a. (9) 

r m a x can be approximated as 3.96 mg/m2, corresponding to a monolayer of molecules 
adsorbed end-on. Equations 8 and 9 state that knowledge of A x and A 2 for adsorption 
to a given surface, along with r 6 0 recorded for any protein, would allow estimation of 
the mass of protein adsorbed in each of the states 1 and 2. In particular, Qx and 8 2 are 
calculable, and can be used to estimate the fraction of protein that was adsorbed in state 
2 immediately prior to DTAB addition in each test: 

^60, state 2/T6o = 62/(6!+62). (10) 

Table HI shows the results of this analysis. At the hydrophilic surface, parameter a 
was set equal to 2.08 (= 3.96/1.90), where 1/1.90 was taken as the specific interfacial 
area occupied by side-on molecules, based on the data for He 3 -> Trp, and 1/3.96 the 
specific interfacial area occupied by end-on molecules. At the hydrophobic surface, Ax 

and A 2 were approximated as the specific interfacial areas occupied by end-on and side-
on molecules, respectively, or a = 3.96/2.05 = 1.93. 

Stability Mutants. As the surface coverage of He 3 -» Cys (S-S) was below that 
corresponding to a monolayer in any orientation on either surface, equations 8 and 9 
could not be used, and the different populations were estimated as follows. 

Considering data for wild type and He 3 -> Trp shown in Tables I and III, and 
defining xx and x2 as the fractions of state 1 and state 2 molecules that resist surfactant 
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Table III. The Fraction of Protein at Each Surface Adsorbed in State 2 
Immediately Preceding Contact with DTAB 

Protein ^60,state 2 
Hydrophilic Hydrophobic 

wild type 0.61 0.37 
He 3-> Cys (S-S) 0.48 0 
He 3 -> Trp 1 0.90 
135 0.71 0.83 
135-147 0.79 0.74 

SOURCE: Adapted from McGuire et al., / . Colloid Interface Sci., in press. 

elution (i.e., the fraction of each remaining after 105 min), for the hydrophobic surface 
we can write 1.84 xj + 1.10 x2 = 0.65 and 0.22 xx + 1.94 x2 = 0.62. Solution of 
this pair of equations would set xx = 0.17 and x2 = 0.30. At the hydrophilic surface, 
by inspection X j = 0 and x2 = 0.58. As expected, x 2 > xx in each case. At the 
hydrophobic surface, the fraction of He 3 -»Cys (S-S) that resisted elution was 0.17, 
and as that number is equal to x l f all of the molecules were assumed to be adsorbed in 
state 1. At the hydrophilic surface, taking xx = 0 and x2 = 0.58 yields the result shown 
for lie 3 -» Cys (S-S) in Table III. Thus, resistance to elution correlates well with the 
fraction of molecules present on the surface that were in state 2 at the time of surfactant 
addition, while each correlates well with AAG. 

Charge Mutants. For the hydrophobic surface, performing the calculation with each 
of the three allowable pair permutations for wild type, 135 and 135-147, xx = 0.12 
(standard deviation, s, = 0.04) and x2 = 0.37 (s = 0.02). At the hydrophilic surface xx 

= 0 and x2 = 0.59 (s = 0.02). At the hydrophobic surface, although the mechanism of 
adsorption has been described as generally similar among both sets of mutants, we 
have suggested here that charge substitutions involving the back of the C-terminal lobe 
allow association between the back of the C-terminal lobe of one molecule and the front 
of a neighboring molecule, concommitant with hydrophobic association with the 
surface. This may explain in part a higher value of x2 estimated for charge mutants as 
opposed to stability mutants. Excellent agreement was obtained with regard to both x t 

and x 2 for each set of mutants at hydrophilic surfaces, consistent with the thought that 
the process of orienting the regions of most mobile positive charge to the interface 
plays a large role in the adsorption process, while intermolecular associations are of 
minor significance for either set of mutants. In other words, data for the wild type 
protein, the stability mutants He 3 -> Trp and He 3 -> Cys (S-S), and the charge 
mutants 135 and 135-147 allow each to be considered as adopting one of two states 
upon adsorption, where state 1 molecules are completely elutable by DTAB while about 
58% of state 2 molecules resist elution; i.e., only the populations of molecules 
adsorbed in each of the two states differed among those five proteins, according to the 
model. 
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Chapter 5 

Structure and Adsorption Properties 
of Fibrinogen 

Li Feng and Joseph D. Andrade 

Department of Bioengineering, University of Utah, 
Salt Lake City, UT 84112 

This paper correlates molecular structure of fibrinogen to its 
adsorption properties at the solid-water interface. These properties 
play an integral role in helping fibrinogen fulfill its biological 
functions. We first introduce some unique surface (interfacial) 
attributes of fibrinogen by comparing it to other plasma proteins. We 
consider its concentration onsolid surfaces, effects of solid substrates, 
adsorption kinetics and isotherms, competitive adsorption, structural 
adaptivity, and platelet-binding ability. We then examine its structural 
organization by utilizing available data from the primary structure, 
immunochemical properties, structural stability, solubili ty, 
microscopic images, X-ray diffraction data, and information on 
proteolytic fragments. By analyzing the amino acid sequences, we 
estimate the flexibility and hydropathy along individual polypeptide 
chains. We inspect the net charge and hydrophobicity of individual 
structural domains. We pay special attention to the less addressed Aa 
chain, especially to its contribution to fibrinogen adsorptivity. While 
discussing its characteristics, we try to correlate the structure of 
fibrinogen to its properties. 

Fibrinogen plays an indispensable role in hemostasis of vertebrate animals: blood 
coagulation (conversion of fibrinogen to fibrin through proteolysis of thrombin and 
polymerization of fibrin monomers into fibrin clots) and platelet aggregation (binding 
to platelets and linking them together or immobilizing them on a surface) (1-4). These 
two processes usually happen simultaneously, resulting in a platelet-fibrin plug 
(hemostatic thrombus) (5). 

Besides interacting with solution proteins (thrombin, plasmin), fibrinogen has 
other interfacial interactions: binding to cells (platelets, endothelium (6) and leukocyte 
(7)) and associating with non-biological surfaces. Because of its cell adhering 
propensity, fibrinogen is categorized as a cell adhesive protein, together with 
fibronectin, vitronectin, and von Willebrand Factor (vWF) (6,8-10), all containing the 
Arg-Gly-Asp (RGD) sequence (11-13). Fibrinogen is a "sticky" protein, having a 
strong tendency to adsorb onto various surfaces. These properties earn fibrinogen the 
reputation of causing thrombogenesis on biomaterials. 

0097-6156/95/0602-0066$12.00/0 
© 1995 American Chemical Society 
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The origin of the surface activity of fibrinogen has not been thoroughly studied. 
Since it is important for our understanding of blood compatibility, we wish to explore 
these areas: How is the surface activity of fibrinogen related to its molecular structure? 
How does its structure help its platelet binding function? Is fibrinogen unique or is it 
similar to other surface active proteins? 

Recently a large volume of data concerning structure and properties of proteins 
have become available. We can address the molecular structure of fibrinogen and its 
relation to the adsorption properties although we still lack the details of its secondary 
and tertiary structures. In this paper we focus on its interactions with solid surfaces, 
antibodies and platelets and correlate its primary and domain structures to its 
adsorptivity at the solid-water interface and to platelet binding induced by surface 
adsorption. Our analysis of amino acid sequences is based on human fibrinogen. 

Adsorption Properties 

Although most proteins are amphipathic and surface active, the degree of their surface 
activity is different. Fibrinogen shows high surface activity at solid-water interfaces, 
manifested from its high surface concentration, high adsorption competitivity, and 
persistence on most surfaces. Strong association with a solid surface seems to be a 
property of many of the proteins participating in blood coagulation, including 
Hageman factor, high molecular weight kininogen ( H M W K ) , and plasma 
prekallikrein (14). 

High Surface Concentration. More fibrinogen is usually adsorbed than most other 
proteins (15-21). Part of this is likely due to its high molecular weight. However, as 
will be discussed later, other contributing factors include its strong lateral interactions, 
producing close packing of adsorbed fibrinogen films and itssurface activity, resulting 
in multilayer adsorption (17,22,23,24). 

Low Substrate Influence. The adsorption of fibrinogen is less affected by surface 
nature of materials (21,25-28). Like most proteins, fibrinogen is usually adsorbed 
more on hydrophobic surfaces (27), but the difference is smaller than in the case of 
most other proteins. An increase in hydrophilicity of a surface may not substantially 
reduce fibrinogen adsorption (29). For example, fibrinogen can adsorb on hydrophilic 
as well as on hydrophobic surfaces in similar amounts (21,30). It adsorbs more on 
sulfonated polyurethane, which is more hydrophilic than polyurethane (16,31). 
Fibrinogen can bind to heparin, a negative but hydrophilic substance, as do 
fibronectin, vitronectin, and vWF (32). It can also adhere to some protein "repelling" 
surfaces (29,31,33,34). 

Transient Adsorption Kinetics. The adsorption kinetics of fibrinogen from dilute 
plasma onto some hydrophilic surfaces often shows a maximum at some point, 
followed by decreasing surface concentration with time. Called the Vroman effect 
(20,27,35), this phenomenon is believed to reflect a process where the adsorbed 
fibrinogen is gradually displaced by other even more surface active proteins on these 
surfaces, such as HMWK, Hageman factor, or high density lipoprotein (36,37). 

Maximum in Isotherms. When adsorbed from dilute plasma, the isotherm of 
fibrinogen sometimes has a maximum (20,35). The plasma concentration at which the 
maximum occurs seems to be higher on more hydrophobic surfaces (36). This pattern 
is also considered to be related to displacement of fibrinogen. 
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Competitive Adsorptivity. Perhaps the best way to describe the high surface activity 
of fibrinogen is to compare the ratio of its surface concentration to solution 
concentration to those of other proteins in a multi-protein adsorption process (38-42). 
Some proteins, such as albumin, can show considerable adsorption from single 
protein solutions, but its surface concentration may be drastically reduced in the 
presence of other proteins, even trace proteins (17,40). Albumin has a low affinity for 
many surfaces and is easily displaced by many plasma proteins, including fibrinogen 
(9,43-45). Acid glycoprotein is another representative protein with low surface activity 
(46). On the other hand, the adsorption of fibrinogen is much less affected by the 
presence of other proteins(77,). Fibrinogen often displaces other already adsorbed 
proteins (45). 

Structurally Labile Protein. Some parts of fibrinogen are rather compliant, as 
deduced from ease in surface induced denaturation (27,39,47,48) and low thermal 
denaturation temperature (49,50). Conformational change is more easily revealed by 
means of proteolysis or antigen-antibody bonding. After local cleavage by an enzyme 
or bonding to an antibody, fibrinogen often undergoes a global conformational 
change, expressing many neo-binding sites. 

Platelet Binding. Fibrinogen is very active in binding to platelets or other cells. The 
binding not only immobilizes platelets onto a surface or brings them together to form 
a gel network, it can also activate the bound cells (51,52). 

Structural Characteristics And Their Consequences 

A Massive Molecule with Many Molecular Domains. Figure 1 presents a 
molecular model of human fibrinogen, adapted from several sources and based on 
electron microscopic images (53-56), X-ray diffraction analyses of modified 
fibrinogens (55,57), and calorimetric measurements (49). A dimer of molecular 
weight (Mw) of 340,000 daltons, fibrinogen consists of three pairs of non-identical 
polypeptide chains and two pairs of oligosaccharides. The Mw of the Act chain is 
66,066 (610 residues), Bp chain 52,779 (461 residues), y chain 46,406 (411 residues) 
(4), and each oligosaccharide 2,404 (58). The negatively charged and hydrophilic 
carbohydrate moiety may contribute a repulsive force between fibrinogen or fibrin 
molecules, enhancing the solubility of fibrinogen and structurally setting fibrin to 
assemble into a normal clot (58,59). They do not have a large contribution to 
fibrinogen clottability (60). There are no x-ray diffraction data on the secondary and 
tertiary structures of fibrinogen. Measurements by CD, Raman spectroscopy, and 
FTIR indicate that the native molecule contains about 35% a-helix, 10-30% p-sheet, 
and 14% p-turn (61,62). 

The structurally distinguishable regions of fibrinogen are: a lone central E 
domain, two distal D domains, two a helical coiled coils, two aC domains, and a pair 
of junctions between them. The E domain contains all the N terminal ends of the six 
polypeptide chains linked by disulfide bonds. The D domain consists of the C 
terminal ends of the Bp and the y chains, and a small portion of the Act chain. The 
coiled coil, made of three a-helices, connects the D domain to the E domain. It is 
interrupted in the middle by a small non-helical, plasmin sensitive region (2,63). In the 
context of this paper, the aC domain contains only the C terminal third of the Act 
chain (391-610). Although the middle third of the Ace domain (200-390) has no 
definite domainal structure (63-66), we call it the a M domain (M for middle). The 
masses are 32,600 for the E domain, 67,200 for the D domain, 42,300 for the 2/3 aC 
chain (the aC and a M domains), and 39,100 for the coiled coil (1). 
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Figure 2 shows the occurrence of the three chains in the different domains and 
sub-domains for a half molecule (65,67), and the sites of carbohydrate attachment (2). 
This figure helps us deduce domain properties from analysis of the polypeptide 
chains. There are four proteolytically splittable sub-domains in the D domain, two of 
which are formed by the Bp chain and two by the y chain (50,57,61). Here the defined 
E or C domains are molecular domains, not equivalent to fragment E (Mw 45,000) or 
D (Mw 100,000), degradation products from plasmin digestion (62). Fibrinogen is 
susceptible to plasmin cleavage, producing different sized fragments depending upon 
the digestion conditions (50,68,69). The plasmin cleavage sites along individual chains 
have been illustrated (70). 

Structure and Properties of Individual Chains and Domains. Assuming that the 
adsorption properties of fibrinogen are largely determined by its somewhat 
independently acting domains, we utilize a domain approach to facilitate our analysis 
of this complex protein (71). 

Net charge. Figure 3 shows the net charges of individual domains at pH 7.4. 
The data are calculated according to the amino acid composition of each domain and 
the charge of the carbohydrate (72). The values shown are an approximation because 
of the uncertainty of the charge of His and of the exact positions of charged residues 
(71). The result of pH titration of fibrinogen gives a net charge of -7 at the pH 7 (22), 
which is close to our calculated value: -10. Figure 3 assumes that the charge of Glu 
and Asp is -1, Lys and Arg +1, His +0.33 (one out of three His residues bears a unit 
positive charge). 

The E and D domains are negative while the aC domain is positive. The D sub-
domains have different net charges (Figure 3). In cases where electrostatic interactions 
play a major role, fibrinogen may orient its appropriate domains to interact with the 
surface. For example, the D (or less probably E) domains may be favored to adsorb 
on positively charged surfaces. Likewise the positively charged aC domain may be 
more favorably attracted to negative surfaces. Even though the global fibrinogen 
molecule has a net negative charge (-10), a negative surface may adsorb via the aC 
domains. H M W K and Hageman factor can effectively displace adsorbed fibrinogen 
from negatively charged glass (73), perhaps because both have domains with much 
higher positive charge density. Figure 4 clearly shows the high density positively 
charged region along the peptide chains of H M W K and Hageman factor, compared 
with the Act chain of fibrinogen. Low molecular weight kininogen does not have such 
a sequence and does not displace fibrinogen. Considering its size, fibrinogen has a low 
charge density. 

Structural stability. Figure 5 shows the thermal denaturation temperatures of 
fibrinogen at pH 8.5 (49). The E domain and coiled coils are relatively thermostable 
whereas the D and aC domains are thermolabile, suggesting that the D and <xC 
domains have lower structural stability (74). They are thus "soft" domains, readily 
changing their conformations (75,76). Such softness may provide the domains with 
high adaptivity to maximize their contact area with a surface during adsorption (41). 
Calculated according to Ragone scale (77), Figure 6 shows that the aC domain is 
flexible, especially in the aM domain. The disappearance of the aC domain under 
electron microscopy may be due to its structural collapse in the presence of substrate. 
Structural adaptivity of proteins is an important parameter contributing to the 
adsorptivity. The D and aC domains should be more surface active than the other 
domains (74,78). 
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PROTEINS AT INTERFACES II 

—disulfide bond o carbohydrate link 

Figure 1. Molecular model of fibrinogen and its individual domains. 
(Fibrinogen actually exists in an antiparallel arrangement. The shown 
parallel structure is just for convenience). 

Figure 2. Polypeptide segments in individual domains of human 
fibrinogen. 
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-4 -4 

Figure 3. Net charges on individual domains and sub-domains. 

^ ^ O O ^ ^ O T f r O O C N V O O T f O O C N V O 

Amino acid sequence 

Figure 4. Charge distributions along three polypeptides of human 
fibrinogen Act chain (A), human HMWK(B), and human Hageman factor 
(C). The charge of His is shown as +1. H M W K and Hageman factor have 
very dense positive charge between 400 to 510 and 290 to 400, respectively. 
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*5b 1500 •• 

Amino acid sequence 

Figure 5. Thermal denaturation temperatures of fibrinogen after Privalov 
(49). 

Figure 6. Flexibility of human fibrinogen A a chain, computed using 
Ragonef77) scale. 
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Hydrophobicity. Figure 7 plots the hydrophathy of the 3 polypeptide chains 
according to the Ponnuswamy scale (79). The hydrophobicity order is y chain > Bp 
chain > A a chain. The E and D domains apparently have comparable hydrophobicity, 
the aC domain is slightly more hydrophilic, and the a M domain has the highest 
hydrophilicity. The hydrophobic region of the aC domain may provide interactions 
between the aC domains or with the E domain (64). The hydrophobic, soft D domain 
should be preferentially adsorbed onto hydrophobic surfaces via hydrophobic 
interactions. 

Immunogeneity and Surface Topography. Fibrinogen can bind to a large number 
of antibodies (5). It is estimated that a single fibrinogen molecule can accommodate 
about 35 antibodies simultaneously (80). It has two kinds of epitopes: exposed ones 
on the native protein and latent ones that do not bind to their antibodies unless the 
native molecule is conformationally changed (5,51). The A a chain is the most surface 
exposed and readily cleaved by a wide variety of proteases (52,65,70,81-83). The y 
chain is the least exposed (65,84), hidden in the E and D domains, and in the coiled 
coil (85). The accessibility of the three chains in native fibrinogen can be produced by 
analyzing their binding activity to a variety of antibodies (5,52,81,84,85). The 
exposures of domains can be ranked as highest for the a M domain, followed by the 
aC domain, then the D domain, with the E domain last. The coiled coil native 
fibrinogen is inactive in binding to antibodies. Once fibrinogen is perturbed this region 
seems to express more neo-epitopes than any other domain whereas the a M domain 
has probably the fewest changes. 

Immunochemical analysis is a sensitive tool to interrogate allosteric effects 
among the domains. Delicately balanced in structure, the global fibrinogen molecule 
has an amazing ability to respond to very local structural alterations. For example, 
when fibrinogen is converted to fibrin, some latent epitopes of the y chain in the C 
domain become expressed. That suggests that information on conformational changes 
induced at the N termini of Aa and Ba chains in the E domain is transmitted to the y 
chain in the C domain (82). Reversibly, removal of the C terminal end of the A a chain 
in the aC domain wi l l conformationally rearrange the central domain (86). These 
phenomena suggest that there is good communication among the domains (65,81). 
They function cooperatively, and are not totally independent in action (49). The coiled 
coil is likely a conduit for the transmission of allosteric changes from one domain to 
another (65). 

Platelet Binding Sites. Native fibrinogen can bind to stimulated platelets (8). 
Conformationally perturbed fibrinogen can also bind to unstimulated platelets and 
activates the bound platelets, causing them to aggregate and secrete (51,52,87). 
Fibrinogen possesses six platelet binding sites, three different pairs located at the D 
domains (y 400-411), the aC domains (RGDS of A a 572-575), and the coiled coils 
(RGDF of A a 95-98), respectively (12). While the RGD sequence is a common cell 
recognition region (10), some cells, like endothelium, do not recognize y 400-411 (6). 
Although not available to unstimulated platelets (12), the RGDF sequence of native 
fibrinogen can bind to ADP-stimulated platelets (11). The C terminus of y 400-411 
and the RGDS sequence of immobilized fibrinogen actively participates in binding to 
unstimulated platelets (12). Both regions also directly interact with ADP-stimulated 
platelets (11). However, the Aa chain is only 20-25% as effective as the y chain, and 
the RGD sequences of fibrinogen are thought not to be essential to platelet aggregation 
(88). In fact, the A a chain of fibrinogens of some species do not have the RGD 
sequence at all (14). It has been speculated that these cell-binding sequences in a 
fibrinogen molecule cooperatively enhance the affinity of fibrinogen for platelets (89). 
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Figure 7. Hydropathy of three polypeptide chains of human fibrinogen, 
computed using Ponnuswamy scale (19). (Α) Α α , (Β) Β β and (C) γ .  A
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We suggest the such broad distribution of these sites can ensure that fibrinogen 
maintain its cell binding ability for different situations. Evidence shows that the native 
or near native tertiary structure is essential for fibrinogen to bind to platelets 
(28,51,90,91), and to express its polymerization sites (92). The multi-binding ability 
allows adsorbed fibrinogen in various adsorption states to interact with platelets. Some 
of the platelet binding sites are likely protected from alteration by surfaces. Usually 
only certain domains are favored by a particular surface. Some domains are adsorbed 
and probably denatured, anchoring fibrinogen on the surface. Others not directly 
interacting with the surface have their platelets binding sites preserved so fibrinogen 
can interact with platelets while adhering to a surface. Depending on the type of 
surface, immobilization can be provided by a particular domain and binding by 
another. For instance, on glass it is likely that the aC domain adheres to the surface 
and the site on the D domain bind to platelets. On a hydrophobic surface the D 
domain more likely adsorbs to the surface, leaving the aC domain available to interact 
with platelets. 

Platelet binding is likely faster than surface-induced denaturation. Immobilized 
fibrinogen may bind to and activate platelets prior to its full scale denaturation. 
Surfaces with microphase separation (87), with balanced polar and non-polar 
characters (73,93), or with high protein affinity (94) show better blood compatibility, 
presumably because they can interact with all the domains of fibrinogen, destroy the 
binding sites, and thus disabling its ability to bind to platelets. 

Importance of the aC Chain (aC and aM domains). The aC domain is often near 
or on the E domain (95), forming nodules observed by electron microscopy(51,96). 
Studies indicate that the aC domains show a considerable homology among species 
(97). Although the aM domains vary, the nature of their tandem repeats are conserved 
(14,66). This overall similarity suggests that the aC chain plays an important role. 
Unfortunately, its biological function has not been clearly defined (98). The aC chain 
is not considered as a structural component for the formation of a fibrin clot, but it 
may be a factor promoting (66,99), branching (63), and stabilizing (100) the normal 
assembly of fibrin. Fibrinogen with the aC chain portions deleted show retarded 
polymerization and lower clottability (64). 

The conformation of the aC chain has not been completely solved. Although the 
aC chain seems to have neither a-helix nor p-sheet (2), it does show a compact 
structure (55), with a defined thermal denaturation temperature (49,64). The a M 
domain has high hydrophilicity and low intra-molecular cohesion (Figs. 7 and 6), 
providing high solubility, flexibility and mobility. The aC domain contains a 
hydrophobic (Aa 470-520) and hydrophilic (Aa 550-610) region (Figure 7). 

Although less attention has been given to it (66,72), more evidence is showing 
that the aC domain may be partly responsible for the surface activity of fibrinogen. 
The aC domain seems to have a strong tendency to interact with another aC domain 
(72,95), enhancing lateral interactions between fibrinogen molecules (39,40). Electron 
microscopy reveals that a free 40,000 aC fragment cleaved by plasmin can bind to the 
aC domains of fibrin (95). It is reported that the aC domains have a complementary 
site so that they can be strongly tied together intra-molecularly (49,66,64,101), 
forming a super aC domain, often seen as a fourth domain by electron microscopy 
(57). They also bind to the corresponding regions inter-molecularly, bringing 
individual fibrinogen or fibrin molecules together, guiding fibrin monomers to 
polymerize, and regulating the structure of fibrin clots (63). Covalent bonding between 
two aC chains from two fibrin molecules by Factor XHIa further stabilizes fibrin 
polymers (63,102). The aC domain can attach to the E domain, producing an 
apparently larger central domain (56) and blocking the antibody accessibility of the y 
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chain in the E domain (65). Because of its uncertain position related to the bulk 
molecule, the aC chain prevents fibrinogen from crystallizationf55). 

Inter-molecular association of the aC domains may contribute to fibrinogen's 
susceptibility to precipitation and thus its low solubility (103). The interaction between 
the aC chains can also enhance lateral interactions among adsorbed fibrinogen 
molecules (104). Although the aC chain is more hydrophilic than the other chains, 
fibrinogen actually becomes more soluble in aqueous solutions without it. The 
cleavage starts at the C terminus of the aC chain and gradually extends towards the N -
terminus, producing modified fibrinogen with the aC chain of different lengths. The 
longer the aC segment chopped off, the higher the solubility of the modified 
fibrinogen (105,106). 

We suggest that the aC chain acts as a "pioneer" for adsorption. The a M 
domain has high flexibility and mobility, permitting high collision frequencies of the 
aC chain with a surface. The aC domain easily changes its conformation and adheres 
to a surface by either the hydrophobic or hydrophilic regions, or is attracted to negative 
surfaces. The cooperation of the two domains results in a highly mobile "hand". The 
aM domain can also locally associate with themselves or with the a M domain of 
another molecule. This segment possesses an accordion structure composed of a 
series of tight turns, a series of imperfect 13-residue repeats. Most the p-turns contain 
a Trp residue at the fourth position, which acts as a "meager toe-hold" for inter-chain 
interaction. It is proposed that the stickiness of the aC chain is due to the exposure of 
the "caged" Trp residues on the Aa chain (66,72). Fibrinogen is seen to attach to the 
solid surface by one end from a solution droplet and extend in the direction of the 
receding edge as the droplet continues to dry, suggesting that the aC domain is the 
first to adhere to the surface (96). Sometimes presumed dimers on hydrophilic silica 
may actually be single fibrinogen molecules with the aC chain stretched from the D 
domain (30). In addition to electrostatic forces, the interaction between a hydrophilic 
surface and the hydrophilic aC chain may be due to the formation of hydrogen bonds 
between their mutual hydrophilic groups. 

Based on the above discussion, we are able to make a number of predictions. 
The interaction between the aC domain and a surface should not be strong since the 
chain is neither very hydrophobic nor highly positive. Fibrinogen adsorbed on a 
surface via its aC domain alone can be readily displaced by other surface active 
proteins (27), or eluted by sodium dodecyl sulfate (SDS) (90,97). Only when other 
domains later begin to adhere to the surface does fibrinogen adsorption become 
increasingly strong, reducing its displacement and elutability. The presence of albumin 
in solution can inhibit this process and thus slows down the decrease in SDS 
elutability (90,97). At low plasma concentration, fibrinogen has sufficient time to use 
all its domains interacting with surfaces. Thus the surface concentration increases with 
plasma concentration. When the plasma concentration is high enough, adsorption of 
other proteins prevents fibrinogen from contacting the surface through domains other 
than the aC domain. Such adsorbed fibrinogen can be easily displaced, resulting in a 
decrease in surface fibrinogen with increasing plasma concentration. This can explain 
the maximum in adsorption isotherms of fibrinogen vs. plasma concentration. 
Surfaces strongly interacting with the aC domain may improve the blood 
compatibility. For example, despite more fibrinogen adsorbed sulfonated 
polyurethane has a longer thrombin time (16,107). In addition to the suspected heparin 
like behavior of the sulfonated polyurethanes, the interaction may cause a change in 
adsorbed fibrinogen and increase its resistance to thrombin attack. 

Very large proteins tend to show high surface activity. However, mass is not 
necessarily the major driving force. For example, adsorbed fibrinogen (Mw 340,000) 
can be displaced by Hageman factor (Mw 78,000) from glass (108), or by 
hemoglobin (Mw 64,650) from several surfaces (36). What is really important is that 
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high M w proteins usually contain highly diverse structures and multi-domain 
organization. These characteristics usually offer them the necessary ingredients for 
high surface activity, such as structural f lexibi l i ty , high charge density, 
hydrophobicity, etc. As we have seen, higher heterogeneity of structure can result in 
higher surface activity, as it provides the opportunity for proteins to optimize their 
interactions with different surfaces. 

Postscript 

Fibrinogen is a well built molecule. Its primary and domain structures dictate its 
physicochemical properties. It contains domains ensuring rapid, strong interactions 
with non-biological surfaces. Although fibrinogen is not very hydrophobic, it is 
surface active enough to accumulate at interfaces. Fibrinogen can cooperatively change 
its conformation, providing a sensitive structure which "senses" foreign surfaces and 
permits quick reactions. It has the ability to activate platelets through adsorption and is 
often only slowly inactivated by surfaces. 
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Chapter 6 

Macroscopic and Microscopic Interactions 
Between Albumin and Hydrophilic Surfaces 

C. J. van Oss1,2, W. Wu1,3, and R. F. Giese3 

Departments of 1Microbiology, 2Chemical Engineering, and 3Geology, State 
University of New York at Buffalo, Buffalo, NY 14214-3078 

On a macroscopic level, proteins such as serum albumin (HSA), 
dissolved in water, should in theory be sufficiently repelled by clean 
glass or silica particles not to adsorb to them at pH values significantly 
higher or lower than the PI of HSA of 4.85. Yet at pH < 8, HSA does 
adsorb to a moderate extent to such hydrophilic surfaces. An 
explanation is that on a microscopic level, discrete heterogeneous sites 
in the hydrophilic surface that are positively charged and electron 
acceptors (e.g., Ca++), locally attract negatively charged and electron 
donor moieties of the HSA surface. It can be shown via extended 
DLVO analysis (which includes Lewis acid-base interactions) that such 
moieties must be situated on HSA sites with a small radius of 
curvature. The adsorption of HSA to hydrophilic particles could be 
decreased by the admixture of Na2EDTA. In the presence of this 
complexing agent, the HSA adsorption was 60% less with 
montmorillonite and 51% less with silica particles at pH 7.2. There 
was no free Ca++ in the particles or in the HSA solution. 

The net macroscopic interaction between hydrophilic proteins and hydrophilic 
surfaces, such as glass or montmorillonite clay particles, immersed in aqueous media, 
at neutral pH, is strongly repulsive. Thus, under conditions where the macroscopic-
scale rules of Lifshtz-van der Waals (LW), Lewis acid-base (AB), and electrical 
double layer (EL) interactions are applicable, adsorption of hydrophilic proteins onto 
hydrophilic mineral surfaces should not occur. However, hydrophilic proteins, 
dissolved in water, do adsorb onto glass [albeit more sparsely than the adsorption of 
hydrophilic proteins onto hydrophobic surfaces (/)], as well as onto montmorillonite 
surfaces (2). 

The adsorption of proteins onto hydrophilic, high-energy surfaces, appears to 
occur through interactions between microscopic attractor sites on the high-energy 
surface, and the protein surface. For the microscopic attraction between such attractor 
sites to prevail, it must be relatively long-range in nature as well as strong enough to 
surmount the overall macroscopic repulsion. The most likely macroscopic attractors 
are plurivalent cations present in glass and montmorillonite surfaces, acting with 

0097-6156/95/0602-0080$12.00/0 
© 1995 American Chemical Society 
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6. VAN OSS ET AL. Interactions Between Albumin and Hydrophilic Surfaces 81 

anionic sites on the protein. Concomitantly with the attraction caused by differences 
in electrostatic signs of charge, there also is a Lewis acid-base attraction between the 
accessible cationic sites which also function as Lewis acids, and the Lewis base sites 
that dominate the surface of dissolved protein. 

To determine the conditions that have to be fulfilled to enable the interaction 
energies between discrete microscopic attractor sites to overcome the overall 
macroscopic repulsion field, an analysis must be made of the interplay of all the free 
energy elements involved in these interactions, as a function of the distance between 
the interacting sites and surfaces. To that effect energy versus distance diagrams must 
be elaborated, taking into account L W and El (3), as well as A B forces, as a function 
of distance, in the guise of extended DLVO diagrams (4, 5, 6) 

To test the putative influence on protein adsorption by plurivalent cationic sites 
imbedded in the surfaces of high-energy hydrophilic mineral materials, attempts were 
made to block the action of such cationic sites by means of complexing agents; see 
below. 

Theory 

On a macroscopic level, at all distances H between the outer surface of protein (1), and 
the adsorbing surface (2), immersed in water (w): 

AG™--AG%+AG&AG* CD 

However as the LW, A B and EL free energies decay as a function of distance H 
according to different regimes, AG^O?) , A G ^ ( 0 and AG,^r(0 must each be 
determined separately before being combined into AG 1 ^? T (0. 

The expressions for the different types of A G l w 2 ( 0 are, for a sphere with a 
radius R and a flat surface: 

AG^y-lnRXAG^expi^-] ( 3 ) 

and 

A Gfyfi) =Rety2M 1 +exp( - K€)] < 4 > 

where: the van der Waals, or Hamaker constant, 

A ^ - n ^ G t : ; (s> 

and the apolar (LW) energy of interaction between two flat parallel bodies, AG,"^ W0) 
at the minimum equilibrium distance, <?o=0.157 nm, is: 

\GLW"-vLW->rLW-vLW ( 6 > 

L*u\w2 J 12 J\w \2w 
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82 PROTEINS AT INTERFACES II 

and the apolar interfacial tension components: 

The free energy of polar (AB) interaction between two flat parallel bodies, A G ^ " , 
at 0o = 0.157 nm is: 

A ^ f ; ( € 0 ) = - 2 [ y : ( Y f n f - Y ^ ) n ^ ( Y f + Y ^ Y t ) - / ^ - v ^ f ] <«> 

Yi® and YiG respectively are the electron-acceptor and the electron-donor parameters 
of the surface tension of material i . Y i L W , Y° and Yi e can be determined together, by 
means of contact angle measurements with a number of apolar and polar liquids (7, 
8, 9); X is the decay length of water, here taken to be 0.6 nm (6, 7); e is the dielectric 
constant of the liquid medium (for water at 20°C, e=80), i[r0 is the potential of a 
molecule or particle at the rxrtential-detennining surface and K is the reciprocal 
thickness of the diffuse ionic double layer such that: 

1 eJcT 1 

where e is the charge of the electron (e=4.8 x 10"10 esu), v4 is the valency of each 
ionic species, rij is the number of counterions per cm 3 of bulk liquid, k is Boltzmann's 
constant (k=1.38 x 10"20 J per degree Kelvin) and T is the absolute temperature in 
degrees Kelvin. 

For the interaction between two equal spheres the right-hand sides of equations 
2-4 should be halved. For cylinders of radius R and length L , interacting with a flat 
plate, with the cylinders' axes parallel to the plate, equations 2-4 are replaced by: 

^G\w2^) = - J- (10) 

(77), and as a first approximation: 

A ^ ) = 2 i r X v O T A ^ " ( € 0 ) e x p [ - ^ ] (11) 

and 

A<7/£^)= e/lLR i^ln[l+exp(-K€)] (12) 

The net macroscopic interaction between water-soluble proteins and strongly 
electron-donating surfaces (such as glass) is repulsive (9, 10). 

For the microscopic interaction between discrete sites the following data are 
utilized. The EL free energy of one cationic site (with one available valency) 
interacting with one corresponding anionic site, at close range, is about -12.5 kT (72). 
The A B free energy resulting from the interaction between the electron-donating 
protein and the glass surface (8, 9, 73), is of the order of magnitude of the energy of 
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one hydrogen bond (e.g., in water, at 20°C), which is maximally about - 7.6 kT [c.f. 
the free energy of cohesive H-bonding in water of -102 mJ/M 2 , which per surface area 
of *0.3 nm 2 (14), corresponds to -7.6 kT]. Microscopic A B interactions are taken to 
decay as a function of d as exp[(V#)] (cf. Equations 3 and 11) and E L interactions as 
ln[l+exp(-K0)] (cf. Equations. 4 and 12). The L W attraction remains unchanged. 

Materials and Methods 

Clean glass microscopic slides (VWR Scientific, Media, PA) were used for the 
estimation of the interactions between human serum albumin (HSA) and glass. Its 
Y i L W , Y° and Yi e values were determined by contact angle measurements, and the t|i 0 

potential was determined via electrophoretic mobility measurements on ground-up 
glass slides, by microelectrophoresis (15). The resulting surface properties of the glass 
thus were: Yi - 33.7, Y® -1.3 and y* =62.2 mJ/M 2; =- 59.3 mV. HSA (Cutter, 
Berkeley, CA) has the following surface properties: Yi = 26.8, y * =6.0 and Yi 9 

=51.5 mJ/M 2 [HSA with two layers of water of hydration, (73, 76); i | / 0 =- 31.8 mV 
(77). HSA was exhaustively dialyzed against a diluted phosphate saline buffer, at pH 
7.2, ionic strength T/2 =0.015. 

The surface properties of montmorillonite clay particles (SWy-1, Crook 
County, Wyoming, from the Source Clay Minerals Repository of the Clay Minerals 
Society, Dept. of Geology, University of Missouri, Columbia, MO) were measured in 
the same manner as used for glass. For contact angle measurements clay particles 
were deposited in a thin flat layer on porous (0.45 | im pore-size) silver membranes 
(Hytrex Filter Division, Osmonics, Minnetonka, MN). Microelectrophoresis of SWy-1 
particles was done by the same methods as used for the glass particles. The surface 
properties are: Y i L W = 44.1, y • =0.2 and YiG =34.1 mJ/M 2; i | / 0 =- 72.2 mV. 

Energy-distance diagrams, taking LW, A B and EL forces into account, were 
elaborated for hydrated HSA interacting with glass microscope slides, at neutral pH 
and 172=0.015 (PBS/10). The dimensions and shape of the HSA molecule were taken 
from the recent X-ray diffraction results obtained by He and Carter (18). The 
cylindrical sections of HSA are taken to be 4.0 nm long, with R=1.3 nm. The 
"elbows" of the HSA molecule are taken to be (half) spherical, with R=1.3 nm. The 
five "elbows" of HSA are similar in shape; for the repulsive interactions the 
macroscopically measured properties of HSA may be reasonably taken to be the same 
everywhere. 

The SWy-1 particles were purified by dispersal in distilled water and settling 
for four hours, followed by removal of the sedimented particles and storage in 0.075 
M NaCl at a particle concentration of 1% (w/v). 10 ml aliqots of the stock SWy-1 
suspension were diluted and washed three times with PBS/10 by centrifuging at 1,200 
G for 2 minutes, and then suspended in 20 ml PBS/10 or in 20 ml PBS/10 containing 
2.5, 5.0, 10.0, 20.0, 30.0, 40.0 mg Na 2EDTA in test tubes, respectively, with a few 
drops 0.3 M NaOH added to maintain the pH at 7.2 ±0.05. Adsorption measurements 
of HSA were done onto the above prepared SWy-1 particles, in PBS/10. By addition 
of 5 ml 0.1% HSA in PBS/10 to the above SWy-1 suspensions, HSA concentrations 
of 0.02% (w/v) were obtained in a volume of 25 ml, also containing 100 mg washed 
SWy-1 particles, of a size less than 2 [im, with total surface area of 3.0 M 2 (79). 
After equilibration for 45 minutes, the suspension of the SWy-1 and HSA was 
centrifuged at 2,600 G for 5 minutes to remove the SWy-1 particles. The remaining 
liquid part was then transferred to another tube and further centrifuged at 2,600 G for 
15 minutes. The U V absorption of the liquid was then measured at 280 nm with a 
U V spectrophotometer (Gilford Instruments, Oberlin, OH). 

Silica particles, silica TK 800 (SCI-IUPAC-NPL, code No. 6A/31/22) with a 
sepecific surface area of 166 M 2 /g , were used in this study. 0.050 g aliquots of the 
silica particles were dispersed in 20 ml PBS/10 or in 20 ml PBS/10 containing 20.0 
mg Na 2 EDTA, at pH 7.2. The silica suspensions were then mixed with 5 ml 0.1% 
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84 PROTEINS AT INTERFACES II 

HSA in PBS/10 and equilibrated for an hour. The procedures followed with the silica 
suspensions were the same as those used for SWy-1 particles. 

Results 

Macroscopic Scale Interactions. Both with a cylinder segment parallel to the flat 
glass plate (Figure 1) and with a spherical ("elbow") moiety interacting with the glass 
plate (Figure 2), a strong macroscopic repulsion prevails which is at close-range (up 
to C*1.5 nm) mainly due to A B forces and at intermediate range (0*4 nm) due to 
slightly longer-range EL forces (at the relatively low ionic strength of 0.015). The 
range of action of this repulsion, i.e., the distance at which the net repulsion energy 
is still of the order of +1 kT, is about 4 nm for the sphere-flat plate (Figure 2) and 
about 6 nm for the cylinder-parallel flat plate configuration (Figure 1). 

In both configurations the overall strong short-range and long-range repulsion 
and the fact that in the first case (Figure 1) the short-range repulsion is more than 100 
kT and in the second case (Figure 2) more than 40 kT, would rule out any possible 
adsorption of HSA onto clean glass, if macroscopic interactions were the only 
operative factor. 

Microscopic and Macroscopic Scale Interactions Combined. Even though the 
microscopic-scale attraction to one attractor site on the glass surface is energetically 
much feebler ( A G ^ T = -20 kT at 0=0o) than the close-range macroscopic repulsion 
in either of the configurations shown in Figure 1 and 2, in the case of the sphere-flat 
plate configuration, the microscopic discrete-site attraction will prevail. Figure 3 
illustrates that in the case of the cylinder segment-parallel to the glass plate, the 
macroscopic repulsion still dominates at all distances 0; however in Figure 4 it can be 
seen that for the sphere-flat plate configuration, at close range, the microscopic-scale 
single site attraction is stronger. This is because at 0<R, i.e., at 0< 1.3 nm, the overall 
macroscopic repulsion is locally superseded by the microscopic site's attraction. 
However, for the parallel cylinder-flat plat configuration, the attraction by one 
microscopic attraction site per cylinder segment of 4.0 nm length does not suffice to 
overcome the overall macroscopic repulsion (Figure 3). Even two such microscopic 
attraction sites per cylinder-segment would be insufficient to surmount the 
macroscopic repulsion field. Only when three microscopic attraction sites are grouped 
within a rectangle of about 4.0 x 1.3 nm, would they be able to bind the protein via 
such a cylinder-segment. Nonetheless, given a calcium content of about 7% by weight 
(which is typical for this type of glass), such a configuration is rather rare, so that 
HSA adsorption to glass via albumin "elbow" interactions with the glass surface will 
be the prevalent mode by far. In addition, the greater ease with which the "elbow" can 
penetrate the macroscopic repulsion field, would cause the parallel cylinder segments 
to dip toward the flat plate as a consequence of the incipient attraction of one or the 
other of its "elbows" to one of the attractor sites on the glass, thus causing the 
configuration to revert to the "elbow"-flat plate situation. 

Influence of E D T A on HSA Adsorption to Mineral Particles. From the top row of 
Table 1 it can be seen that 78.1% of 5 mg=3.90 mg HSA adsorbed onto 100 mg, or 
3.0 M 2 of SWy-1 montorillonite clay particles, or 1.3 mg HSA per M 2 SWy-1. The 
silica suspension (Table 2) of 8.3 M f adsorbed 2.275 mg HSA, or 0.274 mg HSA per 
M 2 (cf. MacRitchie, 1972, who found a similar degree of adsorption onto silica under 
comparable conditions). 

The presence of Na 2EDTA, in both cases, caused a significant decrease in HSA 
adsorption (Table 1 and 2). From Table 1 it appears that there is a minimum of HSA 
adsorption at the intermediate Na 2EDTA concentration of 10 mg EDTA per 25 ml (or 
0.04%). At higher EDTA concentration its adsorption-suppressive effects seem to 
diminish (Table 1), but this is most probably a consequence of the propensity of 
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Figure 1. Energy vs. Distance Balance I. Macroscopic interaction between a 
parallel cylindrical HSA domain and the glass surface. The asterisk indicates the 
average closest approach, at +lkT. A net short-range repulsion prevails. 
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Figure 2. Energy vs. Distance Balance II. Macroscopic interaction between an 
HSA "elbow" and the glass surface. The asterisk indicates the average closest 
approach, at +lkT. A net short-range repulsion prevails. 
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86 PROTEINS AT INTERFACES II 

Figure 3. Energy vs. Distance Balance III. Microscopic attraction vs. macroscopic 
repulsion between a parallel cylindrical HSA domain and the glass surface. The 
asterisk indicates the average closest approach, at +lkT. A net short-range 
repulsion still prevails. The middle curve represents the composite interaction. 
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Figure 4. Energy vs. Distance Balance IV. Microscopic attraction vs. macroscopic 
repulsion between an HSA "elbow" and the glass surface. A net short-range 
attraction now obtains between microscopic attractor sites on the "elbow" and the 
glass surface. 
The middle curve represents the composite interaction. 

 A
ug

us
t 1

6,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

5 
| d

oi
: 1

0.
10

21
/b

k-
19

95
-0

60
2.

ch
00

6

In Proteins at Interfaces II; Horbett, T., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1995. 



88 PROTEINS AT INTERFACES II 

EDTA to render SWy-1 montmorillonite particles more hydrophobic, in proportion to 
the EDTA-concentration, see Table 3. It is well established that albumin adsorbs much 
more avidly to low than to high-energy surface (7). 

Table 1. Adsorption of human serum albumin (0.02%) in 25 ml of a 0.4% Swy-1 
suspension in PBS/10 at pH 7.2 in the presence of varous amounts of Na 2 EDTA 

pH±0.05 T/2 Absorbed (%) 

no EDTA 7.2 0.015 78.1 

2.5 mg EDTA 7.2 0.015 69.7 

5.0 mg EDTA 7.2 0.017 44.7 

10.0 mg EDTA 7.2 0.018 31.1 

20.0 mg EDTA 7.2 0.019 48.2 

30.0 mg EDTA 7.2 0.020 61.8 

40.0 mg EDTA 7.2 0.023 71.9 

Table 2. Adsorption of human serum albumin (0.02%) in 25 ml of a 0.2% Silica 
suspension in PBS/10 at pH 7.2 in the presence of of Na 2 EDTA 

pH±0.05 T/2 Absorbed (%) 

no EDTA 7.2 0.015 45.5 

20.0 mg EDTA 7.2 0.019 22.2 

Discussion 

Competition between Macroscopic and Microscopic Interactions. Taking the 
known three-dimensional properties of serum albumin into account, as well as the 
properties of a typical glass surface, it could be shown by means of energy 
(LW+AB+EL) versus distance diagrams (Figures 1-4), that an albumin molecule 
would only be prone to surmount the net macroscopic (AB+EL) repulsion field, 
through attraction by a discrete-site attractor in the glass surface, when approaching 
such an attractor via one of its "elbows", with a small radius of curvature (Figure 5). 
Such an attractor on a glass (or clay) surface would be, e.g., a calcium, or other 
plurivalent cation. [The presence of calcium and/or other plurivalent cations in all 
types of glass is well-documented (27)]. To test this hypothesis we attempted to 
inhibit the action of such a specific attractor by means of a complexing agent, see 
below. 

Effect of Complexing Agents on HSA Adsorption to Mineral Particles. The 
adsorption (at T/2 = 0.015 and PH = 7.2) of HSA onto montmorillonite particles could 
be decreased 60% (Table 1) and the adsorption onto silica particles could be decreased 
51 % by the admixture of Na 2EDTA (Table 2). However, the addition of large amounts 
of NajEDTA appeared counterproductive, most likely as a consequence of an 
increasingly hydrophobizing influence on montmorillonite of higher EDTA 
concentrations (Table 3). EDTA itself also appears to adsorb onto SWy-1, so that the 
decrease in HSA adsorption at the lower EDTA concentration may also be due, partly 
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I 

4.0 nm 

| Glass I 

II 

Figure 5. Schematic presentation of the mechanism of adsorption of human serum 
albumin (HSA) onto glass. In I only the averaged macroscopic repulsion between 
one "elbow" of the HSA molecule and glass surface is operative: even a moiety 
with a small radius of curvature cannot approach the glass surface more closely 
than to 0* 4 nm. In II it is shown that the attraction between a microscopic 
attractor site (A) imbedded in the glass surface and an HSA site on a point of 
maximum curvature (B) or "elbow" can surmount the macroscopic repulsion, and 
lead to a local point of attachment where B meets A. From C.J. van Oss, 
Interfacial Forces in Aqueous Media, Marcel Dekker, New York, 1994, Fig. X X I -
1, with permission from the Publisher. 
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90 PROTEINS AT INTERFACES II 

or entirely, to competition for adsorption sites between EDTA and HSA. However, the 
attachment sites on SWy-1 for EDTA are most likely the same plurivalent cation sites 
which are also the most probably sites for HSA adsorption. It thus would appear that 
a tentative conclusion is warranted that at neutral pH, albumin mainly adsorbs onto 
hydrophilic mineral surfaces, immersed in aqueous media, via plurivalent cation (e.g., 
calcium) sites for electron-donating (and often significantly negatively charged) 
hydrophilic proteins. The cause of this attraction lies not only in the (local) excess 

Table 3. The surface properties of SWy-1 particles, as is, and in the presence of 
different amounts of N a ^ D T A , at neutral pH 

Natural 
SWy-1 

SWy-1 
+ 0.04% (10 mg) 
EDTA 

SWy-1 
+ 0.16%(40mg) 

EDTA 

YsL W(mJ/M 2) 44.1 39.9 39.1 

Y S * (mJ/M2) 0.2 1.3 1.3 

Y s

e (mJ/M2) 34.1 30.0 23.9 

of positive charges of the imbedded plurivalent cations, but also in their concomitant 
electron-accepticity (9, 79, 20). 

Very recent results show that HSA can be completely eluted with EDTA from 
glass and similar surfaces (22). 
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Chapter 7 

A New Hydrophobicity Scale and Its 
Relevance to Protein Folding and Interactions 

at Interfaces 

Dan W. Urry1 and Chi-Hao Luan1,2 

1Laboratory of Molecular Biophysics, School of Medicine, University 
of Alabama, 1670 University Boulevard, VH525, 

Birmingham, AL 35294-0019 
2Bioelastics Research, Ltd., 1075 13th Street South, 

Birmingham, AL 35205 

A hydrophobicity scale, based on the temperature, Tt, at which an 
inverse temperature transition of hydrophobic folding and assembly 
occurs in a model protein, has been used for hydrophobicity plots of 
protein primary structures of fibronectin, fibrinogen and two 
apolipoproteins. The periodicity of recurrence of hydrophobic 
residues could be used to identify amphiphilic β-sheets and α-helices. 
Evaluation of relative stability of hydrophobic domains can use the 
calculated hydrophobicity of the domain, i.e., Σd Tt/N = <Tt>d. 
Domains with the lowest values of <Tt>d would be the most stable and 
those with values closer to 37°C would be the least stable 
corresponding respectively to the rigid and soft nomenclature of 
Norde for protein adsorption at interfaces. Non-uniformity within a 
given hydrophobic domain can be analyzed to assess a path of 
hydrophobic unfolding in the process of binding at a hydrophobic 
interface. 

Over the past several decades there has been an increasing interest in the interaction 
of proteins at interfaces (1-13). This short report will neither attempt to review those 
previous efforts nor to emulate any of the previous approaches. Rather, this effort 
wil l involve an analysis of protein interactions at interfaces based on a new 
hydrophobicity scale developed directly on the hydrophobic folding and association 
transition of relevance to proteins. 

In a purely aqueous environment, it is difficult to build a strong case for 
charge-charge interactions as being a primary effect for protein folding and 
interaction. For example, charge-charge interactions in protein-based polymers, 
where proximity can be forced by primary structure, result in limited pKa shifts (14-
16). This is not to say that charge-charge interactions cannot be significant in 
proteins and in protein interactions but rather in particular well-defined examples that 
they can be shown to derive their significance due to hydrophobic environments 
imposed by polymer or surface structures (17-19) which cause large repulsive free 
energies of interaction (17). The large apolar-polar repulsive free energies of 
interaction can be relieved in part by ion-pairing or even by ion-ion cloud 
interactions. 

Proteins in serum or in the extracellular matrix, unless activated in some way 
or otherwise structurally disturbed, are generally well contained structures 

0097-6156/95/0602-0092$12.00/0 
© 1995 American Chemical Society 
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7. URRY & LUAN A New Hydrophobicity Scale 93 

resulting from having arrived at their properly folded and associated minimal free 
energy states (20). Increasingly, over the past several decades hydrophobic folding 
and assembly of proteins have been considered more prominently in arriving at the 
structural global minimum in free energy (21-28) and in achieving function (17). 

In a particularly instructive series of protein folding experiments on hen 
lysozyme, Dobson and colleagues (29,30) have provided strong evidence for the 
prominent role of hydrophobic folding. In stopped-flow far ultraviolet circular 
dichroism experiments, they observed that the native circular dichroism pattern is 
obtained after four milliseconds of refolding, a result generally interpreted to mean 
that the a-helices and p-sheet secondary structures are already well formed within 
this short period. Using pulsed hydrogen exchange labeling studies, however, no 
stable hydrogen bonding, that is, no slowing of peptide N H exchange, was found as 
deduced from the observation that all backbone N H moieties were still rapidly 
exchanging after the first several milliseconds of refolding. The third experiment 
followed the time development of fluorescent intensity of intrinsic tryptophan 
residues where it was found that the tryptophans were already buried in a 
hydrophobic domain within the first few milliseconds. The conclusion is that 
hydrophobic collapse can be an initial event (29,30) followed by the sorting out or 
stabilizing of the most favorable secondary structures that would support the 
hydrophobic domain. 

In related theoretical arguments, Dil l and colleagues (31) have shown that 
hydrophobic folding in the sense of a "hydrophobic zipper" can be a cooperative 
process, and work of this Laboratory going back for more than a decade has 
described a cooperative hydrophobic folding and assembly transition with the 
formation of P-spiral structures as arising entirely from a helical hydrophobic zipper 
in elastic model proteins (17). 

It is the dependence on amino acid composition of the temperature, T t , at 
which the hydrophobic folding and assembly transition occurs in elastic model 
proteins that is the basis for a new hydrophobicity scale (32). And it is the new 
hydrophobicity scale that provides for hydrophobicity plots of protein primary 
structure to analyze for the occurrence of structural features such as P-sheets and a-
helices, that can be used to scale proteins from rigid to soft in the Norde 
classification (12) and that can be used to deduce the hydrophobic unfolding of soft 
proteins (or protein domains) in the process of hydrophobic association with 
interfaces. 

The Tt-based Hydrophobicity Scale 

The Model Protein System. The T rbased hydrophobicity scale has been 
developed employing an elastic repeating sequence of mammalian elastic fibers, 
( V a l 1 - P r o 2 - G l y 3 - V a l 4 - G l y 5 ) n where n = 11 in bovine elastin without a single 
substitution, but using chemically synthesized polymers with values of n greater than 
120. Written for simplicity as poly(VPGVG) or equivalently as poly(GVGVP), this 
sequential elastomeric polypeptide, or elastic protein-based polymer, cannot be 
substituted at the Pro 2, G ly 3 and G l y 5 positions without loss of elastic property or 
without causing other significant higher order structural perturbations. Some 
substitution is possible at the V a l 1 position. Fortunately, however, all of the 
naturally occurring amino acids, and many chemical modifications thereof, can be 
substituted at the V a l 4 position. The general formula for the family of model proteins 
can be written as poly[/v(VPGVG),/ x(VPGXG)] where / v and fx are mole fractions 
and / v + / x = 1. 

When these elastic protein-based polymers are dissolved in water at 
sufficiently low temperatures, they are miscible with water in all proportions with the 
formation of clear solutions. On raising the temperature, there is an onset of turbidity 
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94 PROTEINS AT INTERFACES II 

which defines the onset of a hydrophobic folding and assembly transition. The 
temperature at which this onset of folding and assembly occurs is concentration 
dependent, occurring at lower and lower temperatures as the concentration is 
increased, but only up to a high concentration limit of about 40mg/ml. The 
temperature at which half intensity in the turbidity versus temperature curve is 
achieved for the 40mg/ml concentration is designated as Tt, the temperature of an 
inverse temperature transition resulting in increased order as hydrophobic folding and 
assembly occurs (17,32). 

Dependence of Tt on Composition. Hundreds of elastic protein-based 
polymers were synthesized using different amino acids in position four and doing so 
at different values of / x , i.e., at different extents of substitution. Plots of / x versus 
T t were found to be essentially linear up to / x = 0.5 for the various substitutions as 
shown in Figure 1 (17,32). Importantly, it is seen that addition of more 
hydrophobic residues lowers the value of T t , whereas addition of more polar 
residues increases the value of T t. As a standardized point of reference, all plots of 
fx vs. T t are extrapolated to / x = 1, i.e., to poly(VPGXG), and this value of T t is 
taken as an index of the relative hydrophobicity as shown in Table 1(17). 

The first hydrophobicity scale for amino acid residues was due to Nozaki 
and Tanford (33); the most commonly used is that of Kyte and Doolittle (34), and 
there are now more than forty such scales (35,36). So there is little need for yet 
another hydrophobicity scale. The Tt-based hydrophobicity scale, however, is the 
only scale based directly on the hydrophobic folding and assembly of interest; it 
explicitly delineates between charged and uncharged states of functional side chains; 
but most importantly, it is an integral part of understanding a mechanism whereby 
free energy transduction can be achieved involving all of the intensive variables of 
mechanical force, temperature, pressure, chemical potential, electrochemical potential 
and light. A l l of these energy conversions are achieved by controlling the value of 
T t . It is easy to recognize how lowering T t would drive hydrophobic folding and 
result in the performance of mechanical work, but just as clearly lowering T t has 
been shown to change the pKa of Glu, Asp and Lys residues (14-19) in a manner 
that can result in the performance of chemical work. Other hydrophobicity scales 
have not been demonstrated to be integral to such functional roles. Those scales 
which are based on distribution of residues buried versus on the surface of a globular 
protein appear to be most similar to the Tt-based hydrophobicity scale. 

Tt-based Single Residue Hydrophobicity Plots for Protein Primary 
Structures 

Human Fibronectin. The Tt-based hydrophobicity plot for human fibronectin 
sequence (37) is given in Figure 2 where 37°C is taken as the reference temperature. 
A l l of those residues which are hydrophobic and could contribute to hydrophobic 
folding are positive deflections as plotted from the 37°C line and all of those more-
polar residues which would disrupt or not significantly contribute to hydrophobic 
folding, i.e., those with Rvalues greater than 37°C, are plotted as negative 
deflections from 37°C. At the right-hand side of the figure are the one-letter codes 
for the amino acid residues corresponding to their Tt values, and superscripts are 
used where appropriate to indicate the charged state of the functional side chain. 

Even though there are more than 2000 residues in the fibronectin sequence 
(37), it is possible to see simply by glancing at Figure 2 that there are repeating 
motifs which are most apparent due to the periodicity of the most hydrophobic 
tryptophan(W) residue. It is also seen that the repeats differ in hydrophobicity by 
noting the number of tyrosine(Y), phenylalanine(F) and leucine(L) residues that 
occur between the tryptophans. In order to use the distribution of hydrophobic 
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7. URRY&LUAN A New Hydrophobicity Scale 97 

residues to aid in analysis of the conformations of the repeats, it will be helpful to 
expand the residue number scale and to look at a single repeat. This will be done 
below for the specific repeat sequence (the tenth Type m domain) in fibronectin that 
contains the RGD cell attachment sequence. 

Human Fibrinogen. The hydrophobicity plots of the three chains of human 
fibrinogen, the a-, p- and y-chains are given in Figure 3. Again, the hydrophobicity 
plots provide much information even at a glance. In all three chains, the hydrophobic 
leader sequences at the amino ends are apparent. These are utilized and cleaved 
during transport of the chains out of the cell into the serum. In the a-chain there is a 
striking 80-residue sequence near the center of the sequence in which there is only 
one charged residue, a lysine(K) residue. There are also significant runs where a 
dominant motif is the recurrence of a hydrophobic residue every third or fourth 
residue which is often referred to as a heptad repeat (38). This is the structure 
required for an amphiphilic a-helix with resulting supercoiled a-helices. The 
example of an amphiphilic a-helix is considered in more detail below for a 
particularly interesting apolipoprotein. 

Analysis of Single Residue Hydrophobicity Plots in Terms of 
Conformational Features 

If it is correct that a dominant primary structural feature for determining conformation 
is the distribution of hydrophobic residues with which to form a hydrophobic 
domain, as suggested above in the Introduction, it should be possible to analyze for 
the periodicity of hydrophobic residues and thereby to deduce preferred 
conformational features. 

P-turns and Cross-P-structures. The P-turn is a conformational feature 
(actually a secondary structural feature) whereby a chain can fold back on itself in the 
formation of a cross-p-structure as shown in Figure 4 (39). Such a pair of P-chains 
defines a plane with a distinct sidedness in which alternate residues in the primary 
structure occur on the same side. Thus, if one side were to be hydrophobic, this 
would be apparent in the primary structure by the occurrence of alternating 
hydrophobic residues. Also, if hydrophobic association of side chains was the initial 
association in protein folding and assembly, then the aligning of pairs of 
hydrophobic side chains in the formation of hydrophobic microdomains would 
precede the stabilizing of interchain hydrogen bonding. Furthermore, the formation 
of the first hydrophobic microdomain as seen in Figure 4 would facilitate the 
formation of the second and third pairs and so on in a cooperative folding transition 
as in the hydrophobic zipper of Dil l (31) and as early appreciated by Matheson and 
Scheraga (40). This would be the case to the extent that hydrophobic residues occur 
in ready juxtaposition. 

Antiparallel and Parallel B-sheets and p-barrels. Whether the chains run 
antiparallel as in the cross-p-structure of Figure 4 or parallel to form P-sheet 
structures, there occurs a sidedness such that an entire side of a p-sheet could be 
hydrophobic. Of course the P-chains could form a P-barrel with the hydrophobic 
residues on the inside in the formation of a water soluble globular structure, or the 
hydrophobic residues could be directed outward as might occur in the folding of a 
transmembrane protein with a pore structure. 

The Tenth Type III Domain of Fibronectin (The RGD-containing 
Sequence). The P-barrel topology of the fibronectin Type III domain, an 
approximately 90-amino acid residue sequence, is found in many proteins: in 
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Human Fibrinogen 
A. oc-Fibrinogen 

50 100 150 200 250 300 350 400 
Residue Number 

Figure 3. Tt-based hydrophobicity plots for the a-, p- and y-chains of human 
fibrinogen. 
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100 PROTEINS AT INTERFACES II 

immunoglobulins, in tenascin, in titin (the elastic third filament of muscle), in 
cytokine receptors, etc. (41). The P-barrel-type structure is comprised of seven P-
chains with a hydrophobic interior. It is perhaps better described as four antiparallel 
P-chains forming one sheet and three antiparallel P-chains forming a second sheet 
and with hydrophobic residues at the interface between the two sheets whose chains 
are at an angle of about 30°. Accordingly, not all of each p-chain contributes to the 
hydrophobic interface between the sheets. The structure of the third Type III 
fibronectin-like domain of tenascin which is analogous to the RGD-containing tenth 
Type III domain of fibronectin is given in Figure 5 (41). 

The Tt-based hydrophobicity scale for the tenth Type III domain of 
fibronectin, residues 1420 through 1513, is given in Figure 6A. If, as anticipated, 
for the P-chain that hydrophobic residues should appear at alternate positions to form 
a hydrophobic side to a P-sheet, the plot of Figure 6A can be usefully sequence 
edited. The odd residue plot is given in Figure 6B, and the even residue plot is 
shown in Figure 6C. Indeed in Figure 6B are observed six of the seven P-chains. 
The two most hydrophobic sequences are p-chains B and C, followed by G and F, 
with A and C contributing less to the hydrophobic fold and with E contributing least 
with a single De residue on the even residue plot. The P-chains and the hydrophobic 
residues, Trp, Tyr, Phe, Leu, He and Val of the analogous domain of tenascin, can 
be followed in Figure 5. What is of particular interest is that the p-chains with 
hydrophobic sidedness are readily observed from the analysis of the primary 
structure. Furthermore, when interested in the adsorption at a hydrophobic interface, 
those chains with the weakest hydrophobic interactions would be expected to open 
(separate) most readily in the required unfolding step. This is discussed below. 

Amphiphilic a-helices. The classical a-helix is characterized by having 3.5 
residues per turn such that one side of the helix would be defined by every third or 
fourth residue and most effectively by each seventh residue as in the heptad repeats 
(38). When hydrophobic collapse is an initial, important step in protein folding, then 
sequences which become a-helices should be characterized with a periodicity of 
hydrophobic residues resulting in amphiphilic a-helices having one side 
hydrophobic. There are amphiphilic a-helices in human fibrinogen (38), and it 
would be of interest to see how readily the hydrophobicity plots of Figure 3 provide 
argument for such structures and for the association of particular sequences. The 
situation is, however, more complex than the interaction of hydrophobic residues 
between turns of the helix that would give a helical zippering effect; there is the more 
general hydrophobic domain in which the side of a single a-helix is but one 
component. In the case of fibrinogen, this translates into the additional problem of 
which amphiphilic a-helices associate with which other amphiphilic a-helices. 

For purposes of this introductory discussion of using the T t-based 
hydrophobicity scale to analyze for protein hydrophobic folding and interaction at 
interfaces, two apolipoproteins provide an interesting case study. These are single 
protein sequences which form a hydrophobically clustered bundle of five a-helical 
segments. The Tt-based hydrophobicity plots for the proteins, apolipoprotein III 
from Locusta migratoria and Manduca sexta (42,43), are given in Figure 7. In both 
plots and perhaps even more dramatically in the Manduca sexta sequence, there is a 
surprisingly regular recurrence of a strongly hydrophobic (or non-polar) residue at 
every third or fourth position. The regularity is so extensive that the challenge is to 
identify the non-helical sequences, that is, to determine where given helical segments 
would begin and end to allow the helices to fold back and forth to form a common 
hydrophobic domain. 

The crystal structure for apolipoprotein III from Locusta migratoria (44) is 
given in Figure 8 using the a-carbon to a-carbon representation. In the structure, as 
presented, the side chains are explicitly included for the more hydrophobic Trp, Phe, 
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• W,Y,F,L, I ,M,V 
© all other residues 
o D, E, K, R 

Using the protein data bank coordinates of 
Leahy, Hendrickson, Aukhil and Erickson 
Science, 1992 

Figure. 5. Stereoplots of the molecular structure of the third fibronectin Type DI 
domain of human tenascin using the protein data bank coordinates due to Leahy et 
al. (41) for the structure which is analogous to the tenth Type III domain of 
fibronectin. It is an a-carbon representation of a seven-chain p-barrel-like 
structure with inclusion of the hydrophobic side chains of Trp, Tyr, Phe, Leu, lie 
and Val showing the hydrophobic interaction between a three-chain P-sheet and 
four-chain P-sheet. Also indicated is the P-turn containing the R G D cell 
attachment sequence. The left-hand pair of plots are for cross-eye viewing, and 
the right-hand pair of plots are for wall-eye viewing. 
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A. Apolipoprotein in from Locusta migratoria 
-100 

-50 

0 

. 50 
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200 
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n. IIIIL 
-lin||iqrirr|| 
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Residue Number 

B. Apolipoprotein m from Manduca sexta 

0 20 40 60 80 100 120 140 160 
Residue Number 

Figure 7. T t-based hydrophobicity plots for two primary structures. A . 
Apolipoprotein III from Locusta migratoria where the five amphiphilic a-helical 
sequences are indicated as known from crystal structure. B . Apolipoprotein in 
from Manduca sexta. In both plots the preponderance of hydrophobic (or non-
polar) residues at every third or fourth position in the sequence is noted. See text 
for discussion of the folding to form a five helix bundle resulting from the 
optimization of a hydrophobic domain. 
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104 PROTEINS AT INTERFACES II 

Leu, He and Val residues. In Figure 7A it is indicated where the five a-helical 
segments occur in the primary structure based on the crystal structure (44). 

Perhaps the fundamental consideration in analyzing the T t .based 
hydrophobicity plot to arrive at the three-dimensional structure is to address the 
means whereby the best hydrophobic domain might result. With the packing volume 
required for hydrophobic side chains, a five helical bundle appears to work well; six 
would be too many as they would leave a central void. If five helical segments are 
the most that could form without a void, then the issue becomes one of choosing the 
five amphiphilic helical segments which would form the best hydrophobic domain 
given a 161-residue protein. With interconnecting segments between amphiphilic 
helices, there would be no more than about 30 residues per helical segment. To have 
one amphiphilic a-helical segment too long would leave some of its hydrophobic 
side exposed to water. Accordingly, one might naturally look in the region of 
residues 30,60,90 and 120 for the break regions between a-helical segments. 

Next, there are two specific ways that one might consider for disrupting an 
amphiphilic a-helix. One would be to place one or two very polar residues, e.g., 
charged residues, on the hydrophobic side. A second way would be to have a 
periodicity of hydrophobic residues which directed for P-chain formation, i.e., to 
have alternating hydrophobic residues, rather than a periodicity which directed for an 
amphiphilic a-helix by every third or fourth residue being hydrophobic. Looking 
near residue 30 in Figure 7A, there is seen an alternating pair of hydrophobic 
residues followed by a charged residue in the fourth position after the second 
hydrophobic residue of the pair. Accordingly, the break between the first and second 
helix seems to be quite well defined. For the break between the second and third 
helical segment, there are four charged residues at the end of the second helix 
followed by a weak hydrophobic directing force which would contribute little to a 
hydrophobic domain thereby defining the second break sequence. For the third 
break which would occur in the vicinity of residue 90, the most obvious issue is the 
alternate pair of hydrophobic residues. Near residue 120, with the important 
exception of a single tryptophan residue, there is little hydrophobicity such that if the 
Trp side chain could be directed into the end of the hydrophobic core, a break could 
readily occur here. As seen in Figure 8, this folding is observed. Accordingly, it 
seems that the bundle of five amphiphilic a-helixes can be understood by noting the 
periodicity of hydrophobic residues and by maximizing the hydrophobic domain 
intensity. As a test of this^understanding, one might predict that the breaks between 
amphiphilic a-helixes for the apolipoprotein HI from Manduca sexta would involve 
residues 30 to 35, 65 to 75, 95 to 105 and 130-135. 

Binding of Serum Proteins at Interfaces 

When designing materials for medical devices with preferred properties, a particular 
concern is the adsorption of serum or extracellular matrix proteins onto the surface of 
the device which would thereby impart their own properties to the surface. In this 
regard, the study of a series of bioelastic matrices of different compositions has been 
instructive. The study suggests that significant serum protein adsorption is 
proportional to the matrix hydrophobicity, and the study demonstrates that 
hydrophobicity dependent adsorption can alter the properties of the surface of the 
matrix in undesirable ways. 

The intended purpose for certain bioelastic material compositions is to achieve 
a matrix or surface with non-interactive, non-adhesive properties (45-47). Once this 
is achieved for certain applications, then for other applications the matrix could be 
selectively modified with the addition of specific sequences, such as the RGD cell 
attachment sequence of fibronectin (48,49), to confer on the matrix desired specific 
cell attachment properties. 
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cross-eye wall-eye 

• W, Y, F, L, I, M, V 
© all other residues 
o D, E, K, R 

Usipg the protein data bank coordinates of 
Breiter, Kanost, Benning, Wesenberg, Law, Wells, Rayment and Holden 
Biochemistry, 1991 

Figure 8. Molecular structure of Apolipoprotein III from Locusta migratoria 
residues 6 through 158 using the protein data bank crystal structure data of Breiter 
et al. (44). It is an a-carbon representation with the side chains of the 
hydrophobic residues included to show the hydrophobic domain. It is a 
stereoplot in which the left-hand pair of structures are for cross-eye viewing and 
the right-hand pair are for wall-eye viewing. The circled numbers are to identify 
the helices which correspond to the sequences indicated in Figure 7A. 
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106 PROTEINS AT INTERFACES II 

The elastic protein-based polymer, poly(VPGVG) which was used to develop 
the hydrophobicity scale, when y-irradiation cross-linked by 20 Mrads to form an 
elastic matrix, i.e., X 2 0 -po ly (VPGVG) , is remarkably biocompatible, eliciting 
neither fibrous capsule formation when implanted (45-47) nor cell attachment when 
in the appropriate culture medium with bovine serum albumin added (50-52). When 
fetal bovine serum (20%) is added to the cell culture medium, limited cell attachment 
does occur without significant spreading and growth. When the GRGDSP 
fibronectin cell attachment sequence is included in the primary structure, as in X 2 0 -
poly[40(GVGVP),(GRGDSP)], cells then attach firmly, spread and grow to 
confluence even in the absence of serum (50-52). 

In addressing the effect of serum on inducing limited cell attachment, another 
several elastic matrices were formed, X 2 0-poly(GGIP), X 2 0 -poly(GGVP) and X 2 0 -
poly(GGAP). In the absence of serum, like X 2 0 -poly(GVGVP) these matrices did 
not support cell adhesion. In the presence of serum, limited cell attachment occurred 
on X 2^-poly(GGIP), a poorer attachment occurred on X 2 0 -po ly(GGVP) but no 
attachment whatever occurred even in serum on X 2 0 -poly(GGAP) (53). Noting the 
hydrophobicity scale of Figure 1 and Table I, it seems apparent that cell adhesion in 
serum is proportional to hydrophobicity. The interpretation is that serum proteins, 
such as fibronectin, are adsorbed by hydrophobic association and then the adsorbed 
proteins promote limited cell attachment. 

Relevance of a Mean Tt to the Rigid and Soft Proteins of Norde 

Poly(GVGIP) and poly(GVGVP) can be dissolved in an aqueous solution at 5°C. 
On raising the temperature from 10 to 15°C poly(GVGIP) hydrophobically folds, 
self-assembles and settles out in the formation of a viscoelastic phase leaving 
poly(GVGVP) alone in solution. As the temperature is raised above 25°C, 
poly(GVGVP) begins to hydrophobically fold and assemble. At 28°C poly(GVGIP) 
remains well folded and assembled, but poly(GVGVP) is actively folding and 
unfolding. At 28°C poly(GVGIP) with a <Tt) of 10°C could be considered a less soft 
protein in the Norde classification (12), whereas poly(GVGVP) with a (T t) at 25°C 
would be considered a very soft protein as it can readily unfold and associate with an 
interface. A low mean value of T t for the hydrophobic domain (d) of a protein, i.e., 
a minimal (Tt)d, would correspond to a rigid protein and the closer that the value of 
(Tt)d is to the working temperature, the softer the protein would be. Thus (TJd can 
be used to provide a continuous series of values to the Norde classification with 
increasing adhesiveness to a hydrophobic surface as (Tt)d became lower until the 
hydrophobic domain would no longer unfold. 

Given the human fibronectin hydrophobicity plot of Figure 2, it is apparent 
that there are different (Tt)d values for the Type III domains because of the differing 
number of Tyr, Phe and Leu residues. It should therefore be possible to calculate the 
value of (Tt)d for each domain and thereby to evaluate the relative contribution of 
each domain to interaction at a hydrophobic interface. 

In the comparison of Type III domains, it is necessary, of course, to decide 
upon an appropriate means in which to calculate (T t)d such that the relative 
magnitudes will provide a scaling from the more rigid to the softer domains. It 
would be best to analyze, for example, the structure of Figure 5 to determine which 
residues can contribute side chains to the hydrophobic domain, to sum the value of T t 

for each residue, SdTt, and then to divide by the number of residues(N) to get 
SdTt/N = (Tt)d- For a quick look at relative stabilities, it is sufficient to simply sum 
the hydrophobic residues W, Y , F, L and I and divide each sum by a common N or 
by one. 

A more detailed quick look is possible by taking the single Trp residue of 
each Type III domain of fibronectin as residue 22 and summing over those residues 
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7. URRY&LUAN A New Hydrophobicity Scale 107 

Table I. Tt-Based Hydrophobicity Scale for Proteins 

T t =Temperature of Inverse Temperature Transition 
for p o l y [ f v ( V P G V G ) , f x ( V P G X G ) ] 

Residue 
X 

T t , linearly 
extrapolated to 

/ x = l 

Correlation 
Coefficient 

Lys(NMeN, reduced)a -130°C 1.000 
Trp (W) -90°C 0.993 
Tyr 00 -55°C 0.999 
Phe (F) -30°C 0.999 
His (imidazole) (H°) -10°C 1.000 
Pro (P)b (S°C) calculated 
Leu (L) 5°C 0.999 
De (I) 10°C 0.999 
Met (M) 20°C 0.996 
Val (V) 24°C reference 
Glu(COOCH 3) (E m) 25°C 1.000 
Glu(COOH) (E°) 30°C 1.000 
Cys (C) 30°C 1.000 
His (imidazolium) (H + ) 30°C 1.000 
Lys(NH 2 ) (K°) 35°C 0.936 
Pro (P)c 40°C 0.950 
Asp(COOH) (D°) 45°C 0.994 
Ala (A) 45°C 0.997 
HyP 50°C 0.998 
Asn (N) 50°C 0.997 
Ser (S) 50°C 0.997 
Tru­ (T) 50°C 0.999 
d y (G) 55°C 0.999 
Arg (R) 60°C 1.000 
Gin (Q) 60°C 0.999 
Lys(NH^) (K + ) 120°C 0.999 
Tyrfth-O-) (Y-) 120°C 0.996 
Lys(NMeN, oxidized) a 120°C 1.000 
Asp(COCT) ( D l 170°C 0.999 
Glu(COO") ( E l 250°C 1.000 
Ser(P04) 1000°C 1.000 
a NMeN is for N-methyl nicotinamide pendant on a lysyl side chain, i.e., N-Methyl nicotinate 

attached by amide linkage to the 6-NH2 of Lys and the reduced state is N-methyl-1,6-dihydronicotinamide. 
b The calculated T t value for Pro comes from poly(VPGVG) when the experimental values of Val and Gly 

are used. This hydrophobicity value of -8°C is unique to the (3-spiral structure where there is 
hydrophobic contact between the ValJ')CH3 and the adjacent Pro?8CH2 and the interturn Pro? 3 PCH2 
moieties. 

c The experimental value determined from poly[/v(VPGVG),/P(PPGVG)]. 

Adapted with permission from reference [17] 
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108 PROTEINS AT INTERFACES II 

with Tt values of 25°C or less to give the (Tt)d values for the domains indicated above 
the Trp of each domain in Figure 2. The most rigid domains would be the first 
domain (-8°C) and the tenth domain (-6°C) which contains the RGD cell attachment 
sequence. The softer domains, those most likely in this analysis to open up and 
adhere to a hydrophobic interface, would be the eleventh domain (+5°C) followed by 
the third (+4°C), sixth (+3°C) and thirteenth (+3°C) domains. 

Furthermore, a given hydrophobic domain as in Figure 5 for a fibronectin-
like Type III domain and in Figure 8 for the apolipoprotein III of Locusta 
migratoria can be analyzed to determine the softer region of the domain which would 
be expected to be the section where unfolding would begin in the process of 
hydrophobic association with an interface. By die location of the two Trp and two 
Phe residues of Figure 8, it would be concluded that the upper part of the 
hydrophobic domain as presented would have the lower (It)d' where d ' signifies a 
more hydrophobic region of the domain. Furthermore, the less hydrophobic, lower 
part of the domain as printed has a Leu residue that is directed outward, not into the 
hydrophobic domain, and it has other readily accessible hydrophobic residues. 
Accordingly, it is expected that unfolding would begin from this end with an 
unfolding of helices ® and ®. Interestingly, in the analysis of the lipid transport role 
of this apolipoprotein III, Brieter et al (44) suggested a similar unfolding for 
extramolecular hydrophobic interaction. 

The Type in fibronectin domains are not individual globular proteins and 
therefore there may be hydrophobic association between domains as suggested by the 
Leu and Tyr residues at the upper right-hand side of the structure in Figure 5. This 
does complicate consideration of where unfolding might begin but the softer end 
would be the RGD end with the F and G P-chains separating from the A and B p-
chains. Presumably, this would occur with the RGD sequence yet available to the 
serum side for some cell attachment which is less than optimal. 

Conclusions 

A hydrophobicity scale, based directly on the hydrophobic folding process of interest 
and characterized by die temperature T t at which the hydrophobic folding and 
assembly transition occurs, can be utilized in analyzing for different periodicities of 
hydrophobic residues which direct for different folded structures such as a-helices 
and P-sheets with hydrophobic sidedness. Protein interactions at hydrophobic 
interfaces can be viewed as resulting from hydrophobic unfolding initially at less 
hydrophobic regions of a given hydrophobic domain. The rigid and soft 
classification of Norde can be given a continuous scaling by means of a calculated 
mean hydrophobicity, (Tt)a, for the hydrophobic domain that unfolds in order to 
interact at the interface. 

Acknowledgments 

This work was supported in part by Contract Nos. N00014-89-J-1970 from the 
Department of the Navy, Office of Naval Research and F33615-93-C-5378 from 
Wright-Patterson Air Force Base. The authors wish to thank Johanna Kahalley and 
Mark Logan of the McCormick/Cannon Biopolymer Research Group at The 
University of Southern Mississippi for calling our attention to the insect 
apolipoprotein structures. 

Literature Cited 

1. Vroman, L. Biomat. Med. Dev., Art. Org. 1984-85, 12, 307-323. 
2. Vroman, L.; Adams, A. L. J. Biomed. Mater. Res. 1969, 3, 46-47. 
3. Vroman, L. Fed. Proc. 1971, 30, 1703-1704. 

 A
ug

us
t 1

6,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

5 
| d

oi
: 1

0.
10

21
/b

k-
19

95
-0

60
2.

ch
00

7

In Proteins at Interfaces II; Horbett, T., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1995. 



7. URRY&LUAN A New Hydrophobicity Scale 109 

4. Vroman, L.; Adams, A. L.; Klings, M. Fed. Proc. 1971, 30(5), 1492-
1502. 

5. Brash, J. L.; Lyman, D. J. In The Chemistry of Biosurfaces; Hair, M. L., 
Ed.; Marcel Dekker: New York, NY, 1971; p. 177. 

6. MacRitchie, F. Advan. Protein Chem. 1978, 32, 283. 
7. Ivarsson, B.; Lundström, I. CRC Critical Reviews in Biocompatibility 

1985, 2, 1. 
8. Norde, W. Advan. Colloid and Interface Sci. 1986, 25, 267. 
9. Dong, D. E.; Andrade, J. D.; Coleman, D. L. J. Biomed. Mater. Res. 1987, 

21(6), 683-700. 
10. Ho, C-H.; Hlady, V.; Nyquist, G.; Andrade, J. D.; Caldwell, K. D. J. 

Biomed. Mater. Res., 1991, 25(4), 423-441. 
11. Li, J.; Caldwell, K. D.; Huang, S-C.; Yan, G. Calorimetric Studies of 

Protein Conformations at Solid/Liquid Interfaces 1994. This symposium. 
12. Norde, W.; Clinical Materials 1991, 11, 85-91. 
13. Pettit, D. K.; Horbett, T. A.; Hoffman, A. S. J. Biomed. Mater. Res 1992, 

26, 1259-1275. 
14. Urry, D. W.; Peng, S. Q.; Parker, T. M. J. Am. Chem. Soc. 1993, 115, 

7509-7510. 
15. Urry, D. W.; Peng, S. Q.; Parker, T. M.; Gowda, D. C.; Harris, R. D. 

Angew. Chem. (German) 1993, 105, 1523-1525; Angew. Chem. Int. Ed. 
Engl. 1993, 32, 1440-1442. 

16. Urry, D. W.; S. Q. Peng; Gowda, D. C.; Parker, T. M.; Harris, R. D. 
Chem. Phys. Ltrs. 1994 225 97-103. 

17. Urry, D. W. Angew. Chem. (German) 1993, 105, 859-883; Angew. Chem. 
Int. Ed. Engl. 1993, 32, 819-841. 

18. Urry, D. W.; Gowda, D. C.; Peng, S. Q.; Parker, T. M.; Harris, R. D. J. 
Am. Chem. Soc. 1992, 114, 8716-8717. 

19. Urry, D. W.; Gowda, D. C.; Peng, S. Q., Parker, T. M.; Jing, N.; Harris, 
R. D. Biopolymers, 1994, 34 , 889-896. 

20. Anfinsen, C. B. Science, 1973, 181, 223-230. 
21. Edsall, J. T. J. Am. Chem. Soc. 1935, 57, 1506-1507. 
22. Frank, H. S.; Evans, M. W. J. Chem. Phys., 1945, 13, 507-532. 
23. Kauzmann, W. Adv. Protein Chem. 1959, 14, 1-63. 
24. Némethy, G.; Scheraga, H. A. J. Phys. Chem. 1962, 66, 1773-1789. 
25. Némethy, G.; Scheraga, H. A. J. Chem. Phys. 1962, 36, 3382-3417. 
26. Tanford, C. The Hydrophobic Effect: Formation of Micelles and Biological 

Membranes; John Wiley & Sons: New York, NY, 1980. 
27. Ben-Naim, A. Hydrophobic Interactions; Plenum Press: New York, NY, 

1980. 
28. Edsall, J. T.; McKenzie, H. A. Adv. Biophys. 1983, 16, 53-183. 
29. Evans, P. A.; Radford, S. E. Curr. Op. Struct. Biol. 1994, 4, 100-106 
30. Dobson, C. M.; Evans, P. A.; Radford, S. E. Trends in Biochem. Sci . 

1994, 19, 31-37. 
31. Dill, K. A.; Fiebig, F. M.; Chan, H. Proc. Natl. Acad. Sci. USA 1993, 90, 

1942-1946. 
32. Urry, D. W.; Gowda, D. C.; Parker, T. M.; Luan, C-H.; Reid, M. C.; 

Harris, C. M.; Pattanaik, A.; Harris, R. D. Biopolymers 1992, 32, 1243-
1250. 

33. Nozaki, Y.; Tanford, C. J. Biol. Chem. 1971, 246, 2211-2217. 
34. Kyte, J.; Doolittle, R. F. J. Mol. Biol. 1982, 157, 105-132. 
35. Cornette, J. L.; Cease, K. B.; Margalit, H.; Spouge, T. L.; Berzofsky, T. 

A.; DeLisi, C. J. Mol. Biol. 1987, 195, 659-685. 

 A
ug

us
t 1

6,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

5 
| d

oi
: 1

0.
10

21
/b

k-
19

95
-0

60
2.

ch
00

7

In Proteins at Interfaces II; Horbett, T., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1995. 



110 PROTEINS AT INTERFACES II 

36. Esposti, M. D.; Crimi, M.; Venturoli, G. Eur. J. Biochem. 1990, 190, 207-
219. 

37. Kornblihtt, A. R.; Umezawa, K.; Vibe-Pedersen, K.; Baralle, F. E. Embo J. 
1985, 7, 1755-1759. 

38. Conway, J. F.; Parry, D. A. D. Int. J. Biol. Macromol. 1991, 13, 14-16. 
39. Urry, D. W.; Int. J. Quant. Chem.: Quant. Biol. Symp. 1994 (in press). 
40. Matheson, Jr., R. R.; Scheraga, H. A. Macromolecules 1978, 11, 819-829. 
41. Leahy, D. J.; Hendrickson, W. A.; Aukhil, I.; Erickson, H. P. Science 

1992, 258, 987-991. 
42. Kanost, M. R.; Boguski, M. S.; Freeman, M.; Gordon, J. I.; Wyatt, G. R.; 

Wells, M. A. J. Biol. Chem. 1988, 263, 10568-10573. 
43. Cole, K. D.; Fernando-Warnakulasuriya, G. J. P.; Boguski, M. S.; 

Freeman, M.; Gordon, J. I.; Clark, W. A.; Law, J. H.; Wells, M. A J. Biol. 
Chem. 1987, 262, 11794-11800. 

44. Breiter, D. R.; Kanost, M. R.; Benning, M. M.; Wesenberg, G.; Law, J. H.; 
Wells, M. A.; Rayment, I.; Holden, H. M. Biochemistry, 1991, 30, 603-
608. 

45. Urry, D. W.; Gowda, D. C.; Cox, B. A; Hoban, L. D.; McKee; A.; 
Williams, T. Mat. Res. Soc. Symp. Proc. 1993, 292, 253-264. 

46. Hoban, L.; Pierce, M.; Quance, J.; Hayward, I.; McKee, A.; Gowda, D. C.; 
Urry, D. W.; Williams, T. J. Surgical Res. 1994, 56, 179-183. 

47. Elsas, F. J.; Gowda, D. C.; Urry, D. W. J. Pediatr. Ophthalmol. Strabismus 
1992, 29, 284-286. 

48. Ruoslahti, E J. Clin. Invest 1991, 87, 1-5. 
49. Pierschbacher, M. D.; Ruoslahti, E. Nature 1984, 309, 30-33. 
50. Nicol, A.; Gowda, D. C.; Urry, D. W. J. Biomed. Mater. Res. 1992, 26, 

393-413. 
51. Nicol, A.; Gowda, D. C.; Parker, T. M.; Urry, D. W. In Biotechnol. 

Bioactive Poly.; Gebelein, C. G.; Carraher, Jr., C. E., Eds.; Plenum Press: 
New York, NY, 1994; pp 95-113. 

52. Urry, D. W.; Nicol, A.; Gowda, D. C.; Hoban, L. D.; McKee, A.; 
Williams, T.; Olsen, D. B.; Cox, B. A. In Biotechnological Polymers: 
Medical, Pharmaceutical and Industrial Applications; Gebelein, C. G., Ed.; 
Technomic Publishing Co., Inc.: Atlanta, GA, 1993; pp 82-103. 

53. Nicol, A.; Gowda, D. C.; Parker, T. M.; Urry, D. W. J. Biomed. Mater. 
Res. 1993, 27, 801-810. 

RECEIVED August 1, 1995  A
ug

us
t 1

6,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

5 
| d

oi
: 1

0.
10

21
/b

k-
19

95
-0

60
2.

ch
00

7

In Proteins at Interfaces II; Horbett, T., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1995. 



Chapter 8 

The Vroman Effect 
A Critical Review 

Steven M. Slack1 and Thomas A. Horbett2 

1Department of Biomedical Engineering, University of Memphis, 
Memphis, TN 38152 

2Department of Chemical Engineering, University of Washington, 
Seattle, WA 98195-1750 

Fibrinogen adsorption from plasma to solid surfaces passes through 
a maximum when studied as a function of adsorption time, plasma 
dilution, or column height in narrow spaces. Adsorption from 
plasma increases rapidly and then passes through a maximum after 
short contact times, and is much lower at steady state than the 
maximum seen in the transient phase. If adsorption time is held 
constant but the plasma is diluted, maximal fibrinogen adsorption 
occurs at intermediate plasma dilutions. Finally, if both time and 
plasma concentration are held constant but adsorption occurs in the 
narrow space under a lens placed on a surface, the fibrinogen 
maximum occurs as a ring corresponding to a particular column 
height of liquid and distance from the center. These time, 
concentration, and spatially dependent maxima are all related to the 
displacement of fibrinogen known as the Vroman effect. Although 
this phenomenon was initially believed to be unique to the 
adsorption behavior of fibrinogen, subsequent studies have 
demonstrated that the Vroman effect is a general phenomenon 
reflecting competitive adsorption of proteins for a finite number of 
surface sites. In this review, the experimental factors affecting 
fibrinogen displacement, the underlying mechanisms responsible 
for the Vroman effect, and the significance of the Vroman effect 
with respect to blood-material interactions will be examined. 

The adsorption of plasma proteins from blood onto the surface of artificial 
materials occurs very rapidly and is considered to be an important event affecting 
the subsequent adhesion of blood cells, especially platelets, that are involved in 
thrombogenesis on foreign surfaces (1-4). Because blood plasma contains well 
over one hundred distinct proteins, only the adsorption behavior of the most 
prevalent species has been studied extensively. Of particular interest has been the 
adsorption behavior of fibrinogen, an abundant plasma protein that plays a central 
role in blood coagulation (5) and that also supports platelet adhesion and 
aggregation through its binding to the glycoprotein (GP) Ilb-IIIa integrin receptor 
(6,7). 

0097-6156/95/0602-0112$12.00/0 
© 1995 American Chemical Society 
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Almost a quarter of a century ago Leo Vroman and his colleagues made the 
observation that fibrinogen adsorbed from plasma to several materials, including 
glass, anodized tantalum, and oxidized silicon, appeared to undergo a 
transformation that rendered it immunologically undetectable within seconds or 
minutes of surface contact (8-10). This loss in reactivity with antifibrinogen sera 
was subsequently termed "conversion" and was the first described example of the 
fibrinogen displacement phenomenon now referred to as the Vroman effect in 
recognition of Vroman's initial studies (11,12). At the time, the ellipsometric 
methods used by Vroman and his co-workers could not discriminate between 
different potential causes of this "conversion". The loss in immunological 
reactivity could have resulted from loss of epitope reactivity due to structural or 
orientational changes induced by immobilization of fibrinogen on a solid 
substrate, replacement of adsorbed fibrinogen by other plasma proteins, 
proteolytic digestion of adsorbed fibrinogen by an enzyme such as plasmin, or 
masking of fibrinogen by adsorbing proteins. The latter two events might result in 
marked changes in the thickness of the adsorbed protein film, but because no 
significant variations in the film thickness were noted, it appeared as though the 
likely causes of the "conversion" involved either structural alterations in adsorbed 
fibrinogen resulting in diminished reactivity with antisera or replacement of 
fibrinogen by one or more different plasma proteins (8). 

Since those first observations were made, numerous investigators have 
shown, primarily with the use of 1 2 5I-labeled fibrinogen but also with the 
Enzyme-Linked Immunoassay (ELISA) technique, that initially adsorbed 
fibrinogen is displaced from the surface of many synthetic materials, presumably 
by plasma proteins with a higher affinity for the surface (11-24). Maxima in 
fibrinogen adsorption have been observed as a function of adsorption time, plasma 
dilution, and column height in narrow spaces, and the term "Vroman effect" is 
now used to describe all these situations. Although the Vroman effect has been 
observed on many materials, the magnitude of fibrinogen displacement varies 
greatly. Moreover, some substrates, e.g., certain sulfonated polyurethanes (25) 
and copolymers containing large amounts of polyhydroxyethylmethacrylate 
(HEMA) (23) exhibit no peak in fibrinogen adsorption as a function of plasma 
dilution. 

The identity of the protein(s) displacing adsorbed fibrinogen is not clear, at 
least on some surfaces. Surprisingly, certain clotting factors participating in the 
intrinsic coagulation pathway that are present in plasma at very low concentrations 
appear to play a role in the process under certain conditions, as will be discussed 
in a later section (20,26-29). In addition, the significance of the Vroman effect 
with respect to its influence on the blood compatibility of artificial materials has 
yet to be fully clarified. And finally, although a few conceptual and mathematical 
models have been constructed to explain the existence of the Vroman effect and its 
variation among materials of differing surface chemistries (30-33), the complexity 
of protein interactions with other proteins and with solid surfaces has hindered the 
development of a completely satisfactory description of this phenomenon. 

The aims of this chapter are to review the progress that has been achieved 
over the last decade in understanding various aspects of the Vroman effect, 
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beginning with a summary of factors influencing fibrinogen adsorption from blood 
plasma, an examination of the proposed role of contact activation clotting factors 
in the displacement of adsorbed fibrinogen, a brief review of the transitions in 
adsorbed fibrinogen that probably play a role in the Vroman effect, and finally a 
discussion of the mathematical models developed to describe the Vroman effect. 

Factors Affecting Fibrinogen Adsorption From Plasma 

The amount of fibrinogen adsorbed from plasma to artificial materials depends on 
several factors including adsorption time, plasma dilution, material surface 
properties, buffer composition, and temperature. The effects of these factors on 
fibrinogen adsorption from plasma will be reviewed here because it is not possible 
to understand the results from separate laboratories unless it is appreciated that the 
different experimental conditions used in each lab strongly influence the results. 

Since Vroman's early studies demonstrating that fibrinogen appeared to 
become immunologically unreactive with increasing adsorption time (8,9), several 
investigators have demonstrated that this "conversion" reflects the displacement of 
initially adsorbed fibrinogen by other plasma proteins (17,18,22,34-36). The time 
course of fibrinogen adsorption from plasma to two materials, glass and 
poly(ethylmethacrylate), is shown in Figure 1 and clearly illustrates the rapid 
displacement of initially adsorbed fibrinogen, especially for the latter polymer. 
On a few materials, fibrinogen adsorption from plasma increases slightly with 
time (18). Occasionally, adsorption and displacement are so rapid, especially 
using undiluted plasma, that the amount of adsorbed fibrinogen appears not to 
change over time (18). By diluting the plasma prior to exposure to surfaces, the 
rates of adsorption and subsequent displacement of adsorbed fibrinogen can be 
reduced. From highly diluted plasma, fibrinogen displacement is not observed and 
the time course of fibrinogen adsorption is similar to that observed from pure 
fibrinogen solutions although the amount of adsorption is substantially less. 

As alluded to above, the processes of fibrinogen adsorption and displacement 
can be studied by diluting the plasma with buffer prior to exposure to the material. 
In this way fibrinogen adsorption isotherms from plasma can be measured and this 
method has been exploited extensively in studies of the Vroman effect. Plots of 
the amount of adsorbed fibrinogen versus plasma dilution yield curves that exhibit 
a maximum at intermediate plasma dilutions, and representative results measured 
on several different materials are shown in Figures 2 and 3. Because of the nature 
of the fibrinogen displacement process, the plasma dilution at which peak 
adsorption occurs as well as the amount of adsorbed fibrinogen differ considerably 
depending on the adsorption time; lengthier exposure times give rise to smaller 
amounts of adsorbed fibrinogen as well as adsorption maxima that occur at greater 
plasma dilutions (24). 

The adsorption of fibrinogen from plasma has been studied on a variety of 
materials, including glass, numerous polyurethanes such as Biomer and Tecoflex, 
copolymers of hydroxyethylmethacrylate (HEMA) and ethylmethacrylate (EMA), 
silicone rubber, polystyrene, polyvinylchloride, and polyethylene. Adsorption is 
typically greater on more hydrophobic materials such as polystyrene or 
poly(ethylmethacrylate) and maximal adsorption usually, but not always, occurs at 
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300 n 

0 H • 1 • 1 1 • 1 
0 100 200 300 400 

Time (Seconds) 

Figure 1. The time course of fibrinogen adsorption to glass and 
poly(ethylmethacrylate) (EMA) from undiluted blood plasma. 

10 4 10 3 10 2 10"1 10° 101 102 

Plasma Concentration (%) 

Figure 2. Fibrinogen adsorption to Biomer and glass from various 
concentrations of blood plasma. 
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10"4 10"3 10"2 10"1 10° 101 10 2 

Plasma Concentration (%) 

Figure 3. Fibrinogen adsorption to two H E M A : E M A copolymers and a 
segmented polyetherurethane (PEU) from various concentrations of blood 
plasma. 

 A
ug

us
t 1

6,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

5 
| d

oi
: 1

0.
10

21
/b

k-
19

95
-0

60
2.

ch
00

8

In Proteins at Interfaces II; Horbett, T., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1995. 



8. SLACK & HORBETT The Vroman Effect: A Critical Review 111 

greater plasma concentrations (smaller plasma dilutions) on such materials. 
Widely different amounts of fibrinogen adsorption have been reported by different 
investigators studying apparently identical materials (11,12,17,31,37), a result 
caused by the use of differing experimental conditions such as adsorption time and 
temperature. Attempts to correlate the amount of fibrinogen adsorbed from 
plasma with surface properties such as wettability or contact angle have been 
unsuccessful (77). 

The nature of fibrinogen adsorption to and displacement from artificial 
materials is further complicated on the basis of results demonstrating a strong 
effect of the choice of plasma diluent on fibrinogen adsorption. For instance, 
fibrinogen adsorption to glass from plasma diluted with Tris-buffered saline was 
approximately twice as great as that obtained with plasma diluted with citrate-
phosphate buffered saline (24). 

Temperature has also been shown to influence fibrinogen adsorption to 
several surfaces. Vroman and Adams (9) noted that the "conversion" of 
fibrinogen on oxidized silicon was significantly greater and occurred more rapidly 
at 37 °C compared to either 10 °C or 25 °C. Temperature also strongly affects 
fibrinogen adsorption to polyethylene and glass, from both pure solutions (38) and 
plasma (19,24). Specifically, fibrinogen adsorption from plasma to glass was 
markedly greater at 25 °C compared to that at 37 °C, an effect proposed to result 
from an inhibition of fibrinogen displacement at the lower temperature (24). Le et 
al. (39) report similar observations regarding the effects of temperature on 
fibrinogen adsorption in a separate chapter within this volume. An alternative 
explanation, that proteolysis of adsorbed fibrinogen by an enzyme such as plasmin 
was inhibited at 25 °C, thereby resulting in increased amounts of adsorbed 
fibrinogen, seems unlikely based on studies indicating that fibrinogen 
displacement from glass was similar from normal and plasminogen-deficient 
plasma (28). 

Based on this short summary, then, it is clear that a number of factors 
influence fibrinogen adsorption to synthetic materials. Thus, a comparison of 
fibrinogen adsorption measurements (from both pure solutions and blood plasma) 
reported in the literature can only be made after careful consideration of the varied 
experimental conditions used in the different laboratories. 

Role of the Intrinsic Coagulation Proteins 

Hematoiogists have known for many years that negatively charged materials, such 
as glass and kaolin, can initiate blood coagulation through the so-called intrinsic 
(or contact-phase) pathway. The mechanism appears to involve the autoactivation 
of adsorbed Factor XII (Hageman factor), which in turn proteolyticaily activates 
two other clotting factors, prekallikrein (PK) and Factor XI, to their enzymatically 
active forms, kallikrein and Factor XIa, respectively. Another protein, high 
molecular weight kininogen (HK), circulates as a complex with P K and Factor XI 
(40) and serves to facilitate the localization of these factors at the surface of the 
material where they can be activated by Factor X l l a . Newly formed kallikrein 
then exerts positive feedback on the system through its ability to generate 
additional Factor X l l a (5). More recently, it has been demonstrated that a two-
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chain activated form of H K (HKa), generated by proteolytic cleavage of H K by 
kallikrein (41) and/or Factor X l l a (42), exhibits a higher affinity for negatively 
charged surfaces and thus greater procoagulant activity. Also, subsequent work 
has shown that HKa can be proteolytically degraded into an inactive form by the 
action of Factor XIa (43). 

At approximately the same time that many of the details of the intrinsic 
pathway of blood coagulation were being elucidated, Vroman and his colleagues 
(26) reported that the "conversion" of adsorbed fibrinogen was greatly delayed 
when plasma congenitally deficient in H K (Fitzgerald trait) was used. They 
further reported that a slight delay was present using Factor Xll-deficient plasma 
whereas "conversion" appeared normal with plasmas deficient in either Factor XI 
or PK. Slack et al. (19) also showed that the Vroman peaks on glass and 
polyethylene were unaffected by a deficiency of PK in the plasma. In a later 
study, Schmaier et al. (27) showed that the abnormal "conversion" observed with 
HK-deficient plasma could be reversed by adding purified H K back to the plasma. 
Scott et al. (41) extended this work by presenting evidence that H K circulates as a 
procofactor which must first be proteolytically cleaved by kallikrein prior to 
manifesting maximal procoagulant activity. In this study, it was shown that 
proteolytically activated H K (HKa) possessed a higher affinity for kaolin than the 
uncleaved form, and also that fibrinogen (3 mg/ml) competitively inhibited the 
adsorption of H K but not HKa to kaolin. 

Additional evidence for a role of H K in fibrinogen displacement came from 
Vroman et al. (15,16) who measured fibrinogen deposition in a convex lens on 
slide system from normal and HK-deficient plasma. In this system, which is 
illustrated in a separate contribution in this volume by Elwing et al. (44), plasma is 
injected into the narrow space formed by placing a convex lens atop a glass slide, 
allowed to reside for a period of time, rinsed away, and finally probed for the 
presence of fibrinogen using antisera against fibrinogen. In the most narrow 
regions, they noted the presence of adsorbed fibrinogen; at distances farther away 
from the center, little or no fibrinogen was detected. They interpreted these data 
to mean that in the very narrow regions, sufficient fibrinogen was available to coat 
the glass but insufficient H K was present to displace the fibrinogen owing to HK's 
extremely small plasma concentration. In the larger gaps, enough of both proteins 
was available and H K displaced the initially adsorbed fibrinogen. Using H K -
deficient plasma, the distance from the center where fibrinogen could not be 
detected was increased compared to that observed for normal plasma. As the 
authors noted, the experiments were qualitative since "the relationship between 
surface concentration of fibrinogen, and density of antibody deposited on it, may 
not be linear...", but they do provide evidence that H K displaces fibrinogen 
adsorbed to glass. 

A more recent study by Poot et al. (45), again using antibodies and a two-step 
ELISA assay to detect adsorbed proteins, also showed that H K played a role in 
displacing fibrinogen adsorbed from plasma to glass. On polyethylene, however, 
no effect of H K was observed but their data did suggest that high density 
lipoprotein (HDL) might be responsible for the low adsorption of fibrinogen. 
Additional observations by the same group are presented in a separate chapter in 
this volume (46). 
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Taken together, these observations suggested that HKa played a central role 
in fibrinogen displacement from negatively charged surfaces such as glass and 
kaolin. Thus, an intriguing relationship between fibrinogen displacement, or the 
Vroman effect, and the initiation of contact activation began to emerge. This 
apparent role for H K in the Vroman effect presented an interesting dilemma to 
investigators in the biomaterials field. On the one hand, a material exhibiting 
diminished fibrinogen adsorption at normal plasma concentrations because it had 
evoked a strong Vroman effect implied that it also initiated a potent response by 
the intrinsic pathway of blood coagulation. Conversely, reduced amounts of 
adsorbed fibrinogen also would suggest that the material would adhere fewer 
platelets and therefore might be less thrombogenic. Numerous studies had 
previously demonstrated that surfaces pre-adsorbed with fibrinogen could readily 
support platelet adhesion (47-50). Thus, an assessment of a material's potential 
blood compatibility could differ significantly depending on whether initiation of 
blood coagulation or platelet adhesion was considered the most important 
predictive factor. 

Despite the extensive evidence implicating a role for contact phase clotting 
factors in the displacement of adsorbed fibrinogen, subsequent studies by Brash et 
al. (28) demonstrated that even with plasma congenitally deficient in H K , a 
concentration domain Vroman effect on glass was clearly discernible, although 
less fibrinogen was displaced than that from normal plasma. These results 
indicated to the authors "that other components of plasma are also active in 
displacing fibrinogen.,, Indeed, there are several lines of evidence suggesting that 
contact activation factors play little, i f any, role in the Vroman effect observed on 
other artificial materials. First, Slack et al. (79) demonstrated that fibrinogen 
adsorption to two other materials, silicone rubber and polyethylene, did not differ 
from normal or H K deficient plasma. Because these polymers do not activate the 
intrinsic pathway to any significant degree, little HKa generation is expected, and 
yet both exhibit distinct Vroman effects, with maximal fibrinogen adsorption 
occurring at a plasma concentration of ~ 1%. Furthermore, because many other 
hydrophobic materials that would be expected to be poor activators of the intrinsic 
coagulation pathway also exhibit Vroman peaks, it seems unlikely that contact 
activation is necessary for a material to exhibit a Vroman effect. For example, a 
recent study (57) has shown that certain titanium alloys, which are used 
extensively in orthopedic applications, exhibit a Vroman effect but minimally 
activate the intrinsic pathway compared to the positive glass control. Thus, the 
relationship between the intrinsic coagulation cascade and fibrinogen 
displacement became blurred. 

Further evidence has been provided by Elwing and colleagues that suggests 
H K does not play a role in the displacement of fibrinogen from hydrophobic 
surfaces (20,52). In their study, silicon wafers were treated in such a way as to 
generate a surface wettability gradient and these materials were then exposed to 
plasma for 1 minute or 1 hour. Using ellipsometry and antisera to fibrinogen and 
H K , they observed decreased amounts of anti-fibrinogen binding at the 
hydrophobic end of the wafer after 1 hour compared to 1 minute but the decrease 
was not accompanied by an increase in anti-HK binding. Conversely, at the 
hydrophilic end of the material, the decreased amount of anti-fibrinogen binding 
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observed after 1 hour was accompanied by a concomitant increase in anti-HK 
binding. These studies indicate that H K may play a role in effecting fibrinogen 
displacement from hydrophilic surfaces but that other plasma proteins are 
responsible for displacing fibrinogen from hydrophobic surfaces. 

The previous studies by Vroman and others, demonstrating that 
proteolytically activated HKa displaced adsorbed fibrinogen, were carried out at 
room temperature. Because enzymatic activity is strongly influenced by 
temperature, Slack et al. (79) compared the adsorption of fibrinogen from normal 
and HK-deficient plasma to glass at room temperature (~ 25 °C) and 37 °C. At 25 
°C significantly more fibrinogen adsorbed to glass from H K deficient plasma than 
from normal plasma, in agreement with earlier studies, whereas at 37 °C no 
differences were observed. Inasmuch as the influence of HKa on fibrinogen 
adsorption from plasma to glass is nonexistent at physiological temperature, the 
importance of the contact activation pathway with respect to the Vroman effect is 
unclear at 37 °C. 

Perhaps the clearest evidence indicating that contact activation factors are not 
necessarily important with regard to the Vroman effect stem from studies of 
fibrinogen adsorption from binary and ternary protein solutions (19,21,53). In one 
study, mixtures of fibrinogen and either oxyhemoglobin or bovine albumin were 
prepared and fibrinogen adsorption to polyethylene from serial dilutions of the 
binary mixtures was measured. Adsorption passed through maxima from both 
solutions, with the peak shifting to smaller mixture dilutions as the ratio of 
competing protein to fibrinogen increased. A peak in fibrinogen adsorption from 
these mixtures was also observed to occur as a function of adsorption time. 
Interestingly, less oxyhemoglobin than albumin was required for a given amount 
of inhibition, a result in agreement with a previous study demonstrating that 
oxyhemoglobin was a better competitor than albumin for adsorption to glass (77). 
In the other study, the adsorption of albumin, IgG, and fibrinogen from various 
dilutions of a ternary mixture of the three components to polystyrene (PS) and 
polyvinylchloride (PVC) was measured using immunological techniques (54). 
Both albumin and IgG, but not fibrinogen, oddly, exhibited adsorption maxima at 
intermediate mixture dilutions. The authors also measured the adsorption of the 
same proteins from various plasma dilutions to PS and PVC and demonstrated a 
Vroman effect for each protein. 

It should be noted that detection of adsorbed fibrinogen using immunological 
techniques, i.e., antibodies, presents subtle difficulties with respect to 
interpretation of the data. For instance, the process of immobilizing a protein on a 
solid surface may result in changes or even losses in the reactivity of its epitope 
with the antibody. Also, antibodies may be inhibited from binding their antigen 
due to steric considerations. On the other hand, at least one study has shown that 
measurements of fibrinogen adsorbed to several H E M A / E M A copolymers with 
both 1 2 5I-fibrinogen and an ELISA technique (using a polyclonal antifibrinogen 
antibody) were well-correlated (23). In general, results of immunological studies 
of the Vroman effect must be interpreted cautiously because of the complexities 
associated with antibody-antigen interactions. 

The results of binary and ternary competition studies are consistent with the 
hypothesis that the Vroman effect reflects the competition between numerous 
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proteins of differing surface affinities for a limited number of adsorption sites. 
This does not mean that contact activation proteins do not or cannot displace 
adsorbed fibrinogen; indeed, because of their role in initiating coagulation on 
surfaces, it is expected that they would exhibit high surface affinities, particularly 
for negatively charged materials. However, their relative role in displacing 
fibrinogen, at least at physiological temperature, appears to be a minor one, with 
other plasma proteins being primarily responsible for the displacement, especially 
on hydrophobic materials. 

In this view of the Vroman effect, fibrinogen displacement occurs as a result 
of the action of numerous plasma proteins, each with a unique concentration and 
surface affinity. Hence, proteins other than fibrinogen would be expected to 
exhibit maximal adsorption from complex protein mixtures such as plasma. This 
has been demonstrated with several other proteins, including albumin (34,54) and 
IgG (12,54). Moreover, Grinnell and others have shown that fibronectin 
adsorption to tissue culture polystyrene (55) and glass (56) passes through a 
maximum from intermediate dilutions of serum. Thus, the Vroman effect appears 
to be a somewhat general phenomenon reflecting competitive adsorption of 
proteins for a finite number of surface sites rather than an effect unique to 
fibrinogen or initiation of the contact activation pathway. 

Transitions in Adsorbed Fibrinogen and Other Proteins 

During the last ten to fifteen years, evidence has been collected in various 
laboratories that protein molecules undergo rearrangements following their 
adsorption to solid surfaces (2,57). The transitions seem to be important in the 
Vroman effect because they affect the tightness with which the proteins are bound, 
i.e., their dispiaceability is related to the transitions. In addition, the transitions 
modulate the biological activity of the adsorbed adhesion proteins. The increases 
in tightness of binding and the modulation of biological activity have been shown 
to be affected by the post-adsorptive residence time, surface chemistry, and co-
adsorbed proteins. 

Rearrangements in adsorbed proteins are indicated by losses in enzymatic 
activity (58,59), residence time dependent decreases in protein elutability by 
various detergents (36,60), reduction in the ability of plasma components to 
displace fibrinogen (31,61), and expression of neoantigenic epitopes recognized 
by monoclonal antibodies (62). Representative results of fibrinogen displacement 
by plasma as a function of residence time are shown in Figure 4 for polyethylene 
and the more hydrophilic 50:50 H E M A : E M A copolymer. As seen in the figure, 
fibrinogen adsorbed to PE rapidly becomes resistant to displacement by plasma 
with increasing residence time whereas for the copolymer the process occurs at a 
much slower rate. These differences most likely reflect the nature of the 
interaction of fibrinogen with surfaces of differing hydrophobicity, as discussed 
below. Fibrinogen also undergoes a time-dependent transition following 
adsorption to certain surfaces, from both pure solutions (60) and plasma (36), that 
results in a reduction in its elutability by the anionic surfactant sodium dodecyl 
sulfate (SDS) (60). In addition, changes in the amide II frequency of adsorbed 
fibrinogen with increasing residence time have been observed (63). Modulation of 
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Residence Time (Minutes) 

Figure 4. The fraction of initially adsorbed fibrinogen retained by 
polyethylene and a 50:50 H E M A : E M A copolymer as a function of the 
residence time of fibrinogen on the surface of the materials. 
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the biological activity of adsorbed fibrinogen is indicated by residence time 
dependent reductions in platelet and antibody binding to the adsorbed fibrinogen 
(64,65). Modulation of the biologic activity of adsorbed fibronectin has also been 
shown in several studies in which the ability of fibronectin adsorbed to various 
surfaces to support cell attachment or spreading was found to differ. Thus, several 
groups have shown that substrata of varying chemical composition to which 
fibronectin was preadsorbed varied considerably in their ability to induce cell 
spreading and other morphological features (66). Lewandowska et al concluded 
that the "experiments reveal the considerable flexibility that FNs utilize in 
binding to inert surfaces in order to effect various responses from cells. Overall, 
they reveal that cell responses are altered, not because of limiting amounts of pFN 
adsorbed to any particular derivatized surface, but because of the varied 
conformation of pFN molecules as they interact with the specific chemical 
endgroups of the self-assembled monolayer." (66). 

The co-adsorption of albumin has been shown to affect transitions in 
adsorbed fibrinogen and fibronectin. Thus, the addition of BSA to the solution 
used to store the fibrinogen adsorbed surfaces during the residence time prevents 
the loss of platelet adhesion, an effect we have called albumin "trapping". 
Lewandowska et al. showed that on hydrophobic surfaces preadsorbed with 
fibronectin, there was poor cell spreading unless albumin was coadsorbed, an 
effect called albumin "rescuing" (66). Grinnell's group showed that fibronectin 
adsorbed to tissue culture grade polystyrene was able to support cell attachment 
and spreading, whereas fibronectin adsorbed to ordinary polystyrene did not 
support spreading unless some albumin was added to the fibronectin solution 

The concept of surface-induced transitions in adsorbed fibrinogen that 
evolved from these studies is relevant to the Vroman effect for several reasons. 
These transitions often resulted in a tighter attachment to the surface that endow 
fibrinogen with the capability to resist displacement. An intrinsic feature of this 
idea is that such rearrangements may occur at different rates on the various 
materials, which suggested that the variation of the Vroman effect among 
materials with diverse surface chemistries might be related to these 
transformations. Finally, the effect of coadsorbed albumin on molecular spreading 
of fibrinogen that would presumably accompany these transitions suggested a role 
for the availability of vacant surface sites. 

Mathematical Models of the Vroman Effect 

Protein adsorption to solid surfaces has traditionally been described by a simple 
Langmuir isotherm, i.e., 

(55,67). 

r = r , 0) max l + K C p 

where T = adsorbed amount (mass or moles per unit area), r m a x = maximum 
adsorption (typically estimated as the amount present in a monolayer), K is the 
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adsorption equilibrium constant, and C p is the solution protein concentration 
(mass or moles per unit volume). In some cases, the Freundlich adsorption 
isotherm has been found to more accurately describe protein adsorption data. 
Neither model is especially realistic, however, since assumptions regarding 
reversibility and the absence of interactions between co-adsorbed molecules are 
probably not valid in protein systems. 

Approaches for the modeling of the Vroman effect pose additional problems 
in that fibrinogen displacement, and its dependency on plasma dilution and 
substrate surface chemistry, must be considered. Because the amount of adsorbed 
fibrinogen as well as the plasma dilution at which peak adsorption occurs vary 
widely among synthetic materials, any model of the Vroman effect should 
incorporate information regarding the interactions of fibrinogen with solid 
substrates. Thus, the transitions in adsorbed proteins, perceived as a process of 
molecular spreading in which fibrinogen (and presumably other proteins) 
maximized its contact with the surface resulting in tighter attachment, were 
conceived to be fundamental in explaining the displacement process. A n 
empirical model was therefore developed that incorporated the processes of 
adsorption, transition, and displacement of weakly-bound fibrinogen (31). A 
simplification was made that the remainder of the plasma proteins, many of which 
probably contributed to fibrinogen displacement, could be treated as one 
"hypothetical" protein with a surface affinity equivalent to the cumulative affinity 
of the plasma proteins. Transition rate constants were determined for four 
materials from mathematical fitting of the experimental data to the relevant 
equations and the model was found to qualitatively explain the observed 
differences in the Vroman effect. Large differences in the magnitudes of the 
transition rate constants on the different substrates were observed, helping explain 
the variations in the Vroman effect on these materials. 

An alternative mathematical model has been proposed (30) to explain the 
Vroman effect in which adsorption and desorption rate constants were assumed to 
depend on the total surface protein concentration. Additionally, an interaction 
term was included to describe the effects of repulsive and/or attractive forces 
between co-adsorbed protein molecules. Computer simulations indicated that 
maxima in protein adsorption could be obtained and, depending on the magnitude 
of the interaction term, the influence of plasma dilution on the amount of adsorbed 
fibrinogen could be qualitatively explained. Subsequent Monte Carlo simulations 
of protein adsorption by the same group (32) indicated that the decline in 
adsorption rates with increasing surface coverage could differ considerably among 
various proteins and that the Vroman effect could be explained by accounting for 
surface exclusion effects and the lateral mobility of adsorbed proteins. 

More recently, Chittur and his colleagues (33) have developed a mathematical 
model to describe protein adsorption at the solid/liquid interface that incorporates 
the diffusion and reversible adsorption of the protein followed by its 
transformation to an irreversibly bound form. Computer simulations based on a 
ternary mixture of albumin, IgG, and fibrinogen (present at concentrations similar 
to those expected in 0.1% plasma) demonstrated that, depending on the relative 
magnitude of the rate constants assumed for the three proteins, adsorption maxima 
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as a function of contact time could be predicted and the amounts of adsorbed 
protein were comparable to those observed experimentally. 

Future mathematical treatments that successfully describe fibrinogen 
adsorption from plasma and the resulting Vroman effect wil l likely require 
elements from each of the models presented above. In particular, experimental 
evidence for the transitions undergone by adsorbed fibrinogen and quantitative 
measurements of the variation in the rates of those transitions on different 
synthetic materials, such as those presented by Slack and Horbett (31), wil l need 
to be combined with data regarding interactions between co-adsorbed proteins and 
related information before the Vroman effect can be adequately modeled. 

Summary and Conclusions 

The adsorption of fibrinogen to artificial materials and its subsequent 
displacement (the Vroman effect) continues to inspire research efforts in the area 
of blood-material interactions. The interest can be traced to the fact that 
fibrinogen plays a central role in the coagulation pathway and in the processes of 
platelet adhesion and aggregation, essential events in normal hemostasis but 
undesirable with respect to the performance of synthetic materials used in blood-
contacting devices. Hence, an understanding of the factors governing fibrinogen 
adsorption to and displacement from artificial materials should help to provide a 
rational framework for the development of new materials exhibiting improved 
blood compatibility. Although progress in this area has been achieved over the 
last ten years, much remains to be elucidated. In particular, future studies will 
need to address the issues of the heterogeneity of adsorbed fibrinogen, i.e., weakly 
versus tightly bound molecules, and the surface characteristics contributing to the 
transition of adsorbed fibrinogen. In addition, the significance of conformational 
changes in fibrinogen, induced by immobilization on solid substrates, with respect 
to platelet reactivity needs to be considered. It is not at all clear that materials 
adsorbing less fibrinogen will be less thrombogenic than those adsorbing large 
amounts. It is conceivable, for instance, that on the latter material the fibrinogen 
is oriented in such a way (or becomes oriented over time) that the regions 
recognized by platelets are unavailable with the opposite being true for the former 
material. In such a case, a judgment regarding the potential blood compatibility of 
a new material based solely on the amount of adsorbed fibrinogen would be 
questionable. Finally, it is anticipated that an understanding of the Vroman effect 
at a molecular level, combined with a more sophisticated mathematical treatment 
of this phenomenon, will contribute not only to studies in the field of blood-
material interactions but also to related research areas in which proteins and other 
macromolecules interact with solid surfaces. 
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Chapter 9 

Transient Adsorption of Fibrinogen 
from Plasma Solutions Flowing in Silica 

Capillaries 

M. T. Le1, J. N. Mulvihill2, J.-P. Cazenave2, and P. Déjardin1,3 

1Institut Charles Sadron, 6 rue Boussingault, 67083 Strasbourg, France 
2Institut National de la Santé et de la Recherche Médicale U311, 10 rue 

Spielmann, 67085 Strasbourg, France 

The adsorption of fibrinogen on silica capillaries from diluted human 
plasma was studied under laminar flow conditions using radiolabeled 
125I-fibrinogen. Exchange of fibrinogen at the interface with 
displacing species in plasma (Vroman effect) was followed by 
continuous recording of radioactivity during flow and different 
behavior was observed for a plasma pool as compared to single donor 
plasma, in particular with regard to the rate of the exchange process. 
In neither case was an extremum in interfacial fibrinogen concentration 
detected with increasing dilution above d = 10-3. The influence of wall 
shear rate on the exchange reaction demonstrated the significant role 
of transport under flow conditions, while temperature was also found 
to be an important parameter as previously reported for baboon 
plasma. 

Some years ago L . Vroman demonstrated the existence of changes in interfacial 
populations when human plasma contacted a surface, in particular the transient 
presence of fibrinogen (1). This resulted from exchange processes at the interface, 
fibrinogen being detected at short contact times but not at longer times. Several 
further studies have indicated that high molecular weight kininogen (HK) is 
responsible for the displacement of fibrinogen (2,3). However, it may not be the only 
displacer (4). Recently a model of C. Scott (5) proposed a complex of activated 
kininogen with prekallikrein or factor XI as the main species contributing to the 
replacement of fibrinogen on contact activating surfaces. Apart from numerous 
isolated articles, in 1991 two issues of J. Biomater. Sci. were dedicated to the 
Vroman effect (6). 

Let us consider fibrinogen adsorption and displacement. It is recognized that 
hydrophilic surfaces facilitate exchange reactions, an effect which could be related to 

3Corresponding author 

0097-6156/95/0602-0129$12.00/0 
© 1995 American Chemical Society 
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130 PROTEINS AT INTERFACES II 

a minimization of protein denaturation and to lower interaction energies than at 
hydrophobic surfaces. Examination of adsorbed fibrinogen in situ or after desorption 
by circular dichroism allows quantitation of alterations in the native structure. 
Whereas no denaturation of adsorbed fibrinogen could be detected on silica beads in 
situ (7), a significant loss of a-helix content was observed in fibrinogen eluted from 
glass surfaces (8). The mean residence time on the surface before displacement is also 
an important parameter (9). Although many different static systems have been 
employed to study the Vroman effect, quantitative description is not always easy 
especially at low concentrations where exchange is readily observed, as the depletion 
due to adsorption can be high and vary with protein type, leading to changes in 
relative bulk concentrations. Moreover, to start and end an experiment under static 
conditions, there is an obligation to fill and empty the system. Convection then occurs 
and hence the interpretation of results from such static models requires corrections 
(10). Using the "lens-on-slide" method (11,12), similar problems arise with the 
additional effects of undesirable lateral diffusion under the lens and possible local 
convection due to small thermal gradients leading to minimize the contact time in 
experiments (12). 

Therefore, a study under flow conditions would seem easier to interpret as 
there is always an arrival of fresh solution in a well defined velocity field. Transport 
may control the initial interfacial events, while with increasing surface coverage, we 
would expect a gradual predominance of processes controlled by surface phase 
reactions. The present work describes application of the CRAFS technique 
(Continuous Recording of Adsorbance in Flowing Systems) to the adsorption of 
radiolabeled fibrinogen (13,14) from flowing plasma on hydrophilic silica fibers. 

Materials and Methods 

Silica capillaries. High quality fused silica capillaries of diameter 530 urn and length 
100 m (SGE, Australia) were purchased from Perichrom (France). An average length 
of 10m was treated with diluted sulfochromic acid (1/10) at 50°C followed by a 
mixture of 30% (w/w) aqueous H2O2 and 25% (w/w) aqueous N H 3 with water 
(respective volume ratios 25 15 I 70) at 80 °C under flow conditions for one hour. 
This cleaning procedure was completed by thorough rinsing with deionised water 
(SuperQ, Millipore) at 20°C for 2 hours with a low flow of 10" 2 M Tris buffer 
overnight. This procedure makes the surface very hydrophilic with a high density of 
SiO" groups. The capillary was then cut into 22 cm long sections and the streaming 
potential A E S was measured under varying pressure drops AP to deduce the £ 
potential of the interface from the slope dE s/dP. Maximal values of about -80 mV 
(Tris 10- 2 M ; pH 7.4) were stable only over one to two days and the subsequent 
decrease in £ potential with time was not accurately reproducible. 

A chosen number of fibers were assembled in a polystyrene pipet of internal 
diameter 3 mm by injecting an epoxy type glue at its extremities, which then were cut 
cleanly before determining the streaming potential of the fiber bundle. In fact the C 
potential was often smaller (-45 to - 60 mV) than for individual fibers. Flow rate was 
measured to determine whether Poiseuille's law could be derived from the pressure 
drop data and to verify that no fiber was plugged. 
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9. LE ET AL. Transient Adsorption of Fibrinogen 131 

Fibrinogen and plasma. Purified human fibrinogen was provided by the Centre 
Regional de Transfusion Sanguine de Strasbourg. A first series of experiments was 
carried out using a human plasma pool prepared from citrated anticoagulated blood 
collected from 20 healthy donors, while a second series was performed with plasma 
from a single donor. Characteristics of the pool and single donor plasma are given in 
Table I and both preparations were stored at -80°C until use. Plasma dilution was 
defined by a factor d (0 < d <1), high dilution corresponding to a small d value, as for 
instance d = 10"3 for a dilution of 0.1%. Fibrinogen was labeled with 125j by the 
iodogen technique (15). Radioactive fibrinogen was added to plasma in proportions 
giving an increase in total fibrinogen of 8 %, except in one experiment (d = 10"3, 
single donor) where the increase was 11 %. 

Table I: Concentrations of high molecular weight kininogen (HK, 
ChromoTimeSystem Behring), fibrinogen and prekallikrein in undiluted 

plasma 

Plasma pool Single donor 

Fibrinogen (g/1) 2.8 1.8 
HK(mg/l) 20 76 
Prekallikrein (mg/1) 43 32 
Factor X I (U/ml) - 0.96 
Factor XII (U/ml) - 1.0 

Adsorption experiments. Plasma solutions at different dilutions were passed by 
aspiration with a syringe pump (Harvard Apparatus 22, Mass. USA) at a flow rate 
corresponding to a wall shear rate of 200 s~* over a period of one hour. Passage of 
buffer before and after the solutions allowed to estimation of the background and 
desorption kinetics respectively. Radioactivity is detected over a 4 cm length whose 
middle is positioned at 7.5 cm from the capillary entrance. 

Results and Discussion 

Influence of plasma dilution. Figure 1 shows the kinetics of fibrinogen deposition 
on silica at varying plasma dilutions. It is clearly seen that almost all fibrinogen is 
removed from the surface at 2% dilution, while a significant amount remains adsorbed 
at the highest dilutions. In accordance with Brash (16,17), the maximum of interfacial 
concentration appears at a time which is a decreasing function of d: at about 15 
minutes for d=10"3, at about 2 minutes for d= 5 x 10~3 and below one minute for d = 
0.01 and 0.02. Whereas at high dilution there is a slow decline in interfacial fibrinogen 
concentration, probably due to low concentrations of the displacing species and to a 
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longer residence time of the initially adsorbed molecules, at d=5 x 10~3 and above the 
interfacial concentration decreases more steeply over 30 minutes until complete 
removal of fibrinogen from the surface. In general, low bulk concentrations tend to 
favor transport controlled processes. To verify this assumption, another experiment at 
d = 10~3 was performed at a wall shear rate of 500 s"1 (Fig. 2) and under these higher 
shearing conditions stable adsorption could not be attained. The initial experimental 
adsorption constant was an increasing function of shear rate: 3.8 x 10'5 at 200 s"* 
and 5.0 x 10~5 at 500 s-1. A plot of In T vs time, where T is the interfacial 
concentration, to estimate the exchange rate constant - displacer concentration 
included - gave slopes of 1.9 and 2.1 x 10~4 s"*, values sufficiently close to assume 
that transport did not play a crucial role in the exchange process over this range of 
shear rates and for this plasma pool. Comparison with the theoretical Leveque model 
for initial adsorption (6.7 and 9.1 x 10"5 cm s~*) would suggest the process to be 
only partially transport controlled and complementary experiments would be required 
to draw more precise conclusions with regard to the dependence of exchange on wall 
shear rate. 

It is of interest here to consider the differences between static and flow 
conditions. Assuming under static conditions complete adsorption of the displacing 
species, present in solution at concentration Cdj s, in a capillary of radius R, the 
interfacial concentration would be given by 0.5 R C^\s. In the case of kininogen, this 
value ( « 1 ng cm" 2 at d = 10~3) would be too low to allow observation of significant 
exchange. Complete surface coverage by fibrinogen would be likewise impossible 
below a critical dilution factor d*. Approching this value from above, the spatial 
boundary conditions far from the interface do not remain constant as depletion is not 
negligible, while since this phenomenon is not identical for all solutes their relative 
solution concentrations vary with time and the dilution factor d loses its initial 
significance. Under flow conditions, relative bulk concentrations and spatial boundary 
conditions are maintained constant even at small d values throughout the adsorption 
process. 

Similar results were obtained in a second series of experiments performed at 
the same shear rate (200 s"1) using single donor plasma (Fig.3) although the 
exchange of fibrinogen was slower. In this series, sensitivity was improved with 
respect to the preceding experiments by increasing the number of capillaries in a 
bundle from five to ten, while dispersion was reduced by increasing the count time 
from 60s to 99s and data are presented as average values over 3 to 5 minutes. A 
maximal interfacial concentration was observed at 45 minutes for d = 10' 3 followed 
by a gradual decrease over two hours without return to a plateau level. Adsorbance of 
fibrinogen was once again an increasing function of shear rate as an experiment at 360 
s ' l showed an extremum about 40% higher than at 200 s"*. Since from this plasma 
the difference between the two curves T(t) was larger than in the first series due to 
slower exchange, it was possible to obtain experimental points before and after the 
extremum even at d = 10 - 2 . Extrema occurred at about 15 minutes for d = 2 x 10"3 

and at 5 minutes or below for d larger than 10~2, an increase in the concentration of 
the displacing species leading to sharper extrema with final values at 80, 30 and 15 
minutes for d = 0.002, 0.004 and 0.010 respectively. Determination of the bulk 
kininogen (HK) concentration (Table I) unexpectedly showed higher levels in the 
single donor plasma than in the first plasma pool. These results emphasize the 
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Figure 1. Kinetics of adsorption of fibrinogen on silica capillaries from plasma 
(pool) at varying dilutions: d = 10"3 (a); 5 x 10' 3 (b); 10"2 (c); 2 x 10"2 (d). 
Closed symbols refer to passage of plasma, open symbols to rinsing with buffer. 
T = 37°C.y = 200 s"1. 

0.06 I 1 1 \ 1 1 1 1 r 
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Figure 2: Kinetics of adsorption of fibrinogen from diluted plasma (pool, d = 
10 - 3) at wall shear rates of 200 s"1 (lower curve, o) and 500 s"1 (upper curve, 
• ) . Closed symbols refer to passage of plasma, open symbols to rinsing with 
buffer. T = 37°C. 
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complexity of the process and could be related to different bulk concentrations of 
other factors, in particular those taking part in contact phase activation. Initial 
adsorption constants lay slightly below the Leveque limit and tended to decrease with 
increasing dilution factor d. This could indicate transition from a transport to an 
interfacial controlled reaction with increasing concentration, but a greater number of 
points at early adsorption times would be required to determine an accurate initial 
adsorption rate at high plasma concentrations where surface occupation takes place 
more rapidly. 

Figure 4 shows the interfacial concentrations of fibrinogen after one hour of 
contact with plasma in both series of experiments. Contrary to observations under 
static conditions on glass (17) extrema do not occur above d = 10"3. This effect may 
be due to faster transport processes in presence of convection. Surface nature and 
preparation are also a relevant parameter. As the kinetic curves do not show a true 
plateau after one hour, still lower interfacial concentrations would be expected with 
increasing contact times. 

Influence of temperature. Figure 5 presents an adsorption "isotherm" at one hour 
for two temperatures 23°C and 37°C using the first plasma pool. No maximum 
appears above d = 10"3 at either temperature. The temperature effect is equally as 
important as in previous studies of Slack et al. using baboon plasma (19) on 
borosilicate glass coverslips and Pyrex rectangles. At this stage, let us note that in 
those static experiments the ratio volume / area is about 1 cm while with a tube of 
diameter 0.25 cm (17) it is 0.06 cm. Kinetic analysis at d = 5 x 10' 3 (Fig. 6) suggests 
the initial fibrinogen adsorption to be only slightly dependent on temperature, possibly 
due to transport control. The exchange process is nevertheless slower at 23°C than at 
37°C as likewise shown by the maximal interfacial concentrations. 

Conclusions 

Study of the adsorption of fibrinogen on silica capillaries under flow conditions 
demonstrates the important influence of transport phenomena on the transient state of 
fibrinogen at the silica / solution interface. Plasma composition is probably another 
significant parameter, especially in the case of phase contact activating materials. The 
relevance of transport has already been mentioned in earlier work (20), where the 
time-window concept was introduced and the importance of irregularities in the shape 
of conducts and cavities was emphasized as a source of molecular exchange 
essentially involving diffusion. A transient state is more readily observed under static 
conditions at low dilutions, due to the limiting law T~ as compared to F~ t in a 
coupled convection - diffusion model. However, convection ensures constant bulk 
solution concentrations of proteins and should facilitate the interpretation of results. 
The interfacial fibrinogen concentration showed no extremum above d = 10"3 , while 
temperature appeared to influence the final surface concentration through a facilitated 
exchange at 37°C relative to 23 °C. A more accurate quantitative description of the 
exchange process should be possible using the addition of labeled fibrinogen to an 
afibrinogenic plasma. 
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Figure 3: Kinetics of adsorption of fibrinogen on silica capillaries from plasma 
(single donor) at y = 200 s"1 and varying dilutions: d = 10"3 (a) (upper curve y = 
360 s' 1); d = 2 x 10"3 (b); d = 4 x 10"? (c); d = 10"2 (d). Closed symbols refer 
to passage of plasma, open symbols to rinsing with buffer. T = 37°C. 

0.0e+0 1.0e-2 

Figure 4: Adsorption "isotherm" after one hour of contact with plasma at 37°C. 
Plasma pool (A). Single donor (o). Standard deviation with n=2 (d = 10 - 3) and 
n=3 (d = 5 10-3 andd=10" 2) 
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0.0e+0 2.0e-2 

Figure 5: Adsorption "isotherm" after one hour of contact with plasma (pool) at 
23°C (•) and 37°C (•). Standard deviation with n=2 (d = 10"3) and n=3 (d = 5 
10"3 andd= 10"2) 

0.06 

Time (min) 

Figure 6: Kinetics of adsorption of fibrinogen from diluted plasma (pool, d = 5 x 
10"3) at 23°C (•) and 37°C (o). Closed symbols refer to passage of plasma, 
open symbols to rinsing with buffer. 
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Chapter 10 

Protein Displacement Phenomena in Blood 
Plasma and Serum Studied by the Wettability 

Gradient Method and the Lens-on-Surface 
Method 

Hans B. Elwing1,3, Liu Li1, Agneta R. Askendal1, Ghada S. Nimeri1, and 
John L. Brash2 

1Interface Biology Group, Department of Physics and Measurement 
Technology, Linköping Institute of Technology, S-581 83 Linköping, 

Sweden 
2Department of Chemical Engineering, McMaster University, Hamilton, 

Ontario L8S 4L7, Canada 

Protein exchange or displacement phenomena on silicon-based surfaces in 
heparinized blood plasma or serum was studied using the lens-on-surface 
method and the wettability gradient method. Ellipsometry was used for the 
quantification of adsorbed proteins. Selected proteins were detected with 
the use of antibodies. Using the lens-on-surface method it was found that 
the lack of FG (fibrinogen) in serum did not facilitate binding of anti-HSA 
(albumin), anti-IgG (immunoglobulin G) or anti-HMWK (high molecular 
weight kininogen) following incubation of serum with silicon oxide 
surfaces. Instead, the binding of these antibodies was virtually the same in 
serum as in plasma. Thus it seems that the behavior of fibrinogen in the 
"Vroman sequence" is essentially independent of these other proteins. 
With the wettability gradient method it was found that binding of anti-HSA 
increases with increasing incubation time at the hydrophobic end of the 
gradient when either plasma or serum was used. Anti-FG was found to 
bind to plasma-incubated gradient surfaces at both the hydrophobic and 
hydrophilic ends of the gradient at short incubation time. With prolonged 
incubation, binding of anti-FG decreased at the hydrophilic end of the 
gradient. Binding of anti-HMWK occurred mostly at the hydrophilic end 
of both plasma and serum incubated gradient surfaces with a binding 
optimum at about 10 min. With prolonged incubation the binding of 
anti-HMWK decreased. Binding of anti-IgG was relatively low on serum­
-incubated as well as plasma-incubated gradient surfaces. 

3Current address: Laboratory of Interface Biophysics, University of Göteborg, Lundberg 
Building, Medicinaregatan 9c, S-413 90 Göteborg, Sweden 
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10. ELWING ETAL. Protein Displacement Phenomena in Blood 139 

Solid surfaces are spontaneously covered with a layer of protein after seconds of contact 
with blood (1,2). Because this accumulation of protein occurs so rapidly, it precedes the 
arrival of cells on implant surfaces. Cells are therefore likely to interact with the protein 
coated biomaterial rather than directiy with the material. Therefore, much research has 
been done to understand the process of protein adsorption at solid surfaces. The 
physicochemical aspects of protein adsorption at solid surfaces have been investigated 
extensively with wide implications in different areas of research (3,4). Of particular 
interest in biomaterials oriented research is that many proteins change biological activity 
and conformation upon adsorption (5-9), and form an increasingly irreversible attachment 
to the surface with time (10,11). 

The subject of this investigation is the phenomenon of surface exchange or 
displacement of adsorbed proteins, an important effect in complex protein "solutions" like 
blood. This phenomenon has created much interest since Vroman's original observation of 
the "transitory" adsorption of fibrinogen from blood plasma on glass surface (12-18). 
According to Vroman, blood protein adsorption at glass surface has the characteristics of 
a sequence starting with albumin, followed by IgG, fibrinogen and finally high molecular 
weight kininogen (19). Additional proteins were included in the sequence in Vroman's 
original publication but these have been excluded in this investigation for reasons of 
simplicity. The "lens-on-surface" method was used by Vroman and was found to be very 
sensitive for these types of study (79). With this method we have been able to reproduce 
some of Vroman's original observations and to quantify objectively the displacement 
reaction with a supplementary ellipsometric method (20,21). 

The blood plasma concentration and the time of incubation have an influence on 
the speed of the displacement reaction (14,15,22). The degree of surface hydrophobicity 
is also an important factor since more hydrophobic surfaces bind proteins less reversibly 
(23,24). Therefore we have also investigated the "Vroman effect" in human plasma on the 
so-called wettability gradient surface (25), formed by diffusion of methylsilane over a 
silicon oxide surface. In this system we have demonstrated relations between both time of 
incubation and surface hydrophobicity and the exchange between fibrinogen and high 
molecular weight kininogen on gradient surfaces incubated in human plasma (26). 

Fibrinogen (FG) is an important protein in biomaterial interactions due to its many 
biological effects. It is therefore important to understand the adsorption of this protein in 
more detail. To this end we have studied the Vroman effect in fibrinogen-poor serum 
using the wettability gradient and lens-on-surface methods. By comparing the results of 
the serum and plasma experiments, it was hoped to get more information, both qualitative 
and quantitative, on the relative importance of albumin, IgG and H M W K in the "Vroman 
sequence". 

This work is based partly on original observations that H M W K could be detected 
at hydrophilic silicon surfaces incubated in serum. This observation was first reported by 
P. Warkentin at the San Diego meeting in 1984. See also Warkentin, et al., this volume. 

Materials and Methods 

Plasma, serum, and antibodies. Human heparinized plasma and serum were obtained 
from healthy donors and stored at -70°C until use. The plasma and serum were diluted to 
a desired concentration with phosphate buffered saline (PBS). Rabbit anti-human albumin 
(a-HSA), rabbit anti-human IgG (a-IgG), rabbit anti-human fibrinogen (a-FG), and rabbit 
anti-goat immunoglobulin were obtained from D A K O Immunoglobulin a/s, Glostrup, 
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140 PROTEINS AT INTERFACES II 

Denmark. Goat anti-human high molecular weight kininogen (a-HMWK) was from 
Nordic Immimochemical Laboratories, the Netherlands. The antibodies were diluted in 
PBS buffer to a working concentration of 1/50. The concentration of H M W K in plasma 
and serum was determined using a double diffusion immunoassay. No difference in 
precipitation ability between plasma and serum was found, indicating that H M W K in 
serum had at least 50% of its concentration in plasma. 

Preparation of wettability gradient surfaces. Polished silicon wafers, 0.3 mm thick 
(Okmetic OY, Finland) were used as solid substrate. The wafers were cut into rectangles 
(10 x 25 mm) which were washed as previously described (25). Wettability gradient 
surfaces were prepared on silicon substrates arranged vertically in xylene (Merck p.a.). 
Dimethyldichlorosilane (0.05%, v/v, Sigma, USA) in 20 ml trichloroethylene (Merck p.a.) 
was added at the bottom and allowed to diffuse into the upper xylene phase for 90 
minutes. The wettability gradient formed was approximately 7 mm long (25). The 
wettability properties can be determined by measuring the adsorption of fibrinogen (27), 
or by measuring the advancing water contact angle. The contact angle was found to vary 
from 90° at the hydrophobic end to 10° at hydrophilic end (Figure lb). 

Protein adsorption experiments on wettability gradient surfaces. The experiments 
were performed at room temperature (23°C). The surfaces were immersed in serum or 
plasma diluted 1/10 with PBS for 2.5 min, 10 min, 40 min, and 160 min, respectively. 
After rinsing with PBS, some of the surfaces were further incubated in the appropriate 
antibody solution for 30 minutes. The surfaces exposed to a-HMWK were then incubated 
in rabbit anti-goat immunoglobulin solution for 15 rnin in order to amplify the response of 
a-HMWK. Surfaces were finally rinsed in distilled water and dried in nitrogen. 

The lens-on-surface method. The details of this method have been described 
previously (20,28). Briefly, a glass lens with a focal length of about 200 mm was placed 
with the convex side down on the hydrophilic silicon surface. Serum or plasma (0.1 ml) at 
dilutions of 1/10 and 1/100 was injected into the space between the lens and the test 
surface. After 10 rnin incubation at room temperature, the plasma and the lens were 
removed. The test surface was then incubated in the appropriate antibody for 15 min after 
rinsing in PBS. The surfaces treated with a-HMWK were further incubated in rabbit 
anti-goat immunoglobulin for 15 min. Al l surfaces were finally rinsed with distilled water 
and dried in flowing nitrogen. 

Ellipsometric quantification of adsorbed proteins on surface. In ellipsometry the 
change in polarization of light reflected from a surface is measured, from which the 
thickness of the adsorbed film is calculated as described elsewhere (25). The dry gradient 
surfaces were monitored in an automatic ellipsometer (Auto Ell 3, Rudolph Research, N Y , 
USA) equipped with a device for stepwise lateral scanning. The resolution of the lateral 
measurements was 0.635 mm and scanning was performed stepwise at 0.635 mm intervals 
(Figure lc). The experiments presented in Figures 2-4 were done at least three times. No 
major qualitative differences between replicate experiments were found. 
Some properties of the silicon oxide and methylated silicon oxide surfaces. The 
silicon of electronic device quality used in this investigation has a layer of spontaneously 
grown, hydrophilic, silicon oxide. The top layer of the surface contains a large number of 
silanol groups which are amphoteric, being both proton acceptors and donors. The zeta 
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10 5 0 5 10 10 5 0 5 10 

DISTANCE FROM CONTACT POINT (mm) 

Figure 2. Adsorbed amount of organic material on silicon oxide surface as obtained by 
the lens on surface method. Plasma or serum diluted 1/10 or 1/100 was incubated under 
the lens for 10 min. After removal of the lens, the surfaces were incubated with specific 
antibodies for 15 min. Scanning ellipsometry determinations of the adsorbed amounts of 
organic material were performed across the contact point of the lens. The very high 
amounts of organic material deposited, about 0.8 M-g/cm2, in the "a-HMWK" group may 
be explained by the fact that polyclonal anti-immunoglobulin was used to amplify the 
reaction. 
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potential of these surfaces has been found to be zero at pH 3.0 to 3.2 (29). The silicon 
oxide surface is made hydrophobic by means of reaction with dicWorodimethylsilane 
(DDS). DDS reacts with the silanol groups of the surface and the resulting -Si(CH3)2 
groups are bound covalently to the silicon oxide forming a densely packed array of methyl 
groups (30). Silicon of electronic device quality has a surface that is flat at the nanometer 
scale. The extreme flatness makes it highly reflective and thereby suitable as a substrate 
for ellipsometry. In a recent investigation of plasma protein adsorption on solid surfaces 
of different origin it was found that both silicon oxide and methylated silicon oxide 
generally adsorb less protein per unit area than some polymer surfaces, for example 
polystyrene (31). It is possible that the extreme flatness (as measured by scanning force 
microscopy) of the silicon surface is responsible for these differences (30). 

Results 

The lens-on surface method and the "Vroman effect" in serum and plasma. The 
principle of the lens method is that a gradient in fluid height or volume above the surface, 
is created from the contact point of the lens at the surface and outwards (Figure la). 
When serum or plasma is incubated under the lens, the protein solution close to the 
contact point will be depleted of protein due to adsorption at the surface. Such depletion 
will have an effect which is similar (but not identical) to dilution of the protein solution 
near the contact point of the lens (21). 

Serum or blood plasma diluted 1/10 and 1/100 were used in these experiments 
with the hydrophilic silicon surface. After washing off unbound protein and removal of 
the lens, the surfaces were incubated in various antisera followed by ellipsometric 
measurement of the amount of adsorbed protein. Representative data are shown in Figure 
2. At a dilution of 1/10 binding of anti-HMWK occurred at distances far from the 
contact point of the lens. There was no apparent difference between plasma and serum in 
the binding pattern of anti-HMWK. Binding of anti-FG on surfaces incubated in plasma 
showed maxima at some distance from the contact point (2-3 mm) as previously observed 
(20). On surfaces incubated in serum, little binding of anti-FG was observed as expected. 
Binding of anti-HSA and anti-IgG was low on both plasma- and serum-incubated surfaces. 

In experiments with plasma and serum diluted 1/100 the binding of anti-HMWK 
was very similar. The total bound anti-HMWK was however lower than in the 1/10 
dilution experiments. In addition, there were no binding maxima of anti-FG on plasma-
incubated surfaces. The binding of anti-IgG or anti-HSA was insignificant in the 1/100 
dilution experiments. The double peaks representing binding of anti-IgG on serum-
incubated surfaces were frequently, but not always, observed. 

Deposition of plasma and serum proteins on wettability gradient surfaces. The 
lens-on-surface method can be used only on hydrophilic surfaces; it is precluded on 
hydrophobic surfaces due to capillary effects. Investigation and assessment of protein 
exchange phenomena using the gradient method were done at different times of 
incubation. 

Gradient surfaces were incubated with plasma or serum, diluted 1/10, for 2.5 rnin, 
10 rnin, 40 min and 160 min at room temperature. After rinsing and drying the surfaces, 
the adsorbed amounts of organic material were determined with the ellipsometer. The 
results of a representative experiment are shown in Figure 3. Approximately 0.25 pg/cm^ 
was deposited at the surface independent of the time of adsorption. However, at the 
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Figure 3. Adsorbed amounts of organic material on gradient surfaces incubated in plasma 
or serum. Scanning ellipsometry was used to quantify the adsorbed amounts along the 
gradient surface. The wettability distribution, expressed as advancing contact angle with 
water, is given on the x-axis. Human plasma or serum was incubated for different times as 
given in the Figure. 

hydrophobic end of the plasma-incubated gradient the total amount of material deposited 
decreased with increasing incubation time. This phenomenon may be associated with the 
so called "total protein" Vroman effect involving maxima in total adsorbed protein as a 
function of plasma dilution or time (Brash, J.L., unpublished observation). 

Antibody binding to wettability gradient surfaces incubated in plasma or serum. In 
Figure 4 the amounts of antibodies bound to gradients incubated in plasma or serum for 
different times are shown. The adsorbed amount of organic material in the first layer 
(adsorbed from plasma or serum) has been subtracted. 

The binding of anti-HSA was low at the hydrophilic end of the gradient at all 
incubation times. At the hydrophobic end, binding of anti-HSA gradually increased with 
increasing incubation time. At short incubation time a reproducible peak of antibody 
binding around 60° contact angle was observed. The binding of anti-HMWK reached a 
maximum at 10 rnin, then gradually decreased to a relatively low level at 140 rnin. 
Binding of anti-HMWK also occurred on the hydrophobic part of the gradient, especially 
at short incubation times. However it must be kept in mind that the sensitivity of 
anti-HMWK detection was increased by incubation with anti-immunoglobulin. Binding of 
anti-IgG was low on all parts of the gradient and at all incubation times. As expected, 
binding of anti-FG was low at all incubation times on gradient surfaces incubated in 
serum, since this medium contains very little fibrinogen. The binding of anti-FG on 
gradient surfaces incubated in plasma was significant at the hydrophobic end of the 
gradient at short incubation time but gradually decreased with increasing incubation time. 
At the hydrophilic end of the gradient, the binding of anti-FG was significant at short 
incubation times but gradually decreased with increasing incubation time. A substantial 
amount of anti-FG was, however, still bound after 140 min incubation. 

In some gradient experiments (data not shown) binding of anti-FG was found to 
decrease also at the far hydrophobic end of the gradient as reported previously (2(5). This 
phenomenon seems to be related to structural change in the adsorbed fibrinogen (32). 
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a P L A S M A S E R U M 

C O N T A C T A N G L E (6) 

Figure 4. a) Adsorbed amounts of antibodies, a-HSA and a-HMWK (y-axis), on gradient 
surfaces incubated in serum or plasma for different times. The wettability distribution, 
expressed as advancing contact angle with water, is given on the x-axis. Human plasma or 
serum was incubated for different times as given in the Figure. Antibody incubation was 
performed for 15 min. b) Adsorbed amounts of antibodies, a-IgG and a-FG (y-axis), on 
gradient surfaces incubated in serum or plasma for different times. 

 A
ug

us
t 1

6,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

5 
| d

oi
: 1

0.
10

21
/b

k-
19

95
-0

60
2.

ch
01

0

In Proteins at Interfaces II; Horbett, T., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1995. 



146 PROTEINS AT INTERFACES II 

Discussion 

There has been much discussion of a possible molecular explanation for the transitory 
adsorption phenomena of proteins in multicomponent solutions such as plasma. It has 
been suggested that albumin, the protein in plasma with the highest concentration, will 
initially dominate the adsorbed layer but will eventually be displaced by IgG which has a 
lower concentration but higher surface affinity than albumin. A sequence of adsorption 
and displacement involving all the proteins will occur based on these considerations. In 
the latter stages in this overlapping "sequence" H M W K will dominate the 
adsorption (79). 

Thus one might have expected that binding of anti-IgG or anti-HSA would increase on 
serum- compared to plasma-incubated surfaces, since in serum IgG and albumin would 
potentially fulfil the role of fibrinogen in the Vroman sequence. This is not an unrealistic 
expectation since IgG and HSA constitute a large part of the total protein content of 
plasma. However there are few indications that this was occurring in the lens-on-surface 
or the wettability gradient experiments. It is obvious that the presence of fibrinogen at the 
surface is not a prerequisite for the subsequent adsorption of HMWK. However it has 
been shown that plasma devoid of H M W K deposits fibrinogen after long exposure time 
(23,24). This observation along with the present results suggests that the H M W K in 
normal plasma is involved in the removal of adsorbed fibrinogen, but a "specific" exchange 
such that adsorbed fibrinogen is especially susceptible to displacement by H M W K is not 
indicated. 

It is important to point out that in the present investigation the adsorbed proteins were 
detected by antibody binding. A binding reaction, judged to be positive using proper 
controls, is normally a reliable measure of the presence of a protein. However, the 
absence of antibody binding does not exclude the presence of an adsorbed protein. An 
example is the decreased antibody binding properties of adsorbed fibrinogen that has been 
incubated in buffer (77). On the other hand, it has been concluded that antibody binding 
to adsorbed fibrinogen is a better criterion of biological activity (eg platelet adhesion) than 
the actual mount of adsorbed fibrinogen (33,8). Another weakness of the antibody 
method is that, in principle, the antiserum itself may be active in exchanging with proteins 
on the test surface. However, we found in a previous study that antibody binding to 
adsorbed protein antigens seems to prevent the antigen from being desorbed, possibly 
through cross Unking of the protein antigen (28). 

Some possible biological consequences of the results using the gradient method 
are also of interest. Albumin adsorption on a biomaterial is an important effect and 
dbumin is often found in substantial quantities on explanted biomaterials (34,35). It 
seems to have a passivating effect on thrombogenic response (36). In addition, adsorbed 
albumin on implanted polymer surfaces has been shown to down-regulate the acute 
inflammatory reaction in mice (37). The present investigation shows that anti-albumin 
binding increases with time at the hydrophobic end of the gradient when exposed to either 
plasma or serum. The hydrophobic end of the gradient surface consists of -Si-CH3 
groups and possibly also moieties such as -Si-CH3-Si-. Such groups are also present on 
polymer surfaces modified by radio frequency gas plasma polymerization of 
hexadimethylsiloxane (HMDSO). In addition, such HMDSO surfaces have a high 
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preference for albumin adsorption compared to other plasma proteins in mixtures as 
indicated by a recent ELISA investigation (31). This may reflect the specific binding of 
albumin to siloxane based materials. 

A point of interest also is the "peak" of anti-albumin binding in the middle part of the 
gradients. This highly reproducible phenomenon has also been observed by Hlady et al 
(38) using wettability gradient surfaces made by diffusion of dimethyldisiloxane as in the 
present work. The method for detection of adsorbed albumin was total internal reflection 
fluorescence spectroscopy (TTRF). This is a direct detection method for fluorescently 
labeled albumin and thus demonstrates that the "peak" in the middle of the gradient is not 
an indirect antibody effect but represents a true increase in adsorption of albumin in the 
middle of the gradient 

The adsorption of fibrinogen is a very important effect in biomaterial interactions 
due to its many biological consequences, for example adhesion and activation of platelets 
(39,40), triggering of the acute inflammatory reaction in experimental animals (37), and 
provision of binding sites for bacteria (21). As observed in this investigation the 
fibrinogen adsorption pattern on wettability gradient surfaces was different at the 
hydrophilic and hydrophobic ends of the gradient. It may therefore be of interest to 
perform implantations of gradient surfaces and measure various tissue response 
parameters along the gradient surface on the explanted material. Such investigations are 
currently under way. 

Very little binding of anti-IgG to surfaces incubated in serum or plasma was 
observed in this investigation. Adsorbed IgG is known to cause complement activation 
and to be involved in the attachment of neutrophils to biomaterials. Preadsorption of IgG 
on hydrophobic surfaces, eg the hydrophobic end of a wettability gradient surface, is 
known to cause complement activation. However the wettability gradients do not activate 
complement unless they are preadsorbed with IgG (28). Complement activation does 
occur on some surfaces, eg cuprophane dialysis membranes, but seems to proceed 
predominandy through the alternative pathway without involvement of adsorbed IgG. In 
addition Tang and Eaton have concluded that IgG is not a major cause of inflammation in 
their experimental in vivo model (41). Thus it seems that adsorption of IgG out of blood 
or plasma has little significance for biocompatibility. 

It is obvious from the present work that H M W K has a very high affinity for silicon 
oxide or glass-like surfaces in general. HMWK contains a positively charged histidine rich 
domain which may be related to its high affinity for the negatively charged silicon oxide 
surface (42). H M W K is involved in both the contact activation system of blood 
coagulation and the kinin generation system. Its adsorption seems to provide a good 
indicator of intrinsic pathway activation based on previous studies using the wettability 
gradient method (43,44). It has also been reported recendy that H M W K has pronounced 
anti-adhesive properties for both bacteria (21) and eukaryotic cells (45). 

Conclusions 

Some important protein exchange phenomena occurring during plasma or serum contact 
were studied on flat silicon surfaces using gradient methods such as the lens-on-surface 
and the wettability gradient. With the use of these rather simple methods we were able to 
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measure the effect of continuous gradients in "space" and surface chemistry. Pronounced 
protein displacement effects were found on hydrophilic silicon surfaces both in serum and 
plasma. The fact that serum lacks fibrinogen did not affect the binding of anti-albumin at 
the hydrophobic end of the wettability gradient or anti-HMWK at the hydrophilic end. 
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Chapter 11 

Competitive Adsorption of Proteins 
During Exposure of Human Blood Plasma 

to Glass and Polyethylene 

P. Turbill, T. Beugeling, and A. A. Poot 

Department of Chemical Technology, University of Twente, P.O. Box 217, 
7500 AE Enschede, Netherlands 

Fibrinogen adsorption to glass from various human blood plasmas has 
been measured as a function of time. The plasmas were 11 single donor 
plasmas, pooled plasma, a single donor HWMK-deficient plasma and 
HMWK-deficient plasma, which had been reconstituted with HWMK. 
For adsorption times between 1 min and 1 h more fibrinogen adsorbed 
from HWMK-deficient plasma compared to the amounts of fibrinogen 
which adsorbed from the other plasmas. This result supports the 
conclusion of several authors that HWMK is involved in the 
displacement of fibrinogen, initially adsorbed from normal human 
plasma to glass. 

Glass surfaces, preexposed to solutions of plasma and subsequently 
exposed to 1:1 diluted plasma, give rise to a relatively high adsorption 
of HMWK which is independent of the plasma concentration of the 
precoating solution. This result demonstrates that HMWK displaces 
preadsorbed plasma proteins from the glass surface. The experiments 
with polyethylene as a substrate reveal that HDL displaces preadsorbed 
plasma proteins from the polyethylene surface. Moreover, evidence is 
presented that substantial amounts of albumin and fibrinogen, adsorbed 
from 1:1,000 diluted plasma to glass and polyethylene, are displaced 
from the material surfaces by proteins different from HMWK and HDL, 
when these surfaces are subsequently exposed to 1:1 diluted plasma. 

Several studies strongly suggest that fibrinogen, initially adsorbed from blood 
plasma to glass or a glass-like surface, is subsequently displaced from the surface 
by H M W K (high molecular weight kininogen) (7-6). These studies include 
experiments in which the time dependent adsorption of fibrinogen from single 
donor HMWK-deficient plasma had been compared with the adsorption of 
fibrinogen from normal single donor plasma or from pooled plasma. The amount 
of adsorbed fibrinogen may, however, depend on the plasma composition. In 

0097-6156/95/0602-0150$12.00/0 
© 1995 American Chemical Society 
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order to get more insight into the real differences between normal donor plasmas 
and HMWK-deficient plasma with respect to fibrinogen adsorption, we 
determined the adsorption of fibrinogen to glass from 11 donor plasmas and 
pooled plasma as a function of time. The 11 donors did not belong to the group 
of 15 donors, who donated blood for the preparation of pooled plasma. In 
addition, we measured fibrinogen adsorption from single donor HMWK-deficient 
plasma and the same plasma, which had been reconstituted with H M W K . 

The displacement of adsorbed plasma proteins by H M W K was also studied 
in another way. Glass surfaces were first preexposed to solutions with different 
concentrations of plasma, resulting in protein layers having different protein 
compositions. The precoated glass surfaces were subsequently exposed to 1:1 
diluted plasma. Thereafter the amounts of H M W K in the newly formed protein 
layers were determined and compared with the amounts of this protein adsorbed 
to the preexposed glass surfaces. Measurements of albumin and fibrinogen 
adsorption were also included in this study. Similar experiments were carried out 
with polyethylene instead of glass, but in this study the adsorption of H D L (high 
density lipoprotein) was investigated because it has been reported that H D L 
preferentially adsorbs to hydrophobic polymers such as polyethylene (6,7). 

Materials and Methods 

Test device. Protein adsorption from plasma solutions to the material surfaces 
was studied by means of a two step enzyme-immunoassay (6,8). In this enzyme-
immunoassay (EIA) a special test device is used (Fig.l). The device consists of a 
stainless steel bottom plate (13 x 9.5 x 0.2 cm) provided with nine screw pins, 
and a Teflon upper part (13 x 9.5 x 1 cm) containing 24 cylindrical holes with a 
diameter of 10 mm as well as holes for the screw pins. At the bottom side, each 
of the 24 holes has a stepped recess (15.5 mm ID, depth 2.0 mm) in which a 
silicone sealing ring (10.77 ID x 2.62 mm; Eriks, Alkmaar, The Netherlands) is 
placed. Either a polymer sheet or two glass plates (in order to prevent breakage) 
can be placed between the bottom plate and the sealing rings in the Teflon upper 
part. After the components have been pressed together by means of wing nuts, a 
24 wells test device is formed which allows the adsorption as well as the 
detection of proteins adsorbed to the surface of a polymer or glass. The test 
surface area and the maximum content of each well are 0.9 cm 2 and 800 pL 
respectively. 

Material surfaces. Glass plates were obtained from Corning, New York, USA 
(hard glass, type 7059, thickness 2mm). Polyethylene sheet (low density 
polyethylene, thickness 0.05 mm) was obtained from T A L A S , Zwolle, The 
Netherlands. Glass plates and polyethylene sheets were cleaned as described by 
Poot et al (6). 

Plasmas and HMW kininogen. Pooled normal human plasma was obtained from 
15 healthy male donors. From each donor 100 mL of venous blood was collected 
via a 1.5 mm needle and 'Silastic' Medical-Grade tubing (length 15 cm, 3/16 in 
ID) into two polypropylene centrifuge tubes (50 ml each), containing 
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•'CD CD O 'CD CD 
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CD CD CD. CD CD 

Figure 1. Test device for studying protein adsorption with the aid of an 
enzyme-immunoassay. 
(1) Stainless steel bottom plate, (2) Teflon upper part, (3) silicone rubber 
sealing ring. 
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anticoagulant. The anticoagulant was 130 m M trisodium citrate and the 
anticoagulant to blood ratio was 1:9 (v/v). The tubes were centrifuged for 15 min 
at 1,570 g and the remaining plasmas were centrifuged for 15 min at 3,000 g. 
Thereafter the plasmas were pooled in a polypropylene beaker of 1,000 mL and 
the pooled plasma was transferred into polypropylene vessels of 2.2. mL. Vessels 
with plasma were kept at -30°C. Just before use, plasma was thawed in a water 
bath of +37°C. 

Serial plasma dilutions were made with phosphate buffered saline, pH 7.4 
(PBS) (NPBI, Emmer-Compascuum, The Netherlands), and put into 
polypropylene vessels of 2.2 mL before (diluted) plasma was transferred into 
these vessels. 

The 11 single donor plasmas were prepared from buffycoats which were 
obtained from the Blood Bank Twente-Achterhoek (Enschede, The Netherlands). 
These buffycoats had been prepared from citrated/dextran A blood collected in 
P V C blood bags. The buffycoats were centrifuged in polypropylene tubes for 15 
min at 1,570 g, and the remaining plasmas were centrifuged for 15 min at 3,000 
g. The single donor plasmas were put into polypropylene vessels of 2.2 mL and 
kept at -30°C. Just before use, the plasma was thawed in a water bath of +37°C. 

Congenitally HMWK-deficient plasma was obtained from George King 
Biomaterials, Overland Park, KS , USA, and kept at -30°C. Just before use, the 
plasma was thawed in a water bath of +37°C. 

Purified native (single chain) H M W K (0.6 mg.mL"1) was kindly provided by 
Dr B . N . Bouma (Department of Hematology, University Hospital, Utrecht, The 
Netherlands). The purified H M W K has been extensively characterized (P). This 
protein was also kept at -30°C until use. HMWK-deficient plasma, reconstituted 
with H M W K , had a H M W K concentration of 70 ixg.mV1. 

Protein adsorption and EIA. A description of protein adsorption experiments 
and the subsequent enzyme-immunoassay (EIA) of adsorbed proteins with the aid 
of the test device has been given by Poot et al (<5) and Van Damme et al (8). 

The adsorption experiments as well as the EIA's were carried out at 20°C 
± 1.5°C. In order to prevent an air-plasma-solid interface which might induce 
protein denaturation, 200 pL of PBS was pipetted into the wells of a test device. 
An adsorption experiment was started by adding 200 p.h of undiluted or diluted 
plasma, depending on the experiment, into three wells of a test device. During 
pipetting of the plasma (solutions), the end of the pipettor tip was kept under the 
liquid surface but did not touch the test surface. The liquid in the well was gently 
mixed using the pipettor tip. 

200 pL PBS (instead of plasma) was added into two or three wells of each 
test device. EIA's performed with the contents of these wells served as blanks. 

Adsorption experiments and the subsequent EIA's in which the adsorption of 
fibrinogen from a single donor plasma (or HMWK-reconstituted plasma) was 
compared with fibrinogen adsorption from pooled plasma, were simultaneously 
carried out in threefold. Seven couples of experiments in which fibrinogen 
adsorption from single donor plasmas (Fig. 3) and fibrinogen adsorption from 
pooled plasma were compared, were carried out in seven days. Four other 
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couples of experiments were performed in two days. The shortest adsorption time 
in these experiments was 30 seconds. 

In experiments in which glass or polyethylene (mounted in a test device) 
were preexposed to plasma solutions and subsequently exposed to 1 : 1 diluted 
plasma, the preexposed surfaces were rinsed 4 times with 800 fil PBS containing 
0.005% (v/v) Tween-20. After rinsing, 200 fiL of PBS was pipetted into the 
wells. Thereafter 200 fiL of undiluted plasma was pipetted into these wells. The 
same precautions for the pipetting of plasma solutions into the wells of a test 
device were taken as described above. 

Antibodies and buffers used in the EIA. Rabbit serum directed against human 
fibrinogen (first antibody) was obtained from the Central Laboratory of the 
Netherlands Red Cross Blood Transfusion Service (CLB), Amsterdam, The 
Netherlands. This serum was diluted 100 fold with first antibody buffer. The 
serum, as well as the other sera and the enzyme-labelled antibodies, were kept at 
-30°C and thawed in a water bath of +37°C just before use. 

The first antibody buffer consists of 8.7 g/L NaCl, 6.1 g/L Tris (Merck, 
Darmstadt, Germany), 0.02% (v/v) Tween-20, 0.20% (w/v) gelatin (Merck) and 
0.5% (w/v) bovine serum albumin (BSA, obtained from Sigma) with pH adjusted 
to 7.5. 

The serum directed against human H D L , i.e. against apolipoprotein A - l of 
H D L , was purchased from Behringwerke A G (Marburg, FRG) and diluted 10 
fold with first antibody buffer. 

Purified goat antibody (1.8 mg/mL) directed against the light chain of 
human H M W K was kindly provided by Dr F . van Iwaarden (Department of 
Hematology, University Hospital, Utrecht, The Netherlands). This solution was 
diluted 2,000 fold with first antibody buffer. 

Sheep anti-rabbit IgG and rabbit anti-goat IgG, both conjugated to horse­
radish peroxidase (United States Biochemical Co., Cleveland, USA) were the 
enzyme-labelled antibodies; these conjugates were diluted 1:200,000 and 1:6,000, 
respectively, in conjugate buffer. When polyethylene was used as a substrate for 
the adsorption of proteins, the conjugate buffer had the same composition as the 
first antibody buffer except for a tenfold higher concentration of BSA (5%). 
When glass is used as a substrate, non-specific adsorption of the enzyme-labelled 
second antibody may occur. In order to prevent this, BSA in the conjugate buffer 
was replaced for 10% (v/v) of normal sheep serum (CLB). 

Results and Discussion 

Protein adsorption data are expressed as absorbances (A450) of the generated dye 
in the EIA. These data are not directly related to amounts of adsorbed 
protein/cm2. Protein molecules generally undergo conformational changes during 
and after adsorption. As a consequence several antigenic determinants of a protein 
molecule may lose their specific structure and are not able to react with binding 
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sites of the applied antibody (8). Moreover, antigenic determinants of protein 
molecules may be masked by other protein molecules. 

In order to prevent an air-plasma-solid interface which might induce protein 
denaturation, buffer was brought into the wells of a test device before plasma was 
added (see Materials and Methods). For this reason the time dependent adsorption 
of various proteins from 1:1 diluted plasma instead of undiluted plasma was 
determined. 

The adsorption of fibrinogen to glass from a single donor plasma (donor 6) 
and from pooled normal human plasma as a function of time are shown in Fig. 2. 
A two way analysis of variance (two plasmas and different adsorption times) 
revealed that the curve representing fibrinogen adsorption from this single donor 
plasma as a function of time does not significantly differ from the curve obtained 
for pooled plasma. Both fibrinogen adsorption curves show a strong decrease 
during the first 10 min of adsorption and reach a plateau level after about 10 
minutes. A similar phenomenon has also been found by Brash et al (5) and Poot 
et al (6). In the study of Poot et al 1:1 diluted plasma was used, while Brash et al 
used plasma diluted to 2.5 and 0.5%. In the last case, however, the amount of 
fibrinogen adsorbed to glass still decreased after 3 hr, probably because an 
equilibrium between fibrinogen in solution and adsorbed fibrinogen had not yet 
been reached. 

Fibrinogen adsorption curves determined for 7 of the 11 donor plasmas 
showed small but significant differences compared with the corresponding curves 
for pooled plasma. This is not surprising because it is well known that the protein 
composition of human plasmas varies (10) and as a result the adsorbed amounts 
of a particular protein may be different. Larger differences were observed 
between the fibrinogen adsorption curves of the 11 donor plasmas (Fig. 3). The 
real differences between these single donor curves are most probably smaller than 
the differences represented in Fig. 3, because the results of EIA experiments 
show a day-to-day fluctuation (8) and the majority of fibrinogen adsorption curves 
were determined at different days. 

The two mean fibrinogen adsorption curves for the single donor plasmas and 
pooled plasma, presented in Fig. 4, show a small difference during the first 10 
min of adsorption. No significant difference between the plateau values of the 
curves is found. The reason for the difference between the decreasing parts of the 
adsorption curves is not known. 

The A 450 value of 0.12, corresponding with the amount of H W M K 
adsorbed from 1:1 diluted HMWK-deficient plasma to glass (not shown), is small 
compared with the A450 value of about 0.80 for a normal plasma. Therefore it 
may be concluded that the deficient plasma contained only a small amount of 
H M W K . 

The fibrinogen adsorption curve for HMWK-deficient plasma (Fig. 5) is 
located at a much higher level than the curve for pooled plasma. For adsorption 
times larger than (about) 1 min, the curve for the deficient plasma is also located 
at a significanly higher level than the curves obtained with the 11 single donor 
plasmas. This finding strongly suggests that fibrinogen adsorption curves obtained 
with normal donor plasmas will always be located at a lower level than the 
adsorption curve for a single donor HMWK-deficient plasma. The fibrinogen 
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1.0-

A 
450 

0.5-

0.0 
1.4 

D single donor 6 
• pooled plasma 

— i — 
2.4 

— i — 
3.4 

log time (sec) 

Figure 2. Adsorption of fibrinogen to glass from 1:1 diluted human 
plasmas as a function of time. Adsorption times were 30 s, 1 min, 5 min, 
10 min and 1 hour. • single donor (donor 6) plasma, • pooled plasma. 
Adsorption values (A450) with regard to the two adsorption curves were 
simultaneously determined in threefold (n=3 ± SD). 

2.4 

log time (sec) 

Figure 3. Adsorption of fibrinogen (A450) to glass from 11 donor plasmas 
(1:1 diluted) as a function of time. Most of the single donor curves were 
determined at different days (see Materials and Methods). For adsorption 
times, see caption of figure 1. 
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log time (sec) 

Figure 4. Mean adsorption curves for the adsorption of fibrinogen to glass 
from 11 single donor plasmas (1:1 diluted) and pooled plasma (1:1 diluted) 
as a function of time (n=33 ± SD). For adsorption times, see caption of 
figure 1. 

l.o-
A 
450 

0.5" 

0.0 
1.4 

° HMWK-def plasma 
• HMWK-def + HMWK 
° pooled plasma 

— i — 
2.4 

log time (sec) 

— i — 
3.4 

Figure 5. Adsorption of fibrinogen (A450) to glass from 1:1 diluted human 
plasmas as a function of time. • single donor HMWK-deficient plasma, • 
HMWK-deficient plasma, reconstituted with H M W K . O pooled plasma 
(n=3 ± SD). For adsorption times, see caption of figure 1. 
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adsorption curve obtained with the HMWK-deficient plasma, reconstituted with 
H M W K to a physiological level of 70 jig. mL"1, is located at a somewhat higher 
level than the curve for pooled plasma. Some of the plateau levels of the curves 
obtained with single donor plasmas are, however, not significantly different 
compared to the plateau level of the curve for the reconstituted plasma. This 
means that addition of H M W K to HMWK-deficient plasma is mainly responsible 
for the fact that fibrinogen adsorption from the reconstituted plasma to glass is 
about the same as fibrinogen adsorption from a normal plasma. This result 
supports the conclusion of several authors (2-6), including ourselves, that H M W K 
is involved in the displacement of fibrinogen, initially adsorbed from normal 
plasma to glass (the Vroman effect). The decrease of fibrinogen adsorption from 
HMWK-deficient plasma during the first 10 min of exposure to glass indicates, 
however, that one or more other proteins are also involved in the displacement 
of adsorbed fibrinogen. 

At low plasma concentrations the amount of H M W K , adsorbed to glass, 
increases with increasing plasma concentration (Fig. 6). Above a plasma 
concentration of about 0.1% a plateau value for the amount of adsorbed H M W K 
is reached. These results are in agreement with those of earlier experiments (6). 
In very diluted normal plasma the concentration of H M W K is apparently 
decreased below such a low value that other proteins, which are rapidly adsorbed, 
cannot be replaced anymore by H M W K (77). At relatively high plasma 
concentrations relatively small amounts of other plasma proteins, like albumin, 
immunoglobulin G, fibrinogen, fibronectin and Factor VIII adsorb to glass (6). 
The high H M W K adsorption plateau, which is reached when glass is exposed to a 
solution with a plasma concentration higher than about 0.1%, indicates that 
H M W K preferentially adsorbs onto glass and may displace initially adsorbed 
plasma proteins from the glass surface. 

The displacement of adsorbed plasma proteins by H M W K was also studied 
in another way. Glass surfaces were first preexposed (1 h) to solutions with 
different concentrations of plasma, resulting in protein layers having different 
protein compositions. The precoated glass surfaces were subsequently exposed to 
1:1 diluted plasma for 1 hour. Thereafter the amounts of H M W K in the newly 
formed protein layers were compared with the amounts of this protein present on 
the preexposed glass surfaces. Earlier experiments (6) demonstrated that glass 
surfaces, which were exposed to 1:100,000 to 1:1,000 diluted plasma, i.e. 
precoated surfaces to which smaller amounts of H M W K had been adsorbed 
compared to the amount of H M W K represented by the above mentioned 
adsorption plateau, had adsorbed relatively large amounts of proteins like 
albumin, immunoglobulin G, fibrinogen, fibronectin, Factor VIII, and most 
probably many other proteins. In the present experiments, the preexposed glass 
surfaces, which were subsequentiy exposed to 1:1 diluted plasma, give rise to the 
same amount of adsorbed H M W K . This amount is equal to the amount of 
H M W K represented by the H M W K adsorption plateau, mentioned earlier. This 
indicates that H M W K , adsorbing from the 1:1 diluted plasma, is involved in the 
displacement of proteins from glass surfaces which had been preexposed to 
solutions with a plasma concentration below 0.1%. 
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From Fig. 7 it may be concluded that about 50% of the amounts of albumin 
and fibrinogen, adsorbed to glass from 1:1,000 diluted plasma, are displaced 
from the glass surface by one or more other plasma proteins after a subsequent 
exposure of the surface to 1:1 diluted plasma. In this case H M W K is not 
responsible for the displacement of albumin and fibrinogen, because the amount 
of adsorbed H M W K did not significantiy change after tb» subsequent exposure to 
1:1 diluted plasma. This is in agreement with Fig. 6, which shows that the 
amount of H M W K , adsorbed to glass from 1:1,000 diluted plasma, already 
reaches the H M W K plateau value. 

In order to investigate the displacement of proteins, adsorbed to 
polyethylene from plasma solutions, similar experiments were carried out as 
discussed above, but in those experiments the adsorbed amounts of H D L instead 
of H M W K were determined. The amount of H D L adsorbed to polyethylene 
increases as a function of the plasma concentration and reaches a plateau value at 
a plasma concentration of about 1% (Fig. 8). This result agrees well with the 
result of experiments reported earlier (72). A similar result was found for the 
adsorption of H D L from plasma solutions to P V C (7). 

The relatively low adsorption plateau level of H D L may be due to the fact 
that only parts of the H D L molecule consists of apolipoprotein A - l , against which 
the first antibody is directed. This results in a relatively low surface concentration 
of antibody molecules, which in turn leads to a low A450 value (8). 

Earlier experiments (<5) revealed that polyethylene which had been exposed 
to 1:100,000 to 1:100 diluted plasma, i.e. precoated polyethylene surfaces to 
which smaller amounts of H D L had been adsorbed compared to the amount 
corresponding with the H D L adsorption plateau, had adsorbed relatively large 
amounts of other proteins like albumin, immunoglobulin G, fibrinogen, 
fibronectin and H M W K . The polyethylene surfaces which were exposed to 
solutions with different plasma concentrations and subsequendy exposed to 1:1 
diluted plasma show the same amount of adsorbed H D L . This amount is equal or 
practically equal to the amount represented by the H D L adsorption plateau 
mentioned above. A similar result was obtained in earlier experiments (72). These 
results reveal that H D L , adsorbing from the 1:1 diluted plasma, is involved in the 
displacement of proteins from polyethylene surfaces, which had been preexposed 
to solutions with a plasma concentration below 1%. 

From Fig. 9 it may be concluded that the major part of albumin and 
fibrinogen, adsorbed to polyethylene from 1:1,000 diluted plasma, is displaced 
from the polyethylene surface by one or more other plasma proteins after a 
subsequent exposure of the surface to 1:1 diluted plasma. Fig. 9 also shows that 
there is only a small increase of the amount of adsorbed H D L after exposure of 
the precoated polyethylene surface to 1:1 diluted plasma. This indicates that one 
or more proteins, which differ from H D L , is (are) involved in the displacement 
of adsorbed albumin and fibrinogen from the preexposed polyethylene surface. 

In the foregoing text the displacement of preadsorbed proteins by proteins 
from 1:1 diluted plasma was discussed. However, similar displacement 
phenomena will occur when a material surface is directly exposed to plasma or a 
plasma solution, because it probably makes little difference whether a certain 
surface concentration of a particular protein has been obtained by 'precoating' or 
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A 
450 
1.0-

D pooled plasma solutions 
• +1:1 diluted plasma 

• - • - i H - H 

-2.3 -1.3 

log dilution 

-0.3 

Figure 6. Adsorption of H M W K (A450) to glass as a function of the 
plasma concentration ( • ) . Adsorption time 1 hour. Pooled human plasma 
was used to make plasma dilutions of 1:1 to 1:100,000. In a simultaneous 
experiment glass surfaces were first preexposed for 1 h to solutions with 
the same plasma dilutions. The preexposed glass surfaces were 
subsequently exposed to 1:1 diluted pooled plasma for 1 h and the amounts 
of adsorbed H M W K (•) were determined (n=3 ± SD). 

} 0 1:1000 diluted plasma 

_ @ 1:1000 and 1:1 diluted plasma 

Fb HSA HMWK 

Figure 7. Adsorption of fibrinogen (Fb), albumin (HSA) and H M W K to 
glass from 1:1,000 diluted pooled plasma ( 0 ) . Adsorption time 1 hour. 
In a simultaneous experiment glass surfaces were first preexposed to 
1:1,000 diluted pooled plasma for 1 h and subsequently exposed to 1:1 
diluted pooled plasma for 1 hour. Thereafter the adsorbed amounts of 
fibrinogen, albumin and H M W K were determined ( H ) (n=3 ± SD). 
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Figure 8. Adsorption of H D L (A450) to polyethylene as a function of the 
plasma concentration (•). Adsorption time 1 hour. Pooled human plasma 
was used to make plasma dilutions of 1:1 to 1:100,000. In a simultaneous 
experiment polyethylene surfaces were first preexposed for 1 h to solutions 
with the same plasma dilutions. The preexposed polyethylene surfaces 
were subsequently exposed to 1:1 diluted pooled plasma for 1 h and the 
amounts of adsorbed H D L (•) were determined (n=3 ± SD). 

Figure 9. Adsorption of fibrinogen (Fb), albumin (HSA) and H D L to 
polyethylene from 1:1,000 diluted pooled plasma (B). Adsorption time 1 
hour. In a simultaneous experiment polyethylene surfaces were first 
preexposed to 1:1,000 diluted pooled plasma for 1 h and subsequentiy 
exposed to 1:1 diluted pooled plasma for 1 hour. Thereafter the adsorbed 
amounts of fibrinogen, albumin and H D L were determined ( Q ) (n=3 ± 

Fb HSA HDL 

SD). 
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by a direct exposure to plasma during a definite time. The results obtained thus 
far indicate that many proteins are involved in the Vroman effect during exposure 
of a material surface to plasma. 
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Chapter 12 

Protein—Protein Interactions Affecting 
Proteins at Surfaces 

Peter H. Warkentin, Ingemar Lundström, and Pentti Tengvall 

Biomaterials Consortium, Laboratory of Applied Physics, Linköping 
University, S-581 83 Linköping, Sweden 

Protein adsorption to methylated silicon gradient and hydrophilic silicon 
surfaces as single, binary, and tertiary purified components as well as in 
association with normal plasma were studied. Antibody and albumin 
incubations of protein and plasma treated surfaces were noted to affect 
ellipsometric thickness and antibody binding patterns. BSA blocking 
procedures on surfaces treated with pure fibrinogen were able to mimic, 
to a degree, the same ellipsometric patterns as plasma treated gradients 
when probed by specific antibodies. Indications are that serum albumin 
influences and may even participate in the removal of IgG and 
fibrinogen from certain surfaces, even as a subsequent, non-competitive 
step. HMWK adsorbs differently to surfaces dependent on whether it is 
a serum component or a single protein. Specific antibody incubations of 
protein and plasma treated surfaces have been observed to cause a 
reduction in the ellipsometrically observable surface bound protein 
layer. These relationships may be due to components other than those 
indicated by the Vroman sequence. 

Protein adsorption at the blood-material interface is a complex interaction that has yet to 
be thoroughly defined. It is known to be a function of the surface with which proteins 
interact but it is also true that protein-surface associations are not the same in mixed 
protein situations as in pure protein solutions. Increasingly we have had to address the 
fact that proteins respond not only to the surfaces that they have been introduced to but 
also each other. In the following studies we see how proteins compete in limited 
systems and how this behaviour differs if the competitive edge is removed. 

In a previous paper (1), we have presented studies showing that protein-protein 
interactions affect protein interactions towards the surface in limited protein systems. 
These surface interactions vary according to the order and combination of the other 
proteins involved in the experimental model. Previous findings by Deyme et al (2) and 
Baszkin and Boissonade (3) indicate similar interactive behaviour of proteins where the 
presence of collagen resulted in increased albumin adsorption to solution-air and 
solution-polyethylene interfaces. These researchers support the approach of the study 
of limited defined protein systems stating that "detailed studies of binary solutions must 
be carried out with consideration to both components in such a system". It is through 
studies of simple systems such as these that the behaviour of more complex protein 
mixtures such as blood serum and blood plasma can be better understood. 

0097-6156/95/0602-0163$12.00/0 
© 1995 American Chemical Society 
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This paper offers further evidence of protein-protein interactions towards surfaces 
focusing largely, but not exclusively, on albumin affects. Plasma and serum system 
experiments illustrate that while these complex mixtures do not give results identical to 
those observed in defined protein systems, there are effects produced by the 
introduction of albumin that result in similar protein detection patterns. 

While there have been many models presented to explain protein adsorption onto 
surfaces they are often dependent on proteins behaving strictly as "particles" bearing 
average physical characteristics that have been verified. Some of these particle 
properties are however assigned for the convenience of the model (4). Other 
researchers have offered models of more complex proteins by partitioning physical 
characteristics thereby allowing differential behaviour by the particle model (5). There 
is also a tendency to regard the model particle only with respect to the material interface. 
While these assumptions aid the model, they tend to ignore subtle interactions and 
differences in real proteins that may limit the models applicability especially in real 
world multi-component systems. 

In order to study variable surface characteristics we have often employed a 
methylation gradient over a negatively charged hydrophilic silicon surface (6) such that 
the degree of surface energy can be modified in a controlled manner. This results in a 
surface that is extremely hydrophobic at one end (water contact angle >85°) to very 
hydrophilic (water contact angle <10°) at the other. This gives a useful gradient for 
mimicking the hydrophobic/hydrophilic glass surface although it should be noted that 
the properties expressed are unique to this system. By looking at the protein 
detectability over a continuous gradient rather than on discrete surfaces, the resulting 
pattern can offer a protein behaviour "fingerprint" where localized changes in binding 
and antigenicity can be more easily identified. This is because these differential 
chemical and surface energy properties affect interacting blood proteins differently, 
particularly for single proteins. In more complex mixtures however the behaviour of a 
protein may not demonstrate the same behaviour based upon the interactions or 
influences of proteins that surround it. Proteins may even be affected by other proteins 
that precede them to the interface or come after it. The effects may be the result of 
displacement, competition, or cooperation and are further studied on discrete 
hydrophilic silicon surfaces in this paper. 

The surface deposition and desorption of fibrinogen in dilute protein mixtures has 
been termed the Vroman effect (7) and a sequence of plasma protein surface adsorption 
has been proposed (8). What we have noted in our recent studies (1) is that 
displacement is not always as indicated in the Vroman sequence. In particular, bovine 
serum albumin and human serum albumin have been used to affect the surface 
interactions of IgG and fibrinogen after adsorption. This effect has been most notable at 
the hydrophilic end of the gradient. 

Experimental 

Phosphate buffered saline, (PBS) was prepared as 8.0 gm NaCl, 0.2 gm K H 2 P O 4 , 
2.9 gm Na2HP04*12H20, 0.2 gm KC1, and 0.2 gm NaN3. This was brought to 1 
liter, pH 7.4, without adjusting. Tris buffered saline, (TBS) was prepared as 20 mM 
Tris(hydroxymethyl)-aminomethane, 0.5 M NaCl, adjusted to pH 7.5 with HC1. 
Bovine serum albumin (BSA), a product of the Sigma Chemical Company, U.S.A., 
was of a quality sufficient for use in ELISA with a fatty acid composition of 0.009%. 
Human serum albumin (HSA) was obtained commercially as Fraction V , 96-99% 
albumin from Sigma Chemical Company, U.S.A. A purified form of fibrinogen was 
obtained from Calbiochem with a coagulability of >95% of the protein. 

The human IgG used was a commercial gammaglobulin fraction from KabiVitrum 
A B , Sweden of a quality suitable for human injection. The source of purified high 
molecular weight kininogen (HMWK) used in gradient studies was Calbiochem, 
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U.S.A. while discrete surface energy studies were performed using a purified single 
chain high molecular weight kininogen obtained from Enzyme Research Laboratories, 
U . S . A . 

Citrated human plasma was pooled from five apparently healthy donors. H M W K 
deficient plasma was obtained from Sigma as lyophilized powder which was 
reconstituted immediately before use with deionized water. 

Rabbit anti-human IgG, rabbit anti-human albumin, rabbit anti-human fibrinogen, 
and alkaline phosphatase conjugated swine anti-rabbit IgG were all polyclonal IgG 
fractions from Dakopatts, Denmark. Rabbit anti-human H M W K was a polyclonal IgG 
fraction from Calbiochem while the goat anti-human H M W K antiserum was purchased 
from Nordic, Finland and an alternate goat anti-human H M W K antiserum was obtained 
as a gift from Enzyme Research Laboratories, U.S.A. 

Commercially produced Type P(100) boron doped silicon wafers with a diameter 
of 76.2 ± 0.5 mm were obtained from Okmetic, Finland, cut to required sizes (1 cm x 1 
cm) and used in hydrophilic and hydrophobic flat surface experiments. Silicon gradient 
surfaces, 10 mm x 37 mm, were also cut from the same silicon wafers. 

Ellipsometry. The ellipsometric one-zone measurements were made on dried protein 
surfaces, and using a Rudolph Research Auto El EI ellipsometer. The protein 
concentration was then estimated assuming a constant film refractive index noX = nf= 
1.465 according to the method of Stenberg and Nygren (9), 

Surface concentration (ng/mm2) « K x thickness (nm) 

where K is the density of the protein « 1.35 g/1. Since the refractive index of proteins, 
n p « 1.55, the thickness of the protein film is decreased by a factor: 

[ (nVl)/n2ox ] / [ (n2p-i)Ai2p ] thus giving K « 1.2 (9) 

As the refractive indices, nf, may vary slightly for different proteins and on different 
substrates, the calculated values reported in this paper are effective values on silicon 
and DDS-methylated silicon, respectively.The error bars presented in the graphs 
indicate the statistical errors of the measured values at the surface. They do not include 
systematic discrepancies due to the approximations introduced by the refractive indices 
or mathematical modelling techniques. A previous comparison of in situ ellipsometric 
and radiotracer experimental values of adsorbed amounts of proteins onto silicon 
surfaces demonstrate reasonable agreement between the two techniques (10). 

Silicon Surface Protein Treatments. Wettability gradients were produced on 
silicon surfaces using the method of Elwing et al (6). Silicon wafers were cut into sizes 
of 10 x 37 mm and made hydrophilic (water contact angle < 5°) by heating to 80°C in a 
1:1:5 (volume) solution of NH3:H2O2:H20 (deionized). They were washed 3 times in 
deionized water heated to 80°C in a 1:1:6 solution (volume) of HC1:H202:H20 
(deionized) and finally washed 3 times in deionized water and stored until use in 
acidified H 2 O . These were placed vertically in a container filled with xylene and a 
0.05% solution of DDS in trichloroethylene which was carefully layered below the 
xylene phase and permitted the DDS to diffuse into the upper phase for 90 minutes. The 
contents were then drained from the bottom and the surfaces washed sequentially with 
ethanol, trichloroethylene, and ethanol and finally dried under nitrogen stream prior to 
use. 

Depending on the particular experiment, proteins were either used at human 
physiological concentrations or brought to 1/10 physiological concentrations in PBS as 
indicated in the review of Andrade and Hlady (11) or as indicated by Miiller-Esterl (12) 
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with respect to human H M W K . Some researchers have, in the past, chosen to use Tris 
buffered saline to overcome the problem of phosphate interfering with absorption of 
some proteins, particularly fibrinogen (13). On the other hand, Tris buffers are less 
physiological and, when used in adsorption steps, interfered with H M W K detectability 
(14). Since it has never been established how the bias introduced by the use of various 
buffer differs from the absolute physiological adsorption conditions, we use PBS as a 
standard buffer. Physiological concentrations were uniformly defined as 12.5 mg/ml 
for IgG, 2.5 mg/ml for fibrinogen and 40 mg/ml for albumin. H M W K was diluted to 
final physiological concentration of 0.074 mg/ml. Plasma was diluted 1:9 in PBS for 
comparisons with the single protein solutions where indicated. Incubation times are 
either 10 minutes or 1 hour depending on the experiment. In B S A blocked plasma 
experiments, citrated plasma diluted to 10% physiological in PBS was incubated for 1 
hour followed by 1 hour in 1% (10 mg/ml) BSA in PBS. 

In experiments using BSA, H M W K , and plasma treated gradients, duplicate 
surfaces were used and representative surfaces are shown in the figures. In all other 
experiments triplicates were used and results are represented statistically. Experimental 
results were corrected for background DDS methylation and oxide layer by measuring 
untreated surfaces and subtracting these values. 

Gradients were washed with PBS and incubated in a 1.8 ml solution per gradient 
in either the plasma or protein solution for 1 hour. In experiments using discrete 
surfaces, 3 surfaces of 1 cm2 were incubated in 1.8 ml. Surfaces were washed in PBS 
followed by deionized water, dried under nitrogen and the initial layer read by 
ellipsometry. In blocking experiments surfaces were treated as above except that they 
were blocked for 1 hour in 1% BSA after exposure to the initial protein treatment and 
rinsed in PBS and deionized water prior to the first ellipsometric reading. In controls 
and other experiments where surfaces were checked for amplified secondary antibody 
binding or non-specific antibody adsorption they were incubated in swine anti-rabbit 
IgG-alkaline phosphatase, 1/50 dilution in a PBS solution for 1 hour and washed in 
TBS followed by water, dried under nitrogen and read again. The conjugated antibody 
was used to keep the reagent consistent with previous ELISA and surface imaging 
work (14). Where there was primary antibody binding the surfaces were checked for 
further specific ellipsometric increases while in the case of no specific primary 
antibody incubation, they indicate only non-specific background binding. 

BSA Treatment of Protein Adsorbed Gradients. Gradients were incubated 
with IgG, 1.25 mg/ml or fibrinogen, 0.25 mg/ml in PBS for 1 hour. Half the number 
of surfaces were blocked for 1 hour in 1% BSA in PBS and read by ellipsometry. A l l 
surfaces, blocked and non blocked, were incubated in duplicate for 1 hour at room 
temperature in 1.8 ml/surface of the following antibody solutions diluted 1/50 in PBS: 
rabbit anti-human IgG, rabbit anti-human fibrinogen, and rabbit anti-human H M W K . 
Surfaces were then washed in PBS followed by deionized water, dried under nitrogen 
and read by ellipsometry. These represented surfaces after primary antibody incubation. 
The surfaces were then washed in PBS and incubated for 1 hour at room temperature in 
a 1/50 PBS solution of swine anti-rabbit IgG-alkaline phosphatase as secondary 
antibody. 

After the second antibody treatment, surfaces were washed 3 times in TBS and 
rinsed in deionized water. The surface thickness was read after every incubation step by 
ellipsometry. 

Results and Discussion 

Plasma Treated Gradients. Plasma treated gradient surfaces displayed a fair degree 
of variation in surface thicknesses as measured by ellipsometry (± 1.9 ng/mm2, not 
shown). It is not certain whether this is due to variability in gradient preparation or 
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changes in plasma protein adsorption. The differences in plasma treated surfaces alone 
and surfaces plasma treated followed by BSA blocking, however, were not statistically 
conclusive (not shown). When the same surfaces are incubated with the amplifying 
antibodies alone there was no alteration in thickness indicating that the secondary 
antibodies in the absence of specific primary antibodies did not add to ellipsometric 
thickness. 

In surfaces which were both treated with plasma alone (not shown) and those 
followed by BSA blocking (Fig. 1), there was no statistically conclusive indication that 
rabbit anti-IgG altered in its ability to bind the surface adsorbed IgG, although there 
appeared to be a reduction from 8.4 ng/mm2 without BSA to 7.2 ng/mm2 with BSA on 
the hydrophobic end. In surfaces which were both treated with plasma alone and those 
which were blocked, the anti-fibrinogen demonstrated a maximal ellipsometric 
thickness subterminally with respect to the hydrophobic end. When BSA incubations 
are introduced prior to primary antibody treatment there is a significant reduction in 
thickness of about 4.8 ng/mm2 from peak maxima. This reduction is not as great at the 
hydrophilic end of plasma treated surfaces but is still noticeable. 

Single Protein Treated Gradients. The single protein adsorption profiles are in 
agreement with previous observations (6, 1). IgG treated surfaces gave a smooth 
decrease in thickness along the gradient from an average of 5.0 ng/mm2 at the 
hydrophobic side to 1.9 ng/mm2 at the hydrophilic side (Fig. 2a). On B S A blocked 
surfaces this pattern is much the same, 4.8 ng/mm2 to 2.5 ng/mm2 (Fig. 2b). Primary 
antibody incubation of surfaces treated with IgG in the absence of BSA blocking (Fig. 
2a) gives an average increase in thickness to 12.1 ng/mm2 at the hydrophobic end to 
10.1 ng/mm2 at the hydrophilic end. This indicates confluent, albeit differential, IgG 
binding across the entire gradient. Surfaces that were exposed to B S A after IgG 
incubations display a remarkably different pattern however upon primary antibody 
incubation. The thickness at the hydrophobic end is unchanged (12.1 ng/mm2) but very 
much lower (2.5 ng/mm2) at the hydrophilic end (Fig. 2b). This drop-off is most 
pronounced from 5 to 11 mm from the hydrophobic end. The BSA in this case has 
definitely affected the preexisting IgG layer, either by removing and/or replacing it or 
by compromising its antigenicity. The degree of the BSA influence is a function of the 
surface characteristics, as well as the protein on the surface, otherwise IgG across the 
entire gradient would have been affected to the same extent. Human serum albumin in 
plasma may act in the same manner. Although it is in lower concentration than is these 
blocking experiments, it may be more competitive since it is in solution at the same time 
as IgG as opposed to the post-incubation exposure of BSA in this experimental model. 

The pure fibrinogen story on gradients resembles IgG in may ways. As a pure 
protein on the gradient (Fig. 3a) it resides as two distinct ellipsometric thicknesses, one 
at the hydrophobic end of 4.9 ng/mm2 and one at the hydrophilic end of 3.5 ng/mm2 

From 8 to 12 mm from the hydrophobic end there is a steeper transition in thickness 
than at the two extremes. The BSA blocked profile (Fig. 3b) is essentially the same 
displaying no apparent protein thickness changes. Upon application of the rabbit anti-
fibrinogen there is a confluent shift upward of the entire fibrinogen profile to 14.5 
ng/mm2 at the hydrophobic end and 12.5 ng/mm2 at the hydrophilic end (Fig. 3a). In 
the BSA blocked surfaces (Fig. 3b) the thickness is submaximal at the hydrophobic end 
and increases to a maximum again at a position 3 mm from the hydrophobic terminus. 
This low terminal antigenicity is similar to the BSA blocked or unblocked plasma and 
not noted in anti-fibrinogen activity where albumin is not a component. It may be a 
direct effect of the presence of albumin. The anti-fibrinogen remains maximal and 
begins to drop at a distance 8-9 mm along the gradient which reflects the transition 
point of the fibrinogen alone. The drop in antibody binding thickness at this point is 
similar to the effect on IgG-anti-IgG treated surfaces but in this case the drop in 
thickness is not as great. The pattern is similar to the anti-fibrinogen binding to BSA 
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Plasma —>RbaFib 

Plasma — >BSA—>RbctFib 

Plasma—>BS A 

0<1O° 

20 10 15 

Distance (mm) 

Figure 1. Ellipsometric readings of plasma adsorption and fibrinogen antigenicity 
changes due to BSA blocking of plasma treated methyl-silica gradient surfaces. 
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Figure 2. Ellipsometric readings of IgG adsorption and antigenicity on methylation 
gradients, a) Lower curve: IgG, 1.25 mg/ml. Upper curve: IgG followed by 
rabbit anti-IgG b) Lower curve: IgG, 1.25 mg/ml followed by 1% BSA. Upper 
curve: IgG, 1.25 mg/ml followed by 1% BSA followed by rabbit anti-IgG. 
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Figure 3. Ellipsometric readings of fibrinogen adsorption and antigenicity on 
methylation gradients, a) Lower curve: Fibrinogen, 0.25 mg/ml. Upper curve: 
Fibrinogen followed by rabbit anti-fibrinogen. b) Lower curve: Fibrinogen, 0.25 
mg/ml followed by 1% BSA. Upper curve: Fibrinogen, 0.25 mg/ml followed by 
1% BSA and then rabbit anti-fibrinogen. 
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blocked and unblocked plasma treated surfaces but the hydrophilic end of the pure 
protein still does not display as low a thickness (10.1 ng/mm2, Fig. 3b) as the B S A 
non-blocked plasma treated surface (6.1 ng/mm2) or the BSA blocked plasma treated 
surface (2.5 ng/mm2, Fig. 1). This may reflect a greater tenacity of the pure fibrinogen 
for the surface in a non-competitive situation. Nonetheless albumin must be playing a 
role in displacing or masking the antigenicity of both IgG and fibrinogen. 

Human Serum Albumin Effects. While it is not possible to present all work done 
involving human serum albumin, the results thus far indicate that there is no significant 
difference compared to those previously observed with BSA. Gradients (in triplicate) 
treated with l/10th physiological fibrinogen, 1 hour followed by l/10th physiological 
HSA, 1 hour, and then anti-fibrinogen for 30 minutes resulted in a profile that is 
essentially the same as in Figure 3b but having lower overall thicknesses (13.2 
ng/mm2, hydrophobic end, 7.8 ng/mm2, intermediate region, 9.0 ng/mm2, hydrophilic 
end, not shown). 

The albumin effects on fibrinogen are once again demonstrated in work done using 
discrete hydrophilic surfaces (Fig. 4). In this case, rather than having albumin at high 
concentrations as a blocking component, it is presented to the experimental system in 
concentrations physiologically proportional to that of fibrinogen. In both normal and 
l/10th physiological concentrations for 1 hour (triplicate surfaces, 5 readings per 
surface) the effects are essentially the same. If HSA is introduced to the fibrinogen 
treated surfaces prior to anti-fibrinogen, there is significantly less protein thickness. 
One might conclude that masking is involved but as shown in the physiological 
concentration experiment this decrease in thickness is statistically lower than the initial 
layer of fibrinogen alone. This would imply then that HSA may somehow be involved 
not simply in altering fibrinogen antigenicity, but in the removal of loosely bound 
fibrinogen itself. 

HMWK as Single Protein vs Serum and Plasma Component. Previous 
studies (15) have indicated that while the most abundant plasma proteins are 
antigenically detectable predominantly at the hydrophobic end of the gradient, goat anti-
H M W K (Nordic) binds more to the hydrophilic portion. Figure 5 indicates that the 
same is true for serum. In this case it appears as a major detectable protein. 

Figure 6 shows that as a pure protein however, H M W K at the same 1/10th 
physiological concentration is predominantly indicated at the hydrophobic end, similar 
to other proteins when introduced to surfaces as a single protein component. Its 
behaviour in the mixed protein systems is a function of the presence of the other 
proteins as well as the surface. This could be the result of a displacement by H M W K 
similar to that proposed by Vroman and Adams (16) but could also be the consequence 
of other factors or proteins not previously considered. In serum, fibrinogen is not 
present and its deposition is not a prerequisite to H M W K adsorption. In Figure 5 there 
appears to be very little antigenic indication that IgG is present over the gradient and 
even anti-albumin does not bind in substantial amounts compared to plasma. If H M W K 
adsorbed to the surface through sequential displacement then it bypassed fibrinogen 
involvement. This would mean that other serum components provided H M W K better 
access to the hydrophilic surfaces and limited deposition on hydrophobic side. 
Fibronectin may be a candidate as indicated by Vroman and Adams (16) but until it is 
firmly established what factors these are and what role they play, application of the 
Vroman displacement concept to proteins other than fibrinogen is open to challenge by 
other cooperative protein-surface association models which may or may not involve 
displacement. In another experiment (Fig. 7a), a physiological three protein mixture of 
HSA, fibrinogen, and H M W K were incubated for an hour on hydrophilic silicon and 
then probed with specific antibodies. Results indicated that no anti-fibrinogen above the 
initial protein thickness was detectable by ellipsometric methods, 0.7 ng/mm2 as a 
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Figure 4. HSA effects on fibrinogen antigenicity on discrete hydrophilic silicon. 
Left block: proteins at physiological concentration. Right block: proteins at 10% 
physiological concentration. Rightmost column for each: fibrinogen followed by 
HSA and rabbit anti-fibrinogen on hydrophobic silicon for reference. 

Figure 5. Ellipsometric readings of antibody treatment of methylation gradients 
incubated for 10 minutes in human serum diluted to 10% physiological in PBS. 
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Figure 6. Ellipsometric readings of methylated silicon gradients treated with 
0.0075 mg/ml high molecular weight kininogen for 1 hour. 
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10.0 n 

HSA+Fib+HMWK Prot-otFib Prot-aHSA Prot-aHMWK 

Figure 7. Antigenicity of mixed protein adsorption onto discrete hydrophilic 
silicon surfaces, a) Ellipsometric readings of: i) adsorbed proteins from a mixture 
of HSA, 40 mg/ml, Fibrinogen, 2.5 mg/ml, and H M W K , 0.075 mg/ml. ii) 
Protein layer probed with rabbit anti-fibrinogen. iii) Protein layer probed with 
rabbit anti-HSA. iv) Protein layer probed with goat anti-HMWK. b) i) HSA, 40 
mg/ml. ii) H M W K , 0.075 mg/ml. iii) a mixture of HSA and H M W K . iv) 
H S A / H M W K mixture probed with rabbit anti-HSA. v) H S A / H M W K mixture 
probed with goat anti-HMWK. vi) H M W K , 0.075 mg/ml probed with goat anti-
H M W K . c) i) a mixture of Fibrinogen and H M W K . ii) Fibrinogen/HMWK 
mixture probed with rabbit anti-fibrinogen. iii) Fibrinogen/HMWK mixture 
probed with goat anti-HMWK. 
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HSA HMWK HMWK Proteins Proteins HMWK 
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Figure 7. Continued. 
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result of anti-albumin, and 3.4 ng/mm2 f r 0 m anti-HMWK incubation. H M W K may 
have displaced the fibrinogen as it is very surface active and efficient and without 
necessarily removing all the albumin. Another possibility is that albumin is 
accommodating, and may even be displaced by, H M W K without hydrophilic surface 
involvement of fibrinogen. Indeed in similar experiment using physiological HSA and 
H M W K only (Fig. 7b), it was found that while there was no statistically significant 
increase in thickness from anti-HSA incubations, anti-HMWK added a further 6.7 
ng/mm2 over the protein deposition thickness of 2.3 ng/mm2. H M W K alone resulted in 
2.9 ng/mm 2 followed by anti-HMWK giving a further increase of 5.2 ng/mm2. 
Consequently H M W K does interact with hydrophilic surfaces without involving 
fibrinogen. This is not to say that fibrinogen does not demonstrate the Vroman effect. 
When fibrinogen and H M W K are the only two proteins in the system (Fig. 7c) once 
again fibrinogen (4.3 ng/mm2) is not indicated above the protein layer (4.3 ng/mm2) 
using ellipsometric antibody adsorption methods. The anti-HMWK level now adds a 
further 8,5 ng/mm2 in the presence of fibrinogen which is a 65% greater increase in 
anti-HMWK thickness than when H M W K is the only protein in the system. This 
means that both albumin and fibrinogen are not simply exchanged with H M W K , they 
apparently make the surface more accessible to H M W K or anti-HMWK than would 
otherwise be the case and that H M W K has a preference for interacting with fibrinogen. 
If one were to assume that H M W K behaves similarly to the other plasma proteins 
considered by Andrade and Hlady (11) and estimate its diffusion coefficient as 4.8 x 
10-7 cm2/s, then its C D i / 2 can be approximated as « 0.2 compared to 11 for fibrinogen 
and 1500 for albumin. This implies a very large surface activity for H M W K in order 
for it to virtually monopolize the hydrophilic silicon surface. These experiments reflect 
this property of the molecule which is believed to be largely a function of its 
hydrophilic histidine region interacting with negatively charged surfaces. 

Schmaier et al (17) had previously indicated that using total kininogen deficient 
plasma to which H M W K had been added back, anti-fibrinogen was present at 10 
seconds but not 10 minutes while anti-HMWK was indicated at both times. In studies 
performed in this laboratory, when 10% H M W K deficient plasma was incubated for 10 
minutes on hydrophilic silicon and analysed by the use of antibodies (not shown), 
neither H M W K nor fibrinogen were detectable. After adding back H M W K and probing 
again, anti-HMWK and trace anti-HSA were indicated and only a low, statistically 
insignificant thickness from anti-fibrinogen. It is not entirely clear why fibrinogen was 
not detectable prior to H M W K addition in our studies. Since fibrinogen was a 
component of H M W K deficient plasma and still was not indicated on the surface then 
factors other than H M W K must be responsible for its absence or poor antigenicity. 
Schmaier et al (17) had also suggested a second mechanism for fibrinogen removal but 
that involved exposure times greater than 15 minutes. Although factor XII has been 
suggested to play a role (8) this has not been established and requires further study. 

Antibody-Antigen Induced Desorption. The experiment shown in Figure 8 
demonstrates the range of ellipsometric effects possible when using antibodies. 
Triplicate gradients were run using physiological concentrations of fibrinogen followed 
by a PBS wash and then HSA and employing 1 hour incubation times for each protein. 
After washing once more ellipsometric readings were made of the two protein layer. 
Triplicates of the same procedure followed by incubating with rabbit anti-human serum 
albumin for 30 minutes was also performed. The pre-antibody results indicate that the 
protein curve resembles the fibrinogen profile although it is greater in thickness than for 
fibrinogen alone. Upon antibody incubation however the profiles change significantly. 
The anti-albumin indicates the midrange albumin peak observed in previous 
experiments (1) while the hydrophilic region indicates no change. This may lead one to 
conclude that no albumin is present at the hydrophilic end and while this may be the 
case, other experiments (not shown) indicate that some albumin remains on this 
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Figure 8. Antigenicity of sequential fibrinogen and albumin treated gradients as 
analysed by ellipsometry: i) (open diamond) 1 hour fibrinogen, 2.5 mg/ml, 
followed by 1 hour HSA, 40 mg/ml. ii) (closed square) (i) treated with rabbit anti-
HSA. iii) (open square) (i) treated with rabbit anti-fibrinogen. 
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surface. The observation from this experiment that argues in favour of caution when 
interpreting results is in regard to the hydrophobic anti-albumin region. The values 
obtained here, give total protein thicknesses lower than before antibody incubation. 
This could in part be due to reorganization and surface packing leading to a change in 
refractive index but this could not account for a 21% reduction in observed thickness. 
We have interpreted these results as to mean a true desorption of surface associated 
protein. Since the specific albumin-anti-albumin interaction is involved, it is likely that 
albumin is the predominant protein removed but specific experiments have not been 
performed to confirm or refute the possibility that albumin may also affect fibrinogen-
surface interactions in some manner. The anti-fibrinogen curve shown in this 
experiment does however appear to be lower than in Figure 3a or 3b but the results 
cannot be directly compared since the fibrinogen and albumin concentrations in this 
experiment is higher. Other observations in our laboratory (unpublished) also indicate 
that fibrinogen-surface antigenicity is being affected by albumin. It is likely that the 
specific anti-albumin at the hydrophobic region is desorbing albumin that has been 
prevented from forming strong surface interactions by fibrinogen. 

The reduction of observed organic layer thickness is probably more common in 
adsorption experiments where target molecules are not involved in covalent or strong 
electrostatic surface interactions. These conditions differ from most standardised 
immunological test methods (such as ELISA) where the antibody or target antigen is 
firmly bound to the surface prior to assay. The type of antisera used in ellipsometric 
measurements is therefore important. It is generally found that precipitating antisera 
give ellipsometrically measurable increases in measured organic layer thicknesses when 
incubated with a surface containing its antigen. More purified antisera with reduced 
crossreactivity and increased specificity do not always give measurable increases and 
may even result in a thickness decrease. 

Antibody induced decreases in surface thickness have been also been observed by 
other researchers but often goes unnoticed since many researchers amplify the thickness 
once more when they assay with secondary antibodies or when the net accumulation of 
antibody exceeds the tendency of the antibody-antigen to dissociate from the surface 
bound layer (Baszkin, A. , Universite Paris-Sud personal communication, 1994). This 
antibody-antigen interaction is another example of protein-protein interactions affecting 
protein-surface interactions. 

In the work presented here, only the goat anti-HMWK serum from Nordic was 
seen to give specific ellipsometrically measurable increases in the organic layer 
thickness when probing for H M W K . When other sources were incubated in the same 
way they caused a decrease in thickness on both hydrophobic and hydrophilic surfaces 
(not shown) although they do exhibit high specificity and sensitivity when used in 
ELISA and direct imaging methods (14). The reasons for such differences are not clear, 
but the different behaviour dependent on antibody sources (eg. antiserum versus 
monoclonal) have been indicated by other workers (16). If, after antibody incubation, 
the newly formed antigen-antibody arrangement possesses an increase in solubility then 
the ellipsometric thickness would be reduced, otherwise such a complex would add to 
the overall ellipsometric thickness. 

MVroman" Interactions vs Other Protein Interactions. The Vroman effect was 
first proposed by Brash and ten Hove (18) and Horbett, (19) as cited by Scott (20) who 
summarizes their definition as the "phenomenon of the absorption and subsequent 
'conversion' of fibrinogen from plasma that occurred on artificial, hydrophilic 
surfaces" and certainly substantial research exists to support this effect as defined. This 
has often been reinterpreted inappropriately by others however to apply to any surface 
situation in which one protein interacts to replace another regardless of the surface 
properties. In addition, the Vroman effect is often confused with a proposed sequence 
of displacement as indicated by Vroman and Adams (8) based upon experiments 
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performed in narrow spaces (16). It must be noted however that the only proteins 
indicated in their model were those being probed for and observations only indicate the 
sequential dominance in antigenicity of those components. This may not accurately 
reflect their true presence and other serum or plasma proteins may be also be involved 
in surface interactions. 

Results involving albumin, fibrinogen, and IgG shown here and in the previous 
paper (1) show some similarities to those demonstrated by other researchers (21) 
although, in light of results presented here, we would interpret their observations 
differently. The Vroman effect is recognized to take place with respect to fibrinogen but 
it cannot account for all protein surface-interactive protein behaviour. We agree with the 
assessment by Wojciechowski and Brash (7) that "other components must be involved 
in the competition for surface sites and that the concept of a sequential and specific 
displacement is not realistic". The albumin effects on other proteins noted here and in 
other studies are a prime example of protein-protein interactions that take place outside 
of the present protein-surface models. The role of this protein we feel has been 
underestimated and may in fact be heavily involved in mediating both biological and 
non-biological surface interactions. There also exist specific enzymatic and antibody-
antigen activities that affect how proteins behave with respect to interfaces that must be 
considered. 

Conclusions 

Protein-protein interactions affect surface-protein interactions and therefore can alter 
observed results from the pure protein/surface situation. They are involved both in 
mixed protein studies and as a result of attempts to analyse the original surface 
adsorbed status. The albumin and specific antibody interactions noted in this work can 
be responsible for undesirable experimental bias and therefore such results should not 
be considered a definitive basis upon which to base conclusions. This does not negate 
their use as investigative tools but it should be noted that these proteins are the same 
types of biological molecules as those being probed for. The antigenicity indicated in 
these assays can reflect changes in amount of protein under investigation or can be the 
result of conformational alterations that may increase as well as decrease protein 
detectability in disproportion to its actual presence. The interactions imply that one 
mechanism involved may be a detergent-like behaviour as a result of protein-protein 
associations. Displacement and removal of certain protein species are not necessarily 
the only activities involved. Competition may also play a role and, in the case of 
H M W K as a pure protein versus a hydrophilic serum component, albumin may act in a 
cooperative surface association capacity. These aspects deserve further investigation 
using simple protein systems and such knowledge will ultimately contribute to the 
understanding of complex protein behaviour. 
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Chapter 13 

Modeling the Dynamics of Protein Adsorption 
to Surfaces 

A. Nadarajah, C. F. Lu, and K. K. Chittur 

Department of Chemical and Materials Engineering, University 
of Alabama, Huntsville, AL 35899 

The adsorption and desorption of proteins from surfaces is explained 
by consideration of relevant molecular interactions between protein 
molecules in solution and the adsorbing surface. A macroscopic rate 
equation providing a realistic description of the process was 
incorporated into a dynamic model of protein adsorption, which fully 
accounts for the unequal mass transport rates from the bulk solution to 
the surface of various proteins, and the competitive adsorption on this 
surface. The resulting equations were solved numerically for a 
simulated plasma solution and the simulations clearly showed the 
process of adsorbed protein turnover. Simulations of the adsorption of 
fibrinogen from this mixture at various dilutions resembled 
experimental adsorption measurements of fibrinogen from blood 
plasma at various dilutions. These results suggest the validity of the 
dynamic macroscopic model of protein adsorption presented. 

The adsorption of proteins to surfaces is now recognized to be a critical event in a 
number of fields including biomaterials, biological separations and biosensors. This 
process occurs whenever an aqueous protein solution comes into contact with a phase 
interface. The proteins diffuse to the surface and, given sufficient time, will adsorb 
and form strong bonds with sites on the surface. However, this seemingly simple 
process can in reality be extremely complicated and, in spite of numerous 
investigations, is still not completely understood. 

One example of this complexity is the observed turnover of the adsorbed 
protein during adsorption from protein mixtures. This process was first noticed by 
Vroman and co-workers when investigating the response of surfaces to blood plasma 
(7,2). Fibrinogen was found to adsorb onto surfaces, only to be displaced soon after, 
and this phenomenon has become known as the "Vroman effect" (3,4). Early 
explanations for this were sought from biochemical mechanisms, such as the binding 
of high molecular weight kininogen to the surface displacing the fibrinogen (2). 
Subsequent studies have shown that such mechanisms alone are not adequate to 
explain the process (5), and that the process of turnover was a general one occurring 
for adsorption from any protein or protein-detergent mixture (6,7). These studies are 
discussed in greater detail in the article by Slack in this volume. More recent studies 
have attempted to understand the adsorption process by investigating the molecular 

0097-6156/95/0602-0181$12.00/0 
© 1995 American Chemical Society 
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contributions to the adsorption process. Although the process as a whole is still not 
completely understood, these contributions to protein adsorption can now be detailed 
with some confidence. 

The primary driving force for protein adsorption seems to be the hydrophobic 
interactions. These interactions are also the dominant force driving protein folding and 
their importance in protein adsorption was first indicated by studies showing that 
adsorption increased with the hydrophobicity of the surface (4,8,9). Other evidence 
include an investigation in which a surface with a hydrophobicity gradient was 
prepared by varying the silane density on it, and the adsorption was shown to be the 
greatest on the most hydrophobic end (10). In a recent study, the hydrophobicity of 
the solvent was increased by the addition of alcohol and this was shown to lead to a 
decrease in protein adsorption (77). 

Although hydrophobicity has been established as the primary factor driving 
protein adsorption, it is by no means the only one. Electrostatic interactions play an 
important role as well, particularly for the more hydrophilic surfaces. The 
experiments of Norde and co-workers (12,13) and others (14) have shown that 
protein adsorption is decreased when the surface and the protein carry the same 
charge. Increasing the pH of the solution towards the isoelectric point of the protein 
results in increased adsorption (12-14). Electrostatic interactions can also be more 
subtle, such as in the formation of hydrogen bonds, salting in of proteins and the 
binding of counterions (15,16). 

Surface geometry and steric considerations are likely to play a role as well. 
This is especially true for complex solid surfaces such as block co-polymers and 
surfaces with flexible polyethylene oxide molecules immobilized on them. The 
topography of the surface is also related to another factor in protein adsorption, 
namely the stability of the adsorbing protein molecule itself. Proteins that denature 
easily due to the presence of the surface are likely to have a stronger surface affinity 
than the more structurally stable ones. These proteins will become more tightiy bound 
to the surface by undergoing conformational changes influenced by the topography 
and the hydrophobicity of the surface (17,18). This is likely to occur for most 
proteins on hydrophobic surfaces, but the less conformationally stable ones will 
undergo such changes more quickly and are more likely to be retained. This process 
is believed to be primarily responsible for making protein adsorption, which is 
reversible initially, to become irreversible over longer times (79). 

Finally, the temperature will play a role in the process by varying the thermal 
energy or entropy of the protein molecules as well as their structures. Higher 
temperatures should decrease protein adsorption by increasing the entropy of the 
molecules and keeping them in motion. However, such temperatures are also likely to 
cause the proteins to be more irreversibly bound by increasing their tendency to 
denature (9). There are other contributions to protein adsorption, such as those due to 
van der Waals forces, but they are known to be much smaller in magnitude (20,21). 

A complete understanding of the adsorption process will require that all the 
relevant contributions be quantified in a model. There have been only limited efforts 
to quantify some of these factors. The first attempts involved determining the 
electrostatic interactions. The protein was treated as a rigid body and detailed 3-D 
molecular models of the protein near a simple surface, in the absence of the solvent, 
were developed (22,23). As expected these models showed that electrostatic 
interactions alone were inadequate to describe protein adsorption. Subsequently, Park 
and co-workers (24) improved their model for lysozyme adsorption by including 
hydrophobic interactions and were able to show that increasing the hydrophobicity of 
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the surface would make protein adsorption energetically more favorable. However, in 
this calculation the hydrophobicity was determined from the solvation energy for an 
unfolded lysozyme molecule which would overestimate this interaction and the effect 
of counterions in the solvent were neglected as well. 

In a different attempt at estimating the strength of various forces involved in 
protein adsorption on a surface coated with polyethylene oxide, Andrade and 
co-workers relied on simple protein geometries such as plates and spheres (21,25). 
Electrochemical interactions were neglected in the calculations and the attractive 
hydrophobic force between the protein molecule and the surface was determined from 
an empirical expression based on measurements of other investigators (20). Andrade 
and co-workers also estimated the effect of steric hindrance of the polyethylene oxide 
strands by calculating their repulsive force. Based on the magnitude of these forces, 
they concluded that increasing the density of packing and the length of the 
polyethylene oxide chains would lead to a decrease in protein adsorption (21,25). 

Clearly these models provide some insight into the fundamental mechanisms 
of protein adsorption. However, it is obvious that not all the factors involved in 
protein adsorption have been considered in each model. This difficulty in estimating 
all the contributions to protein adsorption has led to empirical approaches to the 
problem. Two approaches, one based primarily on the characteristics of the surface 
(26) and the other primarily on the protein are being pursued (9,27) In both cases, a 
number of experimentally measurable quantitities are statistically correlated for various 
surfaces or for various proteins (9,26,27). For proteins one such correlation has been 
christened as a "Tatra plot" (9,27). Thus, if these quantities are known for any 
protein or surface, a measure of its adsorption properties can be obtained from these 
correlations. General predictions of protein adsorption for any protein-surface 
combination are difficult, since this is an empirical approach with no direct physical 
basis. 

A more fundamental problem with all the above models is that they are based 
on static concepts, while protein adsorption is a dynamic process. It is still not 
known, for example, why adsorbed protein molecules readily exchange with 
dissolved ones, but are less likely to simply desorb. Explaining these observations 
will require a model that realistically accounts for all the weak molecular forces 
involved and describes the dynamics of the process by their incorporation in a kinetic 
equation. The lack of such a fundamental kinetic equation to describe protein 
adsorption dynamics has resulted in the use of many empirical equations for this 
purpose (4,28-31). However, very few if any studies have been done to determine 
the validity of the postulates or to accurately evaluate the rate constants in the 
equations. Nevertheless, these equations are the only ones currently available for 
dynamic descriptions of the protein adsorption process. 

Early models of protein adsorption dynamics relied exclusively on such 
equations (4,28-31). However, it was soon recognized that protein mass transport 
from the bulk solution to the surface played a critical role in the process. It was 
shown that for single protein adsorption, initially the adsorption tended to be mass 
transfer limited with adsorption kinetics becoming the limiting step later on 
(3,5,32,33). This realization led to studies of the mass transfer aspects of protein 
adsorption, focusing on the initial stages of the process. Several experimental and 
theoretical investigations employing flow cells, along with mathematical models of the 
system assuming concentration boundary layers and instantaneous adsorption, were 
carried out (34-36). Such assumptions effectively restricted these studies to single 
protein systems, but allowed the defining equations to be solved easily. These 
assumptions were omitted in a recent single protein study and the numerical solution 
obtained compared well with measured trends of the adsorbed protein concentration 
(37). 
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The discovery that mass transport is critical to protein adsorption suggested 
that the phenomenon of adsorbed protein turnover was the result of the interaction 
between mass transport and adsorption kinetics. Recent protein adsorption studies 
with stationary cells have attempted to show this by including both transport and 
adsorption kinetics in the models. However, given the mathematical complexity of the 
problem, most of these models assume that the adsorption kinetics step is near 
equilibrium (38-41). The mathematical difficulty of including adsorption kinetics in a 
transport model with minimal simplifying assumptions has prevented the examination 
of multi-protein systems. 

Thus, many of the current models for protein adsorption have been unable to 
predict the Vroman effect, due to their many simplifications and the restriction to 
single protein systems. Some of the adsorption models have shown the turnover of 
adsorbed proteins (4,42), but with severe assumptions such as the neglect of mass 
transport which make the results somewhat less convincing. One attempt was made to 
simulate the turnover process by including mass transfer and adsorption kinetics from 
a two-protein system (42). Although the turnover of adsorbed protein was shown in 
this study, the severe assumptions used to arrive at this result, including unrealistic 
exponential kinetic terms and fixed protein concentration gradients in the solution, cast 
doubts on its validity. The current lack of a convincing explanation for adsorbed 
protein turnover seemed to suggest that other mechanisms should be sought. It is our 
position, that the premise of previous models that adsorbed protein turnover does 
occur due to the interaction of mass transport and adsorption kinetics is still valid. 
However, in order for such an explanation to be convincing, a more rigorous model 
may be needed. 

A rigorous model of protein adsorption must consist of two parts. The first of 
these is the development of rate equations. The second part of the problem is the 
development of a model combining these rate equations with mass transport in a 
realistic manner. We have recently completed this part of the problem, showing 
conclusively that the turnover of adsorbed proteins, the effect of dilution and other 
experimental observations will be displayed by a model that combines mass transport 
and adsorption kinetics (43). This was possible only when numerical solutions to the 
model were obtained without simplifying assumptions. In this study we report a 
preliminary attempt at attacking the first part of the problem. 

The Model 

In our previous study (43), the rate equations used were empirical ones based on 
measured adsorption behavior. However, as discussed above, several studies have 
been done to quantitatively estimate the molecular forces acting between protein 
molecules in solution and the adsorbing interface (21-25,44). These results, along 
with recent experimental investigations of protein adsorption, allow us to develop 
more physically realistic adsorption mechanisms, valid for both stationary and flow 
situations. Mathematical rate equations can then be developed from these 
mechanisms. 

The experimental evidence (10,11) indicates that the dominant force driving 
protein adsorption appears to be the hydrophobic interactions between the protein 
molecule and the surface. The exposure of hydrophobic groups on the protein and the 
surface to the solution results in an entropically unfavorable ordering of water 
molecules around these groups (45). The hydrophobic force acts to minimize the 
exposure of such groups to water by the adsorption of the protein molecules to the 
surface, effectively burying some of these groups. The hydrophobic interaction can 
be decreased by disrupting the hydrogen-bonded networks of the bulk water 
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13. NADARAJAH ET AL. Dynamics of Protein Adsorption 185 

molecules. In a recent investigation protein adsorption was shown to decrease when 
the alcohol was added to the solution, by disrupting bulk water networks (77). 

The principal force opposing adsorption is the entropy of the protein molecule. 
Thus, this entropic energy should be comparable in magnitude to the hydrophobic 
energy of interaction to ensure the initial reversibility of the protein adsorption 
process. This mechanism is illustrated in Figure 1, where for simplicity the protein 
and the surface are represented as being entirely hydrophobic, and completely 
surrounded by the unfavorably ordered water molecules. The protein molecule will 
move due to its thermal energy and collide with the surface (Figure la). This collision 
will result in the removal of the unfavorably ordered water molecules between the 
protein and the surface (Figure lb). If the energetic benefit of this removal is greater 
than the thermal energy of the protein molecule, it will remain on the surface as shown 
in Figure lb. Otherwise it will return to the solution as shown in Figure lc. 

There wil l be contributions to above mechanism of adsorption from 
electrostatic interactions, but quantitative estimates (24) and the experimental 
investigations of others (12-14) indicate these interactions have only a secondary 
effect. Other experiments and estimates (20,21,25) also indicate that contributions 
from van der Waals forces are even smaller and may be neglected. Thus, the rate of 
adsorption of a protein on a surface will be a function of the concentration of that 
protein in solution near the surface, the available surface area for adsorption and the 
adsorption rate constant. The rate constant will be a measure of the hydrophobic, 
electrostatic and entropic interactions between the protein molecules and the surface. 

Although the driving forces for protein adsorption are reasonably well 
understood, less is known about the desorption process. As discussed earlier, 
adsorbed protein molecules may be displaced by other protein molecules. However, 
all adsorbed protein molecules cannot be desorbed from a surface by flushing with a 
buffer solution alone. Clearly, the presence of the protein molecules in solution 
promotes the desorption process. It is likely that the protein molecules in solution 
decrease the hydrophobic interaction between the adsorbed protein molecule and the 
surface, by disrupting the hydrogen-bonded networks of water molecules around it. 
In other words, protein molecules in solution act in a manner similar to alcohol 
molecules in protein solutions in decreasing adsorption (77). This decrease in the 
hydrophobic interaction will tilt the balance between the hydrophobic and entropic 
forces acting on the adsorbed protein molecule, resulting in desorption. 

The above mechanism for desorption is illustrated in Figure 2 for hydrophobic 
proteins and surfaces. A protein molecule is adsorbed on the surface as shown in 
Figure 2a, because of the energetic benefit of removing the unfavorably ordered water 
molecules between the protein and the surface exceeds the protein molecule's thermal 
energy. The presence of two other protein molecules in solution in its vicinity, 
changes the adsorbed molecules environment as shown in Figure 2b. The 
hydrogen-bonded networks of bulk water molecules are excluded in its vicinity. The 
adsorbed molecule only faces a hydrophobic environment, made up of other protein 
molecules in solution and unfavorably ordered water molecules near it. Thus, the 
energetic benefit of remaining adsorbed on the surface is no longer present and cannot 
overcome the thermal energy of the adsorbed molecule. The molecule will then 
desorb due to its thermal energy, as shown in Figure 2c. 

Although we have suggested that the primary means of desorption involve 
hydrophobic forces, there will also be some contributions from electrostatic 
interactions. Thus, the desorption rate for a protein will be a function of the surface 
concentration of that protein, the total concentration of all proteins in solution near the 
surface and the desorption rate constant. The desorption rate constant will reflect the 
hydrophobic, electrostatic and entropic interactions between an adsorbed protein 
molecule and the surface, when surrounded by other protein molecules in solution. 
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(a) (b) (C) 

[3 Hydrogen bonded bulk water 
I I Ordered water surrounding hydrophobic groups 
H Protein molecules 
^ Adsorbing surface 

Figure 1: Illustration of the proposed mechanism for protein adsorption. 

(a) (b) (C) 

F l Hydrogen bonded bulk water 
I I Ordered water surrounding hydrophobic groups 
H Protein molecules 
^ Adsorbing surface 

Figure 2: Illustration of the proposed mechanism for desorption. 
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Finally, it is necessary to estimate the rate at which the proteins are irreversibly 
bound to the surface. As discussed earlier, this process is prompted by 
conformational changes of the adsorbed protein molecules, resulting in them 
becoming tightly bound to the surface (17-19). Proteins tend to denature when the 
surroundings become hydrophobic, with the more conformationally stable proteins 
less likely to undergo this process. Thus, the process of irreversible adsorption is a 
complex function of the topography and the hydrophobicity of the surface and the 
conformational stability of the protein molecule. Although the presence of 
neighboring adsorbed protein molecules may contribute to this process, this is likely 
to be much smaller that interactions with the surface. Thus, this will mostly be a first 
order process with its complexity incorporated in the first order rate constant. 

While the mechanism given above is a plausible explanation for the adsorption 
process, deriving a rate equation from it is not straightforward. Such a derivation 
would require (a) the rigorous determination of all the relevant molecular forces 
between the protein molecules and the surface, from their surface chemistry and 
topography, (b) incorporation of these forces in a microscopic rate equation using 
statistical mechanics, for the proposed adsorption/desorption mechanism, and (c) and 
averaging the microscopic equation to obtain the macroscopic rate equation. We are 
currently attempting such a derivation. In this preliminary study, we will use semi-
empirical rate equations based on the above considerations. However, empirical rate 
equations that incorporate all the above considerations should closely resemble a 
rigorously derived one and should provide a realistic description of the process. The 
simplest of these is given by the following set of equations: 

^ = k jQ( l - 9 - <(>) - kj^CGi - ki 20i , (1) 

^ = k ? 0 i , (2) 
dt 

where e = X0i (3) 

and <|> = X<|>i. (4) 

Here the subscript " i " refers to the ith protein in the mixture. Also Q and C are the 
molar concentrations of the ith protein and total for all proteins in the mixture; 0i and 
§i are the fraction of the available surface covered by reversibly and irreversibly 
adsorbed ith protein; the k 1, k _ 1 and k 2 are the rate constants for reversible adsorption, 
desorption and irreversible adsorption. This mechanism is illustrated in Figure 3, 
where Q b and Q i n t represent the bulk and interfacial concentrations in solution of the 
ith protein. 

As we had shown in our previous study (43), the most likely mechanism for 
the process of adsorbed protein turnover involves the interaction between the unequal 
mass transport rates of proteins from the bulk solution to the surface and the 
competitive adsorption of these proteins on the surface. When the adsorbing surface 
and the protein mixture come into contact, initially all the proteins will be uniformly 
distributed in the solution. On contact with the surface, proteins will adsorb until all 
the hydrophobic groups on the surface are covered, that is up to a monolayer (46). 
Coverage of more than a monolayer implies the occurrence of strong protein-protein 
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interactions and are likely for proteins that are normally in an aggregated state in 
solutions, such as insulin (16). The protein with the highest surface affinity (that is 
the highest value of k 1) should be adsorbed preferentially on this layer. However, the 
process will be mass transport limited initially and the first adsorbed protein will be 
the one with the fastest transport rate. Eventually, the next fastest diffusing protein 
will increase its concentration near the surface, but it will replace the first adsorbed 
protein only if it has a higher surface affinity. When this happens, it will produce the 
second protein peak. The process will continue until the protein with the highest 
surface affinity reaches the surface, is adsorbed and attains equilibrium. 

The above description of the interaction between protein mass transport and 
adsorption kinetics can be represented mathematically as a system of partial differential 
equations, subject to initial and boundary conditions. These equations and their 
derivation are described in detail in our earlier study (43). Although the rate equations 
developed here resembles those used in the previous study, this must be considered 
fortuitous. The rate equations (1-4) are for a plausible mechanism of protein 
adsorption and desorption, while those in the previous study were based mostly on 
empirical considerations. 

The effect of flow on the adsorption process described above is of interest 
from physiological and other considerations. Fluid flow is unlikely to effect the 
kinetics of the adsorption process near the surface, because of the small size of protein 
molecules. The particles need to be larger than a micron for flow effects to be 
significant for molecular events such as adsorption (47). Moreover, even with fluid 
flow in the bulk solution, there will be little motion in the fluid layers very near the 
adsorption surface. Thus, the adsorption process near the surface will closely 
resemble that in stationary solutions. However, solution flow can tremendously 
increase the transport rates to the surface of all proteins. This also decreases the 
differences in transport rates between proteins caused by their different diffusivities. 
A speeding up of the entire adsorbed protein turnover process will result, with all the 
protein peaks occurring earlier and a crowding of these peaks. Higher flow rates will 
increase the crowding further. In a recent study we rigorously modeled the effect of 
flow on adsorption from protein mixtures and showed the validity of these and other 
predictions (48). 

The complete set of equations that describe protein adsorption from the above 
considerations, with and without flow, have to be solved numerically (43,48). The 
effect of fluid flow will not be considered here, as the focus will be on the 
fundamental mechanism of protein adsorption. We have shown in an earlier study 
that fluid flow only affects the transport rate of proteins to the surface, and introduces 
a variation in the adsorption rates along the surface in the flow direction (48). The 
details of the discretization and the solution scheme for the case of adsorption in 
stationary solutions, along with the discretized equations, are given elsewhere (49). 
The computer code of the numerical scheme was implemented on a Cray C94 of the 
Alabama Supercomputer Network. 

Results and Discussion 

Many of the protein adsorption experiments have been done with blood plasma in 
order to study the response of biomaterial surfaces to blood. These experiments are 
usually performed with highly diluted plasma solutions in order to slow down the 
process enough to enable measurements to be taken (3). Motivated by these 
experiments, the computer simulations in this study were performed for a solution 
containing albumin, immunoglobulin-y, fibrinogen and high molecular weight 
kininogen (HMWK). The initial concentrations of the four proteins were chosen to be 
their physiological ones in human blood plasma, diluted to 1% of normal (50). The 
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diffusivity data were obtained from refs. (32,33). The magnitudes of the rate 
constants of adsorption were based on measured values (4), but were chosen to reflect 
experimental observations that for several surfaces H M W K had the strongest affinity 
and albumin the weakest (57). The rate constant for irreversible adsorption was 
assumed to be 5x l0 - 5 s - 1 for all four proteins. The four proteins were also assumed 
to be oriented similarly with respect to surface coverage with the maximum surface 
concentration taken to be 0.18 pg/cm2 (3,34). The parameters are listed in Table I. 

Table I. Parameter Values Used in the Simulations 
Protein Concentration k1 k'1 Diffusivity 

(ugcm-3) (cmfyg-is-1) (cmfyg-V 1) ( cmV 1 ) 

albumin 450 0.005 1.58X10-3 8.5xl0- 7 

ig-y 150 0.03 7.93X10-4 4.0xl0- 7 

fibrinogen 30 0.1 3.16X10"4 2.0xl0- 7 

H M W K 0.7 2.5 1.5xl0-6 6.0x10-7 

The result of a simulation with the above parameters, for the case of 
adsorption from a stationary solution, is shown in Figure 4. The simulation clearly 
shows the process of adsorbed protein turnover. Albumin is adsorbed first, which is 
then displaced by immunoglobulin-^ followed by fibrinogen and finally H M W K . 
The low bulk concentration of H M W K means that it will take awhile to adsorb onto 
the surface, displacing the other proteins, and this is shown in the inset to Figure 4. 
The simulation captures the complexity of the adsorption process that takes place 
when blood plasma comes into contact with a biomaterial surface. It also shows the 
generality of protein adsorption: the process of adsorbed protein turnover known as 
the Vroman effect is not restricted to fibrinogen alone, but occurs with other blood 
proteins as well. In this simulation HMWK, which had the highest surface affinity, 
was the final protein adsorbed on the surface. However, in blood plasma there may 
be proteins with still higher surface affinities which could cause the turnover process 
to continue further with the displacement of H M W K . Other plasma proteins with 
intermediate affinities may be a part of the adsorption sequence as well. 

The sequence in which proteins were adsorbed in the above simulation may 
seem to contradict the mechanism given in the previous section. The protein that was 
adsorbed first, namely albumin, had the highest diffusivity and immunoglobulin-y 
which had the next highest diffusivity was adsorbed next. However, H M W K did not 
follow this diffusivity sequence. This is because the adsorption sequence is not based 
on the diffusivity but on the diffusion or transport rate and the surface affinity. The 
transport rate is a function of the diffusivity as well as the bulk concentration of the 
protein. In the case of HMWK, its higher diffusivity in comparison with fibrinogen is 
offset by its very low physiological concentration in blood, resulting in fibrinogen 
adsorbing on the surface before it. If the concentration of H M W K had been much 
higher, not only would it have adsorbed on the surface before fibrinogen, but its 
higher surface affinity would have prevented fibrinogen from adsorbing at all. This 
simulation clearly shows that the complexity of the adsorption process precludes the 
adsorbed protein sequence from being predicted solely by knowing the 
physicochemical parameters of the blood proteins. 

Figure 5 shows yet another way that the adsorbed protein sequence can be 
altered. This simulation was done for the protein mixture diluted tenfold, i.e., at 
0.1% of normal plasma. It can be seen that the adsorption and the turnover process 
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Cp Bulk solution 

Diffusive-convective 
transport 

Qint 
1 Protein solution 

l{ near the surface 

k[1 ki1 

e, ! ^ ^ 

Adsorption surface 

Figure 3: Adsorption mechanism used in the study. 

0.00 L • J • 1 • • • 1 
0 1 2 3 4 

TIME [min] 

Figure 4: Adsorbed surface concentration profiles for adsorption from a four 
protein solution, with concentrations corresponding to 1% plasma. 
The inset shows the adsorbed concentrations after long times. 
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have been considerably slowed down. In the previous simulation shown in Figure 4, 
although H M W K does adsorb and partially displace fibrinogen, it cannot completely 
displace it. The concentration of H M W K in solution is so depleted by adsorption, that 
it is insufficient to completely displace any adsorbed protein even after long times. In 
the simulation shown in Figure 5, the concentration of H M W K is now so low at this 
dilution that it hardly adsorbs at all. Moreover, even fibrinogen has some difficulty in 
displacing immunoglobulin-y at this dilution, and this results in immunoglobulin-y 
remaining longer on the surface and attaining a slighdy higher adsorption peak. If the 
solution had been diluted even further, fibrinogen would have been unable to 
completely displace immunoglobulin-y. Conversely, the simulation also indicates that 
with solutions of much higher concentrations, fibrinogen will be transported faster to 
the surface and directly displace albumin. Immunoglobulin-y will hardly be adsorbed 
at all in this situation. 

These simulations also explain a well known observation made on adsorption 
experiments with plasma at various dilutions. Although we have used the term 
Vroman effect for the process of adsorbed protein turnover in general, it more 
commonly refers to the adsorption and desorption of fibrinogen from blood plasma 
(1-4). In particular, it has been used to describe "adsorption isotherms" of fibrinogen 
from plasma at various dilutions (3). The results of adsorption simulations with the 
same four protein mixture at various dilutions is shown in Figure 6, where the 
adsorbed fibrinogen concentration with time is plotted, for concentrations 
corresponding to various plasma dilutions. At the relatively high concentration of 
2.5% dilution, fibrinogen adsorbs so rapidly that there is barely any time for another 
protein to precede it. It is also effectively displaced by H M W K at this concentration. 
At the slightly lower concentration of 1.25% dilution, fibrinogen adsorbs on to the 
surface a little slower, but it is also only partially displaced by H M W K . At 0.5% 
dilution the concentration of H M W K is so low that fibrinogen is hardly displaced at all 
and it will be the protein that remains on the surface at equilibrium. When the solution 
is diluted much further, fibrinogen in solution is rapidly depleted by adsorption and 
now has difficulty in displacing immunoglobulin-y and attaining its maximum possible 
surface concentration. 

The effectiveness of the model used here to describe protein adsorption is 
shown by the remarkable similarity of Figure 6 to experimentally measured adsorption 
profiles of fibrinogen from blood plasma at various dilutions (3). Exact 
correspondence between the experimental data and the simulation cannot be expected. 
Only four of the plasma proteins were included in the mixture and the values of many 
parameters used in the simulations are not known accurately. However, the close 
similarity between the simulation and experimental results strongly suggests the 
validity of the mechanism proposed in this study. This is true for the mechanism of 
adsorption and desorption of proteins, as well as that for the turnover of adsorbed 
proteins involving the interaction of mass transport and adsorption kinetics. Thus, the 
model proposed here may provide the basis for future studies of protein adsorption. 
The focus of such future research is likely to be in relating the rate constants in 
equation (1) to the chemistry and physical properties of the protein and the adsorbing 
surface, such as their hydrophobicity, surface charge and topography. 

In previous studies simulations were done examining the affect of different 
rate constants, fluid flow and the addition of another protein into the solution (43,48). 
Simulations were also carried out with and without irreversible adsorption. They 
showed that irreversible adsorption had only a small affect on the final composition of 
the adsorbed protein layer, and no effect on the initial adsorption and turnover of 
proteins. However, the adsorbed protein conformational changes that are responsible 
for irreversible adsorption, are likely to be critical for the subsequent cellular events 
following the contact of blood with the biomaterial surface of a medical implant. 

 A
ug

us
t 1

6,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

5 
| d

oi
: 1

0.
10

21
/b

k-
19

95
-0

60
2.

ch
01

3

In Proteins at Interfaces II; Horbett, T., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1995. 



192 PROTEINS AT INTERFACES II 

Figure 6: Adsorbed surface concentrations of fibrinogen from a four protein 
solution, at concentrations corresponding to various plasma 
dilutions. 
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Conclusions 

Protein adsorption from mixtures is a complex process, and requires a 
correspondingly complex and universal model to describe it. A complete molecular 
theory for protein adsorption must consider all interactions between the protein 
molecules and the surface. We have described the essential steps that would be 
required to derive a rate equation from such considerations. 

The rate equation we actually used used in this study is empirical and provides 
a realistic description of the process. The equation was used as input in a dynamic 
macroscopic model of protein adsorption. The resulting differential equations were 
solved numerically for a four protein simulated plasma solution using published 
values of protein diffusivities and rate constants based on measured values. The 
simulations clearly showed the process of adsorbed protein turnover, with albumin 
adsorbing to the surface first and high molecular weight kininogen last. Simulations 
of the adsorption of fibrinogen from the same solution at various dilutions were also 
done. These simulations resembled experimental adsorption measurements of 
fibrinogen from blood plasma at various dilutions. These results show clearly that the 
Vroman effect can be explained in terms of the interaction between mass transport and 
adsorption kinetics using a model that has no simplifying assumptions. 
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Chapter 14 

Effect of Protein Competition on Surface 
Adsorption-Density Parameters 
of Polymer—Protein Interfaces 

V. I. Sevastianov1, Y. S. Tremsina1, R. C. Eberhart2,4, and S. W. Kim3 

1Research Center for Blood Compatible Biomaterials, Institute 
of Transplantology and Artificial Organs, Shukinskaya 1, 

Moscow 123436, Russia 
2Biomedical Engineering Program, University of Texas Southwestern 

Medical Center, 5323 Harry Hines Boulevard, Dallas, TX 75235 
3Center for Controlled Chemical Delivery, University of Utah, 

421 Wakara Way, Salt Lake City, UT 84108 

We studied the adsorption of human serum albumin (HSA) and gamma 
globulin (HGG) onto quartz and polydimethylsiloxane (PDMS) from single 
and binary solutions. Total internal reflection-fluorescence (TIRF) was 
used to obtain continuous time-dependent protein surface concentrations 
from fluorescein isothiocyanate-labelled protein solutions. The results 
show that the character of the competitive adsorption kinetics of the binary 
protein mixtures, (monotonic vs. "overshoot" kinetics) of HSA-FITC/HGG 
and HGG-FITC/HSA depends on the molecular mass and structure of the 
proteins and the nature of the surface. The process of displacement of 
HSA by HGG is not dependent on the conformational state of adsorbed 
HSA on PDMS and quartz. On PDMS, it is determined by the presence 
of adsorption centers with affinity for HSA. In contrasts, on PDMS and 
quartz, the competition of HSA for HGG sites induces an HSA 
concentration-dependent reorientation of HGG from a side-on to an end-on 
configuration. The removal of HGG by HSA occurs only from an end-on 
adsorption state for those surfaces. The higher the surface affinity for 
HSA, the greater the degree of displacement of adsorbed HGG-FITC and 
the lower the threshold HSA concentration for "overshoot" kinetic curves. 

Protein adsorption is one of the first and most significant stages of blood-foreign 
material interactions, therefore numerous studies have been done to establish 
relationships between the physicochemical and protein adsorptional properties of the 
surface and its blood compatibility characteristics [1]. Good correlations have been 
found between theoretical and experimental results for a number of cases, when single 
proteins in model solutions have been employed. However the lessons learned from 

Corresponding author 

0097-6156/95/0602-0195$12.00/0 
© 1995 American Chemical Society 
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196 PROTEINS AT INTERFACES II 

these studies are limited by the complexity of the real situation in which very many 
proteins, not to mention water, cells and other substances [2], must be considered. At 
the next stage of abstraction it is necessary to take into account not only the processes 
of protein adsorption and desorption but also the effects of their displacement by other 
proteins (Vroman effect) [3,4]. The simplest model system for the study of these 
sequential and competitive adsorption processes is a mixture of two proteins, each with 
a different molar mass and affinity for the test surface. 

We have studied the adsorption of fluorescein isothiocyanate (FITC)-labelled 
human serum albumin (HSA) and gamma-globulin (HGG) from simple solutions onto 
quartz and polydimethylsiloxane (PDMS) surfaces [5,6]. We employed the total internal 
reflectance fluorescence spectroscopy (TIRF) method [7] and applied a model of the 
energetic heterogeneity of protein/surface interactions to the results. The kinetics of 
H S A and H G G adsorption on quartz and PDMS surfaces all had a monotonicly 
increasing character. When the protein deposition centers derived from these kinetic 
curves were plotted (semilogarithmic coordinates) against the effective adsorption rate 
constant (ka d g), so-called "rectangular" and "Gaussian" distributions were obtained for 
quartz and PDMS, respectively. This suggested that different mechanisms might be at 
play for "hydrophilic" quartz and "hydrophobic" PDMS. 

How would the presence of two proteins influence the protein adsorption kinetics 
and the surface adsorption-density parameters for these surfaces? We studied the 
adsorption of labelled proteins, HSA-F77C and HGG-F77U, respectively onto quartz and 
PDMS from single and binary solutions of unlabeled H G G and HSA. TIRF was used to 
obtain continuous time-dependent protein surface concentrations from simple (HSA-
FITC or HGG-F77U) and binary (HSA-F77U/HGG or HGG-F77U/HSA) solutions. 

Materials and Methods 

Standard polydimethylsiloxane solution in hexane ( Serva, Sweden) was diluted to 1% 
w/v, and microfiltered (pore size 20 urn) prior to casting. Quartz slides were cleaned in 
hot chromic acid for 30 minutes, rinsed, steeped in double distilled deionized water for 
16 hours and blown dry with pure nitrogen gas. Slides were put in a frame in the 
horizontal position and coated dropwise with a dilute solution of the polymer. The 
tension between the frame and the solution permitted formation of a uniform and 
continuous film. Excess solvent was evaporated in air for 1 hour, then the slides were 
dried in vacuum at 100°C for 1 hour and at 40°C for 24 hours. 

Human serum albumin (HSA, lyophilized, Fraction V, Serva) and human gamma­
globulin (HGG, lyophilized, Serva) were labeled with fluorescein isothiocyanate (FITC, 
isomer 1, Serva) using a standard method [8], Adsorption of these proteins on quartz 
and PDMS as studied by TIRF is described elsewhere [5, 6]. A spectrofluorimeter (SLM 
Instruments, Urbana, IL, USA) equipped with a specially designed, temperature 
controlled TIRF cell which permitted controlled fluid flow was used to study the kinetics 
of protein-FITC adsorption. 

The experiments were carried out at 25°C with a calculated wall shear rate of 
4800 sec"1 (laminar flow assumption). Competitive protein adsorption in this model 
system was studied from simple solution of HSA or H G G and from mixtures of these 
proteins. Phosphate buffered saline (PBS) (0.1 NaCl, 0.086 M K H 2 P 0 4 , 0.041 M 
Na 2 HP0 4 , pH 7.35) was used as a standard dilution medium. The labeled proteins 
(HSA-F77U and HGG-F77U) were diluted to 0.1 mg/ml; the concentration of the 
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14. SEVASTIANOV ET AL. Protein Competition and Surface Adsorption 197 

second, unlabeled protein in the binary mixture was varied from 0.01 to 0.5 mg/ml. 
Calibration of TIRF was done by simultaneous adsorption of 131I-labeled proteins 
(Medradiopreparat, Moscow, Russia). 

Results 

The kinetic curves of HSA-F77U/HGG adsorption onto PDMS (Fig. 1) and quartz (Fig. 
2) both show that the greater the concentration of H G G in the mixture (C b

H G G ) , the lesser 
the amount of adsorbed HSA (C g

H S A ) . The C S

H S A values decrease monotonically with 
Q H G G f Q r k o t h s u r f a c e S ; but the C g

H S A values obtained with PDMS are much greater than 
those obtained with quartz, for simple ( C b

H S A = 0.1 mg/ml) solution and all HSA-
FITC/RGG binary solutions. 

Likewise, the values of HGG-F77C adsorbed onto PDMS ( C g

H G G , Fig. 3) are 
much greater than those for the quartz experiments (Fig. 4). However it must be noted, 
for PDMS, that in simple solution the molar adsorption of HSA is larger than is the case 
for HGG. The "steady-state" concentration values ( C J are 5-10'3 and 3-10"3 pM/cm2 for 
HSA and HGG, respectively. In contrast, there are no differences for quartz between 
0.™* and C M

H G G , which both yield about 9-10"4 pM/cm2. The characteristics of the C , H G G 

- C^1SA relationships for PDMS and quartz (Figs. 3,4) are more complicated than those 
for C.1®* - Q," 0 3 0 (Figs. 1,2). For the case of PDMS (Fig. 3), as C b

H S A increases from 0.0 
(curve 1) to 0.01 mg/ml (curve 2) the C 8

H G G values decrease. As C b

H S A increases further 
to 0.1 mg/ml (curve 2 - curve 4) a monotonic increase of C g

H G G is observed. At even 
higher bulk concentrations (from 0.1 to 0.3 mg/ml HSA) the kinetic curves for C g

H G G 

(curves 5-7) take on a more complex character, with an "overshoot" and subsequent 
relaxation. 

For quartz (Fig. 4) an analogous dependence of the C g

H G G vs. t curves on C b

H S A 

was observed, however the transitions begin at higher bulk concentrations of HSA. The 
decrease of C g

H G G with C b

H S A extended from 0.0 (curve 1) to 0.1 mg/ml (curve 4), then 
converted to an "increasing" character from 0.2 to 0.5 mg/ml HSA, with an "overshoot" 
finally appearing at C b

H S A = 0.5 mg/ml. 

Discussion 

In general, the kinetic curve of protein-F77U adsorption from binary solution is the sum 
of the sorption and displacement processes. When the adsorption process becomes less 
intensive than the combined desorption and displacement processes, the "overshoot" 
appears on the kinetic curve at the corresponding concentration of the second protein [3, 
9]. This was realized for HGG-F77C/HS A competitive adsorption onto PDMS (Curves 
5-7, Fig. 3) and quartz (curve 7, Fig. 4). The broader manifestation of this phenomenon 
for HGG-777U/HSA onto PDMS as compared with quartz may be explained by the 
larger number of HSA adsorption centers on PDMS, as will be shown. 

The energetic heterogeneity model of protein/surface interactions [5] was used 
to explain the experimental data for these binary systems. The mathematical approach 
is based on the assumption that a "controlling band theory" [10] holds true for 
protein/surface interactions. We assume the following: 
(i) proteins "A" (HSA) and "B" (HGG) have the noted molar mass (MM) and diffusion 
coefficient (D): 

M M H S A = 66,000 < M M H G G = 150,000 
D H S A = 6.M0" 7 > D H G G = 4.0-10"7, cm2/sec 
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0.40 

0.35 -

0 200 400 600 800 1000 

T I M E ( s e c ) 

Figure 1. Kinetic curves of HSA-FITC adsorption onto PDMS from a simple 
solution of HSA (1) and from mixtures with H G G (2-5) at constant C b

H S A = 0.1 
mg/ml: 
2 - C b

H G G = 0.01 mg/ml 3 - C b

H G G = 0.02 mg/ml 
4 - C b

H G G = 0.1mg/ml 5- C b

H G G = 0.2 mg/ml 

 A
ug

us
t 1

6,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

5 
| d

oi
: 1

0.
10

21
/b

k-
19

95
-0

60
2.

ch
01

4

In Proteins at Interfaces II; Horbett, T., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1995. 



14. SEVASTIANOV ET AL. Protein Competition and Surface Adsorption 199 

0.06 -

0 200 400 600 BOO 1000 

T I M E ( s • c ) 

Figure 2. Kinetic curves of USA-FITC adsorption onto quartz from a simple 
solution of HSA (1) and from mixtures with H G G (2-6) at constant C b

H S A = 0.1 
mg/ml: 
2 - C b

H G G = 0.01 mg/ml 3 - C b

H G G = 0.02 mg/ml 
4 - C b

H G G = 0.1 mg/ml 5 - C b

H G G = 0.2 mg/ml 
6 - C b

H G G = 0.3 mg/ml 
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T I M E ( 9 • c ) 

Figure 3. Kinetic curves of HGG-F77U adsorption onto PDMS from a simple 
solution of H G G (1) and from mixtures with HSA (2-7) at constant C 5

H G G = 0.1 
mg/ml 
2 - C b

H S A = 0.01 mg/ml 3 - C b

H S A = 0.02 mg/ml 
4 - C b

H S A = 0.03 mg/ml 5 - C b

H S A = 0.1 mg/ml 
6 - C b

H S A = 0.2 mg/ml 7 - C b

H S A = 0.3 mg/ml 
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1000 

T I M E ( s « c ) 

Figure 4. Kinetic curves of HGG-FITC adsorption onto quartz from a simple 
solution of H G G (1) and from mixtures with HSA (2-7) at constant C b

H G G = 0.1 
mg/ml 
2 - C b

H S A = 0.01 mg/ml 3 - C b

H S A = 0.05 mg/ml 
4 - C b

H S A = 0.1 mg/ml 5 - C b

H S A = 0.2 mg/ml 
6 - C b

H S A = 0.3 mg/ml 7 - C b

H S A = 0.5 mg/ml 
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(ii) each protein has two adsorption states: "1" and "2" with different conformational and 
(or) orientational characteristics. We assume that at state "2" and (or) in a case of side-
on adsorption [8], proteins occupy a larger effective area than at state "1" and (or) in the 
case of end-on adsorption. The ratio of the occupied centers in state "2" to those in state 
"1" for protein "A" (HSA) is much less in comparison with protein "B" (HGG) [5]. 
(iii) the protein sorption processes proceed only in state " 111. The proteins can undergo 
conformational and (or) orientational changes (transitions from state "1" to state "2"). 
(iv) the rate constants for adsorption (k a d s), desorption (k d c s), transition (k,) and 
displacement (kJ depend on the type of adsorption center, which is classified in terms 
of the activated Gibbs free energy. Protein in state "2" is not desorbed from the surface 
(being retained at centers of irreversible adsorption). For state "1" the probability of 
reversible adsorption is increased upon the decrease of k a d s. Thus the centers with k, = 
0 are centers of absolute reversible adsorption; centers with k d = 0 are absolute 
irreversible adsorption centers for protein in state " 1", which in the frame of this model 
is identical to state "2". 
(v) displacements of adsorbed protein "A" by protein "B" from solution, and of adsorbed 
"B" by "A" from solution are possible. 

The scheme of competitive adsorption corresponding to this model is 
represented in Fig. 5. According to the model, the effective density distribution of 
adsorption centers p(k a d s) can be calculated from a simple equation: 

p (k J

a J = (1/RT) [dC, (t)/dln (t)] EQ. 1 
where t = l / C 1 ^ and i = HSA, HGG. 

The shapes of the adsorption center density distributions for the systems HS A-
FITCI H G G and HGG-F77U/HS A, calculated from corresponding kinetic curves (Figs. 
1-4), are compared in Figs. 6-9 for quartz and PDMS. 

In the case of HSA-F/rC/HGG, competitive adsorption onto quartz and PDMS, 
the adsorption center density for HSA-FITC decreases monotonically with increasing 
C b

H G G , for both low and high values of k a d s, and proceeds without "overshoot" in the 
kinetic curves, (Figs. 6,7). Inspection of the values of MMj and D 4 for the two proteins 
suggests that the HSA-F77C molecules would be adsorbed onto PDMS and quartz at 
lower bulk concentrations than would be the case for the corresponding H G G 
experiments. 

As C b

H G G is increased, the relative maxima of pRT for HSA-F77U onto quartz 
are shifted to higher k a d s values (Fig. 7), with a change in the type of distribution from 
"rectangular" (curve 1) to "Gaussian" (curves 2-6). This suggests that the displacement, 
by HGG, of the HS A-FITC originally adsorbed onto the quartz surface proceeds more 
intensively for HSA in state "1" than for HSA in state "2": the two states would 
correspond to low k a d 8 (centers of reversible adsorption) and high k a d s (centers of 
irreversible adsorption), respectively. In contrast, for HSA-FITC/HGG adsorption onto 
PDMS, the adsorption center maximum is shifted to lower values of k a d s (curves 2-5, Fig. 
6). This can be explained by the high affinity of HSA for PDMS centers of reversible 
adsorption (state "1") rather than for centers of irreversible adsorption (state "2"). This 
observation has been confirmed by recently obtained results concerning the effect of 
surface passivation with HSA, H G G or other proteins, on the kinetic adsorption of HSA 
onto quartz and PDMS [11]. It was noted in that publication that there is preference for 
irreversible adsorption centers for HSA on quartz in comparison with the types of 
adsorption centers on PDMS. For adsorption of HGG-F77U/HSA onto both PDMS and 
quartz, the relative maxima for the adsorption centers are shifted to higher values of k ^ 
for all values o f C ^ (Figs. 8,9). As in the case for HSA-F77C adsorption onto quartz, 
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B 

"1A- -2A- "IB" "2B" 

Figure 5. The scheme of competitive protein adsorption onto a surface from a 
mixture of molecules "A" and "B" ( M M A < M M B ) . Two kinds of molecular states, 
1 11" and "2", differing in conformation and orientation, exist for each protein with 
displacement rate constants k d

B / 1 A ( k / 1 3 ) and k d

B / 2 A (k / 7 2 8 ) for displacement of 
molecule "A" ("B") in states "1" and "2" by molecule "B" ("A"), respectively. The 
transition rate constants from state "1" to state "2", k t

H S A (k t

H G G ) are decreased upon 
the decrease of k a d s

H S A (k a d s

H G G ) . The desorption rate constants k^^k^J100) seem 
to increase upon the decrease of k a d s

H S A (k a d s

H G G ) . 
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10-3 10- 2 10-1 1 0 0 101 

Figure 6. Normalized adsorption center distributions (pRT vs. k a d s

H S A)for HSA-F77U 
adsorption onto PDMS from simple solution (1) and from mixtures with H G G (2-5), 
calculated from the corresponding values of the kinetic curves in Fig. 1. 

Figure 7. Normalized adsorption center distributions (/oRT vs. k ^ " ^ ) for HSA-
FITC adsorption onto quartz from simple solution (1) and from mixtures with H G G 
(2-6), calculated from the corresponding values of the kinetic curves in Fig. 2. 
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0.000 
10-3 10-2 10"1 100 1 01 

Figure 8. Normalized adsorption center distributions (pKT vs. k ^ " 0 0 ) for HGG-
FITC adsorption onto PDMS from simple solution (1) and from mixtures with HSA 
(2-7), calculated from the corresponding values of the kinetic curves in Fig. 3. 

Figure 9. Normalized adsorption center distributions (pRT vs. k^00) for H G G -
F77C adsorption onto quartz from simple solution (1) and from mixtures with HSA 
(2-7), calculated from the corresponding values of the kinetic curves in Fig. 4. 

 A
ug

us
t 1

6,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

5 
| d

oi
: 1

0.
10

21
/b

k-
19

95
-0

60
2.

ch
01

4

In Proteins at Interfaces II; Horbett, T., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1995. 



206 PROTEINS AT INTERFACES II 

there is a change of the type of distribution from "rectangular" (curve 1) to "Gaussian" 
(curves 2-6, Fig. 9). 

It should be noted that the mechanism underlying these shifts for HGG-FITC may 
differ for varying bulk concentrations of HSA. For C b

H S A values ranging from 0.15 
uM/ml (0.01 mg/ml) to 0.3 uM/ml (0.02 mg/ml), the molecules of HSA are adsorbed 
after HGG, but for C b

H S A > 0.3 uM/ml, HSA is adsorbed before HGG. This shift, and 
the decrease of C g

H G G with increasing C b

H S A from 0.0 (curve 1) to 0.01 mg/ml for PDMS 
(curve 2, Fig. 8) and quartz (curve 2, Fig. 9), may be explained by the gradual 
displacement of the originally adsorbed "state 1" HGG-F77C (in centers of reversible 
adsorption) by HSA, because of the existence of a greater number of anchoring segments 
for HGG-FITC in state "2" in comparison with state "1". The subsequent decrease of 
C g

H G G with increasing C b

H S A up to 0.1 mg/ml (curves 3, 4) and an increase of C g

H G G with 
further increase of HSA to 0.5 mg/ml for quartz (curves 5-7, Fig. 9) reflects the 
competition of the originally adsorbed HSA with HGG-F77U for the adsorption centers. 

For C b

H S A > 0.2 mg/ml (3.0 uM/ml), the orientation of adsorbed HGG-F77U is 
induced to change from a side-on to an end-on configuration, reducing the probability 
of transition from state "1" to state "2". The described orientation effect seen for HGG-
F77U/HSA on quartz was also obtained for HGG-F77U/HSA adsorption onto PDMS at 
intermediate C b

H S A values ranging from 0.02 to 0.03 mg/ml (curves 3, 4, Fig. 8). 
A further increase of C b

H S A to 0.3 mg/ml (27 uM/ml in comparison with 0.7 
uM/ml for HGG) during adsorption of HGG-F77U/HSA onto PDMS leads to a 
narrowing of the adsorption center density vs. k a d s profile, with a simultaneous, 
significant decrease in the number of adsorption centers and an appreciable shift to higher 
values of k ^ (curves 5-7, Fig. 8). The narrowing of the distribution was also observed 
for HGG-F77U/HSA adsorption onto quartz at Cj** = 0.5 mg/ml (curve 7, Fig.9). This 
phenomenon is accompanied by the appearance of the "overshoot" in the HGG-
F77U/HSA adsorption kinetics profiles (curves 5-7, Fig. 3 and curve 7, Fig. 4). This 
should be explained by a sharp increase in the rate of displacement of adsorbed HGG-
F77U by relatively high concentrations of HSA, because the main part of the adsorbed 
HGG-F77C is in state "1" (an end-on orientation) which is induced by the originally 
adsorbed HSA. This is depicted by the scheme (Fig. 10) of sequential, competitive 
adsorption between HSA (molecule "A") and HGG-F77U (molecule "B") with 
corresponding kinetics. 

Unfortunately the presence of "overshoot" does not permit calculation of the 
adsorption center density distribution vs. k a d s. This case corresponds to the k ^ interval 
in which k*" 0 0 - Q," 0 0 ' p ( k a d s ) « k d

H S A / H G G <" r ) . C g

H G G ( " r ) - C b

H S A (the dotted lines in Figs. 
8, 9). 

Conclusions 

These results demonstrate that study of competitive adsorption of two proteins is 
possible with the TIRF method. It is shown that the character of the competitive 
adsorption kinetics of HS A-F77U/HGG and HGG-F77C/HSA depend on the molecular 
mass and structure of the protein and the nature of the surface. 

The process of displacement of HSA by H G G is not dependent on the 
conformational state of adsorbed HSA on PDMS and quartz. On PDMS, it is 
determined by the presence of large numbers of HSA adsorption centers. The 
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?> 99 > f r ^ ^ r r ^ 

A A A 

A A 

Figure 10. The scheme of sequential and competitive adsorption between HSA 
(molecule "A") and HGG-FITC (molecule "B") with corresponding kinetic curves: 
a. preferential adsorption of the higher molar mass proteins "B" (HGG) 
b. competition of molecule "A" with molecule "B" for the adsorption centers 
c. preferential orientation of adsorbed protein "B" in state "1" 
d. displacement of adsorbed protein "B" in state "1" by protein "A" 
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competition of HSA for H G G sites induces an HSA concentration-dependent 
reorientation of HGG-F77C from a side-on to an end-on adsorption state on both quartz 
and PDMS surfaces. The removal of H G G from both surfaces by HSA occurs only from 
an end-on adsorption state (state "1"). The greater the affinity of HSA for a surface (for 
example, PDMS) the higher the degree of displacement of adsorbed HGG-F77C and the 
lower the threshold HSA concentration for "overshoot" kinetic curves. 
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Chapter 15 

Competitive Adsorption of Albumin and 
Fibrinogen at Solution—Air and 
Solution—Polyethylene Interfaces 

In Situ Measurements 

A. Baszkin and M. M. Boissonnade 

Physico-Chimie des Surfaces, Unité de Recherche Associé au Centre 
National de la Recherche Scientifique 1218, Université Paris-Sud, 

5 rue J. B. Clément, 92296 Châtenay-Malabry, France 

The in situ adsorption measuring procedure based on the use of 
14C (β-emitting radiation) labeled proteins has been developed in 
our laboratory in the early 80s. The main advantage of this 
procedure over other methods in which (γ-emitting radiation) 
labeled proteins are used for adsorption studies is that no rinsing of 
samples is necessary to detect the surface protein concentration. 
We have then extended this method to sequential and competitive 
protein adsorption studies at the interfaces with polymers. 

The adsorption of albumin and fibrinogen was studied at 
solution-air and solution-polyethylene interfaces. The results show 
that while on both studied interfaces albumin adsorption was 
insensitive to the pH variation, fibrinogen exhibited a strong 
enhancement in adsorption in the neighbourhood of its isoelectric 
point (IEP). The reversibility of adsorption at the polyethylene 
interface occured both for albumin and fibrinogen in a wide range 
of pHs but the effect was more pronounced for the latter. 

Competitive adsorption experiments at the solution-air 
interface reveal that albumin was not capable of substantially 
reduce fibrinogen adsorption and that this tendency decreased 
when albumin solution concentration increased. Conversely, on 
polyethylene at sufficiently high solution concentrations, 
fibrinogen adsorption was higher than its adsorption from the 
single protein system. 

Although a considerable amount of experimental data is available on the kinetics of 
irreversible adsorption of proteins, very little is known about molecular mechanisms 
involved in a protein ability to compete with other proteins and situate itself in a given 
conformational state. In general, protein molecules are assumed to unfold to a greater 
extent as the surface hydrophobicity increases, mainly due to the entropy driven strong 
hydrophobic interactions operating at these interfaces. The dynamic nature of the 
adsorbed layers of proteins at the interfaces leads to changes in structure of both protein 
and interface. 

0097-6156/95/0602-0209$12.00/0 
© 1995 American Chemical Society 
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210 PROTEINS AT INTERFACES II 

The competitive adsorption experiments from binary or multicomponent systems 
show that one protein can displace another adsorbed protein when its concentration is 
sufficiently high, the phenomenon which is representative of what has been termed the 
VROMAN effect (1,2) and which is attributed to the relative affinities of proteins for 
surfaces. However, the information on the nature of adsorbed layers is still lacking. 
This is because of the time dependency of protein conformational changes and because 
of the insufficiency of experimental measuring techniques which are not adapted to 
follow adsorption of proteins in in situ conditions and to which we do not refer to in 
the present work. 

The adsorption of albumin and fibrinogen at different interfaces has been studied 
abundantly over the past thirty years. McMlLLAN and WALTON (3), using transmission 
circular dichroism (CD), showed that fibrinogen adsorbed on silica was not 
conformation altered, but later SODERQUIST and WALTON (4), using the same 
experimental technique, demonstrated that albumin, IgG and fibrinogen, after elution 
from synthetic polypeptide films showed a loss of secondary structure (a helix or 
p sheet). They have characterized adsorption and desorption of protein as a 
phenomenon which occurs in three stages : an initial brief period of reversible 
adsorption, a second stage where the adsorbed protein undergoes a slow 
conformational change depending on adsorption time and in which proteins are 
essentially irreversibly adsorbed and finally desorption of denaturated material. CHAN 
and BRASH (5), have also used CD analytic technique and reported that human 
fibrinogen, first adsorbed on glass surfaces and then desorbed, showed a loss of 50% 
in its a-helix content provoked by the action of disrupting forces operating at the glass-
adsorbed fibrinogen interface. 

The conformational changes of adsorbed fibrinogen have also been studied by 
STUPP et al. (6) and recently by LU and PARK (7) using Fourier transform infrared 
spectroscopy (FTIR) coupled with attenuated total reflectance (ATR). The authors show 
that some a-helical structures were changed into unordered structures and that the 
content of p-turns was increased upon protein adsorption as the surface hydrophobicity 
increased. VOEGEL et al. (8) have investigated thermal desorption properties of 
fibrinogen adsorbed at the glass/aqueous solution interface. They have demonstrated 
that with the increase of the denaturation, desorption of protein occurs at different rates 
which are closely related to the protein structure at the interface. A thermally stabilized 
adsorbed fibrinogen surface was thus obtained which displayed no exchange or 
additional adsorption when exposed to albumin or fibrinogen solution. 

LENK et al. (9), using the same experimental technique (FTIR-ATR), observed 
for bovine serum albumin spectral differences in the amide I, II and III regions upon 
adsorption of the protein at different solid surfaces. In agreement with LU and PARK, 
they consider that spectral changes occuring during fibrinogen adsorption result from 
the loss of helix and gain of p-structure. PITT and COOPER (10), using also the FTIR-
ATR technique, note that albumin adsorption to C-18 alkylated polyurethanes is not 
affected by polymer alkylation. They attributed these findings to the desorption of the 
protein from its upper layer to a protein-free buffer. However, the same authors (11) 
showed that the desorption rate decreased in magnitude as the alkyl chain length 
increased from C-2 to C-18. This supports the hypothesis that the alkyl chain length 
influences the interaction between albumin and an alkylated polymer system. 

Ellipsometry studies made by RUZGAS et al. (12) demonstrated that 
hydrophobization of silicon surfaces resulted in a 58-fold increase and in a 27-fold 
decrease in the adsorption and desorption rate constants of albumin as compared with 
the appropriate rate constants of a hydrophilic surface. GOLANDER et al. (13) using the 
total internal reflection fluorescence (TIRF) have studied adsorption of human serum 
albumin, IgG and fibrinogen from single and ternary mixture solutions on silica 
surfaces with a hydrophobicity gradient. They observe that all three protein adsorb to a 
larger degree on the hydrophobic than on the hydrophilic side. They also show that 
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dbumin adsorption was almost unaffected by the addition of IgG and fibrinogen to the 
solution. Conversely, the adsorption of IgG and fibrinogen adsorbed from ternary 
mixtures decreased significantly relative to their adsorption from the single proteins 
solutions. 

The adsorption/desorption of human serum albumin and IgG has been 
investigated by the TIRF technique onto hydrophilic quartz surfaces by SEVASTIANOV 
et al. (14). The authors showed that while only 15% of adsorbed IgG were desorbed 
in the PBS buffer during the first 1000 seconds, about 50% of adsorbed HSA was 
desorbed in the same time interval. They demonstrated also that the exchange between 
irreversibly adsorbed HSA (protein remaining on the surface after desorption with 
PBS) and die protein from the solution introduced to a cell after PBS desorption leads 
to the additional desorption of less than 3% of HSA. 

Experimentally observed differences in surface activity among different 
proteins clearly indicate that conformational changes in adsorbed proteins depend both 
on the nature of each protein-surface combination and on the manner of how these 
proteins compete with each other. However, the overall mechanism yielding the 
surface functionality is not known yet in any quantitative sense. 

A great amount of confusing data reported in the scientific literature and 
numerous variables associated with protein adsorption seem to support the conclusions 
of the early work by DILLMAN and MILLER (15).These authors studied adsorption and 
desorption of albumin, IgG and fibrinogen at physiological conditions on a series of 
polymer membranes and demonstrated that protein adsorption process takes place in 
two separate and distinct ways simultaneously and occurs on separate surface sites. 
They attributed one type of adsorption as relatively hydrophilic, exothermic and easily 
reversible and other type as tighdy bound, hydrophobic and endothermic. 

The in situ adsorption measuring procedure based on the use of 1 4 C (p-emitting 
radiation) labeled proteins has been developed in our laboratory in the early 80s.The 
main advantage of this procedure over other methods in which (v-emitting radiation) 
labeled proteins are used for adsorption studies is that no rinsing of samples is 
necessary to detect the surface protein concentration (16-18). The methodology have 
then been extended to sequential and competitive protein adsorption studies at the 
interfaces with polymers (19-21). 

In this work, we report on the in situ adsorption of albumin and fibrinogen and 
on the competitive adsorption of fibrinogen against albumin at the solution-air and 
solution-polyethylene interfaces. 

Materials and Methods 

Proteins and protein labeling : Human Serum Albumin (HSA) was Behring 
ORHA 20/21 lyophilized, purified albumin for scientific laboratory use, purchased 
from Hoechst - Behring, France. 

Fibrinogen was a lyophilized powder, prepared from human serum grade L , 
furnished by Kabi Diagnostica, Noisy le Grand, France. The protein was purified 
according to the following procedure: 90 ml of triple distilled water into a vial 
containing 1 g of lyophilized fibrinogen. The dissolution of the protein at 4°C, without 
shaking, was done during 5 hours at least and then the solution was transferred into 
two dialysis bags (30 cm long and 40 mm in diameter) and dialysed overnight at 4°C 
versus 3 liters of phosphate buffer at pH = 7.5. The content of the bags were pooled 
(the volume of about 100 ml) and centrifuged for 30 minutes at 3700g, the 
supernatants pooled again and for the concentration determination read in a 1/20 
dilution concentration with the dialysis buffer, using an extinction coefficient of 1.55. 
Aliquots of about 10 mg/ml were stored at -40°C and then quied-thawed in a 37°C 
water before use. 

Labeling of proteins was accomplished by reductive methylation using sodium 
cyanoborohydride. A slightly modified procedure to that described by JENTOFT and 
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DEARBORN (22) was used. To 5 ml of protein solution were added 600 \i\ of [ 1 4 C] 
fomaldehyde (CEA, France, specific activity 0.92 GBq/mmol) and 2 ml of NaBHsCN 
(6 mg/ml in a phosphate buffer). The mixture was incubated at 25°C and gendy stirred 
for lh , and after that time 4 ml of phosphate buffer was poured into the solution. The 
whole mixture was dialyzed against four changes (1 liter each) of triple-distilled water 
for 16 h at 4°C. The concentration of albumin in solution after dialysis was 3.72 mg/ml 
and that of fibrinogen 1.84 mg/ml as measured spectrophotometrically at 280 nm. 

The specific activity of [1 4C]-labeled proteins was measured using as a 
reference [ 1 4C] glucose of a known activity. A known amount of [ 1 4C] glucose was 
deposited on a plane glass surface and evaporated. When dried, its radioactivity was 
measured and compared with the radioactivity of the known amount of [14C]-labeled 
protein, deposited in the same manner on a glass surface, and counted in the same 
geometric conditions as used for the reference. The specific activity of [14C]-labeled 
albumin was found to be equal to 0.94 MBq/ml and that of fibrinogen 0.23 MBq/ml. 

To ascertain that [14C]-labeling had no effect on the surface activity of the 
protein, the surface tension vs. time of labeled and unlabeled protein were measured at 
different concentrations with the Wilhelmy plate method. The decrease in the surface 
tension with the time for both labeled and unlabeled albumin and fibrinogen was almost 
identical (For further details see ref. 21). 

The necessary and routine check was also made to ensure that labeling had no 
effect on the adsorption properties of [14C]-labeled proteins on polyethylene surfaces. 
Labeled and unlabeled proteins were adsorbed in different concentration ratios, and 
within experimental errors not exceeding ± 5% from the corresponding means, no 
preferential adsorption could be detected in these experiments. 

Polyethylene : The low density polyethylene film (Cryovac L film) produced by 
Grace, Epernon, France, was used. Its density was 0.929 g/cm2 and its thickness was 
19 ̂ m. The samples cut out of this film were soaked in acetone for 6 h and dried under 
reduced pressure at room temperature overnight. The reproducible value of the contact 
angle obtained with water (> 95°) was in a good agreement with the htterature value of 
this angle for the low density polyethylene (16) and indicates that the samples were 
clean. 

Reagents : A l l chemicals used, if not stated otherwise, were of analytical grade and 
water used was triple distilled. The NaBH3CN was obtained from Aldrich and was 
recrystallized before use according to the following procedure: 10 g of reagent was 
dissolved in 25 ml of acetonitrile, the undissolved residue was removed by 
centrifugation, and the NaBH3CN in the supernatant was precipitated by the addition 
of 150 ml of CH2CI2. The mixture was incubated overnight at 4°C and filtered, and the 
precipitate was dried in a vacuum desiccator. 

The aqueous substrates used in adsorption experiments were acetic buffer 
(0.2 NaCl - 0.1 M CH3COOH adjusted to pH = 2.75 with concentrated HC1) and 
phosphate buffer (0.1 M K H 2 P 0 4 - 1M NaOH) adjusted to pH = 7.4 and to pH = 9 or 
pH = 11 with 1M NaOH and diluted with water to [Na] = 5.10 3 M. 

Adsorption and Desorption Procedures : The adsorption procedures rely on a 
specific feature of [14C]-labeled adsorbing substances emitting p-soft radiation which 
has a mean free path of 160 in aqueous solutions. This means that all radiation 
originating from the solution below this depth is attenuated. The gas flow counter 
measures this radioactivity which corresponds to the molecules adsorbed in excess at 
the interface and to that of a thin layer of solution (about 160 nm) adjacent to the 
interface. To allow for the radioactivity originating from the solution close to the 
interface (At>), a separately run experiment is performed. Instead of a [ 1 4C] protein, the 
glass container is filled with a solution of a non-adsorbing substance containing the 
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same radioactive element ([ 1 4C] glucose), and its radioactivity is measured in the same 
geometric conditions as those in the experiments with proteins. The radioactivity Ab 
can be calculated from Ab = A# (cp/c'p'), where c and c' are the concentrations of the 
protein solution and of the nonadsorbing solution, respectively; p and p' are their 
respective specific activities; and Ab* is the radioactivity of the nonadsorbing solution. 

Subtraction of Ab from the total measured radioactivity (A t ) gives the 
radioactivity of protein molecules adsorbed in excess at the interface (A a (j) for each of 
the protein concentrations studied. At protein solution concentrations lower than 
0.5 mg/ml, Ab represents about 50% of the adsorbed value. 

To obtain the amount of adsorbed protein on polymers, in addition to the above 
described corrections, the A t value has to allow for the adsorption of radiation by the 
sample. The magnitude of this correction for each sample is determined with the help 
of a [ 1 4C] methyl methacrylate solid source placed above the polymer window and in 
the same geometric conditions as for the adsorption measurements. 

The measuring devices and cells used in the adsorption measurements in static 
conditions have been described in detail elsewhere (16-19). Adsorption of proteins at 
the studied interfaces has been continuously displayed on a recorder as a function of 
time. The presented results are those of a single observation but three experiments have 
been made independendy and the standard deviation of the mean never exceeded 
± 0.005 mg/cm2 and was independent of the protein solution concentration. 

To measure the in situ desorption at a given time, a protein solution was 
pumped out from the cell and simultaneously replaced by the buffer solution. Multiple 
replacement cycles led to a negligible protein concentration in the cell. The loosely 
bound protein fraction (reversibly adsorbed protein) thus corresponds to the difference 
between the totally adsorbed amount and that left at the surface after rinsing. The in situ 
desorption experiments on polyethylene samples were carried out after 20 h of 
adsorption. The constant values after desorption of the loosely bound protein fraction 
were obtained almost instantaneously and the reported values are that recorded after 15 
min. 

Competitive adsorption of [1 4C]-labeled albumin from binary solutions 
containing unlabeled fibrinogen were carried out as a function of fibrinogen in bulk and 
were followed by desorption with a buffer solution. 

Results and Discussion 

The kinetics of albumin and fibrinogen adsorption at solution-air and solution-
polyethylene interfaces from their single component solutions is shown in Fig. 1 and 
Fig. 2, respectively. From those data it is immediately apparent that on both interfaces 
the amounts of adsorbed fibrinogen are higher than those of albumin. The adsorption 
during the first few minutes is very rapid and diffusion-controlled. Thus, while the 
observed difference in initial albumin and fibrinogen adsorption can be easily explained 
when comparing their respective diffusion coefficients, Daib = 6.1 x 10 7 cm 2 sec -1 and 
Dfjb = 2.0 x 10 7 cm 2 sec 1 (23), other differences in kinetics and in the amounts of 
adsorbed protein result from the dissimilarities in protein size, structure and surface 
characteristics. 

Albumin (molecular weight 66.000) consists of a single peptide chain forming 
three small globular units. The molecule is a rotational ellipsoid negatively charged at 
physiological conditions and has no carbohydrate. It has a high degree of a-helicity and 
high disulfide cross-link content Its isoelectric point (IEP) is 4.9 (24). 

Fibrinogen (molecular weight 360.000) is built up of two equivalent parts hold 
together by disulfide bridges and consists of three linear, covalently bound peptide 
chains. The molecule carbohydrate is low and located in the coiled/coiled region near 
the disulfide knot and on the p chain in the terminal domain. There is no carbohydrate 
on the y or more extended and probably more surface active, a chain (25). The IEP of 
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fibrinogen is 5.5 (23). A large molecular weight and large size of fibrinogen molecule 
favours on its adsorption a large number of contact points with the surface. This is all 
the more true as fibrinogen is asymmetric, low in carbohydrate and conformationally 
sufficiently labile. This conformational lability of fibrinogen results in its high 
spreading pressure and its adaptability to the interface. 

The air-water interface presents a model hydrophobic surface and one might 
expect to see some correlation between behavior at this interface and behavior of 
proteins at the polyethylene interface which is also hydrophobic. The specificity of air-
water interface consists, however, in that at low protein surface coverages, the rate of 
adsorption is diffusion-controlled, while at higher surface coverages, the protein 
molecules is able to create space in the existing film, penetrate it and rearrange, and the 
process becomes according to GRAHAM and PHILLIPS rate determining (26). According 
to TER-MINASSIAN-SARAGA (27), the interfacial water may hydrate internal polar 
groups of globular proteins, rupture internal hydrogen and salt bonds and microunfold 
adsorbed globular proteins. Rapid total unfolding of a protein results in its irreversible 
adsorption. McRlTCHlE (28) explains this irreversibility by the presence of a large 
activation barrier which hinders die process of desorption. 

Closer examination of adsorption kinetics curves at the solution-air interface 
(Fig. 1) as well as of the adsorption isotherms illustrated in Fig. 3 indicates that protein 
adsorption at this interface is somewhat different to that at the solution-polyethylene 
interfaces (Fig. 4). After reaching a plateau, there is an additional increase in the 
amount adsorbed, something not observed during adsorption of studied proteins at 
polyethylene surface. This increase in adsorption is not reflected in the surface pressure 
isotherms (unpublished data) which across the studied concentration range exhibit 
constant saturation values. The formation of reversibly adsorbed layers at protein bulk 
concentrations larger than 0.1 mg/ml has already been observed for bovine serum 
albumin (26). Once the buildup of the primary layer of irreversibly adsorbed molecules 
is accomplished protein molecules continue to assemble in secondary and subsequent 
layers which stack beneath the primary monolayer. This trend seems to be more 
pronounced in the case of fibrinogen. Due to the voluminosity and flexibility 
fibrinogen molecules may interact more reversibly with air phase than albumin and thus 
the rate of desorption of the former may be significant, leading to a lower apparent 
adsorption rate. 

A comparison of albumin and fibrinogen adsorption isotherms presented in 
Fig. 4 reveals differences in their binding strength with polyethylene surface. 
Although at low solution concentrations characterizing initial rise in protein adsorption 
isotherm both protein adsorb irreversibly (Fig. 5), the subsequently adsorbed 
molecules desorb more easily in the case of fibrinogen. It seems most likely that the 
principal protein binding mechanism on a hydrophobic surface involves irreversible, 
surface-induced adsorption at low solution concentration and formation of loosely-
bound, reversibly adsorbed layers at high solution concentration. The existence of 
these layers, as has been seen with other proteins (29, 30) is clearly evidenced for 
albumin and fibrinogen adsorbed on polyethylene surface. 

A model for adsorption that may be proposed is as follows. A protein diffuses 
to and collides with the surface. The interaction forces with a highly hydrophobic 
surface of polyethylene are strong enough to retain protein molecules at the surface. 
The residence time being sufficiently long, the protein starts to denature. This process 
is closely related to the intrinsic conformational lability of a protein. There may be a 
strong configurational entropy gain in going from a globular to a more extended state, 
particularly if the extended state can be accommodated by maintaining a degree of 
hydrophobic interaction comparable to that provided by the globular state. The surface 
denaturability of albumin and fibrinogen at polyethylene surface appears to be 
sufficiently high to prevent the proteins from desorbing to solution. Alike protein 
adsorption at the solution-air interface, the extent of this unfolding will depend on the 
protein surface concentration on polyethylene. As indicated by a total absence of their 
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desorbability in the buffer (Fig. 5), albumin and fibrinogen adsorbed from solutions at 
low protein concentrations show stronger binding to the surface than at higher 
coverages when the new arriving to the interface molecules tend to adsorb on the top of 
the already attached molecules. This, of course, results in the decrease in their binding 
strength and leads to the formation of the fraction of protein population in a desorbable 
state. Because of its increased lability relative to albumin, fibrinogen is capable of both 
spreading more over the surface of polyethylene on adsorption and of forming more 
loosely bound reversibly adsorbed layers at higher solution concentrations. The 
reversibly adsorbed protein molecules which are partially denatured desorb and may 
rapidly renature to the equilibrium globular state (31,32). 

This mechanism of binding of albumin and fibrinogen molecules to 
polyethylene is further vindicated by the experiments of adsorption of these two 
proteins performed at different pH's (Fig. 6). While albumin adsorption at both air and 
polyethylene interfaces was shown to be practically pH-independent, with a very small 
and ill-defined maximum occuring near to its IEP, fibrinogen exhibited a clearly cut 
maximum at its IEP (pH = 5.5). It is also worthwhile to note that at this pH the 
reversibility of adsorbed fibrinogen was the highest. 

The results obtained with albumin are in agreement with those previously 
published by BRYNDA et al. (24) and by McRITCHlE (33) who showed that the extent of 
albumin adsorption on polyethylene (24) and on hydrophobic silica (33) was 
independent of pH. They are also consistent with those reported by GRAHAM and 
PHILLIPS who found that albumin adsorption at the solution-air interface was 
insensitive to pH in the range 1-12 (26). Also, the amount of irreversibly adsorbed 
albumin on polyethylene at pH = 2.75 and at pH = 7.4 (0.15 mg/cm2), coincides with 
the values obtained by others (24, 34). 

The occurrence of a maximum in adsorption of fibrinogen at its IEP is a perfect 
illustration of the high flexibility of this protein. At pH's below the IEP, an important 
unfolding of the protein takes place due to strong hydrophobic interactions which bring 
about fibrinogen spreading over the polyethylene surface. These attractive hydrophobic 
interactions override repulsive electrostatic ones which decrease as pH of solution 
approaches the value of IEP. The progressive reduction in adsorbed amounts as pH is 
increased above the IEP is thus a consequence of repulsive coulombic forces between 
protein molecules which have now a net negative charge. That fibrinogen is readily 
denaturable and conformationally labile would also explain the highest reversibility of 
adsorption observed at the IEP e.g. when the molecule is electrically neutral. 

The question which arises now is to know how these proteins which differ in a 
number of physicochemical characteristics bind to hydrophobic surfaces when 
adsorbed from binary mixtures. BRASH in his early works, utilising both 1 3 *I and 1 2 5 I 
for two proteins, has investigated irreversible adsorption of albumin and fibrinogen 
from binary protein systems on polyethylene (34) and the extent and the rate of 
exchange (turnover) of initially adsorbed 1 2 5 I labeled albumin with 1 3 1 I albumin in 
solution (35). He observed that polyethylene showed a strong preference for 
fibrinogen such that over the composition range of these experiments (0.01 -0.14 
solution mole fraction of fibrinogen) the ratio mole fraction in the surface to that in 
solution was always greater than one. Concerning the turnover process of adsorbed 
albumin on polyethylene, three characteristic features of the process were observed. 
Firstly, there was always a fraction of the surface layer which was exchangeable and 
the remainder was not; secondly both the extent and the rate of turnover increased with 
increased albumin concentration in solution and finally lengthy periods (up to 120 
hours) were necessary to reach the steady state values. 

The time dependence curves of the in situ adsorption measurements on the 
solution-polyethylene interface (Fig. 7) performed at constant fibrinogen concentration 
(0.035 mg/ml) in the presence of albumin at either low (0.05 mg/ml) or high solution 
concentration (0.5 mg/ml) show a considerable transient surface enrichment in 
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fibrinogen after 5 hours of adsorption. Based on a simple diffusion limited mass 
transport view, albumin molecules which diffuse much faster than fibrinogen ones 
would arrive first to the surface and would largely populate it. Since the interaction 
between albumin and polyethylene surface is sufficiently strong, its residence time at 
the surface would be long and would thus explain that the observed effect occurs after 
a relatively long time. However, fibrinogen will gradually displace some of 
preadsorbed albumin. This behavior has been explained as the Vroman effect and 
describes adsorption in presence of two or more different proteins in solution which 
results in the preferential adsorption of the protein that can most optimally 
accommodate at the interface and displace its less optimally bound neighbours. The 
events are time and concentration dependent and are related to the size, collision rates, 
interface affinity and denaturation tendencies of competing for the surface sites proteins 
(36). They appear at low surface coverages when the layer is sparse i.e. at low bulk 
concentrations. At moderate and high surface coverages when the surface is largely 
populated, the process is exchange reaction controlled regardless of the transport 
conditions. 

It is significant that in our experiments the observed effect occured only at the 
lower fibrinogen concentration studied (0.035 mg/ml) and at albumin solution 
concentrations in the 0.05 - 0.2 mg/ml range. Since no transient maximum in 
fibrinogen adsorption has been noticed at the solution-air interface at both studied 
fibrinogen concentrations (0,035mg/ml and 0,15mg/ml) it seems likely that an 
extensive time-dependent denaturation of albumin took place at this interface. 

Other evidence of conformational lability and affinity of fibrinogen for 
polyethylene was obtained from the data of competitive adsorption of fibrinogen 
against albumin shown in Fig. 8 and Fig. 9. From the curves shown in Fig. 8 
representing fibrinogen adsorption against albumin at the solution-air interface, it is 
immediately apparent that albumin displaced fibrinogen from adsorbing at the level of 
its adsorption from the single protein system. However within the range of studied 
albumin and fibrinogen concentrations this deplacement has never been entire. Whereas 
0.05mg/ml albumin concentration appeared to be sufficient to reduce fibrinogen 
adsorption to approximatively 1/3 of its adsorption value from the single protein 
system at 0.035mg/ml, albumin concentration higher than 0.1 mg/ml was necessary to 
decrease fibrinogen adsorption to about half of its adsorption amount from the single 
protein system at 0.15mg/ml. The steeper negative slope observed in Fig. 8 between 
abscissa 0 and 0.05mg/ml would indicate that at the lower fibrinogen concentration, 
albumin was more efficient to displace fibrinogen from the interface. The results 
correlate with a more surface active behavior of albumin relative to fibrinogen at low 
solution concentrations (Fig. 3) resulting in more initial contacts with the interface and 
increased surface denaturation. It is appropriate to note that at albumin concentration 
0.2 mg/ml, the level of fibrinogen adsorption was almost the same as in the absence of 
albumin. 

In contrast to the solution-air interface, the presence of albumin had a less 
straight forward influence upon fibrinogen adsorption on polyethylene (Fig. 9). At the 
higher fibrinogen concentration (0.15 mg/ml), the presence of albumin in solution led 
to a considerable enhancement of fibrinogen adsorption. Evidently, the molecule of 
fibrinogen exhibits a more labile behavior on polyethylene relative to the air interface 
and appears to dominate it completely. This effect is all the more amplified as albumin 
concentration in solution increases. At albumin solution concentration 0.2 mg/ml, 
fibrinogen adsorption was more than twofold of its adsorption value from the single 
protein system. A l l seems to indicate that albumin increases fibrinogen spreading 
pressure and supports a more "spread protein concept" initially proposed by WILLIAMS 
and BAGNALL (37) and JENNISSEN (32). However, as shown in Fig. 9, the increased 
amounts of adsorbed fibrinogen are, to a large degree, reversibly adsorbed quantities. 
This would suggest that the presence of albumin in solution did not alter the number of 
fibrinogen contacts with polyethylene surface. 
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The data for adsorption of fibrinogen at the lower solution concentration 
(0.035 mg/ml) are also consistent with the spreading pressure concept. In this case 
fibrinogen concentration is not enough high to ensure full spreading of molecules over 
the surface of polyethylene and albumin may at least partly reduce the number of 
contacts that it forms with the surface. Although this leads to a slightly reduced 
adsorption relative to fibrinogen adsorption from the single protein system, the 
adsorbed fibrinogen is all irreversibly adsorbed. Certainly, all adsorbed fibrinogen 
forms strong hydrophobic contacts with polyethylene, the contacts that can not be 
ruptured when die surface is flushed with the buffer solution. 

In conclusion, we have shown that at both studied surfaces after the initial 
diffusion-controlled adsorption, further events determining the nature of this 
adsorption in terms of its reversibility are directly related to individual albumin and 
fibrinogen surface chemistry. In competitive adsorption processes, more complex 
events can develop with time and the amounts of protein adsorbed are related to 
solution concentration and the affinity and denaturation tendency of a protein to the 
surface. Our data clearly show that the transient maximum in adsorption of fibrinogen 
in competition with albumin occured only at the solution-polyethylene interface at 
which fibrinogen was presumably strongly labile and thus dominated the surface. 
Conversely, at low solution concentrations, albumin displayed increased affinity for 
the solution-air interface resulting in its capability to reduce fibrinogen adsorption at 
this interface. We discuss these phenomena in terms of the interfacial activity and 
spreading pressure concept of adsorption. 
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Chapter 16 

Ellipsometry Studies of Protein Adsorption 
at Hydrophobic Surfaces 

Martin Malmsten and Bo Lassen 

Institute for Surface Chemistry, P.O. Box 5607, S-114 86 Stockholm, 
Sweden 

The adsorption of human serum albumin (HSA), IgG and fibrinogen, 
at (hydrophobic) methylated silica surfaces was investigated with in 
situ ellipsometry. By performing studies with the bare substrate at two 
different ambient refractive indices, and by performing 4-zone 
averaging in all measurement, the adsorbed amount (Γ), the adsorbed 
layer thickness (δel) and the mean adsorbed layer refractive index (nf) 
are obtained accurately. Furthermore, the build-up of the adsorbed 
layers could be followed in detail. Thus, for fibrinogen both δel and nf 

initially increase monotonically with the adsorbed amount, whereas at 
higher adsorbed amounts, a "swelling" of the adsorbed layer is 
observed. For IgG, on the other hand, δel is essentially independent of 
the adsorbed amount. Furthermore, studies of the adsorption from 
HSA/IgG mixtures were performed in a similar way. 

The adsorption of proteins at solid surfaces is receiving increasing attention (7,2). 
This is partly motivated by fundamental issues, but also by the importance of protein 
adsorption in many practical and industrial applications. For example, the adsorption 
of proteins at biomedical surfaces, such as implants, cathethers and insulin pumps, is 
the first step in a complex series of biophysical/biochemical processes, which 
determine the biological response to the foreign material. Furthermore, there are a 
large number of biotechnical applications, e. g. solid-state diagnostics, which are 
sensitive to the state of adsorption of proteins. The immobilization of proteins at 
surfaces is also of large potential use in, e. g. extra-corporeal therapy and advanced 
bioorganic synthesis. However, despite much previous work done on protein 
adsorption from complex as well as simpler protein systems, much remains to be 
done, e. g. concerning the structure and formation of the adsorbed layer, as well as 
interfacial exchange processes at model surfaces. We therefore undertook 
investigations concerning these issues, using ellipsometry. Here we report on some of 
the results obtained for some serum proteins at model hydrophobic surfaces. 

0097-6156/95/0602-0228$12.00/0 
© 1995 American Chemical Society 
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16. MALMSTEN & LASSEN Ellipsometry Studies of Protein Adsorption 229 

Experimental 

Materials Human serum albumin (HSA), globulin-free, lyophilized and crystallized, 
was obtained from Sigma Chemical Co., USA, as was reagent grade purified 
immunoglobulin (IgG) and fibrinogen (Fraction I; 92% clottable protein). A l l proteins 
were used without further purification. Chemicals used for the buffer preparation 
were all of analytical grade, and used without further purification. 

Surfaces Hydrophobized silica surfaces were prepared from polished silicon slides 
(Okmetic, Finland). In short, these were oxidized thermally to an oxide layer 
thickness of about 30 nm. The slides were then cleaned and treated with Cl2(CH3)2Si 
(Merck) as described previously (3). This procedure rendered the slides hydrophobic, 
with an advancing and receeding contact angle of 95° and 88°, respectively. 

Methods The ellipsometry measurements were all performed by means of null 
ellipsometry. The instrument used was an automated Rudolph thin-film ellipsometer, 
type 436, controlled by a personal computer. A xenon lamp, filtered to 4015 A, was 
used as the light source. A thorough description of the experimental setup is given in 
ref.4. Prior to adsorption, the ellipsometry measurements require a determination of 
the complex refractive index of the substrate (5). In the case of a layered substrate, e. 
g. oxidized silicon, a correct determination of the adsorbed layer thickness and mean 
refractive index requires an accurate determination of the silicon bulk complex 
refractive index (N2=n2-ik2) as well as of the thickness (di) and the refractive index 
(ni) of the oxide layer. This is done by measuring the ellipsometric parameters *F and 
A in two different media, e. g. air and buffer. From the two sets of *F and A, n2, k2, di 
and ni can be determined separately. [The hydrophobic methyl layer is neglected, 
since calculations with the Bruggeman effective medium theory (5) show that the 
error in doing so is much less than 10% in 8 e i , and even smaller in T.] A l l 
measurements were performed by four-zone null ellipsometry in order to reduce 
effects of optical component imperfections (5). [A thorough description of the theory 
of four-zone null ellipsometry experiments, as well as of adsorption studies at layered 
substrate surfaces, is given in refs. 4-6.] In fact, the procedure used has previously 
been shown to be even more accurate than the multiple angle of incidence approach 
(4). Furthermore, both the adsorbed amounts and the adsorbed layer thicknesses 
obtained with the present methodology agree well with results obtained with other 
techniques both for surfactant, polymer and protein systems (7). After the optical 
analysis of the bare substrate surface, the protein solution was added to the cuvette, 
and the values of *F and A recorded. The adsorption was only monitored in one zone, 
$ince the four-zone procedure is rather time-consuming and since corrections for 
component imperfections already had been performed. Four-zone measurements at 
adsorption equilibrium show that the error induced by the procedure used is less than 
a few percent. The maximal time-resolution between two measurements is 3-4 
seconds. Stirring was performed by a magnetic stirrer at about 300 rpm. 

From *F and A, the mean refractive index (nf) and average thickness (8 ei) of the 
adsorbed layer were calculated numerically (cf Appendix) according to an optical 
four layer model for the proteins at hydrophobized silica (4-6). The refractive index 
and the average thickness were finally used to calculate the adsorbed amount (T) 
according to de Feijter (8), with dn/dc=0.188 (9), 0.188 (9), and 0.187 (9,10) cm 3/g 
for fibrinogen, IgG, and HSA, respectively. [Due to the similarity between the 
refractive index increments of HSA, IgG and fibrinogen, ellipsometry measurements 
on the binary systems will provide the total adsorbed amount.] A l l measurements 
were performed in 0.01 M phosphate buffer (0.15 M NaCl, pH 7.2) at 20°C. 

NOTE: Please see Appendix on page 237. 
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230 PROTEINS AT INTERFACES II 

Results and Discussion 

The adsorption from HSA, IgG and fibrinogen single protein solutions at methylated 
silica surfaces is shown in Figure la. The concentrations used all correspond to 
(pseudo-) plateau in the respective adsorption isotherm. Although the equilibrium 
concentration for fibrinogen is only about 100 ppm, saturation adsorption is reached 
after only 1 hour. A similar finding is obtained for HSA at a 200 ppm concentration. 
The adsorption of IgG, on the other hand, is slower in terms of the adsorbed amunt, 
and 90% of saturation adsorption is reached after about 3000 s, in comparison to 
about 1000 s for fibrinogen. Note, however, that for all proteins, a slight but 
significant increase in the adsorbed amount is observed even after 4000 s adsorption, 
indicating slow structural rearrangements. 

A parameter of large interest for protein adsorption is the adsorbed layer 
thickness. As can be seen from Figure lb, the mean (optical) thickness at adsorption 
plateau for HSA, IgG and fibrinogen at methylated silica is 4±2 nm, 18±2 nm and 
28±2 nm, respectively (7). It is interesting to compare these thicknesses with the 
molecular dimensions of the proteins, which for HSA, IgG and fibrinogen are 
approximately 4x4x14 nm, 23.5x4.5x4.5 nm and 6.0x6.0x45.0 nm, respectively. 
Hence, HSA adsorbs essentially side-on at hydrophobic surfaces at the present 
conditions, while IgG adsorbs in an essentially end-on configuration. Fibrinogen, 
finally, seems to adsorb in a random configuration at hydrophobic surfaces. 

Apart from the adsorbed amount and the mean adsorbed layer thickness, 
ellipsometry provides information on the adsorbed layer mean refractive index, and 
hence on the average protein concentration in the adsorbed layer. For all proteins 
investigated here, low adsorbed layer refractive indices were obtained (7), and the 
average adsorbed layer protein concentrations were found to be 0.11-0.17 g/cm3. 

The adsorbed layer structure has previously been investigated for all the proteins 
studied here. Hence, Lee et al. (77), Norman et al. (72) and Uzgiris and Fromageot 
(13) obtained a hydrodynamic thickness of HSA at polystyrene (pH 7.2-7.4) of about 
7, 6, and 4 nm, respectively. Furthermore, in the latter study the mean adsorbed layer 
refractive index was determined, and found to be comparable to that found for HSA 
in the present investigation. Furthermore, end-on adsorption of IgG has previously 
been observed (although at higher surface concentrations than in the present 
investigation), e. g. by Morrisey and Han (14), using polystyrene colloidal particles as 
substrates. Furthermore, Elwing et al. found the thickness of an adsorbed layer of IgG 
at methylated silica to be 17±5 nm, whereas nf was found to be 1.39±0.02 (75). Thus, 
the agreement between the present and these previous results (not using the two 
ambient refractive indices procedure with concomitant 4-zone averaging throughout) 
is surprisingly good. For fibrinogen, finally, there have been several previous 
scanning angle reflectometry studies, although using silica as substrate (16). Although 
the adsoiption of fibrinogen is strongly dependent on the substrate hydrophobicity, it 
is still interesting to note that an optical adsorbed layer thickness of 10-30 nm was 
obtained under otherwise similar conditions. Furthermore, it is interesting to note that 
the refractive index difference between the adsorbed layer and the bulk solution (An = 
nf - nt>) is comparable (An = 0.02-0.03) to that obtained in the present investigation. 

One advantage of ellipsometry as a tool for studying adsorbed protein films is the 
good time resolution of the method, which allows the thickness and the adsorbed 
layer refractive index to be studied essentially continuously as the adsorbed layer 
forms. As can be seen from Figure 2a, for fibrinogen the layer thickness increases 
linearly with the adsorbed amount up to about 4 mg/m2. After this, there is a more 
pronounced growth of the adsorbed layer normal to the surface, resulting also in a 
slight decrease in the mean adsorbed layer refractive index (Figure 2b). Thus, as the 
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16. MALMSTEN & LASSEN EUipsometry Studies ofProtein Adsorption 231 

(a) 

Time (s) 

£l̂ !re
 L A d s o r b e d amount (a) and adsorbed layer thickness (b) of HSA 

(200 ppm; open triangles), IgG (100 ppm; open diamonds) and fibrinogen 
(100 ppm; open circles) at methylated silica from 0.15 M NaCl, pH 7 2 
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232 PROTEINS AT INTERFACES II 

T (mg-rrf ) 

Figure 2. Adsorbed layer thickness (a) and mean adsorbed layer refractive 
index (b) for fibrinogen (100 ppm) versus the adsorbed amount at 
methylated silica from 0.15 M NaCl, pH 7.2. Two measurements are shown 
in order to illustrate the degree of reproducibility. 

 A
ug

us
t 1

6,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

5 
| d

oi
: 1

0.
10

21
/b

k-
19

95
-0

60
2.

ch
01

6

In Proteins at Interfaces II; Horbett, T., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1995. 



16. MALMSTEN & LASSEN Ellipsometry Studies of Protein Adsorption 233 

adsorbed layer builds up, this is initially achieved both by an increased average 
protein concentration in the adsorbed layer, and by a growth of the adsorbed layer 
normal to the interface. At higher surface coverages, a "swelling" of the adsorbed 
layer normal to the surface, most likely achieved by reorientation of the fibrinogen 
molecules, is the main mode for achieving an increased adsorption (7). This type of 
adsorbed layer formation is generally observed for high molecular weight polymers 
and is due to the high adsorbed layer osmotic pressure at high surface coverages. 

It is interesting to note that a similar, although more pronounced, build-up of 
adsorbed fibrinogen layers has been observed previously with scanning angle 
reflectometry for silica. Thus, Schaaf et al. (76) found that as the adsorbed amount 
increases, either by increasing the bulk fibrinogen concentration or at increasing 
adsorption times, the adsorbed layer thickness initially increases only marginally, 
whereas the adsorbed layer refractive index increases strongly. At higher adsorbed 
amounts (last 10% of the adsorption) the adsorbed fibrinogen layer grows 
substantially normal to the surface, while the adsorbed layer refractive index 
decreases. 

For IgG, the build-up of the adsorbed layer occurs differently. As can be seen in 
Figure 3a, the adsorbed layer thickness remains essentially constant with an 
increasing adsorbed amount above about 0.5 mg/m2. At the same time, the adsorbed 
layer refractive index (average adsorbed layer protein concentration) increases 
essentially linearly (Figure 3b). Thus, in the case of IgG, an increasing adsorbed 
amount is achieved solely by packing essentially end-on adsorbed IgG molecules 
more densely. For HSA, finally, an increasing adsorbed amount is achieved by 
packing side-on adsorbed HSA molecules more densly at the interface. 

In Figure 4, the total adsorbed amount at methylated silica from binary HSA/IgG 
protein mixtures (total concentration 200 ppm) of different compositions is shown. At 
IgG fractions higher than about 50%, the adsorbed amount is constant, and equal to 
that of IgG in the absence of HSA, which seems to indicate a complete preference for 
IgG adsorption at methylated surfaces at the conditions present. This is further 
supported by the adsorbed layer thickness being constant (within the experimental 
uncertainty) down to about 50% IgG, as is the adsorbed layer mean refractive index 
(18). 

In fact, the build-up of the adsorbed layer proceeds essentially identically down 
to about 50% IgG in the protein mixture, as can be seen in Figure 5, illustrating the 
adsorbed layer thickness and mean refractive index as a function of the adsorbed 
amount. These results indicate adsorption of primarily IgG in a rather dilute layer 
with the IgG molecules adsorbed preferentially head-on. Only at an IgG fraction of 
less than 25%, the situation is altered, and the adsorbed layer thickness is reduced 
towards that of a pure HSA adsorbed layer at hydrophobic surfaces (4 nm) (18). From 
these considerations we conclude that at high and medium IgG fractions, this protein 
is strongly preferentially adsorbed at methylated silica surfaces under the conditions 
used. In a similar way, the adsorption from HSA/fibrinogen mixtures was studied. It 
was found that also fibrinogen adsorbs preferentially over HSA under these 
conditions, although the decrease in 8 e i on increasing the HSA bulk fraction is more 
gradual than for IgG. However, the same study showed that if HSA is allowed to 
preadsorb at hydrophobic surfaces, it effectively reduces the IgG and fibrinogen 
adsorption (by about 80% and 90%, respectively), which is due to an irreversible 
HSA adsorption at these surfaces (18). 
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234 PROTEINS AT INTERFACES II 

Figure 3. Adsorbed layer thickness (a) and mean adsorbed layer refractive 
index (b) for IgG (200 ppm) versus the adsorbed amount at methylated silica 
from 0.15 M NaCl, pH 7.2. 
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Figure 4. Total adsorbed amount (a) and adsorbed layer thickness (b) versus 
time at methylated silica from solutions (0.15 M NaCl, pH 7.2) with a 
HSA/IgG ratio of 0/100 (open diamonds), 25/75 (open circles) and 50/50 
(open triangles). The total protein concentration was 200 ppm. 
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Figure 5. Adsorbed layer thickness (a) and refractive index (b) versus the 
total adsorbed amount at methylated silica from HSA/IgG solutions. 
HSA/IgG ratios of 0/100 (open diamonds), 25/75 (open circles) and 50/50 
(open triangles) are shown. The total protein concentration was 200 ppm. 
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Appendix 

In the evaluation of the ellipsometric parameters (cf ref 6), the system is modelled as 
consisting of four layers, i . e. bulk silicon, characterized by a complex refractive 
index (N2=n2-ik2), an oxide layer, characterized by a refractive index (ni) and a 
thickness (di), an adsorbed layer with refractive index nf and a thickness df (referred 
to as 8 e i in the paper), and finally an ambient medium of a refractive index no. 
Throughout, the oxide and the adsorbed layer, as well as the ambient medium, are 
assumed to be transparent, i . e. k=0. The resulting reflection coefficients parallel (p) 
and perpendicular (s) to the plane of incidence for such a system is given by: 

(l+iforfre-BPO + (rfi+igfe-^Po^e-^Pi 

x = p or s 

where 

p! = 27c(̂ 1-)n1cos(t>i (2) 
X 

p f = 27c(̂ )nfCOS(t)f (3) 
X 

The (complex) reflection coefficients (r m n ) at the interface between layers m and n for 
the p and s components are given by: 

Nncos(|>m - Nmcos<|)n 

r m n = W 
Nncos<|>m + NmCOS(|>n 

Nmcos<t)m - Nncos<t>n 

Nmcos<t>m + NnCOS(|)n 
(5) 

where N m and N n are the complex refractive indices of layers m and n, respectively, 
whereas <|)m and <(>n are the angles of incidence at layers m and n, respectively. The 
latter are related through: 

Nmsin<()m = Nnsin(|>n (6) 

The measured ellipsometric parameters, and A, are related to R p and R s by: 

| ^ - = tanvFe iA (7) 
Rs 

The bulk silicon complex refractive index (N2), as well as the thickness (di) and the 
refractive index (ni) of the silica layer, were all determined by measurement of *F and 
A in two different ambient refractive indices (in air and buffer) as discussed in detail 
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previously (4). It now remains to determine nf and df (8ei) from measurements of *F 
and A after addition of protein. Although it is not possible to obtain analytical 
expressions for these parametres themselves, this is possible for exp(-i2pf). This is 
done by substituting eq (1) for the p and s components into eq (7) and solving the 
quadratic expression for exp(-i2(if) in the same way as for a homogeneous surface. 
The values of nf anf df (8ei) are found by the following iterative procedure: 

(a) a value of nf is assumed 
(b) exp(-i2pf) is calculated from eqs (1) and (7) 
(c) df (8ei) is calculated from exp(-i2pf); generally this will be a complex number 
(d) the procedure is repeated from (a) with a new value of nf until the imaginary 

part of df (8ei) is arbitrarily close to zero. 

The adsorbed amount (f) is finally calculated from nf and df (8ei) according to: 

r = 8ei(n f-n0) ^ 

where (dn/dc) is the protein refractive index increment. 
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Chapter 17 

Protein—Surfactant Interactions at Solid 
Surfaces 

Thomas Arnebrant and Marie C. Wahlgren 

Department of Food Technology, University of Lund, P.O. Box 124, 
221 00 Lund, Sweden 

Effects of surfactants on protein adsorption are reviewed. Differences 
between removal of preadsorbed proteins (elutability) and competitive 
adsorption are discussed and simple models are suggested. It can be 
concluded that surfactants may interact through solubilization or 
replacement mechanisms depending on surfactant- surface interactions 
and surfactant- protein binding. Solubilization requires complex 
formation between protein and surfactant, and the replacement 
adsorption of the surfactant to the surface. As for protein adsorption, 
one of the most important properties affecting the elutability appears to 
be the conformational stability. Differences between a competitive 
situation and addition of surfactant after adsorption of the protein are 
suggested to originate from alteration in surface activity of protein­
-surfactant complexes formed in solution as compared to pure protein, 
the difference in diffusivity of surfactants and protein, and time 
dependent conformational changes of the protein. 

Interactions between surfactants and proteins take place in various applications 
involving proteins in contact with solid surfaces. Examples are found in general 
detergency, for example when process equipment should be cleaned from deposits of 
protein origin. Surfactants and proteins or peptides may be simultaneously present 
during protein isolation procedures and for minimizing loss of active substance during 
drug administration. Another area of application of these interactions is in the field of 
dentistry where so-called anti-plaque agents are used in the treatment of plaque 
related diseases (1-4). The degree of removal of adsorbed protein by surfactants has 
also been used as an indication of the mode of protein attachment to the surface, in 
particular with respect to time dependent conformational changes (5-7). The general 
features of protein adsorption involve what is referred to as multiple states of ad­
sorption cf. (8). This means that adsorbed protein may exist in several adsorbed frac­
tions with varying binding modes to the surface. These different fractions may be 
distinguished by their differences in binding strength as indicated by the degree of 
removal by rinsing with buffer, addition of surfactant or by their different suscep­
tibility to exchange by the same or other types of protein. The importance of 
structural features of interfacial layers of protein is recognised in research focused on 
e.g. biocompatible materials, dental pellicle buildup, immuno assays and enzyme 

0097-6156/95/0602-0239$12.00/0 
© 1995 American Chemical Society 
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240 PROTEINS AT INTERFACES II 

immobilisation. A correlation between the above mentioned structural aspects and a 
simple measurable quantity as for example surfactant mediated elutability is therefore 
convenient from a practical point of view, and has proved to be valuable in the 
assessment of the performance of biomedical polymers (9,70). 

Surfactant Adsorption at Solid Surfaces 

Surfactants, as the name implies, tend to adsorb at most interfaces and thereby 
strongly reduce the interfacial free energy. Surfactants are usually classified accord­
ing to their head group as an-, cat- and nonionic, respectively. The surfactants 
discussed in this paper are presented in table I. The properties of the hydrophobic, 
usually hydrocarbon, part as well as the hydrophilic head group, will affect the affin­
ity of the molecule for interfaces. Furthermore, due to the strong tendency for the 
hydrophobic chains to avoid contact with water, self-association will take place both 
in solution and at interfaces, a fact that will influence the adsorption behaviour. In 
bulk phase, self-association usually involves the formation of spherical micelles at 
low concentration and depending on surfactant structure, cylindrical micelles, 
lamellar structures, cubic phases and structures of the reversed type may form at 
higher concentrations and appropriate conditions (77). The effect is that the monomer 
concentration in solution will be strongly dependent on the association pattern (//) 
and thus have a pronounced effect on the interfacial behaviour. 

Table I : A presentation of the surfactants discussed in the text 
Surfactant Abbreviation cmc Headgroup 
Sodium dodecylsulphate SDS 8 m M -SOr 
Dodecyltrimethylammonium DTAB 15 mM -N+-(CH3)3 
bromide 

-N+-(CH3)3 

Tetradecyltrimethylammonium TTAB 3.6 mM -N+-(CH 3) 3 

bromide 
-N+-(CH 3) 3 

Cetyltrimethylammonium CTAB 0.9 mM -N+-(CH3)3 
bromide 

-N+-(CH3)3 

Triethylene glycol C12E3 - - (OCH 2 CH 2 ) 3 OH 
monododecyl ether 
Pentaethylene glycol C12E5 0.065 mM - (OCH 2 CH 2 ) 5 OH 
monododecyl ether 
Octaethylene glycol C i 2 E 8 

0.071 mM -(OCH 2 CH 2 )80H 
monododecyl ether 

To state briefly, a few general features of surfactant adsorption are the 
following: 

1) At high surfactant concentrations (around the cmc) as discussed in the present 
work, the adsorption rate is fast, as exemplified in Fig. 1 for the adsorption of 
DTAB to methylated silica. 

2) For water soluble surfactants, the adsorption is reversible upon dilution which 
also is illustrated in Fig. 1. 

3) Usually a plateau in the adsorption isotherm is reached in the range of the cmc 
(critical micelle concentration), Fig. 1. 

4) As a rule surfactants adsorb at hydrophobic surfaces. The amounts adsorbed are 
in the range of, or below, those corresponding to a monolayer, Fig. 2. 
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242 PROTEINS AT INTERFACES II 

5) In the absence of specific chemical interactions, ionic surfactants only adsorb 
onto hydrophilic surfaces of opposite charge(72-76). At these surfaces bilayers or 
corresponding structures are formed (see below), Fig. 2. 

6) Isotherms for surfactants adsorbing to hydrophilic surfaces usually have the 
features shown in Fig. 1 (76). The different regions will depend on the asso­
ciation of the surfactant molecules at the interface and in solution. There is a vast 
literature concerning the association of surfactants at solid/water interfaces (72-
23). Fig. 2 is an illustration of possible association behaviour of surfactants in the 
different regions. 

The structure of the surface aggregates at the plateau has been debated and 
surface micelles, finite bilayers or infinite bilayers have been suggested for 
hydrophilic surfaces. Indications of complete bilayers (24) (Fig. 2 iv a) or 
interpenetrating hydrocarbon chains (76) (Fig. 2 iv b) have been found. 

Surfactant-Protein Interactions in Solution 

For mixtures of proteins and surfactants there might be an interaction in bulk solution 
involving the formation of surfactant-protein complexes which have different 
properties from those of the pure protein (26,27). Further, the binding of surfactant to 
protein will reduce the concentration of free surfactant molecules available for inter­
action with the protein at the interface which may show up as an apparent increase in 
the cmc. 

Ionic surfactants are known to interact with proteins in solution, and the inter­
action is generally stronger for SDS than for cationic surfactants (26-31). Nonionic 
surfactants are known to generally interact poorly with soluble proteins (26). Three 
types of interactions are observed (26): 

i) Binding of surfactant by electrostatic or hydrophobic interactions to specific 
sites in the protein, such as for |3-lactoglobulin (26, 32, 33) and serum albumin 
(26,28,34). 

ii) Cooperative adsorption of surfactant to the protein without gross conformational 
changes. 

iii) Cooperative binding to the protein followed by conformational changes (28-30, 
35,36) 

The changes i) -iii) can occur in the same system when surfactant concentration 
is increased. The conformational changes that occur in case (iii) involves changes in 
secondary structure (28, 29, 35). It is assumed that the surfactant molecules bind to 
the polypeptide chain and several models for the protein surfactant complexes have 
been suggested e.g., rigid rod (37), pearl and necklace (38) and flexible helix model 
(39). In the cooperative region (ii-iii), above the critical association concen­
tration (cac), the interaction is mainly of hydrophobic character (26,29,36). 

Surfactants and Proteins at Interfaces 

Interaction of Surfactants with Adsorbed Proteins. The removal of preadsorbed 
proteins by surfactant has been extensively studied by Horbett and co-workers (5, 6, 
40, 41) in investigations into the adsorption strength of proteins, particularly 
fibrinogen. They introduced the term "elutability" in order to describe the degree of 
removal. The degree of surfactant elutability of proteins is affected by factors that are 
known to influence the binding strength of a protein to a surface. Thus, surfactant 
elutability has been found to decrease with factors favouring conformational changes 
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17. ARNEBRANT & WAHLGREN Protein-Surfactant Interactions 243 

i . e. decreasing protein concentration^, 6,40\ increasing temperature (5, 6), time of 
adsorption "residence time", (5, 6, 40, 41) and decreasing stability of the protein (42-
44). However, surfactant elutability will not only be influenced by protein properties 
but also by the type of surfactant (6, 45-47) and surface (7, 40, 44-46, 48, 49) as 
discussed in more detail below. Of course, the self association of the surfactant plays 
a major role in this context and the use of non associating displacers may be more 
straightforward if evaluation of the binding strength is the main concern. 

A discussion on the influence on protein-surfactant behaviour by protein proper­
ties, surfactant properties and surface properties, based on our own observations as 
well as by other workers in the field is given below. 

Influence of Protein Properties. As discussed above, the interaction between 
surfactant and protein might involve a certain specificity, especially so at low surfac­
tant concentrations. At higher surfactant concentrations these effects are less pro­
nounced. The correlation of protein properties to elutability is not straightforward, as 
the effects of different properties overlap. However, when the DTAB induced elution 
of six model proteins, cytochrome c, bovine serum albumin, a-lactalbumin, (J-
lactoglobulin, lysozyme and ovalbumin adsorbed at a silica surface was compared, 
the removal of the proteins that were still adsorbed after rinsing with buffer, appear to 
increase with decreasing molecular weight and adiabatic compressibility (a measure 
of conformational stability (50)) and increasing thermal denaturation temperature 
(44). In the case of a methylated silica surface, the trends were weaker and differences 
between the proteins as regards elutability were smaller. However, increasing 
molecular weight and shell hydrophobicity of the protein seem to reduce elutability. It 
was also found that the elutability did not relate to the degree of desorption of 
proteins upon rinsing with buffer, indicating that the two mechanisms are different. 
Recent experiments on stability mutants of bacteriophage T4 lysozyme show a very 
convincing relation between D T A B mediated elutability and the difference in free 
energy of thermal unfolding of the protein in comparison with the wild type (see sep­
arate contribution within this volume (43)). It might thus be concluded that factors 
relating to the structural stability of the protein is of major importance and that an 
increased stability increases the degree of elution. 

Influence of Surfactant Properties. It is necessary to keep in mind that the 
surfactants will , depending on mechanism of elution (see below), interact with the 
protein, the surface or usually both. Therefore knowledge of the main mechanism of 
removal for each combination of surfactant, protein and surface is mandatory in order 
to correctly interpret the effect of one component. The influence of different surfac­
tant headgroups on the desorption of lysozyme at hydrophilic silica surfaces is pre­
sented in Fig. 3 (25,44,45). 

Surfactant concentrations differ in this figure but are in all cases above the cmc, 
except for C12E3 which does not form micelles (57). The difference between SDS, 
cationic surfactants and nonionics as regards the effect on surfactant elutability of 
proteins is analogous to the strength of binding to protein in solution. This suggests 
that above the critical association concentration (cac), complex formation between 
surfactant and protein is involved in the removal mechanism on hydrophilic surfaces. 
In this connection, Blomberg and coworkers studied the removal of adsorbed 
lysozyme by SDSo (Sodium Dodecane Sulfonate) and SDS. They found that SDSo, 
which has a Krafft temperature above room temperature and hence does not form 
micelles, had a very minor effect on the interaction between adsorbed lysozyme 
layers on mica (52) and concluded that few surfactant molecules were bound to the 
adsorbed protein. SDS showed a similar low binding to lysozyme on mica at low con­
centrations (up to 0.5 cmc) but caused a collective desorption of the protein at the cmc 
of the surfactant, indicating that the cac to adsorbed lysozyme is in the range of its 

 A
ug

us
t 1

6,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

5 
| d

oi
: 1

0.
10

21
/b

k-
19

95
-0

60
2.

ch
01

7

In Proteins at Interfaces II; Horbett, T., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1995. 



244 PROTEINS AT INTERFACES II 

M M M t 'M^MWM J I 1 1 1 I < 
Fig. 2. An illustration of probable arrangements of adsorbed surfactant 
molecules at different degrees of surface coverage. Adsorption to 
hydrophilic surfaces (left panels) and hydrophobic ones (right panels). The 
illustrations are drawn to represent structures having minimal water contact 
with the hydrophobic parts of the molecules. The figures should be 
considered as schematic and other structures, especially for i i - i i i , have been 
suggested (72, 76,22,23,25). 

0.30 

^0.20 

S0.10 
T3 
< 

0.00 

Silica 

3600 5400 
Time (s) 

7200 

Fig. 3. The elutability of lysozyme by different surfactants. The adsorbed 
amount versus time for adsorption of lysozyme to silica followed by buffer 
rinsing after 1800 sec, addition of surfactant after 3600 seconds and a final 
rinse with buffer after 5400 sec. The protein concentration is 1 mg/ml in 
phosphate buffered saline solution pH 7,1=0.17. The surfactants are 5 mg/ml 
SDS (•), 5 mg/ml DTAB (O), 0.5 g/ml C12E3 (•), 0.5 mg/ml C12E5 (+). 
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self-association limit in solution (cmc) (53) and further supports that the formation of 
surfactant- protein complexes are important in the removal process. 

The non-ionic surfactants do not remove lysozyme from the hydrophilic silica 
surface. As mentioned above, these surfactants bind to a very low extent to protein in 
solution and to the protein covered surface (fig. 3). 

It was found that removal of protein at methylated silica surfaces (hydrophobic) 
is similar for the different surfactants (25), also for non-micelle forming ones, indi­
cating that the proteins are removed through replacement due to higher surface 
activity of the surfactant. The trend, that non-ionic surfactants do not affect the 
amount adsorbed at hydrophilic surfaces but have a considerable effect at 
hydrophobic surfaces has also been observed by Elwing et al. (54), when studying 
surfactant elutability of proteins adsorbed at a surface with a gradient in wettability. 
Rapoza and Horbett (6) found that surfactants with large headgroups such as Tween-
20 gave rise to lower fibrinogen elutability levels than other surfactants at 
polyethylene surfaces. Welin-Klintstrom et al. (47) found that the elutability of 
fibrinogen adsorbed at wettability gradient surfaces decreased with the bulkiness of 
the hydrophobic part of the surfactant. In this connection it was also found that non-
ionics showed an increased removal of fibrinogen into the more hydrophilic region of 
the gradient surface when the cloud point (phase separation temperature) was 
approached (48). Further, these general observations of removal efficiency are in line 
with the findings of Backstrom and co-workers (48,55, 56) who studied the removal 
of fat by different surfactants and found a maximum at conditions corresponding to an 
optimum in the packing of surfactant molecules at a flat interface and those of 
Malmsten and Lindman (57) who investigated, among other variables, the effect of 
temperature on cleaning of hard surfaces. 

The effects of chain length of alkyltrimethylammonium surfactants on the 
elutability of fibrinogen are presented in Fig. 4 (25). The dependence of the elutability 
of proteins on chain length of surfactant is small at both silica and methylated silica. 
The elutability of proteins by DTAB is slightly smaller than for TTAB and CTAB. 

Rapoza and Horbett (6, 58) did not find any effects of chain length of sodium 
alkyl sulphates on the elutability for fibrinogen and albumin down to a chain length of 
six methyl groups. However, they found, as expected, that the chain length did in­
fluence the surfactant concentration at which the onset of protein removal started. The 
trend was similar to the one observed for the onset of cooperative binding events (e.g. 
micelle formation). 

It may be concluded that surfactant headgroup effects are most pronounced at 
hydrophilic surfaces but less important at hydrophobic ones. In addition, it appears 
that principles for detergency in general, involving the packing efficiency of 
molecules at interfaces are qualitatively applicable in these systems. 

Influence of Surface Properties. As described above, the adsorption and orientation 
of surfactant are dependent on the type of surface and it is therefore natural to expect 
that the way in which proteins are removed by surfactants should be influenced by the 
surface character as well. Elwing et al. (49, 54) studied the surfactant elutability of 
proteins adsorbed to a gradient in hydrophobicity and found large differences in the 
amounts removed at the hydrophilic and hydrophobic ends. In the case of a non ionic 
surfactant (Tween 20) the elutability was largest at the midpoint of the gradient (54), 
which might be attributed to enhanced conformational changes of the adsorbed 
protein at the hydrophobic end in combination with a lower efficiency of nonionics at 
hydrophilic surfaces. Horbett and co-workers (5,40) studied the elutability of fibrino­
gen and albumin at different polymeric surfaces and found that the elutability and the 
change of elutability with time differed among the surfaces. These differences could 
not, however, be correlated to their critical surface tension of wetting. 
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Fig. 4. The elutability of fibrinogen by different surfactants. The protein 
concentration is 0.4 mg/ml in phosphate buffered saline solution pH 7. The 
adsorption procedure is the same as in Fig. 3 and the surfactants are SDS (x), 
DTAB (+), TTAB (O), CTAB (•) and surfactant concentration is twice the 
cmc. 
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Investigations into the elutability of lysozyme and p-lactoglobulin on methy­
lated silica (hydrophobic) and oxides of silicon, chromium and nickel showed that the 
elutability did not follow any clear cut rules relating to the charge on the surface. 
Instead, elutability of P-lactoglobulin and lysozyme by SDS decreased in the order 
silica>chromium oxidonickel oxide. The order of decrease is nearly the same for 
C T A B , but the difference between nickel and chromium oxides was insignifi­
cant (45). The similarity between the two oppositely charged surfactants indicates that 
the elutability in these cases mainly reflects the binding strength of the protein to the 
surface. 

At methylated silica surfaces the elutability was high. This should, however, not 
be considered as evidence for weak binding of the proteins to the surface but rather as 
an indication of the strong interaction between the surfactants and surface. 

It might be suggested that, even though not of universal applicability, an electro­
static repulsion between surfactant and surface or a strong (hydrophobic) interaction 
between the hydrocarbon chain of the surfactant and the surface might favour the 
elution of adsorbed protein. 

Simple Models and Conclusions. We have found it useful to classify the observed 
effects of surfactants on adsorbed proteins in four categories. A short description of 
these follows below (see Fig. 9 and Figs 5-8): 
i) No remaining adsorbate after addition of surfactant. At these conditions, the 

surfactant does not adsorb to the surface. However, it interacts with the protein 
and forms a complex that desorbs from the surface Fig. 5 

ii) Replacement of protein by surfactant. This implies that the interaction between 
surfactant and surface has to be stronger than the interaction between protein or 
surfactant/protein complex and surface. Adsorption of the surfactant to the 
surface is essential in this connection, but binding of surfactant to protein may 
not be required Fig. 6. 

iii) The surfactant might adsorb to the surface and/or to adsorbed protein but does 
not have any net effect on the amount of protein adsorbed Fig. 7. 

iv) The adsorbate is only partly removed by the surfactant. Partial elutability of 
proteins has previously been suggested as an indication of the presence of 
multiple states of adsorbed proteins (8) Fig. 8. 

It is important to note that surfactant can remove proteins without binding to the 
surface. This could be described as a solubilization of the proteins by the surfactant. 
An interesting question is whether the replacement of proteins by surfactant in 
category (ii) is first initiated by solubilization followed by surfactant adsorption? 
Non-ionic surfactants interact to a very low extent with soluble proteins (26), as for 
example can be concluded from the low amounts adsorbed to the adsorbed protein 
layer at the silica surface (Fig. 3). These surfactants still remove proteins from the 
methylated silica surface, and it is thus evident that in this case it occurs through re­
placement of adsorbed protein molecules by surfactant. 

Adsorption from Mixtures of Proteins and Surfactants 

The adsorption from surfactant/protein mixtures to hydrophobic solid surfaces is to 
some extent analogous to the adsorption at air/water or oil/water interfaces which 
have been the subject of frequent studies (34, 59, 60) due to the importance of 
stability of food emulsions and foams. Competitive adsorption between proteins and 
surfactant at these interfaces has recently been reviewed by Dickinson and Woskett 
(67). They conclude that, as expected, small surface active components above a 
certain critical concentration will dominate over proteins at these interfaces, as such 
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r(ugfcrn ) 
0.3 

2 0 0 0 4 0 0 0 
Time (s) 

8 0 0 0 

Fig. 5. The adsorbed amount versus time for adsorption of lysozyme to 
silica followed by buffer rinsing after 1800 sec, addition of surfactant (SDS) 
after 3600 seconds and a final rinse with buffer after 5400 sec. (O). 
Adsorption from a mixture of the protein and surfactant for 1800 sec. 
followed by rinsing is also included (•) . The experiments were carried out 
at 25° C in 0.01 M phosphate buffer, 0.15 M NaCl, pH 7. 

F(u^cm ) 
0.3 

2 0 0 0 4 0 0 0 
Time (s) 

6 0 0 0 8 0 0 0 

Fig . 6. The adsorbed amount versus time for adsorption of P~ 
lactoglobulin to silica followed by buffer rinsing after 1800 sec, addition of 
surfactant (CTAB) after 3600 seconds and a final rinse with buffer after 
5400 sec (•) . Adsorption from a mixture of the protein and surfactant for 
1800 sec. followed by rinsing is also included (•). Conditions as in Fig. 5. 
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Fig. 7. The adsorbed amount versus time for adsorption of fibrinogen to 
silica followed by buffer rinsing after 1800 sec, addition of surfactant 
(DTAB) after 3600 seconds and a final rinse with buffer after 5400 sec. (A). 
Adsorption from a mixture of the protein and surfactant for 1800 sec. 
followed by rinsing is also included (•). Conditions as in Fig. 5. 

0.0—• ' — ' — ' — ' — • — • — 1 

0 2000 4000 6000 8000 
Time (s) 

Fig. 8. The adsorbed amount versus time for adsorption of lysozyme to 
silica followed by buffer rinsing after 1800 sec, addition of surfactant 
(CTAB) after 3600 seconds and a final rinse with buffer after 5400 sec. ((•). 
Adsorption from a mixture of the protein and surfactant for 1800 sec. 
followed by rinsing is also included (•). Conditions as in Fig. 6. 
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P r o t e i n Surfactant After 
Adsorption Adsorption Rinse 

Fig. 9. An illustration of the different classes of surfactant -protein 
interactions at solid interfaces. 

components normally have higher surface activity (superiority in lowering interfacial 
tension). 

Experimentally it is observed that the presence of surfactants in protein solutions 
may influence the amount of proteins adsorbed to solid surfaces in three different 
ways (Figs. 5,7, 8): 

i) Complete hindrance of protein adsorption, Fig. 5. 
ii) Reduced amounts adsorbed compared to adsorption from pure protein solution, 

Fig. 8. 
iii) Increased amounts adsorbed, Fig. 7. 

In case (i), the complete lack of adsorption could be explained: 
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1) If a complex is formed with a surfactant that has no attraction to the surface. 
2) If the surfactants adsorb, due to their higher surface activity and diffusivity, and 

by doing so prevent further adsorption of proteins or protein/surfactant com­
plexes. 

In (ii) and (iii), the formation of complexes in solution leads to a decrease or in­
crease in the amounts of protein adsorbed, respectively. The presence of surfactant 
influences the total amount of protein by steric effects or changes in electrostatic in­
teraction between complexes as opposed to native protein. In addition, the complex 
may adsorb in a different orientation than the pure protein. The surfactant molecules 
will desorb upon dilution, leaving protein molecules adsorbed at the surface. 

Due to the different shapes of the adsorption isotherms of surfactants and 
proteins, the interfacial interaction is of course, as for protein mixtures, strongly 
dependent on the concentration of the components. The special character of the 
surfactant adsorption isotherms featuring the sharp increase in adsorbed amount in the 
range of their critical association concentration will influence these events in a very 
pronounced way. This fact and the reversibility upon dilution will give surfactant-
protein interactions much of their uniqueness. Studies regarding these surfactant-
protein "Vroman effects" have been reported, for example adsorption of fibrinogen 
from mixtures with Triton X-100 has been seen to go through a maximum (63). The 
adsorption from p-lactoglobulin/SDS mixtures at different degrees of dilution was 
studied by Wahlgren and Arnebrant (62) (Fig. 10). At concentrations above the cmc 
for the surfactant the amount adsorbed corresponded to a layer of pure surfactant and 
was found to increase after rinsing. At lower concentrations, the adsorbate prior to 
rinsing appeared to be a mixture of protein and surfactant and the total amount 
adsorbed passes a maximum. The composition of the adsorbate after rinsing is most 
likely pure p-lactoglobulin, as interactions between surface or protein and SDS are 
reversible. 

At high degrees of dilution of the mixture, the absence of surfactant adsorption 
to the methylated silica, the non-reversible adsorption of P-lactoglobulin and the 
observed partial desorption of the adsorbate from the mixture, implies that some SDS 
molecules are bound to the P-lactoglobulin molecules with a higher affinity than to 
the surface (Fig. 10). The amount of protein adsorbed is larger, even after rinsing, 
than for adsorption from pure P-lactoglobulin solutions, and it can be concluded that 
SDS- binding facilitates the adsorption of protein. 

Generally, it can be concluded that surfactants may interact through solubiliza­
tion or replacement mechanisms depending on surfactant- surface interactions and 
surfactant- protein binding. Solubilization requires complex formation between 
protein and surfactant, and replacement adsorption of the surfactant to the surface. As 
previously concluded for protein adsorption, one of the most important protein prop­
erties affecting the elutability appear to be the conformational stability. Differences 
between a competitive situation and addition of surfactant after protein adsorption 
may be found in the alteration in surface activity of protein- surfactant complexes 
formed in solution as compared to pure protein, the difference in diffusivity of surfac­
tants and proteins effecting the "race for the interface" and time dependent confor­
mational changes resulting in "residence time" effects. 

The effects at low surfactant concentration, below the cmc, involving the range 
of specific binding to some proteins are not fully understood. Further, the exact pre­
requisites for solubilization versus replacement as well as detailed information on 
molecular parameters such as aggregation numbers are not known. Several of the 
phenomena discussed in this paper resemble those observed in polymer- surfactant 
systems (64). A complete survey of the analogies is however beyond the scope of this 
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Fig. 10. The amounts adsorbed to a methylated silica surface as a function 
of degree of dilution for a mixture of p-lactoglobulin and SDS (1/5 w/w), in 
phosphate buffered saline pH 7, 1=0.17. The figure shows the adsorbed 
amount after 30 min of adsorption (O) and 30 min. after rinsing (+)• In 
addition, the figure shows the adsorption of pure P-lactoglobulin, after 30 
min of adsorption (•) and 30 min after rinsing (x). Finally, the adsorption 
isotherm of SDS is inserted (A), data from (62). 

review. As pointed out in the introduction, improved knowledge concerning surfac­
tant elution will be useful for estimation of protein attachment strength to surfaces, 
for optimizing detergency processes and avoiding undesired adsorption in medical 
applications. 
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Chapter 18 

Calorimetric Observations of Protein 
Conformation at Solid—Liquid Interfaces 

Guoying Yan, Jenq-Thun Li, Shao-Chie Huang, and Karin D. Caldwell1 

Center for Biopolymers at Interfaces, University of Utah, 
Salt Lake City, UT 84112 

Proteins of varying stability were adsorbed to polystyrene latex 
spheres, and the adsorption complexes were examined for structural 
transitions by means of microcalorimetry. Transition temperatures and 
enthalpy measurements were compared between given amounts of 
proteins in free and adsorbed form. From these measurements it 
appears that under the chosen adsorption conditions, serum albumin, 
fibrinogen and lysozyme may loose essentially all of their 
cooperatively folded structure, while proteins of greater structural 
stability, such as streptavidin, retain full structure and remain 
biologically active on the latex surface. Certain hydrogels of use as 
contact lens materials are known to adsorb lysozyme. From 
calorimetric observations on typical lens loads of lysozyme the enzyme 
appears to retain about half of its folded structure on the lens, although 
in a destabilized form to judge from the six degree reduction in 
transition temperature. 

The adsorption of proteins and other highly structured macromolecules to solid 
surfaces frequently results in conformational changes within the adsorbing structure. 
Such changes are typically demonstrated by spectroscopic means, whereby the 
emission characteristics of some indigenous or artificially attached reporter group is 
monitored before and after the attachment. Although local rearrangements can be 
highlighted this way, the measurements provide no basis for an assessment of the 
overall structure of the protein on the surface. 

Microcalorimetry has in recent years been developed to the point where 
accurate measurements of transition enthalpies can be obtained for milligram quantities 
of protein. Although several groups have contributed to this development (1-4), it is 
primarily Privalov and coworkers (5-8) who have led the way in refining this 
technique by showing that one can now reproducibly determine transition enthalpies 

1 Corresponding author 

0097-6156/95/0602-0256$12.00/0 
© 1995 American Chemical Society 
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18. YAN ET AL. Protein Conformation at Solid-Liquid Interfaces 257 

(AH) and transition temperatures for any protein of interest, provided it undergoes a 
significant cooperative unfolding in the temperature interval (typically 0-100°C) in 
which the solvent is free from phase transitions. 

From the transition temperature (Tm), the width of the transition, and the area 
under the heat capacity curve, one can assign a relative stability to the selected protein 
in a particular solvent environment. In one of the earliest demonstrations of this point 
(5), heat capacity (Cp) curves were determined for hen lysozyme in buffers of 
different pH. Under the most acidic condition investigated (pH 2.0), the structural 
collapse of the protein occurred at the lowest temperature ( T m = 56°C) and the 
observed transition was relatively wide, indicative of a weakened cooperativity in the 
melting process. More importandy, the area under the peak, or AH, was the smallest, 
revealing a less structured form of the protein in this environment. As pH values 
increased, so did T m . The transitions, meanwhile, showed signs of stronger 
cooperativity as they took place over narrower temperature intervals and required 
higher energy inputs to materialize. 

Just as solvent environments may impact the structure of proteins, so may 
surfaces with which they come in contact. The thermodynamics of protein-surface 
interaction has been discussed extensively by Norde and coworkers (9-11). As a 
result of their detailed cataloguing of the fates of several carefully selected proteins, 
brought into contact with different surfaces under different conditions of pH and 
therefore charge, these authors conclude that adsorption, or lack thereof, is primarily a 
reflection of the stability of the protein. While proteins and surfaces of opposite 
charge always interact adsorptively, they found the converse not to be universally 
true. Although proteins, such as ribonuclease and lysozyme, tended to show low or 
no adsorption to hydrophilic surfaces with an overall charge of the same sign as the 
protein, there were other proteins, notably human serum albumin (HSA) and oc-
lactalbumin, that adsorbed even to surfaces from which they were coulombically 
repelled (9). The driving force for adsorption in this case is likely not enthalpic in 
origin, but rather of entropic nature and resulting, as far as concerns the protein, from 
its gain in configurational entropy upon unfolding. Based on these considerations, 
Norde introduced the terminology of "hard" and "soft" proteins to describe 
respectively those repelled by, and adsorbing to, hydrophilic surfaces of similar 
charge. 

Despite the insight gained from calorimetric studies regarding protein stability, 
particularly as it is affected by different solvent environments, calorimetry has only 
rarely been used to analyze the structural contents of proteins on solid surfaces. In 
recent work (12), Middaugh and coworkers examined the structural condition of 
several proteins adsorbed to various modified silica particles, originally produced to 
serve as chromatographic supports. Despite its recognized "hardness", these authors 
found the enzyme lysozyme to be considerably destabilized, particularly on the 
hydrophobic surfaces. The observed loss of structure was accompanied by a loss of 
enzymatic activity. Clearly, the notion of lysozyme as a very hard protein must be 
somewhat modified. The same conclusion is drawn by Haynes and Norde in their 
contribution to this volume (13), in which they detail their recent calorimetric analyses 
of adsorption complexes involving this enzyme. 

In the present study we will revisit die "hardness" question by examining the 
relationship between protein solution stability and structural retention upon adsorption 
for a select group of proteins and substrates of biomaterials and biotechnological 
importance. 
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258 PROTEINS AT INTERFACES II 

Experimental 

Materials. Polystyrene (PS) particles were purchased from Seradyn. Particles with 
diameters of 272 nm, 261 nm and 90 nm were used as indicated. The proteins 
Lysozyme, Bovine Fibrinogen (BFB), and Streptavidin (SA) were from Sigma 
Chemical Company, while HSA was obtained from Calbiochem Corporation. The 
buffer chemicals Tris, L-glycine, and phosphate buffered saline (PBS, pellets) were 
obtained from Sigma Chemical Co., while Na2HPC>4 and KH2PO4 were purchased 
from Malinckrodt Specialty Chemicals, Inc. Vifilcon contact lenses were a gift from 
Ciba Vision Corporation. 

Methods 

Protein Adsorption to PS Latex. Lysozyme and HSA solutions were 
prepared with concentrations of 2 and 8 mg/mL, respectively, in PBS, pH 7.4. To 1 
mL of protein solution was added 0.5 mL of a latex suspension containing 10 % 
(w/v) of solids. The mixture was incubated for 24 hours at room temperature, and the 
protein-particle mixture was then spun down in an Eppendorf table centrifuge (14,000 
rpm), separated from the supernatant, and resuspended in PBS. This wash 
procedure was repeated three times, and the particles were then suspended in 700 pL 
PBS. Of this suspension, 600 pL was transferred to the calorimeter ampoule and 100 
| i L was submitted to amino acid analysis. 

Solutions of streptavidin (2 mg/mL in deionized water) were prepared, and 
300 pL aliquots were mixed with 58 pL of PS-261 latex particles in an Eppendorf 
tube. This mixture was determined to generate a monolayer surface concentration of 
SA (4 mg/m2). The adsorption reaction was allowed to continue for 1 hour at 25°C 
with occasional vortexing. After separating the protein-coated particles from the 
supernatant, the adsorption complexes were washed with PBS followed by 
centrifugation; this procedure was repeated three times. Each sample was analyzed in 
duplicate. 

Formation of the protein-particle complex for the titration experiments 
followed a slightly different protocol. Here, stock protein solutions of HSA (4.5 
mg/mL in 10 mM phosphate buffer, pH 7.0) and BFB (2.5 mg/mL in 50 mM glycine, 
pH 8.5) were prepared and pipetted in 500 pL aliquots into the measuring ampoules. 
To the ampoules were then added different amounts of a 10% (w/v) particle 
suspension, followed by additional buffer to give a total sample weight of 600 pL. 
After seating, the ampoules were left gendy snaking on a shaker table for one hour 
prior to the calorimetric analysis. 

Protein Adsorption to Vifilcon Lens. One mL portions of lysozyme 
solution, containing 2 mg protein/mL of 50 mM Tris buffer, pH 7.6, were incubated 
with three virgin Vifilcon lenses at room temperature. The whole lenses were 
immersed in the solution. After 24 hours, the protein-lens complexes were removed 
and washed carefully three times in Tris buffer. Calorimetry was then performed on 
two of the lenses (both in the same ampoule), while the third was submitted to amino 
acid analysis for quantification. 

Calorimetry. Differential scanning calorimetry (DSC) was performed using 
a Hart Model 4207 instrument. The thermal characteristics of each one of its 1.2 mL 
ampoules were determined separately, using the appropriate buffer. In each case, the 
amount of sample subjected to analysis was determined by careful weighing of each 
ampoule before and after sample loading. The following steps constitute the operating 
protocol adhered to in this work: (a) scan down from 20°C to 15°C and stabilize the 

 A
ug

us
t 1

6,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

5 
| d

oi
: 1

0.
10

21
/b

k-
19

95
-0

60
2.

ch
01

8

In Proteins at Interfaces II; Horbett, T., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1995. 
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instrument at this temperature for 10 minutes; (b) scan up to 105°C at a rate of 1 
degree per minute; (c) scan down to 20°C at a rate of 1.5 degrees per minute. A l l 
thermograms were background corrected by subtraction of either the buffer heat 
capacity or that of the buffer plus solid substrate, as appropriate. A l l runs were made 
at least in duplicates. 

Protein Quantification. Whether in soluble or adsorbed form, the various 
proteins were quantified by means of an amino acid analysis procedure described in 
detail elsewhere (14). Following exhaustive hydrolysis in 6 M HC1 for 20 hours at 
105°C, the samples were evaporated to dryness and derivatized with phenyl 
isothiocyanate. The resulting mixtures of labeled amino acids were separated by 
reversed phase chromatography on an HP-1050 system from Hewlett-Packard, and 
the cumulative amount of amino acids was found by integration of the chromatogram. 

For the calorimetric titration experiments the protein surface concentrations in 
the adsorption complexes were determined in separate batch adsorption experiments. 
Here the amount of protein adsorbed was mainly determined spectroscopically at 280 
nm from the level of depletion in the supernatant with occasional verification by amino 
acid analysis. 

Results and Discussion 

Adsorption and Stability. A protein's adsorption from aqueous solution onto a 
hydrophobic solid surface is likely to qualitatively resemble its adsorption at the 
similarly hydrophobic air-water interface. In a model study involving six small, one-
domain proteins, Wei (15) sought correlations between, on the one hand, their 
thermal stability and their stability towards denaturants such as urea and guanidinium 
hydrochloride (GuHCl) and, on the other hand, their observed tendencies to adsorb at 
the air-water interface from dilute solution and to unfold and spread at this interface. 
Not unexpectedly (16), there were clear correlations between calorimetric transition 
temperatures, T m , and the concentrations of GuHCl bringing about unfolding of half 
the molecular population. In addition, lower Tm-values and [GuHCl] 1/2 
-concentrations both correlated with the protein's tendency to unfold and spread at the 
air-water interface, to judge from the rate of change in surface tension. 

It seems, therefore, that a case can be made for utilizing [GuHCl] 1/2 as a 
measure of the "hardness" of a protein in the Norde sense, at least for single domain 
proteins. The case of multi-domain proteins is less clear-cut, since the different 
domains may unfold uncooperatively. Which transition midpoint one observes is then 
entirely dependent on the method of detection. If, as is often the case, a spectroscopic 
method is selected, the overall protein stability will be judged by the unfolding of that 
particular domain in which the monitored chromophor resides. Mindful of these 
uncertainties, we will still attempt a hardness-ranking of the proteins whose interfacial 
behavior has been the focus of this study. Excluded from this ranking is bovine 
fibrinogen (BFB), due to its highly complex, multi-domain structure. 

Beginning with the indisputably "soft", three-domain HSA molecule, this 
protein has the lowest reported [GuHCl] 1/2 of the set; the transition midpoint for the 
bovine analogue is reported to occur at a concentration of 1.6 M (17). The hen 
lysozyme, considered by Norde to be a "hard" protein (9), withstands significantly 
higher denaturant concentrations and unfolds at a [GuHCl] 1/2 of 4.3 M (15). Yet, 
this hardness appears modest in comparison with that seen for streptavidin (S A), a 
protein frequendy used to immobilize ligands that have been selectively substituted 
with the small vitamin biotin, which it binds with an unusually high affinity (Ka = 
lO 1^ M- 1 ) . In our laboratory, SA has shown to remain folded at neutral pH even in 7 
M GuHSCN (K. Dobaj and M . Adayanthoya, personal communication), a more 
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260 PROTEINS AT INTERFACES II 

potent denaturant than the chloride analogue due to the chaotropic character of the 
SCN-ion (18). Wilchek and coworkers (19) examined the ability of urea as well as of 
GuHSCN to unfold SA, and found no effect of a 6 M solution of the former, while a 
slow unfolding took place at that concentration of the latter, supporting the notion of a 
highly stable protein. 

Calorimetry of Preformed Adsorption Complexes. In order to use 
microcalorimetry to evaluate the structural content of an adsorbed protein, two 
conditions must be met. First, the substrate must be sufficiendy limited in volume to 
be accommodated by the 1.2 mL measuring cell, yet it should present enough surface 
area to allow measurements on about a mg of adsorbed protein. Second, the substrate 
should itself be free of significant thermal transitions in the temperature interval of 
interest. 

Polystyrene (PS) nanoparticles are available in a variety of precisely controlled 
sizes. They are frequently used for diagnostic purposes in which case they may, for 
instance, be coated, either through adsorption (20) or through covalent attachment 
(21) , with a specific IgG which causes the particles to aggregate measurably in 
response to the presence of antigen. Although these particles carry a negative charge 
(22) as a result of residual surfactant molecules trapped during the polymerization 
process, they are overwhelmingly hydrophobic as seen from their tendency to form 
essentially irreversible complexes in water with an array of uncharged polymers (23). 
Due to their regular shape and well defined size, these particles are easily quantified in 
suspension by a simple turbidity measurement (24), and the surface area available for 
protein adsorption is therefore easily determined. Fortuitously, this substrate shows 
no thermal transitions in the temperature interval of interest for protein calorimetry, as 
seen in Figure 1. 

The protein HSA adsorbs rapidly and pseudo-irreversibly to PS latex 
particles. Following adsorption, the formed protein-particle complex can be 
extensively washed with protein-free buffer and characterized in terms of its residual 
protein load, as described in the Experimental section above. Given aliquots of this 
complex are then readily transferred to the measuring cell of the calorimeter for 
examination of possible structural changes in the protein that may have resulted from 
the adsorption. Figure 2 illustrates typical thermograms of comparable amounts of 
free and adsorbed HSA. From the striking absence of heat capacity features in the 
adsorption complex it is clear that all structure in the native protein which could be 
collapsed through the cooperative melting process had already been eliminated from 
the adsorbed form as a result of its interaction with the substrate. The notion of HSA 
as a "soft" protein is therefore fully supported by the calorimetric data. 

The "hard" protein hen-egg lysozyme has been described (15) to unfold at an 
intermediate GuHCl concentration of 4.3 M , as discussed above. Whether or not this 
relatively high stability also manifests itself in the form of a substantial retention of 
structure upon adsorption to PS latex can be judged from Figure 3. Indeed, under the 
adsorption conditions used in this figure, also lysozyme appears to unfold extensively 
as it adapts to the PS surface. The protein surface concentration in this case is 1.74 
mg/m2> which is close to monolayer coverage. Since, as a rule, retention of 
biological activity will increase with increased protein close-packing (25), it is 
entirely possible that adsorption conditions may be found which allow the lysozyme 
to retain some amount of structure. In fact, the companion chapter by Haynes and 
Norde (13) demonstrates that under certain circumstances quantify able (albeit small) 
amounts of structure are retained in lysozyme adsorbed to PS latex. 

Although the behavior of lysozyme on PS may be of interest from a general 
protein science perspective, it is of limited practical significance. The contrary is true 
for the interaction of this enzyme with polymers of biomaterials interest, such as those 
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PS i n PBS 

lmj / ' c j 
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40 50 60 70 80 90 

Temperature (°C) 

Figure 1. A typical thermogram of 42.86 mg PS latex spheres in PBS buffer, pH 
7.4. 

Figure 2. Thermal stability of HSA in free and adsorbed form. Amounts (from 
amino acid analysis) are indicated in the figure. 
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employed in contact lens manufacturing. Human lysozyme is the most abundant 
protein in tears (26); it adsorbs rapidly and extensively to hydrogels of FDA type IV, 
i.e., highly water-containing anionic polymer matrices (27). Despite the fact that 
human and hen-egg lysozyme are different molecular species, the latter, which is 
more readily available, is generally used in model tear experiments due to its 
similarities with the human analogue. In particular, the two proteins are comparable 
in size as well as in charge, and due to their basic nature they both bind coulombically 
to the negative type IV lens. As with any biomaterial, questions are continuously 
being asked regarding what influence the lens matrix might have upon the proteins 
with which it comes in contact. 

In case of lysozyme, with its high adsorptivity to type IV materials, enough 
protein can be adsorbed by a lens to allow an in situ examination by microcalorimetry. 
This is illustrated in Figure 4 which compares hen egg lysozyme in solution with 
lysozyme pre-adsorbed to a couple of Vifilcon contact lenses. That amount of 
polymeric material is easily accommodated in the measuring cell and its protein load 
gives a readily measurable signal, as seen in the figure. Clearly, adsorption of the 
enzyme to this hydrogel occurs with less drastic consequences for the structure than in 
the case of PS. Although there are obvious signs of structural destabilization, 
indicated by a 6°C reduction in the transition temperature, a broadening of the heat 
capacity peak, and a reduction in die transition enthalpy, die effect is qualitatively 
similar to that seen by Privalov in his early work on pH induced destabilization of 
lysozyme (5). 

In view of the destructive effect of PS surfaces on HSA and lysozyme, 
demonstrated in Figures 2 and 3, one may ask whether this substrate is at all suitable 
for adsorption of proteins whose biological function is to be maintained after 
immobilization. In earlier work on the adsorption of milk proteins to PS latex, we 
were able to calorimetrically detect a significant amount of structure in a P~ 
lactoglobulin-particle complex (28). However, a more affirmative answer to this 
question is given by Figure 5, which shows thermograms for comparable amounts of 
the protein streptavidin in free and adsorbed form. Here, the presence of the substrate 
appears to have had little effect on the protein structure, to judge from T m of the major 
transition as well as from the enthalpy of unfolding which both remain essentially 
unchanged by the adsorption. (It should be noted that we have seen some batch-to-
batch differences in the transition behavior of S A, both in solution and in its 
adsorption complex with PS latex). In a separate study (24), the adsorbed 
streptavidin has been found to bind 0.4 moles per mole of its natural, high affinity 
ligand biotin. The reduced binding capacity, which is one tenth of that found in 
solution, is thought to result primarily from steric hindrance rather than from a 
significant structural change associated with the adsorption. 

A Titration Approach to Calorimetry. The results described in the previous 
section were all obtained with protein-polymer complexes that had been allowed to 
form over extended periods of time (see Experimental) and had then been carefully 
washed to remove unadsorbed and loosely associated protein. Below, we will 
describe a somewhat different experimental design (29), developed to be less material 
consuming than the batch analysis described above, while allowing for the 
simultaneous examination of all protein in the cell, whether in solution, on the 
surface, or in a loose association with the complex. 

The calorimetric titration experiment requires the availability of at least six well 
characterized measuring cells. Each ampoule is made to contain identical amounts of 
protein, delivered from a stock solution, to which is added different, well 
characterized amounts of particles. In this way, one can readily vary the ratio of 
protein to substrate surface area. The thermogram for each ampoule is then a 
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Figure 3. Thermal stability of lysozyme in free and adsorbed form. The amounts 
of protein (from amino acid analysis) are indicated in the figure. 

a, 
U 

s 

90 100 

Temperature (°C) 

Figure 4. Lysozyme in free form and adsorbed to Vifilcon contact lens. Two 
lenses were accommodated in the cell; their combined protein load (from amino 
acid analysis) is indicated in the figure. Also indicated is the thermogram for two 
virgin lenses. 

 A
ug

us
t 1

6,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

5 
| d

oi
: 1

0.
10

21
/b

k-
19

95
-0

60
2.

ch
01

8

In Proteins at Interfaces II; Horbett, T., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1995. 



264 PROTEINS AT INTERFACES II 

composite of the features displayed by all different forms of the protein in that cell. 
The actual amounts of protein adsorbed in each case is estimated from a series of 
separate batch experiments. 

This procedure is illustrated in Figure 6 for the adsorption of HSA to a small 
(90 nm), high surface area PS latex. Here, the relative amounts of retained structure, 
computed as the ratio of observed transition enthalpies for the protein-particle mixture 
and the protein by itself, respectively, are plotted as a function of the particlerprotein 
ratio. One may examine the fractional loss, j , of structure upon adsorption by 
expressing the observed transition enthalpy AHca^particle-protein) as a function of 
the enthalpy for the protein itself, AHcal (protein)* the surface concentration T 
generated in adsorption from that concentration, and the amount of surface area 
available for adsorption. The latter is given by the product of specific surface area A 
(m2/mg particles), and mass m of particles added to the cell. Cast in terms of these 
parameters, the loss factor j is easily identified: 

AHcal(part.-prot.) / A H c a l (prot.) = 1 - j T A m(part.)/rn(prot.) 

Here, a j-value of zero would imply no loss of structure upon adsorption, while a 
value of unity would indicate a total loss of transition enthalpy by that portion of the 
protein sample which is adsorbed to the particles. In addition to the measured data for 
the relative retention of structure in the presence of different amounts of particles, 
Figure 6 also includes a dotted line representing a j-value of unity under the prevailing 
conditions of A = 63 m2/1000 mg for PS 90 nm and T = 1.29 mg H S A / m 2 From the 
thermograms of Figure 2, which showed a total loss of structure for HSA 
preadsorbed to PS 272 nm, one could reasonably assume that the experimental data in 
Figure 6 would fall close to the j = 1 line. Yet, they all lie significandy below this line 
suggesting j-values in excess of 1. This finding, which is indicative of a more 
extensive destabilization of the protein than just the complete unfolding of that portion 
adsorbed to the surface, must be examined further. If supported by other 
observations, it could mean that a certain fraction of the HSA molecules has 
undergone a destabilizing collision with the substrate without irreversibly adhering to 
it. Recent work by Norde (11) has shown that HSA, which has been brought back 
into solution after an adsorption event and re-equilibrated with the starting buffer, has 
a different helix content and adsorbs more readily than the starting material. 
Presumably, once destabilized, this protein refolds only with great difficulty. 

The titration approach to microcalorimetry was also applied to bovine 
fibrinogen (BFB), a highly complex multidomain protein. Its overall structure and 
domain assignment was developed by Privalov and Medved (7), in part based on an 
elaborate series of enzymatic digestions and calorimetric analyses of the fragments. A 
representative thermogram of the intact molecule is shown in Figure 7. The two 
transitions that are clearly distinguished were identified by Privalov and Medved as 
the D (low melting) and E (high melting) domains. 

It was our original belief that the adsorption of fibrinogen to a surface of e.g., 
rjolystyrene would lead to a destabilization of one or the other of these domains. This 
belief is not supported by the experimental observations summarized in Figure 8. 
Instead of seeing a preferential loss of structure in one domain or the other, we find 
both to have been reduced in the adsorption. In fact, the dotted line in Figure 8A, 
commensurate with a j-value of unity and thus representing a 100% loss of structure 
upon adsorption, appears to fit the experimental data remarkably well. This line was 
computed based on a surface concentration T of 3.64 mg BFB/m2; the value of A 
remained the same as in Figure 6. 
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Temperature (°C) 

Figure 5. Streptavidin in solution (DI water) and adsorbed to PS 261 nm 
particles. The slight shift in T m between the free and adsorbed form appeared to 
be batch specific for the protein, and was not observed in duplicate experiments, 
whereas the high temperature transition, seen for the adsorption complex, was a 
highly reproducible phenomenon. 

1.2 

< 1.0 
C O 

3 0.8 

to 
X 
£ 0.4 

3 0.2 

0.0 

Theoretical curve based on 
£. **- „ a simple adsorption model 

2 4 6 
PS90/HSA (mg/mg) 

Figure 6. Relative retention of HSA structure upon addition of PS 90 nm 
particles. The surface concentration T of HSA at low particle load was 1.29 
mg/m2, and the particle area A available for adsorption was 63 m 2/g of solids. 
Initial protein concentration was 4.5 mg/mL in 10 mM phosphate, pH 7.0. 
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Bovine Fibrinogen in 50 mM Glycine Buffer (pH 8.5) 

First transition Second transition 
Tm (°C) 54 96 
AHcal (Kcal/mole) 805 318 

u 

i 1 1 1 1 1 1 1 

35 45 55 65 75 85 95 105 
Temperature (°C) 

Figure 7. Thermogram of BFB in 50 mM glycine buffer, pH 8.5. The low T m is 
associated with unfolding of the flanking D-fragments of the molecule (ref. 7), 
while the high T m reflects unfolding of the central E-fragment. 

Conclusion 

As a complement to the more commonly used spectroscopic techniques for analysing 
protein conformations on surfaces, rrncrocalorimetry has been found to offer a unique 
insight into the overall structural conditions of proteins in their association with solid 
substrates. The technique is tolerant to both the geometry and composition of the 
substrate, as long as it is free of major structural shifts in the temperature interval of 
interest, and as long as its surface-to-volume ratio is such that about a mg of adsorbed 
protein can be accommodated in the 1.2 mL measuring ampoule. 

The calorimetric observations reported here suggest that certain "soft" 
proteins, so classified because of their unfolding in denaturant solutions of low to 
moderate concentration, undergo a more extensive loss of structure upon adsorption 
to hydrophobic surfaces than previously thought. This is seen to be true for small 
proteins, e.g., lysozyme that was previously thought of as moderately robust, as well 
as for the larger multidomain plasma proteins albumin and fibrinogen. In the present 
study we have focused our attention on one protein, streptavidin, which shows 
extreme "hardness", as well in its stability towards denaturants as in its retention of 
structure and biological activity upon adsorption to polystyrene beads. Other 
proteins, such as the various IgG species known to retain their antigen binding ability 
and to function well in a variety of particle based immunodiagnostic reagents, are 
likely to show similar calorimetric stability features. 
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1.2 

PS90/BFB (mg/mg) 

Figure 8. (A) Relative retention of BFB structure upon addition of PS 90 nm 
latex particles. The surface concentration of protein was determined separately as 
3.64 mg/m2, while particle area A was the same as in Figure 6. The initial protein 
concentration was 2.5 mg/mL of 50 mM glycine buffer, pH 8.5. 
(B) The relative reduction of structure in the two peaks. 
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Chapter 19 

Molecular Orientation in Adsorbed 
Cytochrome c Films by Planar Waveguide 

Linear Dichroism 

John E. Lee and S. Scott Saavedra1 

Department of Chemistry, University of Arizona, Tucson, AZ 85721 

The heterogeneous distribution of amino acids present on the surface of 
a protein suggests that adsorption to materials of differing surface 
chemistry will produce different bound orientations. Investigating 
relationships between substrate surface chemistry and molecular 
orientation in hydrated protein films is hampered by a lack of suitable 
experimental techniques. Measuring absorption linear dichroism in a 
chromophore-containing protein film using planar waveguide ATR is 
one promising approach. This paper presents a theoretical and 
experimental description of this novel technique, and reports on 
measurements of molecular orientation in cytochrome c films adsorbed 
at hydrophilic and hydrophobic glass/buffer interfaces. 

Non-specific protein adsorption occurs to some extent on virtually all insoluble 
materials of synthetic origin that are brought into contact with biological fluids (1-4). 
In comparison to specific binding between a receptor and its ligand, non-specific 
adsorption is generally thought to be a less localized interaction involving a larger 
fraction of a protein's amino acids. The larger contact region may be due to the 
multiple modes of binding that are possible between a substrate surface and the 
heterogeneous distribution of amino acids on the protein's external surface. If the 
conformational state of the protein is altered upon adsorption, formerly buried amino 
acids may be involved in the binding, further contributing to its multivalent nature. 
Furthermore, if the substrate surface itself is chemically microheterogeneous, the 
subset of amino acids involved in binding will vary substantially among individual 
protein molecules. Acting in concert, these effects may produce a film in which the 
geometric orientation of adsorbed molecules is isotropic with respect to the substrate 
surface. 

However, in situations where a relatively high affinity binding mode is favored 
over competing modes, and the binding site on the protein is localized (which implies 
an asymmetric distribution of surface amino acids), a preferential orientation of 
adsorbed molecules may be produced. An example is provided by the work of Darst 
et al. (5). Using electron crystallography, they showed that E. Coli R N A polymerase 
holoenzyme forms two-dimensional, crystalline domains when electrostatically 
adsorbed to lipid layers at the air/water interface. The lipids lacked any specific 
ligands for binding the protein. The authors postulated that the negatively charged 
protein molecules "adsorb on the positively charged lipid surface in a predominant 

1 Corresponding author 

0097-6156/95/0602-0269$12.00/0 
© 1995 American Chemical Society 
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270 PROTEINS AT INTERFACES II 

orientation rather than at random, (and that) one region on the surface of the 
polymerase molecule may contain a relatively high local concentration of negatively 
charged amino acid residues." 

Variations in surface coverage and bioactivity for a protein adsorbed on different 
surfaces have been observed by numerous other groups, and have been frequendy 
attributed to differences in adsorbed molecular orientation. For example: 

/ ) Lin et. al. (6) examined the specific activity of antibodies adsorbed to 
dichlorodimethylsilane (DDS)-treated glass. Partially denaturing the antibody prior to 
adsorption yielded a higher activity in the adsorbed state in comparison to adsorption 
of native antibody. The authors reasoned that partial denaturation exposed a 
hydrophobic patch of amino acids in the protein's Fc region. Hydrophobically driven 
adsorption produced an antibody layer with the antigenic binding sites preferentially 
oriented away from the DDS surface. 

2) Lee and Belfort (7) reported that the enzymatic activity of ribonuclease A 
adsorbed to bare mica increased over a 24 hour period from 16% to 74% (relative to a 
solution phase activity of unity). Intermolecular force measurements between two 
adsorbed RNase A films showed that the rise in activity was accompanied by an 
increase in film thickness from 28 A to 44 A and an increase in adsorption density of 
41%. The results were interpreted as follows: RNase A is initially adsorbed "side-on" 
with the positively charged active site facing the negatively charged mica surface. At 
long incubation times, the molecules reorient to an "end-on" geometry, which exposes 
the active site and reduces the mica surface area/molecule, yielding increased activity 
and adsorption density. The "end-on" orientation is likely stabilized by lateral 
electrostatic interactions between the RNase A molecules. 

Although these studies support the premise that non-specific protein adsorption is 
not a geometrically random process, in contrast to Darst's work (5), orientation was 
not direcdy measured. They also suggest that adsorbed orientation is a function of 
adsorbent surface chemistry and can strongly influence biochemical function. A 
prerequisite to investigating these relationships is the capability to measure molecular 
orientation in submonolayer to monolayer hydrated protein fdms that are not crystalline 
(i.e., range from liquid crystalline to disordered). Polarized absorption techniques are 
an option but their application to monolayer protein films can be problematic from a 
sensitivity standpoint. Bohn and coworkers have addressed this difficulty by using a 
150 pm thick glass coverslip to measure linear dichroism in an attenuated total 
reflection (ATR) geometry (5,9). This relatively thin internal reflection element 
supports a large number of internal reflections per unit length of beam propagation, 
which produces an enhanced optical pathlength. Using this approach, they determined 
mean molecular orientation in dried films of cytochrome b$ mutants covalendy attached 
to coverslips via disulfide bonding (10). An even greater sensitivity enhancement can 
be realized in the integrated optical limit (8). We have previously reported the use of 
planar integrated optical waveguide (IOW) spectrometry to measure attenuated total 
reflection in protein films at IOW/liquid interfaces (11-14). A theoretical and 
experimental description of the IOW-ATR technique and its application to molecular 
orientation measurements in hydrated heme protein films is provided here. Some 
preliminary results were reported previously (14,15). 

Theory 

We consider the case where a protein film of thickness df is formed by adsorption at 
the interface between a dielectric internal reflection element (IRE) and an aqueous 
solution containing dissolved protein. The refractive indices of the film, solution, and 
IRE are nf, ni , and n2, respectively. The protein contains a bound chromophore that 
absorbs light at wavelength X. 
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19. LEE & SAAVEDRA Molecular Orientation in Cytochrome Films 111 

A T R Spectrometry of Bulk Samples and Thin Films. In Figure 1, light 
propagating in the IRE at angle 9i is totally internally reflected at the 
waveguide/solution interface, which is the x-y plane. The chromophore concentration 
along the IRE surface normal (z-axis) is represented by a step function: i) in the fdm, 
which extends from z=0 to d f , the concentration is C f , and ii) in the bulk solution, 
which extends from z=df to infinity, the concentration is Cb- When the absorption of 
evanescent energy per reflection in both the fdm and the bulk are relatively weak, the 
total absorption per reflection, At/N, is given by 

A t /N = Ab/N + A f /N (la) 

= ebcbLb + etCfLf (lb) 

where Ab/N and Af/N are the bulk and thin film absorbances per reflection, 
respectively, N is the total number of reflections at the IRE/solution interface, and eb 
and ef are the molar absorptivities for the bulk and thin film chromophores, 
respectively (75). The terms Lb and Lf are the evanescent pathlengths in the bulk and 
thin fdm samples, respectively, and are given by 

L b = (le/li )d p (2) 

Lf = (le/li)df (3) 

where d p is the penetration depth of the evanescent wave, given by 

dp = (Xy47cn2)[sin2ei - (n1 / n 2 ) 2 ]" 1 / 2

 ( 4 ) 

and Ie/Ii is the interfacial transmitted intensity per unit incident beam intensity (13). 
For transverse electric (TE) and transverse magnetic (TM) polarized light, Ie/Ii is given 
by 

M i ) T E = !!liEyP 

n 2 cosGj (5) 

n 2 cos9j (6) where E x , E y , and E z are the orthogonal components of the electric field vector of the 
evanescent wave, E , that extends into the solution phase. 

I _ 4cos20j(sin2ei - (m /n 2) 2) 

(1 - (m /n2)2)[ (1 + (m /n 2) 2) sin29i - (m /n 2) 2] ( 7 ) 
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272 PROTEINS AT INTERFACES II 

fused silica substrate 

Figure 1. Schematic illustration of light propagating in an IRE at an internal 
waveguiding angle 8*. The chromophore concentration along the IRE surface 
normal (z-axis) is represented by a step function. The drawing is not to scale. 
The film thickness, df, is less than 10% of the evanescent penetration depth. 
The lateral displacement of the beam along the x-axis upon reflection is the 
Goos-Hanchen shift. 
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Ey|2 = 4cos2ej 
1 - (ni /n2)2 (8) 

4cos 29j sin 26i 
(1 - (ni /n 2 ) 2 )[(l+ (ni /n 2 ) 2 )sin 2 0i - (m /n 2) 2] (9) 

As discussed in detail elsewhere (76,77), equations 1-6 are subject to some 
assumptions: i) the fdm thickness is less than 10% of the penetration depth (i.e., df < 
0.1 dp), which is valid for a monolayer of small protein molecules; ii) the term Ie/Ii is 
not affected by the presence of the film, which is valid for a film thinner than 0.1 d p 

with nf that differs from ni by only a few percent. 

A T R Linear Dichroism of a Heme Protein. Figure 2 diagrams the geometry of 
a linear dichroic ATR experiment in which the orientation of a protein-bound iron 
porphyrin at the IRE surface is determined. The general theoretical treatment and the 
notation of Thompson et al. (18) and Fraaije et al. (79) are used here. The iron 
porphyrin (heme) has two electric dipole transitions, pi and p2> that lie orthogonal to 
one another in the heme plane, which is designated as the JC'-Z' plane. The quantity 8 
is the polar angle between the heme plane and the z-axis; <|> is the azimuthal angle 
between the x and x' axes; and a is the angle between \i{ and the z' axis. The dipole 
transitions interact with the electric field vector of the evanescent wave; the absorption 
intensity is proportional to (pE) 2. Two approximations can be made to simplify the 
analysis: 

1) The heme dipole transitions are x, y polarized in the molecular plane, which 
means that pi = p2 and absorption intensity is not a function of a. Eaton and 
coworkers have carried detailed polarized absorption studies on several heme protein 
crystals of known structure (20-22). Their work clearly demonstrates that the Q, By 

and N heme absorption bands, extending over the 300-600 nm range, are JC, y 
polarized. 

2) There is no preferential ordering of molecules along either the x or y axes. In 
this azimuthally symmetric (uniaxial) geometry, all values of <|> are equivalent and can 
be averaged over 2n (9,79). Under these conditions, the relative thin film 
absorbances along JC, y, and z are given by (9,19) 

Note that the trigonometric term in equations 10 and 11 accounts for the degeneracy of 
the in-plane heme dipole transitions (79). TE polarized light contains only an E y 

component whereas T M polarized light is composed of only E x and E z components. 
The relationship between 8, averaged over a large ensemble of molecules, and the 
dichroic ratio of thin film absorbances (p) is then: 

A».x = l | E x | 2 | n | 2 ( l + s i n 2 e ) 

A»,y = l |E y | 2 |n | 2 ( l + sin 26) 

(10) 

(11) 

A,,z= |E 2| 2W 2(cos2e) (12) 
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274 PROTEINS AT INTERFACES II 

Figure 2. Schematic of the heme geometry relative to the laboratory coordinate 
system in a linear dichroic ATR experiment. The laboratory coordinate system 
is defined by the JC, y, and z axes, with the origin at the point of reflection in 
the waveguide (jc-y) plane. The heme plane lies at an angle 0 from the IRE 
surface normal (z-axis). The heme electric dipole transitions pi and p2 are 
perpendicular to one another in the molecular plane. The JC', y', z' coordinate 
system defines the heme plane, with the origin at the center of the porphyrin 
ring. The angles a and <|> are defined in the text. 
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P = 
AfJM A f > z + Af t X 

Af.TE Af.y 
2 , 2EJ cos26 

E $ + 
1 + sin 2G (13) 

10 Waveguiding. The reflection density of an IRE, N/D, is defined as the number 
of internal reflections per unit distance of beam propagation along the IRE/solution 
interface. Since N/D is inversely proportional to IRE thickness, the pathlength in an 
ATR experiment can be enhanced by using a thinner IRE. The ultimate in a thin IRE is 
a planar integrated optical waveguide (IOW), which is a substrate-supported IRE 
having a thickness on the order of X. Interference between the multitude of totally 
reflecting light rays in a planar IOW restricts light propagation to a small number of 
discrete reflection angles (modes) that yield constructive interference. The theory that 
describes this behavior is well known (25). IOW-based spectroscopies have been 
applied to characterization of thin film and interfacial samples and reviews are available 
(24). 

Lightguiding behavior in an IOW can be modeled using a simple ray optics 
approximation. Inter-modal comparisons of evanescent thin film pathlength in an IOW 
have shown this approximation to be valid (75). From a ray optics perspective, 
reflection density in an IOW is given by 

N / D = (2d2tan6i + A 2 i + A23)" (14) 

where d2 is the IOW thickness, D is the distance over which the ATR measurement is 
made, and A21 and A23 are the Goos-Hanchen shifts at the IOW/solution and 
IOW/substrate interfaces, respectively (13). Expressions for A21 and A23 for a step-
index, asymmetric planar IOW are given in reference 13. In the visible spectrum, 
values of N/D for IOWs range from several hundred to several thousand per cm. The 
enhanced optical pathlength makes it possible to measure ATR linear dichroism for a 
very weakly absorbing film of chromophores, specifically a heme protein film with a 
surface coverage on the order of 10*12 mol/cm2 (14). 

The dichroic ratio is determined using IOW-ATR by ratioing the thin film 
absorbances in T M and TE polarized modes. The thin film absorbances are recovered 
from the measured total absorbances by subtracting the bulk contribution (equation 1). 
A correction must also be applied if the reflection densities for the two modes are not 
equal. The dichroic ratio is given by 

AtJM - AbjM K , 
P = IT IT— = 

A t J E " Ab,TE 

E 2 , 2 E l c o s 2 9 
1 + sin 2G 

[ N T E E 2 ] " 1 

(15) 

where the subscripts TE and T M refer to the pair of modes under comparison. 

Experimental 

Reagents. Horse heart cytochrome c (cyt c, #C7752) and DDS were obtained from 
Sigma. Cyt c was purified by gel filtration on Sephadex G-25 (Sigma). It was eluted 
with 50 mM phosphate buffer, pH 7.2, containing 100 mM NaCl, and diluted to a 
final concentration of 35 uM (determined by absorbance measured at 514.5 nm). 

Waveguides and Surface Preparation. Silicon-oxynitride planar IOWs were 
fabricated by plasma-enhanced chemical vapor deposition on fused silica substrates at 
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the Microelectronics Center of North Carolina, as described previously (25). These 
waveguides are 1-1.5 pm thick and support 2-3 guided modes. Experiments were 
performed with bare (hydrophilic) glass and DDS-modified (hydrophobic) glass 
waveguides. Hydrophilic waveguides were prepared by soaking in PCC-54 surfactant 
(Pierce) for 24 hours, rinsing with deionized water, soaking in an 80°C chromic acid 
bath for 20 min, rinsing with deionized water, soaking in 1 M nitric acid for one hour, 
and rinsing again with deionized water. The surface was then blown dry with nitrogen 
and dried for two hours at 80°C. Hydrophobic glass waveguides were prepared by 
soaking hydrophilic waveguides in 2% DDS (v/v) in dry toluene (distilled over 
elemental sodium) for two hours. Nitrogen was bubbled through the solution during 
the silanization and the procedure was performed in a nitrogen-filled glove bag. The 
waveguide was then rinsed sequentially in toluene, toluene/ethanol, ethanol, 
ethanol/water, and water, followed by drying at 80°C for two hours. Wettability of 
waveguide surfaces was characterized by measuring static water contact angles with a 
goniometer. Contact angles on hydrophilic and hydrophobic surfaces were 10°±6.1° 
and 88°±1.2°, respectively. 

I O W - A T R Instrumentation. The instrumental arrangement was similar to 
previous descriptions (77,72,26). Waveguides were mounted in a flow cell that was 
installed on a rotary stage. The 514.5 nm line of a Coherent Innova 70 argon ion laser 
was prism coupled into TE and T M polarized waveguide modes by rotating the 
waveguide/flow cell assembly with respect to the stationary beam. Input polarization 
was selected with a Fresnel rhomb. The guided mode "streak" visible in the 
waveguide was photographed with a charge-coupled device (CCD) array cryogenically 
cooled to-102°C (2(5). 

Data Collection and Analysis. Fifteen minutes after buffer was injected into the 
flow cell, images of TE and T M guided modes were recorded. Cyt c (35 pM) was 
then injected, allowed to equilibrate for 30 minutes, and guided modes were imaged 
again in both polarizations. Attenuation curves were generated by plotting the 
logarithm of the vertically integrated pixel intensity in the guided mode image against 
propagation distance. These curves were fit by least squares regression to log[I(D)] = 
-ajD + C, where 1(D) is integrated pixel intensity as a function of D, the propagation 
distance in cm, err is the loss coefficient in cm - 1 , and C is a constant. 

Before protein is injected into the flow cell, aj = ceo, the intrinsic propagation 
loss of the IOW. With protein present in the flow cell, ax = ao + ab + af, where ab 
and af are the loss coefficients due to bulk and adsorbed protein, respectively. Since 
abD = Ab, ab can be calculated from knowledge of the physical parameters (N/D, n i , 
H2> n3> 9i) °f t n e waveguide, using equations 1-6 and 14. The thin film loss 
coefficient is then recovered by difference (af = aT - ao - ab). Finally, since afD = 
Af, the dichroic ratio in eq 15 is simply the ratio of the T M and TE polarized af values. 

Results and Discussion 

Orientation in Cyt c Films. The heme group in cyt c is covalentiy bound to the 
polypeptide, and its geometric position relative to the three-dimensional protein 
conformation is known from the crystal structure (27). Thus in principle, the average 
molecular orientation of a uniaxial assembly of cyt c molecules can be determined 
relative to a laboratory-defined coordinate system by measuring the absorbance of the 
heme group at two orthogonal polarizations (22). The IOW-ATR technique solves the 
practical difficulty of detecting a statistically valid difference between two orthogonal 
absorbance measurements on a hydrated protein monolayer. 
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Isotherms for cyt c adsorption on hydrophilic and hydrophobic glass 
waveguides were measured using TE-polarized IOW-ATR spectrometry (data not 
shown). For both surfaces, the "plateau" region of the isotherm was observed at bulk 
protein concentrations >20 pM. Based on these data, a bulk cyt c concentration of 35 
p M was selected to form adsorbed films for linear dichroism measurements. Thus in 
both cases, dichroic ratios were measured on films of maximum surface coverage. 
Although actual surface coverages were not determined independently, the measured 
thin film absorbances were consistent with approximately 50% monolayer coverage. 

The mean tilt angle between the heme plane and the IOW surface normal in 
adsorbed cyt c films was calculated by rearranging eq 15 to solve for 9i. On 
hydrophilic glass the tilt angle was 17°±2° (n=2), which means that the heme plane 
was oriented nearly vertical with respect to the waveguide (x-y) plane. Much different 
results were observed for films on hydrophobic waveguide surfaces. In this case, the 
tilt angle was 40°±7° (n=2) from the surface normal, indicating a mean orientation 
nearly equidistant between die waveguide plane and surface normal. 

Two important points are evident from these data. First, the tilt angles on both 
surfaces are significantly different from 54.7°, which is the mean angle that would be 
measured for a completely isotropic distribution of molecular orientations. Thus a 
geometrically anisotropic distribution of heme planes is present in the cyt c film on 
both surfaces. Second, the large difference between the tilt angles on hydrophilic and 
hydrophobic glasses demonstrate that the molecular orientation distribution is 
influenced by the chemical properties of the waveguide surface. It is well recognized 
that due to the asymmetric distribution of amino acids on the surface of a protein, one 
"face" of the molecule may be preferentially attracted to a given adsorbent material, 
while the other "faces" may be repelled (1-4). The attraction/repulsion geometry may 
be reversed at the surface of a second adsorbent having chemical properties that differ 
substantially from the first. To our knowledge, the data presented here are the first 
direct evidence supporting this hypothesis. However, as discussed below, limitations 
inherent in the method prevent us from deducing the mean orientation of the cyt c 
molecule at a waveguide/solution interface. 

Several groups have investigated molecular orientation in adsorbed cyt c films, 
particularly on negatively charged, hydrophilic substrates. Given a pi of 10.0, the 
attraction to these surfaces is primarily electrostatic. Based on the electrochemical 
behavior of cyt c at a carboxy-derivatized gold surface, Tarlov and Bowden (27) 
proposed that adsorption takes place at the face where the edge of the heme plane is 
exposed to solvent. This geometry would place the heme plane approximately normal 
to the substrate surface plane, consistent our measurements on hydrophilic glass. 
Pachence et al. (28) and Kozarac et al. (29) used transmission linear dichroism and 
polarized reflection-absorption spectroscopies, respectively, to study the orientation of 
cyt c adsorbed to hydrated fatty acid and lipid films. Both groups concluded that the 
heme plane is approximately parallel to the adsorbent film plane. However, in both 
cases this conclusion was based on measuring a small difference between two very 
weak absorbances (on the order of 0.002 absorbance units). Using IOW-ATR, 
Walker et al. (75) measured a tilt angle of 48° for cyt c adsorbed to hydrophilic glass, 
substantially greater than reported here. However that measurement was made after 
flushing bulk dissolved protein from the flow cell, on a film that was ca. 25% of a 
monolayer, or about one half the surface coverage of the films examined here. It is 
possible that orientation may be affected by packing density (7), a concept that we are 
currently investigating. 

Limitations of the I O W - A T R Technique. Using IOW-ATR measurements of 
absorption linear dichroism to examine orientation in protein films is subject to several 
limitations: 
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/ ) An internal reflection linear dichroism measurement on a uniaxial assembly of 
x,y polarized chromophores is rotationally degenerate about both the normal to the 
molecular plane of the chromophore (y-axis) and the normal to the waveguide plane (z-
axis). Thus a specified tilt angle between the heme plane and the z-axis is consistent 
with a number of possible orientations for an adsorbed heme protein molecule. This 
of course does not imply that the adsorption process is geometrically random; it merely 
means that we cannot specify the contact region of the protein. 

2) The tilt angle of the heme plane, not the protein molecule, is measured. If 
protein adsorption induces a conformational change that distorts the geometric 
relationship between the heme plane and the polypeptide, then heme orientation cannot 
be related to overall protein orientation. In the absence of supporting evidence, the 
maintenance of native conformation in the adsorbed state cannot be assumed. The use 
of the IOW-ATR technique to study orientation in protein films would therefore be 
complemented by concurrent studies of protein conformation. 

3) An absorption linear dichroism measurement yields only the mean tilt angle of 
the dipoles in a molecular assembly. No information on the distribution of orientations 
is available. Thus we can detect the existence of anisotropy but cannot discern the 
degree of macroscopic ordering. In contrast, fluorescence emission anisotropy 
measurements are sensitive to both the mean and the distribution about the mean (18). 
The combined use of absorption linear dichroism and emission anisotropy techniques 
therefore appears to be a potentially powerful approach to characterizing order in a thin 
molecular assembly. Since the linear dichroism measurement specifies the mean tilt 
angle, the corresponding anisotropy measurement is sensitive only to the width of 
distribution.. 

Conclusions 

We have described a sensitive planar waveguide ATR technique for measuring 
absorption linear dichroism in weakly absorbing organic films at the solid/liquid 
interface. This technique was used to demonstrate that the mean tilt angle of the heme 
in adsorbed cyt c films is dependent on the chemical properties of the adsorbent 
surface. We are presentiy extending this work to other heme proteins and adsorbent 
surface chemistries. 
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Chapter 20 

Human Serum Albumin Adsorption 
at Solid—Liquid Interface Monitored 

by Electron Spin Resonance Spectroscopy 

R. Nicholov1,2, N. Lum2, R. P. N. Veregin3, and F. DiCosmo1,2 
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Ontario L5K 2L1, Canada 

Human serum albumin (HSA) was spin labelled with the 4-maleimido­
tempo (MT) spin label. The experimental conditions favoured labelling 
of the free sulfhydryl group of HSA. The adsorption of HSA-MT on 
glass, polystyrene and polystyrene-butadiene beads at pH 4.5, 5.4 and 
7.0 was studied. Our data show that the conformational status of HSA­
-MT adsorbed onto the glass surface differs from that in buffer. 
Changes in ESR spectral characteristics of HSA-MT display an 
additional immobilisation of the spin label due to the adsorption. ESR 
spectra report primarily on the conformational changes of HSA-MT in 
the vicinity of the spin label. There were no significant differences in 
ESR spectra of HSA-MT in buffer at pH 4.5, 5.4 and 7.0. However, 
ESR spectral characteristics of adsorbed HSA-MT were pH sensitive. 
The stronger immobilization of the MT was recorded when HSA was 
adsorbed onto polystyrene beads at the isoelectric point (pI) of the 
protein. This immobilization of MT corresponds to a bigger alteration 
of adsorbed HSA-MT near to the modified 34 cysteine residue. The 
most freely rotating MT was measured when HSA-MT was adsorbed 
onto the polystyrene-butadiene beads at pH 7.0; this corresponds to 
unfolding of adsorbed protein when attached to the negatively charged 
polystyrene-butadiene surface. The data suggests also that the point of 
attachment of HSA-MT onto the solid surface (glass, polystyreene and 
polystyrene-butadiene) during the process of unspecific adsorption is 
not in the vicinity of the spin label. ESR spectra of HSA-MT were 
recorded also at low temperature. By decreasing the temperature of 
HSA-MT in buffer from 25°C to -10°C we simulated the 
immobilization of the spin probe that resulted from the adsorption of 
spin labelled protein to the solid surface. 

0097-6156/95/0602-0280$12.00/0 
© 1995 American Chemical Society 
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The phenomenon of protein adsorption onto solid surfaces is important to many 
fields of study. Research has been done in pharmaceutical sciences, soils and 
agriculture, the silicon chip industry, water filtration, and protein processing. 
Adsorbed proteins affect the biocompatibility of artificial implants such as vascular 
grafts and soft tissue implants, cell adhesion for tissue growth, bacterial cell 
adhesion to urinary catheters, activation of the intrinsic and extrinsic systems in 
blood coagulation, complement activation, contact lens fouling and others [1], 

Important parameters for protein adsorption include the amount of adsorbed 
protein, the adsorption-desorption kinetics and the conformation of the adsorbed 
protein. The details of conformational status of proteins at solid/liquid interfaces 
has been recognized as a important research topic by many authors [2,3] and has 
attracted increasing research efforts recentiy [3,4,5]. However the evaluation of the 
conformational status of the adsorbed protein molecule is a difficult task and the 
available information demonstrates convincingly that novel approaches are required 
if we are to develop a firm understanding of protein-surface interaction. In the 
majority of publications structural alterations of adsorbed proteins are evaluated 
using infrared spectroscopy and ellipsometry. ESR spectroscopy (ESR) offers other 
approach and direct measurements of the alteration of the protein structure. 
Narasimhan et al. [6] and Nicholov et al. [7] demonstrated that ESR has the 
capacity to monitor protein adhesion at a solid/liquid interface and is especially 
effective for direct evaluation of the conformational status of the adsorbed 
molecule. The spin label covalentiy bound to the protein molecule serves as a 
reporting group [8]. By modifying different protein moieties, at specific sites with 
spin labels, one can obtain specific information about the conformation of the 
protein in the vicinity of the spin label. 

In this study, the ESR technique was applied to evaluate the conformational 
status of spin labelled human serum albumin (HSA-MT) adsorbed onto the surface 
of glass beads, polystyrene and polystyrene-butadiene beads. The adsorption was 
followed on the different surfaces at various pH values. 

Materials and Methods 

High grade crystalline human serum albumin was purchased from Sigma, (St. 
Louis, M O , Lot No. 127F9307). 4-maleimido-tempo (MT) spin label was 
purchased from Aldrich (Milwaukee, WI). Controlled pore glass beads were 
purchased from Sigma and polystyrene and polystyrene-butadiene beads were 
purchased from Polysciences, Inc. (Pasadena, CA) . 

Spin Labelling. HSA was labelled with 4-maleimido-tempo (MT) under conditions 
which preferably modified the free sulfhydryl group (Cys 34) [9]. Approximately 
1.5 /xmole of M T in methanol was transferred to a vial and evaporated to dryness 
under a nitrogen stream. A solution of HSA, 20 mg in 0.1 M phosphate buffered 
saline at the desired pH was added and stirred gentiy overnight at 4°C. Purification 
of the spin-labelled proteins from the free spin radicals was accomplished using a 
dialysis membrane (MW cutoff 12,000-14,000, Spectrum Medical Industries, Inc., 
Los Angeles, CA) . The samples were carefully pipetted into the membrane and 
placed in 1:500 v/v 0.1 M PBS, which was changed after 1, 6, and 24 hours. 
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Protein Adsorption. Controlled pore glass beads, polystyrene, and polystyrene-
butadiene beads were measured into three Ependorf tubes in quantities of 
approximately 42 mg, 45 mg, and 50 mg, respectively. To each set of surfaces was 
added one of the protein solutions, either at pH 4.5, pH 5.4, or pH 7.0. Vials were 
slowly shaken to ensure surface wetting of all the beads. The samples were than 
incubated for 24 hours before being washed with buffer. Tubes were gently mixed 
with buffer and then centrifuged for 2 minutes at 10,000 rpm. The buffer was 
removed, leaving enough liquid to prevent the beads from crossing the air/water 
interface. Washing was repeated three times. The ESR spectra were recorded after 
the washing. ESR spectra of adsorbed protein on to the glass or polymeric beads 
were recorded at the same conditions. 

Stoichiometry of spin labelling was determined using methods as described by 
Nicholov et al [7]. The ratio of protein to spin label varied between 2 to 1 and 0.8 
to 1. The size of the particles was of 1 /xm and smaller. 

ESR Measurements. ESR spectra were recorded with a Bruker ESR Spectrometer 
(Model 300, Germany) equipped with a variable temperature accessory. Magnetic 
field was 3375 G, sweep width was 100 G, and sweep time was 5.243 s. Time 
constant was 5.12 ms, modulation amplitude was 0.5 G, and microwave power was 
10 mW. Number of scans ranged from 100 to 5000. 

The mobility of the spin label (MT) and respectively the mobility of protein 
molecule in solution or adsorbed onto the solid surface was evaluated by rotational 
correlation time r [7,10], hyperfine splitting 2 T n and semiquantitative parameters 
s/w and w/p. The last two parameters are the ratio of the amplitudes of the peaks 
s and w of ESR spectra as shown in Fig. 1 

Results 

ESR spectra of HSA-MT in buffer at room temperature. Figure 1A shows the 
ESR spectrum of HSA-MT in buffer (pH 7.0) at room temperature. The spectrum 
is broad and asymmetric with a considerably distorted line shape as compared with 
the spectrum of free M T in solution (Fig.IB). The M T spectrum in buffer is a 
characteristic of a molecule tumbling rapidly in aqueous phase with an rotational 
correlation time r of 0.95.10"10s. The spin label covalentiy attached to the HSA 
molecule produced a completely different ESR spectrum. The low magnetic field 
resonance line was split into two lines (s and w Fig. 1); the high field resonance line 
was also split into two relatively weak extrema. The distance (in Gauss) between 
the outer extrema marked in F i g . l by arrows is a measure of hyperfine splitting 
2T n . The ESR spectrum of HSA-MT in buffer has a hyperfine splitting 2T n of 
(65.2 ± 0.7) G, which is 30.8 G bigger than that of M T in buffer. The increase 
of 2 T n points to an immobilization imposed onto the spin label when it is covalentiy 
attached to the HSA, although the protein molecule itself is moving freely in a 
solution at room temperature. The experimental values of 2 T n lie in the area typical 
for spin label with slow molecular motion. The hyperfine splitting 2 T n itself 
reflects the rotational mobility of M T relative to the point of attachment and the 
tumbling of the whole HSA molecule. The value of 2T n demonstrates that M T is 
strongly immobilized when attached to HSA, suggesting that the nitroxyl moiety is 
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I I 1 I I I I 1 

3450 3470 3490 3510 G 

Figure 1. ESR spectra of human serum albumin (A), covalentiy labelled with 4-
maleimido-tempo, in 0.1 M phosphate buffer saline at pH 7.0 and 25°C; (B) ESR 
spectra of 4-maleimido-tempo, in 01.M phosphate buffered saline at pH 7.0 and 
25°C. Both spectra were recorded at magnetic field, 3370 G; sweep width, 100 G; 
sweep time, 5.243 s; time constant, 1.28 ms; modulation amplitude, 0.504 G; 
microwave power, 10 mW. The distance between the arrows corresponds to 2T n 

in G. 
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not located on the surface of the protein, but rather is sterically hindered in a cleft 
of a protein fold. The spin probe is covalendy attached to the protein molecule and 
because the attachment group is the shortest possible [11] we suppose that the 
mobility of the spin probe reflects also the mobility of the protein molecule in its 
entirety. 

Rotational correlation time r of HSA-MT in buffer is r = 11.5 ns 
calculated as shown in [12]. The increase of the rotational correlation time of MT-
HSA shows also the restricted mobility of the spin label attached to the HSA. This 
parameter is a measure of the relative mobility of the spin label, including both the 
amplitude and the rate of motion. 

The spectrum of MT-HSA in buffer has characteristics close to those of 
BSA labelled with maleimido tempo [7]. The similarity between amino acid 
sequences of HSA and BSA [13] and especially the number and the position of the 
free sulfhydryl groups most probably explains the similarity between ESR spectra 
of HSA-MT and BSA-MT. The most notable difference between both spectra is that 
M T is more strongly immobilized by the attachment to HSA than to BSA. This 
could be attributed to the differences in the tertiary structure of the molecules: HSA 
being heart-shaped [14] and BSA cylindrically-shaped [15]. 

H S A - M T in buffer at different p H values. The influence of pH on the process 
of protein adsorption results directiy from the effect of pH on the net surface 
charges of the protein and consequently from unfolding of protein at a pH away 
from the isoelectric point [16]. The ability of HSA to bind a large variety of ions 
and the quantity of its surface charge groups [13] suggests the possibility of 
different patterns of unfolding of HSA at different pH values. By applying ESR 
spectroscopy to spin labelled HSA at different pH one can expect to obtain 
additional information on the conformational status of protein in buffer or adsorbed 
on a solid surface. 

The isoelectric point of HSA is pH 4.5 [17] if the net surface charge of a 
protein at a given pH is defined as the difference between its own dissociated 
groups and bound ions. The isoelectric point of HSA determined on the basis of its 
own charge groups is at pH 5.4 [17]. At pH 7.0, HSA is negatively charged. 

The ESR spectra recorded at pH 4.5, 5.4 and 7.0 pH are presented in 
Figure 2 and the ESR spectral parameters are shown in Table I. The comparison 
between these three spectra shows that at pH 4.5 and 5.4 2T n , s/w and s/p are not 
significantly different and suggest restricted rotational mobility of the spin probe. 
At pH 7.0 the most freely rotating component of the spin label is better pronounced 
(Fig. 2, w) although the values of the ESR parameters are not very different. The 
immobilization of M T at pH 4.5 and 5.4 obviously reflects the fact that the globular 
proteins are most compact and stable near the isoelectric point. Above the 
isoelectric point at pH values greater than 6.0, the net charge of the protein is 
negative, the repulsion forces between identically charged groups provoke 
unfolding. Therefore one can expect that the ESR parameters of HSA-MT will 
change in buffer at pH 7.0. However, the ESR spectrum of HSA-MT at pH 7.0 is 
not significantly different from the spectrum recorded at the isoelectric point. 
Obviously, the repulsion forces between negatively charged groups are not strong 
enough to cause unfolding and a drastic increase in segmental motion in the vicinity 
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U I I I I I I I I I 
3320 3340 3360 3380 3400 G 

Figure 2. ESR spectra of human serum albumin spin labelled with 4-maleimido-tempo 
in 0.1 M phosphate buffer saline at pH 4.5, pH 5.4 and pH 7.0. The spectra recorded 
as in Figure 1. 
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of the spin label. Nevertheless, the ESR spectrum recorded at pH 7.0 shows greater 
mobility than the other spectra as indicated by the smaller s/w value. 

H S A - M T at solid/liquid interface. ESR spectra of HSA-MT adsorbed on to the 
surface of controlled pore glass beads, polystyrene beads and polystyrene-butadiene 
beads were recorded in PBS at different pH values. The conformation of the protein 
molecule due to the adsorption and also the effect of pH on the conformational 
status of the adsorbed protein were monitored. The results are presented in Figures 
3 and 4. 

H S A - M T adsorption on controlled pore glass beads. ESR spectra of adsorbed 
HSA-MT on the surface of controlled pore glass beads were recorded at pH 4.5, 
5.4 and 7.0. The sample of beads in buffer contained both adsorbed and desorbed 
proteins because of the process of spontaneous desorption of proteins. Special 
efforts were taken to remove the signal of desorbed protein molecules. The 
components of the ESR signals coming from the desorbed proteins were eliminated 
by asymptotical subtraction of the ESR spectrum of HSA-MT in solution from the 
recorded spectrum. The resulting spectra of only HSA-MT adsorbed onto the glass 
beads are presented in Fig.3. The portion of the ESR signal of the desorbed 
proteins was small (5%) because the desorption process is time dependent and the 
ESR spectra were recorded immediately after the washing. The data in Fig.3 shows 
that the ESR spectra of absorbed proteins are more immobilized than the HSA-MT 
spectra recorded in buffer. The additional immobilization of the spin label M T is 
a consequence of the adsorption. Because M T is not located on the surface of the 
protein, the modification of the ESR spectra revealed the conformation of the 
adsorbed molecule. 

If the absorption is accomplish at different pH of the liquid phase the 
hyperfine splitting, 2T n , does not change significandy i.e. is not pH sensitive; 
however the semiquantitative parameters s/w and s/p do change with pH and are, 
therefore, pH sensitive (Table II). As a result of the adsorption on the glass 
surface, s/w values decrease with increasing pH, because the amplitude of the 
resonance line representing the more mobile component of the ESR spectra (w) 
increases with pH. Similarly, s/p values decrease with increasing pH as a result of 
the decrease in the amplitude of the s peak, which represents the slow motion 
component of the ESR spectrum. 

Comparing the ESR spectra recorded at the three different pH values, we find 
the spectrum representing the most immobilized label was recorded at pH 4.5. If 
we consider the isoelectric point of HSA (determined on its own charges) one can 
see that the protein is positively charged at pH 4.5. This suggests a stronger 
attraction of the protein molecule to the glass surface. This result shows that the 
increased attraction of HSA-MT to the surface causes a stronger immobilization of 
the spin label. 

An increase in the pH of the buffer led to an increase in the mobility of M T . 
The most freely rotating spin label was recorded at pH 7.0. At this pH, HSA 
molecules have a net negative charge; the glass surface is also negatively charged 
and the concentration of protons is relatively low. The immobilization of the M T 
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U 1 I I I 1 1 i i i 
3320 3340 3360 3380 3400 G 

Figure 3. ESR spectra of human serum albumin spin labelled with 4-maleimido-tempo 
in 0.1 M phosphate buffer saline adsorbed to the surface of glass beads at pH 4.5, 
pH 5.4 and pH 7.0. The spectra of desorbed HSA-MT were subtracted, the resulted 
spectra are presented in the figure. The spectra were recorded as in Figure 1. 
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Figure 4. ESR spectra of human serum albumin spin labelled with 4-maleimido-tempo 
in 0.1 M phosphate buffer saline, pH 7.0, adsorbed on controlled pore glass, 
polystyrene-butadiene and polystyrene beads. The spectra were recorded as in Fig. 1. 
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at pH 7.0 was less than at the lower pH value and consequendy the attraction 
between protein and the surface is not as strong as at a lower pH (Fig. 3). 

Table I. ESR spectral parameters of HSA-MT recorded in 0.1 M PBS buffer 
at different pH 

pH 2T„ (G)* s/w s/p 

4.5 65.9±1.3 0.64 0.27 
5.4 64.5+1.2 0.62 0.23 
7.0 65.2+1.4 0.56 0.28 

'Values with root mean square error 

The experiments for all pH values were performed in 0 . 1 M PBS. The effect 
of ionic strength was not studied. Van Dulm et al. [18] proposed that there is a co-
adsorption of cations in the inner region of the adsorbed layer. Assuming that this 
mechanism was involved and counterions reduced the attraction/ repulsion forces 
between the charged solid surface and the protein molecules, the data in Figure 3 
and Table II show that this reduction did not completely obliterate the effect of pH. 
In addition our data shows that the structure of HSA-MT adsorbed on the glass 
surface differes from the conformation assumed in buffer, and that structural 
changes are pH sensitive. It is important once again to stress the fact that ESR data 
show conformational changes of HSA-MT only in the vicinity of the spin label and 
cannot be used to explain conformational modifications of the entire molecule. 

H S A - M T adsorbed onto polystyrene beads. Table II presents the ESR spectral 
parameters for HSA-MT adsorbed on polystyrene and polystyrene-butadiene 
surfaces. The data shows that the adsorption of HSA-MT on the polystyrene surface 
modified the shape of the spectrum to a greater extent than the adsorption to the 
glass and polystyrene-butadiene beads. This distortion of the spectrum did not result 
from the paramagnetic centres of the polystyrene beads. The ESR spectrum of pure 
polystyrene beads was recorded under the same conditions as those used for the 
ESR spectra of adsorbed protein (data not shown) and did not reveal any ESR 
signals above the signal/noise ratio. The same procedure was applied for glass and 
polystyrene-butadiene beads. 

HSA-MT adsorbed on polystyrene beads also showed the greatest variation in 
ESR spectral parameters as a function of pH (Fig. 4). The hyperfine splitting 
constant, 2T n , decreased from 67.70 G at pH 4.5 to 65.05 G at pH 7.0. The 
semiquantitative parameter s/w changed from 0.86 at pH 4.5 to 0.56 at pH 7.0, and 
the parameter s/p changed from 0.34 at pH 4.5 to 0.23 at pH 7.0. The mobile 
component of the spectrum (peak w) increased with the increase of pH while the 
amplitude of the peak s decreased. The amplitude of the central peak p, is 
composed of both components: a mobile component and another with restricted 
mobility and the changes were not so visible. Taken together, alterations of the 
ESR spectra of adsorbed HSA-MT onto the polystyrene surface are more significant 

 A
ug

us
t 1

6,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

5 
| d

oi
: 1

0.
10

21
/b

k-
19

95
-0

60
2.

ch
02

0

In Proteins at Interfaces II; Horbett, T., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1995. 



290 PROTEINS AT INTERFACES II 

than those noted for the glass surface. Most probably, because the hydrophobicity 
of the polystyrene surface thr attraction/adsorption forces were stronger than those 
in the glass beads and this resulted in stronger immobilization of the spin probe and 
alteration of the ESR signal. 

Table II. ESR spectral parameters of HSA-MT adsorbed onto different 
surfaces recorded in 0.1 M PBS at different pH values 

pH and Surface 2T n(G) s/w s/p 

4.5 
Glass*1 68.13 0.76 0.29 
Polystyrene*2 67.70 0.86 0.34 
Polystyrene-Butadiene*2 66.20 0.67 0.26 

5.4 
Glass 68.13 0.70 0.27 
Polystyrene 66.50 1.23 0.34 
Polystyrene-Butadiene 65.86 0.53 0.26 

7.0 
Glass 68.13 0.67 0.21 
Polystyrene 64.23 0.40 0.26 
Polystyrene-Butadiene 65.05 0.56 0.23 

*lrThe amount of desorbed HSA-MT was not subtracted from the ESR signal of 
absorbed HSA-MT as was done for the data presented in Figure 3. 
' ^ e subtraction procedure was not applied to ESR spectra of HSA-MT on 
polystyrene and polystyrene-butadiene beads because of the low signal to noise 
ratio. 

At pH 7.0, the rotational mobility of M T was significantly higher than those 
at pH 4.5 and pH 5.4. This could be attributed to the negative charges of the 
protein molecule at this pH. 

H S A - M T adsorbed onto polystyrene-butadiene beads. The ESR spectra of HSA-
M T adsorbed onto the polystyrene-butadiene beads (polystyrene beads specially 
treated to have negative charges on the surface) showed less immobilization than 
the polystyrene beads (Table II). As in the case of the glass beads, the hyperfine 
splitting constant, 2T n , does not increase significantly from pH 4.5 to pH 7.0 
(Table II). However, the semiquantitative parameter s/w decreased from 0.67 at pH 
4.5 to 0.56 at pH 7.0. The parameter s/p decreased from 0.26 at pH 4.5 to 0.23 
at pH 7.0. The modifications of all three ESR spectral parameters show an increase 
of the spin probe mobility with an increase in pH away from the isoelectric point. 
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HSA-MT mobility at low temperature. By decreasing the temperature of HSA-
M T in solution we induce an additional restriction to the rotational mobility of the 
spin probe. In this fashion we simulated the same immobilization of the spin probe 
that results from the adsorption of the protein to the solid surface. 

The ESR spectra of HSA-MT in buffer at pH 7.0 were recorded over the 
temperature interval from 10° C to - 40° C (Fig. 5). The hyperfine splitting, 2T n , 
increased with the decrease of the temperature as it is shown in Fig.6 where it is 
plotted versus the absolute temperature. The ratio of resonance lines s/w increased 
also showing a progressive immobilization of the spin label with a temperature 
decrease. 

The ESR spectrum recorded at -10°C and the ESR spectrum of HSA-MT 
adsorbed on the glass surface (Figure 3, pH 7.0) show similarities in shape, 
hyperfine splitting, and s/w ratio. Thus, the immobilization of M T in both cases 
can be considered comparable. The data shows that the decrease in temperature 
from 25°C to -10°C immobilizes the spin label to the same extent as the adsorption 
onto the glass surface. 

Discussion 

The covalent attachment of M T to HSA causes a considerable restriction of its 
mobility (comparison to M T in buffer) and produce a ESR spectrum with a distort 
line (Fig. 1). This spectrum suggests that M T is positioned not on the surface of the 
molecule. Indeed, the SH group to which the spin label is bound is about 10 A 
within the HSA [13] near the N terminus. The same spin probe (MT) bound to the 
SH group of BSA shows an almost identical ESR spectrum. The reason for this 
similarity is due to the position of the sulfhydryl group in both molecules. The M T 
submerged within the HSA molecule was used to report on its conformations during 
the adsorption. 

The changes in ESR spectra generated by the adsorption of the protein on 
the solid surface [Fig. 1 and Fig.4] were not as pronounced as the changes discussed 
in the previous paragraph but they are unquestionable. The differences between 
ESR spectra of adsorbed HSA-MT and ESR spectra of HSA-MT in buffer were 
related to the structural changes of the adsorbed protein in the vicinity of the M T . 
A spin probe positioned differently will most probably, produce a different 
modification of the ESR spectra, and a different extent of conformation change due 
to the adsorption. Our data support the reports [19,20] on conformational changes 
of the adsorbed proteins and additionally define the area of conformational 
alteration. 

J.D. Andrade et al. [21] Norde et al. [22], and Barnabeu et al. [23] showed 
the pH dependence of adsorption isotherms, but the data does not provide 
information of the conformational status of the protein. Our data of adsorption 
performed at different pH values show that the defolding of the protein away of the 
isoelectric point (pH 7.0) is higher and conformational changes which restrict M T 
mobility smaller than at lower pH (pH 4.5 and 5.4). According to Kanal et al. 
[16], the denatured state of BSA is most pronounced at pH values below the 
isoelectric point. The ESR spectra presented here undoubtedly show that at pH 4.5 
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Figure 5. ESR spectra of human serum albumin spin labelled with 4-maleimido-tempo 
in 0.1 M phosphate buffer saline, pH 7.0, recorded over the temperature range of 
10°C to -40°C. Magnetic field, 3370 G; sweep width, 100 G; sweep time, 5.243s; 
time constant, 1.28 ms; modulation amplitude, 0.504 G; microwave power, 10 mW. 
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200 225 250 275 

Temperature (K) 

300 325 

Figure 6. Hyperfine splitting constant, 2T n, in (G) plotted versus temperature in 
(K) at which the ESR spectrum of HSA-MT was recorded. ESR spectrometer 
conditions as in Figure 1. 

the unfolding, i f it occurs, does not effect significantiy the packing of the 
polypeptide chain around die Cys34 residue. This difference is because the 
electrostatic repulsion, which causes denaturation of BSA occurs at a pH below 4.0, 
which was not studied herein. At pH values greater than 6.0, the net charge of the 
protein is negative, and according to Kanal et al. [16] the electrostatic repulsion is 
less strong and the protein denatures to an intermediate state which does not 
experience segmental motion. Assuming that this information is also relevant for 
HSA, our data suggests modest unfolding for M S A - M T at pH 7.0 and no increase 
of the segmental motion in close proximity to the 34 cysteine group where the spin 
label is attached. 

Adsorption of HSA-MT at different surfaces showed that electrostatic 
attraction/repulsion forces effect the modification and conformation of the adsorbed 
molecule. However the adsorption on the hydrophobic polystyrene surfaces shows 
the strongest modification of the ESR spectra corresponding to the higher attraction. 
These findings definitively support the idea of the impact of hydrophobic attraction 
forces on the adsorption process [24]. 

The structure of the protein is considered more compact in buffer at, or 
near the pi . Unfolding occurs during the adsorption on the solid surface. This 
deviation from the most compact structure suggests an increase of the entropy of 
the system. 
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This presumption was developed by Norde et al. [2] and if accepted provides a 
good explanation of the spontaneous adsorption of the HSA-MT onto the glass 
beads. Our data show the modification of die structure of HSA around the spin 
probe during the process of adsorption and suppports the above concept. 

Norde et al.[2,22] and Koutsoukos et al.[25], on the basis of adsorption 
isotherms, analyzed the changes in the free energy during the process of adsorption, 
and showed that spontaneous adsorption occurs concomitant with increases in the 
entropy of the system. In our present study an attempt to evaluate the changes in 
free energy was made by simulating the immobilization of the spin label due to 
adsorption of the spin labelled protein by imposing a restriction in the spin label 
mobility by low temperatures. 

This simulation allows us to evaluate the free energy associated with the 
adsorption. Thus, the adsorption free energy can be calculated to be between 30 and 
35 kT. Norde et al. [2] discussed the adsorption free energy of a ten segment 
polymer molecule to be in the range of 10 kT. This value of the adsorption free 
energy is in good agreement with the estimation of the HSA-MT free energy of 
adsorption onto the glass surface. However, the evaluation of the conformational 
adsorption free energy using ESR data is relative. It depends on the position of the 
M T spin probe on the HSA molecule and also on the distance between the spin 
probe and the site of attachment of the protein to the solid surface. Since the spin 
probe only gives information about its immediate environment and not the entire 
molecule, the adsorption free energy associated with the protein molecule outside 
of the immediate vicinity of the spin probe must be added. Therefore, the 
adsorption free energy of the HSA-MT will be much higher than the value 
estimated by the M T spin label. By varying the location of the spin label along the 
protein molecule, conformational changes of different segments of the molecule and 
their associated adsorption free energies can be evaluated. 

Although the evaluation of the free energy may be considered fairly 
speculative, the data presented in this study show that a decrease of the temperature 
from 25°C to -10°C modified the ESR spectra and immobilized the spin label of 
HSA-MT in buffer to the same extent as did the adsorption onto the glass surface 
at room temperature. 
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Chapter 21 

Proteins at Surfaces Studied 
with the Surface Force Technique 

Eva Blomberg and Per M. Claesson 

Laboratory for Chemical Surface Science, Department of Chemistry and 
Physical Chemistry, Royal Institute of Technology, S-100 44 Stockholm, 

Sweden, and 
Institute for Surface Chemistry, Box 5607, S-114 86 Stockholm, Sweden 

Some results obtained by using the interferometric surface force 
technique for studying the interactions between adsorbed protein 
layers and between such layers and surfaces are presented. We have 
chosen to report results obtained for several types of proteins in order 
to emphasize differences and similarities in the behaviour. In this 
chapter we have also included sections describing the normal 
experimental procedure as well as some common difficulties which 
we have encountered during our studies of proteins with the surface 
force technique. It is hoped that these sections can be of use for 
readers that has no or a limited experience with this technique. 

The surface of proteins are generally very heterogeneous with positive and negative 
charges, groups with hydrogen bonding abilities, as well as non polar hydrophobic 
regions. This complexity of the protein surface means that each type of protein can 
interact with other molecules and surfaces in a great number of ways. There are 
possibilities for ionic interactions (both repulsive and attractive), hydrogen bonding, 
hydrophobic interaction, hydration forces, acid-base interactions, and, of course, the 
always present van der Waals force. The most important driving forces for protein 
adsorption are often regarded to be hydrophobic interaction and ionic interactions, 
combined with an entropy gain caused by conformational changes of the protein 
during the adsorption (7,2). Due to the assymetry of the protein surface, the 
importance of all of these interactions during an adsorption event will depend on the 
orientation of the molecule. Considering the large difference in overall size, shape 
and flexibility of different types of proteins (see e.g. Figure 1) it is of course not 
possible to treat proteins as a homogeneous group of molecules. Instead, a large 
flexible glycoprotein such as mucin will have completely different solution and 
interfacial properties than a small compact protein like lysozyme. For this reason one 
should be very cautious about drawing general conclusions about the behaviour of 
proteins at interfaces based on studies of only a few types of proteins. Nevertheless, 
the need of science (and scientists) to be able to predict the behaviour of as yet not 
studied systems is ever present. In this chapter we have grouped the proteins studied 
into four classes, compact globular, soft globular, amphiphilic and random coil like 
proteins. This distinction is of course not strict but we feel that different proteins 
which fall into the same category wi l l have at least some aspects 

0097-6156/95/0602-0296$12.00/0 
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Figure 1. A schematic picture showing the overall structure of a) lysozyme ( M w « 
14 500, i.e.p = 11-11.5), b) insulin ( M w » 5 808, i.e.p = 5.5), c) human serum 
albumin ( M w « 66 000, i.e.p = 4.7-5.2), d) proteoheparan sulphate ( M w « 0.175 
x 10 6, protein core ( M r « 38 kDa), 3-4 heparan sulfate side chains ( M r « 35 
kDa)), e) mucin ( M w « 5-25 x 106, radius of gyration « 190 nm). 
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298 PROTEINS AT INTERFACES II 

of their interfacial behaviour in common, even though they certainly also will behave 
differently in many ways. 

A number of review articles on somewhat similar subjects to what is presented 
here has recently been published. Among these Leckband and Israelachvili (3) focus 
mainly on molecular recognition, whereas Luckham and Hartley in a review on 
interactions between biosurfaces have included a section discussing protein 
interactions (4). We hope that this chapter will serve as a complement to their 
presentations. In the limited space of the chapter we have chosen to discuss mosdy 
data obtained from our own research. Hence, this chapter is not a review of the 
existing knowledge in the field of surface forces and proteins. However, in the near 
future we intend to publish a review on the subject that also discusses the many 
important contributions from other research groups. 

Surface Force Technique 

With the interferometric surface force technique (5,6) the total force acting between 
two macroscopic (A « 1 cm 2) molecularly smooth surfaces in a crossed cylinder 
configuration is measured as a function of surface separation. This choice of 
geometry is made due to its experimental convenience. There will be only one 
contact position, which easily can be changed by moving the surfaces, and there is no 
problem with aligning the surfaces. One of the surfaces are mounted on a piezo 
electric tube that is employed to change the surface separation. The other surface is 
mounted on the force measuring spring. 

Muscovite mica, a layered aluminosilicate mineral, is the preferred substrate in 
these measurements due to the ease with which large molecularly smooth thin sheets 
can be obtained. The surface chemical properties of these surfaces can be modified in 
a number of ways including adsorption from solution, Langmuir-Blodgett deposition, 
and plasma treatment (in some cases followed by reactions with chlorosilanes). The 
mica sheets are silvered on their back-side and glued onto half-cylindrical silica discs 
(silvered side down), normally using an epoxy glue. When white light is introduced 
perpendicular to the surfaces an optical cavity is formed between the silvered 
backsides of the mica surfaces. From the wavelengths of the standing waves 
produced the surface separation can be measured to within 0.1-0.2 nm. The 
deflection of the force measuring spring can also be determined interferometrically, 
and the force is calculated from Hooke's law. 

Typical Experimental Procedure and Data Evaluation 

The procedure used when studying the interactions between protein layers adsorbed 
to solid surfaces is briefly described below. The experimental results are sensitive to 
contaminants, particularly particles adsorbed to the surfaces, and therefore it is 
advisable to always make some control experiments before the actual research is 
started. 

Once the two surfaces are mounted in the surface force apparatus they are 
brought into contact in dry air. When the surfaces are uncontaminated the long-range 
force is due to the attractive van der Waals force and the adhesion between the 
surfaces is high. In the next step, the measuring chamber is filled with pure water or a 
weak aqueous electrolyte solution. Under these conditions it is well established that 
the long-range force is dominated by a repulsive electrostatic double-layer force and 
the short-range interaction by a van der Waals attraction, and that the measured 
forces are consistent with theoretical predictions based on the D L V O theory. Hence, 
it is easy to establish that the measured forces at this stage are as expected in an 
uncontaminated system. The adhesive contact between the surfaces in water (i.e. the 
wavelengths of the standing waves with the surfaces in contact) defines the zero 
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surface separation. When everything appears as normal the salt concentration and pH 
is changed to the values preferred under the experiment. The forces are measured a 
few times and the results are checked for reproducibility and compared with previous 
results (if available). It is only at this stage that the protein is introduced into the 
measuring chamber and the true research can be started. 

The force is not measured between individual molecules but rather all molecules 
over an area of tens to hundreds p m 2 contribute to the force. Hence, the measured 
total force is an average force that depends on the orientation of the molecules. When 
the driving force for adsorption of one part of the molecule is very different to that of 
the other part, e.g. surfactants on a hydrophobic surface, one orientation of the 
molecules will dominate. In other cases, like for many proteins on surfaces one can 
expect that different orientations on the surface are possible and the force measured 
is then an average over these orientations. 

The force (F c) is measured between crossed cylinders with a geometric mean 
radius /?, which is related to the free energy of interaction between flat surfaces per 
unit area (W) (7,8): 

5L = 2KW = 2KYw (1) 
R i 

where W{ represents the different types of forces acting between the surfaces. This 
relation is valid provided that R (about 2 cm) is much larger than the range of the 
forces between the surfaces (typically 10"5 cm or less). A requirement fulfilled in this 
experimental set-up. The local radius can be measured from the shape of the standing 
wave pattern. Experimentally it is found that under the influence of strong forces, 
particularly when the forces vary rapidly with surface separation, the local radius will 
change as the surfaces are pushed firmly together (9,70). This is due to the flattening 
of the glue supporting the mica surfaces. (Note that the measured surface separation 
is not influenced by the deformation of the glue since the compressed glue is located 
outside the optical cavity). When the shape of the surfaces changes with the 
separation the Derjaguin approximation is no longer valid. 

An increased understanding of the results can often be obtained by interpreting 
the measured total force in terms of various force contributions. However, it should 
be stressed that this procedure in itself is an approximation since all forces are 
interrelated and not strictly independent. Nevertheless, it is often a useful 
approximation. The most common procedure is to calculate the electrostatic double-
layer force and the van der Waals force for the system under investigation. The 
discrepancy between measured and calculated forces is interpreted in terms of other 
force contributions. A complication in this respect is that in general the location of 
the protein layer - solution interface is not well defined. This means that the location 
of the plane of charge, from which the double-layer force acts, is not well defined. A 
further complication is that the dielectric properties of the adsorbed protein layer is 
not well known and therefore the van der Waals interaction is hard to calculate with a 
good precision. In practise we have in our analysis assumed the plane of charge to be 
at the distance where the short-range force due to the compression of the protein 
becomes dominant. This is a reasonable choice since we know that at smaller 
distances the Poisson-Boltzmann treatment of the double-layer certainly does not 
hold. When highly charged proteins are present in solution it has been shown that 
they make a significant contribution to the electrostatic decay-length in low ionic 
strength solutions (77). For the results presented here, this effect is not important. For 
the van der Waals force we have chosen the same plane of origin as for the double-
layer force. Two extreme cases for the van der Waals force were considered, using 
either the Hamaker constant A = 2.2 x 10" 2 0 J, equal to that for mica interacting 
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300 PROTEINS AT INTERFACES II 

across water, or A = 0, corresponding to no van der Waals force between the 
hydrated protein layers. From this discussion it should be clear that the comparison 
between theoretical and experimental force curves is not straightforward and that 
only large discrepancies should be regarded as significant. 

Compact Globular Proteins 

Lysozyme is a small compact protein with dimensions approximately 4.5 x 3 x 3 nm. 
It is positively charged at pH 5.6, the pH used in this study. The positive charges on 
the molecule are located in such away that it is difficult to use electrostatic 
considerations to predict the orientation of lysozyme on negatively charged surfaces. 
The forces acting between mica surfaces across a 10"3 M NaCl solution containing 
various amounts of lysozyme are shown in Figure 2. Without any lysozyme in 
solution the forces are well described by D L V O theory with a repulsive double-layer 
force dominating at large separations (apparent surface potential -85 mV) and an 
attractive van der Waals interaction predominating at distances below 2 nm. When 
lysozyme is introduced into the surface force apparatus to a concentration of 0.002 
mg/ml the forces changes dramatically (Figure 2). The repulsive double layer force is 
much reduced (magnitude of the apparent interfacial potential 16 mV) and a steric 
repulsion due to the adsorbed layer is present at distances below about 6 nm. This 
corresponds to contact between side-on oriented lysozyme on each surface. A further 
increase in lysozyme concentration to 0.02 mg/ml does hardly affect the interfacial 
potential. However, the thickness of the adsorbed layer has increased significantly to 
about 9-10 nm. This corresponds to contact between end-on oriented molecules. A 
further increase in lysozyme concentration to 0.2 mg/ml hardly affects the measured 
forces. We can draw three conclusions from these results. First, when the lysozyme 
concentration is increased some molecules adsorb in an end-on orientation and we 
most likely end up with a layer composed of proteins adsorbed end-on and side-on. 
Second, the additional adsorption of the charged proteins hardly affects the 
interfacial charge. Hence, due to the low dielectric constant of the adsorbed layer free 
charges are not easily incorporated, and upon adsorption acid-base equilibria are 
shifted towards the uncharged state and small counterions co-adsorb. This confirms 
the conclusion made by Norde based on electrophoretic mobility measurements and 
electron spin resonance (ESR) spectroscopy (72,13). Third, the layer thicknesses 
obtained are consistent with the size of the molecules in solution. Hence, no global 
changes in the protein structure occur upon adsorption or upon applying an external 
compressive force. In this respect lysozyme behaves like other small compact 
proteins like insulin, (77,14), cytochrome C (15-17), RNAse (18), and myelin basic 
protein (16,17). It should be noted, however, that small changes in the protein 
structure do take place upon adsorption of lysozyme onto silica. This can be seen 
clearly using e.g. CD-spectroscopy (79). Such small changes in the structure of the 
protein is not easily detected with the surface force technique. 

At the higher protein concentrations a weak non-electrostatic repulsion is 
observed at separations between 12 and 10 nm. The force in this distance regime is 
more repulsive on approach than on separation. These findings indicate that a second 
layer of lysozyme is weakly associated with the firmly bound one, most likely 
through association via the hydrophobic patch located opposite to the active cleft. It 
is the work needed to remove this layer from the contact zone that gives rise to the 
repulsion observed between 12 and 10 nm. Clearly, the layer does not reform during 
the time it takes to measure the force profile. However, the outer layer does reform 
when the surfaces are left apart. The formation of an outer layer is consistent with the 
fact that there is an attractive force between the adsorbed (mono) layers (Figure 2) 
and that lysozyme molecules form dimers in solution at high enough concentrations 
(20). It should be emphasized that the surface force technique readily detects the 
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presence of any weakly adsorbed outer layer on weakly charged surfaces since the 
presence of this layer affects the weak long-range forces. A similar layer is not so 
easily detected by e.g. ellipsometry which primarily measures the adsorbed amount, a 
quantity which hardly is affected by a few molecules adsorbed in an outer layer. 
More information about the forces acting between lysozyme coated surfaces can be 
found in 27,22 

Insulin is also a small compact protein. It readily associates in solution to form 
dimers, tetramers and hexamers (23,24). The overall shape of some of the different 
solution species is shown in Figure 1. The adsorption of insulin on mica (77) and 
hydrophobized mica (14) and the resulting interaction forces have been studied with 
the interferometric surface force technique. On hydrophobized mica it was possible 
to follow the build-up of the adsorbed layer. The forces measured across 
hydrophobized mica (i.e. mica coated with a Langmuir Blodgett layer of 
dimethyldioctadecyl ammonium bromide) across a solution containing 1.9 mg/ml 
insulin crystals at pH 7.3 are shown in Figure 3. Under this solution condition the 
fraction of monomers, dimers, tetramers and hexamers are 0.09,0.65,0.26, and 0.01, 
respectively. As the adsorption proceeds the layer thickness and the repulsive double-
layer force, dominating at D > 12 nm, increases. The results are consistent with an 
initial adsorption of monomers or dimers in side-on conformation. The layer 
thickness also increases with the adsorption time indicating formation of hexamers 
on the surface. Hence, a more dramatic build-up of the protein layer is observed for 
insulin than for lysozyme. It seems plausible to assume that whenever there is 
possibilities for attractive interactions between proteins, more than one layer of 
proteins may eventually adsorb. This has particularly clearly been demonstrated for 
adsorption of cytochrome C at the isoelectric point on mica (75). 

Soft Globular Proteins 

Human serum albumin (HSA) is a globular but rather flexible protein with an overall 
dimension of 14 x 4 x 4 nm. It consists of three globular units held together by short 
flexible regions. This structure was initially confirmed for fatty acid free H S A 
crystallized from polyethylene glycol ( M w « 400 g/mol) by X-ray diffraction studies 
using multiple isomorphous replacement (MIR) (25). However, more recent more 
accurate MIR X-ray diffraction studies of the same protein instead indicate that the 
overall shape can be approximated with an equilateral triangle with sides of about 8 
nm and average thickness of 3 nm (26). Considering, the rather flexible regions 
linking the globular parts of HSA it is not obvious which overall shape adsorbed 
HSA will adopt, which complicates the interpretation of the force data in terms of 
protein orientation and monolayer adsorption versus multilayer adsorption. The 
adsorption of fatty acid containing HSA at a low ionic strength (10 - 3 M NaCl) at pH 
5.5, where the protein is weakly negatively charged, onto negatively charged mica 
and the resulting surface forces have been investigated (27,28). 

The forces measured depend strongly on the HSA concentration in bulk solution 
as illustrated in Figure 4. In all cases the long-range force is dominated by a repulsive 
double-layer force originating from the charges on the mica surface and on the HSA. 
When the HSA concentration is 0.001 mg/ml a hard wall repulsion is encountered at 
a separation of about 2 nm. This distance is less than the smallest cross-section of 
HSA. Hence, it is clear that when the number of molecules adsorbed on the surface is 
small the conformation of the protein can easily be changed by an external 
compressive force, indicating a rather limited structural stability. On separation, an 
attractive minimum is observed at a distance of about 4-5 nm. This corresponds to 
the expected thickness of one monolayer of HSA adsorbed side-on. At higher 
concentration the data do not provide any evidence for surface denaturation. This, 
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1 0 f 

.01 1 1 

0 5 10 15 20 25 30 35 
Distance (nm) 

Figure 2. The forces measured between mica surfaces across a 10-3 M NaCl 
solution at pH 5.6. The forces were measured as a function of lysozyme 
concentration, 0.002 mg/ml (filled circles), 0.02 mg/ml (open squares), and 0.2 
mg/ml (filled squares). Open circles represent the force measured in a pure 10"3 M 
NaCl solution at pH 5.6. The solid curves represent the forces calculated from the 
D L V O theory (A = 2.2 x 10" 2 0 J and K - 1 = 9.6 nm). 

-6' • • • • • • • • I 
0 2 4 6 8 10 12 14 16 

Distance (nm) 

Figure 3. The forces as a function of separation between mica surfaces immersed 
in a solution containing 1.9 mg/ml insulin at pH 7.3. The forces were measured 
after different adsorption times. The arrows indicate the layer thickness under a 
high compressive load. The dashed lines are guides for the eye that serve to 
connect different parts of the force curve. 
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however, does not prove that no changes in conformation occur upon adsorption. For 
instance at a concentration of 0.01 mg/ml the range of the non-DLVO force increases 
to about 7-8 nm, close to the expected thickness for one side-on monolayer adsorbed 
on each surface. These results do not show conclusively that no molecules are 
adsorbed end-on. Rather, the correct conclusion is that if some end-on oriented 
molecules exist on the surface then the force needed to change the orientation from 
end-on to side-on is small compared to the electrostatic double layer force. When a 
high compressive force is applied the thickness decreases to about 5-6 nm. No, or a 
weak, adhesion force is observed between the layers. When the HSA concentration is 
even larger, 1 mg/ml, the range of the non-DLVO repulsion is 12-15 nm. This is 
considerably larger than expected for a side-on monolayer on each surface, 
demonstrating that some molecules are adsorbed at an angle to the surface. Under the 
action of a high compressive force the layer thickness is reduced to about 8-9 nm. No 
adhesion between the surfaces is observed under these conditions. 

We note that the protein do adsorb onto mica despite that it has the same net sign 
on its charge as the surface. This means that either some positively charged regions 
adsorb to the surface or that the driving force for adsorption is not due to charge-
charge interactions. It has been concluded by Norde (29) that one important reason 
for protein adsorption is an increase in entropy due to structural changes. It seems 
likely that this is important for the case of HSA on mica since the adsorbed layer is 
considerably more compressible than that formed by e.g. lysozyme, and that the HSA 
layer thickness at low adsorption densities is not consistent with the dimension of the 
protein in solution. 

At high ionic strength, 0.15 M NaCl, it was found that a significant fraction of 
the proteins initially adsorb end-on. This is illustrated in Figure 5, that displays the 
forces measured during the first and a subsequent approach of the surfaces. On the 
first approach a repulsive force is experienced at distances below about 37 nm, 
corresponding roughly to the size of end-on molecules interacting with an 
electrostatic double-layer force. Upon further compression the increase in repulsion 
with decreasing separation is very limited until the surfaces reach a separation of 
slightly below 10 nm. The final position of the surfaces under a high compression is 
4.4 nm. We interpret these findings as evidence for a pressure induced change in 
orientation of the initially end-on oriented fraction to side-on. When the surfaces are 
kept apart only some HSA molecules do change back to an end-on orientation as 
evidenced by the considerably less long ranged forces observed upon a subsequent 
approach (Figure 5). 

The forces operating between mica surfaces in the presence of bovine serum 
albumin (30) have been reported to be considerably more long-ranged than those 
acting in the presence of HSA. At present we do not have any explanation for this 
difference, but the subject requires further investigations. 

Amphiphilic Proteins 

Some proteins have an amphiphilic character with one large hydrophobic region 
separated from a large hydrophilic region. These proteins are often membrane bound, 
or, like casein, act as stabilisers for hydrophobic emulsions. In many cases this type 
of protein can be expected to have a strong preferential orientation on hydrophobic 
surfaces. This has been shown to be the case for proteoheparan sulfate, a 
glycoprotein with a rather hydrophobic peptide region with attached strongly 
negatively charged hydrophilic glycosaminoglycan side chains. For this protein the 
peptide chain adsorb strongly to hydrophobic surfaces whereas the polysaccharide 
chains do not adsorb (31). 

The forces measured between proteoheparan sulfate coated hydrophobic 
surfaces across a protein-free aqueous salt solution is shown in Figure 6. In a 0.1 mM 
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Figure 4. The forces as a function of separation between mica surfaces immersed 
in 10 - 3 M NaCl at pH 5.6. The solution also contained HSA at concentrations of 
0.001 mg/ml (circles), 0.01 mg/ml (squares) and 1 mg/ml (triangles). Filled and 
unfilled symbols represent the force measured on compression and 
decompression, respectively. The solid curves represent the forces calculated from 
the D L V O theory (A = 2.2 x 10" 2 0 J and i c 1 = 8.5 nm). 

.01 ' 1 1 

0 5 10 15 20 25 30 35 40 
Distance (nm) 

Figure 5. The forces as a function of separation between mica surfaces immersed 
in a solution containing 0.01 mg/ml HSA and 0.15 M NaCl at pH 5.6. Forces 
measured on the first approach is represented by unfilled circles, and forces 
measured on the second approach by filled circles. 
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NaCl solution a repulsive double-layer force dominates the long-range interaction. At 
a separation below 9 nm a steric repulsion due to compression of the glycoprotein is 
predominating. As the surfaces are separated, a small attractive minimum is noted at 
a separation of 13 nm. An addition of CaCl2 to a concentration of 1.25 m M results in 
a significant decrease in the long range repulsive force. However, after addition of 
CaCl2 the decay length of the force is no longer consistent with an electrostatic force. 
Instead the force is of steric origin and most likely due to interactions between the 
carbohydrate chains. We note that the compressed layer thickness also decreases 
somewhat upon addition of CaCl2. On separation a comparatively strong attraction is 
observed at a separation of 10 nm. The increase in adhesion observed upon addition 
of CaCl2 can be rationalized as resulting from a decreased repulsive interaction rather 
than invoking a calcium dependent attractive force. A further addition of CaCl2 to 
2.5 m M results in a reduction of the long-range steric force but no further decrease in 
the compressed layer thickness. These observations can be rationalized in terms of 
the decreased electrostatic repulsion between charged segments within the 
carbohydrate chains resulting in an entropically driven chain contraction and thus a 
less long ranged steric repulsion. Note that the strong electrostatic repulsion observed 
before addition of CaCl2 precludes any determination of the range of the long range 
component of the steric force under this condition. For further information see 31. 

Random Coil-Like Proteins 

Mucin is a very large linear and flexible glycoprotein. About 80% of the weight is 
due to oligosaccharides that are clustered in regions flanked by stretches composed 
predominantly of amino acids. It is an important type of glycoprotein since it covers 
many internal surfaces in the body and thus will be one of the primary molecules that 
e.g. drugs will interact with. The forces between hydrophobic surfaces precoated 
with a layer of rat gastric mucin (RGM), a weakly charged mucin, have been 
investigated (32). In this case it was found that the forces were predominantly of 
steric origin as evidenced by the very weak salt dependence (Figure 7). It was also 
noted that for the more highly charged pig gastric mucin it was very difficult to 
measure (quasi)equilibrium forces due to a very slow relaxation of the adsorbed layer 
(32), indicating that viscous forces may be of importance for the protective function 
of mucins. The interaction forces between mucin coated surfaces have also been 
studied by Perez (33). 

Several theoretical models for the forces operating between polymer-coated 
surfaces have been developed for quasi-equilibrium (restricted equilibrium) 
situations (34-36). They predict that the same forces should be measured on 
approach and on separation. This is often the case when forces between surfaces 
coated with homopolymers are measured under poor solvency conditions (37). 
Quasi-equilibrium forces have also been observed for surfaces coated with 
heterogeneous polymers which adsorb strongly via specific anchor groups utilizing 
electrostatic forces (38) or hydrophobic interactions as for proteoheparan sulfate or 
ethylhydroxyethyl cellulose (39). The nonadsorbing segments may then experience 
good solvency conditions and for sufficiently high adsorbed amounts the polymer-
coated surfaces will repel each other (38). However, when the polymer-surface 
interaction is neither very strong nor very weak nonequilibrium forces are 
experienced as a rule rather than as an exception. This implies that the displacement 
of polymers from between the surfaces and/or slow conformational changes occur. 
Clearly, relaxation effects in adsorbed polymer layers, including mucin, and their 
consequences for the forces acting between polymer-coated surfaces are very 
important. 
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Figure 6. Comparison of the forces obtained between proteoheparan sulphate 
layers adsorbed at hydrophobized mica as a function of the distance of separation 
at different excess electrolyte concentrations. The forces were measured on 
approach and on separation in 0.1 mM NaCl (squares), 1.25 m M CaCl2 (circles) 
and 2.5 m M CaCl2 (triangles). Filled symbols represent forces measured on 
approach and unfilled symbols forces measured on separation. 
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Figure 7. Forces as a function of separation after adsorption for 24 hours from a 
0.1 mg/ml R G M solution, followed by dilution by a factor of 3000. The forces 
were measured on approach. The NaCl concentration was 10 - 4 M (open squares), 
10"2 M (filled squares) and 0.15 M (open circles). 
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Protein-Surface Interactions 

The desorption of proteins, like for many other polymers, is very slow. This makes it 
possible to first replace the protein solution with a protein-free aqueous solution and 
then remove one of the protein coated surfaces and instead insert one bare mica 
surface. At this stage it is possible to measure the forces between one protein coated 
surface and one bare surface. Results from such measurements for lysozyme and for 
human serum albumin are shown in Figure 8. As expected, replacing one of the 
protein coated surfaces with bare mica results in a halving of the contact separation. 
More interesting is that the adhesion force between the mica surface and the protein 
coated surface is high, considerably higher than that between two protein coated 
surfaces. We also note that the adhesion force is higher between negatively charged 
mica and HSA than between mica and lysozyme despite that H S A is weakly 
negatively charged and lysozyme positively charged. Again, this points to a rather 
limited importance of the net charge of the protein in comparison with the protein 
flexibility for the protein-surface interaction. Despite the strongly attractive force 
measured it was possible to separate the surfaces and remeasure the same force on a 
subsequent approach. This indicates that the proteins are most strongly bound to the 
surface that they initially adsorb on, and that only a limited (if any) material transfer 
between the two surfaces takes place. This is not very surprising since the proteins 
are asymmetric and will orient in such a way that they interact most favourably with 
the surface they adsorb on. When a second surface is brought into contact with the 
protein coated surface it will interact less favourably with the opposite side of the 
protein. It is, however, interesting that even during several minutes in contact the 
proteins do not reorient to interact equally favourably with both surfaces. 

Pressure Induced Changes in Adsorbed Layers. 

A practical problem that has been observed when studying proteins on surfaces with 
the surface force technique is that irreversible changes in the adsorbed layer may take 
place when a strong compressive force is applied. This has to do with the fact that 
many proteins are neither very strongly or very weakly bound to the surface causing 
them to be pushed out from between the surfaces only at such high forces that the 
surfaces have started to flatten (due to the deformation of the supporting glue). Under 
such conditions molecules at the edge of the flat region can leave the contact zone 
whereas those in the middle of the flat region will be trapped and pushed together 
(40). (This phenomenon is related to elastohydrodynamic lubrication (41)). When the 
surfaces are separated again the "lump" of proteins that has formed in the middle of 
the contact region will often remain at the contact position for a very long time 
giving rise to long-range repulsive forces. A comparison between the forces observed 
before and after such pressure induced changes in the layer has occurred is seen in 
Figure 9. 

Hence, when studying proteins one should always determine how readily such 
changes in the adsorbed layer occur, and never apply such strong forces. As a 
comparison weakly bound molecules will be removed from between the surfaces 
already when a weak force is applied (e.g. the outer protein layer of lysozyme in 
Figure 2), whereas strongly bound molecules always will remain at the same position 
on the surface. 

Conclusions 

From this study it is shown that the surface force technique is suitable for the study 
of several aspects of proteins on surfaces, such as long-range forces, contact forces, 
molecular orientation and compressibility. It was found that small compact proteins 

 A
ug

us
t 1

6,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

5 
| d

oi
: 1

0.
10

21
/b

k-
19

95
-0

60
2.

ch
02

1

In Proteins at Interfaces II; Horbett, T., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1995. 



308 PROTEINS AT INTERFACES II 
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Figure 8. Forces between one protein coated surface and one bare mica surface 
across a 10"3 M NaCl solution. The forces measured in the case of HSA are 
represented by circles. Filled symbols represent forces measured on approach and 
unfilled symbols forces measured on separation. The insert show the forces in the 
case of lysozyme, represented by squares. 
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Figure 9. Forces as a function of separation between lysozyme coated surfaces 
(squares) before (filled symbols) and after (unfilled symbols) irreversible pressure 
induced changes have been introduced by applying a strong compressive force. 
The insert show the forces between HSA coated surfaces (circles) before (filled) 
and after (unfilled) pressure induced changes in the layer has taken place. 
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like lysozyme and insulin did not show any large conformational changes upon 
adsorption. When the adsorption had reached equilibrium the adsorbed lysozyme 
nearly neutralised the surface charge of the mica substrate. When separating the 
lysozyme or insulin monolayers from contact, an adhesion force is present, 
demonstrating the existence of an inter-protein attraction that is involved in the 
adsorption of an outer layer. It was found that negatively charged human serum 
albumin adsorbs onto negatively charged mica. Small surface induced structural 
changes take place upon adsorption and further structural changes can be induced by 
applying an external compressive force. Hence, it seems plausible to believe that 
compact globular proteins do not change conformation to the same degree as more 
soft/flexible proteins do. The forces between proteoheparan sulfate and between 
mucin layers, that expose polymer chains towards the solution, contain an important 
steric component, similar to that acting between surfaces coated with nonbiological 
polymers. 
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Chapter 22 

Neutron Reflectivity of Adsorbed Protein 
Films 

Peter J. Atkinson1, Eric Dickinson1, David S. Home2,4, and 
Robert M. Richardson3 

1Procter Department of Food Science, University of Leeds, 
Leeds LS2 9JT, United Kingdom 

2Hannah Research Institute, Ayr KA6 5HL, Scotland 
3School of Chemistry, University of Bristol, Bristol BS8 1TS, 

United Kingdom 

Direct information on the thickness and structure of adsorbed milk 
protein layers at oil/water and air/water interfaces has been obtained 
using the technique of specular neutron reflection on the CRISP 
reflectometer at the Rutherford-Appleton Laboratory. Segment density 
profiles are presented for β-casein adsorbed at the air/water interface 
as a function of bulk solution pH and protein concentration. The 
results are compared with film properties derived using other 
techniques. Data from a neutron reflectivity study of the competitive 
adsorption of β-casein and the nonionic surfactant, C12E6, are also 
included. 

By virtue of their amphiphilic nature, proteins are very surface active and adsorb 
readily at interfaces. This adsorption behavior is of great practical importance in 
fields as diverse as the pharmaceutical, biomedical, cosmetic and food industries. 
Our particular area of interest is the food industry, where proteins, especially dairy 
proteins, are employed in the stabilization of oil-in-water emulsions. Here the protein 
layer protects the oil droplets against immediate coalescence and provides long-term 
stability against flocculation and eventual coalescence. 

Despite much research on protein adsorption to various interfaces, there is 
still relatively littie knowledge of the actual conformations adopted by the adsorbed 
protein molecules. In this paper, we describe the technique of neutron reflection 
which yields such information directiy as the density distribution normal to the 
interface. The protein we employ is the milk protein, /3-casein, measuring the 
conformational profile at the air/water interface as a function of solution pH and 
protein concentration. 

Many biocolloidal systems of technical and commercial importance contain 
small molecule surfactants as well as proteins. The distribution of these molecules 
between the surface and the bulk phase affects the properties of the systems 
(stability, rheology etc.)(7). While the competitive displacement of milk proteins by 

4Corresponding author 

0097-6156/95/0602-0311$12.00/0 
© 1995 American Chemical Society 
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nonionic and anionic surfactants has been demonstrated experimentally at the planar 
oil/water interface (2) and at the emulsion droplet surface (5) and the behaviour 
modelled by Monte Carlo (4) and molecular dynamics (5) simulation, the detailed 
structure of the mixed protein/surfactant layers remains unknown. Preliminary 
measurements of the competitive displacement of 0-casein by the nonionic surfactant, 
C^E^ (hexaoxyethylene dodecyl ether) are detailed here, together with a description 
of a strategy for locating the surfactant in the mixed layer. 

Neutron Reflection 

A general description of the neutron reflection technique has been provided by 
Richards and Penfold(6). Its application to the study of the conformation of proteins 
adsorbed at interfaces has been described in detail previously(7). In many of their 
interactions with matter, the behaviour of slow neutrons can be expressed in 
theoretical terms based on analogies with light. Thus scattering, interference, 
diffraction and reflection all have their counterparts in neutron behavior and follow 
very similar laws to electromagnetic radiation. The specular reflection of neutrons 
from an interface thus depends quantitatively on the refractive index profile 
perpendicular to the interface, which is related to the coherent scattering-length 
density. In turn this scattering-length density profile depends on the chemical 
composition and number density of scattering species. Hence detailed information 
regarding the interfacial region is contained in the reflectivity profile. A further 
advantage of neutrons is their short wavelengths, some two to three orders of 
magnitude smaller than light, so that interfacial layers are probed on the molecular 
scale. Neutrons also possess the further distinct advantage that isotopes of the same 
element may manifest different scattering lengths, hydrogen and deuterium being the 
most advantageous and most widely used. This is exploited in two ways here, first 
by contrast-matching the solvent water to air or other liquid, so that only the 
adsorbed layer is "seen" and the protein profile generates the reflectivity observed 
and secondly by employing both deuterated and hydrogenated versions of the 
nonionic surfactant in the competitve adsorption studies. 

The essence of a neutron reflection experiment is to measure the neutron 
reflectivity as a function of the momentum transfer vector perpendicular to the 
reflecting surface. In principle, it should be possible to transform the measured 
reflectivity data to obtain the adsorbed segment density profile directiy. In practice, 
as is often the case in attempting to implement a mathematical inversion procedure, 
the lack of high quality data in ranges of wave vector largely inaccessible due to 
experimental limitations precludes this approach. Detailed analysis has therefore been 
accomplished by adopting a two-layer model function for the profiles and seeking 
a best-fit to the data. 

Materials and Methods 

The j8-casein (genetic variant B, obtained from a single cow homozygous for this 
variant) was prepared from acid casein precipitated from fresh skim milk. Separation 
from the other caseins was achieved by ion-exchange chromatography on a 
Sepharose Q column. The fraction corresponding to 0-casein was dialysed 
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exhaustively against distilled water and freeze-dried. Polyacrylamide gel 
electrophoresis and fast protein liquid chromatography demonstrated its purity to be 
greater than 99%. Research grade C 1 2 E 6 was purchased from Sigma Chemicals and 
used as supplied (stated purity 99%). The deuterated surfactant, denoted d-C 1 2 E 6 , 
was a gift from Unilever Research, Port Sunlight, Cheshire, U . K . D 2 0 was obtained 
from MSD Isotopes Ltd. A l l solutions were prepared using Mil l i -Q ultrapure water 
with Analar grade reagents as buffering agents. 

The reflectivity profiles were measured using the CRISP instrument at the 
Rutherford-Appleton Laboratory (Chilton, Oxfordshire, U .K. ) (8). This instrument 
uses a pulsed polychromatic beam of neutrons and records their time of flight so as 
to vary wavelength X at the selected fixed grazing incidence angle 0. In a typical 
experiment a buffered solution (20 mmol/dm3 imidazole/HCl, pH 7.0) containing 0-
casein and a variable amount of C ^ all dissolved in air-contrast-matched-water 
(CMW) (8%D 20) was carefully poured into a clean Teflon trough, approximately 
60 cm 3 of solution being required to give a proud meniscus above the edge of the 
trough. Further details of the apparatus and procedure may be found elsewhere 
(7,9,70). 

Results and Discussion 

We first consider results for 0-casein adsorbed to air-contrast-matched water in the 
absence of surfactant. Preliminary analysis of the reflectivity profiles is best 
accomplished by application of the Guinier approximation to the data obtained at low 
scattering vector, q (q=(4x/X)sin 0)(7,77). For an adsorbed layer on top of a 
homogeneous subphase the reflectivity can be written as a sum of three terms in the 
kinematic approximation(72). 

R(q) « Ro(q)Ap2 - R, Ap + R2(q) (1) 

The first term is the Fresnel reflectivity from a clean sharp interface (no adsorbed 
layer): 

Rp(q) = Ro(q)Ap2 = 16*2 Ap 2 /q 4 (2) 

The quantity Ap is the difference in scattering length density between the incident 
medium and the subphase. When the subphase is contrast-matched to the air, Ap = 
0. Both the first term (RF) and the second term (Ri(q) Ap) disappear and the 
reflectivity is simply given by 

R(q) = R2(q) (3) 

In practice, when Ap = 0 the reflectivity is weak and so the kinematic 
approximation holds very well. Applying a Guinier-type approximation, the 
behaviour of the function R2(q) at low q can be written as 

R2(q) = (16xVq2)m2exp(-qV) (4) 
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where a is the second moment of the adsorbate distribution function normal to the 
interface 

o = ((z2) - (z)Y (5) 

and m is the scattering length density integrated over the adsorbed layer: 

m = J p(z)dz (6) 

A Guinier plot of In q2R(q) against q 2 thus gives a straight line of slope equal to -a 2 

and intercept equal to / / i f^ i^m 2 ] . Hence the slope gives a measure of the thickness 
of the adsorbed layer and the intercept gives the quantity of material adsorbed at the 
interface. The integrated scattering length density can be related to the adsorbed 
amount in units of mass per unit area, T, knowing the atomic composition of the 
adsorbate and using the equation 

T = (M w m/N A ) [E bj- 1 (7) 

where M w is the molecular weight of the adsorbate, N A is Avogadro's number, and 
bi is the scattering length of the i * atom in the adsorbate molecule. Table I lists the 
values calculated for surface coverage and the square root of the second moment of 
the adsorbed layer profile from profdes measured as a function of buffer pH and 
bulk protein concentration. 

Table I. Derived Guinier plot parameters for pure 0-casein 
adsorbed at air/contrast-matched-water interface 

pH Bulk Protein Cone, 
(wt %) 

T (mg/m2) a (nm) 

7.0 5X10-2 2.7+0.1 1.80±0.06 
7.0 5X10"3 2.05 ±0 .1 1.65+0.07 
7.0 5X10^ 1.91+0.1 1.81 ±0.07 
6.0 5X10 3 2.85±0.1 2.39±0.08 
5.4 5X10"3 3.90±0.15 2.57±0.08 

The bulk concentration of 5X10"3 wt% lies in the expected plateau region of 
the adsorption isotherm of /J-casein at both the air/water and oil/water interfaces 
(13). The calculated surface coverage of 2.05 +/- 0.10 mg/m2 at pH 7.0 is close 
to that reported by Graham and Phillips (14) (r«2.5 mg/m2). The observed increase 
in surface coverage inferred from the Guinier plots as bulk protein concentration is 
increased to 5X10"2 wt% is also consistent with their findings as is our result that 
reducing the protein content to 5X10^ wt% gives little change in surface coverage 
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(Table I). Layer thickness, calculated from the slopes of the Guinier plots, remains 
almost constant across the protein concentration range, with possibly a marginal 
increase at higher surface coverage but a similar slight increase at the lowest 
concentration employed. The increase at the higher concentration would be expected 
if secondary layer coverage were being initiated, but the behaviour at low 
concentrations is not and merits further study to determine i f these variations are 
significant. 

We observe a considerable increase in reflectivity as the solution pH is 
decreased. The layer thickness at pH 5.4 derived from the Guinier plot is some 
50% greater than die pH 7.0 value and the adsorbed amount almost 100% larger. 
This behaviour is consistent with the increased aggregation of 0-casein molecules in 
solution as the pH approaches the isoelectric point pi (net molecular charge tends to 
zero), since one expects increased protein surface coverage under condition" where 
the protein solution is close to phase separation or precipitation. The values 
calculated here for T and a at pH 5.4 are almost exactly the same as those reported 
previously (7) for j3-casein adsorbing from unbuffered distilled water at air/water and 
oil/water interfaces. We conclude from this that the effective pH in that preliminary 
experiment was close to pi , partially due to the buffering action of the protein itself, 
and partially to the additional acidity resulting from dissolved carbon dioxide. 

The preceding observations are completely independent of any model assumed 
for the structure of the adsorbed protein layer. Further analysis of the reflectivity 
data was accomplished by model fitting, as described in our earlier publication (7), 
using the matrix method of Abeles as summarised in ref 15 to calculate the function 
R2(q) from an assumed model for the scattering length density function p(z). Our 
model divides the interface into a number of uniform layers. The number of layers, 
their thickness, scattering length density and a roughness parameter may all be 
adjusted to achieve an optimum fit to the data, using a nonlinear least-squares fitting 
routine. The scattering length density of the adsorbed layers is closely related to the 
protein volume fraction, <t>, by the formula 

p(z) = <t>(z)p? + (1 - <t>(z))ps ® 

where p P is the scattering length density of the pure protein, p s is that of the solvent, 
and <t>(z) is the volume fraction profile of the protein, z being the distance measured 
normal from the interface. Best fits were achieved with a two layer model 
exemplified by the plot shown in Figure 1 for the adsorbed /J-casein profile at pH 
7.0 at a bulk concentration of 5X10"3 wt%. The calculated segment density profile 
indicates a dense inner layer of volume fraction (00 0.9 and thickness (&x) approx. 
1 nm immediately adjacent to the interface and beyond that extending into the 
aqueous phase a more tenuous and extensive outer layer, 4-5 nm thick (d2)and of 
volume fraction (<t>^), 0.14. Such layer thicknesses agree well with hydrodynamic 
layer thicknesses inferred in studies of j8-casein adsorption to polystyrene latex 
particles from dynamic light scattering measurements (16,17), bearing in mind the 
known sensitivity of hydrodynamic measurements for segment density at the 
periphery of the adsorbed layers. 

The calculated variations in the fitted parameters with solution pH are plotted 
in Figures 2a and 2b. The volume fraction of the inner layer (<£,) remains high at 0.9 
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Figure 1. Two-layer model fit of segment density distribution calculated for f3-
casein (5X10 3 wt%) adsorbed at air/ water interface at pH 7.0. 
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Figure 2. Results of fitting two-layer model to neutron reflectivity data obtained 
for /3-casein (5X10 3 wt%) adsorbed at the air/water interface with subphase 
buffered to pH values indicated using imidazole (20mM) and HC1. (a) Variation 
of volume fraction parameters (fa inner and <t>2 outer) with pH. (b) Variation of 
derived layer thicknesses (dx inner and d 2 outer) with pH. 
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to 0.95 as the solution pH is decreased. It is difficult to see how it could increase 
further. That of the outer layer (fa) increases by about a third from 0.14 to 0.19 as 
the pH is decreased from 7.0 to 5.4. The thickness of the inner layer (d^ is almost 
doubled from just under 10 A at pH 7.0 to 18 A at pH 5.4. The outer layer 
thickness increases even more from 48 to 68 A over the same pH range. It seems 
rather likely therefore that a second layer of protein forms on approaching pi , as 
schematically described in Figure 3. The train-and-tail model for the adsorbed 
protein molecule at pH 7.0 has been inferred from our earlier studies and fits well 
the two-layer structure derived from neutron reflectance measurements. Adding a 
second layer of /J-casein should approximately double dj whilst fa should remain 
fairly constant. The volume fraction, fa, should increase and the outer layer 
thickness, d 2 , should also increase as indicated in the simple model in the diagram. 
The data for pH 6.0 seem to suggest the additional protein packs loosely into the 
outer diffuse layer. The increase in d 2 is quite large and fa is increased, but dx and 
fa remain about the same. If the extra protein sat neatiy on the first layer, then d 2 

would increase by as much as dt. That it should be observed to be much greater is 
an indication that the additional protein is perhaps adopting a more extended or 
simply different conformation from the molecular layer nearest the interface. 

When the same model analysis is applied to the reflectivity data obtained as 
a function of bulk protein concentration at pH 7.0, a similar picture emerges. Again 
the best-fits are obtained with a two-layer model for the adsorbed protein molecule. 
Table II lists the parameters determined in these fitting procedures. Increasing the 
protein concentration by a factor of 10 from the standard bulk concentration of 
5X10"3 wt% increased the surface coverage to 2.7 mg/m2 (Table I). Fitting indicates 
that this produces no increase in the volume fraction of the inner layer, but an 
increase in its thickness from 10.1 A to 13.4 A, almost exactly compensating for the 
increase in protein loading. No changes are found in either the thickness or volume 
fraction of the outer layer as a result of this increase in T. ApparenUy the extra 
protein is accommodated by the molecules compacting closer together in this instance 
rather than forming a second molecular layer as the behaviour observed on lowering 
the solution pH suggests. Decreasing the bulk protein concentration to 5X10^ wt% 
produces littie change in surface coverage, as calculated from the intercept of the 
Guinier plot. The fitting to a model profile gives an inner layer marginally thinner 
than the 5X10"3 wt% profile at 9.5 A and of a lower volume fraction than previously 
calculated for this protein (fa = 0.85). The outer layer features an unchanged 
volume fraction of 0.14 but now appears thinner at 42 A. At the lower protein 
concentration, the adsorbed molecule has apparentiy more space to move around on 
the surface and the tail extending out into the aqueous phase is more flexible and less 
constrained by its neighbours. 

These neutron reflectivity studies of the adsorption of /J-casein at the 
air/water interface are providing a detailed picture of the behaviour of the adsorbed 
molecule, largely substantiating the scenario inferred from hydrodynamic 
measurements of adsorbed layer thickness and changes in this parameter consequent 
on enzymic digestion of the adsorbed molecule (16-19). 
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Table n . Fitted parameters for segment density profiles derived 
from reflectivity data for 0-casein adsorbed at air/contrast-
matched-water interface (pH 7.0) from different bulk protein 
concentrations 

Bulk Protein 
Concentration 

(wt%) 

4 ( A ) 4>i d 2 ( A ) 

5X10 4 9.5 0.85 42 0.14 1.91 
5X10-3 10.1 0.90 49 0.14 2.05 
5X10 2 13.4 0.92 49 0.14 2.70 

The addition of hydrogenated nonioinic surfactant, C1 2E«, to the aqueous 
phase (pH 7.0) at concentrations of the order of 1X10"* wt% and above leads to a 
substantial reduction in the reflectivity of the /?-casein layer adsorbed from a bulk 
protein solution of 5X10 3 wt%. Figure 4 shows plots of the logarithm of the 
measured reflectivity (R) against scattering vector (q) for four different surfactant 
concentrations. The especially large fall in reflectivity between surfactant 
concentrations of 2.5X10"4 wt% and 5X10"4 wt% is suggestive of substantial 
displacement of protein from the air/water interface in this surfactant concentration 
range. Corkhill and co-workers (20) determined the cmc in water to be 5X10 3 

wt% for this surfactant, so that the observed protein displacement is taking place 
predominantiy below this critical concentration. The molecular scattering length for 
hydrogenated C 1 2 E 6 calculated on the basis of its chemical composition is some 400 
times smaller than for /3-casein. Allowing for the 50-fold difference in molecular 
weight, a complete layer of this surfactant is still calculated to be approximately 8 
times less reflective than a monolayer of protein. The low reflectivities observed at 
surfactant concentrations of 1X10"2 wt% are consistent with these calculations and 
indicate total displacement of protein from the air/water interface at these surfactant 
levels at neutral pH. Because the hydrogenated surfactant is such a low-power 
reflector of neutrons relative to the 0-casein, it is possible to calculate from the 
Guinier parameters derived from the reflectivity data a titration curve for the 
displacement of protein by surfactant (77). Such plots reproduce the behaviour seen 
in more conventional chemical laboratory studies of the competitive adsortion 
between jS-casein and nonionic surfactant (27). With the technique of neutron 
reflection relying heavily on model fitting for data interpretation, it is gratifying it 
can also reproduce the results of the simpler, less esoteric methods. This imparts 
greater faith to the reliability and acceptability of parameters derived from the more 
complicated analytical procedures required for full interpretation of the data. Thus 
we anticipate that a full analysis of the reflectivity data will provide a detailed 
picture of the composition and structure of the mixed protein/surfactant layer. To 
exploit fully the advantage provided in neutron reflection of the varying contrasts of 
different isotopes, we have recentiy performed experiments involving deuterated 
surfactant and mixtures of deuterated and hydrogenated surfactant to provide a range 
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Figure 3. Highly idealised schematic representation of adsorption of /3-casein at 
the air/water interface showing single layer at pH 7.0 and stacking of layers at 
pH 5.4 with symbols as defined for Figure 2 and primes distinguishing 
parameters at pH 5.4. 
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Figure 4. Influence of non-ionic hydrogenated surfactant C 1 2 E 6 on reflectivity 
of /J-casein at air/contrast-matched-water interface (5X10"* wt% protein pH 7.0). 
The logarithm of the reflectivity is plotted against wave transfer vector, q, for 
various concentrations of hydrogenated surfactant: A , 0 wt%; B, lX10^wt%; 
C, 2.5X10*4 wt%; D, 5X10^ wt%. 
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of contrasts on a contrast matched subphase which will allow the position of the 
surfactant in the mixed layer to be located unambiguously. Analysis of this data is 
now underway and a full interpretation will be presented in a subsequent paper. 
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Chapter 23 

Mechanisms and Consequences of Protein 
Adsorption on Soil Mineral Surfaces 
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P. T. Matumoto-Pintro1, R. G. Ratcliffe3, and S. Staunton1 

1Laboratoire de Science du Sol, Institut National de la Recherche 
Agronomique, 2 place Pierre Viala, 34060 Montpellier, France 

2Laboratoire de Spectrochimie Infrarouge et Raman, Centre National 
de la Recherche Scientifique, 8 rue Henry Dunant, 94320 Thiais, France 
3Department of Plant Sciences, University of Oxford, South Parks Road, 

Oxford OX1 3RB, United Kingdom 

Both the catalytic activity of extracellular enzymes secreted by 
microorganisms for the degradation of soil organic matter (C, N, P 
and S cycles) and the rate of biodegradation of proteins considered 
as substrates in the N cycle are influenced by adsorption on soil 
mineral surfaces. The main consequence of adsorption is a pH­
-dependent modification of the macromolecular conformation. This 
phenomenon has been followed for albumin adsorption on 
montmorillonite by its effect on the modification of the secondary 
structure using FTIR and on the modification of the specific 
interfacial area using NMR. The relative importance of electrostatic 
and hydrophobic interactions has been deduced from co-adsorption 
experiments of albumin with its methylated derivative. The results 
obtained are used to interpret the effects of several surfaces (clay 
minerals, oxyhydroxides, clay-humic complexes) on the catalytic 
activities of different enzymes (proteases, glucosidases, 
phosphatases, phytases). 

By far the greatest incentive for research in the domain of protein adsorption on 
solid surfaces arises from the numerous technological and medical applications that 
depend on this phenomenon (7). These include immobilized enzyme reactors, 
protein chromatographic separation, solid phase immunoassays, biocompatibility of 
medical implants and prostheses and fouling of contact lenses. However it is often 
forgotten that protein adsorption is also an important natural phenomenon in 
terrestrial and aquatic ecosystems (2-4). Bacteria and fungi involved in the 
biodegradation of the organic matter found in these natural environments secrete 
extracellular enzymes. High molecular weight polymers cannot cross the 
membranes of the microorganisms and extracellular enzymes are necessary to 
cleave these polymers into their constituent monomers, solubilizing the organic 
matter and thereby rendering it easily transportable by the membrane permeases. A 
characteristic of the soil environment is the high ratio of the surface area of the 
solid to the volume of the liquid filled pore space. Together with the high 
adsorptive properties of the soil clay minerals this indicates that the interaction of 
extracellular enzymes with mineral surfaces is likely to be important. The process 
also occurs in aquatic environments where colloidal matter is in suspension, but in a 

0097-6156/95/0602-0321$12.00/0 
© 1995 American Chemical Society 
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more dilute regime. The adsorption of enzymes on negatively charged surfaces is 
known to shift the optimum pH of the catalytic activity towards alkaline values (5-
8) and, more generally, to reduce this overall activity (9). Until now no general 
agreement has been reached on the mechanisms responsible for the optimum pH 
shift despite the practical importance of this phenomenon in ecological and 
biotechnological processes. The work presented in this article should help to 
elucidate the mechanisms responsible for these perturbations of enzyme activity in 
the adsorbed state. 

Proteins may also act as substrates for enzyme action in soils. The process 
known as ammonification in the nitrogen cycle, which results in ammonium 
formation, is largely controlled by proteases. The interaction of proteins with 
mineral surfaces can protect them from the proteolytic action (formation of 
interlayer complexes with clays) or, conversely, can make them more susceptible to 
proteolytic attack by rendering the peptide bonds more accessible (denaturation on 
the surfaces). Thus, either by an effect on the proteases or by an effect on the 
substrates, mineral surfaces can affect the N cycle in the soil in a complex way. 

However the importance of the study of the interaction between soil clay 
mineral surfaces and enzymes extends beyond the limits of soil science. Clays are a 
subdivision of the phyllosilicate mineral class and therefore have many properties in 
common with other members of the class. Phyllosilicates are increasingly studied 
in surface science and related fields. For example muscovite, a phyllosilicate from 
the mica group, is the only mineral that has a surface which is sufficiently smooth 
at a molecular level over macroscopic dimensions to be usable for the surface force 
apparatus. This property also makes it a support surface of choice for atomic force 
microscopy. For these reasons the surface forces of phyllosilicates are probably 
amongst the better understood. Another interesting property results from the origin 
of the electronegative charge of the basal surface of clays, namely isomorphic 
substitutions in the crystal lattice. A range of phyllosilicates can therefore exist 
with differing surface electrical charge but the same siloxane surface, according to 
the extent of these substitutions. This situation differs considerably from the 
polymer surfaces where a change in the electrical charge implies a change in the 
chemistry of the interface (nature and density of the surface monomers). 

Experimental 

The adsorption of proteins on various minerals was studied in dilute aqueous 
suspension. The following reference minerals were used: Wyoming 
montmorillonite, saturated in sodium; goethite, synthesized according to the method 
of Schwertmann (70); talc, obtained from Luzenac. The clay fractions of soils 
were prepared by granulometric separation. The adsorption isotherms of non-
enzymatic proteins were obtained by a depletion method and the protein 
concentration measured by U V spectroscopy. 

Nuclear Magnetic Resonance Spectroscopy. The adsorption of proteins on clays 
displaces the charge compensating cations from the surface. This phenomenon has 
been used to follow the surface coverage of montmorillonite (1 g dm - 3) by bovine 
serum albumin (BSA) (77). A small quantity of a paramagnetic cation, M n 2 + , was 
added to the clay suspended in a phosphate buffer. The release of Mn 2 + from the 
surface caused by protein adsorption was followed by its interaction with the 
orthophosphate ions using 3 1 P N M R spectroscopy. This interaction results in a line 
broadening of the 3 1 P N M R signal of orthophosphate due to a decrease of its spin-
spin relaxation time. The line broadening effect is proportional to the concentration 
of released Mn 2 +, with no contribution from surface adsorbed M n 2 + . The 
orthophosphate signal was recorded at 121.49 MHz on a Bruker C X P 300 
spectrometer. 
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Fourier Transform Infrared Spectroscopy. Transmission spectra of BSA (30 g 
dm - 3) in solution or in presence of montmorillonite (57 g dm - 3) were recorded on a 
FTIR Perkin-Elmer 1720 spectrometer between 1350 and 1800 cm"1 in 2 H 2 0 at 
different p 2 H and after 4 h (72). The decomposition of the amide I signal was 
performed by (i) acquisition of the frequencies of the different components from the 
second derivative and deconvolution of the spectra, (ii) selection of a line shape 
(0.25 Gaussian / 0.75 Lorentzian) and a band width (12 cm - 1) fitting the 
experimental spectra, and (iii) calculation of the intensity of the components by a 
least squares iterative curve fitting. 

Enzyme Activity Measurements. The catalytic activity of enzymes was measured 
using three procedures (13). Procedure A is a measurement of the enzyme activity 
without adsorbent surfaces and acts as a control. Procedure B measures the enzyme 
activity in the presence of adsorbent surfaces, but all the enzyme is not necessarily 
adsorbed. Procedure C measures the activity of the supernatant after centrifugation 
of B and represents the contribution of non-adsorbed enzyme to the overall activity 
measured by procedure B. From these primary data, more refined parameters can 
be calculated. The relative activity R of the adsorbed enzyme is the ratio of the 
activity due to the fraction adsorbed (B-C) and that of an equal quantity of enzyme 
in solution (A-C), namely R = 100 (B-C) / (A-C). The proportion of non-
adsorbed enzyme is F = 100 C / A . 

When the effect of an initial pH of adsorption on the catalytic activity at 
another pH was measured, the enzyme and the mineral were firstly incubated for 2h 
at the adsorption pH, then the pH was adjusted to the reaction pH and incubated for 
another 2h period, and after that the catalytic activity was measured. 

Discussion of the Interaction between BSA and Montmorillonite 

The proteins most relevant to this study are the extracellular enzymes secreted by 
soil bacteria and fungi or plant roots. However, the major limitation to 
physicochemical studies is the availability of a sufficient amount of well purified 
enzymes, although in the near future progress in molecular biology will improve 
this pervasive problem in biochemistry. In particular adsorption isotherms and low 
sensitivity spectroscopical methods such as N M R and FTIR require large amounts 
of proteins. For this reason, we have chosen BSA as a model protein for our 
studies. This protein has the two advantages it is commercially available in a well 
purified state at a reasonable price, and it is among the most studied proteins for 
their adsorption properties, due to the problem of blood thrombogenicity on the 
artificial surfaces of prostheses (14). 

Models of Protein Adsorption vs pH . It has been often observed that the 
maximum adsorption on surfaces bearing an electrical charge occurs at the 
isoelectric point of the protein (75). Most of the hypotheses currently put forward 
on the mechanisms responsible for this phenomenon favour symmetric models. By 
symmetric model we mean that the same fundamental reason is given for the 
decreasing adsorption above and below the i.e.p.. Either an increasing electrostatic 
lateral repulsion between like-charged (positive below the i.e.p., negative above) 
proteins arises at pH distant from the i.e.p. range making the surface less densely 
covered (76), or alternatively this electric charge weakens the structural stability of 
the protein by intramolecular repulsions and the protein spreads out on the surface, 
requiring thus a lesser amount to saturate it (17). 

But the main weakness of these assumptions is that no independent 
measurements of the surface coverage and of the number of adsorbed layers can be 
made to support them, since it is clear that the following parameters are 
interrelated: quantity adsorbed, number of adsorbed layers, total surface coverage 

 A
ug

us
t 1

6,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

5 
| d

oi
: 1

0.
10

21
/b

k-
19

95
-0

60
2.

ch
02

3

In Proteins at Interfaces II; Horbett, T., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1995. 



324 PROTEINS AT INTERFACES II 

of the solid and specific area of solid occupied by a single protein molecule. It is 
necessary to know the first three of them to calculate the fourth, which is 
particularly important since it is conformation related. This is of course essential 
with flexible macromolecules, like proteins, since the adsorption could (i) lead to 
the formation of a monolayer or a multilayer, (ii) involve native or unfolded forms 
of the polymer, and (iii) be "side-on" or "end-on", even if the polymer conserves 
the same conformation than in solution. 

Maximum Adsorption and Layer Structure. As shown in Figure la , adsorption 
of BSA on montmorillonite follows the usual trend with a maximum occuring 
around the i.e.p. which is at pH 4.7. Both methods used in this study, namely the 
depletion method (centrifugation, then determination of the concentration of non-
adsorbed protein by U V absorbance) and the N M R method (determination of the 
quantity of protein above which no more release of paramagnetic cation is 
observed) give the same result (77). This agreement goes further than a simple 
confirmation by two independent methods. It is important to note that the N M R 
method does not include a centrifugation step and that it detects the direct contact 
between the first layer of protein and the mineral surface. Thus we can deduce (i) 
that the maximum adsorption is not an artefact of the depletion method resulting 
from the lower solubility of proteins at their i.e.p., with protein and clay co-
elimination in the pellet after centrifugation, and (ii) that no more than a monolayer 
is adsorbed on the clay surface, otherwise the N M R method should give lower 
values than the depletion method. 

Surface Coverage of the Solid. The cation exchange properties of clay minerals 
have been used in this study to obtain the surface coverage with N M R (77). The 
extent of M n 2 + exchange following adsorption has been taken as a measurement of 
this parameter. Indeed, in the pH range studied, the side chains of lysine and 
arginine remain positively charged and can replace the charge compensating cations 
of the clay surface. On the other hand the carboxyl groups of the side chains of 
glutamic and aspartic acids are mainly in a protonated state for BSA adsorbed on 
montmorillonite as has been shown by FTIR spectroscopy (72). Figure lc shows 
that BSA covers a constant value of about 80% of the montmorillonite surface 
below the i.e.p. but the surface coverage decreases above, reaching a zero value 
above pH 7. Thus, this parameter is strongly asymmetric with respect to the i.e.p. 
and indicates the occurrence of strong electrostatic repulsions above the i.e.p. 
between the negatively charged protein and clay surface. 

Unfolding of the Protein. The knowledge of the quantity of BSA adsorbed, of the 
monolayer character of its adsorption and of the surface coverage allows the 
calculation of the specific interfacial area of the contact between the protein and the 
mineral surface (72). For example, if no more than a monolayer is adsorbed, the 
specific interfacial area can be deduced from the ratio of the surface coverage and 
the quantity of protein adsorbed. Figure lb shows the result of such a calculation 
which indicates that at and above the i.e.p. the specific interfacial area is constant 
with the value of about 60 nm 2 , but below the i.e.p. this area increases with 
decreasing pH, reaching 120 nm 2 near pH 2.5. We can deduce that at and above 
the i.e.p. the BSA is adsorbed side-on since the measured area is near the value 
which can be calculated from the molecular dimensions of the molecule (78), 14 
nm x 4 nm x 4 nm, in this configuration. On the other hand, below the i.e.p. the 
calculated area greatly exceeds the molecular dimensions of the native BSA. 
Therefore as the pH decreases the positive electric charge of the protein increases 
and gives rise to strong attractive electrostatic interactions with the negatively 
charged clay surface which results in a spreading out of the unfolded BSA. This 
process of unfolding is not at all symmetric with respect to the i.e.p. 
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2 3 4 5 6 7 2 3 4 5 6 7 8 
pH pH 

Figure 1. The pH dependence of the interaction of BSA with 
montmorillonite. (a) Maximum amount of BSA adsorbed deduced from U V 
absorption on the supernatant after centrifugation and from N M R spectroscopy 
without centrifugation. (b) Calculated specific interfacial area of adsorbed 
BSA. (c) Fraction of Mn^+ displaced by BSA from montmorillonite deduced 
from N M R spectroscopy, (d) Evolution of different amide I components of 
FTIR spectra of BSA on adsorption (% in the adsorbed state - % in solution), 
(e) Affinity for the montmorillonite of methylated BSA relative to BSA. 
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Electrostatic vs Hydrophobic Interactions. From a qualitative point of view, it is 
much easier to show the occurence of electrostatic interactions than hydrophobic 
interactions, due to the dependence of the former on pH. Nevertheless the 
hydrophobic interactions are suspected to play an important role in protein 
adsorption (15). We have obtained evidence of this type of interaction by studying 
the coadsorption of BSA and its methylated derivative on montmorillonite (19). 
Since reductive methylation of lysine groups does not change their pK a , the electric 
charge of both proteins should be the same at all pH values and only their 
hydrophobicities should differ. Figure le shows that the relative affinity of the 
methylated form is higher on the entire range of pH studied, by a constant factor 
below the i.e.p. and increasing strongly above the i.e.p.. The reason for the 
increase in the affinity of the methylated form over the untreated form above the 
i.e.p. is related to the fact that in this pH range the proteins and the mineral surface 
are both negatively charged and thus only hydrophobic interactions can overcome 
this electrostatic barrier. 

The exact mechanism of these hydrophobic interactions is not immediately 
apparent since montmorillonite is a very hydrophilic surface, swelling in presence 
of water (smectite class of the clay minerals). But in fact the charge compensating 
cations such as N a + in this case, which are Lewis acids, are therefore the true 
hydrophilic centers. Since these cations are exchanged on adsorption, the surface in 
contact with the protein is the siloxane surface of the silica tetrahedral sheet. 
Several experimental and theoretical studies have shown that siloxane surfaces are 
hydrophobic (20-22). Thus it is not surprising that the montmorillonite surface can 
give rise to hydrophobic interactions when cation exchange occurs at its surface. 

Secondary Structure of the Adsorbed Protein. The decomposition of the amide I 
band led to 5 components common to BSA in solution and adsorbed on 
montmorillonite, and to 2 additional components appearing only with the adsorbed 
BSA. Figure Id shows the evolution of these components, regrouped in 3 classes: 
Si (1662 cm- 1 + 1619 cm"1), S 2 (1681 cnr 1 + 1672 cm"1 4- 1639 cm"1), and S 3 

(1655 cm- 1 + 1633 cnr 1 ). 
Sj is the sum of the components appearing only for the adsorbed BSA: 

1662 cnr 1 is attributed to peptide units engaged in slightly disordered a-helices 
arranged in bundles at the clay surface and 1619 cm - 1 to extended 0-strands 
associated by intermolecular hydrogen bonds between adjacent molecules on the 
surface. 

5 2 is the sum of the components corresponding to non-ordered peptide units 
and appearing both in solution and in the adsorbed state: 1681 cm - 1 is assigned to 
non-hydrogen bonded peptide units situated in apolar domains and 1672 cnr 1 to the 
same type of units, but in a more polar environment; 1639 cm - 1 corresponds to 
non-ordered peptide units associated to water. 

5 3 is the sum of the components corresponding to classical ordered 
secondary structures: 1655 cnr 1 is attributed to a-helices and 1633 cm - 1 to 
extended strands forming intramolecular 0-domains. 

It is apparent from Figure Id that there is an important loss of ordered 
secondary structures on adsorption, between 24 and 28% of the amino-acids. This 
confirms other spectroscopic analysis on desorbed proteins (23) or directly on 
adsorbed proteins (24, 25). The data in Figure Id exhibit no marked influence of 
the pH on the disappearance of the ordered secondary structures. However the 
classes of structures into which the disappearing a-helices and ^-structures (S3) are 
transformed (Si and S 2), differ according to the pH. Below the i.e.p. the decrease 
in S 3 is matched by the increase in S^ At the i.e.p. and above, the decrease in S3 
is equilibrated by an approximatively equal increase in Sj and S 2 . 

The S 2 fraction represents less ordered secondary structures, according to 
the assignments currently made on proteins in solution. However as it is mainly 
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related to hydration of the protein (26), it does not necessarily imply protein 
denaturation. There are some indications that the Sj fraction represents a more 
unfolded molecular structure: (i) the fact that the Si fraction is strictly associated 
with the presence of clay mineral, (ii) the fact that the intermolecular ^-structures 
(1619 cm*1) increases at low pH when the unfolding of the protein on the surface 
increases the probability of intermolecular contact ( i i ) , and (iii) the fact that the 
1619 cm - 1 component is always associated with denaturation or aggregation of 
proteins both in solution and in the adsorbed state (27). 

Application to the Interpretation of Enzyme Activity in Soil 

Although the results described above were obtained from a protein with no catalytic 
function, the conclusions are helpful in understanding the influence of mineral and 
organo-mineral surfaces on extracellular enzyme activity. This can be illustrated 
with recent work from our laboratory on some of the enzymes involved in the 
biogeochemical cycles of N , C and P in soils. 

Inadequacy of the Surface pH Hypothesis. A survey of the literature shows that 
the alkaline pH shift in the catalytic activity of enzymes adsorbed on electronegative 
surfaces has often been interpreted in terms of a local pH effect. In this 
interpretation it is supposed that the enzyme retains its native conformation on 
adsorption and that the pH in the vicinity of the catalytic active site is lower than 
the bulk solution pH measured with a glass electrode, due to the formation of a 
diffuse double layer at the mineral surface (5-9). 

Most of the observations made on fixed enzymes in biotechnology and on 
the effect of mineral surfaces on extracellular enzyme activity in soil science have 
been interpreted according to this model. An important consequence of the local 
pH effect mechanism is that the catalytic activity for the adsorbed enzyme should be 
higher than that of the enzyme in solution in the alkaline pH range. However an 
extensive survey of the literature for the last 30 years shows that when the data are 
given in absolute values, and not normalized on their maximum, the catalytic 
activity of an adsorbed enzyme is always lower or equal to that of the enzyme in 
solution. In fact a misleading representation of the catalytic activity of adsorbed 
enzymes is probably partly responsible for masking this result and this can be 
illustrated by considering the pH dependence of the interaction between bovine 
a-chymotrypsin and montmorillonite. Figure 2a shows the experimental data 
directly measured according to the protocoles previously defined: the catalytic 
activity in solution (A), in a montmorillonite suspension (B) and in the supernatant 
of B (C). It is clear that the activity of the adsorbed enzyme at any pH is never 
higher than the activity of the control in solution and the best way to describe the 
observed effect is a strong inhibition at low pH rather than an optimum pH shift. 
But if both curves A and B are normalized to their respective optimum pH as in 
Figure 2b, a representation often found in the literature on adsorbed enzymes (5-7), 
the pH shift becomes more apparent to the detriment of the inhibitory effect. 

The interaction of an Aspergillus ficuum phytase with montmorillonite, 
shown in Figure 2c, is another clear example of the inadequacy of the local pH 
hypothesis. This enzyme has the interesting property of having two optimum pH 
values for catalytic activity, one at pH 2.5 and the other at pH 5.5. According to 
the local pH hypothesis both maxima should be shifted. But Figure 2c shows rather 
a complete inhibition of the pH 2.5 peak and a pH 5.5 peak practically unaffected. 

Further evidence against the surface pH hypothesis is given in the Figure 2d 
which shows the effect of adsorption on montmorillonite at particular pH values on 
the subsequent pH dependence of the activity of sweet almond 0-D-glucosidase 
(13). At pH values 3.6, 4.4 and 5.7, the enzyme incubated in the absence of clay 
(-M) was stable. However, when the enzyme was adsorbed on montmorillonite 
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Figure 2. The pH dependence of the adsorption and catalytic activity of 
various enzymes on montmorillonite. (a) Catalytic activity of bovine a-
chymotrypsin measured according to the procedures A (control in solution), B 
(in presence of clay) and C (supernatant of B). (b) same results as in (a) but 
with the curves A and B normalized to their maximum, (c) Catalytic activity 
of Aspergillus ficuum phytase measured according to the procedures A , B and 
C. (d) Effect of the pH of adsorption on the catalytic activity of sweet almond 
0-D-glucosidase; - M : control without montmorillonite; + M : with 
montmorillonite at different pH of adsorption, (e) Catalytic activity of 
Aspergillus niger 0-D-glucosidase measured according to the procedures A , B 
and C. (f) Relative catalytic activity in the adsorbed state R and non-adsorbed 
fraction F of A. niger jS-D-glucosidase calculated from (e). 
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(+M) at these pH values and then its activity measured across the full range of pH, 
the maximum values obtained at pH 5.5 showed a decrease in activity as the initial 
pH was lower. This result cannot be explained by a local pH effect since a 
modification of the physicochemical composition of the bulk solution should 
instantaneously modify the structure of the diffuse double layer and no lasting 
effects should be observable 2 h after this pH change. 

Finally, even if it is true that the proton activity is higher in the vicinity of 
an electronegative surface, the tendency of a proton to react with the active site of 
the enzyme is not given by the proton activity but by its molar free energy, namely 
its electrochemical potential, p = pQ + RT In [H+] + F ^ . The system being in a 
thermodynamic equilibrium, the molar free energy of the proton is the same in the 
bulk of the solution and at the surface (2, 28). Thus it is not clear why a diffuse 
double layer effect should shift the optimum pH. 

The pH-Dependent Modification of Conformation Hypothesis. In contrast to 
the preceding model, which assumes that the enzyme adopts the same conformation 
in solution and in the adsorbed state, another mechanism may be postulated where 
there is a pH dependent unfolding of the enzyme in the same way as we have 
demonstrated for the interaction of BSA with montmorillonite. The data obtained 
for /3-D-glucosidase of Aspergillus niger, which has a i.e.p. of 4.0, provide a good 
example (29). Figure 2e shows once again that the interaction with 
montmorillonite does not lead to a catalytic activity which is higher than that of the 
control at alkaline pH. Figure 2f illustrates the importance of electrostatic 
interactions in its reaction with montmorillonite. Above the i.e.p. the non-adsorbed 
fraction, F, of the enzyme increases progressively with pH until no enzyme is 
adsorbed. As pH increases above the i.e.p. the charge on the enzyme increases, 
thereby increasing the electrostatic repulsion from the electronegative surface of the 
clay. These electrostatic interactions are also responsible for the decrease in the 
relative catalytic activity, R, with decreasing pH since the increase in the positive 
charge causes a gradual unfolding of the enzyme on the electronegative surface. 

Bovine a-chymotrypsin and A. ficuum phytase, which have i.e.p. of 8.6 and 
5.0-5.4 respectively, confirm the model of a pH dependent modification of 
conformation since, as shown in Figures 2a and 2c, their catalytic activities at pH 
below their i.e.p. are drastically reduced. 

Finally, the irreversibility of the effects of adsorption at acid pH on the 
catalytic activity subsequently measured at higher pH (Figure 2d) is readily 
explained using this model. The unfolding of the enzyme at acid pH increases the 
number of points of contact with the clay surface. An increase in pH does not 
necessarily enable the enzyme to adopt the conformation that it would have had in 
solution at that pH, as this would require an activation energy equivalent to the 
adsorption energy of all the additional amino-acids which have been brought into 
contact with the surface. This activation energy may be greater that the available 
thermal energy which explains the observed irreversibility of the adsorbed 
conformation (75). 

Protective Effect of the Soil Organic Matter. In the preceding discussion we 
have considered the effect of bare clay surfaces. However clays present in soils do 
not have clean surfaces since they associate with organic matter to form clay-humic 
complexes. Figure 3a shows the interaction of a phosphatase from the 
ectomycorrhizal fungus Hebeloma cylindrosporum with a suspension of a ferrallitic 
soil, using the experimental procedures A , B and C. Figure 3b shows the 
interaction of the same enzyme with the same soil after a pretreatment to destroy 
the organic matter (6 % H 2 0 2 at 80°C for 12 h). It is evident that the destruction 
of the organic matter increases the adsorption of the enzyme and decreases the 
catalytic activity in the adsorbed state since the values of the curves C and B are 
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Figure 3. The effect of an organic matter coating and surface hydrophobicity 
/ hydrophilicity on the pH dependence of the catalytic activity of an adsorbed 
enzyme, (a, b) Interaction of Hebeloma cylindrosporum acid phosphatase with 
a ferrallitic soil: (a) without treatment and (b) with destruction of the organic 
matter; catalytic activities measured according to the procedures A (control in 
solution), B (in presence of soil fraction) and C (supernatant of B). (c, d) 
Relative catalytic activity R of sweet almond 0-D-glucosidase adsorbed (c) on 
different clay-organic complexes and (d) on different mineral surfaces; soil 
fraction rich in organic matter (S), polyethylene glycol-montmorillonite 
complex (PEG-M), lysozyme-montmorillonite complex (L-M), 
montmorillonite (M), goethite (G), talc (T). 
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lower than those measured without the pretreatment. In order to elucidate the 
mechanisms responsible for the protective effect of the organic matter the catalytic 
activity of sweet almond 0-D-glucosidase was investigated on a range of coated clay 
mineral surfaces (30). Figure 3c shows the effect of a bare surface of 
montmorillonite (M) on the relative catalytic activity, R, of the enzyme, with 
denaturation of the enzyme on the surface below pH 4. A soil fraction, rich in 
organic matter (S) illustrates the protective effect of the latter since values of R are 
higher above pH 4, but below this pH the denaturation of the enzyme remains 
complete. An artificial montmorillonite-polyethylene glycol complex (PEG-M) has 
a similar effect to that of the natural soil fraction, namely an increase in the relative 
activity above pH 4 but zero residual activity below pH 4. In contrast a lysozyme-
montmorillonite complex (L-M)) exhibits a different effect, in this case no 
inhibition of enzymatic activity is observed at pH 4. Since lysozyme is a protein 
with a high i.e.p., 11.7, it binds tightly to the negatively charged surface and 
renders it electropositive. The catalytic activity is thus maintained at pH 4 because 
sweet almond /?-D-glucosidase is positively charged at this pH and the lysozyme 
coating suppresses the attractive electrostatic interactions which would have existed 
between the 0-D-glucosidase and the bare montmorillonite surface. The fact that 
the coating of polyethylene glycol, which is a neutral polymer, affords no 
protection to the activity of the adsorbed enzyme at pH 4 may be due to an 
exchange of polyethylene glycol with the positively charged enzyme at this low pH. 
However when the pH is increased the enzyme becomes progressively negatively 
charged and therefore loses its capacity to displace the polyethylene glycol. A layer 
of hydrophilic polymer therefore protects the enzyme from the hydrophobic 
interactions with the surface at these higher pH. The similarity of the effects of the 
montmorillonite-polyethylene glycol complex and the soil fraction suggests that 
although certain forms of humic substances may be exchanged by enzymes at low 
pH, they are not exchanged at higher pH where they therefore play a protective 
role. 

Hydrophilic and Hydrophobic Surfaces. Although the electrostatic interactions 
between proteins and surfaces explain most of the observed conformational 
changes, they cannot completely account for the observed phenomena in every case. 
Figure 3d compares the effects of goethite (G), talc (T) and montmorillonite (M) on 
the relative catalytic activity of sweet almond 0-D-glucosidase (30). The goethite 
surface has the least destabilizing effect on the structure of the enzyme in the range 
of pH studied. The surface of this iron oxyhydroxide is hydrophilic and its surface 
charge is low under the experimental conditions used because of the complexation 
between the surface hydroxy 1 groups and citrate which was used as a buffer. The 
basal surface of talc is hydrophobic and possesses no electric charge. However this 
hydrophobic surface nevertheless affects the catalytic activity to a greater extend 
that does the hydrophilic goethite surface. This confirms the findings obtained on 
artifical organic surfaces which demonstrate the intervention of hydrophobic forces. 
This also agrees well with our demonstration that methylated BSA has a greater 
affinity for a montmorillonite surface than does native BSA. Talc, like 
montmorillonite, has a surface composed of siloxane groups. The fact that only 
montmorillonite causes a complete inhibition of the catalytic activity of sweet 
almond 0-D-glucosidase at low pH clearly demonstrates that even if hydrophobic 
surfaces are more destabilizing than hydrophilic surfaces, electrostatic interactions 
play the most important role. 
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Conclusions 

The adsorption of BSA on montmorillonite has been studied using various 
techniques; adsorption isotherms, modification of the hydrophobicity of the protein 
by methylation, degree of coverage of the mineral surface by NMR, secondary 
structure by FTIR. This investigation has led to the formulation of a coherent 
interaction model which explains the pH dependent effect of clays on the catalytic 
activity of the extracellular enzymes which are released by microorganisms and 
plant roots into soil. Thus (i) below the i.e.p. the electrostatic interactions between 
the clay surface and the positively charged enzyme lead to an unfolding of the latter 
as the pH is lowered which is responsible for the observed lowering of catalytic 
activity; (ii) near the i.e.p. the electrostatic interactions are minimal, the 
perturbation of the tertiary structure of the enzyme is slight and its activity is 
therefore maintained; (iii) above the i.e.p. the electrostatic interactions are repulsive 
since the enzyme is negatively charged whereas the surface remains electronegative. 
In that case the enzyme is in solution and free to diffuse in the water-filled soil pore 
network. 

We conclude that the model hitherto invoked to explain the perturbation of 
enzyme activity by a surface pH effect is incompatible with experimental results. 
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Chapter 24 

Reactivity of Antibodies on Antigens Adsorbed 
on Solid Surfaces 

P. Huetz1,5, P. Schaaf2,3, J.-C. Voegel1, E. K. Mann2, B. Miras2, V. Ball1, 
M. Freund4, and J.-P. Cazenave4 

1Centre de Recherches Odontologiques, Institut National de la Santé 
et de la Recherche Médicale, Contrat Jeune Formation 92-04, 1 Place 

de l'Hôpital, 67000 Strasbourg, France 
2Institut Charles Sadron, Centre National de la Recherche Scientifique, 
Université Louis Pasteur, 6 rue Boussingault, 67083 Strasbourg Cedex, 

France 
3Ecole Européenne des Hautes Etudes des Industries Chimiques 

de Strasbourg, 1 rue Blaise Pascal, B.P. 296F, 67008 Strasbourg Cedex, 
France 

4Centre Régional de Transfusion Sanguine, Institut National de la Santé 
et de la Recherche Médicale U311, 10 rue Spielmann, 67085 Strasbourg 

Cedex, France 

The aim of this study was to analyze the antigen/antibody reactivity 
after antigen adsorption onto a solid surface. Three systems were 
evaluated: (i) the IgG/IgY, (ii) the IgG/anti-IgG and the Fib/anti-Fib 
systems, using either an optical technique (scanning angle 
reflectometry) or a radiolabeling approach which allows quantifying 
precisely such side effects as desorption or exchange reactions. With 
the optical technique, antibody/antigen molar reactivity ratios of 0.8, 
1 and ~6 were found for the three systems respectively. The 
behaviour of the Fib/anti-Fib system was quantitatively analyzed 
using the radiolabeling technique: desorption of the adsorbed antigen 
molecules and/or exchange reactions by incoming antibody molecules 
were precisely evaluated. The reactivity ratios varied strongly, from 
~1.5 down to zero, between anti-Fib solutions which were prepared 
slightly differently, indicating a problem linked to the radiolabeling. 

Biological fluids are complex ionic aqueous mixtures of various macromolecules, cells 
and microorganisms. If we compare the sizes of a protein and a cell for instance, the 
difference of two or three orders of magnitude between them leads to diffusion 
coefficients and characteristic transport times which are significantly different. This 
implies that the first process which takes place when a biological fluid comes into 
5Current address: Department of Biophysical Chemistry, Groningen Biomolecular Sciences 
and Biotechnology Institute, University of Groningen, Nijenborgh 4, 9747 AG Groningen, 
Netherlands 

0097-6156/95/0602-0334$12.00/0 
© 1995 American Chemical Society 
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contact with a solid surface is the adsorption of different proteins onto this surface. 
But even this apparently simple problem is fairly complicated, so that researchers have 
for years addressed the problem of protein adsorption from single component aqueous 
solutions. From these numerous investigations, a few general rules emerged: (i) 
adsorption of proteins onto solid surfaces is not fully reversible, so that thermodynamic 
laws can seldom be applied and only with great care (7), (ii) the affinity of proteins for 
a given surface usually increases with the mass of the macromolecules (2), and (iii) for 
a given protein/surface system, the affinity for the surface is the highest at a pH value 
close to the isoelectric point of the protein (3). 

After having concentrated on single component solutions, the investigations 
moved towards the understanding of the interactions between a solid surface and a 
solution containing a mixture of proteins. The additional fundamental process that 
occurs, beyond those just described, is an exchange mechanism between the adsorbed 
proteins and the free macromolecules of the solution, a phenomenon which has been 
clearly demonstrated by different radiolabeling experiments (4, 5). Out of the reported 
results, it appears that low molecular weight proteins adsorbed on surfaces are more 
easily replaced by high molecular weight proteins than the contrary (6, 7). Such an 
observation has also been reported for synthetic polymers (8, 9). 

In this work, we focus on the evaluation of the reactivity of adsorbed antigens 
with their respective antibodies by two complementary approaches: scanning angle 
reflectometry and a radiolabeling technique. Particular attention was devoted to a 
quantitative evaluation of all the side effects influencing the determination of the molar 
reactivity ratio. 

We selected different immunologic systems: (i) antibodies from hen eggs (IgY) 
directed against human y-immunoglobulins (IgG), (ii) rabbit antibodies (anti-IgG) 
directed against IgG, and (iii) rabbit antibodies (anti-Fib) directed against human 
fibrinogen (Fib). All the antibodies are polyclonal. 

Using the radiolabeling technique, we also determined the IgG and Fib 
isotherms onto the bare surface, for the same hydrodynamical conditions under which 
we tested the antigenic reaction. 

Experimental methods and materials 

Three different antigen-antibody pairs were studied. Lyophilized human polyclonal IgG 
(Mw « 150000) was prepared as described in (70) and isolated from blood given by 
about 1000 donors. The reactivity against this molecule of two different antibodies was 
considered: purified polyclonal IgY (Mw « 170000) isolated from the egg yolk of hens 
immunized against human IgG, and a solution of purified rabbit anti-IgG (Mw * 
150000). Human fibrinogen (Mw » 340000), of grade L and coagulability >90%, was 
purchased from Kabi Vitrum (Stockholm, Sweden). We tested the reactivity of a 
purified rabbit ylgG (anti-Fib) solution directed against this human Fib. IgG, IgY, anti-
IgG and anti-Fib were provided by the Centre Regional de Transfusion Sanguine 
(Strasbourg). 

All protein solutions were prepared in PBS buffer solutions, type 1 or type 2, as 
indicated in the text. Type 1 PBS buffer was prepared by dissolving 10 mmol of 
N a H 2 P 0 4 2H 2 0 , 100 mmol of NaCl and 1 mmol of N a N 3 per liter of deionized water 
(Super Q, Millipore), the pH being adjusted to 7.8 with concentrated NaOH. Type 2 
PBS buffer was prepared with 50mM N a 2 H P 0 4 1 2 H 2 0 and 0.15M NaCl, the pH 
adjusted to 7.5 with 50mM N a H 2 P 0 4 2H 2 0 . In all experiments, the buffer was filtered 
with a Millex GV-0.22um filter, and degassed before use. The same buffer was used 
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throughout an experiment for the rinsing steps and to dilute the antigen and antibody 
solutions. 

Silica provided the adsorbing surface in all experiments: one flat surface of a 
prism made of Herasyl (Heraus, refractive index n=1.45718) for the reflectivity 
experiments, circular tubing for the radiotracer experiments. In all cases these surfaces 
were cleaned with sulphochromic acid, and the hydrophilicity verified. Note that 
adsorption took place under flow conditions for the radiotracer experiments, but non-
flow, non-stir conditions for the reflectivity experiments. 

The experimental apparatus used in the radiotracer experiments has been 
described by Boumaza et al (11) and consists of a silica tube of inner diameter 0.17 
cm and length 10 cm or 20 cm. Antigens and antibodies were radiolabeled ( 1 2 5 I) using 
a technique adapted from the method of McFarlane (12) in which iodine monochloride 
is the iodinating agent. Proteins were stored in a concentrated form (0.4 to 1% (w/w)) 
at -20°C. Just before use, they were quickly thawed at 37°C and diluted in type 2 PBS 
buffer. Concentrations were determined by absorbance of the solutions at 280 nm 
(spectrophotometer Beckman, model 34, Inst. Inc. Fullerton, USA) and specific 
activities by y counting (Minimaxi y, United Technologies, Packard Instrument, USA). 
The way we calculated the adsorbed protein amounts will be discussed in a precise 
manner in the section dealing with the Fib/anti-Fib reaction. 

Structural information on the interfacial adsorbed layer was evaluated with the 
help of Scanning Angle Reflectometry (75). This technique is based on the variation, 
after adsorption, of the reflection coefficient of a light wave polarized in the plane of 
incidence (p-wave) around the Brewster angle (0B). At this angle, about 42.5° for the 
silica-water interface, the reflectivity of a p-wave would be null for a perfectly abrupt, 
planar interface (Fresnel interface) (14). The signal here is thus very sensitive to 
deviations from this interface: for example, any adsorbed film. The light source is a 5 
mW He-Ne laser (X = 632.8 nm). This light, polarized in the plane of incidence, passes 
through a silica prism to reflect off the inner, optically polished interface, which forms 
one face of the experimental cell. The reflected angle is selected with an angular 
precision of ± 0.01%. The reflected intensity was recorded at various angles 0 around 
0 B , after previous equilibration of the silica surface with PBS buffer. These data 
constituted the reference signal (Figure 1). In order to study the reactivity of the 
antigen/antibody systems, the antigen solution was then injected, over five minutes, 
into the cell to replace the buffer. The protein solution was then left in contact with the 
surface, and the measurement of the reflectivity curve 1(0) repeated (Figure 1). Each 
curve required approximately 5 minutes to measure, limiting the adsorption kinetics 
which can be followed. As adsorption proceeded at the interface, the reflectivity at 0g 
increased; the shape of the curve and the position of its minimum also changed (Figure 
1). These changes depend on both the thickness and the density of the adsorbed layer, 
which can therefore be deduced. This evolution was followed for several hours. The 
solution was then replaced by buffer. The antibody solution was injected similarly. 
Typical reflectivity curves, taken at various points during the successive adsorption of 
antigen and antibody, are shown in Figure 1, along with the fits to these curves given 
by a simple model of the interface. 

We adopted for the interface the common model of a homogeneous, isotropic 
layer defined by a thickness LQ and a mean refractive index n (14). The actual protein 
layer is not homogeneous. In particular, protein molecules may adsorb in both the 
"end-on" and "side-on" positions, with possible conformational changes upon or after 
adsorption. L 0 is thus an optical average over the different molecular configurations 
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occuring in the layer. The mean refractive index n of the layer is related to the protein 
concentration c within this layer by the known refractive index increment dn/dc for the 
protein with respect to the solvent (dn/dc = 0.18 cm3/g for Fib, (75)). The total 
adsorbed quantity is then given by the product A n L 0 (with An the refractive index 
difference between layer and solvent). 

All experiments were performed at room temperature (22±2°C). 

Results and discussion 

Layer Structure Determination by Scanning Angle Reflectometry (SAR). The 
concentration of the antigen was set at 0.05% (w/w), unless otherwise indicated, in 
order to attain saturation of the surface (see isotherms below), whereas the antibody 
concentration was set at 0.01% (w/w). The total adsorbed quantity is determined with 
a precision of the order of 10%. The thickness L 0 is reproducible within about 20% 
from one experiment to another. On the other hand, the total adsorbed quantity, A n L 0 , 
varies. This quantity adsorbed is known to depend sensitively on the state of the 
surface (16). The results presented here are preliminary in the sense that only one or 
two trials have been performed for each antigen/antibody pair. 

The IgG/IgY System. Human polyclonal IgG was reconstituted in type 1 
buffer and injected. The reflected intensity led to a value L 0 = 20 nm and a refractive 
index difference An = 2.2-10"2. The amount of adsorbed IgG was then calculated by 
assuming the refractive index increment dn/dc to be the same as for fibrinogen (0.18 
cm3/g). The adsorbed amount was found to be equal to 0.25 ug/cm2 (Exp. la, Table 
I). The width of the layer is close to the " end-on " dimension of the IgG molecule (of 
dimensions 23.5x4.4x4.4 nm3, (17)). The surface concentration corresponds to total 
coverage of 15% if every molecule is in this end-on position, or 80% for a " side-on " 
position, which should be compared to the maximum, or " jamming-limit", coverage 
of about 55% predicted by simple adsorption models like "Random Sequential 
Adsorption " (RSA) model (18). 

We then investigated the reactivity of the adsorbed IgG molecules with purified 
polyclonal IgY (Mw * 170000). We found that a significant amount of IgY from the 
0.01% (w/w) IgY solution reacted with the IgG layer: the measurement of the 
reflectivity led to total protein layer of 0.48 ug/cm2. Withdrawing the adsorbed 
amount relative to the simple IgG layer, one obtains that IgY molecules are fixed at a 
surface concentration A r T g Y = r T o t - TjgQ = 0.23 ug/cm2. Taking into account the 
molecular weight of the two species, the IgG/IgY reactivity is in a ratio of 1:0.8. 

The IgG/anti-IgG System. The human IgG solution was prepared in type 2 
PBS buffer. We again obtained L 0 = 20 nm for the IgG layer, but a somewhat higher 
density for this trial, with An = 4.0-10-2. This implies protein adsorption of 0.45 
ug/cm2 (Exp. lb, Table I). This layer was put in contact with a 0.01% (w/w) solution 
of purified rabbit anti-IgG (Mw « 150000). The amount of adsorbed anti-IgG was 0.40 
ug/cm2; again, the antibody reacts in an approximately 1:1 ratio with the IgG on the 
surface. 

An IgG solution, at 0.01% (w/w), was again introduced into the cell after 
rinsing. The total layer thickness increases immediately by 4 nm, suggesting that 
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accessible reactive sites remain on the antibody after adsorption. The relatively small 
additional layer thickness suggests that the additional antigen is either predominately in 
the side-on position or considerably intercalated in the antibody layer. The quantity of 
IgG adsorbed at the surface increases slowly, over about 15 hours, to 0.05 ug/cm2; 
this corresponds to 0.13 antigen per antibody already adsorbed. 

Table I. Amounts of adsorbed antigen (r) 
and immobilized rabbit antibodies (Af, raw signals) 

Exp. Antigen Bulk cone. 
(% (w/w)) 

Lo 
(nm) 

r 
(ug-cnr2) 

Antibody 
(0.01% 
(w/w)) 

ALo 
(nm) 

AT 
(pgcnr 2) 

la IgG 0.050 20 0.25 IgY 0.23 
lb IgG 0.050 20 0.45 anti-IgG 13 0.40 
lc Fib 0.050 22 0.25 anti-Fib 63 0.52 

2a Fib* 0.010 0.32 anti-Fib i * 0.30 
2b Fib* 0.010 0.40 anti-Fib i * 0.27 
2c Fib 0.010 — anti-IgG* 0.084 
2d Fib 0.010 — anti-Fib2* 0.076 
2e Fib 0.057 — anti-Fib2* 0.046 
2f Fib 0.056 — anti-Fib2* 0.040 
2g Fib 0.010 — anti-Fib3* 0.16 
2h Fib 0.050 — anti-Fib3* 0.11 
2i Fib* 0.011 0.29 anti-Fib3 -0.03 

Experiments la-c: SAR, experiments 2a-i: radiotracer technique. Corresponding 
thicknesses are given for SAR measurements (Lo, ALo). For experiment 2i, the 
quantity of Fib desorbed by unlabeled anti-Fib molecules was evaluated (thus the 
negative value). Indices of the different anti-Fib are related to their origin (see 
text explanations). (*) means that corresponding proteins were labeled. 

The Fib/anti-Fib System. A 0.05% (w/w) solution of Fib prepared in type 2 
buffer was injected. The layer thickness, refractive index, and total adsorbed quantity 
as they evolve in time after introduction of the protein are given in Figures 2a-c for a 
typical experiment. The values saturate at L 0 = 22 nm and An = 1.8-10"2 for a total 
adsorbed amount of 0.25 pg/cm2 (Exp. lc, Table I). The value of Lo is intermediate 
between the end-on and side-on dimensions of the molecule (of dimensions 45x9x6 
nm 3, (79)); probably both configurations are present in the layer, to give the averaged 
22 nm value. This value is very close to that found in earlier experiments (16) at similar 
protein concentrations. The density would correspond to a coverage of about 20% in 
the "end-on" position and 120% in the "side-on" position. Both the thickness and the 
density imply that a significant fraction of the protein molecules approach the "end-on" 
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i—1—•—r 

42.0 42.5 43.0 
Theta (deg) 

Figure 1. SAR: Reflected intensity (arbitrary units) as a function of angle, taken 
at various points during the successive adsorption of fibrinogen and its antibody 
(sample curves from a single experiment). 
• : Before adsorption (Fresnel curve); ° : after 100 min of 0.05% (w/w) 
fibrinogen adsorption; v : after 60 min of 0.01% (w/w) anti-fibrinogen reaction; 
• : after 800 min of anti-Fib reaction. 

a 25 

20 

2 15 

10 

o r i i i i i i i i i i I 

0 500 1000 1500 2000 
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Figure 2a. SAR: Variation of the refraction indice (An) of the layer with time 
(0-160 min: Fib (0.05% (w/w)), 160-230 min: PBS, 230-1800 min: anti-Fib 
(0.01% (w/w))). 
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Figure 2b. SAR: Variation of the layer thickness (L 0 ) with time (same 
conditions as in Figure 2a). 
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Figure 2c. SAR: Variation of the surface concentration (AnL 0 ) with time 
(same conditions as in Figure 2a). 
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position under the conditions of this experiment. A range of different layer thicknesses 
have been observed depending on the substrate (16, 20). 

The surface was then rinsed with buffer solution. As seen in Figures 2a-c, the 
protein layer appears to rearrange to become more compact (both thinner and more 
dense, while the total adsorbed quantity remains unchanged) during this process. This 
compactification was observed consistantly in adsorbed protein layers. It may represent 
a shift in the proportions of " end-on" to " side-on" positions for the molecules 
adsorbed. 

A purified rabbit ylgG (anti-Fib) solution directed against human fibrinogen 
was then injected, and led to the values L 0 = 85 nm, An = 1.6-10-2 for both layers, i.e. 
AT = 0.52 pg/cm2 of anti-Fib. Considering the molecular weight of the two species, 
the reactivity Fib/anti-Fib is thus about 1:5. A second similar experiment found a ratio 
of 1:8. Such large ratios suggest aggregation of the anti-Fib molecules in solution. 

We have seen that the method of scanning angle reflectometry can give 
information about the total quantity of adsorbed molecules and the layer thickness. 
This can be used to estimate the reaction between the antibody and its antigen 
adsorbed on the surface. Note however that it cannot distinguish between the different 
species. In particular, any departure of the initially adsorbed antigen will remain 
unaccounted for. 

Radiotracer Experiments. 

Isotherms of Human Fibrinogen and ylgG. We present the isotherms of 
human Fib and IgG in Figures 3 and 4. 

The Fib isotherm was realized by injection of labeled Fib, in type 2 PBS buffer, 
at a flow rate of 2.4 c m 3 ^ ' 1 during 3.45 h, followed by a PBS rinse of 1.30 h at 4.8 
cm^h"1 (same conditions as those used in the Fib/anti-Fib reaction studies). 

The plateau value (« 0.50 pgcnr 2 ) would correspond to a coverage of about 
45% for an "end-on" and of 250% for a "side-on" configuration if one considers a 
parallelepiped of dimensions 45x9x6 nm3 for the Fib molecule. One would thus 
conjecture that the molecules are mainly (if not exclusively) fixed in an "end-on" 
configuration. The coverage in this position is in reasonable agreement with that 
expected in the jamming limit for the RSA model. 

The ylgG isotherm was realized under slightly different conditions than for the 
Fib one: the ylgG molecules were adsorbed on the tube at the same fr = 2.4 cm 3 ^" 1 

but during 4.2 h, followed by a PBS rinse of 1.23 h at 4.8 cm 3 -^ 1 . 
The plateau was reached at a bulk concentration of about 0.050% (w/w) with a 

surface concentration of « 0.8 pg-cnr2. This corresponds to a coverage of « 49% for 
an "end-on" and 260% for a "side-on" configuration for ellipsoid dimensions for the 
IgG molecule of 23.5x4.4x4.4 nm3. Thus, the same conclusions can be drawn as for 
the Fib molecules. 

If we compare the values of the T obtained on the prism and the tube surfaces, 
we notice that, for the Fib as well as for the IgG molecules (see Table I and isotherms), 
they vary by a factor of two for identical bulk concentrations. We see that it is very 
difficult to obtain reproducible values for adsorbed quantities and to compare them 
between two different surfaces (here both made of hydrophilic silica): hence, the state 
of the surface influences crucially the adsorption. 

 A
ug

us
t 1

6,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

5 
| d

oi
: 1

0.
10

21
/b

k-
19

95
-0

60
2.

ch
02

4

In Proteins at Interfaces II; Horbett, T., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1995. 



342 PROTEINS AT INTERFACES II 
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Figure 3. Adsorption isotherm of human Fib onto silica at a flow rate of 2.4 
c m 3 - ^ 1 during 3.45 h (followed by a PBS rinse of 1.30 h at 4.8 cm 3 -^ 1 ). Each 
point represents an independent experiment. 

o.o 
0.00 0.02 0.04 0.06 0.08 

C . . . IgG (X ( w / w ) ) 

Figure 4. Adsorption isotherm of human IgG onto silica at a flow rate of 2.4 
cm 3!!- 1 during 4.2 h (followed by a PBS rinse of 1.23 h at 4.8 cm3!!*1). 
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If the T at low bulk concentration is assumed to be limited, at a given time 
(here » 4 hours), by diffusion of molecules to the surface, the diffusion coefficients of 
Fib and IgG may be evaluated, using the equation (27): D = (r/(2C))2.7t/t, where C is 
the solution concentration. This leads to values o f « 2 orders of magnitude lower than 
the corresponding literature values (2.0-10-7 cm^s"1 and 4-10 - 7 cm^s"1 for Fib and y 
IgG, respectively). These depressed values may be related to boundary layer effects. 
However, even the saturation value of T appears to depend on the bulk concentration, 
implying that the limitations are not merely diffusive. 

Study of the Fib/anti-Fib Reaction. The concentration of the antigen 
solution was fixed at either 0.05 or 0.01% (w/w), yielding surface concentrations near 
saturation and at about three-fourths saturation respectively. The antibody solution 
was constantly 0.01% (w/w). An experiment starts (step 1, Figure 5) with injection of 
type 2 PBS buffer into the tube previously cleaned with sulphochromic acid. This step 
is followed (step 2, Figure 5) by injection of 1 2 5 I labeled Fib until the radioactivity 
stays approximately constant over a period of 30 min, indicating that the system has 
reached equilibrium. We chose for this purpose an adsorption time (t) of 3.45 h at a 
flow rate of 2.4 cm 3 h _ 1 . In step 3, the solution is replaced by buffer (rinse of 1.30 h at 
a flow rate of 4.8 cm 3 h - 1 ) and the increase (Ah) in activity at the end of this step is 
directly related to the amount of adsorbed antigen. The reactivity of the anti-Fib on the 
adsorbed molecules was then evaluated by flowing the labeled antibody solution (t = 
2.45 h, flow rate = 2.4 cm 3 h _ 1 ) . A rough estimate of the protein uptake due to the 
antigen/antibody reaction was evaluated by Ah' - Ah after a PBS rinse of t = 2.35 h at a 
flow rate of 2.4 c m 3 h _ 1 (steps 4 and 5, Figure 5). 

Quantitative analysis requires previous in situ calibration in order to relate the 
observed counts to the quantity of adsorbed protein. Two methods can be used. 
Method 1 starts with the passivation of the inner tube surface: a solution of 
concentrated fibrinogen (0.1% (w/w)) is injected and adsorption is allowed to proceed 
during * 1 hour. The solution is then replaced by PBS buffer and the tube is heated 
during 10 min at « 60°C, the temperature at which the Fib undergoes a thermal 
denaturation (22). A radiolabeled protein solution of known concentration and specific 
activity is then injected and, since under these conditions no adsorption occurs, the 
radioactivity at the end of step 3 is equal to that of step 1 (background noise), and the 
increase in activity in step 2 is due only to the known amount of the protein present in 
the bulk solution. In method 2, for each adsorption experiment one measures the 
difference of the signal between step 2 (just before the rinsing step) and step 3 (at the 
end of the PBS rinse); this corresponds approximately to the radioactivity due to the 
protein amount present in the bulk solution (77). This method has the disadvantage of 
being affected by the desorption of any weakly bound protein layer during the rinsing 
step, unlike method 1. On the other hand, it presents the advantage that calibration is 
made for each individual experiment, allowing for such intrinsic apparatus variations as 
those linked to the tube removal and replacement for cleaning. Both methods lead to 
an effective counting tube length (L c f f ) , calculated by writing the equality between the 
ratio of the activity due to the bulk protein to the specific activity at the same reference 
date (which is the amount effectively " seen " by the Nal detector), and the product 
C7cr2Leff, where c is the protein solution concentration determined by absorbance at 
280 nm and r the tube radius (r = 0.085 cm). L e ff varied between 4 and 5 cm, and the 
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0 1 2 3 4 5 6 7 8 9 10 11 

Time (hours) 

Figure 5. Evolution of the detected radioactivity versus time in a typical Fib 
adsorption experiment, followed by the reaction with anti-Fib molecules. Step 
1: PBS buffer injection; step 2: labeled Fib injection; step 3: replacement of the 
protein solution by pure PBS buffer; step 4: labeled anti-Fib injection; step 5: 
replacement of the anti-Fib solution by pure PBS buffer; Ah: increase in activity 
related to the amount of adsorbed Fib; Ah': increase in activity proportional to 
the amount of adsorbed Fib and anti-Fib. 
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precision of this limits the precision of the estimation of the surface concentration (T) 
of the adsorbed protein layer. We compared the T of the adsorbed protein amounts 
calculated with the help of L e n - obtained by both methods. The approximately 0.03 
pg-cnr2 difference between these values was nearly constant; but molar reactivity 
ratios were unaffected. With no obvious difference in the quality of the two methods, 
we chose to give all the values evaluated with method 1. 

The labeled Fib, and later the labeled anti-Fib, were injected at a bulk 
concentration of 0.010% (w/w). The immobilized quantities are given in Table I. It is 
natural to attribute the change in the signal (AT = Ah' - Ah) to the reaction of the 
adsorbed Fib molecules with the incoming anti-Fib ones. However, two other 
processes must be taken into account: (i) the desorption of labeled Fib molecules, 
whether directly or in exchange for the incoming anti-Fib molecules or as Fib/anti-Fib 
complexes and (ii) direct adsorption and/or adsorption by exchange of the anti-Fib 
molecules. The consequence of the first process is a decrease of the interfacial 
concentration of the initial adsorbed Fib layer, whereas the second implies that only 
some fraction of the anti-Fib molecules present at the surface are actually in direct 
reaction with the first adsorbed layer. 

Two separate types of experiments, realized under the same experimental 
conditions as before but using selective labeling, quantifies these two contributions. To 
test for contribution (i), only the Fib molecules were labeled (Exp. 2i, Table I). The Fib 
concentration was found to decrease by AT = -0.03 pg-cnr2 after the unlabeled anti-
Fib was introduced. To test for contribution (ii), the adsorption of unlabeled Fib was 
followed by the injection of labeled rabbit y-IgG which did not react with the Fib (anti-
IgG*, Exp. 2c, Table I). The observed value of A r , «0.08 pg-cnr2, was then due to 
other processes, whether direct adsorption or an exchange process. 

If one takes into account these two contributions, molar reactivity ratios of 1.7 
and 1.2 were found for experiments 2a and 2b respectively. Ratios above unity are not 
unexpected, since the polyclonal antibodies may react with different epitopes of the 
same antigen molecule. 

In order to verify the reproducibility of these molar reactivity ratios, we 
repeated the experiments with two other stock solutions of purified anti-Fib. The 
results of these experiments, with what will be called solutions 2 and 3, as well as those 
with solution 1 as already discussed, are presented in Table I (with the preparation of 
anti-Fib molecules denoted by the indice). These three solutions were issued from three 
different purifications of the same crude plasma of rabbits immunized against human 
Fib. The proportion of labeled proteins was increased in solution 2, by doubling the 
quantity of Nal* added to the protein in the reaction medium, in an attempt to increase 
the signal at the interface (the specific activity was « 20-106 cpm/mg compared to « 
7.5-106 and 4.5-106 cpm/mg for solutions 1 and 3 respectively). However, ELISA tests 
showed that while solutions 1 and 3 had about the same titer, i.e. the same reactivity 
against Fib, the reactivity for solution 2 was two to three times lower. 

The results are as follows: (i) with anti-Fib*2 molecules, we see (exp. 2d, Table 
I) that the signal is of the same order of magnitude as that obtained in experiment 2c, 
with anti-IgG* molecules. No significant reaction occured in this case. This was 
confirmed by two similar experiments for which the Fib solution was injected at higher 
bulk concentrations (* 0.056% (w/w), exps. 2e, 2f, Table I). If the anti-Fib*2 

molecules (same bulk concentration) had reacted proportionally with the adsorbed Fib, 
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the signal would have been significantly higher. The fixed amounts were in fact slightly 
lower than for experiment 2e: when the Fib is near saturation, direct adsorption of 
antibodies is less important. 

(ii) With anti-Fib*3 molecules, we performed two experiments in which the 
(unlabeled) Fib solution was injected at 0.010% (w/w) (exp. 2g) and 0.050% (w/w) 
(exp. 2h, Table I). The anti-Fib*3 signals led to AT of 0.16 and 0.11 ugcnr 2 , 
respectively. 

The advantage of the use of unlabeled antigen molecules is that all subsequent 
signal is entirely due to antibody adsorption or reaction; the desorption of labeled 
antigen molecules can, and has, led to lower total signals after than before antibody 
adsorption. However, without labeling, the surface concentration of the antigen 
molecule must be taken from the isotherm, and the value is less precise than the one 
directly obtained in the same experiment with both radiolabeled antigen and antibody 
molecules (from this isotherm, Figure 3, bulk solutions of 0.010% and 0.050% 
correspond to a T of 0.35 and 0.50 ug-cnr2, respectively). On the other hand, if both 
molecules are labeled, it is important to have an estimation of the AT of the antigen at 
the end of step 5 in order to appreciate this contribution in the resulting signal, even if 
the conclusion is that it is negligeable. 

Again, the effect of adsorption processes unrelated to the direct antigen-
antibody reaction must be taken into account. For experiment 2g, this is given by 
experiments 2c, 2d and 2i (Fib at a bulk concentration of 0.01%), and for experiment 
2h, by experiments 2e and 2f (higher Fib bulk concentration). Molar reactivity ratios of 
mean values 0.56 and 0.30 were then found for experiments 2g and 2h respectively, 
quite different from the results obtained with the first anti-Fib preparation (exps. 2a 
and 2b). 

These results indicate that a real problem exists linked to the radiolabeling 
itself. We have shown that for the anti-Fib*! and anti-Fib*3 molecules, prepared from 
solutions 1 and 3 exhibiting the same reactivity levels in ELISA tests and with identical 
1 2 5 I activities, the molar reactivity ratio is about three times higher for anti-Fib*! 
compared to anti-Fib*3 molecules, whereas for the anti-Fib*2, 2 to 3 times less 
reactive (ELISA) and with a labeling « 4 times stronger, a total absence of reactivity 
could be shown. The influence of the radiolabeling on the activity of rabbit antibodies 
was qualitatively confirmed by batch immunologic experiments performed on the 
systems Fib/anti-Fib2 and Fib/anti-Fib3. These experiments were liquid phase 
immunoprecipitation tests. In one set of these tests, the antigen was labeled whereas 
the antibody was not, inversing the labeling for the other test. We then varied the 
molar ratios Fib/anti-Fib and incubated the mixtures at 37°C during 1 hour. If the 
molecules react, they form an "immunologic network" that precipitates when antigens 
and antibodies are at equivalence. After one or two days at 4°C, the solutions were 
then centrifuged and the radioactivity of the precipitate and the supernatant measured. 
The labeled molecules were of course the same as those used preceedingly in the tube 
experiments. 

We found that for the system Fib/anti-Fib2, with the anti-Fib2 labeled, no 
radioactivity appears in the precipitate, whereas all the initial activity remains in the 
supernatant. This means that in the precipitate, we have only unlabeled Fib/anti-Fib2 

complexes, the labeled/unlabeled ratio of the anti-Fib2 molecules being here of about 
1:1200. For the system Fib/anti-Fib3, about 5% of the initial anti-Fib*3 is found in the 
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precipitate, and correlatively disappears in the supernatant. For both systems, when the 
Fib is labeled and the anti-Fib not, all the initial radioactivity appears in the precipitate 
and disappears in the supernatant, the reaction being then total between the antigen 
and antibody molecules. 

These results are in good agreement with those observed in the tube 
experiments. They suggest that the rabbit antibody is very sensitive to the radiolabeling 
method employed, and from one labeling to another the reactivity is more or less 
modified. 

This observation is supported by the works of Pressman and Sternberger (23), 
and Koshland (24, 25), who demonstrated that extensive iodination (by the same 
McFarlane- derived method) destroys the precipitating capacity of a rabbit antibody, 
whose active site contains an iodine-reactive residue. Iodination thus reduces the 
binding capacity by a direct attack at the active site, by substitution or disubstitution in 
the phenolic group of a tyrosyl residue, which is the more sensitive to this attack, or on 
both the nitrogen and carbon atoms of the imidazole ring of a histidyl residue. Other 
groups may also be subjected in a y-globulin to a chemical modification which could 
affect its reactivity, such as oxidation of cysteinyl and cystinyl residues to cysteic acid, 
methionyl residues to the corresponding sulfoxide or sulfone, or tryptophanyl residues. 
These changes could enhance the rigidity of the arms of the ylgG by inducing a steric 
hindrance at the angle region of the Fab fragments, or result in a local rupture of its 3-
dimensional structure, resulting in a partial denaturation and a correlated inactivation. 

Another indication of this effect due to the 1 2 5 I radiolabeling is brought by a 
complementary study concerning the reactivity of the system IgG/anti-IgG with a latex 
particle test. Unlabeled IgG were adsorbed under saturation conditions ( r m a x = 0.54 
ug-cnr2) on latex particles 790 nm in diameter. After elimination of the free IgG 
molecules in solution by successive centrifugations and redispersions with buffer, a 
solution of * 0.030% (w/w) labeled anti-IgG (of high specific activity * 12.5-106 

cpm/mg) was brought into contact with the latex-IgG complexes and the reaction 
allowed to take place during 2 hours under gentle agitation. The reaction was stopped 
by centrifugation, and a measure of the activity of the supernatant led, by depletion, to 
the amount of anti-IgG* fixed on the surface. This quantity (0.11 ug-cnr2) was found 
to be equal to the quantity of IgG adsorbed on these latex particles in experiments 
where we studied the homogeneous exchange mechanism IgG/IgG* under the same 
experimental conditions (rTgG* = 0.13 ug-cnr2) (26). Such an observation cannot be 
imputed to an eventual bad orientation of the antigen epitopes, as the antibody is 
polyclonal and recognizes a variety of determinants on the antigen molecule. Thus, this 
demonstrates that no reaction between IgG and the labeled anti-IgG occured. Again, 
an effect of the radiolabeling on the activity of the anti-IgG may be implied. 

However, these effects do not concern the adsorption properties of the protein 
molecules on which we worked. Indeed, this has been demonstrated by Schmitt et al. 
(27), and is true in so far as less than one atom of iodine is statistically present per 
molecule, which was always the case in the radiolabelings we made (never higher as » 
1 per 200 molecules). 

Conclusion 

The Scanning Angle Reflectometry technique offers the possibility of analyzing the 
thickness variations of an adsorbed protein layer, and is thus well adapted to a 
qualitative evaluation of the reactivity between biological macromolecules. Hence, if an 
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antibody reacts with an antigen, the evolution of the signal demonstrates it clearly and 
unambiguously. Such qualitative information is not immediately accessible with the 
radiotracer technique. However, to quantify the different side reactions (desorption of 
Fib and direct adsorption or exchange mechanisms of anti-Fib), which cannot be 
omitted in a precise estimation of the molar reactivity ratios, the radiotracer 
experiments are perfectly adapted and the adsorbed quantities are well evaluated. 

The radiolabeling technique highlighted the unforseen problem of the 1 2 5 I 
labeling method used in this work with regard to the reactivity of rabbit antibodies. As 
this problem is linked to the presence of aminoacids which react covalently with 1 2 5 I 
atoms on the Fab fragment of the antibody, i.e. the epitope binding site, an antibody 
which belongs to a different species may not be affected by this kind of labeling 
technique. Nevertheless, a verification of the reactive ability of the labeled antibody 
towards its antigen in solution, e.g. with a liquid phase immunoprecipitation test, is 
essential whatever the chosen labeling technique or the origin of the antibody. Such an 
information is not given by an ELISA test, since the proportion of labeled molecules is 
generally low compared to the unlabeled ones: only the " cold " antibodies which react 
are detected. 

From this point of view, reflectometry has the appreciable advantage that one 
can work with unaltered native molecules. 

The tube geometry is a good model to mimic what occurs in biological systems, 
i.e. blood vessels. The sensitivity could be enhanced by increasing its surface, e.g. with 
a system composed of hollow silica capillaries (28). The possibility of studying 
molecular mechanisms under flow, i.e. precisely defined hydrodynamic conditions, is 
an appreciable advantage. This is in contrast with the SAR experiments as performed 
here, under static conditions. The kinetics of adsorption are certainly different: such 
factors as the relative frequency of side-on and end-on adsorption may be affected. 

By combining the SAR and radiotracer techniques, we obtain different kinds of 
information that lead to a better comprehension and evaluation of the reactivity 
phenomena occuring between biological macromolecules. The SAR technique gives 
additional structural information, while the selective labeling of the radiotracer 
techniques allows one to distinguish between processes involving the different 
molecules. 

Our study is a basis for further studies of the reactivity of antibodies with 
antigens adsorbed on an existing protein layer. Lutanie et ah (29) have observed a 
complete loss of reactivity of IgY with IgG adsorbed on a human albumin layer. To be 
generalized, this result should be verified on different types of surfaces and with a 
variety of immunological systems. The nature of the first adsorbed layer certainly plays 
a major role in this mechanism. As exchange processes cannot be detected by SAR, the 
radiotracer technique is of great utility for such an investigation. Using the controls 
described here, one can avoid misleading results. 
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Interactions of Hydrolytic Enzymes 
at an Aqueous—Polyurethane Interface 

J. Paul Santerre1, Daniel G. Duguay2, Rosalind S. Labow2, and 
John L. Brash3 

1Department of Biomaterials, Faculty of Dentistry, University of Toronto, 
124 Edward Street, Toronto, Ontario M5G 1G6, Canada 

2Cardiovascular Devices Division, University of Ottawa Heart Institute, 
Ottawa Civic Hospital, 1053 Carting Avenue, Ottawa, Ontario K1Y 4E9, 

Canada 
3Department of Chemical Engineering, McMaster University, Hamilton, 

Ontario L8S 4L7, Canada 

Within seconds of exposure to biological fluids and tissues, the materials making 
up the surface of medical device implants rapidly become "hybrid biomembranes" 
composed of the synthetic matrix itself and adsorbed proteins, lipids and 
glycoproteins. The long-term stability of these altered biomaterial interfaces has 
been a question of concern for the past decade. Key to the degradation processes is 
the role of hydrolytic enzymes and their interactions at a polymer surface. This 
papers will present data describing the degradation of a polyester-urethane and two 
polyether-urethanes by cholesterol esterase. A mechanistic model for the 
degradation process is presented which highlights the importance of enzyme 
adsorption and surface chemistry. Data on the adsorption rates of the enzymes and 
on their activity in the adsorbed state are presented and discussed. 

Finding appropriate "biomaterials" has been one of the most challenging 
problems in the development of biomedical devices, particularly for long-term 
implantation where the biostability of the materials is a major concern (1) Blood 
proteins, electrolytes, coagulation factors and white blood cells activated by the 
body's immune system can chemically react with the biomaterials and lead to 
degradation and failure of the implant (2-4) Furthermore, there is the concern that 
the degradation products themselves may be toxic (5). Tissue injury resulting from 
the surgical procedures used to implant devices automatically triggers the processes 
of wound healing and tissue repair (6). Involved in this response are phagocytic 
white blood cells, such as monocyte-derived macrophages. These cells have the 
ability to migrate towards and strongly adhere to the surface of biomedical implants. 
Phagocytic cells can undergo release of constituents, including various hydrolytic 
(including cholesterol esterase) and oxidative enzymes in response to the surfaces 
(7). It has been proposed that enzymatic attack is one of the principal contributors 
to degradation, given the ability of enzymes to significantly lower the activation 
energy of reactions (8). Enzymatic degradation of many polymers has been 
demonstrated by different groups and Table I lists several of these studies (9-17), 

The specific chemistry of the biomaterial will in part define the biochemistry of 
the implant site with respect to the type and rate of interactions occurring between 
the material and its biological environment. Of special interest as implant materials 
are the"polyurethanes". The medical research literature on these materials has 

0097-6156/95/0602-0352$12.00/0 
© 1995 American Chemical Society 
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25. SANTERRE ET AL. Interactions of Hydrolytic Enzymes 353 

grown exponentially over the past decade primarily because of their wide range of 
application throughout the medical field (1). Among the more extensive studies of 
polyurethane degradation by enzymes to date, are those of Smith et al. (18) who 
investigated the enzymatic degradation of several polyurethanes by hydrolytic 
enzymes such as trypsin, chymotrypsin, esterase, papain, bromelain, flcin, 
cathepsin C and collagenase, as well as oxidative enzymes such as xanthine oxidase 
and cytochrome oxidase. In addition, a rabbit liver homogenate was used to expose 
a mixture of enzymes to the materials. Using a series of 1 4C-labelled 
polyurethanes, degradation was monitored up to 15 days after incubation in the 
various enzyme solutions. Their method assumed that the extent of degradation 
would be represented by the release of the radiolabelled compounds, containing a 
14C-ethylene diamine monomer, into the incubation solution. They observed that a 
polyether-urethane, prepared from polytetramethylene oxide (molecular weight 

Table I. Polymer Degradation by Enzymes 

Polymer (s) Enzymes Reference 

polyurethanes 

polyglycolic acid 

polyester 

polyester-urea/phenylalanine 

lignin 
2,2-bis[4-(2-hydroxy-3-
methacryloyloxy-propoxy)phenyl] 
propane/triethylene-
glycoldhnethacrylate copolymer 

cholesterol esterase, xanthine 
oxidase, cathepsin B, collagenase 

esterase, chymotrypsin, trypsin 

esterase 

urease, pepsin, chymotrypsin, 
elastase, papain, acid protease 

peroxidase compound I 

esterase 

poly(3-hyroxybutyrate)/poly 
(ethylene oxide) blend 

nylon 66, poly(ethylene 
terephtahlate),poly 
(methyl methacrylate) 

copoly(l-lactic acid/e-
caprolactone) 

PHB depolymerase 

esterase, papain, trypsin 
chymotrypsin 

carboxytic esterase, lipases 

9 

10 

11 

12 

13 

14 

15 

16 

17 

1000),was affected by esterase, cathepsin C and rabbit liver homogenate, but not 
by the other enzymes. However, polyether-urethanes prepared from polyethers of 
molecular weight 650 and 2000 were not affected by any of the enzymes. Since 
interactions of enzymes with their natural substrates are highly specific, it would 
seem probable that enzyme/polyurethane interactions would also be specific. While 
hydrolytically cleavable groups are present in all polyurethanes, they must be 
accessible to the enzyme and the enzyme must adsorb in a state that would rjermit 
cleavage to occur. The data from Williams' (18) showing the dependence of 
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354 PROTEINS AT INTERFACES II 

enzyme degradation on both the distribution of chemical groups within the 
polyurethane and enzyme type, would support this. 

Polyurethane chemistry can be complex since the polymers may have several 
chemical domains. Depending on the exact formulation, polyurethanes can have 
one or several types of hydrolysable chemical groups available for cleavage by 
enzymes, including urea, urethane, ester and carbonates. In addition, it has been 
hypothesized that oxidation of other polyurethane chemical groups (such as the 
ether linkages) may generate chemical groups susceptible to hydrolytic cleavage 
(19). Recent work in our laboratory (20,21) confirmed observations by Williams 
and further showed that the degradation of polyurethanes with physiologically 
relevant enzymes could be quantitatively monitored in-vitro. Using several 1 4 C 
radiolabeled monomer components, a number of different products were isolated. 
The data showed that release rates of radiolabel, for samples incubated with enzyme 
solution, were initially high and then slowed down but remained significant 
compared to the "buffer control" solutions (21). In addition, it was shown that the 
specific inhibition of the enzyme activity reduced the amount of radiolabelled 
product released (21). 

The exact mechanism by which hydrolytic enzymes degrade polyurethanes has 
not been completely resolved. However, recent modelling work by our research 
group has led to die development of a mechanistic model comprised of seven 
principal steps (22). 1) Water/electrolytes contact and begin to interact with the 
polyurethane at the surface; 2) Polyurethane is restructured as the surface changes 
to adapt to an aqueous environment; 3) Enzyme adsorption and desorption is 
established; 4) Adsorbed enzyme reacts with one or several susceptible bonds at or 
near the surface; 5) Resulting products are released into solution; 6) 
Water/electrolytes/enzymes migrate within the polymer to degrade the polyurethane; 
7) The degradation process is propagated by solution components over the 
longterm. The model requires the definition of initial polyurethane surface 
properties which will be defined by both material chemistry and sample processing. 
While these steps are listed sequentially, several of them are likely to be proceeding 
simultaneously. Figure 1 describes steps 1 through 5. One of die pivotal steps in 
the mechanism is die enzyme adsorption/desorption (step 3). The ability of the 
enzyme to adsorb onto the surface in a conformational state that will permit cleavage 
of the polymer is important in determining the relation between biomaterial 
chemistry and the stability of the material in the biological environment. This paper 
presents and discusses experimental data specifically related to the enzyme 
interaction steps of the above model and defines relative time frames in which these 
processes occur. 

Experimental 

Preparation of Radiolabelled Monomers. [ 1 4 C] 2,4-toluene diisocyanate 
(custom synthesis from N E N DuPont) was received in an amber glass ampoule 
dissolved in dried toluene (2.0 mCi dissolved in 5 mL). In a nitrogen atmosphere, 
the 0.5 mL solution was divided into 50 uL aliquots and stored in the dark at -20°C 
in amber glass vials. 

Polyurethane Synthesis. A total of three different radiolabelled polyurethanes 
were synthesized for this study. The materials used for the synthesis included 2,4-
toluene diisocyanate (TDI) (Eastman Kodak), polycaprolactone diol of average 
molecular weight 1250 (PCL) (Aldrich ), poly(tetramethylene) oxide of average 
molecular weight 1000 (PTMO) (DuPont Canada), polyethylene glycol of 
molecular weight 1000 (PEO) (Aldrich Chemical Company) and ethylene diamine 
(ED) (Aldrich). 
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© 13 -2 
Inactive ED derived TDI derived PCL derived 

Enzyme Enzyme product product product 

Figure 1. Model for enzymatic degradation of a polyurethane. E 
is the active enzyme in solution, E s is the enzyme adsorbed to the 
surface, E ^ g is the adsorbed deactivated enzyme, E j is the 
deactivated enzyme in solution. ED is ethylene diamine, TDI is 
2,4-toluene diisocyanate and PCL is polycaprolactone. 
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356 PROTEINS AT INTERFACES II 

Prior to use, TDI was vacuum distilled at 0.025 mmHg. PCL, PTMO and PEO 
were degassed for 24 hours at 0.5 mm Hg. ED was distilled at atmospheric 
pressure. Radiolabelled TDI was mixed with non-radiolabelled analogs to provide 
the specific activity required for the polyurethane synthesis. The polymers were 
synthesized using a standard two step solution polymerization. The rx>lymerization 
was carried out in a controlled atmosphere glove box containing dried nitrogen gas. 
The selected solvent was distilled within 24 hours of the synthesis. Details of this 
type of synthesis were previously provided (9). A complete listing of polymer 
nomenclature, reaction stoichiometry, solvent, temperature and specific 
radioactivity are provided in Table n. After reactions were complete, the polymers 
were precipitated in distilled water, finely chopped and washed in 1 L of distilled 
water three additional times for periods of 12 hours with vigorous stirring. The 
washing procedure was required to remove low molecular weight radiolabelled 
material and unreacted monomers. The polymers were then re-dissolved in their 
reaction solvent and the resulting solution was centrifuged at 1500 x g for 10 
minutes, in order to remove any non-soluble polymer gels. This solution was then 
reprecipitated in distilled water and the polymer chopped and washed three times. 
The polymer was then dried in an oven at 50°C for 48 hours. The specific activity 
for each polymer was obtained by dissolving 100 mg of the purified polymer in 
dimethylacetamide (DMAC) and counting in a liquid scintillation counter. 

Table II. Polyurethane Chemistry and Nomenclature 

aPolymer 
Nomenclature 

DReaction 
Stoichiometry 

Prepolymer 
Reaction 
Temperature 
(degree C) 

Reaction 
Solvent 

Specific 
Radioactivity 
(counts/min) 
per 100 mg 

"TDI/PTMO/ED 2/1/1 60-70 DMSO 6.8 x 105 

1 4 TDVPTMO-
PEO/ED 

2/.5-.5/1 60-70 DMAC 8.5 x 105 

1 4 TDI/PCL/ED 2.2/1/1.2 60-70 DMSO 7.4 x 105 

aPolymer nomenclature has three alpha symbols xxx/yyy/zzz, where xxx is the 
diisocyanate, yyy is the diol and zzz is the chain extender. The superscript l t l 4 " 
indicates the radiolabelled component. 
°The indicated stoichiometry corresponds to the xxx/yyy/zzz nomenclature. 
CDimethylsulfoxide (DMSO), dimethylacetamide (DMAC). 

Molecular Weight Determination. Molecular weights were determined by 
size exclusion chromatography (SEC). The system consisted of a solvent mobile 
phase reservoir, a high pressure solvent delivery system (Waters 510 pump), a 
Rheodyne 7125 injector with 200 pL sample loop, three Waters Ultrastyragel 
columns, a thermostatted oven for the columns with temperature controller set at 
80°C and a refractive index detector (set at40°C), and data processing station. The 
solvent phase was dimethylformamide (DMR containing 0.05 M LiBr , the sample 
size was 200 pL and the polymer concentration was approximately 0.2 g/100 mL. 
The flow rate was set at 1 rnL/min and a typical chromatogram showed a retention 
volume of 40 mL. Al l molecular weight data are reported as calibration grade 
polystyrene molecular weight equivalents. 
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Differential Scanning Calorimetry (DSC). DSC studies of thermal 
transition behaviour were carried out for all polyurethane samples. Polymer films 
were prepared from a 20% wt/vol solution of polymer in DMAC. Solutions were 
centrifuged at 1500 x g for 10 minutes as before, in order to remove any particulate 
forms and then filtered. The films were cast on Teflon sheets and placed in an oven 
at 50°C for 48 hours, then further dried in a vacuum oven for 24 hours at 50°C. 
Films were gently lifted off the Teflon sheets and stored in a refrigerator until 
required. The film thickness was 0.3 ± 0.02 mm and the sample size was 
approximately 10 mg. The specimens were scanned from -100°C to 220°C at a rate 
of 5°C per minute. 

X-ray Photoelectron Spectroscopy (XPS). Data were obtained using a 
Kratos Axis HS spectrometer system. A rnonochromatic Al Ka radiation was used 
for excitation and the spectrometer was operated in Fixed Analyzer Transmission 
(FAT) mode throughout the study, using electrostatic magnification. Charge 
compensation was achieved by using a thermionic emission electron flood gun. In 
order to verify that the surfaces were not damaged during variable take-off angle 
studies, the surface was scanned at zero degree take-off angle both before and after 
the angle dependence measurements. A low resolution/high sensitivity spectrum 
was obtained over the range of take-off angles from 10 to 80 degrees. 

Preparation of Tubes for Enzyme Adsorption Experiments. The 
polyurethanes were coated onto 5 mm long tubes, 3 mm I.D. and 4 mm O.D. using 
a 10 % w/w polymer solution in DMAC. The tubes were dipped into solution and 
residual polymer in the tube was blown out using a Pasteur pipette (blowing 
repeated 10-15 times). The glass tubes were supported at one end on a Teflon plate 
and placed in a 50°C oven for overnight drying. The tubes were coated four times 
using the above procedure, alternating ends, supported on the Teflon plate, during 
the drying process. The tubes were then allowed to dry an additional 48 hours in 
an air oven at 50°C and then dried overnight in a vacuum oven for 24 hours. They 
were stored at 4°C in 2 mL Eppendorf tubes until required for experiments. 

Radioiodination of Cholesterol Esterase and Adsorption Experiments. 
Cholesterol esterase was labelled with 1 2 5 I (Amersham, England) by a 
lactoperoxidase method using the reagent enzymobeads (BioRad, Richmond, CA) 
(23). Solutions of radiolabelled enzyme were prepared in 0.05 M phosphate 
buffer, pH = 7.0. Polymer coated tubes were equilibrated overnight in 0.05 M 
phosphate buffer solution at 4°C and then allowed to warm up to room temperature 
on the day of the experiment Samples were placed in a microtitre plate (96 wells) 
and 195 jiL of radiolabelled enzyme solution was added to the wells. Experiments 
were run in triplicate. For determination of isotherms, the adsorption time was 
fixed at 3 hrs and the concentration range was 0 to 1 mg/mL. For the kinetic 
adsorption experiments, the selected enzyme concentrations were 0.08 mg/mL and 
0.240 mg/mL and the time ranged from 0 to 180 minutes. 

Preparation of Coated Glass Tubes for Biodegradation Experiments. 
The polyurethanes were coaled onto hollow glass tubes (I.D. was 2 mm and O.D. 
was 3 mm) using a 10 % w/w polymer solution in DMAC. These coated tubes 
were dried in a vacuum oven for 48 hours at 50°C after dip coating 4 times with 
intermittent overnight drying. The resulting film thickness was approximately 10 
urn. The coated tubing was sectioned into 10 pieces of 2.55 mm length 
(approximate total surface = 36 cm2) and placed into a sterile 15 mL vacutainer 
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(Becton-Dickinson). A l l incubation experiments were prepared in a laminar flow 
hood, employing sterile techniques. 

Biodegradation Experiment. Cholesterol esterase (CE) was selected as the 
hydrolytic enzyme for this study since it is present in the intracellular granules of 
liver cells, aortic intima and leukocytes (24). The probability of CE being released 
from the lysosomes is very high when these cells are stimulated by tissue injury at 
the site of an implantation. Vacutainers were set up with 0.05 M phosphate buffer, 
pH 7.0, either with bovine pancreas CE or without (control solution). The enzyme 
concentration was 0.1 unit mL~l. CE (#C 3766, Sigma) solutions were prepared by 
dissolving the powder in 0.05 M phosphate buffer, pH 7.0 at a concentration of 1 
unit mL"* and stored frozen at -40°C until required. The required units per mL were 
estimated based on the specifications of the supplier (800-1600 units gram"* 
protein; a unit hydrolyzes 1 \\mol of cholesteryl oleate to cholesterol and oleic acid 
per min at pH 7.0 and 37°C in the presence of taurocholate). The actual activity 
data generated in this study are based on p-nitrophenylacetate as a substrate, at pH 
7.0 and 25°C, with a unit defined as a change in absorbance of 0.01 min ' 1 at 410 
nm. A l l solutions were sterile filtered using a 0.22 urn filter. Aliquots were 
removed from the polymer incubation solutions and counted in a liquid scintillation 
counter for radioactivity. Samples were removed twice daily for a week, and daily 
for the second and third weeks. The activity lost between sample times was 
calculated and when the samples were removed for counting, fresh enzyme was 
added in order to maintain the incubation volume and the enzyme activity (enzyme 
half-life was previously reported (9)). Bacterial cultures were run on samples at the 
conclusion of all incubation periods in order to determine if sterility was maintained 
throughout the experiment Duplicate samples at each reaction condition were run 
over three weeks and the experiments were repeated twice. 

Results and Discussion 

Material Characterization. The molecular weight data for the three polymers 
used in the study are given in Table III. A l l three polymers showed molecular 
weight values and polydispersities representative of commercial polyurethane 
materials (25). The bulk structure of the materials was assessed by DSC. 
Thermograms for the three polymers are shown in Figure 2. The polyester-
urethane, TDI/PCL/ED, shows one thermal transition near 45°C associated with the 
melting of the soft segment PCL domains. There is no transition at higher 
temperatures where hard segment domain related transitions could be expected and it 
can therefore be concluded that there is little or no structured hard segment domain 
within the polymer matrix. The two polyether based polyurethanes show 
distinct glass transition temperatures for the soft segment and transitions at higher 

Table i n Molecular Weight Data 

Polymer Weight A v g . M W Number Avg. M W Polydispersity 

1 4 TDI/PTMO/ED 2.6 x 105 1.1 x 105 2.3 
1 4 TDI/PTMO- 7.3 x 10 4 4.1 x 10 4 1.8 
PEO/ED 
14TDT/PCT / F D 1.1 x 10 5 5.0 x 10 4 2.2 
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Temperature (deg. C) 

Figure 2. DSC thermogram data 
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temperatures, indicating good phase separation. In addition, the PEO containing 
material shows a transition near 150 C which is probably related to enhanced 
hydrogen bonding between PEO and urethane/urea linkages. A good 
understanding of domain structure in polyurethanes is essential since the lack or 
presence of phase separation will influence the mobility and accessibility of 
chemical groups at the surface of the polyurethane and therefore influence 
interactions with the enzymes (20). 

XPS data for the three polymers are given in Table IV. A l l three materials show 
a reduced nitrogen concentration in the immediate surface region (i.e. 80°C take off 
angle). The two polyether-based polyurethanes show a continuous decrease of 
nitrogen concentration as the surface is approached. Elemental nitrogen may be 
associated with the hard segment domains since nitrogen is contained in both 
components making up the hard segment (i.e. ED and TDI). Therefore the data 
suggest a depletion of hard segment domain in the near-surface regions of these 
materials. The TDI/PCL/ED polymer shows different nitrogen concentration 
values, alternating between high and low values throughout the profile. 

Table IV XPS Analysis of Polyurethanes: Elemental Composition at 
Various Take-off Angles (relative accuracy = 10%) 

Polymer Takeoff Angle C O N 
(degree) (atomic percent) 

TDl/PTMO/ED 10 78.2 17.3 3.5 
30 80.0 16.2 3.8 
40 80.2 16.5 3.3 
60 81.0 16.2 2.9 
80 85.5 13.3 1.2 

TD1/PTMO-PEO/ED 10 80.7 16.0 3.3 
30 81.5 15.5 3.0 
40 82.0 15.4 2.6 
60 84.3 14.2 1.5 
80 86.0 14.0 0.0 

TDI/PCL/ED 10 77.5 21.7 0.8 
30 77.8 20.6 1.6 
40 78.5 20.6 0.9 
60 79.4 18.9 1.7 
80 81.0 18.7 0.3 

Effect of Soft Segment Chemistry on Enzyme Interactions. Figure 3 
shows three hour adsorption data for CE onto the three polyurethanes and a glass 
control surface. It was shown in prehminary work that there was no preferential 
adsorption of the radiolabelled enzyme (unpublished data). Several features of the 
data presented in Figure 3 should be noted. A l l three polyurethanes adsorb 
significandy greater amounts of enzyme than does the glass surface, thereby 
indicating a relatively high capacity for enzyme interaction with polyurethanes. Al l 
three polymers adsorb similar amounts at low concentration whereas at higher 
concentrations the PEO-based material adsorbs slighdy more than the TDI/PCIVED 
and the TDI/PTMO/ED polymers. At this time there are not sufficient data available 
on the nature of the specific interactions between CE and the three polymers to 
explain these observations. However, the data do show that there is sufficient 
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enzyme adsorbed at the interface of the materials to explain the enzyme related 
degradation observed in Figure 4. 

Biodegradation data for the three polymers are presented in Figure 4 at different 
time points and are plotted as cumulative radioactivity (counts/min, CPM) released 
versus time of incubation. The presence of enzyme causes a higher radiolabel 
release for all three polymers as compared to buffer only solutions (controls). 
However, the greatest radiolabel release is observed with TDI/PCL/ED. It is 
intuitive to suggest that the esterase is degrading all ester bonds in the polymer with 
equal specificity. However our previous studies [9] have indicated that not all ester 
bonds are equally susceptible to cleavage by the enzyme since bulk analysis of 
weight loss data were not correlated with hard segment radiolabelled release for 
TDI/PCL/ED. Weight loss was significantly lower than release of the radioactivity 
would have predicted. Since for those studies the radiolabelled carbon was 
contained within the ethylene diamine component, it was concluded that preferential 
cleavage of the ester bonds was occurring near the hard segment domains. If ester 
bonds remote from the rigid aromatic hard segment domains were not cleaved, 
weight loss would be reduced, since the PCL component makes up the bulk of the 
polymer. 

The significant radiolabel release for TDI/PCL/ED (Figure 4) as compared to the 
other two polymers is primarily due to the availability of the hydrolysable ester 
bonds at the surface (indicated by the high surface oxygen content in Table IV) but 
as well is enhanced by the fact that the high degree of phase mixing for this polymer 
increases the number of hard segment domains in the proximity of the ester bonds. 
The high degree of phase mixing is supported by the DSC data in Figure 2. While 
the urea and urethane sites in the two polyether-based materials are susceptible to 
hydrolysis, a lower degree of cleavage would exist for the well phase separated 
materials since diffusion and access of the relatively large CE molecule to the 
cleavage sites would be hindered by the structured state of the hard segment. 

Mechanism of Enzyme Interactions. The data in Figures 3 and 4 indicate 
that while CE may be present in similar amounts at the surface of all three 
polyurethanes, not all of it is actively involved in biodegradation. This is supported 
by the data showing that the amount of radiolabel released from the 
polyetherurethane is significantly different from the polyester-urethane. Despite the 
high levels of enzyme adsorbed onto the TDI/PCL/ED surface, which corresponded 
to at least monolayer coverage (Figure 3), a previous study (9) in which the surface 
of the same polymer was examined, using scanning electron microscopy, showed 
no gross surface degradation. This result would support the suggestion that not all 
ester sites on the polymer are equally susceptible to cleavage, eventhough they have 
enzyme adsorbed near them. 

Figure 5 shows dose response data for the effect of CE on TDI/PCL/ED. For 
this polymer/enzyme system the saturation value was approximately 0.2 U/mL, 
equivalent to about 0.08 mg/mL. Based on the enzyme adsorption data in Figure 3, 
0.08 mg/mL corresponds to an enzyme surface concentration of roughly 0.5 
jig/cm2, which is well below the adsorption capacity of greater than 2.0 p,g/cm2. 
These data indicate that all adsorption sites on the enzyme are not necessarily related 
to cleavage sites on the polymer. In regard to the development of a model for the 
process of polyurethane degradation, the mechanism of enzyme adsorption and 
desorption should be defined separately from the mechanism of enzyme related 
cleavage, specifically with respect to "active sites", i.e. binding sites in the case of 
adsorption and cleavage sites in the case of hydrolytic enzyme activity. This would 
rationalize the separation of these two steps in the proposed model, shown in 
Figure 1. 

In order to obtain an estimate of the time frame for the various processes 
illustrated in Figure 1, kinetic data were obtained for enzyme adsorption and the 
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3000 - I 

0 50 100 150 200 250 300 350 400 450 

Incubation time (hours) 

Figure 4. Effect of CE on radiolabel release from different 
polyurethanes. Enzyme concentration is 0.1 U/mL in phosphate 
buffer, pH 7.0, incubated at 37°C. The standard deviations were 
of the order of + 10 % of the mean values for TDI/PCL/ED and + 
20% of the mean values for TDI/PTMO/ED and TDI/PTMO-
PEO/ED. 
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release of degradation products from the polymer. As shown in Figure 6, enzyme 
adsorption onto the surface of TDI/PCL/ED occurred within minutes. Within one 
hour of incubation with CE, the adsorption of enzyme required for saturation levels 
of degradation products to be released was achieved. In fact, within minutes 
enough enzyme was adsorbed to the surface of the material to begin the degradation 
process. As shown in Figure 7 differences in the amounts of radiolabelled 
degradation products for enzyme versus buffer solutions were observed within one 
hour of the incubation start time. The actual cleavage process would probably 
occur before this time since there would be some delay in time between enzymatic 
cleavage and the release of produces) into the solution. The mathematical 
relationships that define these processes have been described in recent work (22). 

The four different enzyme states shown in Figure 1 suggest two distinct enzyme 
deactivation processes that may occur in the in-vitro test system, i.e. the 
deactivation of non-adsorbed enzyme and deactivation of adsorbed enzyme. The 
data presented in Figure 8 would suggest that the kinetics of both processes are 
different and that enzyme in the adsorbed state is deactivated more slowly than 
enzyme in solution. Simultaneous monitoring of enzyme activity in solution and 
release of radiolabelled products into solution was done over a 200 hour time 
period. While the enzyme activity in solution was no longer measurable after 30 
hours of incubation with the polymer (Figure 8b), radiolabelled products were still 
being released at significantly higher rates than in the buffer control (Figure 8a). 
The slopes of the radiolabel release data after 30 hours for the 0.01 U/mL and the 
0.04 U/mL solutions were 0.97 CPM/hr and 0.69 CPM/hr respectively, whereas 
the slope for the buffer control was 0.09 CPM/hr. There was approximately a ten 
fold difference in the rates of degradation. 

Since it is known that product release occurred within an hour of initiating the 
incubation of enzyme with polymer (see previous paragraph), the subsequent 
release of radiolabel (after 30 hours) following loss of enzyme activity in solution 
could not be related to the delay of product release. Another possible explanation 
for prolonged release of products following the loss of enzyme activity in solution, 
may be related to the polymer degradation products themselves. A previous study 
showed that contact with TDI/PQVED did not influence the halflife of cholesterol 
esterase (9) and therefore it is unlikely that degradation products released into 
solution deactivate the enzyme. However, it is conceivable that the degradation 
products could be implicated in a degradation reaction with the polymer. Work by 
Pitt has described how degradation products of poly(e-caprolactone) catalyze the 
hydrolytic degradation of the polyester chains (26). If this were occurring, 
degradation could be prolonged beyond the life of the enzyme. 

The actual process of degradation product release appears to occur in two 
distinct phases (see Figure 7). An early phase (first 50 hrs) where product release 
is very high followed by a second phase which proceeds at a much slower rate but 
remains significant compared to the buffer- only control. It is hypothesized that 
early degradation results from immediate enzyme interactions with available 
cleavage sites at the surface. Following the consumption of these sites, the feeding 
of subsequent sites to the surface becomes dependent on the polymer chain 
mobililty and the rate at which minimal surface free energy will be re-established. 
At this time the kinetics of such processes are essentially unknown. However, 
based on contact angle kinetic data reported by Andrade and co-workers (27) it has 
been suggested that these processes occur on a time scale in the order of hours. 
These data would indicate that a significant drop in product release rates would 
follow with a dependence on surface reorganization and orientation of new cleavage 
sites to the surface adsorbed enzyme. Another mechanism that may in part explain 
the two phase profile for Figure 7 is that an accumulation of adsorbed/deactivated 
enzyme could possibly impede the release process. However, when it is considered 
that the surfaces of the polymer adsorb very large amounts of enzyme within 
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8000 r 

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 

TIME ( H O U R S ) 

Figure 7. Radiolabel release from TDI/PCL/ED when exposed to 
C E . Enzyme concentration is 0.1 U/mL in phosphate buffer, pH 
7.0, incubated at 3 7 ° C . The standard deviations were of the 
order of + 10 % of the mean values. 
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Figure 8. Simultaneous a) radiolabel release from TDI/PCL/ED 
and b) deactivation of enzyme. 
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minutes of incubation, yet degradation proceeds at high rates for several hours, it is 
not likely that protein denaturation or inactivation on the surface is completely 
responsible for the observed decrease in radiolabel release rates. It has been 
proposed (18,28) that the degradation products themselves remain adsorbed and 
inhibit further degradation by occupying available cleavage sites. This explanation 
conflicts with the previous hypothesis that degradation products may enhance the 
generation of radiolabelled components at the surface. 

In conclusion, the exr^erimental data reported support the conceptual model of 
polyurethane interactions with hydrolytic enzymes that was previously proposed 
and mathematically developed (22). However, the data also indicate that the effect 
of degradation products themselves is inadequately defined and that experiments are 
needed to investigate their role in the biodegradation process. Degradation of 
polyurethanes begins to occur within minutes of exposure to enzymes. Thus it will 
be of interest in future work with more relevant tissue-material systems (e.g. the 
response of cells to material degradation) to look for events occurring within this 
relatively short time frame. 
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Chapter 26 

Adsorption of Human Low-Density Lipoprotein 
onto a Silica—Octadecyldimethylsilyl (C18) 

Gradient Surface 

Chih-Hu Ho and Vladimir Hlady 

Department of Bioengineering, Center for Biopolymers at Interfaces, 
University of Utah, Salt Lake City, UT 84112 

Adsorption kinetics of human low density lipoprotein (LDL) onto a 
silica-octadecyldimethylsilyl (C18) gradient surface was studied 
using Total Internal Reflection Fluorescence (TIRF) and 
autoradiography. The fluorescein-labeled LDL adsorption rate onto 
the negatively charged silica surface was transport-limited. On the 
hydrophobic C18 silica end of the gradient surface the adsorption rate 
was slower than the transport-limited rate. A simple adsorption 
model was used to determine the adsorption and desorption rate 
constants. The LDL adsorption was equal to a sum of adsorption 
processes on available hydrophilic and hydrophobic adsorption sites 
on either end of the C18 gradient region. The middle part of the C18 
gradient displayed a retardation of the adsorption rates. The lipid­
-labeled LDL adsorption experiments resulted in a fluorescence 
adsorption pattern that resembled the protein-labeled LDL adsorption, 
indicating that initially both protein and lipid components of LDL 
remain adsorbed on the surface. 

Human lipoproteins are lipid-protein complexes responsible for the transport of water 
insoluble lipids in the circulation. The presently accepted structure of lipoproteins 
depicts them as an apolar core surrounded by polar and amphiphilic components (1,2). 
Interest in lipoproteins arises primarily from their association with coronary artery 
disease. The popular interpretation of low density lipoprotein (LDL) as "bad" and high 
density lipoprotein (HDL) as "good" lipoprotein is based on their use as risk markers 
for atherogenesis and coronary artery disease. An interrelation between an 
atherosclerotic plaque formation and arterial thrombosis has been shown to be due to 
the action of lipoprotein (a), Lp(a), a variant of L D L which in its structure contains an 
additional protein, apolipoprotein(a), homologous to plasminogen (3,4,5). It has been 
shown recently that adsorbed L D L or Lp(a) may promote a procoagulant state (6). 

0097-6156/95/0602-0371$12.00/0 
© 1995 American Chemical Society 
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The aim of this work was to investigate the adsorption behavior of L D L in 
relation to the hydrophobicity of the adsorbing surface. Rather then using a series of 
partially hydrophobic surfaces we have utilized hydrophobicity gradient surface, 
originally described by Elwing (7). This linear gradient surface prepared on flat silica 
can be used in combination with the Total Internal Fluorescence Reflection (TIRF) 
technique as a convenient tool for characterizing protein surface adsorption (8). Here, 
we have used a surface density gradient of octadecyldimethylsilyl groups (silica-C18 
gradient surface) which had a several millimeters long gradient region of increasing 
surface density of octadecyldimethyl-silyl groups between a clean silica end and a self-
assembled CI8 monolayer end. The advantage of a silica-C18 gradient surface is that 
one can evaluate protein adsorption and desorption rates from a flowing solution as a 
function of an average surface density of silica bound-C18 chains under otherwise 
identical experimental conditions. Our results showed that the apparent affinity of 
L D L decreases with increasing surface hydrophobicity. By performing two identical 
TIRF adsorption experiments, one with protein-labeled L D L , the other with lipid-
labeled L D L , we confirmed that both protein and lipid components of L D L became 
adsorbed on the silica-C18 gradient surface. 

Experimental 

Isolation of Lipoprotein. L D L was isolated by the method of ultra-centrifugation 
(9). Blood was drawn from ten healthy human donors in 5 ml Vacutainer™ evacuated 
blood collector tubes which contained 0.05 ml of 15% (75 mg) EDTA solution 
(Becton Dickinson) and centrifuged at 3,000 rpm and 4°C for 30 minutes. Plasma 
from ten different donors was pooled. In the first step, V L D L was separated from 
plasma. The density of the remaining plasma was adjusted to 1.063 g/ml by adding 
4.778 M NaBr solution (d = 1.3199 g/ml at 20°C). Three ml of this solution was 
loaded into a centrifuge tube and 2 ml of 0.844 M NaBr solution (d = 1.063 g/ml at 
20°C) was floated on the top. Eighteen tubes were put in an ultracentrifuge rotor 
(50.3Ti, Beckman) and spun at 40,000 rpm, 20°C and vacuum for 20 hours. After 20 
hours, L D L floated to the top of the tube was removed by the tube slice method and 
pooled. The purity of L D L was checked by one dimensional polyacrylamide gel 
electrophoresis (Phast, Pharmacia). Half milliliter aliquots of L D L stock solution were 
placed in 0.65 ml vials and frozen at -20°C. For each adsorption experiment, a 
desired amount of L D L was thawed. A modified Lowry's method (10,11) was used to 
determine the concentration of the L D L apoprotein. The L D L concentration was 
estimated by assuming 25% of protein and 75% of lipid in each L D L particle (72). 

Preparation of C18 Gradient Surfaces. The silica plates (2.54 x 7.62 x 0.1 
cm, ESCO Products, Inc.) and all glassware were cleaned in a hot chromic acid at 
80°C for 30 minutes, thoroughly rinsed in purified deionized water and dried in an 
oven at 120°C for more than 2 hours. The silica contact angle was measured by the 
Wilhelmy plate technique to check the cleanliness of the surface (13). The silica-C18 
gradient surface was prepared by a two phases diffusion method in which a high 
density solvent with a silane reagent is layered below a low density solvent in a 
container with clean silica plates. A solution mixture of 125 ml dichloromethane 
(DCM, density, d = 1.325 g/cm3, E M Science), 1 ml pyridine (J.T. Baker) and 2 ml 
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octadecyldimethyl-chlorosilane (ODS, Aldrich) was layered below 150 ml /^-xylene (d 
= 0.86 g/cm3, Fluka). During the surface modification process, the silane diffuses into 
the low density solvent forming a concentration gradient between the two phases. The 
silanization reaction proceeded for 4 hours. The silanized silica plates were rinsed by 
D C M , ethanol and deionized water. The contact angles of silica-C18 gradient surface 
were measured by the Wilhelmy plate technique. 

Labeling of Lipoprotein. Fluorescein isothiocyanate (FITC, Aldrich) was 
covalently bound to the L D L particle following the method of Coons et al. (14). Three 
mg of apolipoprotein (12 mg of LDL) were thawed and diluted in 3 ml of Dulbecco 
phosphate buffer (DPBS, 0.05 M phosphate, 0.145 M NaCl, 0.90 m M CaCfe, 0.88 
m M MgCl2, 2.7 mM KC1, pH 7.4) (15). 0.6 ml of 1 mg/ml FITC in carbonate 
bicarbonate buffer (CBB, pH 9.2) was added to 3 ml of the L D L solution (1 mg 
apolipoprotein/ml) and incubated at room temperature for 3 hours. Separation of 
FITC-labeled L D L (FITC-LDL) from free FITC was performed on a PD-10 column 
(Pharmacia). 3,3'-dioctadecyloxacarbocyanine perchlorate (DiO, Molecular Probes 
Inc.) was used to label the L D L lipids following the procedure described by Stephan 
and Yurachek (16). 1.5 ml of DiO solution (3 mg/ml DiO in dimethylsulfoxide) was 
added into 2 ml L D L solution (1 mg apolipoprotein/ml) and incubated at 37°C for 15 
hours. The DiO labeled L D L (DiO-LDL) was then separated from the free DiO by 
filtration (0.8 Jim filter, Millipore) (16). The technique of 1 2 5I-iodination of L D L was 
a modified IC1 iodination protocol (17) performed at pH 10 to minimize the iodination 
of lipids. The free 1 2 5 I was removed from 1 2 5I-labeled L D L ( 1 2 5 I - L D L ) by ion 
exchange chromatography on the QAE-Sephadex A-25 column (Pharmacia). The 1 2 5 I -
L D L was stored in the refrigerator at 4°C and used within a week. 

Protein T I R F Adsorption Experiments. A l l details of the custom-built TIRF 
apparatus and the flow cell are described elsewhere (8). TIRF protein adsorption 
experiments were performed in a flow cell containing two identical rectangular flow 
channels so that two experiments could be performed on a same silica-C18 gradient 
surface. The concentration of L D L were equal to 1/100 of its respective concentrations 
in normal plasma: apolipoprotein concentration was 0.01 mg/ml, the total 
concentration of L D L was 0.04 mg/ml. In the adsorption segment of the TIRF 
experiment, L D L solution flowed for 11 minutes through the channel with the rate of 
0.84 ml/min initially displacing the DPBS buffer. In the 11 minutes desorption 
segment the flow was by switched back to the buffer solution. The fluorescence from 
the adsorbed L D L (FITC-LDL or DiO-LDL) along the silica-C18 gradient surface was 
excited by a spatially-filtered and expanded A r M o n laser beam (10 mW, @ 488 nm). 
The emitted fluorescence was passed through a monochromator (1681C, Spex Inc.) 
and recorded along the silica-C18 gradient surface every second by a charged couple 
device camera (Photometries Inc.). A l l TIRF experiments were performed at room 
temperature. 

Protein Autoradiography Adsorption Experiments. In this experiment, 1 2 5 I -
L D L was measured instead of FITC-LDL (or DiO-LDL). 1 2 5 I - L D L was adsorbed 
onto the silica-C18 gradient surface from DPBS buffer. The concentration of protein 
solution, the flow rate and the adsorption-desorption cycle were the same as in the 
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TIRF experiments. The L D L solution contained a 1 : 4 ratio of 1 2 5 I - L D L and 
unlabeled L D L . After the adsorption-desorption cycle, the adsorbed L D L on the silica-
C18 gradient surface was fixed with 3 ml of 0.6% glutaraldehyde solution in DPBS 
buffer. A calibration plate with a set of known amounts of 1 2 5 I - L D L was prepared 
separately as an autoradiography standard for the quantification of adsorbed protein. 
The silica-C18 gradient silica plate with the adsorbed and fixed 1 2 5 I - L D L and the 
calibration plate were placed in a polyethylene bag and brought in contact with an 
autoradiography film (X-OMAT AR, Kodak) in a light tight cassette. The film was 
exposed at low temperature (-70°C) for 21 days. The exposed film was processed in 
an automated developer system and its optical density was recorded by a custom-built 
densitometer (18). The adsorbed amount of L D L was calculated as a function of C-18 
gradient position (19). 

Results 

Characterization of Silica-C18 Gradient Surface. The advancing, 0 a d v , and 
receding, 0 r e c , water contact angles of the silica-C18 gradient surface are shown in 
Figure la as a function of the gradient surface position. The maximum angles, 0adv = 
104°, 0 r e c = 85° were found at positions greater than 4.6 cm indicating the 
hydrophobic C18-silica surface is at the end of the gradient region. The contact angle 
hysteresis, i.e. the difference between 0adv and 0 r ec, AO = 19°, indicated that the 
hydrophobic CI8-silica was not a defect free CI8 monolayer. The contact angles 
decreased smoothly towards the silica end of the gradient. At the positions smaller that 
3.45 cm from the silica end the angles remained unchanged at 0adv = 10°, Orec = 0°, 
indicating that the surface is a hydrophilic silica. The fractional surface coverage of the 
CI8 chains along the gradient, 0/0max(Cl8)> was calculated from the advancing 
contact angles using the Cassie equation (20). 

COsOadv = (©/©max(C18)>cos0ci8 + (1 - 0/@max(C18))#COsOsiiica (1) 

where the contact angle of a fully packed monolayer of CI8 chains, 0c18 = 112° (21) 
and clean silica 0siiica = 0°. Figure lb shows the CI8 fractional surface coverage as a 
function of the gradient surface position. The arrows indicate the four positions along 
the gradient region where the fractional surface coverage was 0.12, 0.22, 0.33 and 
0.72 respectively. 

Adsorption of L D L onto the Silica-C18 Gradient Surface. The L D L TIRF 
adsorption-desorption patterns are shown in Figure 2. The two markers indicate the 
CI8 gradient region. The flow of the protein solution was from the hydrophilic end 
towards the hydrophobic end of the gradient. The FITC-LDL adsorption results are 
shown in Fig 2a. The initial fluorescence increase was linear in the region of the 
hydrophilic silica surface. After this initial increase the fluorescence intensity reached 
a steady-state level. A very small decrease of fluorescence intensity in the desorption 
segment of the experiment indicated a slow desorption. The initial fluorescence in the 
C18-gradient region and at the CI8 end of the gradient increased slowly with time. 
The DiO-LDL adsorption results are shown in Fig 2b. Although the fluorescence 
intensity of the adsorbed DiO-LDL and the signal-to-noise ratio was lower than in the 
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3.0 3.2 3.4 3.6 3.8 4.0 4.2 4.4 4.6 4.8 5.0 
distance from hydrophilic end, (cm) 

Figure 1. (a) Water contact angles of silica-C18 gradient surface and (b) 
fractional C18 surface coverage, ®/®max(C18> shown as a function of gradient 
position. 
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376 PROTEINS AT INTERFACES II 

Figure 2. Spatially-resolved TIRF adsorption fluorescence pattern showing the 
fluorescence intensity vs. gradient position vs. time, (a) FITC-LDL, (b) DiO-
L D L . 
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case of the FITC-LDL, the overall fluorescence pattern resembled the results of the 
FITC-LDL adsorption experiment. 

Quantification of Lipoprotein Adsorption. A quantitative analysis of the 
L D L adsorption kinetics required that the amount of adsorbed L D L is known as a 
function of time. Two independent quantification schemes were performed and the 
results compared. In first, the initial FITC-LDL adsorption (Fig 2a) on the hydrophilic 
silica was assumed to be limited by transport, i.e. by the availability of protein 
molecules at the adsorbing surface and the flux of protein molecules to the surface, 
dA/dt, was compared with the initial increase of adsorbed protein fluorescence, dF/dt 
(22,23). As described previously (8,20), when the desorption rate is very small or 
zero, this comparison can be used to calculate the adsorbed amount from the initial 
linear fluorescence increase since the flux of protein molecules to the surface, dA/dt, in 
rectangular flow channel can be computed from the Leveque equation: 

dA/dt = (r(4/3))-^9-l/3.(6q/b2 w 1 D L D L ^ - D L D L - C L D L (2) 

where T is the gamma function, q is the experimental volumetric flow rate (0.84 
ml/min), b is the thickness of the TIRF flow cell (0.05 cm), w is the width of the 
TIRF flow cell (0.5 cm), 1 is the distance from the entrance of the flow chamber (2.8 
cm), D L D L is the diffusion coefficient of L D L (1.8xl0' 7 cm 2 s"1) (75), and C L D L is the 
bulk concentration of L D L . In the L D L adsorption experiment (Fig 2a) dA/dt 
amounted 1.84 x 10"2 pg cm"2 s"1 and the factor which relates the protein flux and the 
fluorescence increase, Z = (dA/dt)/(dF/dt)siiiCa (M£ c m - 2 count -1) was 1.01 x 10"4 pg 
cnr 2 count -1. A l l experimental FITC-LDL fluorescence results were converted to the 
surface density of L D L , TLDL> using the same conversion factor Z . 

In the second quantification scheme, autoradiography was used to measure the 
adsorbed amount of 1 2 5 I - L D L along the silica-C18 gradient surface. Since in the 
autoradiography experiment the signal from the surface adsorbed 1 2 5 I - L D L can not be 
recorded independently from the solution 1 2 5 I - L D L , only the final adsorbed amount of 
1 2 5 I - L D L was measured after the unbound protein was washed out of the flow cell. 
The comparison between the two L D L adsorption quantification schemes is shown in 
Figure 3. Given the fact that the protein label was different, the agreement between the 
two quantification schemes was remarkable, especially at the both ends of the CI8 
gradient, but worsened in the middle of the gradient. Accordingly, the analysis of L D L 
adsorption kinetics was limited to several positions close to the ends of the silica-C18 
gradient surface (indicated with arrows in Fig lb). Figure 4a shows the respective 
experimental adsorption-desorption kinetics. On the hydrophilic silica surface the L D L 
adsorption reached a maximum of T L D L = 0.40 pg cm"2 after four minutes. The initial 
rate of L D L adsorption decreased and the linearity of the initial slope disappeared as 
the hydrophobicity of the surface increased. 

Modeling kinetics of the lipoprotein adsorption. A simple protein adsorption 
model, to which the experimental data were fitted, comprised of two opposing 
processes: adsorption and desorption (24): 

dr(t)/dt = w a - r(t)/rm a x)-c(0,t) - k o f H r ( t ) / r m a x ) (3a) 
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Figure 3. Comparison between the FITC-LDL adsorption quantified by using Eq 
2 and the 1 2 5 I - L D L adsorption measured by autoradiography, both shown as a 
function of fractional CI8 surface coverage.  A
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time, (sec) 

Figure 4. (a) Experimental FITC-LDL adsorption-desorption kinetics, (b) 
Comparison between the experimental FITC-LDL adsorption (symbols) and the 
"adsorption sum" model (Eq 5, solid lines) for several positions along the silica-
CIS gradient surface. Fractional C18 surface coverage, ® / © m a x ( C 1 8 > is 
indicated. 
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where k Q n and k 0ff are the intrinsic adsorption and desorption rate constants, T m a x is 
the maximum adsorption, T(t) is the adsorbed amount per unit surface at time t, (1 -
r ( t ) / T m a x ) is the fraction of unoccupied adsorption sites and c(0,t) is the protein 
concentration right next to the adsorbing surface. A numerical computer routine was 
used to calculate c(0,t) from the Fick's diffusion law across the unstirred layer close to 
the surface and to model the adsorption using Eq 3a. The model also allowed that the 
intrinsic adsorption and desorption rate constants are defined as exponential functions 
of protein surface concentration, T: 

k o n = k i e x p ( - a r ) (3b) 
k o f f = k 1 e x p ( p D (3c) 

where kj is the initial intrinsic adsorption rate constant, k_j is the initial intrinsic 
desorption rate constant and a and p are the "cooperativity" adsorption and desorption 
constants, respectively. Fitting of the experimental results of L D L adsorption was 
carried out for the hydrophilic (0adv = 0°, ®/©max(C18) = 0) a n d hydrophobic CIS-
silica surface (0adv = 104°, ®/©max(C18) = 0.90). k_j was found first by fitting the 
desorption segments (t > 11 minutes, Fig 4) to the Eq 3 using the condition: c(0,t) = 0. 
Tmax was assumed to be 0.4 pg cnr 2 at the hydrophilic surface and 0.3 jag c m - 2 at the 
hydrophobic C18-silica surface. These two TMAX values agreed very well with a 
previous study (75). The comparison between the model (solid line) and the 
experimental results (• symbols) is shown in Figure 5. The parameters used to achieve 
the fits shown in Fig 5 are listed in Table I. 

Table I. The L D L adsorption parameters obtained by fitting the 
experimental results to the model given by E q 3 

hydrophilic hydrophobic hypothetical 
silica C18-silica CI8 monolaver 

Oadv 0° 104o 1210 
®/®max(C18) 0 0.9 1.0 
a -2 2.5 2 

P 0 0 0 
rmax (^gcnr 2) 0.4 0.3 0.26 
k 1(cm 3pg" 1 s_1) 7.5* 10-4 4>10- 5 2.2* 10-5 

Ki (s"1) 2.9»10"4 2>10" 4 2.3* 10"4 

K ( M - 1 ) 6.5 *109 4.9 • l O 8 2.4 • l O 8 

The apparent affinity constant, K, (in M " 1 ) for each surface was calculated from 
the ratio kx/k_v assuming that the M W L D L = 2.6 • 10 6 Da. The apparent affinity of 
L D L for the negatively charged silica surface (K = 6.5 *109 M _ 1 ) was larger by an 
order of magnitude compared to the hydrophobic C18-silica surface (K = 4.9 »108 

M " 1 ) . This difference was due to the intrinsic adsorption rates differences since the 
respective desorption rates were quite similar (Table I). 
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| 0 110 220 330 440 550 

time, (sec) 

0 110 220 330 440 550 

time, (sec) 

Figure 5. Comparison between the experimental FITC-LDL adsorption (•) and 
the model (Eq 3, solid line) for the hydrophilic silica (a) and hydrophobic CIS-
silica surface (b), respectively. 

The L D L adsorption kinetics indicated that the adsorption onto the hydrophilic 
silica surface takes place via a mechanism that is different from the mechanism of 
adsorption onto the hydrophobic CI8 silica. To answer the question whether the L D L 
adsorption on a mixed hydrophobic-hydrophilic surface behaves as a simple addition 
of two independent adsorption processes or the hydrophobic-hydrophilic neighboring 
sites affect each other, the experimental L D L adsorption to the silica-C18 gradient 
region was fitted to an "adsorption sum" model. The model adds the adsorption on the 
hydrophobic (subscript (C18)) and hydrophilic (subscript (Su)) surface sites, 
respectively, and weights each adsorption process according to the probability of 
finding a given adsorption site: 

dT(t)/dt = 
(1 - 0/0max(C18))#{kOn(sil)#(l - r(t)/Tmax(sil))#c(0,t) - k0ff(sil)#(r(t)/rmax(sil))} + 
(®/®max(C18)Wk0n(C18)#(l - r(t)/Tm a x(Ci8))#c(0,t) - k0ff(C18)#(r(t)/Tmax(C18))} 

(5) 

In order to be able to use the "adsorption sum" model (Eq 5), it was necessary to 
know the adsorption parameters for L D L adsorption onto a fully covered CI8 surface. 
Since the L D L adsorption kinetics at ®/®max(C18) = 0 and ®/®max(C18) = 0.90 were 
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experimentally determined, the hypothetical adsorption of L D L to a fully covered CI 8 
surface, where 0/0max(C18) = 1.0, was estimated from the two experimental kinetics: 

r(t)(0/emax(C18)=l.O) = nt)(0/@max(C18)=O.9O) - OA* r(t)(@/0max(C18)=O) (6) 

and the resulting adsorption vs. time data set was subsequently fitted to the Eq 3 to 
obtain the hypothetical k i , k_i and T m a x (data shown in Table I). Eq 5 was used next 
to fit the adsorption kinetics measured in the C18 gradient region. The comparison 
between the experimental adsorption kinetics and the fits to the "adsorption sum" 
model is shown in Figure 4b. Included in the same figure is the hypothetical L D L 
adsorption fit for a fully covered CI 8 surface. The inspection of Fig 4b shows that the 
"adsorption sum" model (Eq 5) fits very well the experimental L D L adsorption for the 
CI8 surface coverage close to 1 or to 0. However, the fit worsens as one moves 
towards the middle of the gradient where ®/®max(C18) —> 0.5, especially in the initial 
adsorption stage. Notice that the adsorbed amount of L D L calculated from the 
fluorescence (Fig 3) showed an unexplained minimum at approximately half CI8 
surface coverage. 

Discussion 

We have shown previously that silica-C18 gradient surfaces can be used to study how 
protein adsorption depends on surface hydrophobicity (20). The objective of this study 
was to determine how the surface density of CI8 chains affects the L D L adsorption. 
The adsorption of L D L was monitored using three different L D L labels: FITC-LDL, 
D iO-LDL and 1 2 5 I - L D L . The TIRF measurements (Fig 2) suggested that FITC-LDL 
and DiO-LDL followed similar adsorption kinetics laws. Since these two labels tag 
different parts of L D L particle, one can tentatively conclude that both protein and lipid 
components of L D L particle adsorb together to the surface. It remains to be determined 
whether the structural integrity of adsorbed L D L particle is affected by a longer 
residence time at a given surface or not. 

The comparison between the two quantification schemes indicated that the L D L 
adsorption on the hydrophilic silica is indeed transport-limited. The adsorption rates, 
k i , (Table 1) were calculated using a simple adsorption model (Eq 3). In order to 
obtain the best fit between the model and the experiment, a small positive cooperativity 
(a = -2) had to be assumed for hydrophilic silica and a negative cooperativity (a = 
2.5) for C18 silica, respectively. The physical meaning of the adsorption cooperativity 
also remains to be determined. The adsorbed amount of L D L decreased with 
increasing coverage of CI8 chains (Figs 2 and 3). It is known that L D L binds strongly 
to negatively charged adsorbents; some of the commercially available LDL-apheresis 
devices use negatively charged dextran sulfate adsorbents (25, 26). The electrostatic 
interactions can explain the order-of-magnitude larger affinity of L D L for a negatively 
charged silica surface (K = 6.5 • lO 9 M" 1) than for a hydrophobic C18-silica surface (K 
= 4.9 »108 M" 1 ) . The L D L adsorption took place from a buffer containing C a + + ions 
which might act as bridges between local negative charges of L D L and negatively 
charged silanol groups on the silica surface. 

The mechanism of L D L adsorption onto the hydrophobic C18-surface is less 
obvious. The adsorption kinetics suggests an energy barrier to adsorption, probably 
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due to the orientation of L D L particle during the collision with the surface. The energy 
barrier could also have an electrostatic origin. When a charged particle arrives into the 
close proximity of a low dielectric surface, electrostatic image forces are created 
opposing further approach and contact of the particle with the surface (27). 

The "adsorption sum" model fitted the experimental results very well at either 
end of the C18-gradient region. One can expect this since a smaller fraction of given 
surface sites can not dramatically influence the adsorption process occurring at other 
surface sites present in excess. In the middle part of the C18-gradient region the 
"adsorption sum" model failed to fit the experimental fluorescence results. Local 
retardation of the fluorescence-derived adsorption rates at approximately half CI8 
surface coverage has been found in a number of repeated TIRF FITC-LDL adsorption 
experiments. The origin of this local fluorescence decrease is not known and has not 
been further investigated. 

Summary 

Adsorption kinetics of human low density lipoprotein (LDL) onto a silica-
octadecyldimethylsilyl (CI8) gradient surface was studied using the Total Internal 
Reflection Fluorescence (TIRF) and autoradiography techniques. The silica-C18 
gradient surface was prepared by a two phases silanization reaction. The advancing 
water contact angles were used to calculate the fractional surface coverage of CI8 
chains, which increased from zero (clean silica) to 0.9 on the hydrophobic end of the 
gradient surface. The FITC-LDL adsorption rate was transport-limited on the 
negatively charged silica but significantly slower on the hydrophobic CI8 silica. The 
lipid labeled-LDL adsorption experiments resulted in a fluorescence adsorption pattern 
that resembled the protein-labeled L D L adsorption. A simple adsorption model was 
used to calculate the adsorption and desorption rate constants. The L D L adsorption 
was equal to a sum of adsorption processes on available hydrophilic and hydrophobic 
adsorption sites at either end of the CI8 gradient region. The middle part of the CI8 
gradient displayed an unexpected retardation of the L D L adsorption rates. 
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Chapter 27 

Reduced Protein Adsorption on Polymer 
Surface Covered with a Self-Assembled 

Biomimetic Membrane 

Kazuhiko Ishihara and Nobuo Nakabayashi 

Institute for Medical and Dental Engineering, Tokyo Medical and Dental 
University, 2-3-10 Kanda-surugadai, Chiyoda-ku, Tokyo 101, Japan 

We have synthesized phospholipid polymers containing 2-
methacryloyloxyethyl phosphorylcholine(MPC) moieties as new blood 
compatible polymers and have evaluated their interactions with blood 
components. It was found that in the absence of anticoagulants blood 
clotting was delayed, and blood cell adhesion and activation were 
effectively prevented on the MPC copolymer surface. Protein 
adsorption on the MPC copolymer from human plasma was also 
reduced with increasing MPC fraction. The MPC copolymers are able 
to collect phospholipid molecules from plasma due to MPC moiety­
-phospholipid interactions and the accumulated phospholipids appear to 
create a self-assembled biomimetic membrane structure on the MPC 
copolymers which minimizes protein adsorption. When the MPC 
copolymer was treated with dipalmitoylphosphatidylcholine(DPPC) 
liposomal solution, DPPC molecules having the organized liposomal 
structure were adsorbed on the MPC copolymer surface. On the other 
hand, DPPC molecules were randomly adsorbed on conventional 
polymers. The amounts of plasma proteins adsorbed on the polymer 
surfaces decreased on pretreatment with DPPC liposomal solution for 
all polymers case, but the smallest amounts of adsorbed proteins were 
found on the MPC copolymer. The differences in protein adsorption 
on the different polymers probably reflect the differences in the state 
of organization of adsorbed phospholipid molecules on the polymer 
surfaces. 

In recent years, many polymer materials have been used for the fabrication of 
biomedical devices that contact blood, body fluids and tissues(7). Upon blood 
contact, biocomponents in blood such as lipids and proteins interact with these 
surfaces and are adsorbed on them. Well designed polymers are required to 
regulate their interactions. The adsorption state of these biocomponents strongly 
affects blood cell adhesion and activation which induce thrombus formation. 

The effect of proteins adsorbed onto polymer surfaces on nonthrombogenicity 
has been investigated by many researchers (2). Lyman et al. and Kim et al. 
claimed the importance of albumin adsorption for the nonthrombogenicity of a 
polymer surface (3,4). They proposed that predominant adsorption of albumin 

0097-6156/95/0602-0385$12.00/0 
© 1995 American Chemical Society 
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386 PROTEINS AT INTERFACES II 

with a high adsorption rate and large equilibrium amount will make a 
polymer surface nonthrombogenic. Kim et al. also proposed that a polymer 
surface which can adsorb protein reversibly and/or minimally (or possibly no 
protein at all), will show minimal thrombogenicity (4). To minimize the amount 
of adsorbed protein, hydrophilic polymers, especially hydrogels have been prepared 
(5). The general results concerning protein adsorption on hydrogels clearly indicate 
that the amount and degree of denaturation of adsorbed protein decreases with 
increase in the water content of the hydrogel. Anderson et al. reported the 
adsorption and conformational change of proteins on hydrogels (6). We have also 
found that proteins are adsorbed from plasma to hydrogels such as acrylamide or 
vinylpyrrolidone copolymers even when their fractional water contents are higher 
than 0.4 (7). Moreover, some experimental results strongly suggested serious 
problems such as calcification, platelet deposition and complement activation when 
blood comes in contact with hydrogel surfaces (8). 

We have proposed the preparation of new nonthrombogenic polymers based on a 
different approach (9-18). We have noted that biomembrane structures which consist 
mainly of phospholipids and proteins show good biocompatibility since such 
surfaces interact only minimally with biocomponents. A similar approach was 
reported by Chapman etal.(19). They found that polymeric lipids and polyesters 
having a phosphorylcholine group are relatively nonthrombogenic based on 
thrombelastographic studies. It has also been reported that polyamide microcapsules 
coated with a lipid membrane reduced the adhesion of platelets(20). These 
studies indicated that the surface adsorbed with phospholipids interacted only 
minimally with blood cells. However, the effects of the lipid adsorption state on 
biocompatibility were not investigated. We synthesized copolymers having a 
phospholipid polar group, the 2-methacryloyloxyethyl phosphorylcholine(MPC) 
moiety, as a new type of biomaterial (11,15). We hypothesized that if a 
biomembrane-like structure can be constructed on a polymer surface by 
spontaneously adsorbing natural lipids from a living organism, it will prevent the 
adsorption and activation of proteins and cells (14,16). It has already been reported 
that the MPC copolymers have an affinity for phospholipids (21,22) which were 
adsorbed on the surface in significant amounts (16,17). Moreover, the copolymers 
effectively suppressed thrombus formation (12,16,18). It was also found that the 
amount of adsorbed protein decreased with an increase in MPC content of the 
copolymers (13,16,18). 

In this review, the physical and protein adsorption properties of the MPC 
copolymers will be discussed with attention given to the probable creation of a 
biomembrane-like structure by organization of phospholipid molecules accumulated 
on the MPC copolymer surface. 

Materials and Methods 

Materials. MPC was synthesized by a previously reported procedure(77). The 
structure of M P C is shown in Figure 1. Poly[MPC-co-n-butyl 
methacrylate(BMA)], poly[2-hydroxyethyl methacrylate(HEMA)], and 
poly(BMA) were prepared by a conventional radical polymerization technique 
using 2,2'-azobisisobutyronitrile as initiator. The MPC mole fraction in the 
copolymer was determined by phosphorus analysis. In this study, we used two 
poly(MPC-C0-BMA)s with 0.25 and 0.16 MPC mole fractions. Cast films of each 
polymer were prepared by a solvent evaporation method. 
Dipalmitoylphosphatidylcholine(DPPC), bovine serum albumin(BSA), and bovine 
serum y-globulin(BSG) were obtained from Sigma Chemical Co. St Louis, MO, 
USA and used without further purification. Acrylic beads (250 - 600 pm diameter) 
or slabs (9 x 50 x 1 mm) were used as substrates onto which the polymers were 
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27. ISHIHARA & NAKABAYASHI Reduced Protein Adsorption 387 

coated. Polymer coating on these substrates was carried out by a solvent 
evaporation technique using a 0.5 wt% polymer solution (72, 14). The MPC mole 
fraction at the surface on the poly(MPC-a?-BMA) membrane was determined using 
X-ray photoelectron spectrometry (XPS, Shimadzu ESCA-750). 

Evaluation of Organization of Phospholipid Adsorbed on Polymers Treated 
with Phospholipid Liposome. DPPC liposomes were prepared by the sonication 
method (14,21,22). Polymer membranes were incubated in the DPPC liposomal 
solution at 45 °C for 10 min. After washing with distilled water, thermal analysis 
was carried out by differential scanning calorimetry(DSC) to determine the gel-liquid 
crystalline phase transition temperature(Tc) of the DPPC liposome. Furthermore, by 
using a quartz resonator with gold electrodes coated with the poly(MPC-a?-BMA), 
the phase transition phenomena of the DPPC liposome adsorbed on the surface were 
observed (23). 

Determination of Amount and Conformational Change in Proteins Adsorbed on 
Polymers. The BSA and BSG were dissolved in PBS at a concentration of 4.5 
g/dL and 1.6 g/dL, respectively, that is, the same concentration as in plasma. 
Acrylic slabs coated with polymer were immersed in 100 mL of protein solution at 
30 °C. To avoid denaturation of the proteins in PBS, the maximum adsorption time 
was 30 min. The slabs were rinsed with PBS for 1 min, and then immersed in 
PBS in a quartz cell for spectroscopy. The amount of protein adsorbed on the 
surface was determined by ultraviolet(UV) spectrometry as described previously 
(14). For pre-adsorption of phospholipids on the polymer surface, the polymer-
coated acrylic slabs were immersed in the DPPC liposomal solution(0.5wt%) and 
incubated at 45 °C for 10 min. The amount of protein adsorbed on the polymer 
surface pretreated with DPPC was also measured by UV spectroscopy (14). 

Circular dichroism(CD) spectroscopic measurements on proteins adsorbed on the 
polymer surface was carried out to evaluate conformational change. A quartz slab 
was used as a substrate for the polymer coating and the polymer-coated quartz slab 
was immersed in the BSA solution for 60 min at 30 °C. The mean residual ellipticity 
of adsorbed BSA was calculated based on the method proposed by Akaike et al. 
(24) . 

Protein Adsorption on MPC Copolymer Surface 

When polymer materials contact blood, adsorption of lipids and proteins 
precedes cell adhesion. Thus protein adsorption not only on the polymer surface 
but also on the lipid adsorbed surface need to be clarified. 

Figure 2 shows the adsorption of BSA and BSG on three polymer surfaces. It is 
seen that adsorption increases with time in all cases. Baszkin and Lyman 
reported the maximum amount of adsorbed proteins calculated for a monolayer in an 
end-on type orientation, that is 0.90 |ig/cnr for BSA and 1.85 |ig/cm z for BSG 
(25) . On hydrophobic poly(BMA), the adsorption rate of BSA was high and the 
adsorbed amount at 30 min was about 16 times higher than that for an end-on 
monolayer. Suggesting that multi-layer adsorption occurred. Similar adsorption 
behavior was observed for poly (HEM A). Compared with these polymers, the 
amount of BSA adsorbed on poly(MPC-a?-BMA) was quite low. Adsorption of 
BSG was also suppressed on poly(MPC-a>-BMA) compared with poly(BMA) and 
poly(HEMA), and was lower than the calculated value for a monolayer. 

Concerned with protein adsorption on the MPC copolymers, Sugiyama et al. also 
reported that the amount of BSA adsorbed on poly(MPC-c0-alkyl methacrylate) 
microspheres was lower than that on polystyrene microspheres and decreased with 
an increase in the hydrophilicity of the comonomer used for the preparation of the 
microspheres(26). 
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Figure 1. Structure of 2-methacryloyloxyethyl phosphorylcholine (MPC). 
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Figure 2. Adsorption of BSA and BSG onto polymer surfaces at 30 CC. (O) 
Poly(BMA), (A) Poly(HEMA), O Poly(MPC-a?-BMA), MPC mole fraction; 
0.25. Initial concentrations of BSA and BSG were 4.5 g/dL and 1.6 g/dL, 
respectively (Reproduced with permission ref. 14). 
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Figure 3 demonstrates the CD spectra of BSA in PBS and adsorbed on the polymer 
surfaces (27). The molar ellipticity of native BSA dissolved in PBS was negative 
between 210 nm and 230 nm. In the case of BSA adsorbed on poly(HEMA), this 
value was slightly higher. A more significant change in the spectrum was found in 
the case of BSA adsorbed on poly(BMA), that is, the molar ellipticity was close to 
zero in the observed range. On the other hand, BSA adsorbed on poly(MPC-c0-
BMA) had the same molar ellipticity as that of BSA in PBS. The ellipticity reflects 
the secondary structure of the protein, so it appears that no significant 
conformational change of BSA occurred during adsorption on poly(MPC-c0-BMA). 

It is considered that ^-potential is an important variable in relation to protein 
adsorption. We found that the ^-potential of a poly(ethylene terephthalate)(PET) 
membrane was -40.5 mV (Ueda, T.; Ishihara, K.; Nakabayashi, N . J. Biomed. Mater. 
Res., in press.), and coating of poly(HEMA) on the PET membrane reduced this 
value to -15.7 mV. Moreover, a poly(MPC-a?-BMA)-coated PET membrane 
showed a potential of -0.4 mV. In general, hydrophobic polymer surfaces have a 
negative ^-potential, whereas the potential approaches zero with increasing 
hydrophilicity. However, the fractional equilibrium water contents of membranes of 
poly(HEMA) and the poly(MPC- co-BMA) were very close to 0.38 and 0.39 
respectively. Park and coworkers suggested that when proteins are adsorbed on a 
polymer surface via hydrophobic interactions, an exchange of bound water between 
the protein and the surface must take place (28). Therefore, we considered that the 
amount of bound water may be the key parameter for understanding the 
exceptionally mild interaction between proteins and the MPC copolymer surface. 
When DSC measurements of the hydrated polymer membranes were carried out to 
evaluate water structure, the fraction of free water(not bound water) in the 
poly(MPC-co-BMA) membrane was 0.74 and it found to be significantly higher than 
that in conventional hydrogels such as poly(HEMA)(0.41) (K.Ishihara, Tokyo 
Medical and Dental University, unpublished data.). 

Organized Adsorption of DPPC on M P C Copolymer 

We have previously reported protein and phospholipid adsorption on a poly(MPC-
C0-BMA) surface from human plasma (16). The amount of proteins adsorbed on the 
poly(MPC-c0-BMA) membrane decreased, while adsorption of phospholipid 
increased, with increasing MPC mole fraction of the copolymer. This result strongly 
suggested that preferential adsorption of phospholipid relative to protein occurred 
when the poly(MPC-co-BMA) came in contact with plasma. Moreover, it was also 
considered that the poly(MPC-co-BMA) might have specific affinity for the 
phospholipid in plasma. Therefore, we tried to clarify the interactions between 
phospholipids and poly(MPC-co-BMA) using DPPC as a model phospholipid (14, 
17, 21, 22). 

Figure 4 indicates the relation between the amount of DPPC adsorbed on the 
poly(MPC-c0-BMA) and MPC mole fraction in the cppolymer(77). The amount of 
adsorbed DPPC on poly(BMA) was 2.14 ug/cm , and was the same as on 
poly(HEMA) even though the hydrophilicity of these materials are quite different. 
However, the adsorbed amount of DPPC on poly(MPC-co-BMA) is seen to depend 
on the MPC mole fraction, that is, the adsorbed amount of DPPC increases with 
increasing MPC mole fraction. This same tendency was observed on poly[MPC-c0-
styrene(St)] (27). The hydrophilicity of the MPC polymers increases with an 
increase in the M P C mole fraction (77, 75). These results suggest that the 
hydrophilic nature of the substrate is not the main factor determining the adsorption 
behavior of phospholipids. It is well known that phospholipid molecules adopt an 
organized structure in aqueous medium, presumably reflecting specific interactions 
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Figure 3. CD spectra of BSA in PBS and adsorbed on the polymer surfaces after 
contact with BSA solution for 60 min. ( ) in PBS, adsorbed on (O) 
poly(BMA), (A) poly(HEMA), and ( • ) poly(MPC-a>-BMA). MPC mole 
fraction : 0.16. Initial concentration of BSA: 0.45 g/dL (Reproduced with 
permission with ref. 27). 
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Figure 4. Relationship between the amount of DPPC adsorbed on the poly(MPC-
co-BMA) and the mole fraction of MPC of the copolymer. The initial 
concentration of DPPC in the liposomal solution was 1.0 wt % which was 
prepared by sonication method. 
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between phospholipid molecules. The increase in the amount of adsorbed DPPC 
may be due to the affinity of the MPC moiety for the DPPC molecule based on the 
"self-assembling" properties of the phospholipids since the MPC moiety has the 
same polar group as DPPC. 

When phospholipid molecules associate in an aqueous medium due to their 
amphiphilic nature and form a so-called multi- or bi-layered membrane structure, a 
gel-liquid crystalline transition of the long alkyl chain in the molecule is observed 
(29). Therefore, the adsorption state of DPPC molecules on polymer surfaces can 
be examined using DSC. Figure 5 shows DSC curves of polymer membranes 
treated with the DPPC liposomal solution (14). The DSC curve of the DPPC 
liposomal solution shows an endothermic peak at 41.8°C, corresponding to the Tc of 
the DPPC liposomes (29). If the bilayer membrane structure is destroyed, the 
endothermic peak will disappear. In the case of poly(BMA) and poly(HEMA) 
which were treated with the DPPC liposomal solution, there was no endothermic 
peak in the range of 20 °C to 50 °C (14). On the other hand, an endothermic peak 
was observed at 42 °C in poly(MPC-co-BMA) treated with the DPPC liposomal 
solution. There were no DSC peaks in that temperature range for any of the 
"conventional" polymer membranes which did not have MPC units. This result 
clearly indicates that the multi- and bi-layer membrane structure, as in the DPPC 
liposomes, was maintained on poly(MPC-co-BMA) whereas it was destroyed an the 
poly(BMA) and poly(HEMA) surfaces. Thus, it is considered that MPC 
moieties in the poly(MPC-co-BMA) play an important role in maintaining the 
bilayer membrane structure of adsorbed DPPC molecules. Very recently, we 
determined the phase transitions of DPPC liposomes adsorbed on the poly(MPC-co-
B M A ) which was coated on the quartz crystal(QC) microbalance as function of 
frequency change of the QC (23). Similar results were found for another MPC 
copolymer system: an endothermic transition was seen after addition of poly(MPC-
block-SX) to a DPPC liposomal solution. On the other hand, it disappeared with the 
addition of poly(St) latex (21). 

Protein Adsorption on Poly(MPC-co-BMA) Treated with DPPC Liposome 

We considered that the interaction between proteins and the phospholipid 
adsorption layer depends on the orientation of the lipid molecules. Figure 6 shows 
the amount of proteins adsorbed on polymer surfaces which were pretreated with 
DPPC liposome. By comparison with Figure 2, it can be seen that the treatment of 
a polymer surface with a DPPC liposomal solution reduced BSA adsorption in the 
poly(BMA) and poly(HEMA) cases. For the case of poly(MPC-co-BMA), though 
the effect of DPPC treatment on protein adsorption seems very small, the amount 
of proteins adsorbed was reduced by about one-half compared to the bare polymer 
surface(first few minutes). The same effect of DPPC treatment on BSG adsorption 
was observed. 

The surface of the polymers becomes hydrophilic by adsorption of DPPC 
even if adsorption is random and the hydrophobic interaction between proteins and 
the surface is weakened. Moreover, when the polar groups of DPPC are structured 
on the surface, other interactions such as hydrogen bonding and/or electrostatic 
interactions seem to decrease. As previously mentioned, poly(MPC-ctf-BMA) 
appears to organize DPPC molecules adsorbed on the surface. Therefore, it is 
considered that the difference in protein adsorption between poly(MPC-co-BMA) 
and the other two polymers treated with DPPC is due to the difference in the 
organized state of DPPC molecules adsorbed on the surface. 

In conclusion, MPC copolymers adsorbed very little protein from plasma, possible 
due to the preferential adsorption of phospholipid molecules and the formation of a 
biomembrane-like organized adsorption layer of the phospholipids. MPC copolymers 
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Figure 5. DSC curves of polymer membranes treated with DPPC liposomal 
solution. A: DPPC liposomal solution(2 wt%), B: poly(BMA), C: 
poly(HEMA), D: poly(MPC-co-BMA). 
with permission from ref. 14). 

MPC mole fraction, 0.25 (Reproduced 
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Figure 6. Adsorption of BSA and BSG onto polymer surfaces pretreated with a 
DPPC liposomal solution at 30 <C. ( # ) Poly(BMA), ( A ) Poly(HEMA), ( • ) 
Poly(MPC-c<?-BMA). MPC mole fraction, 0.25. Initial concentrations of BSA 
and BSG were 4.5 g/dL and 1.6 g/dL, respectively (Reproduced with permission 
from ref. 14). 
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may thus minimize adsorption of proteins from plasma and blood and thus afford a 
good nonthrombogenic surface. Such a surface does not offer ligands which are 
recognized by receptors on cell membranes and it may protect from adsorption and 
activation of platelets. These phenomena may be explained by creation of a "self-
assembled biomimetic membrane" structure by adsorbed phospholipids on the MPC 
copolymer surfaces. 
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Chapter 28 

Analysis of the Prevention of Protein 
Adsorption by Steric Repulsion Theory 

Timothy B. McPherson, Samuel J. Lee, and Kinam Park 

School of Pharmacy, Purdue University, West Lafayette, IN 47907 

It is known that adsorption of proteins to surfaces can be prevented by 
modification of the surfaces with hydrophilic polymers. The grafted 
hydrophilic polymers are thought act by exerting steric repulsion 
against the adsorbing proteins. We have examined the prevention of 
fibrinogen and lysozyme adsorption by covalent grafting of Pluronics, 
which are triblock copolymers of ethylene oxide (EO) and propylene 
oxide (PO), to hydrophobically modified glass surfaces. The 
adsorption of both proteins decreased to negligible levels as the 
surface concentration of the grafted Pluronic molecules increased. The 
decrease in protein adsorption by the grafted polymer chains was also 
theoretically examined by calculating the attractive and repulsive 
interaction energies between lysozyme and the surface by computer 
simulation. The calculation showed that the surface density of the 
grafted chains must be high enough to cover most of the surface to 
exert effective steric repulsion. This study suggests that one of the 
important factors in the surface modification by hydrophilic polymers 
is the surface concentration of the covalently grafted polymers. 

It is known that when biomaterials come into contact with blood, plasma proteins 
adsorb to the surface very rapidly. Depending on the type and quantity of the 
adsorbed protein, the protein layer may cause platelet adhesion and activation, leading 
to mural thrombus formation. It is often thrombus formation and subsequent 
embolization that result in failure of implanted biomaterials. Two main approaches 
have been taken to improve biocompatibility of the implanted materials: synthesis of 
new polymer materials exhibiting less inherent thrombogenicity; and surface 
modification of existing materials. The latter method is appealing because the surface 
properties of a material can be modified to suit the particular biomaterial application, 
while retaining its desirable bulk properties. 

Biomaterial surfaces have been modified with various water-soluble polymers, 
such as albumin, heparin, and poly(ethylene oxide). In general, covalent grafting of 
these water-soluble polymers results in significant decreases in blood protein 
adsorption and platelet adhesion. While surface modification has been successfully 

0097-6156/95/0602-0395$12.00/0 
© 1995 American Chemical Society 
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exploited to enhance blood compatibility, the underlying mechanism has not been 
fully understood. Recent studies in our laboratory and others suggest that steric 
repulsion is the operative mechanism in surface passivation by the surface-grafted 
water-soluble polymers (1-5). Since the steric repulsion theory can explain many of 
the observed experimental results, whether positive or negative, it is beneficial to 
describe the steric repulsion theory and the conditions under which it applies. 

Steric Repulsion Theory 

When an adsorbate molecule approaches a surface grafted with terminally bound 
water-soluble polymers, the surface polymer molecules become compressed. 
Compression results in decreased conformational entropy for the compressed polymer 
chains, which is an unfavorable thermodynamic state. The system attempts to move 
back to the higher entropy state, repelling the adsorbate molecule. In addition, when a 
polymer chain is compressed by an adsorbate molecule, the local concentration of 
monomer units increases relative to the surrounding areas, increasing local osmotic 
pressure. Water molecules then diffuse in to equalize the osmotic pressure, thereby 
repelling the adsorbate. Fig. 1-A describes how steric repulsion by the surface-
grafted flexible molecules prevents protein adsorption. Steric repulsion is referred to 
as an osmotic-entropic process, due to the synergy of these two complementary 
components providing the observed phenomenon. The same is true with globular 
proteins such as albumin as shown in Fig. 1-B. It should be noted that albumin is a 
flexible molecule, rather than a hard ball, and thus can exert steric repulsion. 

For the surface-bound polymers to exert effective steric repulsion, they must 
satisfy the following conditions: (i) tight anchoring to the surface; (ii) complete 
surface coverage; and (iii) flexibility of the grafted molecules. If polymer molecules 
are not tightly bound to the surface, they may be displaced by the blood proteins or 
cells which have a greater affinity for the substrate. Covalent bonding to the surface 
is most preferred. Complete surface coverage is also important, since proteins and 
cells can directly interact with the bare surface between polymer chains if the surface 
coverage is inadequate. Flexibility of the grafted molecules provides the steric 
repulsion as described above. If the grafting of polymer molecules does not conform 
to the above three conditions, enhancement in blood compatibility will not be fully 
realized. In most of the literature data, the surface concentrations of the grafted 
polymer molecules are not determined mainly due to the difficulty in measuring it. 
Thus, if the grafting of hydrophilic polymers does not prevent protein adsorption or 
cell adhesion, it is likely that the surface concentration of the grafted polymers is not 
high enough. 

The purpose of this study was to examine the ability of the covalently grafted PEO 
chains to prevent protein adsorption, and to analyze the steric repulsion property of 
the PEO chains by the scaling analysis (3,6-9) and computer simulation (10-12). The 
steric repulsion property was measured from the ability to prevent adsorption of 
fibrinogen and lysozyme to the surface. For computer simulation, lysozyme was 
used because its crystal structure is available. 

Experimental 

Protein and Pluronic Adsorption Experiments 

Glass Tubing Preparation. Glass tubes (6 inch-long, inner diameter of 2.45 mm 
and outer diameter of 4 mm) or capillaries (1.8 mm inside diameter x 50 mm long) 
were cleaned by immersion in chromic acid solution at room temperature overnight, 
followed by rinsing with deionized distilled water (DDW) and drying at 60°C. 
Cleaned glass tubes were then hydrophobically modified for the covalent grafting of 
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Pluronics. The details of the hydrophobic modification of glass will be described in a 
future publication. The modified glass tubes were rinsed sequentially in fresh 
chloroform, absolute ethanol, and DDW, and dried at 60°C overnight. 

Pluronic Grafting. A variety of Pluronics were kindly provided by BASF Corp. 
They were dissolved in phosphate buffered saline solution (PBS, pH 7.2) to make a 
100 mg/ml stock solution. The modified glass tubes were filled with Pluronic 
solutions of desired concentrations without introducing air bubbles and left 
undisturbed for one hour. Then the tubes were flushed with PBS to remove non-
adsorbed Pluronics. The tubes, filled with fresh PBS, were then y-irradiated for 6 
hours (0.08 Mrad/h) to covalentiy graft the polymer to the surface. Following 
irradiation the tubes were evacuated with DDW and dried at 60°C. The concentration 
of Pluronic solutions was varied from 0.01 mg/ml to 25 mg/ml. Two control samples 
used in this study were modified glass with and without exposure to y-irradiation. 
The prepared tubes were used in the protein adsorption experiment within 1 week. 

Protein Adsorption. Human fibrinogen and chicken egg lysozyme (Sigma) were 
radiolabeled with 1 2 5I (Amersham) using Enzymobead reagent (Bio-Rad). Free 1 2 5I 
and the Enzymobeads were removed from the radiolabeled protein solution by gel 
filtration over a Sephadex G-10 column, previously calibrated with blue dextran. 
Radiolabeled lysozyme was mixed in a mass ratio of 1:9 with unlabeled lysozyme to 
make a solution containing 0.15 mg/ml protein, while fibrinogen was mixed in a ratio 
of 1:39 with unlabeled fibrinogen to a concentration of 0.10 mg/ml protein. The 
Pluronic grafted glass tubes were filled with PBS and allowed to hydrate for 2 hours 
at room temperature prior to exposure to the protein solution. The radiolabeled 
protein solution was introduced into the tubing, displacing PBS. After 1 hour of 
protein adsorption, the protein solution was similarly displaced from the tubes with 
fresh PBS. The tubes were cut into one inch sections, and the middle four sections 
were assayed on a gamma counter (Beckman) to measure the surface adsorbed 
radioactivity. These data were converted to pg/cm2 by comparison to the specific 
activity of the standard protein sample. 

Pluronic Adsorption. p-Methoxyphenyl-Pluronic F127 (MP-PF127) was 
synthesized by a previously described method (13) with azeotropically dried benzene 
as the solvent. The MP-PF127 was radiolabeled using the Enzymobead reagent and 
purified as above. The radiolabeled polymer was diluted with PBS to concentrations 
from 0.01 mg/ml to 25 mg/ml. The modified glass capillary tubes were filled with the 
radiolabled MP-PF127 solutions and left for 1 hour at room temperature. 
Radiolabeled polymer was not mixed with non-labeled polymer in these experiments. 
The lowest concentrations exhibited relatively low y counts to begin with due to the 
1000-fold dilution of the starting solution, and further reductions by mixing with non-
labeled polymer resulted in immeasurable surface concentrations for these samples. 
The polymer solution was displaced with PBS, and the tubes assayed for surface-
adsorbed radioactivity. The data were converted to pg/cm2. Values for the scaling 
theory parameters D and L, used in the computer simulation, were then calculated. 

Computer Simulation 

The surface was generated using Quanta polymer generator. The energy minimized 
surface consisted of three 65 x 65 A layers. The atom coordinates of lysozyme were 
obtained from the Brookhaven Protein Data Bank. Atomic coordinates are necessary 
because the intermolecular interaction is dependent on the distance between each atom 
pair. Lysozyme was placed on the surface of the polymer and the distance dependent 
calculation consisting of van der Waals, electrostatic, and solvation energy was 
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performed (10-12,14). The repulsive energy due to the grafted chains were calculated 
using the scaling analysis (3,6-9). 

Fig. 2-A shows the interaction between brushes, a model used in the scaling 
theory. The grafted Pluronic molecules are assumed to exist as a brush on the 
surface. Thus, a similar model can be used to study protein adsorption on to the 
brush as depicted in Fig. 2-B. This model shows that the repulsive energy per cm 2 

against the protein by the grafted polymer chains is: 

H 7/4 

1.25H574 1.75L3'4 " G . 2 5 M 1 . 7 5 ) 
(H < L) (Equation 1) 

where D is the average distance between the attached points, k is the Boltzmann 
constant (1.38xl0 2 3 J/K), T is the temperature, L is the thickness of the grafted 
chains, and H is the separation distance between the surface and the protein. Equation 
1 was derived as done in reference 8. Here L is related to the density of the grafted 
chains as follows: 

( a V / 3 

L = N a a 1 / 3 or L = N a l — I (Equation 2) 
where N is the number of monomers per chain, and a is the monomer size. Here, a 
(=a2/D2) is equal to the surface density of the grafted chains (6,7). 

Results 

The adsorption of fibrinogen to the modified glass was high as expected. The surface 
fibrinogen concentration was 0.47 ug/cm2. As Pluronics were grafted to the surface, 
the surface fibrinogen concentration decreased dramatically with the exception of 
Pluronic L31 as shown in Fig. 3. The number of EO residues varied from 2 (for 
L31) to 128 (for F108). Even Pluronic L61, which has only 3 EO residues, was 
effective in preventing the adsorption of fibrinogen to the surface. Except for 
Pluronic L31, the surface fibrinogen concentrations on the Pluronic-grafted surfaces 
were all smaller than 0.02 ug/cm2, which is known to be the minimum surface 
fibrinogen concentration necessary to activate platelets (15). 

To examine the effect of grafted Pluronic surface concentration on protein 
adsorption, we chose Pluronic F127 as a model Pluronic. As a model protein, 
lysozyme was used since it is smaller than fibrinogen, and its crystal structure is 
known. The radius of gyration of lysozyme calculated using QUANTA is about 14A. 
Thus, lysozyme is expected to enjoy easier access to the surface than fibrinogen. The 
surface lysozyme concentration on the control modified glass was 0.27 ug/cm2. The 
value decreased to 0.21 ug/cm2 if the surface was exposed to Y-irradiation. 

Fig. 4 shows the surface concentrations of lysozyme and Pluronic as a function of 
the bulk Pluronic concentration used for adsorption. The lysozyme and PF127 
adsorption profiles reveal some interesting points when directly compared. At high 
PF127 surface concentrations, lysozyme adsorption is low. Conversely, when the 
PF127 surface concentration is low, lysozyme is free to adsorb to the surface. When 
the bulk Pluronic concentration was 0.01 mg/ml, the surface Pluronic concentration 
was only 0.015 ug/cm2. At this condition, the adsorption of lysozyme was similar to 
that on the control surface. As the solution concentration increased up to 5.0 mg/ml, 
the surface Pluronic concentration steadily increases up to 0.22 ug/cm2. Further 
increase in the bulk Pluronic concentration up to 25 mg/ml did not increase the surface 
Pluronic concentration any more. The PF127 solution concentration where the 
adsorption of lysozyme reaches its minimum coincides closely with the maximum 
surface PF127 concentration. When the surface Pluronic concentration was 0.22 
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A 

Figure 1. Schematic description of steric repulsion exerted by the grafted 
hydrophilic polymers such as PEO (A) and globular proteins such as albumin 
(B). 

Ill" m» 
l i l t MiSfo i . 

Figure 2. Comparison of the interaction between brushes (A) and the interaction 
of a protein with a brush (B). 
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0.6n 

Polymer 

Figure 3. Fibrinogen adsorption to Pluronic-grafted glass. The concentration of 
Pluronics was 1 mg/ml and grafted to the surface by ^irradiation for 6 h. The 
fibrinogen concentration in the adsorption solution was 0.1 mg/ml. CI and C2 
are control samples, untreated and ̂ irradiated, respectively. EO/PO/EO values 
for Pluronics are as follows: L31 (2/16/2); L61 (3/30/3); L81 (6/39/6); L43 
(7/21/7); L62 (8/30/8); L92 (10/47/10); L35 (11/16/11); L64 (13/30/13); P103 
(20/54/20); P123 (21/67/21); P85 (27/39/27); P105 (38/54/38); F38 (46/16/46); 
F77 (52/35/52); F87 (62/39/62); F88 (97/39/97); F127 (98/67/98); F98 
(122/47/122); and F108 (128/54/128). 

0.01 0.1 1 10 
Pluronic Solution Concentration (mg/ml) 

100 

Figure 4. The surface concentrations of lysozyme (•) and Pluronic F127 (•) as 
a function of the bulk Pluronic concentration in the adsorption solution. 
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pg/cm2, the surface lysozyme concentration was reduced to a minimum of 0.017 
pg/cm2, which corresponds to approximately 6.85 x 10^ nmol/cm2. This is more than 
90% decrease in the surface lysozyme concentration by Pluronic grafting at high 
surface density. It is interesting to note the inverse relationship between the lysozyme 
adsorption profile and the PF127 isotherm. 

The attractive and repulsive interaction energies between lysozyme and the 
modified glass were calculated as a function of the separation distance from computer 
simulation. The calculation requires the information on the thickness (L) of the 
grafted chains, which can be determined from the density of the grafted chains (a). 
The average distance between PEO chains (D) and the thickness of the brush surface 
(L) were calculated from the Pluronic adsorption data. This was accomplished by 
converting the surface Pluronic concentration value (in pg/cm2) to molecules/cm2. 
The inverse of the square root of these values is considered to be D, but since 
Pluronic molecules contain two equivalent PEO chains, this value must be halved. 
Therefore, the D value calculated from the Pluronic adsorption data is: 

D = (1/2) (molecules/cm2)-1/2 

The L values are then calculated using Equation 2. The steric repulsive force due to 
the grafted Pluronic chains was calculated using Equation 1 for each set of data. The 
calculated data are listed in Table I. 

Table I. D and L values of the grafted PEO chains at different surface 
concentrations of Pluronic F127 

F127 solution cone, 
(mg/ml) 

F127 surface cone. 
(ug/cm2) 

D 
(A) 

L 
(A) 

0.01 0.016 82 29 
0.05 0.043 49 40 
0.1 0.045 48 41 
0.5 0.111 31 55 
1.0 0.128 29 58 
5.0 0.231 21 70 

10.0 0.220 22 69 
25.0 0.234 21 70 

The results of the computer simulation of lysozyme-brush interaction energy are 
shown in Fig. 5. The figure shows the total interaction energies between lysozyme 
and the PEO-grafted surface. Only the results with 4 different grafting conditions 
were plotted to make it easy to identify the curves. As shown in Fig. 5, the total 
interaction energy was repulsive at all separation distances if the D values were 29 A 
or less (i.e., L values were 58 A or larger). When the D values were 31 A and 48 A, 
the total interaction was attractive unless the separation distance was less than 2 A. 
Only attractive interaction was observed when the D value was 82 A. The results in 
Fig. 5 agrees rather well with the data in Fig. 4. When the total interaction energy 
was all repulsive, the adsorption of lysozyme was minimal. On the other hand, the 
PEO on the surface could not prevent adsorption of lysozyme when the total 
interaction was attractive. The results in Fig. 5 clearly show that the distance (D) 
between the grafted chains needs to be smaller than the thickness (L) of the brush to 
exert effective steric repulsion. This means that the surface is completely covered 
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with the grafted chains, since they are highly flexible. The calculation with other D 
and L values also indicates that the surface density of the grafted chains can be smaller 
as the chain length (or L value) becomes larger. It is clear that effective steric 
repulsion by the grafted chains relies on both die chain length and the chain density on 
the surface. 

Discussion 

In general, computational models utilize assumptions. This occurs as a result of 
shortcomings in resources to completely represent the real system. For example, 
protein adsorption onto surfaces occurs in the solvent environment. In order to model 
such a system, explicit inclusion of solvent molecules would be ideal. For the most 
part, however, computational resources do not allow such large systems to be 
modeled. Dielectric constant has been used to simulate the effect of solvent on 
electrostatic interactions. In this study the dielectric constant used for water was 80. 
Since the use of dielectric constant may be inadequate, the solvation interaction 
energies were calculated using the fragment constant method (11). This method 
utilizes data from partition coefficient experiments. Therefore, the effect of solvent 
which the dielectric constant alone may not represent can be modeled more effectively. 

We used a static computational model for protein adsorption. Proteins may 
undergo conformational changes during the adsorption process, although lysozyme is 
known to be rather inflexible. Although conformational changes are not explicitly 
modeled, other important aspects of the protein were considered. Electrostatic charge 
values were obtained from the validated Quanta/CHARm database, and ionized amino 
acid residues were represented accurately based on pKa values. We have previously 
determined that the orientation of the protein relative to the surface influences the 
magnitude of interaction energy calculations (10), so an orientation with high 
interaction energy was used in this study. The distance at which interaction becomes 
insignificant was not greatly affected by the protein orientation, however. 

The adsorption of lysozyme decreased sharply as the surface Pluronic 
concentration increased, then leveled off to a minimum at high Pluronic 
concentrations. The profile implies three distinct surface conditions, indirectly 
defining the Pluronic adsorption isotherm. At the surface Pluronic concentrations of 
0.016 ug/cm2 or less, lysozyme adsorption was similar to that on the control surface. 
Therefore, any Pluronic on the surface is completely ineffective in repelling protein 
adsorption. This condition would correspond to a very large D value in the computer 
simulation data, where D is much greater than L. No repulsion was seen at any 
separation distance between the protein and the surface. When the surface Pluronic 
concentration was between 0.045 ug/cm2 and 0.231 ug/cm2, the Pluronic molecules 
on the surface become dense enough to prevent protein adsorption. The protein no 
longer enjoys free access to the entire surface. The repulsion, however, is still not 
large enough to prevent protein adsorption. This situation is described by the 
calculation where D is of similar magnitude to L (e.g., D=48 A and L=41 A. Here, 
there is little repulsion except when the protein is very close to the surface. In the tail 
portion of the lysozyme adsorption profile in Fig. 4, lysozyme adsorption is 
essentially constant regardless of the surface Pluronic concentration. This region 
corresponds to small D values in the computer simulation data, where the distance 
between polymer chains is small and D is substantially less than L (e.g., D=21 A and 
L=70A). Repulsive forces in this region increase quickly as a protein approaches to 
the surface, resulting in "complete" shielding of attractive forces. 

Our calculation shows that the surface density of the grafted chains necessary for 
the prevention of protein adsorption varies depending on the thickness of the grafted 
layer, which is related to the molecular weight of the grafted chains. As the molecular 
weight decreases, the surface density necessary to have effective repulsive energy 
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404 PROTEINS AT INTERFACES II 

increases. Thus, even a low molecular weight chain, such as Pluronic L61 with 3 EO 
residues, can have significant repulsion if the surface density is high. It is very likely 
that Pluronic L61 has a high surface density due to its small size. As the PEO chain 
length of Pluronics increases, the surface density may decrease substantially due to 
the large size of the molecules. 

In conclusion, the covalent grafting of hydrophilic polymers in high surface 
density appears to be most important in successful prevention of protein adsorption to 
the surface. The steric repulsion theory is useful in explaining the success or failure 
of the grafted hydrophilic chains in the prevention of protein adsorption. The steric 
repulsion theory will also be useful in the design of new materials with excellent 
biocompatibility. 
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Chapter 29 

Direct Measurement of Protein Adsorption 
on Latex Particles by Sedimentation Field-

Flow Fractionation 

Yong Jiang1, J. Calvin Giddings1,3, and Ronald Beckett2 

1Department of Chemistry, Field-Flow Fractionation Research Center, 
University of Utah, Salt Lake City, UT 84112 

2Department of Chemistry, Water Studies Centre, Monash University, 
P.O. Box 197, Caulfield East, Victoria 3145, Australia 

In previous work from this group it was shown that sedimentation 
field-flow fractionation (SdFFF) is capable of the direct 
measurement of quantities as small as a few attograms (10-18 g) of 
various materials, including γ-globulin, adsorbed on latex beads. 
Here, following a review of the principles of adsorbed mass 
measurements by SdFFF, the previous work is extended to include 
numerous measurements of immunoglobulin (IgG) adsorbed on 
polystyrene latex beads under diverse conditions. A few additional 
γ-globulin measurements are reported as well. 

Adsorption of IgG on latex was quite rapid with adsorption 
times usually <10 min. The desorption process was generally much 
slower. Adsorption isotherms were obtained and fitted to the 
Langmuir equation. The initial slope of the isotherm was different 
for latex beads prepared in the presence and absence of surfactant 
but the plateau was similar. The isotherm plateau was also little 
affected by exposing the latex to a protein concentration increased 
in two stages rather than a single stage. However, the adsorption 
plateau was found to be slightly dependent on pH with a maximum 
near pH 7, close to the reported isoelectric point range of IgG. 

Sedimentation field-flow fractionation (SdFFF), a versatile technique for separating 
colloidal particles, is capable also of directly measuring particle mass. The 
measurement of mass is extremely sensitive, sufficient to account for small 
amounts of adsorbed material consisting of no more than a few tens of protein 
molecules on a single particle. More specifically, if colloidal particles gain mass 
by adsorption, the incremental mass due to the presence of the adsorbate can be 
measured down to amounts as small as a few attograms (10 - 1 8 g) per particle. Thus 
SdFFF, through the direct and accurate measurement of incremental adsorbate 
masses in an experimentally convenient procedure, is a promising tool for protein 
adsorption studies. 

In an earlier study, SdFFF was used to measure small adsorbed masses of y-
globulin, ovalbumin, and other substances on latex beads (/). The beads consisted 
of both polystyrene (PS) and vinyl toluene butylstyrene, which is a neutrally 

Corresponding author 

0097-6156/95/0602-0405$12.00/0 
© 1995 American Chemical Society 
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406 PROTEINS AT INTERFACES II 

buoyant latex in water. It was shown that full adsorption isotherms could be con­
structed. The preferred conditions for measurement were described theoretically. 

Caldwell and coworkers have applied both SdFFF and a related technique, flow 
FFF, to the study of various films adsorbed on latex particles (2-4). These studies 
have included measurements of the thickness of adsorbed Pluronic triblock 
polymeric surfactant films (2) along with adsorbed IgG-anti IgG complexes (3) and 
milk proteins (4). 

SdFFF is an elution technique. Small samples (requiring only a few micro­
grams of colloidal particles) are injected at the head of a narrow channel and driven 
through the channel by the flow of a suitable carrier liquid. The emergence time 
(called the retention time) depends rigorously on particle effective mass, which is 
the true mass less the mass of fluid displaced by the particles. Thus particle mass 
can be calculated from the observed retention time of a small population of 
particles. 

If the particle population is relatively monodisperse, the particles emerge as a 
single peak whose retention time can be identified by a sensitive detector (e.g., an 
HPLC U V detector). An eluting population of 0.215 pm polystyrene latex beads is 
shown as the left hand sample peak of Figure 1. 

If protein or other adsorbate attaches to the particles, their mass will increase 
and the particle peak will shift to a different retention time. The center peak of 
Figure 1 has been shifted to the right of the original peak by the adsorption of IgG 
on the latex surface from a 0.05 mg/mL IgG solution. A further shift right is 
caused by the adsorption of more protein from a more concentrated (1 mg/mL) IgG 
solution, as illustrated by the right hand peak of Figure 1. 

The shift in latex peak positions caused by the adsorption of protein on the 
latex surface can be related rather exactiy to the mass of adsorbed protein (see 
Theory section). Thus observed retention time shifts yield a direct measure of 
adsorbed mass. As noted above, the method is sensitive to small incremental 
masses, which means that measurable retention time shifts are induced by minute 
amounts of added adsorbate. 

Numerous accounts of the SdFFF mechanism have appeared in the literature 
(5-9). Briefly, SdFFF is one of several FFF techniques used to separate and 
characterize macromolecular and particulate materials. A l l FFF techniques utilize a 
driving force with a direction perpendicular to the flow axis of a stream of carrier 
liquid (into which the sample pulse is injected) being pumped through a ribbonlike 
channel (see Figure 2). The field acts across the thin dimension of the channel, 
which is typically of the order of 10 2 pm thick. For SdFFF, the driving force is 
generated by a centrifuge, within which the channel is incorporated. 

The sedimentation force drives particles toward one of the channel walls (the 
accumulation wall). An equilibrium concentration distribution soon forms, repre­
senting a balance between the driving force and Brownian motion (Figure 2). The 
distribution at equilibrium is exponential and has a characteristic (mean) thickness 
of £ where £ = kT/F, in which k is Boltzmann's constant, T is the absolute 
temperature, and F is the sedimentation force acting on a single particle. 

Flow causes the displacement of particles through the channel. The flow 
profile between the major channel walls is parabolic. When F is large and £ is 
small, the particles are held near the accumulation wall at the very edge of the 
parabolic profile where the velocity is low. Such particles elute slowly and have 
long retention times. Particles with smaller forces acting on them have larger £ 
values and elute earlier. Thus the retention time depends on the applied force F 
(see Theory section). However, the force acting on a particle depends on the mass 
of the particle including the mass of material adsorbed on its surface. As adsorbate 
loads increase, F increases and retention time increases roughly in linear fashion. 
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29. JIANG ETAL. Measurement of Protein Adsorption on Latex Particles 407 

IgG coated 
(0.05mg/mL) 

0.215um PS V 

\ 

IgG coated 
(LOmg/mL) 

TIME (min) 

Figure 1. Comparison of SdFFF elution profiles (fractograms) of uncoated and 
IgG coated 0.215 |xm PS latex beads. The concentration of IgG in the solution 
to which the latex was exposed is shown with the two right hand peaks. 

flow out 
flow in 

FLOW 

parabolic 
flow profile 

Figure 2. Schematic illustration of the SdFFF system. The enlarged edge view 
of the channel (bottom) shows the equilibrium concentration distribution of two 
particle sizes. 
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408 PROTEINS AT INTERFACES II 

The theoretical equations of FFF can then be used to deduce the adsorbate mass as 
will be shown below. 

The high sensitivity of measured retention time to small masses and mass 
increments is a natural outcome of the above mechanism. Since the driving force is 
balanced against Brownian motion, which is extremely weak but well defined, 
forces at very small levels, down to 10 ' 1 6 N or even 10"1' N , affect the compression 
(hence the I value and the retention time) of the particle distribution. Such forces 
can be generated by only a few attograms of mass at accelerations of only 1000 
gravities, corresponding to the upper limit of conventional SdFFF instrumentation. 
Larger masses are best measured at lower accelerations. This matter is discussed 
further in the original publication (1). 

Theory 

The retention time tr of eluting particles in SdFFF depends on the effective 
mass m' of the particles (including the mass of any adsorbed material) according to 
well established principles (7, 6-9). Two equations (and their derived forms) are 
needed. First is die basic FFF expression relating tr for constant field conditions to 
the sedimentation force F acting on each of the particles 

. t°Fw/6kT m 
h " coth(Fw/2kT)-IkTIFw u ; 

where r° is the void time (i.e., tr for unretained particles), w is the channel 
thickness, k is Boltzmann's constant, and T is the absolute temperature. When Fw 
» kT, this equation simplifies to 

r =toI»L (2) 
tr-t 6 k T W 

While equation 1 is used here for all calculations, equation 2 is a simple linear 
expression that provides a more direct insight into FFF behavior. Most 
importantly, tr is found approximately proportional to F. Since F is proportional to 
m', tr becomes proportional to m' also. This high sensitivity of tr to m\ along 
with a capability of measuring forces down to l O - * 6 N , makes SdFFF ideal for the 
direct and accurate measurement of small quantities of added mass, such as those 
associated with thin adsorbed films on small particles. 

The second major equation (following equation 1 and its limiting form, 
equation 2) expresses the physical law relating F to m' and eventually to the mass 
and thickness of the adsorbed film. Quite simply, F is the product of the two terms 

F=m'G (3) 

where G is acceleration, co2r0 (co being the rotational velocity of the centrifuge and 
ro its radius). For a particle of uniform density pp (lacking an adsorbed film), m' = 
mp(l-pIpp) andF becomes (1) 

Fp=mpG(l-p/pp) = %Gd3App (4) 
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29. JIANG ETAL. Measurement ofProtein Adsorption on Latex Particles 409 

where the particle mass, density, density increment (relative to the surrounding 
carrier liquid), and effective spherical diameter are given by mp, pp, App> and d, 
respectively. 

When the particle adsorbs a coating of mass mc having a density pc and a 
density increment Ap c, F becomes the sum of two terms, the first for the particle 
and the second an incremental term for the coatings (7) 

If the particle diameter is d and the mean film thickness is h, F becomes 

F = Fp + Kd2hApcG = d27cG^£*- + hApc j (6) 

providing h « d. (A spherical particle with an idealized uniform film is shown in 
Figure 3.) 

Since F is obtained by FFF retention measurements and is thus a known 
quantity (via equation 1), it remains only to invert the above expressions for F to 
obtain values for the coating mass and thickness, mc and ft, respectively. We obtain 
V) 

m - FPc „ APP Pc m 

and 

h - F dApp 

h"nGd2Apc 6APc

 w 

These expressions are valid when the particles and their external coating are both 
denser than the carrier medium and sink to the outer wall, as is the case here. A 
more general treatment accounting for negative Ap values and "floating" particles is 
given in the original publication (7). 

If the adsorbed mass is small compared to the bare particle mass, (mp «mp), 
then tr may be only slightly increased by adsorption, that is, by the addition of mc 

to mp. A small error in the final terms of equations 7 or 8 would then cause a large 
error in mc or ft, respectively. Thus it is perhaps more accurate, and generally 
preferable in practice, to obtain Fp (by numerical means) from equation 1 for the 
bare particle rather than rely on equation 4 to get Fp from particle parameters. The 
latter (less accurate) approach underlies equations 7 and 8. The proposed 
improvement is implemented by rearranging equations 5 and 6 as follows 

m _Pc(F-Fp) 
m c ~ GAPc

 ( 9 ) 

and 
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410 PROTEINS AT INTERFACES II 

where force F on the coated particles and force Fp on the bare particles are to be 
obtained using equation 1 from the respective tr values measured at the same field 
strength G. If different G values are used for the two tr measurements, (F - Fp)/G 
would be replaced by (FIG) - (FplGp). 

Steric perturbations to retention (6, 8), although small under most 
circumstances, might best be compensated by adjusting G and Gp values such that 
F = Fp. However, i f these perturbations are significant, a sterically corrected 
version of equation 1 should be used. 

For cases in which equation 2 is a good approximation to equation 1, mc and h 
can be expressed explicitly in terms of the time increment Atr between the elution 
of coated and uncoated particles. For this purpose we use equation 2 to obtain 

F-Fp=^*r (ID 

The substitution of equation 11 into equations 9 and 10 yields 

*-=gfc* < i2> 

and 

h= 6

6!SiA Atr (13) 
wt°7cd2GApc 

Equation 12 will be used later to show that Atr is highly sensitive to small adsorbed 
masses. Specifically, even with G values as small as 544 gravities (as used here), 
only 10-20 IgG molecules are needed to give measurable shifts in Atr. 

Experimental 

Equipment and Materials. The sedimentation FFF system used in this work has 
been described in the literature (70). The device is similar to the Model S101 
Colloid/Particle Fractionator from FFFractionation, Inc. (Salt Lake City, UT). The 
channel has dimensions of 90 cm in length, 2 cm in breadth, and 0.0127 cm in 
thickness. A l l work was done at room temperature (22 ± 1°C). The spin rate used 
in these experiments was 1800 rpm, producing 544 gravities of acceleration. 

The FFF system was equipped with a Kontron HPLC pump (Kontron, London, 
UK) to pump the carrier liquid into the channel. The eluted sample components 
were detected by a U V detector (Model 757 Absorbance Detector, Applied 
Biosystems, Ramsey, NJ) with the wavelength set at 280 nm. The detector signal 
was recorded by a chart recorder, stored in a computer, and analyzed by a special 
program written in this laboratory. 

The particles used for the coating work were 0.215 |im polystyrene latex beads 
with surfaces specially cleaned for protein coating (Polyscience, Inc., Warrington, 
PA). Human IgG was purchased from Sigma Chemical Company (St. Louis, MO). 

The carrier was a 10 mmol Tris[hydroxy methyl] aminomethane (United States 
Biochemical Corp., Cleveland, OH) solution. The pH of the solution was adjusted 
to 9.0 using H N O 3 (J. T. Baker Chemical Co., Phillipburg, NJ). Phosphate buffer 
solutions of various pH values were used for sample preparation in this work. They 
were prepared by using proper ratios of Na2HP04 and NaH2P04 (Mallinckrodt 
Specialty Chemicals Co., Paris, K Y ) . The actual pH of the solutions were deter­
mined using a Model 630 pH meter (Fisher Scientific, Fair Lawn, NJ). 
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29. JIANG ET AL. Measurement of Protein Adsorption on Latex Particles 411 

Preparation of Coated Particles for FFF Analysis. The 2.5% (w/v) original 
particle suspension was first diluted to 0.0125% with triple distilled water. The 
IgG sample was dissolved in 20 m M phosphate buffer solution of the required pH 
value to yield 20 mg/mL stock solutions. The stock solutions were then diluted to 
the desired concentration in the same buffer solution. A 50 p L aliquot of each 
protein solution was added to a 50 pL 0.0125% polystyrene latex suspension. The 
mixture was then allowed to stand at room temperature (22 ± 1°C) for various 
specified intervals before sedimentation FFF analysis. 

Approximately 10 or 20 p L of sample was injected directly into the FFF 
channel. Following the injection, the flow was stopped for 4 minutes for relax­
ation, a process to allow the particles to reach an equilibrium state in the channel. 
After relaxation, the flow was resumed and the run proceeded under various 
specified conditions. 

Results and Discussion 

Precision in Measurement of Coating Mass. The mass of protein adsorbed m f is 
calculated from the measured SdFFF retention time (tr) for the coated bead using 
equations 7 and 12. In order to assess the errors in mc and the minimum adsorption 
level detectable by the method, 37 runs were made over 3 days on a 0.215 pm 
diameter polystyrene under the same operating conditions of field strength (544 
gravities, 1800 rpm) and flowrate (2.0 mL/min) as used generally in these studies. 
The measured tr values and standard deviations obtained for each day's work are 
given in Table I. The standard deviation for the entire data set was 0.06 min. This 
shows that the precision in measuring tr is less than 1%. There was a small (0.08 
min) difference in the mean of die results for day 2 compared to the mean for days 
1 and 3, which were identical. Equation 12 can be used to obtain an expression for 
the standard deviation of the calculated coating mass amc 

Table I. Retention Time tr and Standard Deviation ct (Both in Minutes) of 
0.22 pm PS at 1800 RPM and a Flowrate of 2.0 mLVmin 

Davl Dav2 Dav3 
tr (min) 7.233 7.330 7.267 

7.167 7.333 7.267 
7.267 7.300 7.267 
7.300 7.265 7.267 
7.200 7.330 7.233 
7.200 7.267 7.233 
7.300 7.330 7.233 
7.233 7.267 7.267 
7.267 7.360 7.200 
7.233 7.330 7.200 
7.253 7.400 7.233 
7.233 7.400 7.167 
7.237 

tr (min) 7.24 7.32 7.24 
(average) 
o,r (min) 0.038 0.046 0.033 
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412 PROTEINS AT INTERFACES II 

This yields a value for (T« of 1.5 X 10*1 8 g for our experimental conditions, 
assuming pc = 1.37 g/mL. For human IgG, which has an average molecular weight 
of 158,500, corresponds to ~6 molecules. If the measured mass of the coated 
particles is ^3 0^ greater than the mass of the uncoated particles, then the 
difference in mass which we attribute to the adsorbed protein is highly significant 
statistically. Thus the coating mass that can be determined with relative certainty 
by the SdFFF technique at a field strength of 544 gravities is only 4.5 x 10" 1 8g, a 
mass that corresponds to about 17 protein molecules. This value indicates the high 
sensitivity of the method to the adsorbed amount. 

Under conditions of adsorbate and adsorbent concentrations where the change 
of the protein concentration is small, the conventional depletion method for 
studying adsorption has limitations. In SdFFF, the adsorbed mass is determined 
direcdy from the retention time or retention time increment and not indirecdy by 
the difference in the concentration of protein remaining in the solution. The high 
sensitivity of SdFFF makes the method suitable for the investigation of protein 
adsorption over a large range of conditions which should be particularly useful in 
probing the low adsorption-density end of the isotherm and for adsorption 
isotherms where the adsorption is strong but the equilibrium concentration in 
solution is below the detection limit for the analytical method being used. 

Determination of Adsorption Isotherms. As the concentration of IgG added to 
the latex suspension increases, the peak generated by the latex is shifted to higher 
retention times, indicating an increase in mass of the beads. We attribute this 
increase to the adsorption of IgG on the particle surface. Using equation 7 or 12, 
the adsorbed mass mc may be calculated either from the measured force (F) exerted 
on the particles in each of the experiments or from the time increment Atr. The 
adsorption density X , expressed as mass adsorbed per unit area, may also be cal­
culated based on mc and the estimated surface area of the particle (1.45 x 10" 1 3 m 2). 
In addition, we also calculated the thickness of the adsorbed layer by means of 
equation 13 (or equation 8). (The calculated h is, of course, only a mean thickness 
for a compact coating of protein.) These data are summarized in Table n. 

The adsorption isotherm (X vs Ceq) of IgG on the surface of PS latex beads is 
displayed in Figure 4a. The equilibrium concentration of IgG, Ceq, remaining in 
the solution after the adsorption is finished was obtained by subtracting the mass 
adsorbed to the particles in unit volume of solution from the initial concentration. 
In most cases, the initial concentration and the equilibrium concentration differ 
only slighdy. 

The isotherm obtained can be fitted to the Langmuir equation 

* = r a ^ <15> 

where a and b are constants. Equation 15 can be rearranged to give 

^ - = bCeq + \ (16) 

 A
ug

us
t 1

6,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

5 
| d

oi
: 1

0.
10

21
/b

k-
19

95
-0

60
2.

ch
02

9

In Proteins at Interfaces II; Horbett, T., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1995. 



29. JIANG ET AL. Measurement of Protein Adsorption on Latex Particles 413 

adsorbed 

Figure 3. Illustration of an idealized particle with adsorbed coating of thickness 
h. (Reprinted with permission from Langmuir. Copyright 1991 American 
Chemical Society.) 

C e q (mg/mL) Q q (mg/mL) 

Fig 4. Adsorption isotherm plots for human IgG onto PS latex particles: (a) 
adsorption density X versus equilibrium solution concentration; (b) Langmuir 
plot CeqlX versus Ceq- The line in Figure 4a is a Langmuir model curve 
plotted using the parameters a and b obtained from the regression line in Figure 
4b. 
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Table II. Compilation of Mass mCy Adsorption Density X, and Thickness h of 
Film of IgG on Polystyrene Latex Beads for Different Protein Concentrations 

A m c (X1016) X (mg/m2) h (A) 

0.05 0.0164 3.97 2.75 19.9 
0.10 0.0152 5.04 3.47 25.3 
0.20 0.0147 5.54 3.81 27.9 
0.40 0.0137 6.65 4.58 33.4 
0.60 0.0137 6.65 4.58 33.4 
0.80 0.0136 6.77 4.66 34.0 
1.0 0.0136 6.77 4.66 34.0 
2.0 0.0135 6.89 4.74 34.6 
3.0 0.0135 6.89 4.74 34.6 
4.0 0.0136 6.77 4.66 34.0 
5,0 0.0137 6.65 4.58 33.4 

Thus the Langmuir constants a and b can be obtained from the intercept and slope, 
respectively, of a plot of CeqPC versus Ceq. The straight line plot shown in Figure 
4b demonstrates that the data follow the Langmuir form. Using the constants so 
obtained (a = 109, b = 0.20) the solid line in Figure 4a was plotted. 

The plateau in the Langmuir adsorption isotherm is lib. For the case of IgG 
adsorbed to polystyrene at pH 7 and ionic strength 0.01 M, the maximum (plateau) 
adsorption level was found experimentally to be 4.75 mg/m 2. This is in agreement 
with the values found for adsorption of globular proteins, which usually have a 
value of a few mg/m 2 depending on the nature of the protein and the particle 
surface (77, 72). Assuming an average molecular weight of 158,500 Dalton, the 
adsorption density above corresponds to about 2600 IgG molecules per particle. 
The average area occupied by a protein molecule is thus about 56 nm 2 , which is 
also within the range reported in the literature of about 10-100 nm 2 (77). This area 
is equivalent to a square with a side length of 7.4 nm. Since a spherical particle of 
the same mass and density as an IgG molecule will have a diameter of about 7.2 
nm, we concluded that the protein molecules are rather tightly packed on the 
particle surface. 

In our earlier work on protein adsorption (7), PS latex beads were used without 
any further clean-up procedure. For these beads, residual surfactant (sodium lauryl 
sulfate) is probably present on the surface due to the procedure used in the 
preparation of the latex particles (75). The adsorption behavior of ^-globulin on 
these particles was studied. We found that, although the isotherm is also similar to 
that of a Langmuir type, the plateau adsorption was reached at a much higher 
concentration. In the present study we have used particles prepared without 
surfactant. The isotherms of these two type of particles are shown in Figure 5. The 
figure shows that the plateau adsorption values on the surface of particles with and 
without the surfactant are fairly close, being 2.94 and 3.10 mg/m 2, respectively. 
However, the concentrations of proteins required to reach the plateau adsorption 
differ by about one order of magnitude, approximately 0.3 mg/mL for the clean 
surface and 4 mg/mL for the surface with surfactant. The results suggest that the 
protein and the surfactant compete for adsorption sites on the surface of the latex 
beads. 

Influence of pH on the Adsorption Maximum. The maximum adsorption density 
for the IgG-polystyrene system was measured at different solution pH values but 
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with the ionic strength maintained constant at 0.007 M . The results, which are 
plotted in Figure 6, display a small but distinct peak in the adsorption maximum 
occurring near pH 7. The adsorption density at the pH of this peak is at least 25% 
above the values obtained outside the pH range 5.5-9.5. Since the isoelectric point 
of various IgG proteins is reported to be in the pH range 5.8-7.3 (14) it is likely that 
the maximum in the adsorption density measured here occurs at the isoelectric 
point for the sample. A number of reasons could contribute to this observation. 
For example, intermolecular charge repulsion would be minimized at the isoelectric 
point which would lead to less charge repulsion between adsorbed protein 
molecules on the surface. It is also possible that reduced intramolecular repulsion 
could lead to a contraction of the protein molecule, leading to a smaller cross 
sectional area per molecule. In addition, protein-surface charge repulsion could 
also contribute to the reduction in adsorption density at any pH above the 
isoelectric point as the latex surface would be negatively charged under the 
conditions studied. 

Adsorption Characteristics. The adsorption of IgG onto polystyrene is quite 
rapid with adsorption times generally being less than 10 minutes, sometimes much 
less. 

With increasing IgG concentration, the adsorption density increases in a series 
of quasi-equilibrium steps. Figure 7 illustrates that the same adsorption density is 
obtained irrespective of whether the IgG is added in one step or two. In this series 
of experiments, 0.05 mg/mL IgG was equilibrated with polystyrene beads for 60 
min and then the IgG concentration was increased to 1 mg/mL. The adsorption 
process was followed by making SdFFF runs after specific elapsed times. The 
results for this two step adsorption were then compared (Figure 7) with those from 
a single adsorption with 1 mg/mL IgG. 

Protein adsorption can be accompanied by a relaxation process where the 
molecular conformation changes over time in such a way that the proteins occupy a 
higher area per molecule than on initial adsorption (75). This could possibly lead 
to a lower amount adsorbed in the two step adsorption experiment. The fact that 
the same adsorption density was achieved in two steps as in one would appear to 
indicate that either this surface conformational change of the IgG molecules is 
reversible or that the adsorbed molecules can undergo a further rearrangement 
which reduces the area occupied per molecule when the surface becomes crowded. 

Protein Desorption. The SdFFF adsorption method will only measure relatively 
strongly bound protein as during elution (typically 5-20 min) the particle surface is 
continually washed with fresh carrier solution. Desorption of the protein over 
longer time periods was tested in a series of experiments where initial adsorption 
was carried out in solutions of 1 mg/mL IgG and then the suspension was diluted to 
give 0.025 mg/mL. After various periods of time at the lower concentration, 
SdFFF runs were performed to measure the amount of IgG remaining on the 
surface. 

The results of these experiments are plotted in Figure 8. Slow desorption to 
about 20% of the original IgG adsorbed mass occurred over about 2 hours. 
However, negligible desorption occurred after this for periods up to 6 hours. 

Conclusions 

New results are presented here on the direct measurement of human IgG adsorption 
on polystyrene latex beads using sedimentation FFF. The results confirm the high 
sensitivity and overall efficacy of sedimentation FFF used as a tool for measuring 
adsorption on colloidal particles. 
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clean surface 

0 ' 1 1 1 ' 

0 5 10 15 20 
C e q (mg/mL) 

Figure 5. Comparison of isotherm of human y-globulin on the surface of PS 
latex spheres with and without surfactant on the surface. The plateau adsorp­
tion is reached at a much lower protein concentration on the clean surface. 

Figure 6. Maximum adsorption density X for human IgG on PS latex particles 
versus solution pH. Ionic strength was maintained constant at 0.007 M . 
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X 

G O 

1 
o 

o 
G O 

add 1 mg/mL IgG 
in one step 

/ 

add 0.05 mg/mL IgG first, 
lh later add IgG to 1 mg/mL 

I 
50 100 ' 

TIME (min) 

~~1— 
150 200 

Figure 7. Adsorption density X versus time for 0.05 mg/mL and 1 mg/mL IgG 
additions (open symbols) and for a two-step adsorption in which the 
concentration was increased to 1 mg/mL after a preliminary adsorption for 1 
hour at 0.05 mg/mL (closed symbols). 

4.0' 

3.5-

Z £ 

g o 2.5 

O oo 
Q 
< 2.0-

1.5 

. lms/mL IgG 

\ 
1 mg/mL IgG for lh, 

then diluted to 0.025mg/mL IgG 

0.025mg/mL IgG coated 

\ 

50 100 150 200 250 300 
TIME (min) 

Figure 8. Adsorption density versus time for PS coated at 1 mg/mL IgG 
followed by dilution of the protein concentration to 0.025 mg/mL. 
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Glossary 

a constant in equation 15 
b constant in equation 16 
C concentration 
Ceq equilibrium concentration 
d particle diameter 
F force exerted on a single particle 
Fp force exerted on a bare particle 
G field strength measured as acceleration 
Gp acceleration of a bare particle 
h coating thickness 
k Boltzmann's constant 
I equilibrium concentration thickness 
m' effective particle mass 
mc mass of particle coating 
trip particle mass 
ro centrifuge radius 
fi void time 
tr retention time 
T absolute temperature 
X adsorption density 
w channel thickness 

Greek 
Apc density difference between coating and carrier 
App density difference between particle and carrier 
pc density of particle coating 
pp particle density 
<7M standard deviation of calculated mass of coating 
co c rotational velocity of centrifuge 
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Chapter 30 

Modification of Silica with a Covalently 
Attached Antigen for Use in Immunosorbent 

Assays 

Kathryn A. Melzak1 and Donald E. Brooks1,2 
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This paper describes the preparation and characterization of a silica 
surface with a covalently coupled antigen, and gives an example of 
the use of the modified silica in immunosorbent assays. Silica beads 
and slides were cleaned with chromic acid and modified with 3-
aminopropyltriethoxysilane. The carboxyl groups of a cyclic 
hexapeptide antigen, ferrichrome A, were coupled to the amine­
-modified silica using 1-ethyl,3,3-dimethylaminopropyl cabodiimide 
to promote formation of a peptide bond. Modified slides and beads 
were characterized with a combination of X-ray photoelectron 
spectroscopy and particle electrophoresis measurements, with the 
amount of ferrichrome A adsorbed or coupled to the beads being 
determined by solution depletion measurements. 

Solid phase immunosorbent assays are widely used in many different formats, 
because the solid surface provides a convenient method for separating the bound 
antibody-antigen complex from the unbound reagents (1,2). If an antigen is 
adsorbed or coupled to a solid surface, then antibodies towards that antigen will 
bind to the surface, while other antibodies can be washed away. The surface-
bound antibody can be detected and used to calculate the solution concentration 
by comparison to a set of standards. 

The antigen must be attached to the surface by a stable bond, so that the 
antigen does not desorb during the course of the assay. Immunosorbent assays 
commonly involve antigens non-specifically adsorbed to a hydrophobic surface (3). 
Larger antigens will often adsorb in an effectively irreversible manner because of 
multiple attachment points (4), but smaller molecules may not bind, or may desorb 
slowly in the presence of molecules competing for adsorption sites (5). Covalent 
attachment has the advantage of preventing the desorption of small antigens during 
the course of the assay. 

Silica is a useful substrate for covalent attachment of antigens because it 
can be derivatised with a large variety of functional groups for covalent attachment 
of different antigens (6, 7). The silica surface can be modified by reaction with 
compounds of the form RnSiX(4-n), where X is a hydrolyzable group and R 
contains the functional group to be used for covalent attachment of the antigen. 

0097-6156/95/0602-0420$12.00/0 
© 1995 American Chemical Society 
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The silanols formed after hydrolysis of the silane condense with silanols on the 
silica surface, leaving a surface modified with the remaining group R. 

This paper describes the preparation and characterization of silica surfaces 
with a covalently coupled antigen and gives an example of their use in an 
immunological assay. The silica was cleaned and modified with 3-aminopropyl-
triethoxysilane to give a surface covered with amino groups. A water soluble 
carbodiimide, l-ethyl-3-(3-dimethylaminopropyl carbodiimide) (EDC) was used 
to promote formation of a peptide bond between the surface amine groups and the 
carboxyl groups on an antigen, to give the antigen-modified surface that could be 
used for immunological assays. 

The antigen used was ferrichrome A, a cyclic hexapeptide that chelates iron 
through three hydroxamate groups. The coupling of the antigen to the silica 
involved several steps: cleaning of the silica, silylation, and EDC mediated 
coupling of ferrichrome A to the amine-modified silica. The modified surface was 
characterized after the various steps using different techniques. X-ray 
photoelectron spectroscopy was used to determine the efficiency of the cleaning 
procedure prior to modification with the silane and also to determine the extent 
of modification with the silane on flat silica. A ninhydrin assay was used to detect 
and measure the amines on silica beads after silylation. The amount of 
ferrichrome A adsorbed or coupled to the silylated silica surface was determined 
by solution depletion measurements using the beads, since they had a large 
specific surface area. Particle electrophoresis measurements were used to monitor 
modification of the silica beads. 

The antigen-modified beads and slides were used for immunosorbent assays 
with a monoclonal antibody against ferrichrome A. 

Experimental 
Silica beads and slides. Silica beads with a 0.8 um diameter and flat silica slides 
were both used. They were initially intended to give complementary information 
about the same system, since the beads had a high specific surface area and could 
be used for measuring adsorption and coupling of the antigen while the slides had 
a flat surface for angularly resolved X-ray photoelectron spectroscopy (XPS) 
studies. The antibody-binding properties differed for the beads and the slides, 
implying that they should be treated as related but separate systems. There was 
also other evidence that the beads and slides were different: the beads had a 
density of 1.83 g cm"3, and the slides a density of 2.1 g cm"3. The lower density 
of the beads may be due to alkyl groups incorporated during the synthesis or to 
formation of a porous stucture. 

Silica beads were prepared by condensation from tetraethyl orthosilicate 
(TEOS, Aldrich, Milwaukee) in a solution of ethanol, water and ammonia (8, 9). 
The reaction mixture contained ethanol, water and TEOS in proportions of 
150:30:6 by volume (8). The ethanol/water solution was saturated with ammonia 
at 4° and then equilibrated at 5 °C in an ethylene glycol bath. Distilled TEOS 
was added through a syringe to a solution stirred at approximately 400 rpm. The 
addition was made as rapidly as possible, and took less than two seconds. After 
the reaction had been allowed to proceed overnight, the beads were collected by 
centrifugation. The bead size distribution was determined using transmission 
electron microscope photographs of a total of 314 beads. An average diameter of 
0.779 \\m was calculated, with a standard deviation of 0.042 urn. 

Flat silica slides were obtained from Quartz Scientific International 
(Fairport Harbor). The slides were cut into 8x8 mm sections, wiped clean with 
lens paper and placed in separate 13x100 mm test tubes. All cleaning and drying 
procedures were carried out in these test tubes to minimize sample handling. 
Some preliminary measurements were carried out with glass slides (Canlab, 
Mississauga, Ont.). 
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Cleaning the silica. The silica was cleaned before modification with the silane 
so that silanol groups on the silica would be accessible to the modifying reagents 
and not covered with a contaminating layer. Silica beads and slides were both 
cleaned by being heated for one hour in chromic acid at 80 °C, followed by rinses 
in water, concentrated hydrochloric acid and water, before being dried under 
vacuum. The chromic acid was prepared by slow addition of a slurry of 5 g of 
potassium dichromate and 5 g of water to 100 ml of concentrated sulfuric acid 
(BDH Assurance, BDH, Vancouver) (10). The solution was stirred in a water bath 
to dissipate the excess heat generated during the addition of the slurry to the acid. 
Chromic acid was used repeatedly before being disposed of (11). 

The hydrochloric acid used was BDH AnalaR (BDH) and the water was 
distilled and then deionized using a Millipore milli-Q ion exchange apparatus. 

Silylation of the silica. A l l glassware was cleaned with chromic acid before use. 
Glassware used for the silylations was stored separately and was rinsed 
immediately following use to ensure that it remained clean and that there were no 
deposits of organic material on the glass during the chromic acid wash. Freshly 
distilled 3-aminopropyltriethoxysilane (Hiils America, Bristol, PA) was added to 
heptane (BDH OmniSolv) at a 1% w/v ratio and stirred briefly before addition of 
the silica beads or slides. The reaction was carried out in a 250 ml round bottom 
flask stirred from the bottom with a magnetic stirrer. The silica beads dispersed 
readily in the silane solution. The solution was heated to reflux for one hour, after 
which the silica was rinsed in fresh heptane, dried under vacuum and stored 
overnight at room temperature (22 °C) under vacuum. The modified silica was 
then sonicated in water for one minute in an attempt to remove any polymerized 
clumps of silane adsorbed to the surface and dried under vacuum after removal of 
most of the water with a pipette. 

Modification of silica with silanes has been carried out in a variety of 
solvents (12, 13). Heptane was used to decrease the water in solution , to try to 
minimize the solution polymerization of the silane. Water present in the heptane 
and water adsorbed to the silica surface would be available for the initial 
hydrolysis of the silane. 

XPS measurements. X-ray photoelectron spectroscopy measurements were made 
using a Leybold Heraeus M A X 200 spectrometer. Silica or glass slides were 
mounted on the sample holder using copper strips and transferred through air to 
the loading chamber of the XPS machine, which was evacuated overnight to a 
final pressure of approximately lxlO" 8 mbar. The samples were then transferred 
to the analysis chamber and analyzed at a pressure of 8x10"9 mbar using a 2x4 
mm sample area near the centre of the slide, chosen visually to avoid the copper 
strips. Samples were analyzed using an Alka 1486.6 eV source (excitation 
voltage 15.0 kV, emission current 25.0 mA) or with a Mgka 1253.6 eV source 
(excitation voltage 15.0 kV, emission current 20.0 mA). Ejected photoelectrons 
were measured normal to the surface of the silica unless otherwise specified. The 
kinetic energy of the photoelectrons was measured using a hemispherical analyzer 
at a constant pass energy of 192 eV. The carbon Is peak at 285.0 eV (75) was 
used for charge correction of the binding energies. 

The relative amounts present were calculated for all elements detected with 
photoelectrons in the binding energy range of 100-1100 eV (Mgka X-ray source) 
or 100-1300 eV (Alka X-ray source). Areas under characteristic peaks for each 
element were measured with baselines determined visually. Atomic percentages 
for the elements were calculated using the elemental sensitivity factors provided 
by the instrument manufacturer. 
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Particle electrophoresis. The electrophoretic mobility p, of silica particles was 
measured in order to calculate the surface charge density (75, 16). Particles were 
suspended in 25 m M NaCl and the suspension was added to the chamber of a 
Rank Mark I particle electrophoresis apparatus (Rank Bros., Cambridge, U.K.) . 
A voltage was applied across the sample (40 V , electric field 4 V/cm) and the 
movement of particles through a narrow cylindical chamber was viewed and 
measured with a microscope focussed at the stationary layer where the movement 
of the particles is not affected by electroosmotic flow through the chamber (77). 

The electrophoretic mobility was calculated from the transit time of the 
particles across a grid in the microscope eyepiece: 

\i=\ D Le 
t V 

where t = transit time, D = size of grid division in um, Le = electrical path length 
in cm, determined as described in (16) and V = applied voltage. The surface 
charge density a can be estimated from the electrophoretic mobility using the 
following expressions (75): 

G = (2 s k T no)m sinh z e j £ 
n 2kT 

where a = surface charge density (esu cm"2) 
^ = zeta potential = (4 n n |i) / 8 
s = dielectric constant of suspending medium 
k = Boltzmann constant 
T = absolute temperature 
n 0 = (number of ions)/cm3 in the bulk solution 
z = valence of the ionic species in the suspending medium 
e = electron charge 
r) = viscosity of the suspending medium (Pa-s) 

Ninhydrin assay. Ninhydrin assays were used to determine amines on the 
modified beads (18). A ninhydrin solution (0.5 ml 10 m M ninhydrin in 100 m M 
sodium acetate pH 5.0) was added to 10 mg of modified beads (ninhydrin from 
Sigma, St. Louis MO and sodium acetate from Fisher, Fairlawn, NJ). The beads 
were sonicated but remained in small clumps due to the high salt concentration. 
The beads and ninhydrin were then placed in a boiling water bath for 5 minutes, 
during which time the beads turned blue. When the beads were shaken, the blue 
colour came off into solution, leaving the beads white. The remainder of the 
amine-ninhydrin reaction product was washed off the beads with a 50 % v/'v 
solution of ethanol in water. The supernatants from the beads and the ethanol 
rinse were collected and diluted to one ml. The absorbance of this solution at 
570 nm was then used to determine the concentration of amines on the surface, 
with glycine (Fisher) used as a standard. 

Isolation of ferrichrome A . Ferrichrome A was isolated (19) from the culture 
supernatant of Ustilago sphaerogena Burril obtained from the American Type 
Culture Collection (cat. no. 12421). The initial freeze dried fungus was grown in 
10 ml of a low iron medium (19) in a 125 ml Erlenmeyer flask using a reciprocal 
shaker at 30 °C. Larger amounts of culture used for isolation of ferrichrome A 
were grown in 500 ml of medium in a 2.8 litre Fernbach flask. Three or four 
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days after innoculation of the large flask, the cells were removed by 
centrifugation. Ferric chloride was added to the culture supernatant to produce 
the coloured iron hydroxamate. The supernatant was then saturated with 
ammonium sulphate and extracted with benzyl alcohol. After addition of diethyl 
ether to the organic phase, the ferrichrome A was extracted using water and was 
obtained as a dark red crystalline material. The ferrichrome A was purified by 
recrystallization from water. 

Ferrichrome A was chosen as an antigen because of several useful features: 
the ferric hydroxamate group absorbs at 436 nm and can be used to determine the 
peptide concentration, there are three carboxyl groups per molecule for covalent 
attachment to the amine-modified silica, iron can be distinguished by X-ray 
photoelectron spectroscopy and the isolation results in a high yield of peptide 
which can be readily purified. 

EDC coupling of ferrichrome A to silica beads. The EDC was either added to 
ferrichrome A at a constant mole ratio of 50:1 or was added at a constant 
concentration of 20 mM. The EDC and ferrichrome A solution was mixed at 
room temperature (22 °C) for 40 s, the shortest convenient time, before being 
added (0.75 ml) to dry silica beads weighed out in a polyethylene centrifuge tube. 
Immediately thererafter the beads were sonicated and vortexed until a 
homogeneous suspension was obtained. The suspension was mixed at room 
temperature for ten minutes before the beads were separated by centrifugation. 
The absorbance of the supernatant was used to calculate the initial amount of 
ferrichrome A associated with the beads (e436= 2.778 ml mg"1 cm"1). The amount 
of ferrichrome A remaining on the beads after a rinse with phosphate buffered 
saline (0.15 M NaCl, 10 mM phosphate, pH 7.2; PBS) was also determined, by 
measuring the absorbance of the PBS rinse. 

Monoclonal antibodies. A monoclonal antibody (20) was raised against 
ferrichrome A using the procedure from Agriculture Canada (Vancouver) (21, 22). 
Ferrichrome A coupled to keyhole limpet haemocyanin (Calbiochem) using EDC 
was used as the initial immunogen. The myeloma cells used were F O X - N Y cells 
(ATCC CRL 1732) and the mice used for the immunizations and spleen cells were 
BALB/c . The antibody was purified from culture supernatant of myeloma cells 
grown in a supplemented serum-free medium (23) using a protein A column 
(Pharmacia, Dorvall) (24). The antibody isotype was IgG2b with K and X light 
chains. The K light chains presumeably come from the FOX-NY myeloma cells 
(25, 26) and the X light chains from the immunized mouse. 

Immunological assays. Silica beads and slides modified with EDC-coupled 
ferrichrome A were both used for immunological assays to detect either antibody 
or antigen in solution. The surface area of silica used for each measurement was 
about 74 mm2. The beads or pieces of cut slides were placed in separate 
polyethylene centrifuge tubes and incubated for 30 minutes in PBS with 0.2 % 
bovine serum albumin (BSA) to block non-specific protein binding sites. For 
assays to determine antibody concentration, the silica was then rinsed in PBS, 
incubated at 37 °C for one hour with an appropriate dilution of antibody in PBS 
with 0.2% BSA, rinsed again and incubated with a second anti-mouse IgG enzyme 
linked antibody (horseradish peroxidase (HRP), goat anti-mouse, Cappel, Cooper 
Biomedical, West Chester PA). After a final set of rinses, the HRP remaining on 
the beads was detected using tetramethylbenzidine (TMB) as a substrate, since 
HRP in the presence of peroxide will act on TMB to give a coloured product (27). 
Results were presented as absorbance (of the TMB product) vs. initial solution 
concentration of antibody. For assays to determine the solution concentration of 

 A
ug

us
t 1

6,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

5 
| d

oi
: 1

0.
10

21
/b

k-
19

95
-0

60
2.

ch
03

0

In Proteins at Interfaces II; Horbett, T., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1995. 



30. MELZAK & BROOKS Modification of Silica 425 

antigen, a fixed concentration of antibody was incubated with a serial dilution of 
antigen and added to the modified silica after the initial blocking step. The 
remainder of the assay was the same as for detection of antibody. Results are 
presented as absorbance vs. antigen concentration. For assays to determine the 
solution concentration of antigen, a fixed concentration of antibody was incubated 
with a serial dilution of antigen and added to the modified silica after the initial 
blocking step. The remainder of the assay was the same as for detection of 
antibody. Results are presented as absorbance vs. antigen concentration. 

Results and Discussion 

Cleaning of silica. The chromic acid cleaning procedure was shown to be 
efficient, as determined by XPS measurements showing the decrease in carbon on 
the surface (Table I). Since there should be no carbon in the silica or glass slides 
that were used, the amount of carbon left on the surface is a good indicator of the 
effectiveness of the cleaning procedure. Initial measurements were carried out 
with glass slides and showed that the amount of carbon on the surface decreased 
from 15.5 % on the uncleaned glass to 4 % on the glass that had been cleaned 
with chromic acid, rinsed with hydrochloric acid and water and dried in vacuum 
(Table I). The hydrochloric acid rinse was necessary to remove sulfur from the 
sulfuric acid used in the preparation of chromic acid. Slides dried in air instead 
of in a vacuum did not show a significant decrease in the amount of surface 
carbon, implying that the samples must be stored under vacuum to maintain 
cleanliness. 

Table I. Surface Elemental Composition of Glass and Silica after 
Different Cleaning Procedures 

Atomic % of the different elements present 
Si O C S Na Mg Ca 

Si02 (theoretical) 33.33 66.67 
Glass slides, not cleaned.... 20.73 52.31 15.53 7.58 2.02 1.83 
Glass, chromic acid cleaned 
and dried in vacuum 22.15 54.82 15.35 3.99 1.56 1.47 0.68 
Glass cleaned with chromic 
acid and HC1, dried in air.... 26.54 57.34 13.00 - 0.39 1.65 1.09 
Glass cleaned with chromic 
acid, HC1, dried in vacuum. 25.29 64.67 5.65 - 3.04 0.75 0.61 
Si02 cleaned with chromic 
acid, HC1, dried in vacuum. 32.55 63.40 4.05 - - - -
Si02 cleaned with chromic 
acid, HC1, dried in vacuum, 

33.66 61.64 4.69 - - - -
Si02 cleaned with HN03, 
dried in vacuum 13.81 84.08 2.11 - - - -

A nitric acid cleaning procedure was also tried, since it has been reported 
to give better results than cleaning with chromic acid (28). Two silica slides 
cleaned with hot concentrated nitric acid, rinsed with water and dried in vacuum 
gave anomalous oxygen to silicon ratios (Table I) so the procedure was 
discontinued. 
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Refluxing the chromic acid-cleaned slides in heptane, the solvent used in 
the silylations, did not significantly increase the amount of carbon on the slides. 

Silylation of silica. The XPS measurements of the silylated silica slides showed 
an elemental composition of 31.5 % Si, 51.6 % O, 14.5 % C and 3.35 % N , an 
increase in the amount of carbon and a confirmation of the presence of nitrogen 
on the surface. It can be seen that the carbon and nitrogen are added in the 3:1 
ratio expected for addition of an aminopropyl groups to the surface. 

X-ray photoelectron spectroscopy is surface-sensitive because electrons do 
not travel very far through solids. Photoelectrons produced too far away from the 
surface are scattered inelastically by neighbouring atoms and are not ejected from 
the surface. The sampling depth will depend on the nature of the material being 
measured and can vary from 10 to 50 A. The greatest sampling depth will be 
achieved when the ejected photoelectrons are measured normal to the surface. If 
the photoelectrons are measured at a shallow angle, 0 degrees away from the 
normal, then electrons travelling the maximum distance d through the solid will 
be coming from a sampling depth dcosO away from the surface. Angularly 
resolved measurements can therefore be used to obtain depth profiles. They will 
also give information about the organization of overlayers on the surface (29, 30). 
If a substrate is covered by a continuous overlayer, elements from the underlying 
substrate will not be detected at shallow angles where the sampling depth is less 
than that of the adsorbed layer. If the overlayer is discontinuous, then there will 
be regions of substrate not covered by the overlayer, and elements from the 
substrate will be detectable when photoelectrons are measured at larger angles 
away from the normal. Angularly resolved measurements with a discontinuous or 
rough overlayer can be difficult to interpret (29). 

The bonding environment of an atom will affect the binding energy of core 
electrons, electronegative substituents increasing the binding energy (31). The 
silicon in silica is bonded to four oxygens. The silicon in the silane layer should 
be bonded to three oxygens and one carbon from the alkyl subtituent; the binding 
energy for the silicon in the silane layer should shift to a lower value. The Si2p 
spectra in Figure la show the expected shifts in binding energies. The silicon 2p 
electron from the cleaned, unmodified silica had a binding energy of 103.6 eV. 
When the photoelectrons were measured normal to the silylated surface where the 
sampling depth is the greatest, there was a shift of 0.3 eV downwards and at 
shallower angles, when the signal from the region near the surface is enhanced, 
there was a shift of an additional 0.6 eV. This shows that the surface of the silica 
slide is in fact modified after the reaction with the silane. It also shows that there 
are no large regions of uncovered silica, since the the signal from regions of 
unmodified silica would still be seen at shallower takeoff angles. 

The XPS measurements on the silica slides show that the silylation 
procedure used was effective in modifying a silica surface. The same modification 
procedure was used for the beads as for the slides. The slides would be expected 
to have a more homogeneous surface than the beads, so the layer of silane on the 
beads may have corresponding irregularities. The beads were not characterized 
by XPS. 

Ninhydrin assays on the freshly silylated beads gave a surface concentration 
corresponding to an area per amine group of 20±6 A2, similar to the area per 
molecule of uncharged amines at an oil/water interface (32). There would be 
sufficient silane to cover the beads with a monolayer, i f the bead surface were 
smooth. Porosity of the beads and formation of silane multilayers would increase 
the amount of silane on the beads and would decrease the area measured per 
amine group. 

Particle electrophoresis measurements showed that the unmodified beads 
had a negative mobility of -2.66 ± 0.07 x lO^cm 2 V" 1 s"1, corresponding to an 
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silylated silica (90°) 

clean silica / / \ \ \ s i , y ' a t e d s i , i c a 

CO 
/ \ \ \ (20-) 

B 
c 

108 106 104 102 100 98 
Binding energy [eV] 

Figure la. The Si2p spectra of cleaned unmodified silica measured normal to 
the surface (90°) and of silylated silica measured at 90° and 20°. 

CO 
c 
Q) 
C 

735 730 725 720 715 710 705 700 
Binding energy [eV] 

Figure lb. The Fe2p spectra from silica slides coupled to ferrichrome A . 
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area per charge of 1200 A 2 . Silylation reversed the surface charge, and gave the 
beads a positive mobility of 5.41 ± 0.25 x 10"4cm2 V" 1 s _ 1, with a corresponding 
area per charge of 472 A 2 . The surface charge density was lower than the value 
that would be expected from the ninhydrin assay. This may due to negatively 
charged contaminants adsorbing to the bead surface, to silane polymerization or 
to a shift in the location of the shear plane relative to the charge location. 

Non-specific adsorption of ferrichrome A to silylated silica. Non-specific 
adsorption of ferrichrome A to the modified silica was studied to assist in selection 
of coupling conditions (data not shown, (33)). Ferrichrome A adsorbed readily to 
the silylated beads in water, with adsorption behaviour consistent with an ionic 
interaction. The adsorption was completely reversed by one wash in PBS and was 
completely inhibited by concentrations of 100 mM or greater of NaCl. Since 
ferrichrome A has three carboxyl groups per molecule, it woud be expected to 
interact electrostatically with the positively charged surface of the modified beads. 

The maximum surface concentration of the non-specifically adsorbed 
ferrichrome A was 1.76 mg m"2, giving an area per molecule of 99 A 2 . The 
crystal structure of ferrichrome A shows that the three carboxyl groups form a 
triangular face with an area of 70 A 2 (34). If the ferrichrome A adsorbed with this 
face down and i f the bead surface were smooth, as assumed in the calculations of 
bead surface area, the implied packing fraction of the ferrichrome A molecules on 
the surface is very high. The surface area of the beads was calculated assuming 
that they were smooth spheres. If the beads were porous, the surface area would 
be higher than calculated and the area per molecule would be correspondingly 
higher. The beads had a density of 1.83 g cm"3, lower than the density of fused 
silica (2.1 g cm 3) and possibly reflecting a more open structure. Although the 
amount of ferrichrome A on the beads will be described in terms of surface 
concentration throughout the remainder of this paper, it might be more realistic to 
give the amounts of ferrichrome A found on the beads in terms of weight of 
ferrichrome A per weight of beads. 

EDC-mediated coupling of ferrichrome A to the silylated silica. The EDC-
mediated coupling was carried out without added salt or buffer to maximize the 
adsorption of ferrichrome A to the beads. Since EDC itself has a net charge of+1 
in solution, it acts to increase the ionic strength of the medium as its concentration 
is increased. The pH of the ferrichrome A-EDC solution after addition to the 
beads was 5.7, within the range of optimum pH for EDC coupling reactions (35). 
Decreasing the pH to 4.7 by addition of hydrochloric acid resulted in a decrease 
in the amount of ferrichrome A left on the bead surface. 

The amount of ferrichrome A initially associated with the beads at different 
solution concentrations of ferrichrome A and the amount left on the beads after 
rinsing with PBS are shown in Figures 2 and 3 for a constant ratio of EDC to 
ferrichrome A and for a constant EDC concentration, respectively. Experiments 
carried out with different bead preparations resulted in plots with reproducible 
features but some variation in the surface concentration of ferrichrome A (data not 
shown). The amount bound using different bead preparations varied by about 7% 
at low solution concentrations of ferrichrome A and by about 15% at high solution 
concentrations. 

As ferrichrome A bears a net charge of -3 at the pH of the reaction, it is 
concentrated in the electrical double layer near the positively charged surface. 
Reaction of each carboxyl group on ferrichrome A with EDC eliminates its charge 
while the group is activated, however, so the species bearing activated groups 
capable of forming covalent bonds with surface amines would be expected to be 
at a lower average concentration than those which were non-activated and fully 
charged. Hence, in Figure 2 there is a large discrepancy between the adsorbed and 
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1.2-

[Ferrichrome A] eq mg/ml 

Figure 2. Ferrichrome A adsorbed ( • ) and coupled ( • ) to silylated silica at 
a constant EDC'.ferrichrome A mole ratio of 50:1; surface concentration as 
a function of solution concentration of ferrichrome A. 

Figure 3. Ferrichrome A adsorbed ( • ) and coupled ( • ) to silylated silica at 
a constant EDC concentration of 20 mM. 
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2.5 

[Antibody in solution] mg/ml 

Figure 4. Immunoassays on silica beads modified with 0.83 mg m"2 

ferrichrome A ( • , • ) , 0.26 mg m"2 ferrichrome A (A) and 0 mg m" 
ferrichrome A (x). 

3 

[Ferrichrome A] mg/ml 

Figure 5. Immunoassays on silica beads modified with 0.83 mg m" 
ferrichrome A: inhibition of antibody binding with free ferrichrome A at an 
antibody concentration of 10"4 mg ml"1. 
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coupled amounts at low ferrichrome A and EDC concentrations and therefore low 
ionic strengths where electrostatic effects are accentuated. The non-specific 
adsorption is highest at low EDC and hence low ionic strength, producing the 
initial peak in the isotherm. This peak was found to be reproducible in 
experiments carried out on different days (dataa not shown). The system in Figure 
3 is at higher ionic strength at all points other than at the most concentrated 
solution of ferrichrome A , so the surface-associated amounts are reduced in 
comparison to Figure 2 and no peak is seen. The maximum surface concentration 
of ferrichrome A measured with a 50:1 ratio of EDC:ferrichrome A was 0.93 mg 
m"2. After washing the beads with PBS, 89 % of the ferrichrome A was left on the 
beads, unlike the negligible amount that remained after the non-specific 
adsorption. Ferrichrome A remaining on the beads after the PBS rinse was taken 
to be covalentiy coupled. . 

Other evidence for formation of a covalent bond is the decrease in amine 
groups on the bead surface after EDC-mediated coupling of acetic acid to the 
beads. The surface concentration of amines decreased from 8x10~6 mol - N H 2 m"2 

on the silylated beads to 2.8x10*7 mol -NH 2 m 2 after acetylation. Acetic acid was 
used instead of ferrichrome A for these measurements so that the amount of 
product coupled to the surface would not be limited by cross-sectional area. 

The iron in ferrichrome A coupled to silica slides could be detected by 
XPS (Figure lb). Reaction conditions that gave a surface concentration of 
0.83 mg m"2 ferrichrome A on the beads gave a surface composition of 0.3 % iron 
by XPS, using the iron 2p3/2 peak. 

Immunosorbent assays. The most useful immunoassay results were obtained 
with beads modified with a high surface concentration of antigen (53). These 
gave a strong and reproducible response when detecting antibody in solution 
(Figure 4), and also permitted detection of the antigen through inhibition of 
antibody binding (Figure 5). Figure 4 shows the assays for two sets of beads 
modified with the same high surface concentration of ferrichrome A , for beads 
modified with a lower concentration and for beads with no ferrichrome A, to show 
the background results. The antibody binds to the beads with no ferrichrome A 
at solution antibody concentrations greater than 10"3 mg ml' 1 (Figure 4). 

An initial antibody concentration of 10"4 mg ml"1 was used for the 
inhibition assay shown in Figure 5. Ferrichrome A irihibited the assay response 
at solution concentrations down to 10"5 mg ml"1, or 10"8 M . 

A 10 mg bead sample could be modified using a total of 0.25 mg of 
ferrichrome A to give a surface concentration of 0.6 mg m"2, as was used in the 
assay shown in Figure 5. This would provide enough beads for 560 data points 
under the conditions used. 

Conclusions. A l l the steps in the procedure for coupling ferrichrome A to silica 
were shown to be efficient. The chromic acid cleaning followed by rinsing in HC1 
and drying in vacuum gave a clean surface with a low carbon content and no other 
detectable contaminants. The silylation procedure resulted in a high surface 
concentration of amines on the beads and the EDC-mediated coupling was simple 
to carry out and gave high surface concentrations of antigen. The coupled antigen 
formed a stable bond with the surface, as was desired for the immunosorbent 
assays. 
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Chapter 31 

Mechanism of the Initial Attachment 
of Human Vein Endothelial Cells 

onto Polystyrene-Based Culture Surfaces and 
Surfaces Prepared by Radiofrequency Plasmas 

Roles of Serum Fibronectin and Vitronectin in Cell 
Attachment to Surfaces Containing Amide Groups 

John G. Steele1, Thomas R. Gengenbach2, Graham Johnson1, 
Clive McFarland1, B. Ann Dalton1, P. Anne Underwood1, 

Ronald C. Chatelier2, and Hans J. Griesser2 

Divisions of 1Biomolecular Engineering and 2Chemicals and Polymers, 
Commonwealth Scientific and Industrial Research Organisation, P.O. 

Box 184, North Ryde, New South Wales 2113, Australia 

We compared Primaria and films made by plasma modification of 
fluoroethylenepropylene using nitrogen-containing gases for their 
surface composition and for the mechanism of initial colonisation with 
human vein endothelial cells. Our data are consistent with amide groups 
being a substantial constituent of the surface chemical composition, on 
the Primaria and the plasma-prepared samples. In addition, XPS 
surface analysis and contact angle measurements demonstrated 
considerable variability in the surface composition of the Primaria and 
tissue culture polystyrene materials. Attachment of endothelial cells 
through a fibronectin-mediated mechanism was shown to occur on the 
nitrogen-containing surfaces, as a result of their ability to adsorb 
fibronectin in competition with other serum proteins. We propose that 
Primaria and other nitrogen-containing surfaces differ from oxygen­
-containing surfaces in that both fibronectin and vitronectin can mediate 
initial cell attachment, whereas on tissue culture polystyrene and similar 
surfaces it is vitronectin that mediates initial cell attachment. 

Recently it has been proposed that in order to understand the relationship between 
polymer surface chemistry and cell colonisation, the key issue to be determined is 
the adsorption of specific proteins and their mechanistic role in cell attachment. 
Whereas it has been put forward that cell attachment requires particular chemical 
species on the surface of the polymer (with various oxygen-containing groups such 
as hydroxyl, carboxyl and carbonyl residues having been proposed,/-7), other 
surfaces with nitrogen-containing groups have also been shown to promote cell 
attachment (4,5,8). The commonly used cell culture substratum "tissue culture 
grade" polystyrene, TCPS, has a surface chemistry of oxygen-containing groups 
whereas the culture surface Primaria has nitrogen incorporated into the polystyrene 
surface. The surface of Primaria differs from that of TCPS in that Primaria has 
nearly equal amounts of nitrogen and oxygen whereas TCPS has little or no 

0097-6156/95/0602-0436$12.00/0 
© 1995 American Chemical Society 
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31. STEELE ET AL. Cell Attachment to Surfaces Containing Amide Groups 437 

nitrogen (4,5,7,9). Furthermore, films made using plasma etching or deposition 
reactions support colonisation by fibroblasts and endothelial cells, and these films 
can be fabricated with either oxygen or nitrogen-containing chemistries 
(4,5,7,10,11,12). 

When cell colonisation of surfaces occurs in the presence of serum, the 
surface may have adsorbed from the serum either Fibronectin (Fn) or Vitronectin 
(Vn). These serum glycoproteins differ in size and structure, but both can stimulate 
cell attachment through specific peptide sequences (including but not limited to the 
cell attachment motif arg-gly-asp) by cellular binding through receptors and 
proteoglycans on the cell surface (13). In previous reports we have demonstrated 
that the proteins on polymer surfaces involved in the attachment of human vein 
endothelial cells differs between two different classes of surface chemistries, when 
these cells are cultured in medium containing serum (11,14). Cell attachment to 
TCPS or oxygen-containing plasma films occurs as a result of the binding of Vn, 
but these surfaces fail to bind sufficient Fn from serum for efficient attachment of 
endothelial cells and fibroblasts (4,11,14-16). On nitrogen-containing surfaces, 
however, cell adhesion is dependent upon either Vn or Fn from serum, but either 
one of them is effective alone (77). This mechanistic difference was tentatively 
assigned to the presence of amide groups (10,11). 

In this report we present additional data which support a putative role of 
amide groups in the adsorption of effective concentrations of Fn for cell attachment, 
including a demonstration of a role for Fn in the mechanism of cell attachment to 
Primaria. During this study we observed some variability in the surface 
composition of TCPS and of Primaria. As these materials are commonly used as 
reference surfaces in the evaluation of the performance of novel cell growth 
substrates, the surface composition of a number of specimens of both materials 
were characterized by X-ray photoelectron spectroscopy (XPS) in order to study 
putative variability in these surfaces. 

Materials and Methods 

Plasma modification. Plasma fims were prepared by plasma modification of 
fluorinated ethylene-propylene copolymer (FEP; DuPont 100 Type A , 12.7 mm 
wide tape) in a custom-built reactor (17) which enabled the modification of extended 
lengths of tape and hence the fabrication of numerous identical specimens for the 
various analyses and cell assays. The sample fabrication procedures which 
involved the surface treatment of FEP in an ammonia plasma (NH3/FEP) or the 
deposition onto FEP of thin films from the "monomers" heptylamine (HA) and 
dimethylacetamide (DMAc) were identical to those previously described (10). For 
comparison with TCPS, a number of monomers containing oxygen (but not 
nitrogen) were also used for plasma polymerization (10). A l l plasma-treated and 
plasma polymerized specimens were stored for at least eight weeks prior to cell 
assays allowing for equilibration of the surface compositions, which can vary over 
initial periods of time after fabrication due both to surface restructuring and 
oxidative processesbut which stabilize typically within a few days to several weeks 
(75-27). 

Surface composition analyses of plasma films and polystyrene 
surfaces. Primaria and TCPS specimens for XPS and contact angle analyses 
were cut out of the bottoms of multiwell tissue culture plates carrying various batch 
numbers. XPS analyses were performed on a V G Escalab V unit equipped with a 
non-monochromatic A l K a source and a hemispherical analyser operating in the 
fixed analyser transmission mode. A power of 200 W (10 kV * 20 mA) was used 
for excitation. The pressure in the chamber during analysis was typically 2 xl0"9 
mbar. The binding energy scale was calibrated with data from sputter-cleaned foils 
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(Ni, Ag, Au and Cu) (22). With a pass energy of 30 eV, the width (FWHM) of the 
Ag 3d5/2 peak was 1.5 eV. Linearity of the binding energy scale was assessed 
using PTFE tape as a reference material that yielded a binding energy separation of 
the F Is and C Is (CF2 component) peaks of 397.3 ±0 .1 eV, in agreement with 
literature data (23): A value of 285.0 eV for the binding energy of the main C Is 
component (CH X ) was used to correct for charging of the specimens under 
irradiation, except for NH3 /FEP, for which charge correction was done assuming a 
peak position of 291.6 eV for the C F 2 component. High resolution spectra were 
recorded on individual peaks at a pass energy of 30 eV with a step width of 0.078 
eV/channel. The elemental composition of the surface was determined by a first 
principles approach (24); atomic number ratios were calculated with integral peak 
intensities, using a nonlinear Shirley type background, and published values for 
photoionisation cross-sections (25). The inelastic mean free path of the 
photoelectrons was assumed to be proportional to E0.5, where E is the kinetic 
energy (26). The transmission function of the analyser had previously been 
determined to be proportional to E- 0.5. Individual components of the C Is signal of 
oxygen-containing plasma polymers and TCPS were fitted assuming a 
Gaussian/Lorentzian lineshape and using damped nonlinear least squares regression 
(27). For the nitrogen-containing plasma surfaces and Primaria, too many 
components and secondary shifts were expected to warrant such fitting. For both 
types of samples, however, the TCTC* shakeup satellite to the C Is peak was clearly 
separated and could be quantified. Spectra were collected at various angles of the 
photoelectron emission relative to the specimen surface (angle dependent XPS; 
ADXPS). The ADXPS intensity data were converted into depth profiles using a 
algorithm by Tyler, Castner and Ratner (28) and assuming a value of 3 nm for the 
electron attenuation length of a C Is photoelectron in a polymeric matrix (29). 

The random error associated with quantitative elemental analysis had 
previously been determined to be < 8 % on our unit using known, reproducible 
standard samples. The contribution of systematic errors is difficult to estimate, but 
the F/C ratio determined on PTFE tape agreed to within 3% with the theoretically 
expected value of 2. Also, several plasma-treated polymers and plasma polymer 
coatings had earlier been analyzed both on our unit and on a Surface Science 
Instruments SSX-100 spectrometer equipped with a monochromatic A l K a source, 
located at NESAC/BIO, University of Washington, Seattle, and elemental ratios 
obtained on the two different instruments agreed to within 1 to 2 % (18,19). As 
polymer samples can be susceptible to X-ray induced decomposition under non-
monochromatic irradiation, degradation-related compositional changes were 
minimized by exposing specimens to X-rays for less than one minute before the 
start of the data acquisition. Total exposure time did not exceed 30 minutes. The 
contact angle apparatus and method has been described elsewhere (30) and 
measurements were performed in quadruplicate. Standard deviations were typically 
1 to 2o, with somewhat larger uncertainties at (receding) angles below 10°. 

Cell culture and cell attachment assays. The culture of human vein 
endothelial (HUVE) cells was as previously described (11,14). The H U V E cells to 
be used in an attachment assay were metabolically labelled with radioactive 
methionine, as follows. Confluent cultures were passaged on the day before use in 
the attachment assay, then labelled by culture for 18 hr in methionine-free Medium 
199 (Cytosystems, Sydney) containing 15% (v/v) fetal bovine serum (FBS) and 
supplemented with 35S-methionine (Amersham, Australia) at a concentration of 5 
uCi/ml. Cells were washed briefly with phosphate buffered saline (PBS) then a cell 
suspension prepared by incubation with 0.1% (w/v) trypsin/0.02% EDTA (in PBS) 
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solution at 37°C to cause retraction of the cell boundaries. The cells were displaced 
from the TCPS by pipetting of the solution, collected and centrifuged in serum-free 
culture medium then resuspended in fresh serum-free medium. The cell attachment 
assays were performed in Primaria (24-well tray, Becton Dickinson cat. no. 3847), 
or TCPS (Corning 24-well tray, cat. no. 25820) dishes. In experiments where 
various different sera were used, the cells were seeded in 50 ul of serum-free 
medium into wells which had been pre-loaded with 50 ul of 2X serum 
concentration. FBS depleted of either Vn or Fn was prepared by methods described 
previously (15,16). Immunoassays showed that the Vn-depleted FBS retained 
normal Fn content and the Fn-depleted FBS retained normal Vn content. The cells 
were cultured in an atmosphere of 5% CO2 at 37°C for 90 minutes then the wells 
were washed twice with PBS to remove nonattached cells and the attached cells 
were removed by overnight digestion with 0.1% (w/v) trypsin/0.02% EDTA 
solution. The digests were transferred to counting pots and the 3 5 S content was 
determined by liquid scintillation counting. 

Determination of adsorption of Fn and Vn to TCPS and Primaria. The 
amounts of Fn and Vn which adsorbed to Primaria and TCPS from serum-free 
medium or from medium containing FBS, were measured using radiolabelled Fn 
and Vn. Fn and Vn were radiolabelled with 1251 using the chloramine T method 
(see 31). The labelled Fn and Vn were stored for up to 4 weeks at -70oC. 
Following the radiolabelling reaction and subsequent storage, a proportion of the 
radioactivity is not able to adsorb to polymer surfaces (57). The proportion of the 
radiolabelled protein preparation which was adsorbable to Dynatech 
polyvinylchloride (PVC) trays was determined at various times of storage by a 
sequential binding method (31). At the time of use, the adsorbable fraction of 1 2 5l-
labelled Vn was between 60 - 78% of the total radiolabel content and for ^l-¥n, 
the adsorbable fraction was 49 - 70% of the total radiolabel content. To measure the 
amount of Fn and Vn which adsorbed to Primaria and TCPS from serum-free 
medium, radiolabelled Fn or Vn was added to solutions of 5 or 10 ug Fn or Vn/ml 
and a 50 ul aliquot per well (containing 2 - 5 x 105 cpm) was incubated at 37°C for 
90 min. To measure the amount of Fn and Vn which adsorbed to Primaria and 
TCPS from culture medium containing serum, FBS containing 50 ug of either Fn or 
Vn /ml of serum (made by the addition of Fn or Vn to depleted FBS) was used to 
make up solutions containing 10 or 20% (v/v) of FBS in culture medium. 
Radiolabelled Fn or Vn was added to the solutions and triplicate wells were 
incubated with 50 ul of solution for 90 min at 37°C. The wells were washed with 
three washes of PBS, then were cut from the dish using a hot wire and the adsorbed 
1251 was measured. The total amount of adsorbable label was calculated from the 
total amount of radioactivity added per well and the proportion of this radioactivity 
which was determined to be adsorbable to Dynatech PVC trays. This total amount 
of adsorbable label, the radioactivity on the wells, the known Fn or Vn 
concentration and the surface area of the well in contact with solution (0.63 cm2) 
were used to calculate the amounts of Fn or Vn adsorbed to Primaria or TCPS and 
expressed as ng/cm2. 

Results 

Surface Analysis of Plasma films, Primaria and T C P S . The surface 
composition of the NH3 /FEP , Primaria, D M A c and H A specimens was 
characterized by the presence of the elements C, N , and O. Two examples of XPS 
survey spectra are reproduced in Figure 1. The elemental ratios depended 
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Table I. Elemental composition determined by XPS at an emission 
angle of 70 degrees of representative specimens of Pr imaria and 
nitrogen-containing plasma polymers, and N H 3 plasma treated F E P 

Sample NIC OIC FIC 

Primaria 0.09 0.18 -

NH3/FEP 0.17 0.26 0.35 

H A film 0.08 0.12 -

DMAc film 0.176 0.19 -

somewhat on the plasma conditions; representative values are listed in Table I. 
Oxygen was present on all surfaces, although the process gases N H 3 and HA did 
not contain oxygen and the plasma system was leak-tested carefully. Detailed 
analyses presented elsewhere have shown that the oxygen content in these surfaces 
arose from post-fabrication uptake of atmospheric oxygen which reacted with 
trapped, carbon-centered radicals (18-20). Grazing angle FTIR analysis of HA 
plasma polymers revealed that the C=0 stretch region contained two partially 
overlapping bands assigned to amide and carbonyl groups respectively. For 
DMAc, the C=0 stretch band was centered at a position typical of amide groups, 
but a higher energy shoulder indicative of the presence of a significantly smaller 
amount of carbonyls was present. 

XPS compositional data for four wells each from four Primaria multiwell 
plates and for two wells each from four TCPS plates are shown in Figure 2. There 
was significant compositional variability both between plates and within wells on 
one plate. Earlier analyses in which only one well from a plate was measured 
showed in some instances even larger variations from the mean of the values shown 
in Figure 2; for instance, one Primaria well was measured with a N/C ratio of 0.043 
and an O/C ratio of 0.128, suggesting less extensive surface treatment than for the 
four plates shown. The variability of the Primaria surfaces was also manifested in 
contact angle measurements; representative data are shown in Figure 3 and suggest 
variable treatment efficiencies. In the case of TCPS likewise to that of Primaria, 
there were large variations observed in the O/C ratio. The data shown in Figure 2c 
were obtained from TCPS plates with different batch numbers, but analysed at the 
same time. Earlier analyses of single wells from individual plates had shown larger 
variability, for instance an O/C ratio of 0.14. 

The depth distribution of the nitrogen-containing groups was assessed by 
ADXPS. The depth profiles of the Primaria and NH3/FEP surfaces are shown in 
Figures 4A,B. This NH3/FEP sample (B) possessed a relatively low oxygen 
content since it had not stabilized yet; aged samples showed analogous depth 
profiles but for a higher oxygen content (data not shown). HA and DMAc plasma 
polymers did not show significant compositional variations with depth. For the 
Primaria and NH3/FEP surfaces, IR intensities were insufficient to allow such 
characterization. Accordingly, the binding energy of the XPS N Is peak was 
measured in order to determine the chemical nature of the dominant contribution to 
the N signal (Table II). In all cases the peak position is consistent with a 
predominant amide N contribution. This position would also be consistent with 
imides, but the IR identification of substantial concentrations of amides in the case 
of the H A and DMAc films suggests that these two types of surfaces comprise 
mainly amides. The slightly higher binding energy for Primaria is thought to relate 
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Figure 1. XPS survey spectra of Primaria and DMAc plasma polymer on 
FEP. 

Figure 2. XPS atomic ratios determined at normal (zero degrees) 
photoelectron emission: (a) N/C, and (b) O/C of four wells each from four 
Primaria multiwell plates (A -D), and (c) O/C of two wells each from four 
TCPS plates (A - D). 

200 400 600 
Binding Energy (eV) 

800 

 A
ug

us
t 1

6,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

5 
| d

oi
: 1

0.
10

21
/b

k-
19

95
-0

60
2.

ch
03

1

In Proteins at Interfaces II; Horbett, T., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1995. 



442 PROTEINS AT INTERFACES II 

Figure 3. Advancing (A), sessile (S) and receding (R) air/water contact 
angles of representative untreated polystyrene, TCPS, and Primaria 
samples. 

100 ' A • . . ,—r—i 1 1 1 1 1 1 1 • 

80 

60 — C (CHx) 

40 
C (non CHx) 1 

40 1 O j " 
| — N j • 

20 

0 ' I . . . . '> T i T T i T i i—H 
0 5 10 15 

Depth (A) below surface 

Depth (A) below the surface 

Figure 4. Compositional depth profiles by angle dependent XPS of 
Primaria (A) and NH3 /FEP (B). 
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Table II. Binding energy of the XPS N Is peak for Primaria, HA 
and DMAc plasma polymers, and N H 3 plasma treated FEP 
Sample N Is B.E. 

Primaria 400.67 ± 0.14a 

NH3 /FEP 400.3 b 

H A film 400.0 ± 0 . 1 

DMAc film 400.0 ±0.1 
a uncertainty may possibly be larger than for other materials; see text for discussion. 
D from the 16 samples shown in Figure 2. 

to attachment to aromatic ring structures, and the presence of a shakeup satellite to 
the N Is peak is in agreement with this interpretation. For NH3 /FEP, the charge 
correction was done using a value for the C F 2 peak which does not take into 
consideration possible secondary shifts consequent upon substitutions by the 
plasma treatment; accordingly, there is a potentially larger and presently undefinable 
uncertainty in the N Is binding energy value. Nevertheless, the value also 
corresponds well to that of amide groups. Several NH3 /FEP samples have been 
assessed elsewhere by surface derivatization by fluorescein isothiocyanate (FITC), 
which is a reagent probing for amine groups {18). After storage, the surfaces no 
longer were reactive, indicating disappearance of amine groups; this is consistent 
with oxidation of amines to amides, which are not capable of reaction with FITC. 

Thus, in summary, all four nitrogen-containing surfaces appeared to be 
qualitatively of similar composition, with amide groups being a major component. 
Oxygen-containing groups also were on the surfaces as a result of post-fabrication 
oxidation; carbonyl groups were evident in IR. TCPS and oxygen-containing 
plasma polymers could not be analyzed to the same extent because there are too 
many possible functional groups contributing to the C Is signal. Curve fitting 
enables determination only of classes of groups; derivatization reactions are needed 
for more detailed characterization. 

Involvement of Fn in initial attachment of endothelial cells. The initial 
attachment of H U V E cells onto these amide-containing surfaces during the first 90 
min after seeding was stimulated by the presence of FBS in the seeding medium. 
The attachment of H U V E cells to Primaria in serum-free medium was 40.1 ± 6.2 
(mean ± S E M of 5 experiments) of that in medium containing 15% (v/v) FBS; the 
proportion of cells which had spread was similarly lower in serum-free medium 
(87.3 ± 3.9% of cells when the medium contained FBS as compared to 51.3 ± 
20.7% of cells seeded in serum-free medium). Selective depletion of Fn and Vn 
from the FBS prior to addition to the culture medium was conducted, in order to 
determine the requirements for these two adhesion factors in the stimulation of 
H U V E cell attachment. Table III shows that when both Fn and Vn had been 
removed from the FBS, H U V E cell attachment to Primaria was reduced to be less 
than that in serum-free medium. FBS that had been depleted of Vn alone stimulated 
cell attachment to equivalent levels as with intact FBS, as did FBS that had been 
depleted of Fn alone. These results show that the stimulation of H U V E cell 
attachment to Primaria by FBS was dependent upon either serum Fn, or Vn. Figure 
5 shows that almost identical results were obtained for H U V E cell attachment to the 
ammonia plasma film surface, but that there was a higher dependence upon the 
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Table III. Comparison of Primaria and T C P S for the involvement of 
Fn and Vn in stimulation of H U V E cell attachment by 15% (v/v) 
serum 

Surface and 
Culture medium 

HUVE cell 
attachment 

Fn 
Adsorbed 

Vn 
Adsorbed 

Primaria: 
Mean + SEM (nglsq cm) (nglsq cm) 

FBS 
Depleted of Vn 
Depleted of Fn 
Depleted of 
Vn and Fn 

% 
(100) + 4.0 
77.6 + 3.1 
74.1 + 5.5 
14.2 ± 3 . 8 

31.4 
0 
0 

0 
47.0 
0 

TCPS: 

FBS 
Depleted of Vn 
Depleted of Fn 
Depleted of 
Vn and Fn 

% 
(100) + 6.4 
25.6 + 5.4 
80.4 + 2.4 
14.6 + 3.5 

12.4 
0 
0 

0 
47.5 
0 

serum Fn content than the serum Vn content. These results with the amide-
containing surfaces contrast with those previously described for oxygen-containing 
surfaces, such as TCPS and plasma films deposited with methanol, ethanol or 
methylmethacrylate (10,11). On these oxygen-containing surfaces, the stimulation 
of H U V E cell attachment by FBS was dependent upon the Vn component, whereas 
cell attachment was essentially independent of the serum Fn content. 

The ability to selectively remove Vn from FBS enabled the involvement of 
Fn in H U V E cell attachment to the amide-containing surfaces to be tested by 
repletion experiments. Figure 6 shows the dependence of stimulation of H U V E cell 
attachment to Primaria and TCPS upon the serum Fn content, at several 
concentrations in the range of 0 - 2 ug/ml Fn. For the Primaria surface and in the 
absence of Vn, H U V E cell attachment correlated with the Fn concentration, whereas 
on TCPS no stimulation of H U V E cell attachment was demonstrated. 

Adsorption of Fn and Vn in medium containing other serum proteins. 
The adsorption of Fn and Vn onto Primaria and TCPS was determined at two 
concentrations that were equivalent to the concentrations found in cell culture media. 
For the situation where the content of Fn or Vn in FBS is 50 ug/ml of serum and the 
serum content is either 10% and 20% (v/v), the concentration is 5 ug/ml and 10 
ug/ml. Table IV compares the amounts of Fn and Vn that adsorbed to Primaria and 
TCPS at these Fn and Vn concentrations, from serum-free medium and from culture 
medium containing FBS. 

The surface density of Fn that adsorbed from medium containing other 
serum proteins was reduced as compared to that from serum-free medium, the 
competition from other serum proteins reducing adsorption to 3 - 13% of that from 
serum-free medium. Furthermore, there was a difference between the surfaces in 
the extent to which competition from other serum proteins reduced the amount of Fn 
that adsorbed to Primaria and TCPS. On Primaria, 10 - 20% (v/v) serum reduced 
Fn adsorption to 10 - 13% whereas on TCPS, the adsorption of Fn was reduced to 
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Figure 5. Requirement for serum Vn and Fn for the attachment of H U V E 
cells on the NH3/FEP surface. H U V E cells were seeded in serum-free 
medium (bars with diagonal stripes) or medium containing 15% (v/v) 
intact FBS (open bars), Vn-depleted FBS (shaded bars), Fn-depleted FBS 
(dotted bars) or FBS depleted of both Fn and Vn (bars with horizontal 
stripes) and cell attachment was measured after 90 min. Mean ± SEM. 

Cell attachment (% cells) 

Fn concentration (ug/ml) in medium 

Figure 6. Comparison of Primaria with TCPS for the attachment of 
H U V E cells in the 90 minutes after seeding in media containing 15% (v/v) 
of Fn- and Vn depleted serum and replenished with the indicated final Fn 
concentrations. The histogram shows H U V E cell attachment to Primaria 
(solid bars) and TCPS (open bars). Mean ± SEM; mean of triplicate 
determinations. 
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3 - 5%. The surface densities of Fn that adsorbed onto TCPS and Primaria from 
serum-free medium were between 162 - 450 ng/sq cm, which compare to a 
calculated value of 300-5000 ng/sq cm for a close-packed monolayer of Fn, 
depending upon the presumed orientation of the molecule (32). Interestingly, 
although the amounts of Fn that adsorbed onto Primaria from medium containing 
other serum proteins was higher than for TCPS, the amounts that adsorbed onto 
Primaria from serum-free medium was less than to TCPS. 

Similar surface densities of Vn adsorbed onto Primaria and TCPS, in both 
the case of serum-free medium and also from medium containing serum proteins 
(depleted of endogenous Fn and Vn). The presence of serum proteins reduced the 
amount of Vn that adsorbed to approximately 26 - 32% of that from serum-free 
medium. Whereas the Primaria surface bound more Fn in the presence of 
competing serum proteins than did TCPS, the surfaces showed equivalent 
adsorption of Vn in the presence of serum (Table IV). 

Discussion 

The analysis presented here of the role of amide surface groups in the mechanism of 
initial attachment of human endothelial cells is based upon the correlation between 
the presence of amide groups and the demonstrated involvement of Fn in cell 
attachment, shown by repletion experiments. These repletion experiments were 
conducted after Vn had been removed from the FBS, as for both nitrogen-
containing and also other hydrophilic surfaces without amide (eg TCPS, oxygen-
containing plasma films), adsorbed Vn provides one mechanism of cell attachment 
(11,14,16,33-35). 

The surface chemistry of nitrogen-containing plasma films and 
Primaria. The main point of interest arising from the present study of surface 
compositions of Primaria and nitrogen-containing plasma films is the close analogy 
between the depth profiles and the surface functional groups of Primaria and 
NH3 /FEP. Thus one may consider the four N-containing surfaces included in this 
and our previous studies (being DMAc, NH3 /FEP, HA/FEP plasma films and 

Table IV. The effect of other serum proteins upon adsorption of Fn 
and Vn to Primaria as compared to TCPS 

Fn or Vn concentration Surface 
Adsorbed 
from 
serum-free 
medium 

Adsorbed 
from 
mdium 
with serum 

(ng/sq cm) (ng/sq cm) 

5 ug/ml Fn TCPS 236.8 11.7 
in 10% (v/v) FBS Primaria 162.8 21.6 

lOug/ml Fn TCPS 450.7 15.4 
in 20% (v/v) FBS Primaria 293.2 29.4 

5 ug/ml Vn TCPS 154.4 40.5 
in 10% (v/v) FBS Primaria 137.8 43.6 

10 ug/ml Vn TCPS 236.6 71.4 
in 20% (v/v) FBS Primaria 229.4 70.5 
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Primaria) as related materials, albeit with hydrocarbon or fluorocarbon backbone 
structure. It is likely that polar groups, including in particular amides, will make 
major contributions to the surface interactions of these materials. A previous 
analysis of the surface chemistry of Primaria showed the nitrogen content to be 
similar to the oxygen content, and that the nitrogen may be bonded directly to the 
aromatic ring of polystyrene or one carbon from the ring (4,5,9). We note that our 
XPS data for Primaria differ somewhat from previous analyses (4,5) in that we 
found the N content to be only about half of the O content, whereas previous 
studies had reported nearly equal amounts of the two elements. One possible 
explanation rests on the observation that plasma-treated surfaces continue to 
incorporate O over extended periods of time (18,19); the Primaria specimens we 
analysed may simply have been older and thus have incorporated additional O by 
the slow, extended post-fabrication oxidative process. 

This study has documented considerable variability in the elemental 
composition of specimens of Primaria, suggesting either variability in the 
commercial process used for surface modification or variability in stability during 
storage. Some variability of composition was also seen with TCPS, but to a lesser 
extent. Such variability is of concern, because Primaria and TCPS are commonly 
used as reference materials in cell colonisation assays. The nitrogen content of 
Primaria varied considerably more than did the oxygen content. Interestingly, the 
nitrogen contents and oxygen contents did not appear to be related, suggesting that 
they are not incorporated by the same primary mechanism. Furthermore, the 
shakeup satellite intensity appeared to be inversely proportional to the nitrogen 
content, although the low intensity observed made accurate quantitation difficult. 
The variability of Primaria surface composition was also detected in contact angle 
measurements. As Chinn and Ratner have found that the surface treatment effects 
on Primaria can be partially removed by washing (Ratner, B.D.; University of 
Washington, personal communication, 1993), the method of measurement of 
contact angles may interfere with the reliability of this method of analysis of the 
surface. Since the rate of such a dissolution of fragmented, modified surface 
polymer chains from Primaria is not known at present, it is not possible to predict 
whether such a dissolution process interferes with the results of either contact angle 
measurements or the initial cell attachment assays (which were conducted for 90 
minutes culture). Furthermore, it is possible that in the cell attachment assay the 
adsorption of proteins onto the surface may cover it sufficiently rapidly and 
effectively as to block the release of low molecular weight polymeric material into 
the medium. The consequences of partial elutability of modified surface layers is in 
need of study and caution is indicated until we have an improved understanding. 

Mechanism of the initial attachment of human vein endothelial cells 
onto Primaria and amide-containing plasma films. The comparison 
between surfaces containing amide groups and oxygen-containing surfaces in the 
involvement of Fn in the initial attachment of endothelial cells was quite stark, when 
compared to the common ability of these two groups of surfaces to support cell 
attachment in a Vn-dependent reaction. Whereas the amide-containing surfaces 
showed effective cell attachment with as little as 2 ug/ml Fn in the serum component 
of the culture medium, the oxygen-containing surfaces did not support cell 
attachment in this medium (present study,//). These cell attachment results are 
supported by data comparing Primaria and TCPS for the adsorption of Fn and Vn 
(present study,56). Adsorption of higher levels of Fn was also seen previously 
with nitrogen-containing plasma polymers (4) but not with other nitrogen-
containing surfaces made using a nitrogen plasma (12). The Primaria surface 
adsorbed Fn surface densities that were approximately 185-190% of those to 
TCPS, when the adsorption was from serum-containing medium. These results 
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contrasted to the adsorption of Vn from serum-containing medium, which was 
similar on Primaria and TCPS (present study ,36). Furthermore, the amounts of Fn 
that adsorbed to Primaria from serum-free medium were only 66% of those to 
TCPS. Taken together, these results indicate that the Primaria surface promotes the 
adsorption of Fn in competition with other serum proteins; This higher avidity of 
the Primaria surface is the result of a reaction that is somewhat specific to Fn, in that 
it is demonstrated under conditions of competitive binding and that it is not seen 
with Vn. The Fn-binding reaction of Primaria and the active conformation of the 
adsorbed Fn is sufficiently effective as to provide a Vn-independent mechanism for 
the colonisation of the amide-containing surfaces by human vein endothelial cells, 
not seen with oxygen-containing surfaces. 

The results of the Fn adsorption experiments lead to emphasis on the 
adsorption of Fn to amide-containing surfaces as a key difference from oxygen-
containing surfaces. Although the repletion experiments show that the Fn adsorbed 
onto the amide-containing surfaces is active, it will also be of interest to compare the 
conformation of Fn adsorbed onto these surfaces with that on oxygen-containing 
surfaces using monoclonal antibodies to the cell-binding regions of Fn (37,38). In 
previous studies of Fn adsorbed on TCPS and the hydrophobic surface unmodified 
polystyrene (PS), it was shown that Fn adsorbed onto the hydrophobic surface was 
compromised in its cell attachment activity, including for attachment of H U V E cells 
(39,40,14). Further evidence that the polymer surface chemistry can affect the 
activity of Fn was obtained with chemically-derivatized self-assembled monolayers 
and attachment of neuronal cells and fibroblasts^/,42). Although the correlation 
between the presence of amide groups on the Primaria surface and the Fn-binding 
reaction suggests that it may involve interaction of the surface of Fn with surface 
amide groups, the determination of the precise binding mechanism (if indeed it is a 
single mechanism) will be a challenging project, particularly as it will need to be 
studied under competitive binding conditions. 
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Chapter 32 

Platelet Adhesion to Fibrinogen Adsorbed 
on Glow Discharge-Deposited Polymers 

David Kiaei1,3, Allan S. Hoffman1,2, and Thomas A. Horbett1,2,4 

1Center for Bioengineering and 2Department of Chemical Engineering, 
University of Washington, Seattle, WA 98195 

The state of fibrinogen adsorbed on untreated and glow discharge­
-treated surfaces was examined by measuring platelet adhesion, the 
amount of fibrinogen adsorbed, and the amount of adsorbed 
fibrinogen which could be eluted with sodium dodecyl sulfate 
(SDS). Tetrachloroethylene (TCE) and Tetrafluoroethylene (TFE) 
glow discharge-treated polymers retain a larger fraction of adsorbed 
fibrinogen after SDS elution than untreated or ethylene (E) glow 
discharge-treated surfaces. Platelet adhesion was lowest on the TFE 
and TCE-treated surfaces which retain the highest amounts of 
fibrinogen. The tight binding of fibrinogen on the TFE and TCE­
-treated surfaces suggests that the fibrinogen may rearrange in order 
to maximize protein-surface interactions. The suggested 
rearrangements in fibrinogen seem to result in a state which prevents 
its recognition and binding by platelet receptors. The data suggest 
that the tight binding of fibrinogen on a surface directly affects the 
ability of the fibrinogen to interact with the platelet receptors, i.e. 
that fibrinogen must be loosely held to facilitate maximal interaction 
with platelet receptors. 

Fibrinogen adsorption is a well-known contributor to surface induced thrombosis 
[1]. Chinn et al. have demonstrated that platelet adhesion on Biomer preadsorbed 
with baboon plasma is primarily due to adsorption of plasma fibrinogen [2]. The 
adhesion of platelets to Biomer coated with serum or afibrinogenemic plasma was 
low compared to Biomer coated with normal plasma. Furthermore, addition of 
fibrinogen to afibrinogenemic plasma or serum restored platelet adhesion in a dose 
dependent manner [2]. 

While the importance of fibrinogen in thrombosis is well-documented, the 
factors which govern fibrinogen adsorption and its biological activity after its 
adsorption on a surface are still poorly defined. Several investigators have 
radiolabeled fibrinogen and correlated platelet adhesion with the amount of 
fibrinogen adsorbed on a surface [3-5]. More recent work by Lindon et al. has 
shown that on some polyalkyl methacrylate surfaces, platelet adhesion correlates 
with the amount of antibody recognizable ("native") fibrinogen and not with the 
total amount of fibrinogen adsorbed [6, 7]. 

3Current address: Ciba Corning Diagnostics Corporation, 333 Coney Street, East 
Walpole, MA 02032 

4Corresponding author 

0097-6156/95/0602-0450$12.00/0 
© 1995 American Chemical Society 
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Chinn et al. have detected changes in the state of adsorbed fibrinogen when the 
protein adsorbed surface was stored in buffer for a period of time, the "residence 
time", prior to various assays [8]. They observed a decrease in platelet adhesion, 
polyclonal antibody binding, and sodium dodecyl sulfate (SDS) elutability of 
fibrinogen when the fibrinogen-coated Biomer was stored in buffer for 3 days [8]. 
The actual amounts of fibrinogen adsorbed on Biomer prior to and after buffer 
incubation were the same (i.e. no fibrinogen desorbed during the 3 days storage in 
buffer). When the fibrinogen-coated samples were stored in a buffer solution 
containing albumin, these decreases were prevented [8]. The authors have 
suggested that in the absence of albumin, the fibrinogen undergoes time-dependent 
changes which render it both less reactive towards platelets and antibodies as well 
as more resistant to elution by a surfactant. The albumin effect is ascribed to its 
occupancy of sites adjacent to the fibrinogen, thereby preventing occupancy by 
unfolded regions of the fibrinogen. 

Fibrinogen adsorbs much more tenaciously onto tetrafluoroethylene (TFE) 
glow discharge-treated surfaces than on untreated surfaces [9-12]. In light of the 
observations by Chinn et al [8], we hypothesized that the tenacious binding of 
fibrinogen to TFE-treated surfaces may cause fibrinogen to assume an inactive 
conformation and render the surface more thromboresistant. Therefore, we 
investigated the state of fibrinogen adsorbed on TFE-treated surfaces [13]. In this 
study, we have compared the state of fibrinogen adsorbed on tetrachloroethylene 
(TCE) and T F E glow discharge-treated surfaces. The amounts of fibrinogen 
adsorbed on untreated and glow discharge-treated surfaces and the fractions 
elutable with SDS have been measured. In addition, in vitro platelet adhesion 
assays have been performed in order to determine the reactivity of adsorbed 
fibrinogen. 

Materials and Methods 

Materials. Poly (ethylene terephthalate) (PET) coverslips were obtained from 
Nunc Inc. (Naperville, IL) and cleaned using successive 15-min ultrasonic 
treatments in methylene chloride, acetone, and distilled water. Argon (Ar) was 
obtained from Air Products (Allentown, PA). Ethylene (E) was purchased from 
Byrne Specialty Gases (Seattle, WA). T F E was received from PCR Inc. 
(Gainesville, FL). T C E was purchased from Aldrich Chemical Co. (Milwaukee, 
WI) and used as received. SDS, ultra pure, was obtained from ICN Biomedicals 
Inc. (Cleveland, OH). 

Glow Discharge Polymerization. The glow discharge treatment of the cleaned 
PET substrates with E , TFE, and T C E was carried out in a 135-cm-long, 18-mm 
i.d., Pyrex reactor as described in detail elsewhere [12, 13]. Briefly, PET 
coverslips, 11 x 16 mm, were placed horizontally in a 16-mm i.d. glass tubes to 
allow uniform treatment of both sides of the substrates. The substrates were 
initially treated with an argon plasma (2.5 W, 3 cm3/min, 0.1 mm Hg, 3.3 mm/s). 
Next, the desired gas mixture was introduced and the plasma was initiated under 
similar conditions to the argon treatment. T C E was degassed by freeze-thawing 
once under vacuum, prior to the initiation of glow discharge, and was introduced in 
the reactor via a micrometering valve. Therefore, the flow rate of this monomer 
was not measured. 

Surface Characterization. Surfaces were characterized by electron spectroscopy 
for chemical analysis (ESCA) with a Surface Science Laboratories SSX-100 
E S C A spectrometer at the National E S C A and Surface Analysis Center for 
Biomedical Problems (NESAC/BIO) at the University of Washington. Survey 
scans of 0 to 1000 eV binding energy were run in order to determine the elemental 
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452 PROTEINS AT INTERFACES II 

composition of the surfaces. High resolution scans of the carbon Is (Cis) region 
(20 eV window) were also recorded and the C H n peak was assigned to 285 eV [14]. 
For referencing binding energies of the fluorocarbon polymers, either the CF2 peak 
at 292 eV, or the fluorine Is (Fi s) peak at 689 eV was used [14]. The CI 2P3/2, at 
200 eV, was used for binding energy referencing of chlorine containing glow 
discharge-deposited films [14]. 

Advancing contact angles of several test liquids were measured on surfaces 
using a Rame'-Hart goniometer (Rame'-Hart Inc., Mountain Lakes, NJ). The 
dispersion force contribution (y^) and the polar force contribution (yPs) to the total 

surface free energy (ys) of each polymer were obtained from a modification of the 
procedure employed by Kaelble et al. [15] using the liquids and other procedures 
described previously [12]. 

Protein Preparation and Labeling. The following buffers were used for protein 
labeling and adsorption: CPBSz (0.01 M citric acid, 0.01 M sodium phosphate 
monobasic, 0.12 M sodium chloride, 0.02% sodium azide, pH=7.4), and CPBSzI 
(0.01 M citric acid, 0.01 sodium phosphate monobasic, 0.11 M sodium chloride, 
0.01 M sodium iodide, 0.02% sodium azide, pH=7.4). 

Bovine gamma globulin (B7G, cat. # G-7516) was purchased from Sigma 
Chemical Co. (St. Louis, MO). Baboon fibrinogen was purified from fresh citrated 
baboon blood (obtained from the Regional Primate Research Center at the 
University of Washington) by a polyethylene glycol, P-alanine precipitation 
protocol as described previously for bovine fibrinogen [16] with the addition of the 
protease inhibitor Trasylol (40 KlU/ml, Mobay Chemical Co., New York, NY) to 
the plasma to prevent proteolytic degradation of fibrinogen. The fibrinogen 
prepared by this method has been shown to be over 90% clottable by thrombin and 
over 95% precipitable by a 55°C heating step that is to some extent selective for 
fibrinogen [17]. 

N a 1 2 5 I was purchased from Amersham Corp. (Arlington Heights, IL). 
Fibrinogen was labeled with radioactive 1 2 5 I by the iodine monochloride method of 
McFarlane [18] as modified by Helmkamp [19] and Horbett [20]. Briefly, 1 mCi of 
N a 1 2 5 I was added to 0.5 mL of 0.4 M borate and 0.32 M sodium chloride at 
pH=7.75. This solution was mixed with 0.5 mL of cold iodine monochloride in 2 
M sodium chloride. Equimolar concentrations of fibrinogen and iodine 
monochloride were used. The 1 2 5 IC1 solution was added to 0.5 mL of fibrinogen 
solution (0.5-5 mg in CPBSz) and mixed by gentle repipetting. The mixture was 
allowed to react for 20-30 min at room temperature. Unincorporated 1 2 5 I was 
separated from the labeled protein by gel chromatography (Bio-Gel P-4, Bio-Rad, 
Richmond, CA) at room temperature using CPBSz as the mobile phase. Next, the 
amount of free 1 2 5 I in the labeled protein solution was determined by instant thin 
layer chromatography (ITLC) [21] to be approximately 1% of the total 1 2 5 I present 
in the protein solution. The labeled protein was collected, stored at -70°C and used 
within 2 weeks of preparation [21]. 

Protein Adsorption and Retention. All surfaces were stored overnight in CPBSzI 
buffer at 4°C. Prior to adsorption, the buffer was replaced with 2 mL of freshly 
degassed buffer and thermally equilibrated at 37°C for 2 h. Adsorption was 
initiated by addition of 1 mL of protein solution at three times the desired final 
concentration and mixed by gentle repipetting. After elapse of 2 h, samples were 
rinsed with 100 mL of CPBSzI by simultaneous filling and removing of the buffer, 
which avoids exposure of the surfaces to air [21]. Samples were subsequently 
placed in polystyrene tubes with 2.5 mL of SDS solution (0.01 M Tris, 0.003 M 
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phosphoric acid, 1 % w/v SDS, pH=7.0) and the amount of radioactivity of each 
sample was measured in a y counter (Tracor Analytic Model 1185R, Elk Grove, 
IL). The amount of protein initially adsorbed was calculated by dividing the net 
sample radioactivity (after background subtraction) by the specific activity of the 
protein solution and planar surface area of the sample. Following an overnight 
incubation in the surfactant solution, samples were dip-rinsed nine times in 
CPBSzI, placed in new polystyrene tubes, the retained radioactivity remeasured, 
and the amount of protein retained by the surface calculated. Percent retention was 
calculated by dividing the amount of protein retained by the amount initially 
adsorbed multiplied by 100%. The results are presented as average values (± 
standard deviations) for triplicate samples from the same experiment. 

In Vitro Platelet Adhesion. One hundred twenty milliliters of blood from a 
healthy baboon were withdrawn directly into two disposable plastic syringes 
containing acid-citrate-dextrose anticoagulant (10% A C D , NIH formula A). 
Platelet rich plasma (PRP) was obtained by centrifuging blood at 200g for 20 min 
at room temperature. The PRP was separated and centrifuged for 15 min at 1300g 
to obtain a platelet pellet. The platelet poor plasma supernatant was removed and 
the platelet pellet was rinsed with 5 mL of Ringer's-citrated-dextrose (RCD, 102 
mM NaCl, 2.8 mM KC1, 1.54 mM CaCl 2 -2H20, 21.2 mM N a 2 C 6 H 5 0 7 - 2 H 2 0 , 
0.5% w/v dextrose, pH=6.5) solution containing 0.03 mg/mL apyrase (cat. # A -
9149, Sigma Chemical Co., St. Louis, M O , ADPase activity = 3.8 units/mg, 
ATPase activity = 4.1 units/mg). The platelet pellet was resuspended in 9.8 mL of 
RCD plus 0.03 mg/mL apyrase by gently aspirating the suspension using a 
disposable plastic pipette. 

Platelets were radiolabeled with min-tropolone by a modification of the 
technique developed by Dewanjee et al. [22]. One hundred microliter of tropolone 
(Sigma Chemical Co., St. Louis, MO) at a concentration of 1 mg/mL was mixed 
with 100 pCi of 1 1 indium monochloride solution (New England Nuclear, Boston, 
MA). The mixture was shaken for 2 min and RCD was added to bring the final 
volume to 200 jiL. The H I In-tropolone solution was added to the platelet 
suspension and incubated for 30 min at room temperature. In order to remove any 
unincorporated i n I n , the platelet suspension was centrifuged at 1500g for 15 min 
forming a pellet and the supernatant was discarded. The pellet was rinsed and 
resuspended in platelet suspending buffer (145 mM NaCl, 2.7 mM KC1, 4 mM 
N a H 2 P 0 4 H 2 0 , 1 mM MgCl 2 -6H 2 0, 2 mM CaCl 2-2H20, 5 mM HEPES, 5.5 mM 
dextrose, 0.003 mg/mL apyrase, pH 7.4). The platelet concentration was 
determined using a Coulter counter (Coulter Electronics, Hialeah, FL) and adjusted 
with platelet suspending buffer to 1.13 x 109 platelets/mL. The radioactivity of a 
100 jiL sample of this suspension was measured with a y counter and the specific 
activity of the solution was calculated. 

Fibrinogen-coated coverslips were placed in polystyrene cups and incubated in 
2 mL of platelet-suspending buffer at 37°C. Then, 0.25 mL of the labeled platelet 
suspension was added to each sample bringing the final platelet concentration to 
1.25 x 108 platelets/mL. After 2 h of incubation on an orbital shaker water bath at 
37°C and 300 r.p.m., the samples were removed, and dip-rinsed in the platelet 
suspending buffer. The amount of radioactivity associated with each sample was 
measured with a y counter (Tracor Analytic, Elk Grove, IL). Following correction 
for the background radioactivity, the number of adherent platelets was calculated 
based on the sample radioactivity, specific activity of the platelet suspension, and 
the planar surface area of each sample. The data are presented as the mean ± 
standard deviations of three replicates for each type of surface. 
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To verify viability of the platelets following m I n labeling procedure, the 
ability of labeled platelets to aggregate was analyzed. The platelet suspension was 
mixed with platelet poor plasma to achieve a platelet concentration of 3.0 x 108 

platelets/mL. Four hundred fifty microliters of the platelet suspension and an equal 
volume of platelet free plasma were incubated in two siliconized glass cuvettes at 
37°C with continuous stirring. After initial recording of the light transmission 
through the platelet suspension with a dual chamber aggregometer (Model 530, 

Chronolog Corp., Havertown, PA) for approximately 1 min, 50 p L of 200 mM 
adenosine-5-diphosphate (ADP, cat. # A-5410, Sigma Chemical Co., St. Louis, 
MO) in saline solution was added to the platelet suspension and changes in light 
transmission were recorded. Al l labeled platelet suspensions aggregated in 
response to addition of ADP. 

Results 

Surface Characterization. The high resolution E S C A C i s spectrum of the 
untreated PET is composed of three peaks centered at 285, 286.5, and 289 eV 
(Figure 1). Consistent with the chemical composition of PET, these three peaks 
have been assigned to the C-C, C-O, and 0-C=0 functional groups, respectively. 
PET is composed of ca. 72% carbon and 28% oxygen as determined by ESCA. 

The Cis spectrum of ethylene glow discharge-treated PET (E/PET) shows a 
single peak at 285 eV (Figure 2). E/PET is comprised of ca. 96% carbon and 4% 
oxygen. The complete coverage of the PET substrate by the ethylene glow 
discharge-deposited coating is indicated by the near absence of the C-O and 0-C=0 
peaks of PET in the C i s spectrum of E/PET. The source of the small amount of 
oxygen detected on E/PET is most likely post-glow discharge reaction of the 
surface radicals - generated by the glow discharge process - with the atmospheric 
oxygen. 

A series of surfaces varying in their chlorine content were prepared by mixing 
ethylene (E) and tetrachloroethylene (TCE) in various ratios in the glow discharge 
treatment of PET (abbreviated as E-TCE/PET). The chlorine content of the 
deposited films decreased from 48% for the pure T C E treatment (TCE/PET) to 0% 
for the pure E treatment (E/PET) (Table I). The complete coverage of the PET 
substrate by the T C E glow discharge-deposited coating is indicated by the absence 
of oxygen in the elemental composition of TCE/PET. The oxygen content of the 
other glow discharge-deposited films is less than 3% which suggests complete 
coverage of the PET by these films as well. As the amount of T C E in the feed 
mixture is decreased, there is a decrease in the amount of C-Cl and C - O 2 groups, at 
286.5 and 288 eV, as shown in the C i s spectra of E-TCE/PET in Figure 2. 

Table I. Surface Composition of Untreated and Glow Discharge-Treated PET 

Sample % C %C1 %0 

PET 71.9 0 28.1 
TCE/PET 52.5 47.5 0 
E - T C E (25:75)/PET 53.5 46.5 0 
E - T C E (50:50)/PET 59.7 39.1 1.2 
E - T C E (75:25)/PET 78.3 19.1 2.6 
E/PET 96.2 0 3.8 
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The dispersion (y^) and polar (yPs) components of the surface free energy of 
untreated PET, 44.9 and 1.6 dynes/cm, are close to the values reported by Owens 
and Wendt, 43.2 and 4.1 dynes/cm, respectively [23]. As the amount of E in the E -
T C E mixture increases, there is a sharp decrease in the yPs and slight increase in the 

ŷ s (Table II). There is a negative correlation between the oxygen content of the E -

TCE/PET and ̂ s of these surfaces (Figure 3). Because of this and the fact that no 
polar element other than CI was detected on these surfaces, acid-base interactions 
with CI, and dipole moments between C and CI, must be responsible for the 
relatively high levels of yPs on E-TCE/PET. 

Table II. Surface Free Energy of Untreated and Glow Discharge-Treated 
Polymers 

Sample 7ds TPs Ys 
(dynes/cm) (dynes/cm) (dynes/cm) 

PET 44.9 ± 1.7 1.6 ± 0 . 7 46.5 ± 1.8 
TCE/PET 23.5 ± 1.9 6.5 ± 1 . 3 30.0 ± 2.3 
E-TCE(25:75)/PET 23.3 ± 2 . 5 5.3 ± 1 . 5 28.6 ± 2.9 
E-TCE(50:50)/PET 26.0 ± 3.3 4.8 ± 1 . 8 30.8 ± 3.7 
E-TCE(75:25)/PET 30.9 ± 1.2 2.9 ± 0 . 7 33.8 ± 1.4 
E/PET 35.0 ± 0 . 5 0.1 ± 0 . 1 35.1 ± 0 . 5 
E-TFE(75:25)/PET 32.9 ± 1.6 0.9 ± 0 . 6 33.8 ± 1.7 
E-TFE(50:50)/PET 22.5 ± 0 . 9 2.0 ± 0 . 6 24.5 ± 1 . 1 
E-TFE (25:75)/PET 15.6 ± 1.0 1.3 ± 0 . 6 16.9 ± 1 . 1 
TFE/PET 9.5 ± 0 . 5 1.7 ± 0 . 5 11.2 ± 0 . 7 

* E-TFE data adapted from reference 13 

A series of surfaces varying in their fluorine content were prepared by mixing 
E and T F E in various ratios for the glow discharge treatment of PET (abbreviated 
as E-TFE/PET). These materials were described previously [13] but are included 
here for comparison to the results for TCE-treated surfaces. The fluorine content of 
the E - T F E deposited films decreases from 60% for the pure T F E treatment 
(TFE/PET) to 0% for the pure ethylene treatment. The oxygen content of all E -
T F E deposited films is < 4%. As the amount of T F E in the feed mixture is 
decreased, there is a decrease in the amount of fluorinated groups (e.g. CF3, CF2, 
C F - C F n ) and an increase in the amount of hydrocarbons (e.g. C - C F n , C-C) based 
on the high resolution ESCA C i s spectra [13]. 

Surface free energy of E-TFE/PET surfaces range from 35.1 dynes/cm for 
E/PET to 11.2 dynes/cm for TFE/PET [13]. The y^ of E-TFE/PET surfaces 
decreases linearly from 35 dynes/cm to 9.5 dynes/cm with increasing 
concentrations of T F E in the feed mixture [13]. The yPs for all surfaces in this 
series remains relatively low ranging between 0.1 and 2 dynes/cm [13]. 

Fibrinogen Adsorption. Fibrinogen, 0.1 mg/ml, was adsorbed from a binary 
mixture with 1 mg/ml ByG on E-TCE and E-TFE series of surfaces for 2 h at 37°C. 
The amounts of fibrinogen adsorbed on E-TCE surfaces are very similar (Table III). 
Figure 4 shows fibrinogen retention as a function of yPs of surfaces. Percent 
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T3 

2*-

Oxygen (atomic %) 

Figure 3. Correlation between yPs and surface oxygen concentration of E -
TCE/PET. 
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Figure 4. Correlation between fibrinogen retention and yPs for E-TCE/PET. 
Fibrinogen, 0.1 mg/mL, was adsorbed for 2 h at 37°C from a 
binary mixture with 1 mg/mL B y C Fibrinogen was eluted 
overnight with 1% SDS. 
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fibrinogen retained increases linearly as the yPs of surfaces increases. Fibrinogen 

retention also increases as the y^ of E - T C E surfaces decreases (Figure 5). For the 
E - T F E series, fibrinogen retention increases in an approximately linear fashion as 
the ys and y^ of surfaces decreases and reaches a maximum of 99% for TFE/PET 
(Table III, reference 13). 

In Vitro Platelet Adhesion. Table III presents the platelet adhesion data for E -
TCE/PET and E-TFE/PET series before and after normalization by the amount of 
fibrinogen (determined from 1 2 5 I labeling) which was preadsorbed on surfaces. 
Normalized platelet adhesion is maximum on E/PET surface and decreases rapidly 
as the amount of T C E in the E - T C E mixture is increased. Normalized platelet 
adhesion also decreases as the amount of T F E in the E-TFE mixture is increased 

and the y^ of surfaces decreases (Table III, reference 13). 

Discussion 

The findings of this study support previous work showing that surface composition 
influences the state of adsorbed proteins, including fibrinogen [6-8, 12, 13]. The 
dependence of SDS elutability of fibrinogen on the surface composition is one 
manifestation of the differences in the state of adsorbed fibrinogen on the different 
surfaces. Elutability of fibrinogen on E-TFE/PET series of surfaces was previously 
found to decrease with increase of the amount of surface CF3 groups and decrease 
in surface free energy [13]. The surfaces with the highest amount of surface CF3 
groups have the lowest surface energy (in air) and should have the highest 
interfacial energies in water, with corresponding high driving force for protein 
adsorption. This driving force may also promote strong hydrophobic interactions 
through the formation of multiple protein-surface contact points, leading to the 
observed stronger binding. For E-TCE treated surfaces, protein retention appears to 

correlate with both yPs and y^ of surfaces (although the range of values is rather 
small) (Figures 4 and 5). These correlations suggest that on TCE-treated surfaces, 
both polar, acid-base interactions (e.g. hydrogen bonding), and dispersion forces 
play important roles in retaining the adsorbed protein. Irrespective of the type of 
protein-surface interactions, low elutability of a protein may reflect formation of 
multiple protein-surface bonds. 

The number of adherent platelets, normalized by the amount of fibrinogen 
preadsorbed on surfaces, was previously found to decrease markedly as fibrinogen 
retention on E-TFE treated surfaces increased (Table III, reference 13). Similarly, 
normalized platelet adhesion on the E - T C E series of films decreases as fibrinogen 
retention increases (Table III). Thus, fibrinogen adsorbed on T F E and T C E -
treated surfaces is apparently in a somewhat inactive state with respect to platelet 
adhesion. 

It is clear from the data presented and discussed so far that platelet adhesion 
does not correlate with the amount of fibrinogen adsorbed on a surface. However, 
platelet adhesion does appear to correlate with SDS elutability of fibrinogen 
(Figure 6). The number of platelets adhered is lowest on TFE-and TCE-treated 
surfaces which exhibit the lowest fibrinogen elutability and highest on E/PET, 
which is among the highest in fibrinogen elutability. Thus, tenacious binding of 
fibrinogen to surfaces may directly affect the ability of fibrinogen to interact with 
the platelet receptors. Alternatively, the conformation and/or orientation of the 
adsorbed fibrinogen may differ on the various surfaces as a result of varying 
degrees of unfolding or spreading of the fibrinogen on the treated surfaces as 
thesystem tends towards minimization of interfacial energy and maximization of 
protein-surface interactions. 
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Figure 5. Correlation between fibrinogen retention and y^ for E-TCE/PET. 
Fibrinogen, 0.1 mg/mL, was adsorbed for 2 h at 37°C from a 
binary mixture with 1 mg/mL ByG. Fibrinogen was eluted 
overnight with 1% SDS. 
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The C-terminus of the y-chain of fibrinogen is one of the three sites recognized 
by the glycoprotein Ilbllla (GPIIbllla) complex on the platelet membrane. The 
sequence of the C-terminus of the y-chain is a non-RGD (Arg-Gly-Asp) containing 
decapeptide composed of Leu-Gly-Gly-Ala-Lys-Gln-Ala-Gly-Asp-Val 
(LGGAKQAGDV) [24]. The other two binding sites of GPIIbllla are the RGDS 
peptide located in the A a chain of fibrinogen at amino acid numbers 572-575 and 

the RGDF sequence at A a 95-98 [24]. 
Monoclonal antibody binding to the three platelet binding domains of 

fibrinogen is the same when fibrinogen is adsorbed on untreated or TFE-treated 
surfaces [13]. These results suggest that the decreases in platelet adhesion to 
fibrinogen adsorbed on TFE-treated surfaces are not due to changes in the 
availability of any of the known platelet binding domains of fibrinogen. Instead, 
we now believe that tight binding of fibrinogen may directly affect the ability of the 
fibrinogen to interact with the platelet receptors, i.e. fibrinogen must be loosely 
held to facilitate maximal interaction. 

There are some observations from other studies which support a role for the 
tightness of binding of a protein on a surface in influencing protein-cell 
interactions. Substrate adherent platelets have been shown to undergo a centripetal 
redistribution of fibrinogen occupied receptors on their dorsal surface [25]. In 
addition, movement of fibrinogen adsorbed colloidal gold on the ventral surfaces of 
adherent platelets has been observed while albumin adsorbed gold particles are not 
moved [26]. Therefore, platelet interaction with adsorbed fibrinogen may involve 
movement of the fibrinogen on the substrate, and thus the tightness with which it is 
bound could be an important aspect. Recent results from another laboratory have 
shown that the changes in morphology of adherent platelets and the ability of the 
platelets to remove substrate bound fibrinogen are affected by the residence time of 
the adsorbed fibrinogen [27]. Another observation that also indicates a possible role 
for the strength of protein-surface interactions in affecting cell interactions is that 
migration rate of corneal epithelial cells correlates well with the tightness of 
binding of substrate adherent fibronectin [28]. 

Conclusions 

Fibrinogen adsorbs tenaciously onto T F E and TCE-treated polymers. Fibrinogen 
may undergo molecular unfolding or spreading to varying extents on these treated 
surfaces in order to minimize interfacial free energy (in water) and maximize both 
hydrophobic and polar surface interactions. As a result, adsorbed fibrinogen can 
assume multiple states, depending on the substrate, and on T F E or T C E rich 
surfaces it assumes a state which reduces its recognition and binding to platelet 
receptors. The correlation between platelet adhesion and fibrinogen retention 
suggests that adsorbed fibrinogen may have to be loosely held to allow maximal 
interaction with platelet receptors. 
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Chapter 33 

Serum Protein Adsorption and Platelet 
Adhesion to Polyurethane Grafted 
with Methoxypoly(ethylene glycol) 

Methacrylate Polymers 

Maria I. Ivanchenko1, Eduard A. Kulik2, and Yoshito Ikada 

Research Center for Biomedical Engineering, Kyoto University, 
53 Kawahara-cho, Shogoin, Sakyo-ku, Kyoto 606, Japan 

The surface of a polyurethane film was subjected to UV-induced 
graft polymerization of methoxy-poly(ethylene glycol) (PEG) 
methacrylate monomers in the presence of L-cysteine as a chain 
transfer agent. The number of ethylene glycol (EG) units in the 
monomer side-chain was 4, 9, and 24. Adsorption of serum albumin 
and gamma-globulin as well as platelet adhesion to the grafted films 
were studied to evaluate the non-fouling property of the PEG 
enriched surface layer. It was found that the monomer with the 
smallest length of PEG chain of only 4 EG units was the most "inert" 
toward the blood components when the graft yield was largely 
reduced by the use of high concentrations of the chain transfer agent. 
Staining technique was employed to visualize the graft depth profile 
and protein penetration into the grafted films. It was concluded that 
extraordinarily high graft yields were not effective in preventing 
protein adsorption while very low graft yields were not sufficient to 
reduce interactions with proteins and platelets. 

For many years, segmented polyurethanes (PU) have been employed to fabricate 
medical devices because of easy molding processes and good mechanical properties. 
However, problems still remain in achieving good blood compatibility. Therefore, 
surface modification of PU has been a target of many research groups. Recently we 
have reported grafting of hydrophilic chains onto the surface of PU (7 ), where 
methoxy poly(ethylene glycol) (PEG) methacrylate (MnG) was used as the monomer 
having PEG units. PEG is reported to be relatively nontoxic (2) and to be capable of 
reducing the interactions between blood components and man-made materials (3,4). 
We found that cellulose surfaces grafted with PEG chains exhibited less complement 
activation as the length of the PEG chain was shorter (5). In contrast, other research 
groups reported that the optimum molecular weight (MW) of PEG for minimum 
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Russia 

2Current address: Institute of Transplantology and Artificial Organs, Schukinskaya 1, 
Moscow, Russia 
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protein adsoiption was in a range from 2,000 to 20,000 (6-9). It was also shown that 
protein adsoiption decreased with increase in MW of PEG in spite of the decrease of 
total PEG content (70). Advantages of high molecular weight PEG in preventing 
protein adsoiption have been calculated also theoretically (11). However, there are 
several reports which show no significant effect of the PEG length on the non-
fouling property of the modified surface (12-14). 

The puipose of this study is to gain a deeper insight into the structure of the 
grafted layer and its interaction with proteins and platelets. The grafted surface is 
obtained by photo-induced graft polymerization of MnG monomers onto a PU film. 
To investigate the interactions of the grafted surface with blood components, 
detailed surface analyses are essential, because graft polymerization occurs not only 
at the outermost surface but also in the bulk phase far from the surface (75), when 
polar polymers are used as the substrate of the graft polymerization. As a result, 
protein molecules may be not only adsorbed on the outermost surface but also can be 
sorbed into the inside of the grafted substrate polymer. A major difference between 
graft polymerization of monomers and chemical coupling of existing polymers for 
the preparation of grafted surfaces is the difficulty in controlling the molecular 
weight of graft chains obtained by the graft polymerization. MW of the graft chains 
may be a very important determinant of the microstructure, water content, and 
compositional depth profile of the grafted layer. In the present study, a chain transfer 
agent is added to the monomer solution for graft polymerization to vary the length of 
the graft chain and hence the graft yield, both of which should have a considerable 
effect on the interaction of the material with proteins and cells. 

Experimental 

Materials. A PU film from Pellethane (Dow Chemical, 2363-90AE) with a 
thickness of about 0.2 mm was used after purification by Soxhlet extraction with 
methanol for 24 h. MnG monomers having 4 (M4G), 9 (M9G), and 23 (M23G) 
ethylene glycol units were donated by Shin-Nakamura Chemical Co., Ltd., 
Wakayama, Japan. The chemical structure of the monomers is shown in Fig. 1. The 
monomers were dissolved in benzene and washed with saturated sodium chloride 
aqueous solution. Benzene was then evaporated to obtain the pure monomers. L -
Cysteine monohydrochloride of extra pure grade and riboflavin (vitamin B 2 ) were 
purchased from Wako Pure Chemical Industries, Ltd., Tokyo, Japan, and used as 
received. Human serum albumin (HSA, crystallized) and human gamma-globulin 
(IgG, crystallized) were purchased from Sigma Co., Ltd., USA, and used without 
further purification. Na 1 2 5 I for protein labeling was purchased from Dai-ichi Pure 
Chemical Co., Ltd., Tokyo, Japan. 

Graft polymerization. UV irradiation of the PU film was performed with a high-
pressure mercury lamp (75W, Toshiba SHL-100 UV type, X> 254 nm). The density 
of peroxide formed on the PU film by UV irradiation was determined with the 
iodide method as described previously (Kulik E. A., Ivanchenko M . I., Kato K., 
Sano S., and Ikada Y. J. Polym. ScL, Polym. Chem, Ed., in press). 

The aqueous monomer solution containing riboflavin, L-cysteine, and PU 
film in a quartz glass tube was irradiated for 2 h at 40 °C. Unless otherwise noted, 
the monomer concentration was kept at 4 wt% for M4G and M9G and 10 wt% for 
M23G. To remove homopolymer from the grafted films, they were first washed with 
running tap water and then in double-distilled water at 75 °C for 24 h under stirring. 
The amount of grafted MnG polymers was determined by measuring the weight 
increase of grafted films using an electronic balance with an accuracy of 10"5 g. The 
MW of homopolymers was determined by high performance liquid chromatography 
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with the TOSOH apparatus, equipped with an RI detector and two gel permeation 
columns (TOSOH PW 3.000 and PW 6.000). Polymers were eluted at a flow rate of 
0.9 ml/min using double-distilled water. A set of PEG standards were used for the 
calibration. 

Surface analysis of grafted films. The stationary contact angle of films using a 
water droplet of about 7 pm diameter was measured using a telescopic goniometer 
(M 2010-6G II type, Elma Inc., Tokyo, Japan). The measurement was done on at 
least five different parts of film and averaged. Dynamic contact angle analysis of 
hydrated films was performed at 25 °C with the Wilhelmy plate technique using 
equipment manufactured by Shimadzu Inc., Kyoto, Japan (16). Five hysteresis loops 
were collected to give an average value. 

FT-IR analysis was done using a spectrophotometer manufactured by 
Shimadzu Inc. (type 8100) in the ATR mode with a KRS-5 crystal. Spectra were 
collected as 800 scans at 4 wave number resolution. 

XPS spectra were obtained with a spectrometer using a MgK a X-ray source 
(ESCA 750, manufactured by Shimadzu Inc.). Emitted photoelectrons were detected 
at an angle of 9 0 ° with respect to the sample surface. For determination of O/C 
stoichiometry, a collecting factor of 2.9 was used for Ols. The XPS data were 
integrated with an ESCA PAC 760 analyzer. 

Cross-sections of grafted films were stained with 1 wt% aqueous solution of 
Sky Blue 6B dye at room temperature for 2 days, followed by observation under a 
light microscope. 

Protein adsorption. Labeling of proteins with 1 2 5 I was performed with the 
chloramine-T method(77). The protein concentration was adjusted with phosphate 
buffered saline solution (PBS, 0.1M, pH 7.4) to 0.15 and 0.2 g/L for HSA and IgG 
solutions, respectively. Prior to contact with the protein solution, all samples were 
hydrated in PBS solution for 2 h at room temperature. Protein adsorption was carried 
out at 37 °C for lh. After protein adsorption, the films (1cm xlcm) were rinsed six 
times with 2 ml of PBS. The washing was performed for a total of about 2 h. Five 
species of each sample were counted and averaged. 

Grafted films were subjected to adsorption of HSA and IgG labeled with 
fluorescein isothiocyanate (FITC). The protein labeling was made in accordance 
with the procedures described by Goldman(7#). After liquid gel chromatography the 
labeled protein solutions were dialyzed against PBS for 8 h at room temperature. 
The level of labeling, determined from the adsorption spectra of the conjugates, was 
about one FITC molecule per molecule of HSA and two FITC molecules per IgG 
molecule. Protein adsorption (staining) was carried out at 37 °C for 24 h from 20 
and 6 g/L HSA and IgG solutions in PBS, respectively. After staining, the films were 
blotted with tissue paper and the cross-section of films with a thickness of 10 pm 
was observed with a confocal microscope using an argon laser as a source of light. 
Repeated gel chromatography of protein solutions showed that less than 2 % of the 
bound FITC became free after the staining procedure. 

Platelet adhesion. Venous blood from male rabbits was used to prepare washed 
platelet suspensions of 1.5xl08 cells/mL in PBS (1 and Tamada Y., Kulik E . , and 
Ikada Y. Biomaterials, in press). One ml of the platelet suspension was added to a 
PU film of 15 mm diameter in multidish 24 wells made of polystyrene (Corning, 
USA) and kept for 30 min or 1 h at 37 °C under static conditions. After incubation 
the film was taken out and dip-rinsed twice with PBS in order to remove the platelets 
which were not attached to the film surface. After washing, the lysis buffer was 
added to the film for the subsequent determination of adhered platelets on the same 
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sample by the lactate dehydrogenase (LDH) method (Tamada Y. , Kulik E . , and 
Ikada Y. Biomaterials, in press). 

Results 

The density of peroxides generated by UV irradiation on the PU film increased 
linearly with irradiation time as shown in Fig. 2. This indicates that U V is capable 
of generating the active groups in PU which are necessary for the subsequent graft 
polymerization. 

To avoid the time-consuming procedure of excluding free oxygen which 
inhibits graft polymerization, riboflavin was added to the monomer solution. 
Riboflavin functions not only as a photoinitiator, but also consumes oxygen 
dissolved in the aqueous medium in the course of U V irradiation to form 
lumichrome (79). In the present study, graft polymerization was carried out at a 
riboflavin concentration of 2.5xl0 - 5 g/L because an excess of riboflavin reduced the 
effective U V dose on the film surface, and the maximum graft yield and the 
minimum static contact angle of grafted PU were observed at this initial 
concentration, as shown in Fig. 3. A certain weight increase was found even without 
the use of riboflavin, but graft polymerization did not take place unless the monomer 
solution containing the PU film was UV irradiated. 

Effects of L-cysteine addition to the monomer mixture on the graft 
polymerization are shown in Figs. 4-6. L-cysteine added as a chain transfer agent 
for radical polymerization (20) effectively reduced the MW of homopolymer, as 
seen in Fig. 4. As shown in Fig. 5, the effect of L-cysteine addition on the weight 
increase of the grafted PU film was much less significant than on the M W of the 
homopolymer. It is evident from Fig. 5 that the monomer polymerizability decreased 
with an increase in PEG length in the side-chain. The grafted PU surface became 
more hydrophobic with increasing chain transfer agent concentration, as seen in 
Fig.6. 

Protein adsorption to the grafted surfaces is shown in Figs. 7 and 8 for 
serum albumin and gamma-globulin, respectively. The adsorption dependence on the 
L-cysteine concentration was similar for both proteins but completely different for 
the monomers used for graft polymerization. When grafted with M9G and M23G 
polymers without L-cysteine, PU showed 5 times lower protein adsorption than the 
virgin PU. This low adsorption was observed for L-cysteine concentrations up to 
4 x l 0 - 2 wt %. Adsorption was enhanced by a factor of two at 4 wt% L-cysteine 
concentration. Protein adsoiption to the PU grafted with M4G polymer was 
considerably reduced with an increase in L-cysteine concentration, approaching one 
tenth of the adsorption compared to the untreated PU. It follows that die best grafting 
conditions for the minimization of protein adsorption is to graft polymerize the 
monomer with the shortest PEG side chain (M4G) at the highest concentration of 
chain transfer agent. It is interesting to note that M4G was essentially ineffective in 
reducing albumin adsorption unless L-cysteine was used, as seen in Fig. 7. 

The lowest platelet adhesion was observed when the PU films were subjected 
to polymerization of M4G, regardless of the L-cysteine concentration. The results 
are given in Fig. 9. It is interesting that the PU film grafted with M4G polymer in the 
absence of L-cysteine adsorbed a relatively high amount of protein, but adhered a 
very small number of platelets. 

In the case of M4G-grafted PU the amount of adsorbed proteins markedly 
decreased with a decrease in the graft yield; in other words, with an increase in L -
cysteine concentration. To characterize the grafted surface, analysis was done for PU 
grafted with M4G polymer using XPS, ATR-FTIR, and dynamic contact angle 
measurements. The results are given in Table I. IR spectra of the M4G 
homopolymer, the PU film grafted with M4G polymer without L-cysteine, and die 
virgin PU film are shown in Fig. 10. The absorbance ratio of 11460/(Il530+11460) 
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Methoxy-PEG Methacrylates (MnG) 

C H P = C 
d I 

C — ( O C H ^ - C H 

II 
0 

monomer 
code 

number of EG groups 
n 

PEG in monomer, wt % 

M4G 4 60.3 

M9G 9 77.3 

M23G 23 89.7 

Figure 1. The chemical structure and EG content of monomers used. 
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Figure 4. Molecular weight (MW) of homopolymers formed at different 
concentrations of L-cysteine. M4G (• ), M9G (O ), and M23G ( • ). 
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[ L-cysteine ], wt % 

Figure 5. Weight increase of the PU film after graft polymerization. M4G ( • ), 
M9G (O ), and M23G (•) . 

[ L-cysteine ], wt % 

Figure 6. Contact angle of the PU film grafted at different concentrations of L -
cysteine. M4G ( • ), M9G (O ), and M23G (•) . 
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[ L-cysteine ], wt % 

Figure 7. Albumin (HSA) adsorption onto the PU films grafted at different 
concentrations of chain transfer agent. Monomer: M4G ( • ), M9G (O ), and 
M23G (• ) . 

/ / -3 - 2 - 1 0 1 0 10 10 10 10 10 

[ L-cysteine ], wt % 

Figure 8. Gamma-globulin (IgG) adsorption onto the PU films grafted at 
different concentrations of chain transfer agent. Monomer: M4G ( • ), M9G 
(O ), and M23G ( • ). 
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[ L-cysteine ], wt % 

Figure 9. Platelet adhesion to the PU films grafted at different concentrations 
of chain transfer agent. Monomer: M4G (• ), M9G (O ), and M23G ( • ). 

"i r 

I i i i 
1 7 0 0 1 6 0 0 1 5 0 0 1 4 0 0 1 3 0 0 

Wavenumber, cm 

Figure 10. ATR-FTIR spectra of M4G homopolymer (a), virgin PU (b), PU 
grafted with M4G at 10 wt % monomer concentration in the absence of L -
cysteine (c). 
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was used to compare the graft yield of the modified films. The absorbances at 1460 
cnv 1 and 1530 cnr 1 correspond to methoxy groups of homopolymers and aromatic 
groups of the PU, respectively. As the absorbance ratio did not decrease with an 
increase in the depth of ATR-FTIR analysis, as shown in Table I, it is likely that the 
grafted polymer was distributed in the bulk phase of PU over a depth of about 100 
nm. The data from XPS analysis, which are represented in Table I in terms of the 
atomic ratio 0/(C+0), suggest that even in a very thin surface layer of the film, 
probably 3-5 nm depth, the content of grafted MnG polymers was likely to be less 
than 50 % . Both the XPS and ATR-FTIR data confirmed that the surface content of 
PEG decreased with an increase in L-cysteine concentration. The equilibrium water 
content, given in Table I, was measured after 24 h incubation in water at 25 °C. It is 
obvious that the water content of PU films grafted with the M4G polymer decreased 
with an increase in L-cysteine concentration. However, the significant weight 
increase seen for the film grafted with the M4G polymer was not observed for those 
grafted with the M9G and M23G polymers after hydration. The dynamic contact 
angles of hydrated films revealed that the increase in L-cysteine concentration 
resulted in decreased contact angle hysteresis. 

Table I. Effect of L-cysteine addition to the monomer solution for graft 
polymerization on the surface properties of PU films modified by graft 

polymerization of M4G at 10 wt % monomer concentration 

Sample 

Parameter PU M4G 
(homopolymer) 

PU-M4G PU-M4G 
-Cysteine 

L-cystein, wt % - - 0.0 4.0 

Graft yield, wt % - - 34.9 . 29.6 

ATR-FTIR, 
11460/(11530+11460) 
Incident angle: 60 0 0.04 1.00 0.32 0.14 

: 45 0 0.04 1.00 0.32 0.13 

XPS, 0/(C+0) 0.181 0.352 0.263 0.232 

Water content, wt% 0.0 - 20.1 9.3 

Contact anglea): 
advancing, 0a 78 - 45 67 

receding, 0r 48 - 8 41 

hysteresis,0a- 0r 30 - 37 26 

a Determined after hydration of samples 

Fig. 11 gives the microphotographs of grafted films after staining with Sky 
Blue dye. Obviously, the staining is limited to the surface region for the film grafted 
with M9G, while the films grafted with M4G in the presence and absence of L -
cysteine are stained deep into the subsurface region. 
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Figure 11. Optical photographs of cross-section of the PU film grafted with 
M4G using 10 wt % monomer concentration without L-cysteine (a), M4G at 
10 wt % monomer concentration and at 4 wt % L-cysteine concentration (b), 
and M9G at 4 wt % monomer concentration without L-cysteine (c) after 
staining with Sky Blue. ( i—i: area stained by Sky Blue)  A
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The fluorescent microphotographs of the Films after (ad)sorption of FITC-
HSA and FITC-IgG are shown in Fig. 12. It is evident from Fig. 12 that the depth of 
protein penetration decreases in the following order: HSA/PU-M4G(b) > HSA/PU-
M4G-Cystein(c) > IgG/PU-M4G(d) > HSA/PU(a) > HSA/PU-M9G (not shown). 
Interference from free FITC molecules was unlikely to occur, as seen from 
comparison of Fig. 12(b) and 12(d). 

Discussion 

The following important findings of this work are helpful in clarifying the 
mechanism of protein interaction with PEG enriched surface layers: 
1. The MnG monomer with 9 ethylene glycol units is very effective in repulsion of 

proteins and cells from the grafted PU surface unless the chain transfer agent is 
added. 
2. Protein adsoiption onto the PU surface is drastically decreased, when it is grafted 

with M4G polymer in the presence of high concentrations of L-cysteine. 
3. The amount of proteins adsorbed to the grafted PU films generally does not 

correlate well with the number of adhered platelets. A large amount of adsorbed 
HSA and a small amount of adhered platelets are found for the M4G-grafted PU. 
To explain the above findings we assume that the distribution profile of graft chains 
in the cross-sectional direction of the PU film is considerably different among the 
monomers used. Recently we have found that only 3 % of peroxide groups generated 
in the PU film by UV irradiation are located in the vicinity of the film surface and 
can be digested by peroxidase in aqueous solution (Kulik E. A., Ivanchenko M . I., 
Kato K., Sano S., and Ikada Y. J. Polym. ScL, Polym. Chem, Ed., in press). Thus one 
can expect that the graft polymerization has proceeded also into the bulk of the PU. 
Indeed, as shown in Fig. 11, the M4G polymer chains are present in the deep 
subsurface of the PU film. The addition of L-cysteine hampered this penetration to 
some extent, whereas the penetration of M9G polymer into the PU film is limited to 
a very thin layer from the outermost surface as the stained cross-section indicates. 

It is likely that penetration of proteins into the grafted samples is possible , at 
least when M4G is used as the monomer for graft polymerization. Staining of the 
cross-section of grafted films by labeled proteins, shown in Fig. 12, confirmed this 
assumption. Thus, it is conceivable that the main difference among the grafted 
samples is the variation in depth of protein penetration. From this point of view the 
lack of correlation between protein adsoiption and platelet adhesion to the PU film 
grafted with the M4G monomer may be explained by the fact that the small-sized 
protein can penetrate into the bulk of the hydrated sample in marked contrast to the 
large platelet. The apparently complicated effects of L-cysteine addition on the 
protein adsoiption may be explained in terms of the microstructure of the graft layer 
which should be closely related to the surface PEG content, the graft yield, and the 
distribution of graft chains. The chain transfer agent effects appear particularly 
remarkable for the PU film grafted with the shortest side-chain monomer (M4G). 
When the graft profile depth is much larger than the protein size, as shown in Fig. 
13, the nature of the upper polymer layer is of limited importance. The protein 
molecules are able to pass through the upper polymer layer as easily as they 
penetrate into the highly swollen hydrogels which have been used for protein 
separation and analysis. Whether or not the protein is finally adsorbed may depend 
on the structure of the semipermeable layer. It is conceivable that penetration and 
sorption of protein often occurs when hydrophobic polymers are grafted, coupled or 
blended extensively with a hydrophilic polymer, because the produced hydrophilic 
layer will attract protein molecules less extensively, at least, at the outermost surface, 
but allow them to enter into the water-swollen bulk phase. Therefore, extraordinarily 
high graft yields are not effective in preventing protein adsorption while very low 
graft yields are not sufficient to reduce the interactions with proteins and platelets. 
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Figure 12. Fluorescent photographs of cross-section of virgin PU film (a, 
HSA/PU), PU film grafted with M4G at 10 wt % monomer concentration 
without L-cysteine (b, HSA/PU-M4G), M4G at 10 wt % monomer 
concentration and at 4 wt % L-cysteine concentration (c, HSA/PU-M4G-
Cysteine) after staining with FITC-HSA, and PU film grafted with M4G at 10 
wt % monomer concentration without L-cysteine (d, IgG/PU-M4G) after 
staining with FITC-IgG. ( i—i: area having fluoresence) 
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Figure 13. Schematic representation of protein and cell interaction with a 
modified surface having a graft depth profile much larger than the protein 
sizes. 
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Chapter 34 

Selective Adsorption of Fibrinogen Domains 
at Artificial Surfaces and Its Effect 

on Endothelial Cell Spreading 

Hiroko Sato 

Department of Polymer Chemistry, Kyoto University, Kyoto 606—01, 
Japan 

Adsorption behavior of fibrinogen domains and the initial 
attachment of vascular endothelial cells instead of platelets were 
studied to elucidate the mechanism of thromboresistance on artificial 
surfaces. For this purpose, fragment X was prepared from a late 
stage 2 digest of human fibrinogen by plasmin. Amounts of fragment 
X were much lower than those of fibrinogen adsorbed on polyether 
urethane nylon (PEUN). Amounts of fragment X adsorbed on PEUN 
were also lower than on glass and hydrophobic surfaces. Moreover, 
slow spreading of vascular endothelial cells was observed on 
fibrinogen-coated PEUN. Thus, the two thirds of the fibrinogen Aα 
chain from the carboxy terminus was concluded to have high affinity 
against thromboresistant PEUN surface. Low mobility of this 
pepetide region, where an amino acid sequence for cell adhesion was 
imvolved, was considered to result in slow cell spreading, and 
possibly slow spreading of platelets adhered on fibrinogen-coated 
PEUN. 

The in vivo thromboresistance of artificial materials is not always found to correlate 
with in vitro test data. Artificial surfaces where a large number of platelets were 
adhered in contact with platelet rich plasma (PRP) did not lead always to rapid 
thrombus formation in vivo. For example, segmented polyether urethane nylon 
(PEUN) showed excellent thromboresistance in a canine peripheral vein for two 
weeks (7), and a copolymer of ethylene and vinyl alcohol (EVAL) was also reported 
to have excellent thromboresistane from results of hemodialysis (2). However, a 
larger number of adherent platelets were observed on both PEUN and E V A L than on 
glass and hydrophobic surfaces (3). Moreover, the clotting time of platelet poor 
plasma (PPP) in contact with PEUN or glass was much less than for hydrophobic 
surfaces (4). The adsorption of fibrinogen has also been discussed from the 
standpoint of thrombogenicity of artificial surfaces. Since initially adsorbed 
fibrinogen is known to be replaced with coagulation factors (5), high amounts of 
adsorbed fibrinogen would be expected to correlate with enhancement of thrombus 

0097-6156/95/0602-0478$12.00/0 
© 1995 American Chemical Society 
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34. SATO Adsorption of Fibrinogen Domains at Artificial Surfaces 479 

formation in vivo. Saturation amounts of fibrinogen adsorbed on PEUN, however, 
were observed to be slightly higher than on glass, as reported previously (7). Hence, 
for PEUN in vitro experiments such as number of platelets adhered, plasma clotting 
time, and amounts of fibrinogen adsorbed appear not to correspond to in vivo results 
of thromboresistance, as described above. In this work, the mechanism of 
thromboresistance of PEUN will be discussed mainly from the standpoint of 
fibrinogen adsorption. 

Fibrinogen may have multiple properties, derived from its different domains, on 
adsorption to artificial surfaces. For the purpose of investigating the effects of 
fibrinogen domains on artificial surfaces, fragment X was prepared from human 
fibrinogen. A tri-nodular structure of the main portion of fibrinogen should be 
obtained from an early stage plasmic digest of fibrinogen, because plasmin starts to 
digest a relatively hydrophilic region of the Aa chain and the amino terminal region 
of the Bp chain of fibrinogen (6-8). Since plasmin is a less specific protease, 
fragment X species have a wide range of molecular weight (Mr) from 285kD to 
240kD (9,10). For this work, a late stage 2 digest of fibrinogen by plasmin was 
chosen so as to obtain fragment X preparations. Because the A a chain of fragment 
X, obtained from a late stage 2 digest, should be hydrolyzed at a cleavage site as far 
from the carboxy terminus as possible, and thus relatively homogeneous 
preparations may be expected. 

Fibrinogen is an adhesive protein, and plays an important role not only in 
platelet adhesion but in platelet aggregation (77). Therefore, platelets adherent on 
fibrinogen-coated surfaces may bring about thrombus formation directly. The 
number of canine platelets in PRP adherent to artificial surfaces was shown to be 
well correlated with that of adherent bovine aorta endothelial cells (3). Moreover, 
vascular endothelial cells have receptors for cell adhesion of the integrin family 
similar to platelet receptors (72). Thus, it is of interest to compare the adsorption 
behavior of fibrinogen and fragment X, and to investigate the initial attachment of 
vascular endothelial cells (instead of platelets) on fibrinogen-coated solid surfaces as 
these phenomena relate to thromboresistant surfaces. 

Experimental 

Polymers. Various artificial surfaces were investigated by coating polymer 
solutions on glass plates (1x2x0.04 cm) or glass cover slips (1.5 cm in diameter). 
The quality of glass used (borosilicate glass, Matsunami, Osaka, Japan) was the 
same as that of cover slips used for microscopy. Glass plates and cover slips were 
washed with ethanol and then with distilled and deionized water. The same 
polymers were used as studied previously (7, 3,4): polyhydroxyethyl methacrylate 
(PHEMA), 2% in a mixture of ethyl alcohol and water (0.95:0.05, w/w), PEUN, 
0.3% in dimethyl formamide, E V A L (copolymer of ethylene:vinyl 
alcohol=0.31:0.69), 2% in dimethyl sulfoxide, poly-y-benzyl-L-glutamate (PBLG), 
1% in chloroform, and polyvinyl chloride (PVC) 5% in methyl ethyl ketone. The 
PVC used was roughly fractionated in methanol after dissolving in tetrahydrofuran, 
and its low molecular weight component was removed. 

Proteins and fragment. Human fibrinogen (Grade L , Kabi, Stockholm, 
Sweden) and plasminogen free human fibrinogen (Imco, Stockholm, Sweden) were 
used. Fibrinogen-Imco (10 mg/ml) was treated with thrombin (0.2 units/mg 
fibrinogen, Park Davis, NJ) for two hours in 0.06 M phosphate buffer at pH6.8. 
Fibrin gel was collected with a spatula, washed with the same phosphate buffer, and 
dissolved in 0.02 M acetic acid. Then, fibrin monomer, abbreviated as f, in 0.02 M 
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acetic acid was converted to fibrin gel by adjusting above the neutral pH with 0.2 M 
KOH. 

Fibrinogen-derived fragment X was obtained from a late stage 2 digest by 
plasmin, as described previously (13). Streptokinase (10,000 units, Behring, 
Germany) was added to fibrinogen-Kabi (1 g) to form a complex with and hydrolyze 
plasminogen (14) bound to fibrinogen. Plasmic digestion of fibrinogen by plasmin 
was carried out in the presence of calcium ions (27 mM) for 60 min at 3 7 ° C . 
Aprotinin (Trasylol, 211 KlU/ml, Bayer, Leverkusen, Germany) was added to 
terminate digestion. From the digestion mixture, fragment X was isolated through 
columns packed with Sepharose CL6B (Pharmacia) and then Ultrogel AcA34 (LKB 
Instruments, Sweden). The molecular weight of fragment X was estimated to be 
242kD from polyacrylamide gel electrophoresis and immunoblotting (15). SDS-
P A G E patterns for the fragment X obtained were presented in previous reports for 
both the non-reduced (13) and reduced (15) states. Polymerization of fragment X 
was initiated by the release of fibrinopeptide A by thrombin. A low degree of 
polymerization was obtained owing to the structural impairment. Thrombin-treated 
fragment X , abbreviated as x, formed no gel state, and 83% of x went into solution 
at pH 7.4 after overnight incubation(73). 

The Aa chain of human fibrinogen (American Diagnostica, New York, NY) was 
prepared by Dr. Shigeru Hayashi (Thrombosis Chemical Inst., Tokyo, Japan) (16). 
The Aa chain was isolated by passing fibrinogen through a reverse phase HPLC 
column packed with TSK gel, phenyl-5PW (Tosoh, Tokyo, Japan) after reduction 
with dithiothritol. Concentrations of proteins were determined 
spectrophotometrically from absorbance at 280 nm using specific extinction 
coefficients; 1.506 for fibrinogen and f; 1.42 for fragment X and x (77); and 0.667 
for bovine serum albumin (BSA, Sigma). Amounts of Aa chain in solution were 
estimated from densitometric scans of SDS-PAGE patterns and from the peak area 
obtained by HPLC. 

Adsorption experiments. Radioiodine labeling using 1 2 5 I (Du Pont, Wilmington, 
DE) of fibrinogen, x, and the A a chain was carried out using Iodogen (Pierce, 
Rockford, IL). Radiolabeled products were separated through PD-10 columns 
(Pharmacia LKB). The buffer used for adsorption experiments was phosphate 
buffered saline (PBS) containing aprotinin (10 KlU/ml) and 0.02% NaN3 to avoid 
biodegradation of fibrinogen, fragment X , and the Aa chain. Polymer-coated plates 
were immersed in solutions of radiolabeled products and rinsed lightly with PBS. 
The radioactivity of samples was measured with an Auto-well gammacounter A R C 
605 (Aloka, Tokyo, Japan). 

Initial attachment of vascular endothelial cells. Human umbilical vein endo­
thelial cells (HUVEC) were collected according to the method, reported by Jaffe et 
al. (18). H U V E C were cultured in medium 199 containing 15% fetal bovine serum 
(Bioproducts, Walkersville, MD), porcine heparin (90 ug/ml, Opocrin, Modena, 
Italy), L-glutamine, (8 mM, Wako Pure Chem., Osaka, Japan), endothelial cell 
growth suppliment (ECGS, Collaborative Biomedical Products, Bedford, MA) and 
antibiotics such as penicillin (170 units/ml, Meiji Seika Kaisha, Tokyo, Japan), 
streptomycin (85 ug/ml, Meiji Seika Kaisha), and gentamycin (Schering-Plough, 34 
Ug/ml, Osaka, Japan). Cultures were carried out in plastic flasks (Iwaki Glass, 
Tokyo, Japan) coated with porcine gelatin (1%, Nitta Gelatin, Yao, Japan). H U V E C 
were incubated at 37°C under 5% CO2, and the medium for cell culture was changed 
three times a week. H U V E C at confluence were detatched by treatment with 0.02% 
E D T A (Dojin Lab., Kumamoto, Japan) and 0.25% trypsin (Wako Pure Chem.) in 
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PBS for 2 min after washing twice with PBS. Cells collected and cultured were 
identified as vascular endothelial cells from incorporation of acetylated low density 
lipoprotein labelled with l,l-dioctadecyl-3,3,3'3,-tetramethyl-indocarbocyanine 
perchlorate (Dil-Ac-LDL, Biomed Technol., Stoughton, MA) (79). 

The initial attachment of H U V E C on artificial surfaces was observed in serum 
free medium for 60 min at 37°C. Various artificial surfaces were coated with 56.6 
Ug/cm 2 fibrinogen-Imco or f, and rinsed with PBS before seeding H U V E C . 
Fibrinogen-Imco was used in order to avoid the addition of fibrinolysis inhibitors 
during storage. H U V E C of passage 11 were seeded in amounts of 15000 cells per 
well in a 24 well-plate (Iwaki Glass). H U V E C attached to artificial surfaces were 
washed in PBS, fixed with glutaraldehyde (2.5%) in PBS for 20 min, and washed 
twice in PBS. The number of H U V E C in an area of 0.636 mm 2 was counted under a 
Nikon inverted phase-contrast microscope T M D (Nikon, Tokyo, Japan). In addition, 
the shape of H U V E C was observed using a Nikon fluorescence microscope EFD at 
an excitation wave length of 540 nm. Cells fixed with glutaraldehyde were treated 
with 0.2% Triton X-100 (Nakarai Tesque, Kyoto Japan) in PBS. After washing, the 
above-treated cells were stained with rhodamine-conjugated phalloidin (150 nM, 
Molecular Probes, Eugene, OR) for 60 min at 37°C and washed three times with 
PBS (20). 

Results 

Amounts of human fibrinogen adsorbed on various surfaces increased with time and 
became constant after passing through maxima in most cases (Figure la). In general, 
fibrinogen adsorption did not show a monotonic increase as expected for a 
Langmuir-type mechanism (1). Fibrinogen adsorption appears to attain equilibrium 
at about 20 min, and the amounts of fibrinogen adsorbed are almost the same on 
PEUN and glass. This is in contrast to previous data using glass beads where higher 
amounts of fibrinogen were adsorbed on PEUN than on glass (7,5). It is resemble 
that the amounts adsorbed on PBLG, a hydrophobic surface, were 3.5 times as high 
as amounts adsorbed on a hydrophilic surface, PHEMA (Figure la). The time 
dependence of amounts of x adsorbed on various surfaces is shown in Figure lb. The 
amounts of x adsorbed at equilibrium on PEUN and E V A L , 0.226 and 0.223 ng/cm2 

respectively, are less than the amounts of fibrinogen adsorbed at equilibrium. On the 
other hand, the amounts of x adsorbed at equilibrium are similar for glass, and PBLG 
and PVC, both of which are hydrophobic. 

On the basis of the results as seen in Figure 1, the fraction (F ads - XadsVFads ^ o r 

each surface at equilibrium, as well as the amounts of fibrinogen and x adsorbed at 
equilibrium are depicted in Figure 2. This fractional difference (solid bar on Figure 
2) in adsorption between fibrinogen and x may be taken as an indicator of the 
binding of the missing peptide regions (removed from fibrinogen by plasmin) to the 
various surfaces. The regions removed in transforming fibrinogen to x (75) are 
summarized as follows: fibrinopeptide A (1.6kD), the amino terminal region (5.7kD 
at longest) of the Bp chain, and a peptide region (42kD) near the carboxy terminus in 
the A a chain. Since the 42kD peptide region of the A a chain has much higher M r 

than the other digested peptides, this region probably contributes most to the 
difference in adsorption between fibrinogen and x on PEUN. 

The adsorption behavior of the A a chain was investigated next (Figure 3). The 
A a chain was studied at low concentration (2 ng/ml) since only small amounts were 
available. It is noted that adsorption of the A a chain was high on hydrophobic 
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482 PROTEINS AT INTERFACES II 

Elapsed Time, min 

Figure 1. Adsorption kinetics of human fibrinogen (0.1 mg/ml in PBS) on 
various surfaces (a) and of thrombin-treated fragment X (x, 0.1 mg/ml) on 
various surfaces (b). Data represents average of two experiments. 
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Figure 2. Adsorbed amounts of proteins on various surfaces at equilibrium. 
Fads, fibrinogen (hatched bar); Xads, x (shaded bar); (Fads-xads)/Fads ^)ar)-
Data represents average of four experiments. 

i — T • T — • — i — 1 — i — • — i — 1 — i — 

PHEMA PEUN EVAL PBLG PVC glass 

Various Surfaces 

Figure 3. Adsorption of the Aa chain of human fibrinogen (2 jig/ml) on various 
surfaces in the presence of fibrinogen (F). Data represents average of duplicate 
experiments. Time of adsorption was 20 min. 
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Table I. Number of HUVEC/mm 2 Attached on Various Surfaces, 
Coated with f and fibrinogen (F) or rinsed with PBS 

PHEMA PEUN EVAL PBLG PVC glass 

f 44.7+13.5 11.5 +4.1 13.8 +3.9 22.0 +5.5 109.4 +41.4 27.5+11.9 
(6.3 ±2.5) (6.0 ±2.4) (6.3 ±4.7) (11.3 ±5.2) (81.8 ±36.5) (5.5 ±4.2) 

F 14.2+4.7 5.8+0.9 11.5+1.9 12.6+2.8 28.3 +4.1 15.4+4.6 
(7.4 ±2.4) (0) (3.6±1.9) (1.2 ±1.6) (23.1±7.9) (6.0 ±7.9) 

PBS 3.1 +3.0 158.8 + 13.7 61.0+41.2 13.7+6.0 46.1+18.2 83.8+8.0 
(0) (0.6 ±0.8) (0.3 ±0.6) (0) (0) (16.2 ±6.3) 

Data is average ± SD of cells attached on 3 different sites. 
Brackets indicate the number of spreading cells. 

surfaces, particularly PBLG. The Aa chain adsorbed, however, was observed to be 
desorbed by adding fibrinogen. The fractional desorption of the Aa chain in the 
presence of ibrinogen at a concentration equal to that of the Aa chain used for 
adsorption is shown in Figure 4. As is obvious from Figure 4, the Aa chain is easily 
desorbed from PHEMA and E V A L as well as from PEUN. The Aa chain is not 
expected to have affinity for hydrophobic surfaces such as P B L G and PVC. 
Possibly, characteristics of the whole Aa chain work as a hydrophobic peptide, and 
different from 42kD peptide region from the carboxy terminus. 

Fibrinogen is known as one of proteins which promotes cell adhesion. In Table 
I, the effects of fibrinogen- and f- coating on the various surfaces on the number of 
cells attached in the early stages ( 60 min) are summarized. H U V E C were attached 
in higher numbers on f-coated artificial surfaces than on fibrinogen-coated ones. A 
large number of H U V E C were attached to PBS-rinsed PEUN just as a high number 
of platelets were adhered on PEUN (J). It is noted that the number of spread cells is 
much higher on fibrinogen or f-coated surfaces than on PBS-rinsed surfaces, where 
most of the initially attached H U V E C were round and unspread in the initial 
attachment. 

Experiments on H U V E C attachment were carried out a number of times. It 
was found that the number of H U V E C attached changed subtly according to 
experimental conditions as well as passage number and treatment method. Spread 
cells were difficult to count without staining with a fluorescent dye. As the result of 
counting the number (data not shown) of attached H U V E C after fixing with 
glutaraldehyde, some of H U V E C attached on artificial surfaces seem to be detached 
through the treatment with Triton X-100 and staining steps even after fixing with 
glutaraldehyde. Despite possible artifacts of detachment in these experiments on 
H U V E C , the number of spread cells appears higher on fibrinogen- or f-coated 
hydrophobic surfaces than on fibrinogen- or f-coated PEUN and E V A L surfaces. 
Thus, the number of spread cells rather than the number of attached cells seems to be 
correlated with thrombogenicity of fibrinogen-adsorbed artificial surfaces such as 
PBLG, PVC, and glass. 
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3000 

PHEMA PEUN EVAL PBLG PVC glass 

Various surfaces 

Figure 4. Adsorbed amounts of Aa chain on various surfaces (hatched bars). 
Fractional desorption of A a chain in the presence of fibrinogen at a concentration 
the same as for Aa chain during adsorption (solid bars). Data represents average 
of duplicate experiments. 

 A
ug

us
t 1

6,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

5 
| d

oi
: 1

0.
10

21
/b

k-
19

95
-0

60
2.

ch
03

4

In Proteins at Interfaces II; Horbett, T., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1995. 



486 PROTEINS AT INTERFACES II 

Discussion 

Fibrinogen has two amino acid sequences for the motif of cell adhesion. One of 
them, RGDS, is located on the 42kD peptide region near the carboxy terminus, i.e., 
Aa572-575, as indicated in Figure 5. The A a chain of fragment X, obtained from a 
late stage 2 digest, corresponds to the peptide Aal-206 from which the amino acid 
sequence Aa79-104 was digested partially by 42% (75). The hydrophobicity of A a l -
206 and Aa207-610 was have been plotted using hydrophobicity factors for each of 
the amino acid residues taken from by Kidera et al. (27). They assigned 
hydrophobicity factors to each amino acid residue in different peptide structures on 
the basis of 188 physical properties. For example, the hydrophobicity of an amino 
acid residue is different in inside of a protein, i.g., buried amino acid residues, and 
the surface of the protein in the aqueous environment. In addition, tryptophan, 
tyrosine, and proline residues have strongly decreased values of hydrophobicity in 
the buried state, while cysteine residues have a strongly increased value of 
hydrophobicity on the surface. 

The peptide Aa l -206 is considered to be incorporated in the tri-nodular 
structure of fibrinogen, and hence values of hydrophobicity in the buried state are 
plotted for this peptide region. On the other hand, values of hydrophobicity assigned 
to the surface are plotted for the peptide Aa207-610 (Figure 5). Hydrophobicity of 
the peptide Aal-206 appears higher than that of the 42 K D peptide, Ao207-610. The 
region of peptide Aa207-610 seems relatively hydrophilic, and is abundant in serine, 
threonine, and glycine. The peptide regions, indicated with broken lines in the Figure, 
represent regions of few hydrophobic side chains such as tryptophan, phenylalanine, 
tyrosine, leucine, and isoleucine residues in an overall hydrophilic region. This 
suggests that there are an amphiphilic peptide regions. 

On the other hand, the structure of segmented PEUN is considered to consist of 
domains structure composed of soft and hard segments, based on the crystallinity of 
PEUN segments. Moreover, the E V A L used is a random copolymer composed of 
hydrophilic (=69%) and hydrophobic (=31%) monomelic units. E V A L is also a 
crystallizable polymer (22), and appears to form a domain structure of crystallites in 
an amorphous matrix. Thus, the above-described hydrophobic groups in the 
hydrophilic region of the A a chain may have affinity to the amphiphilic domain 
structure on PEUN and E V A L surfaces. Therefore, the affinity of the 42 kD peptide 
region of the A a chain for artificial surfaces may lead to less mobility of the motif 
sequence for cell adhesion, leading to slower and less extensive binding to adhesion 
receptors on cells. Hence, lower mobility of a ligand region of fibrinogen should 
lead to slow formation of focal contacts for cell adhesion (25), slow organization of 
microfilament bundles in cytoskelton (24), and then slow spreading of cells. In other 
words, spreading of vascular endothelial cells may be considered to be relatively 
rapid on fibrinogen-coated glass and hydrophobic surfaces, while on fibrinogen-
coated amphiphilic domain structure the cells may spread slowly owing to high 
affinity of the peptide region containing the cell adhesion ligand for the artificial 
surface (Figure 6). 

In conclusion, fibrinogen adsorbed on artificial surfaces is considered to affect 
not so much the number attached but the spreading of vascular endothelial cells in 
the initial attachment phase. A fibrinogen domain, the 42kD peptide region of the A a 
chain appears to be adsorbed selectively on PEUN and E V A L surfaces. Slow 
spreading of H U V E C attached to fibrinogen-coated PEUN and E V A L may be 
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Aa 1-206 

-2 1 ^ J >- - - X . J 
207 T 6 1 0 

RGDS 

Aa2()7-61() 

Figure 5. Hydrophobicity (27) of peptides Aa l -206 and Ao207-610 in the A a 
chain of human fibrinogen. 

Figure 6. Schematic model for vascular endothelial cells attached on fibrinogen-
coated amphiphilic domain surfaces (A) and on glass or hydrophobic surfaces 
(B). 
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correlated to low platelet spreading and aggregation (observed previously), and 
ultimately good thromboresistance of PEUN and E V A L . 
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Chapter 35 

Phospholipase A2 Interactions with Model 
Lipid Monolayer Membranes 
at the Air—Water Interface 

K. M. Maloney1, M. Grandbois2, C. Salesse2, D. W. Grainger3,5, and 
A. Reichert4 

1Department of Chemistry, Biochemistry, and Molecular Biology, Oregon 
Graduate Institute of Science and Technology, Portland, OR 97291-1000 

2Centre de Recherche en Photobiophysique, Université du Québec 
à Trois-Rivières, 3351 boulevard des Forges, C.P. 500, Trois-Rivières, 

Québec G9A 5H7, Canada 
3Department of Chemistry, Colorado State University, Fort 

Collins, CO 80523 
4Materials Science Division, Lawrence Berkeley Laboratory, 

Berkeley, CA 94720 

Mechanisms of domain formation by the membrane-active enzyme, 
phospholipase A2 (PLA2), in hydrolyzed phospholipid monolayers at 
the air-water interface have been investigated. PLA2-catalyzed 
hydrolysis of phospholipid membrane substrates yields both free fatty 
acid and lyso-lipid reaction products. After a certain extent of 
monolayer hydrolysis, PLA2 forms large, regular two-dimensional 
aggregates at the monolayer interface. PLA2-catalyzed monolayer 
hydrolysis has been investigated using monolayer isotherm techniques, 
surface potential, and dual-label fluorescence microscopy at the 
air-water interface, as well as electron microscopy. Our results 
indicate that PLA2-produced fatty acid reaction products laterally phase 
separate from remaining enzyme substrate and lyso-lipid, forming 
two-dimensional, anionic domains. Results support our hypothesis that 
enzyme domains are formed by PLA2 binding electrostatically to phase 
separated fatty acid through basic amino acid residues located on the 
enzyme's interfacial binding surface. 

Monolayers at the air-water interface (1) have been used as organized molecular 
scaffolds for two-dimensional protein crystallization (2), and as the basic structural 
unit for biosensing devices (5). As model membrane systems, monolayers have also 
been used to investigate specific protein-membrane interactions in natural and 
synthetic systems (4). Membrane lateral density and phase behavior are 

5Corresponding author 

0097-6156/95/0602-0490$12.00/0 
© 1995 American Chemical Society 
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experimentally accessible parameters, allowing the determination of 
macromolecule-membrane interactions as functions of monolayer membrane surface 
density and phase behavior. Application of surface characterization techniques such 
as scanning probe microscopy, quartz crystal microbalance, optical spectroscopy, 
and scattering methods, as well as traditional monolayer isothermal compression and 
fluorescence microscopy allow in-depth characterization of monolayer and 
monolayer-protein assemblies (see ref. 5 for a review). 

Naturally, a cascading series of biological events often results from protein 
membrane recognition, binding and subsequent biochemical events. Biological 
signal transduction from phospholipase A2 (PLA 2) is one example (6). 
Calcium-dependent, secreted PLA 2 ' s are small (M r « 14 kD), water-soluble 
enzymes derived from many sources, most common of which are mammalian 
pancreas and snake venoms. P L A 2 catalyzes the stereospecific hydrolysis of sn-2 
phospholipid acyl chains to produce a membrane-resident fatty acid and lyso-lipid 
species (7). Frequently, the fatty acid released is arachidonic acid, a precursor in 
the potent eicosanoid pathway (8). 

Extensive efforts have been made to elucidate the interfacial mechanism of 
P L A 2 hydrolytic activity (9). It is well known that the enzyme displays maximal 
activity towards organized lipid interfaces such as vesicles, micelles, and 
monolayers (10). The influence of the physical state of the lipid interface on 
enzyme activity has been the focus of our investigations. We and coworkers have 
focused on elucidating the mechanism of P L A 2 domain formation following lipid 
membrane hydrolysis at the air-water interface (11-14). 

We present here a mini-review of our work relating to P L A 2 domain 
formation in these systems. We discuss our initial enzyme self-assembly results, 
an experimental system aimed at testing our domain formation hypothesis, and 
finally, our attempts to mimic P L A 2 domain formation using a model mixed 
monolayer system with a water-soluble cationic dye protein analog. 

Experimental 

Materials. Rhodamine-labeled phosphatidylethanolamine or l-palmitoyl-2-
[12-(7-nitro-2-l,3-benzoxadiazol-4-yl)amino]dodecanoyl-phosphatidylcholine 
(Rhod-DPPE and C12-NBD-PC, respectively) and cationic dye 1,1',3,3,3',3'-
hexamethylindocarbo-cyanine iodide (H-379), were purchased from Molecular 
Probes (Eugene, OR) and used as received. Nonfluorescent lipids and fatty acids 
were from Avanti Polar Lipids (Alabaster, AL) and Fluka A G , respectively. The 
asymmetric lipids 6,16-PC and 16,6-PC used in the hydrolysis experiments were 
synthesized via the fatty acid imidazole method (15,16), and were generously 
synthesized, purified, and supplied by Prof. Mary Roberts (Boston College). Naja 
N.N P L A 2 was purchased from Sigma and used as received. 

Enzyme Labeling. PLA2-fluorescein (PLA 2-FITC) conjugates were prepared by 
the general method of Nargessi and Smith (17). Labeling efficiencies were 
statistical, with [FITC]/[PLA 2] ratios typically less than 0.75. FITC concentrations 
were determined by U V absorbance at 490 nm and protein concentration determined 
by the method of Smith and coworkers (18). 
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Fluorescence Microscopy. Fluorescence microscopy of monolayers at the air-water 
interface was conducted on home-built, microprocessor-controlled Teflon troughs 
mounted on a stage of a Zeiss A C M epifluorescence microscope (19). Image 
contrast of lipid monolayers by fluorescence microscopy is based on differential 
solubilities of fluorescentiy-labeled lipid probes between monolayer phases (20-22). 
In phase-separated monolayer systems exhibiting a coexistence of fluid and 
condensed phases, Rhod-PE and C12-NBD-PC, preferentially partition into fluid 
monolayer phases. Thus, fluid phases appear bright (enriched with fluorescent lipid 
probe) and condensed phases appear dark (probe depleted regions). Monolayer 
probe concentrations were between 0.5 and 1 mol%. Using excitation and emission 
specific fluorescence filters integrated with the fluorescence microscope, it is 
possible to conduct dual-label imaging experiments with rhodamine-labeled lipid and 
fluorescein-labeled P L A 2 (77,72). Specific details concerning fluorescence 
microscopy of lipid monolayers at the air-water interface are found elsewhere 
(19,22). 

Dye Binding to Monolayers. The water soluble, cationic dye H-379 was used to 
probe electrostatic characteristics of phase separated monolayers. H-379 was 
injected beneath the monolayer and into a Teflon mask positioned in the trough 
(11,14). The mask facilitated monolayer imaging by reducing monolayer surface 
flow. Monolayer images from inside and outside the mask were frequently 
compared to ensure the mask did not create any monolayer artifacts. Lipid 
monolayer imaging was achieved with C12-NBD-PC probe and was directly 
visualized with a fluorescein specific fluorescence filter. Switching between 
fluorescein and rhodamine specific filters allowed tandem imaging of lipid 
monolayer physical state and H-379 dye location, respectively. 

Surface Potential. Monolayer surface potential was determined using the ionizing 
electrode method (7). An 2 4 1 A m electrode was placed 1-2 mm above a monolayer 
covered interface. A Pt electrode in the monolayer subphase was used as a 
reference electrode. Surface potential and molecular area at constant surface 
pressure (determined with a Wilhelmy plate) were measured simultaneously as a 
function of time. Surface potential, AV (mV), is defined as the difference in 
potential of a monolayer film versus a clean interface. During hydrolysis 
experiments, the monolayer subphase was stirred. 

Electron Microscopy. L-a-DPPC monolayers were hydrolyzed by P L A 2 at 22 
mN/m on a Tris-buffered subphase (30 °C). PLA2-hydrolyzed DPPC monolayers 
were transferred to carbon-coated E M grids by the Langmuir-Schaefer technique 
(23). Protein staining was achieved using a 2% uranyl acetate solution for 30 
seconds. 

Results 

Dipalmitoylphosphatidylcholine (DPPC) monolayers at the air-liquid interface 
exhibit several phase transitions while undergoing isothermal compression. While 
great debate has taken place over whether or not any of the observed transitions are 
truly first-order (4), fluorescence and Brewster angle microscopy at the air-liquid 
interface have unequivocally shown a coexistence of liquid-expanded and solid 
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monolayer phases in the near-horizontal region of the DPPC isotherm. A 
fluorescence image of a DPPC monolayer compressed beyond the phase transition 
point into this phase coexistence region (19-22) is shown in Figure la, as viewed 
through a rhodamine-specific (monolayer) fluorescence filter (llf12). Clearly 
visible are dark regions depleted of monolayer fluorescent probe solid domains 
surrounded by fluid L E lipid phase (fluorescent probe rich). FITC-labeled P L A 2 

was then injected into the DPPC monolayer subphase beneath the monolayer (77). 
As viewed through a fluorescein-specific fluorescence filter, Figure lb shows a 
nearly homogeneous fluorescence signal from F I T C - P L A 2 at the monolayer 
interface. As time after P L A 2 injection increases, solid domains are hydrolyzed by 
the enzyme, as evidenced in Figures lc and e. The interior of solid DPPC domains 
appear to be slowly degraded as the enzyme hydrolyzes at the interface between the 
solid DPPC domains*and L E phase DPPC. However, as shown in Figure Id (25 
minutes after P L A 2 injection), the FITC-PLA 2 fluorescence signal is no longer 
homogeneous. Small areas of concentrated fluorescence are visible in the 
monolayer plane. These small areas represent aggregated F I T C - P L A 2 at the 
hydrolyzed monolayer interface. As hydrolysis time increases, the enzyme 
domains increase in size (Figure If, 40 minutes after P L A 2 injection) and number. 
Moreover, the fluorescent P L A 2 domains in Figure If are also seen when the lipid 
monolayer is imaged with a rhodamine filter (non-fluorescent gray regions in Figure 
le corresponding to bright regions in Figure If). Finally, 60 minutes after P L A 2 

introduction to the monolayer subphase, fluorescent P L A 2 domains are quite large 
(Figure lh) with the fluorescence signal corresponding exactly to the dark 
bean-shaped regions in Figure lg. P L A 2 domains depicted in Figure 1 resist lateral 
compression and dissolution at high and low surface pressures, respectively (12). 
This is consistent with tight enzyme packing and lateral enzyme association in the 
interfacial plane. 

In an attempt to mimic P L A 2 domain formation, we characterized binary and 
ternary mixed monolayers containing DPPC, C16Lyso and palmitic acid (PA). 
Ternary mixed monolayers represent the composition of P L A 2 hydrolyzed DPPC 
monolayers at various extents of hydrolysis. Initially, the mole fraction of DPPC 
is unity. As a function of increasing P L A 2 hydrolysis time, mole fraction of DPPC 
approaches zero, while mole fractions of C16Lyso and PA (enzymatically produced 
in equimolar amounts) each approach 0.5. Representing various extents of 
hydrolysis, mixed monolayers of C16Lyso:PA (1:1; mokmol) and 
DPPC:C16Lyso:PA (0.2:1:1, 1:1:1, 2:1:1, up to 10:1:1; mol:mol:mol) were 
investigated (14). C16Lyso:PA (1:1) binary mixed monolayers represent a totally 
hydrolyzed lipid monolayer while DPPC:C16Lyso:PA ternary mixed monolayers 
represent partially hydrolyzed monolayer compositions. Shown in Figure 2a is a 
fluorescence micrograph of ternary mixed DPPC:C16Lyso:PA (0.2:1:1) monolayers 
(no enzyme). Compression of the monolayer yields the phase separated 
microstructure shown in Figure 2. Injection of cationic, water-soluble H-379 dye 
results in rapid dye binding to the phase separated microstructure (Figure 2b), 
showing the domain region is enriched in anionic components (fatty acid). As mole 
fraction of DPPC increases, the size of phase separated anionic domains decreases, 
and is absent on the micrometer scale once a 3:1:1 (DPPC:C16Lyso:PA) ternary 
mixed monolayer ratio is obtained. Phase separation of anionic domains such as 
that shown in Figures 2a and b are only observed in the presence of Ca2* and on 
an alkaline monolayer subphase. This is consistent with a Ca2+-mediated fatty acid 
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Figure 1. Fluorescence micrographs of P L A 2 hydrolyzed DPPC monolayers. 
Figures a, c, e, and g were imaged through a filter specific for rhodamine 
fluorescence (monolayer lipid probe). Figures b, d, f, and h were imaged 
through a fluorescein specific fluorescence filter. Image pairs a-b, c-d, e-f, 
and g-h were taken 0, 25, 40, and 60 minutes after P L A 2 injection into the 
monolayer subphase, respectively. Subphase is 100 mM NaCl, 10 mM Tris, 
5 mM CaCl 2 , pH 8.9, T = 30°C. Surface pressure (22 mN/m) remained 
constant throughout hydrolysis. Scale bar in a is 20 /xm. Reprinted with 
permission from Elsevier Scientific Press. 
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Figure 2. Fluorescence micrographs of phase separated, ternary mixed 
monolayers (DPPC:C16Lyso:PA, 0.2:1:1). Images in a and b as viewed 
through a fluorescein (monolayer filter) and rhodamine (H-379) specific 
fluorescence filter, respectively, at 12 mN/m. Monolayer subphase is 100 mM 
NaCl, 10 mM Tris, 5 mM CaCl 2 , pH 8.9, T = 20°C. Scale bar = 25 ^m. 
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chelating event. Alkaline subphase pH is required to keep fatty acid carboxylate 
head-groups ionized (pK a ca. 5-6). By contrast, replacing palmitic acid in ternary 
mixed monolayer systems with its unsaturated analog, palmitoleic acid, does not 
yield phase separation of fatty acid enriched microstructures upon monolayer 
compression (unpublished data). Palmitoleic acid is unable to pack into condensed 
phases due to its acyl chain unsaturation. Additionally, phase separated polymerized 
diacetylenic fatty acid (DIAC-FA) surrounded by fluid D-DPPC lipid matrix does 
not lead to P L A 2 adsorption (75). However, cationic dye adsorption does occur 
under these phase separated DIAC-FA monolayer domains, but presumably during 
DIAC-FA phase separation and polymerization other monolayer species important 
for P L A 2 binding (i.e., PC) are expelled from phase separated DIAC-FA (75). This 
shows that fatty acid chemistry and the presence of substrate PC both influence 
protein interfacial domain formation. 

To account for P L A 2 self-assembly at hydrolyzed phospholipid monolayers 
at the air-liquid interface, we and coworkers proposed that PLA2-produced fatty acid 
reaction products were responsible for inducing interfacial enzyme domain formation 
(77,72). To test this hypothesis, the importance of fatty acids, as well as lyso-lipid 
and lipid substrate, on P L A 2 domain formation was investigated using asymmetric 
phospholipid substrates. Hydrolysis of these substrates results in formation of 
selectively water-soluble fatty acids and water-insoluble lyso-lipids (Maloney, K. 
M . , Grandbois, M . , Grainger, D. W. , Salesse, C , Lewis, K. A . , and Roberts, 
M . F . , submitted to Biochimica et Biophysica Acta). Results of P L A 2 hydrolysis 
of l-palmitoyl,2-caproyl-phosphatidylcholine (16,6-PC) monolayers are shown in 
Figure 3a. P L A 2 hydrolysis of 16,6-PC produces water-soluble caproic acid and 
water-insoluble palmitoyl-lysophosphatidylcholine (C16Lyso). Total hydrolysis of 
a 16,6-PC monolayer by P L A 2 thus results in formation of a pure C16Lyso 
monolayer. Plotted in Figure 3a is monolayer molecular area and surface potential 
as a function of P L A 2 hydrolysis time. The horizontal regions of the surface 
potential and monolayer area curves (segments AB and A'B' , respectively) reflect 
the stability of 16,6-PC monolayers in the absence of enzyme. At point B, P L A 2 

was injected into the monolayer subphase. Immediately following P L A 2 injection, 
surface potential and monolayer molecular area start to decrease. This decrease is 
linear as a function of time and continues to point C. At point C, surface potential 
and monolayer area continue to decrease, but at a slower rate. Point C is taken as 
the end of 16,6-PC monolayer hydrolysis, and the remaining slow decrease in 
surface potential and area reflecting the instability of the remaining C16Lyso 
monolayer. At the end of hydrolysis (point C), monolayer molecular area is 
49.5 A2/molecule and the surface potential is 248 mV, corresponding closely to 
molecular area and surface potential expected for a pure C16Lyso monolayer under 
these conditions (50 A2/molecule and 220 mV, respectively). 

Shown in Figure 3b is surface potential and molecular area versus P L A 2 

hydrolysis time of l-caproyl,2-palmitoyl-phosphatidylcholine (6,16-PC), the 
positional isomer of 16,6-PC. P L A 2 hydrolysis of 6,16-PC produces water-soluble 
caproyl-lysophosphatidylcholine and water-insoluble palmitic acid. P L A 2 hydrolysis 
of 6,16-PC monolayers results in the formation of a pure palmitic acid monolayer. 
Similar to Figure 3a, surface potential and molecular area are stable prior to enzyme 
introduction (segments AB and A'B' , respectively). After P L A 2 injection beneath 
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Figure 3. Surface potential (—) and monolayer molecular area ( ) versus 
P L A 2 hydrolysis time at constant surface pressure (15 mN/m). a and b 
represent 16,6-PC and 6,16-PC monolayers respectively. Monolayer subphase 
is 100 mM NaCl, 10 mM Tris, 5 mM CaCl 2 , pH 8.9, T = 2 0 ° C , compression 
rate = 2 A2/molecule/minute. P L A 2 injected at point B. 

 A
ug

us
t 1

6,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

5 
| d

oi
: 1

0.
10

21
/b

k-
19

95
-0

60
2.

ch
03

5

In Proteins at Interfaces II; Horbett, T., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1995. 



498 PROTEINS AT INTERFACES II 

the monolayer (point B), surface potential and monolayer area immediately decrease 
until point C (taken as end of hydrolysis) is reached. The molecular area at point 
C is 19 A2/molecule and the surface potential is 100 mV. The area closely 
corresponds to the molecular area for a fatty acid molecule under these conditions, 
(ca. 20 A2/molecule) while the surface potential value does not correspond to the 
value expected for a palmitic acid monolayer (-30 mV) under these conditions. 

As shown in Figures 4a and b, P L A 2 was observed to form domains in 
hydrolyzed 6,16-PC monolayers. Figure 4a shows a gray, phase separated 
microstructure in a rhodamine specific fluorescence filter. Imaging the same field 
of view with a fluorescein filter shows that FITC-PLA 2 fluorescence corresponds 
exactly to the gray region in Figure 4a. By contrast, P L A 2 hydrolysis of 16,6-PC 
monolayers results in the formation of a C16Lyso monolayer (fatty acid products 
are solubilized in the subphase) with little PLA2 domain formation. Moreover, 
addition of fatty-acid binding albumin to the monolayer subphase during P L A 2 

hydrolysis of 16,6-PC monolayers totally suppressed P L A 2 interfacial aggregation. 
Surface potential and molecular area hydrolysis kinetics (Figure 3) show that 

P L A 2 does not contribute to the monolayer molecular area. Enzyme domains shown 
in Figure 4 are located beneath the monolayer and remain stable for hours. 
Similarly, P L A 2 domains shown in Figure 1 also lie directly beneath the hydrolyzed 
monolayer. Control experiments consisting of P L A 2 injection beneath both pure 
palmitic acid (unpublished data) and palmitoyl-lysophosphatidyl-choline (72) 
monolayers were also conducted. P L A 2 does not form domains beneath pure 
lyso-lipid monolayers. P L A 2 does, however, form domains beneath pure palmitic 
acid monolayers (Ca2+-containing pH 8.9 subphase), though exhibiting highly 
irregular domain morphologies distinct from those formed in the presence of PC 
substrate. 

To further assess the microstructure of P L A 2 domains, hydrolyzed 
monolayers were transferred to E M grids. Figure 5 shows an electron micrograph 
of a PLA2-hydrolyzed L-DPPC monolayer (24). Small regions showing hexagonally 
ordered protein are visible. Experimental difficulties (transfer of fluid phase 
monolayers) prevented full transfer of intact P L A 2 domains (ca. 25 fim in diameter). 
Hexagonally arranged single P L A 2 crystals in Figure 5 most likely represent 
fragments of 2-D larger P L A 2 domains. 

Discussion 

Figure 6 depicts our P L A 2 domain formation hypothesis (adapted from ref. 11). 
P L A 2 catalyzes the chemical conversion of a single component lipid monolayer to 
a ternary mixed, heterogeneous interface. We propose that after a certain extent of 
enzyme hydrolysis, fatty acid reaction products phase separate from remaining 
substrate and lyso-lipid. The result is the formation of anionic fatty acid enriched 
microstructures within the monolayer which prompt P L A 2 interfacial binding. 
Figure 1 shows, as a function of hydrolysis time, the formation of these P L A 2 

microstructures. Previous accounts concerning analogous membrane 
microstructuring from P L A 2 action on vesicle bilayers have been reported by Jain 
and coworkers (25,26). They showed ternary mixed vesicle systems undergo lateral 
phase segregation yielding bilayer regions enriched in fatty acids as monitored using 
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Figure 4. Fluorescence images of P L A 2 hydrolyzed 6,16-PC monolayers at 
15 mN/m. Images in a and b are viewed through rhodamine and fluorescein 
filters, respectively. Monolayer subphase is 100 mM NaCl, 10 mM Tris, 5 
mM CaCl 2 , 25 nM BSA pH 8.9, T = 2 0 ° C . Scale bar in a is 25 p.m. 
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Figure 5. Electron micrograph of PLA2-hydrolyzed L-DPPC monolayers. 
Hydrolyzed monolayers were transferred to E M grids via the 
Langmuir-Schaefer technique at 22 mN/m. Scale bar is 40 nm. 

mm D i y M o n o l a y e r H y d r o l y s i s 

Hydrolyzed monolayer of lipid, 
lyso-lipid and fatty acid 

A ^ 

Adsorption 

Figure 6. Protein domain formation hypothesis for PLA2-hydrolyzed 
phospholipid monolayers at the air-water interface. See text for details. 
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cationic dye binding and fluorescence techniques and P L A 2 hydrolysis (25,26). 
Though P L A 2 domain formation has not been shown in vesicle systems, acceleration 
of enzyme hydrolysis kinetics has been correlated with vesicle fatty acid lateral 
segregation (26). Both monolayers and vesicles share similar physical membrane 
characteristics after limited PLA2 hydrolysis: laterally phase separated membrane 
regions enriched in fatty acid. More recently, further evidence supporting lateral 
phase separation in ternary vesicle systems has also been presented by Biltonen and 
coworkers using fluorescence techniques (27). 

To test the enzyme domain formation hypothesis in monolayers, we 
employed asymmetric lipid substrates: enzymatic hydrolysis of 6,16-PC substrate 
leads to the formation of water-soluble lyso-lipid and water-insoluble fatty acids. 
P L A 2 domain formation in this system was observed, indicating that lyso-lipid does 
not play a critical role in P L A 2 interfacial aggregation. Hydrolysis of 16,6-PC, on 
the other hand, leads to the formation of a water insoluble lyso-lipid, and a 
water-soluble fatty acid. P L A 2 domain formation in this system was greatly 
reduced, consistent with our hypothesis that fatty acids are necessary for enzyme 
aggregation. In addition, the time needed to observe P L A 2 domain in 16,6-PC 
monolayer systems was typically 8-10 hours after P L A 2 injection, whereas P L A 2 

domain formation in hydrolyzed 6,16-PC systems was usually less than one hour. 
Since small P L A 2 domains were observed in hydrolyzed 16,6-PC systems, 

bovine serum albumin (BSA) was added to the monolayer subphase during 
hydrolysis to sequester fatty acid. With BSA present in the subphase, P L A 2 domain 
formation was completely suppressed. Though all caproic acid reaction products 
were probably solubilized after their hydrolytic release, aqueous self-acylation of 
P L A 2 is known to occur (28). Perhaps the long induction times needed for P L A 2 

domain formation with the 16,6-PC substrate result from this acylation mechanism 
(and resulting increase in surface activity of P L A ^ . 

Surface potential and molecular area versus hydrolysis time (Figure 3) also 
support our claim that fatty acids and lyso-lipids are solubilized upon P L A 2 

hydrolysis for 16,6-PC and 6,16-PC, respectively. If lyso-lipid were important for 
P L A 2 domain formation, P L A 2 domain formation would have either been reduced 
or totally suppressed in hydrolyzed 6,16-PC systems. As shown in Figure 4, this 
was not the case. 

Recently solved high-resolution P L A 2 crystal (29-31) structures show that 
several cationic amino acid residues (Lys, Arg) located near the enzyme's interfacial 
recognition site are solvent accessible. It is reasonable to expect that these residues 
possess the ability to interact with negative charges concentrated within phase 
separated fatty acid domains. In fact, P L A 2 from porcine pancreas is well-known 
to prefer substrate present in a negatively charged interface (9). Additional support 
for electrostatic interactions between P L A 2 and fatty acids is given by surface 
potential data for P L A 2 hydrolyzed 6,16-PC monolayers. The final surface potential 
obtained after completion of 6,16-PC hydrolysis was 100 mV, which does not 
correspond to that of a pure palmitic acid monolayer under enzyme-free conditions 
(-30 mV). As shown in Figure 4, P L A 2 domain formation occurred during 6,16-
PC hydrolysis. Therefore, PLA 2 ' s dipoles and surface charges also contribute to 
the surface potential. Though we cannot separate PLA 2 ' s and palmitic acid's 
contribution to the surface potential, this suggests P L A 2 electrostatically interacts 
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with fatty acids. Results from ternary mixed monolayer studies also show that fatty 
acids play an important role in the phase behavior of resultant P L A 2 hydrolyzed 
lipid monolayers. Using H-379 as a cationic protein "analog," Figure 2 shows that 
under appropriate conditions (high pH, presence of C a 2 + ) , ternary mixed 
monolayers representing lipid membrane compositions at various extents of 
hydrolysis undergo fatty acid phase separation (13,14). 

Portions of P L A 2 domains transferred to electron microscopy grids 
apparently exhibit 2-D hexagonal order. Collectively, these observations support 
our hypothesis that P L A 2 domain formation critically depends on the presence of 
fatty acids at the air-water interface. The shapes of P L A 2 domains in hydrolyzed 
DPPC and 6,16-PC films (Figures 1 and 4, respectively) are dissimilar. It is 
therefore possible that two different P L A 2 aggregation mechanisms are occurring 
in hydrolyzed DPPC and 6,16-PC systems. As shown in Figure 1, P L A 2 domains 
from hydrolyzed isomerically pure lipid monolayers are typically bean-shaped. 
Similar bean-shaped domains are also observed in PLA2-Jree, phase separated 
ternary mixed monolayers containing enantiomerically pure DPPC, C16Lyso and 
palmitic acid (0.2:1:1, Figure 2). The well-characterized property of DPPC 
enantiomers to induce chiral lipid domains during lipid monolayer phase transitions 
(19-22) may also play a role in templating or structuring P L A 2 interfacial 
aggregation into specific morphologies. This property would also extend to DPPC's 
chiral hydrolysis product, C16Lyso lipid, resident after P L A 2 hydrolysis even 
though it lacks an observable phase transition and does not form monolayer domains 
(14). Nevertheless, hydrolysis of asymmetric phospholipid substrates (Figure 4) 
results in P L A 2 domains that are irregularly shaped and often comprise multiple 
domains clustered together. To obtain the regular bean-shaped P L A 2 domains after 
hydrolysis, C16Lyso and/or DPPC residual in phase separated fatty acid regions 
may play an important role in monolayer phase separation, enzyme domain 
formation and its resulting morphology. In 6,16-PC hydrolyzed monolayers, 
however, lyso-lipid products are solubilized during hydrolysis; the remaining 
monolayer is pure fatty acid. In this case, P L A 2 domain formation is still observed 
but with distinctly different morphology (Figure 4). It is our assertion in this case 
that P L A 2 adsorbs interfacially to fatty acid without the morphology imposed by 
chiral lipids. This is supported by control experiments showing P L A 2 adsorbs to 
pure palmitic acid monolayers resulting in highly irregular protein domain 
morphologies. We therefore alter our original enzyme domain formation hypothesis 
to include chiral PC in phase separated monolayer regions and its influence on 
resulting domani morphologies. P L A 2 adsorbs to pure palmitic acid monolayers, 
but to observe chiral protein domains (12), enzyme substrate is necessary at some 
point during the enzyme domain formation time course. Further work is aimed at 
elucidating these points. 
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Chapter 36 

Fibronectin in a Surface-Adsorbed State 
Insolubilization and Self-Assembly 

Viola Vogel 
Center for Bioengineering, University of Washington, Seattle, WA 98195 

Human plasma fibronectin undergoes a transition from a soluble dimeric form 
in solution to an insoluble fibrillar form if incorporated into extracellular matrix. 
These initial and final states of fibronectin are well characterized; yet the 
molecular pathway is unknown by which fibronectin is insolubilized, self­
-assembled and crosslinked. A study of fibronectin adsorbed from physiological 
salt solution to the nonpolar air/water interface reveals that fibronectin 
undergoes a transition to an insoluble state at the interface. The insolubilization 
does not originate from covalent crosslinking, nor is crosslinking initiated. 
Under certain conditions, fibronectin further assembles spontaneously into 
fibrillar networks in contact with L-α-dipalmitoyl phosphatidylcholine (DPPC) 
monolayers at the air/water interface. Fibronectin self-assembly is dependent 
on the physical state of the DPPC monolayer and the history by which 
fibronectin and DPPC first come into contact. 

Fibronectin is a major component of the extracellular matrix (1-3). Plasma fibronectin 
is soluble while circulating in blood and other body fluids, and insoluble if 
incorporated in the extracellular matrix (ECM). In a surface adsorbed state, fibronectin 
is active and regulates a wide variety of cellular processes including cell adhesion, 
differentiation, proliferation, and migration. On a supra cellular scale, the structural 
organization of fibronectin is further important in embryogenesis, wound healing and 
metastasis. The characteristics of fibronectin in different conformational states are 
under intense investigations (1-3). Fibronectin in the plasma is dimeric, soluble and 
assumes a compact form (4-6). After adsorption to synthetic surfaces, fibronectin 
expresses at least some of its biological activities (2,3,7-11), whereby its ability to 
promote cell adhesion to synthetic surfaces is most widely used for cell cultures (12). 
On cell surfaces, fibronectin is often found in a fibrillar form (1-3,13-18). The E C M -
fibrils consist of disulfide-crosslinked fibronectin multimers (13) which are insoluble 
and biologically active. 

The molecular mechanisms remain unclear by which the expression of the diverse 
biological functions of fibronectin are regulated through interaction of fibronectin with 

0097-6156/95/0602-0505$12.00/0 
© 1995 American Chemical Society 
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506 PROTEINS AT INTERFACES II 

interfaces. It has been demonstrated that the chemical nature of synthetic surfaces and 
the presence of co-adsorbing proteins have distinct impact on the functions expressed 
by fibronectin (8-11,19,20). The most sophisticated of all surface induced conversion 
processes occurs when fibronectin is assembled into fibrils on cell surfaces. Several 
sequential events are implied to be important for matrix assembly in vivo (1): (a) 
binding of fibronectin (FN) to cell surface receptors, a step which then initiates (b) FN-
F N self-assembly, and (c) FN-FN crosslinking. The cell surface receptors potentially 
involved in anchoring fibronectin to surfaces remain unknown, but several candidates 
have been proposed. They include membrane-bound receptors (integrins) for the 
RGDS-sequence (14) and other "matrix assembly receptors" (21). Regarding the not 
clearly identified role of matrix assembly receptors, it is of interest that two distinct 
regions in modules Ills and III9 in addition to the RGDS sequence are required for 
fibronectin to exhibit full cell adhesiveness (22). Fibronectin further contains binding 
sites to cell surface proteoglycans (23), and to gangliosides (24,25). More detailed 
assembly pathways have been proposed (26,27). 

Formulation of molecular pathways by which the nature of interfaces regulates the 
biological activity of fibronectin is hampered by the "soft" nature of fibronectin which 
readily assumes different conformational states in response to environmental stimuli. 
Fibronectin may undergo various intermediate states during a surface induced 
conversion process and the roles played by specific and nonspecific surface forces in 
stabilizing one or die other state are unknown. Determination of the molecular pathway 
of matrix assembly by which fibronectin is converted from a soluble form to insoluble 
fibrils is a most challenging future task. It is of advantage, however, that the initial and 
the final states of fibronectin as incorporated into the extracellular matrix are well 
investigated, whereas the final states are poorly characterized for fibronectin on solid 
surfaces. 

The focus of this article is to review our knowledge of the structure of fibronectin 
and the factors which contribute to fibronectin matrix assembly. In this context we will 
discuss (a) the structure and structural transitions of fibronectin in solution (Section I), 
(b) the transition of fibronectin into a water insoluble state as observed at the nonpolar 
air/water interface (Section II), and (c) conditions under which fibronectin assembles 
into fibrillar structures at DPPC interfaces (Section III). Since it is not known in which 
sequence fibronectin changes its characteristic attributes which distinguish the soluble 
initial and its final state as matrix fibril, it is of great interest to define conditions under 
which a partial or complete conversion of fibronectin can be initiated. Finding such 
conditions will shed light onto the driving forces of potential molecular pathways and 
the role played by either biological or synthetic interfaces in the conversion process. 
The questions investigated here are whether insolubilization of fibronectin at interfaces 
necessarily results from crosslinking or vice versa, and whether fibronectin is capable 
of self-assembly into fibrillar structures at interfaces in the absence of any surface 
receptor molecules. 

I. Fibronectin in Solution 

Structure. Fibronectin is a large dimeric glycoprotein (28). Two similar but not 
identical polypeptides, as obtained by alternative splicing, are linked by two disulfide 
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36. VOGEL Fibronectin in a Surface-Adsorbed State 507 

bonds at their carboxyl terminals (Figure 1). Each monomer strand contains a series of 
homologous repeating units, referred to as type I, type II and type III modules. The 
modules fold independently into well defined structural motifs. Clusters of several 
modules organize into functional domains that exhibit specific binding activities to a 
large variety of biomolecules. This includes binding to fibrin, heparin, collagen and 
DNA. The peptide sequence RGDS on the tenth type III module, HIio, binds to 
membrane bound integrins and is the most prominent (29) of several cell binding sites 
(22, 30). At least one of the cell binding sites acts by an integrin independent 
mechanism (23). 

In addition to its size, the structural flexibility of fibronectin impedes the 
determination of its three dimensional structure by current techniques. The three-
dimensional structures of the much smaller type I, II and in modules, however, have 
recently been resolved. These modules are not unique to fibronectin but serve as 
functional domains in a large number of other proteins. The type I module (Figure 2a) 
consists of two anti-parallel P-sheets and a wide loop with considerable structural 
flexibility (31). The residues buried in the core are highly conserved, whereas those 
exposed to the solvent are both variable and predominandy hydrophilic. Two adjacent 
type I modules may lock their relative orientations by formation of a common p-strand 
(31). 

The type II module (Figure 2b) adopts a globular conformation consisting mostly 
of conformationally flexible loops and turns. The type II structure is stabilized by two 
disulfide bonds and by short sections of antiparallel p-sheets (32). The surface of the 
type II module exhibits a solvent exposed hydrophobic depression where several 
aromatic residues are clustered. This hydrophobic area may promote inter-domain 
aggregation or act as a potential ligand binding site (32). 

The largest module, the type III module with about 90 amino acids, consists of 
seven P-strands (Figure 2c). They are arranged into two p-sheets lying face-to-face, 
one of four and one of three p-strands (33-35). The structure of the p-strands among 
different type III modules are predicted to be conserved, as the hydrophobic residues 
that stabilize the hydrophobic cores show considerable homology (35). Structural 
variability is found among the loops, the only exception being the highly conserved 
EF-loop which connects the two opposing P-sheets (see Figure 2c). The structural 
variability in sequence and length of the loops is likely to be responsible for the distinct 
binding activities of type III modules. The RGDS-motif of module IIIio, for example, 
is part of the loop that connects the p-strands F and G. It is the longest and most 
flexible of the six loops. All type III modules lack disulfide bonding and a-helices are 
essentially non-existent in all of the modules of fibronectin. 

Structural Transitions. The molecular shape of dimeric fibronectin in solution can 
vary from a compact to a more extended conformation under extreme conditions. The 
compact form, a rigid oblate structure (4), is favored in physiological or near-
physiological buffers and has an estimated diameter and thickness of 30 nm and 2 nm, 
respectively (36). At temperatures above 40°C, more extreme pHs or increased ionic 
strengths, fibronectin undergoes a gradual transition into a more extended form 
(5,6,37,38). This gradual extension of fibronectin does not result from partial 
denaturation, as one may expect for other proteins. Extension proceeds with only 
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SH RGDS 

IIICS 

SH 

fHMII^^ HHlhllillH' I Q Q Q - T T 
s s 

I- 1 I 1 I—I I 1 I 1 I 1 1 1 

Fibrin I Collagen DNA Cell Heparin II Fibrin II 
Heparin I 
Staphyl aureus 
self-assembly 

Figure 1. Schematic drawing of the monomeric A-chain of human plasma 
fibronectin. Dimeric fibronectin is obtained through disulfide crosslinking of two 
monomers at their C-terminals. The homologous type I, II and III modules are 
symbolized by % , 0 ,1, respectively. The specific binding activities of individual 
domains are indicated, as well as the two buried sulfhydryl groups and the RGDS 
sequence. The heparin II domain contains several additional sites that promote cell 
adhesion, one of them acts in an integrin independent fashion (23). Plasma 
fibronectin as synthesized by hepatocytes contains only the connecting segment 
IIIcs but not the other two alternatively spliced segments, i. e. EIIIA and EIIIB 
(28). IIIcs is only spliced into the A- but not the B-chain of the fibronectin dimer. 

(a) T Y P E I (b) T Y P E H (c) T Y P E m 

Figure 2. Schematic diagrams of the type I, type II, and type III modules, (a) 
Module I7 from human fibronectin in which the consensus residues with the other 
type I modules are shaded (Adapted from ref. (31)). The structure is stabilized by 
two disulfide bonds as indicated, (b) Module type II from a bovine seminal 
plasma protein (PDS-109) which is homologous to the type II module of 
fibronectin (Adapted from ref. (32)). (c) Type III10 module of human fibronectin 
in a ribbon representation (Adapted from ref. (35)). The RGDS sequence is 
located in the loop connecting the p-strands F and G. 
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minor changes in secondary structure. 90% of the secondary structure of human 
plasma fibronectin, consisting of 79% p-sheet and 21% p-turn, is preserved at 
temperatures as high as 70°C, or at pH values as low as 3.0 (37). This indicates that 
the molecular extension originates from an unfolding of the chains, in analogy to the 
unfolding of a chain of beads (38), while the three-dimensional structure of the 
modules is largely preserved. The compact form is thought to be stabilized mostly by 
electrostatic inter-domain interactions (5). Such a gradual unfolding scheme allows 
exposure of binding sites in response to environmental stimuli which are otherwise 
buried in a compact state. 

Disulfide-Crosslinking. The final state of fibronectin, if incorporated into the 
extracellular matrix, is a disulfide-crosslinked multimer. Disulfide-crosslinking of 
fibronectin can be initiated in solution in the presence of chaotropic agents. Each 
monomer strand contains two sulfhydryl groups which are buried in physiological salt 
solution. Partial unfolding of fibronectin is necessary for exposure of the sulfhydryl 
groups and requires a concentration of at least 2-3 M guanidine chloride (13). 
Oxidation of the free sulfhydryl groups leads to multimer formation in vitro. 

Alternatively, matrix assembly in vivo largely involves disulfide exchange (13). 
Disulfide exchange requires that two disulfide bonds of different modules come close 
enough as to exchange their binding partners. Disulfide exchange can only occur 
among type I and II modules as the type III modules do not contain any disulfide 
bonds. It is proposed that one disulfide pair of the C-terminal module I 1 2 recombines 
with a disulfide pair on a type II module of the collagen binding site (26). Disulfide 
exchange in vivo may not occur spontaneously, but is catalyzed by the activated factor 
XIII (26). Disulfide crosslinking has also been induced by a recombinant fragment of 
module I I I 1 (18). 

II. Insolubilization of Fibronectin at the Nonpolar Air/Water Interface 

Surface Adsorption. One of the main characteristics of fibronectin in the fibrillar 
state is that it has a significantly reduced water solubility. Little is known about the 
sequence in which fibronectin changes its characteristics during the conversion process 
from a dimeric soluble, to a multimeric insoluble form. It remains an open question 
whether the insolubilization of fibronectin necessarily results from crosslinking, or vice 
versa. A study of fibronectin adsorbed from a salt solution to the nonpolar air/water 
interface in a Langmuir trough (39) provides some insight (Figure 3). The surface 
pressure rises slowly over the course of several hours (Figure 3a). Once fibronectin is 
adsorbed to the air/water interface, the surface monolayer shows all characteristics of 
an insoluble monolayer. Compression of the fibronectin surface film by movable 
barriers leads to a steep rise of the surface pressure as shown in Figure 3b. The rise in 
surface pressure on film compression is unexpected, if we assume that the surface 
population is solely a function of the bulk concentration, as typically found for 
"soluble" molecules. Deviations from such a two-state model are expected, however, 
if the overall polarity of a molecule undergoes changes in the surface adsorbed state. 
Polarity changes can originate from surface induced conformational transitions, 
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aggregation, or crosslinking, and result in an energy barrier which limits molecular 
desorption. 

The surface pressure/area isotherms (Figure 3b) provide no indication that the 
transition to an insoluble form at the air/water interface originates from intermolecular 
crosslinking as concluded from the following observations: The fibronectin monolayer 
remains fluid, and the compression/expansion cycle is reversible. If extensive 
irreversible aggregation or crosslinking occurred as a consequence of surface 
adsorption or film compression, the surface monolayer would rigidify. This would 
lead to a rapid surface pressure drop during monolayer expansion and a shift of the 
recompression curve toward smaller mean areas, which is not observed. The 
hysteresis between monolayer compression and expansion is dependent on the barrier 
velocity implying that surface pressure induced inter- or intra-molecular relaxation 
processes occur on time scales of minutes to hours. Al l these observations lead us to 
conclude that conformational changes are responsible for the conversion of fibronectin 
into an insoluble form at the air/water interface. Conformational changes have also 
been observed for fibronectin adsorbed to a variety of solid surfaces (11,19,40-43). 

Spreading of a Fibronectin Monolayer. Molecules which form "insoluble" 
monolayers have the advantage that they can be spread at the air/water interface and 
therefore allow quantification of the mean area per surface molecules as a function of 
the surface pressure. Quantitative spreading of proteins from buffer solutions is 
possible, if the solution is sufficiently diluted and slowly spread (44). A buffer 
solution of fibronectin (100 pi, 0.05 mg/ml) was spread directly at the air/water 
interface (39). The surface pressure/area isotherm, as obtained after 20 minutes of 
equilibration, is given in Figure 4. The surface pressure rises gradually on monolayer 
compression and builds up a considerable surface pressure for areas smaller than 250 
nm 2 . Somewhat smaller areas were found in an earlier monolayer study of human 
plasma fibronectin (45). It is interesting to note that a surface area of 244 - 308 nm 2 is 
observed by electron microscopy for dimeric fibronectin in the extended form (46). 
Fibronectin, if sprayed from solution to a solid surface, exhibits two arms each 
approximately 60 ± 7 nm in length with a diameter of 2.3 nm (46). 

In summary, no indication was found from surface pressure/area isotherms or 
fluorescence microscopy that the transition of fibronectin to an insoluble state at the 
air/water interface results from disulfide crosslinking. The results suggest that 
insolubilization results from partial unfolding of the chains. Future studies have to 
show whether insolubilization also proceeds disulfide crosslinking in vivo, and 
whether it is a prerequisite for crosslinking to occur. 

III. Self-Assembly of Fibronectin 

Self-Assembly Sites. Self-assembly of fibronectin is a central element in extra 
cellular matrix formation and it remains unclear whether surface-bound receptor 
molecules are necessary for fibronectin to assemble into fibrils at biological interfaces. 
Fibronectin contains several binding sites that are influential in the self-assembly 
process. The first five type I modules at the amino termini of dimeric fibronectin, Ii-
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a b 

0 50 100 150 20 40 60 80 

Adsorption Time (min) Surface Area (cm2) 

Figure 3. Fibronectin adsorption from solution to the air/water interface, (a) The 
surface pressure is given as a function of time for a fibronectin bulk concentration 
of 4 pg/ml. (b) The surface pressure is given as function of the total surface area 
for a fibronectin monolayer which has been adsorbed from solution for two hours 
(gray arrow). Two compression/expansion cycles are shown. The film was 
expanded immediately after compression. An equilibration of 20 minutes preceded 
the recompression (FN source: GIBCO BRL; subphase: 0.15 M NaCl; pH 5.6; 
20°C). 

0 200 400 600 800 

Surface Area (nm2/molecule) 

Figure 4. Surface pressure/area isotherm of fibronectin spread at the air/water 
interface. 100 pi of fibronectin dissolved in aqueous buffer (0.05 mg/ml) were 
spread on a salt solution (0.15 M NaCl). The film was equilibrated for 20 minutes 
prior compression. 
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I5, are required for matrix assembly by fibroblasts (14,15), and are demonstrated to 
exhibit FN-FN binding activity (16,17). Several studies identify a second matrix 
assembly site involving the modules I9-III1 (47). Whereas recombinant F N 
polypeptides which lack module IIIi show matrix assembly (16), the presence of 
fragments of module ffli significantly alters FN-FN binding. A recombinant fragment 
modeled after the C-terminal section of the module IIIi binds to fibronectin, but rather 
than inhibiting FN-FN assembly, it promotes spontaneous disulfide crosslinking of 
fibronectin into multimers (18); this recombinant IIIi fragment altogether contains 14 
amino acids in the terminal positions that are not normally found in fibronectin. The 
functional roles of the two FN-FN assembly sites, I1-I5 versus IIIi, are likely to be 
different Whereas I1-I5 sites are essential for matrix assembly (14-17,21), the FN-FN 
binding site of module IIIi is partially buried in intact soluble fibronectin and seems to 
exhibit FN-FN binding activity only subsequent to surface binding (17). Cell surface 
molecules have been recently described with affinity to the first five type I modules 
(48-50). 

The disulfide-bonded dimer structure is crucial for the de novo assembly of 
fibronectin into fibrils (16). In contrast to a de novo assembly of extracellular matrix 
by cells that are otherwise defective in the expression of extracellular matrix proteins, 
exogenously added FN monomers have been successfully incorporated into preexisting 
matrices of fibroblast cultures (51). Recombinant fibronectin lacking the C-terminal 
type I modules (52) or the type III modules, including the cell recognition site, was 
fully capable of matrix incorporation (16,53). It is unclear for the above cases whether 
covalent crosslinking occurs when the recombinant fibronectin is incorporated into 
extracellular matrix. 

Fibronectin and DPPC-Monolayers. Considering the complexity of matrix 
assembly and the large number of potential contributors, it is of interest to examine 
whether and under which conditions fibronectin self-assembles into fibrous structures 
at membrane mimetic interfaces that do not contain any surface bound receptor 
molecules. The major lipid fraction in the outer leaflet of most cell membranes, 
including erythrocytes and the apical plasma membrane of aortic endothelial cells, 
consists of phosphatidylcholine (PC) headgroups (54,55). Membrane mimetic 
interfaces are prepared here by spreading L-a-dipalmitoyl phosphatidylcholine (DPPC) 
at the air/water interface in a Langmuir trough. The physical state of the lipid 
monolayer is adjusted by the use of movable barriers. The DPPC monolayer is initially 
compressed to a surface pressure of 25 mN/m. Fibronectin is injected underneath the 
monolayer to reach a final bulk concentration of 4 pg/ml. No change of surface 
pressure is observed over a time period of several hours. This indicates that 
fibronectin, if adsorbed from solution to the polar interface of a close-packed DPPC 
monolayer, remains underneath the PC head group plane. 

Fluorescence microscopy images from photolabeled fibronectin adsorbed to a 
close-packed DPPC monolayer reveal that the protein film assumes a "grainy" 
microscopic structure and that the protein film is inhomogenous (Figures 5a and 5b). 
Bright areas rich in fibronectin surround dark areas which have a significantly reduced 
protein content (39). Most striking is that the dark areas are essentially circular in 
shape, a little larger in some spots and smaller in others. 
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36. VOGEL Fibronectin in a Surface-Adsorbed State 513 

Figure 5. Fluorescence microscopy images of photolabeled fibronectin (FITC) 
adsorbed to an unlabeled L-a-DPPC monolayer at the air/water interface. (a,b) 
The DPPC monolayer was compressed to a surface pressure of 20 mN/m prior to 
fibronectin injection. The area per DPPC molecule was kept constant during 
protein injection and equilibration. Two representative surface spots are shown as 
the surface morphology was not uniform. (c,d) Two representative surface 
morphologies obtained after monolayer expansion and recompression (0.15 M 
NaCl; pH 5.6; 20°C; bars = 25 urn). 
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Patchy surface coverage has also been observed for fibronectin adsorbed to polar 
and nonpolar solid surfaces (56). A heterogeneous protein distribution at interfaces 
may have several origins, one of them being induced aggregation via surface 
roughness. In contrast to solid surfaces, surface steps and edges do not exist at 
fluid/vapor interfaces. If heterogeneous surface coverage is still found at a monolayer 
covered air/water interface, it can either be attributed to protein/protein aggregation 
(57,58), two-dimensional protein crystallization (59), or to the physical state of the 
monolayer. A further study in which fibronectin and the DPPC monolayer where both 
photolabeled, with rhodamine-DPPE and fluorescein-fibronectin respectively, revealed 
corresponding microtextures of the protein and lipid images (see (39)). At a surface 
pressure of 25 mN/m, the DPPC monolayer is in the liquid condensed state. Well 
ordered regions with positional and orientational order, the former DPPC domains 
which had formed in the liquid expanded/condensed coexistence region, are 
surrounded by grain boundaries or defect zones with a reduced degree of order. These 
defect zones are rich in rhodamine-DPPE, if the lipid monolayer is photolabeled. 
Adsorption of FITC-labeled fibronectin to a close-packed photolabeled DPPC 
monolayer shows that fibronectin has an enhanced affinity for these defect zones and 
evidence suggests that the defect zones initially serve as anchoring sites for fibronectin 
aggregation. This explains the formation of dark round areas which are protein 
depleted as shown in Figures 5a and b. No indications for the formation of fibrillar 
structures have been found by fluorescence light microscopy in the studies described 
above. 

Fibrillar Assemblies. Prerequisite for the assembly of fibronectin into multimeric 
fibrils in vivo requires that dimeric fibronectin molecules line up (or are lined up) with 
respect to each other in such a way that disulfide-crosslinking can occur in a non-
random fashion. We were interested in finding conditions under which the assembly 
of fibronectin into fibrillar structures can be induced under in vitro conditions. The 
formation of microscopic fibrillar structures underneath DPPC monolayers was 
successfully induced by two approaches, (a) by squeezing fibronectin out of a DPPC 
monolayer by successive expansion of an equilibrated DPPC/fibronectin film and its 
recompression, or (b) by premixing of fibronectin and DPPC under partially denaturing 
conditions prior spreading at the air/water interface. Figures 5c and d show the protein 
film morphology after expansion and recompression. Creation of lines of high protein 
density on monolayer recompression is not unexpected, as fibronectin was already 
unevenly distributed after adsorption to the close-packed DPPC monolayer (Figures 5 a 
and b). While the monolayer is expanded, fibronectin preferentially dissolves in the 
liquid expanded state of DPPC. Fibronectin is condensed and squeezed out of the 
monolayer on recompression, creating fine lines of fibronectin underneath the DPPC 
monolayer as seen by fluorescence microscopy. The observation of fibrillar structures 
by fluorescence microscopy does not necessarily indicate that they are disulfide-
crosslinked. 

Co-spreading of fibronectin and DPPC from premixed solutions has been the most 
successful approach, so far, in inducing spontaneous FN-FN self-assembly into 
fibrillar networks (Figure 6). Hereby, fibronectin has been exposed to partially 
denaturing conditions. The spreading solutions were prepared from aqueous buffer 
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Figure 6. Fluorescence microscopy images from mixed monolayers of 
fibronectin and L-cc-DPPC in the fluid/gas (row a) and the liquid expanded/liquid 
condensed (row b) phase coexistence regions. Rhodamine-labeled fibronectin is 
co-spread with unlabeled DPPC in column A, and unlabeled fibronectin is co-
spread with DPPC and 1 mol% of NBD-PC in column B at the plain air/water 
interface (bars = 5 pm, pH 5.6; 20°C). The molar ratio of fibronectin to DPPC 
was 1:340 in both experiments, and the spreading solutions were made of aqueous 
buffer, alcohol, and chloroform at a ratio of 12.5:75:12.5 vol%, respectively. 

containing 75 vol% of alcohol and 12.5 vol% of chloroform. Two independent 
experiments have been conducted (39): Rhodamine-labeled fibronectin is co-spread 
with unlabeled DPPC (column A), and unlabeled fibronectin is co-spread with DPPC 
and 1 mol% of NBD-PC (column B). The formation of fibronectin fibrils is not 
initiated in the spreading solution as confirmed from Figure 6, row (a), where the 
images are shown for the mixed monolayers in the liquid/gas phase coexistence region. 
Fibronectin is enriched in the two-dimensional liquid phase of DPPC (bright in both 
columns A and B). The liquid phase surrounds the two-dimensional gas phase which 
is depleted of DPPC and fibronectin (dark areas in both columns A and B). Film 
compression reduces the diameter of the dark areas until a homogenous fluorescence is 
seen. This is typically observed for lipids undergoing a transition from the gas/liquid 
phase coexistence region to the liquid expanded state (60). 

Spontaneous assembly of fibronectin into networks is observed when entering the 
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liquid expanded/liquid condensed phase coexistence region by film compression as 
shown in Figure 6, row (b). Fibronectin fibrils (bright in column A) coexist with less 
concentrated dimeric fibronectin associated with the liquid expanded DPPC phase (gray 
in column A). Column B shows the distribution of the photolabeled NBD-PC. It is 
enriched in the liquid expanded DPPC phase (bright) and largely excluded from the 
liquid condensed DPPC domains (dark areas). The fibronectin networks appear gray 
(column B) indicating that those regions are NBD-PC depleted. The liquid condensed 
DPPC domains are dark in columns A and B which shows that fibronectin is 
exclusively associated with the liquid expanded phase of DPPC. The liquid condensed 
domains, however, are attached or entrapped by the fibronectin network. The self-
assembled fibronectin networks cover large fractions of the entire surface and the 
average mesh size is on micron dimensions (39). 

These results of fibronectin interacting with DPPC monolayers show that the 
microscopic distribution and assembly of fibronectin at the interface is dependent on 
various parameters which have found very little attention in previous fibronectin 
studies: (a) the history by which fibronectin and DPPC first come into contact, (b) the 
physical state of the DPPC monolayer, and (c) the mechanical treatment of the surface 
film. Self-assembly of fibronectin into fibrillar structures does not occur 
spontaneously at a close-packed DPPC monolayer, but can be initiated by either 
mechanical treatment through film expansion and recompression, or premixing with 
DPPC using partially denaturing conditions. We can only hypothesize at this point, 
that the different microscopic patterns of fibronectin assembly seen in contact with 
interfacial DPPC monolayers are distinct in their expressed biological functions. 
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Chapter 37 

Threshold Effect for Penetration 
of Prothrombin into Phospholipid Monolayers 

M. F. Lecompte and H. Duplan 

Laboratoire de Pharmacologie et de Toxicologie Fondamentales, Centre 
National de la Recherche Scientifique, 118 route de Narbonne, 

31062 Toulouse Cedex, France 

Since the enzymatic conversion of prothrombin (II) into thrombin 
occurs at a membrane-solution interface, the mode of interaction of II 
with condensed monolayers containing phosphatidylserine (PS) was 
studied using two complementary methods of direct measurement at 
surfaces. The adsorption isotherms were determined by measuring 
surface radioactivity of bound tritiated proteins. Penetration of II 
through the monolayers could be detected using alternating-current 
polarography. The interactions of prothrombin with monolayers 
containing 25% PS, are more complex than those with 100% PS, since 
they are dependent on coverage. There is a threshold concentration, 
separating two distinct binding states, correlated with two distinct 
dissociation constants (Kd), both in the presence and in the absence of 
calcium. At low coverage, the adsorption process, mainly electrostatic, 
is consistent with a PS- dependent Kd. The higher affinity obtained at 
higher coverage is correlated with penetration of II into monolayer, by 
hydrophobic forces, since in this case the Kd is PS-independent. 

There is a general problem in biology: how can certain soluble proteins bind to a cell 
membrane? 

A good example is the blood coagulation cascade, where some protein factors, 
soluble in plasma, are converted into active enzymes through complexes located at the 
surface of cell membranes. Membranes play a catalytic role in these conversions, 
which occur at an interface. 

Thus, in the last complex of the cascade, prothrombin (II) is cleaved by factor 
Xa to form thrombin, which plays a key role in thrombosis and hemostasis. This 
conversion occurs only when particular phospholipids, such as phosphatidylserine 
(PS), located on the inside leaflet, appear at the outer leaflet of activated platelets (7), 
while phosphatidylcholine (PC) is already at this outer surface in resting cells. 
Furthermore, the kinetics of this conversion are drastically enhanced in the presence 
of factor Va (2). 

0097-6156/95/0602-0519$12.00/0 
© 1995 American Chemical Society 
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Since the cohesion and function of the prothrombinase complex depend on the 
assembly of the components, it is necessary to study the manner in which they bind to 
each other and, separately, to the membrane at the molecular level. 

In order to study the modes of interaction, membrane models must be used, 
since they allow the influence of each component in these multimolecular complexes 
to be followed. The validity of these models was tested by determining the biological 
activity of the system, for example prothrombin conversion. Thus it was found that 
the kinetic parameters are similar for platelets and vesicles (3), and also for vesicles 
and condensed monolayers (4). 

Concerning the binding of the individual proteins to model membranes 
containing negatively charged phospholipids, different modes of interaction have been 
invoked by several authors using different techniques. In the case of the two vitamin-
K dependent proteins, II and factor Xa, which contain y -carboxyglutamic acid 
residues (Gla), the interaction is generally thought to involve the Gla- containing 
protein domain and the polar head group of phospholipids (mainly PS), either by 
direct binding with Gla (5, 6, 7) through ionic interactions or indirectly through a 
calcium ion stabilized conformer of II (8, 9, 10). 

We found through independent approaches and with different membrane 
models that human prothrombin penetrates into PS-containing monolayers (77) or 
vesicles (12). Furthermore, in both cases, it was observed that this type of interaction 
could occur even in the absence of calcium (11, 12, 13); this was confirmed by other 
workers for the interaction of human prothrombin with vesicles (14, 15), as well as 
for bovine prothrombin with planar membranes (16) and with positively charged 
vesicles (17). Thus hydrophobic interactions as well as ionic interactions needed to be 
considered (18\ especially as calcium-induced conformational change of II expresses 
a hydrophobic region (19). 

More recently, it was shown that factor Va engages in both electrostatic and 
hydrophobic interactions, depending on phospholipid composition and also on protein 
concentration (20). In order to determine if this is also the case for prothrombin, we 
investigated in this study different modes of interaction of bovine prothrombin with 
phospholipid monolayers at two phospholipid compositions and as a function of 
protein concentration. 

We emphasize that, since the phospholipids in biological membranes are in a 
condensed state, it is necessary when studying the interaction of proteins with 
membrane to use methods which can give information on condensed layers. This is 
beyond the capacity of the current method for measuring surface pressure. 

The aim of this paper is to illustrate the application of alternative techniques to 
measurements on condensed monolayers. This has allowed us to measure at 
equilibrium direct binding of prothrombin at the membrane-solution interface. 

Experimental 

All reagents were of the highest grade commercially available. The different inorganic 
salts and acids were of analytical grades. Mercury was purified and doubly distilled 
under vacuum. Ultrapure water was obtained from a Millipore Super Q system. 

Bovine prothrombin was purified by previously described procedures (27) and 
its purity was checked by SDS polyacrylamide gel electrophoresis. The molecular 
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weight of prothrombin ( 72,000 g ) and the extinction coefficient, used to determine 
protein concentrations by ultraviolet absorbance, were taken from (27). 

Radioactive 3H-labeled prothrombin was prepared by oxidizing the sialic acid 
with sodium metaperiodate and then by reducing the obtained aldehyde with sodium 
3H-borohydride, as already reported (22). The labeled prothrombin was 
electrophoretically indistinguishable from the untreated prothrombin (22). The 
radioactive ^H-borohydride was purchased from the Radiochemical Center, 
Amersham, England. 

Chromatographically pure egg lecithin (PC) and ox brain phosphatidylserine 
(PS), grade I, were purchased from Lipid Products (Nuffield, United Kingdom) and 
supplied in chloroform-methanol solution. For monolayer spreading, samples in the 
right proportion were evaporated in a stream of nitrogen; the lipid content was 
determined by weight and then samples were dissolved in hexane. A two-fold excess 
of the lipid was spread over an aqueous solution (subphase) containing 0.15 M NaCl 
and 25 mM Tris at pH 7.4 (23). The excess ensures a fully compressed monolayer in 
equilibrium with the collapsed excess lipid layers , which has a negligible contribution 
to protein adsorption and none at all to the electrochemical measurements. 
Experiments were performed at room temperature, where the lipids are in liquid-
crystalline phase (24). 

For determination of binding onto the lipid monolayer, a solution containing 
radioactive protein and CaCl2 or E D T A was injected underneath the spread 
monolayer. To achieve effective stirring of the subphase, one third of it was carefully 
retrieved and reinjected several times with a syringe, without disrupting the 
monolayer. Surface radioactivity was then counted with an ultrathin (200 nm) 
supported end-window gas flow counter, as previously described (25, 26). 

The surface concentration of the prothrombin Fp is given by: 

Jcpm)- N p {cpm)boA 

A (Cpm)b

p (cpm)lA 

where (cpm)°A and (cpm)b

0A are the surface and the bulk (scintillation) counts per 

minute of an equal sample of oleic acid, (cpm)° is the surface count of the protein 

from the total area A, and (cpm)b

p is the scintillation count of Np protein molecules. 

Once equilibrium has been reached, as determined from the surface radioactive 
measurements, a hanging Hg drop was positioned in contact with the phospholipid 
monolayer; an Ag / AgCl sat KC1 electrode was the reference, and a platinum gauge 
was the auxiliary electrode. Alternative current (a.c.) polarography was carried out as 
described previously (77), with the polarographic instrument already mentioned (27) 
and in a Metrohm polarographic cell. The potential was scanned at a rate of 50 mV/s, 
and the frequency of a.c. modulation (10 mV peak to peak) was 80 Hz. The starting 
potential was chosen so as to be in the stable region of the monolayer, namely 
between - 200 and - 900 mV relative to the Ag / AgCl sat. KC1 electrode. 
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Results 

Adsorption and Desorption Kinetics. Figure 1 shows the kinetics of prothrombin 
adsorption at the initial bulk concentration of 4 ug/ml, in the presence or absence of 
calcium, onto a monolayer containing 100 % PS. The equilibrium surface 
concentration is not reached instantaneously but after about one hour, when a plateau 
is reached. For the construction of the adsorption isotherms we tried to approach 
these equilibrium surface concentrations, which were assumed to be reached when 
doubling the time did not result in a significant change in surface radioactivity. At this 
point, E D T A could be added to initiate the desorption process. 

Effect of Dilution of Prothrombin on the Binding. Figure 2 represents the kinetics 
of adsorption of ^H-prothrombin of differing specific radioactivities, onto a 
monolayer containing 25% PS, in the presence of calcium. The equilibrium surface 
concentrations are Tp\ = 3.1 x 10"12 mol/ cm 2 for 100 % of the initial mixture of 
^H-protein and Tp2 = 1.5 x 10~12 mol/cm2 for 50% of the initial mixture of ̂ H -
prothrombin mixed with 50% of cold prothrombin. This result shows that a two-fold 
reduction in the specific radioactivity of ̂ H-protein dilution decreases the equilibrium 
surface concentration by a factor of two. The hot and cold proteins thus bind to the 
monolayer in a similar fashion and justify the use of this approach for binding studies. 

Adsorption onto and Desorption from Pure Phosphatidylserine Monolayers. 
Figure 3A represents the adsorption isotherms of ^H-prothrombin on condensed 
phosphatidylserine monolayers, in the presence of 2mM calcium or in its absence. 
Equilibrium was reached after about 90 to 120 min , depending on bulk protein 
concentration. The adsorption isotherms are dependent on calcium concentration, as 
was already found in the case of human prothrombin (75). While calcium-
independent binding is significant, calcium-dependent binding is higher. 

When E D T A was added, as indicated by the arrows, it lowers the surface 
radioactivity to values observed during binding from the same bulk protein 
concentration in the absence of calcium. 

In Figure 3B the Scatchard plot ( Tp / C ) vs. Tp is presented for binding, 
both in the presence and in the absence of calcium, where C is the true bulk 
prothrombin concentration in equilibrium with the surface. As can be seen from this 
Figure, the slopes and the intercepts of the straight lines obtained in both cases are 
significantly different. Thus the dissociation constants Kd, given by the slopes, are 
respectively 2.2 x 10"8 M and 4.5 x 10'8 M in the presence and in the absence of 
calcium (Table I). Concerning the maximal surface concentrations, they are 7.2 x 
10"12 mol/cm2 in the presence of calcium, and 5.9 x 10~12 mol/cm2 in its absence. 
The results obtained with calcium are consistent with what we observed in the case of 
human prothrombin (26). 

Adsorption onto and Desorption from Monolayers Containing 25% PS-75% 
PC. Figure 4A represents the adsorption isotherms of 3H-prothrombin on a 
condensed monolayer composed of 25% PS- 75%PC, in the presence of 2mM 
calcium or in its absence. Equilibrium was reached after about 60 to 90 min.. The 

 A
ug

us
t 1

6,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

5 
| d

oi
: 1

0.
10

21
/b

k-
19

95
-0

60
2.

ch
03

7

In Proteins at Interfaces II; Horbett, T., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1995. 



37. LECOMPTE & DUPIAN Prothrombin and Phospholipid Monolayers 523 

o. 
U 

200 

Time (min) 

Figure 1. Effect of calcium on adsorption and desorption (with EDTA) kinetics 
of the binding of 4 pg/ml of prothrombin, to a phosphatidylserine monolayer: 2 
mM calcium ( — ) or no calcium (——). Addition of E D T A is indicated. 

4 

0 1 • r » i • — i ' i • i » i » i » i 1 
0 20 40 60 80 100 120 140 160 

Time (min) 

Figure 2. Binding of prothrombin of different specific radioactivities to a 
monolayer containing 25% PS, in the presence of calcium, as a function of time: 
( — ) initial mixture of 3H-prothrombin (2.5 pg/ml) and after dilution by a 
factor of two with cold prothrombin (— 
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[ prothrombin ] Ug/ml 

Figure 3. Binding of 3H-prothrombin on condensed phosphatidylserine 
monolayers, in the presence of 2 mM calcium ( • ) or in its absence ( • ). 
Desorption by E D T A is shown by the arrows. 

A) Surface concentration of bound prothrombin as a function of its 
concentration in the subphase, immediately after its injection. 

B) Scatchard plot. Ratio of the equilibrium values of prothrombin surface 
concentration to its free concentration,. 
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[ prothrombin ] ug/ml 

18 

0 1 2 3 4 5 6 7 

T p x 1012 (mol /cm2 ) 

Figure 4. Binding of ^H-prothrombin on condensed monolayers containing 25 % 
PS - 75 % PC, in the presence of 2 mM calcium ( • ) or in its absence ( • ). 
Desorption by E D T A is shown by the arrows. 

A) Surface concentration of bound prothrombin as a function of its 
concentration in the subphase, immediately after its injection. 

B) Scatchard plot. Ratio of the equilibrium values of prothrombin surface 
concentration to its free concentration, at low coverage (Dl, D'l) and higher 
coverage (D2, D'2), 
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adsorption isotherms are dependent on calcium concentration. While calcium-
independent binding is significant, calcium-dependent binding is higher. 

When E D T A was added, as indicated by the arrows, it lowers the surface 
radioactivity to values observed during binding from the same bulk protein 
concentration in the absence of calcium, at higher protein concentration; this was not 
the case at lower protein concentration. 

In Figure 4B the Scatchard plot ( Tp / C ) vs. Tp is presented for binding, 
both in the presence and in the absence of calcium, where C is the true bulk 
prothrombin concentration in equilibrium with the surface. As can be seen from this 
Figure, the slopes and intercepts of the straight lines obtained in both cases are 
significantly different. Moreover, the binding is dependent on the coverage. Thus the 
dissociation constants Kd, given by the slopes, are, at low and higher coverage 
respectively, 4 x 10"& M and 2 x 10"& M in the presence of calcium and 5 x 10"^M 
and 3.6 x 10'^M in the absence of calcium (Table I). Concerning the maximal surface 
concentrations, they are, at low and high coverage respectively, 7 x 10" 12 mol/cm^ 
and 6 x 10"A^ in the presence of calcium, and 23 x 10" 12 mol/cm^ and 5 x 10" 12 in 
its absence. 

Effect of Prothrombin on the Differential Capacity of Monolayers Containing 
25% PS- 75% PC One way of studying the perturbations which can occur in a 
membrane consists of measuring the differential capacity variations of a mercury 
electrode in direct contact with a condensed phospholipid monolayer while 
macromolecules, like proteins, are introduced into the solution beneath (20). In fact, 
at a potential imposed between working and reference electrodes, the differential 
capacity depends on what is in contact with the electrode. The highest differential 
capacity corresponds to the pure electrolyte, so that when a macromolecule adsorbs at 
the electrode, the differential capacity decreases. These are the cases for condensed 
monolayers of proteins or of phospholipids adsorbed on a mercury electrode located 
above. In the case of phospholipids, the differential capacity is low around the nul 
charge potential (-0.5 V), where the lipids are adsorbed at the electrode by the 
hydrophobic part at any phospholipid composition. In the case of proteins, the 
differential capacity is higher. Thus, if introduction of a protein in the solution 
underneath a phospholipid monolayer leads to an increase in differential capacity, a 
perturbation of the dense phospholipid layer by the interacting proteins is indicated. 
This can be interpreted in terms of a penetration model. 

The condensed state of the monolayer was verified by determining the 
differential capacity-potential curve itself, as described previously (77, Fig. 1) and 
(20). The differential capacity variation at - 0.5 V, where the monolayer is the most 
stable, was selected to evaluate the effect of the protein concentration upon circuit 
differential capacity, as measured by a.c. polarography. In Figure 5 are represented 
plots of the variation of differential capacity (at equilibrium) as a function of 
prothrombin concentration for phospholipid monolayers composed of 25% PS- 75% 
PC, in the presence or in the absence of calcium. In both cases, no differential capacity 
change is observed at low protein concentration till about 3 pg/ml, where a 
cooperative interaction appears to be involved, as indicated by the sigmoidal nature of 
the plots obtained in the presence of calcium. Above a certain protein concentration, 
saturation of the process occurs as there is almost no further change in differential 
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Table I Dissociation constants for prothrombin binding to monolayers of different 
ratios of PS to PC 

Low coverage High coverage 

100% PS 

+ Calcium 2. 2 x 1 0 - 8 M 

100% PS - Calcium 4. 5 x 1 0 - 8 M 

25 % PS 

+ Calcium 4 x 10" 8 M 2 x 1 0 - 8 M 

25 % PS - Calcium 5x10" 7 M 3.6x 1 0 - 8 M 

0 I » i—1 i * i 1—i 1 i 1 i—•—r—I 
0 2 4 6 8 10 12 14 

[ prothrombin 1 Jig/ml 

Figure 5. Effect of calcium on the differential capacity of condensed monolayers 
containing 25 % PS - 75 % PC, at - 0.5 V relative to sat Ag/AgCl electrode, as a 
function of the prothrombin concentration added: in the presence of 2 mM 
calcium ( + ) or in its absence ( # ). 
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capacity with increasing protein concentration, and a plateau is reached. This is not 
the case in the absence of calcium, where the increase in differential capacity is much 
smaller. Consequently, the penetration of prothrombin into this monolayer is 
quantitatively less in the absence of calcium than in its presence. 

Effect of Prothrombin Concentration on its Binding to Monolayers containing 
25% PS-75% PC, in the Presence of Calcium. Surface radioactivity and 
differential capacity of a monolayer containing 25% PS-75% PC in the presence of 
calcium are presented in Figure 6 as a function of prothrombin concentration and 
compared. At low coverage, since prothrombin binds (as inferred from radioactive 
measurements) but does not penetrate (as inferred from electrochemical 
measurements), it can be concluded that it only adsorbs, whereas at high coverage it 
penetrates. The similar threshold effect obtained for labeled and unlabeled 
prothrombin by these two different methods indicates that they are complementary 
and that the interaction was not affected either by the labeling procedure or by the 
presence of mercury. 

Discussion 

The effects of PS on the calcium-dependent binding of human and bovine prothrombin 
have been previously documented (77, 26, 28). In both cases, binding increases with 
rising PS content. The results presented here show that the interaction depends on 
calcium concentration at both phospholipid compositions (100% PS and 25% PS), 
since when calcium is added the surface radioactivity increases (Fig.3, 4) and the 
differential capacity too (Fig. 5). This is in agreement with previous results obtained 
with human prothrombin interacting with monolayers containing 100% PS (23, 26, 
11) or 25% PS-75% PC (77, 23) or with vesicles (72), and with bovine prothrombin 
interacting with vesicles (28) or with planar membranes (16). The dissociation 
constants and the maximal surface concentrations for prothrombin binding in the 
presence of calcium have been reported for both the membrane models used here (4); 
they were shown to depend on the technique used, on the membrane model employed 
and on the phospholipid composition. 

In addition to those calcium-dependent interactions, there are significant 
calcium- independent interactions at both phospholipid compositions (Fig.3, 4, 5), as 
was shown previously on human prothrombin interacting with monolayers (77, 26, 
23). They were confirmed on vesicles for human prothrombin (72, 14) where the Kd 
is similar (75), then for bovine prothrombin by an other method (16). They were 
proposed to be electrostatic or hydrophobic (14, 15). They could be a result of 
protein molecules penetrating strongly in monolayers containing 100% PS (29), and 
slightly in a monolayer containing 25% PS (Fig.5) as observed for human II (75) at 
higher coverage only. In the latter case, penetrating molecules could come from a 
population already adsorbed at low coverage. 

The analysis of the different association constants and maximal binding values 
obtained by different groups (4, 16) shows that , at least in the case of monolayers, 
these quantities are of the same order of magnitude for the same type of membrane 
model, as long as the composition and the nature of the lipids are the same. Indeed, at 
20 % PS the results are equivalent (30) to those presented here as long as the 
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7 n 

[ prothrombin ] ug/ml 

Figure 6. Binding of prothrombin on condensed monolayers containing 25 % PS 
- 75 % PC, in the presence of 2 mM calcium: 

Surface concentration of bound prothrombin ( • ) (Fig.4A) and 
differential capacity of the monolayer ( (Fig. 5), as a function of the 
prothrombin concentration in the subphase, immediately after its injection . 

monolayer is not deposited on a slide (4), a treatment which may restrict mobility of 
the layer and thus may well change the binding characteristics. On the contrary, they 
seem to be one order of magnitude higher with monolayers than with vesicles. Why? 
First, in the experiments reported by Nelsestuen et al (28), the numerous steps 
necessary for vesicle preparation may have engendered a lipid composition on the 
outer leaflet different from that present in monolayers; this can imply a decrease in Ka 
, which is known to occur when % PS decreases (28). When albumin (4, ref.20) or 
immunoglobulin (16) are added, they might compete with prothrombin binding sites, 
mainly those involved in penetration, which would contribute to the higher affinity 
seen in the present study. In other words the discrepancies can come from the 
differences in the interaction mode which appear with the coverage, as clearly shown 
here (see below). Indeed it had already been observed that Kd might depend on the 
degree of coverage (4). The differences between fatty acids belonging to the 
phospholipids used (synthetic or natural) might have an influence, as they do in 
membrane fluidity and biological activity of the prothrombinase. Nevertheless, the 
association constants obtained in the present study are of the same order of magnitude 
as that obtained with vesicles ( SUV), around 10"8M, when equivalent conditions are 
used (14-15). 

In the present work, it was found that the dissociation constants are smaller in 
the presence of calcium than in its absence, for both lipid compositions studied (Table 
I). With 100% PS, the difference is very slight, and was not detected previously in the 
case of human II (26), whereas with a monolayer containing 25% PS, the difference is 
one order of magnitude at low coverage. This last result agrees with that obtained on 
planar membranes (16), and with the decrease of Kd with increasing calcium 
concentration obtained on vesicles (28). 
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From the desorption study with E D T A on monolayers containing 100% PS, it 
turns out that two populations of bound proteins can be distinguished, one calcium-
dependent and one calcium- independent, as observed in the case of human 
prothrombin (29, 23). 

Concerning the nature of the interactions of prothrombin with monolayers 
containing 25% PS (nearer to the maximal biological activity), they are more complex 
than those with 100% PS. At 25% PS, the interaction is dependent on coverage. 
Radioactivity measurements show that the process is biphasic, while in parallel, 
electrochemical measurements show an adsorption phase followed by penetration of 
prothrombin into the monolayer (Fig. 6). Protein molecules start penetrating only at a 
certain coverage of adsorbed molecules delimited by a short but significant 
intermediate plateau of surface radioactivity. At this level, there is a threshold 
concentration of about 5 |ng/ml of prothrombin, separating two distinct binding states, 
correlated with two distinct dissociation constants, both in the presence and in the 
absence of calcium (Table I). 

From the desorption study with EDTA, the isotherm is similar to that in the 
absence of calcium only at high coverage and not at low coverage. It appears as if 
there are two types of calcium-dependent binding: one EDTA-dependent and the 
other not, detected only at low coverage, since the surface radioactivity is slightly 
higher than in the absence of calcium. In this case, calcium should be entrapped in the 
protein/ membrane complex very strongly. 

At high coverage, the dissociation constant is independent of PS content 
(above 25% PS), with or without calcium (Table I), as already observed with calcium 
(4); this suggests that hydrophobic forces may be involved in penetration, which 
occurs in this range of coverage. Furthermore, the higher affinity at higher coverage 
indicates that penetration should reinforce the binding which was initiated at lower 
coverage during the adsorption process. The forces involved in the latter case, mainly 
electrostatic, are consistent with a PS- dependent dissociation constant (Table I), as 
already observed with calcium (4). In the presence of calcium, when protein 
molecules start penetrating, there is a significant and abrupt increase in surface 
radioactivity at the threshold (Fig. 6), which could be correlated with dimerisation at 
the surface similar to that observed in solution, as proposed previously for human 
prothrombin (23), since both penetration and dimerisation are calcium- dependent. 
This is in agreement with Fourier transform infrared spectroscopy measurements 
which show that lipids induce an increase in ordered secondary structures in the 
prothrombin molecule, namely in prethrombin 2 (P2) domain (57). This observation 
favours the idea that prothrombin penetrates by means of this domain. Moreover, it 
was also proposed that a phospholipid binding site should be expressed on II by 
calcium ion-mediated stabilization of a particular conformer of II (8), where Gla 
should not be involved in direct binding to membrane (9). 

Considering the similarities of behaviour between bovine and human 
prothrombin in their binding to PS- containing membranes, and particularly the 
threshold effect of penetration already obtained with human prothrombin (75, 52), we 
can propose which domains could be involved in the different processes of binding. At 
low coverage, it should not be prethrombin 2 which penetrates strongly (55, 34), but 
rather Fragment 1 (Fl) which adsorbs and does not penetrate (52). Furthermore, the 
affinity was found to be lower for F l than for prothrombin, with monolayers (26) as 
well as in planar membranes (16). It is also possible that a combination of adsorbed F l 
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plus prothrombin 1 (PI), ready to penetrate in a synergistic manner (34), probably 
through P2, could be involved. Indeed, it was found previously with monolayers 
containing 25% PS, that Gla are involved in the binding in the presence of calcium 
whereas it is the prethrombinic part in the absence of calcium (35), like on vesicles 
(15). We must be careful in such interpretation, since there are differences in cleavage 
namely between human and bovine prothrombin. Nevertheless, these interactions are 
consistent with what we obtained with vesicles for bovine prothrombin (36), with 
mainly P2 penetrating at high coverage. 

It turns out that, as long as monolayers are in a condensed state, they can be 
compared to vesicles. Moreover they provide more detailed information on the mode 
of interaction, since a clear threshold effect could be observed for the first time with 
such a system. It is possible that the second layer in vesicles might stabilise the system 
and change the interaction. Nevertheless, the condensed monolayer gave the same 
threshold effect (Fig.6) whatever the nature of the second interface (helium or 
mercury), and the same Kd (15). Since the different model membranes can give 
complementary information it is prudent to compare both, as long as equivalent 
conditions are used. Current work is aimed at determining how well vesicles and 
monolayers can serve as models of membrane function. 
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Chapter 38 

Formation and Properties of Surface-Active 
Antibodies 

Shlomo Magdassi1, Oren Sheinberg1, and Zichria Zakay-Rones2 

1Casali Institute of Applied Chemistry, School of Applied Science, and 
2FacuIty of Medicine, Hebrew University of Jerusalem, 91904 Jerusalem, 

Israel 

Surface active antibodies were formed by covalent attachment of 
hydrophobic groups to the IgG molecule. The modified antibodies 
reduced surface tension and adsorbed onto emulsion droplets at surface 
concentrations higher than the native antibody. The chemical 
modification led to a decrease in the biological activity; however, at 
specific conditions, surface-active antibodies, which retained their 
recognition ability, could be formed. By using these antibodies, a new 
emulsion, which has a specific recognition ability for HSV-1 infected 
cells, was formed. 

Chemical modifications of proteins may lead to significant changes in their surface 
activity and functional properties. For example, when hydrophobic chains are 
covalentiy attached to ovalbumin, the modified protein becomes more surface active 
than the native protein: it can adsorb at higher surface concentrations at hydrophobic 
surfaces(I), it can reduce surface and interfacial tensions (2) and may be used as a 
better emulsifier than native ovalbumin (3). The modified protein is, therefore, 
functioning as a polymeric surfactant, which has various properties, depending on the 
structure of the native protein, the number of chains and chain length of the attached 
hydrophobic groups. Since proteins may have specific biological activity, it could be 
possible to form surface active proteins, which also have a specific biological activity, 
while the protein is spontaneously adsorbed at various interfaces. 

We used such an approach for antibodies which after modification were able 
to reduce surface tension, adsorb onto oil droplets in oil-in-water emulsions and still 
retain their specific biological activity. This biological activity, which is the specific 
recognition, might be used for unique applications such as drug targeting and 
immunodiagnostics, both based on emulsions (4), clusters (5) and liposomes (6), 
containing a suitable probe molecule. 

The use of various colloidal systems, which contain the surface active 
antibodies, may lead to significant advantages, such as eliminating the need for 
covalent attachment of the probe molecule to the antibody as suggested for drug 
targeting (7), or achieving a very high load of probe molecules per antibody 
molecule, which then can be used for enhanced immunoassays. 

0097-6156/95/0602-0533$12.00/0 
© 1995 American Chemical Society 
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534 PROTEINS AT INTERFACES II 

The present report will focus on the preparation of surface-active IgG 
molecules by attachment of various hydrophobic groups, and on the surface activity 
at oil-water interface, while retaining the recognition ability of the IgG molecules. 

Experimental 

The active ester was prepared by reacting N-hydroxysuccinimide with fatty acids 
having chain length Cg-Cig, by a procedure described earlier(2). The octanoic acid 
was covalentiy attached to the IgG by adding its active ester, which is dissolved in 
dioxane, into IgG solution (6.5 mg/ml) in phosphate buffer (pH=10), in the presence 
of 2% WAV sodium deoxycholate. The amount of added ester could vary according 
to the expected degree of modification. 

The reaction mixtures were shaken in a water bath (25°C) for 3 hours, and 
then were filtered by 0.45pm and 0.2pm filters. The clear solutions were then 
dialyzed against phosphate buffer (pH=8) for 72 hours, while changing the buffer 
each 8 hours. 

The degree of modification was evaluated by determining the concentration of 
free lysine groups present in the IgG before and after modification, by using the 
TNBS method (8, 77). 

Adsorption studies were performed by mixing 2.5 ml IgG solution (native or 
modified) at various concentrations, with commercial oil-in-water emulsion 
(Intralipid, Kabi Pharmacia), which contained 10% soybean oil and was stabilized by 
egg phospholipids. The mixture was shaken in a water bath (25°C) for a period of 
time described in the text. Then, the mixture was filtered by 0.2pm filter and the 
concentration of protein in the clear solution was determined by the Lowry method 
(72). The adsorbed amount was calculated by the difference in protein concentration 
before and after adsorption. 

The surface tension measurements were performed by the Wilhelmy plate 
method, using a Lauda tensiometer, which allows a continuous measurement of 
surface tension until a constant value is obtained within a few hours, depending on 
IgG concentration. 

The biological activity was determined by a commercial ELISA diagnostic kit 
(Enzygnost anti HSV-l/IgG, Behring) suitable for detection of antibodies for Herpes 
Simplex 1 virus (HSV-1). The IgG prepared by suitable ammonium sulphate 
precipitation of human serum, had a high titer for HSV-1. 

The specific recognition by emulsion was performed by incubating the various 
antibody solutions for 45 minutes with HSV-1 infected BSC-1 cells on a microscope 
slide. BSC-1 cells (originating in African green-monkey's kidneys) were infected by 
HSV-1 with multiplicity of infections 0.1-0.01 TCID 50 per cell. After the 
incubation, the cells were rinsed by phosphate buffered saline to remove the emulsion 
droplets, which were not adhered. The cells and presence of attached oil droplets, 
were viewed by a Nikon Optiphot microscope. 

A l l modifying reagents were purchased from Sigma and were used without 
further purification. 

Results and Discussion 

Since the IgG molecule is water soluble, it was expected that the main parameter to 
influence its surface activity would be the number of hydrophobic groups covalentiy 
attached to the antibody molecule. The modification was performed on the lysine 
residues of the protein and, since each molecule contains 90 lysine groups, we could 
form surface-active antibodies with a very large number of hydrophobic groups. The 
modification was performed by various hydrophobic groups, but because of space 
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limitations we shall concentrate on the Cg modifications only. The modification 
degree, m, will define the number of hydrophobic groups which are linked to each 
IgG molecule. 

A series of IgGs at various degrees of modification was prepared by changing 
the molar ratio of active ester to native protein in the reaction mixture. As shown in 
Fig. 1, increasing this ratio led to an increase in the number of attached hydrophobic 
groups. However, we could not obtain a modification degree higher than about 30, 
and die number of attached groups was always lower than expected, according to the 
initial molar ratio. This is a result of the rapid hydrolysis of the active ester in the 
aqueous solution, and the precipitation of the highly modified proteins, which became 
too hydrophobic. 

One indication for the presence of surface-active antibody is its ability to 
reduce surface and interfacial tension, as was indeed observed for all the modified 
IgGs. As demonstrated in Fig. 2, both native and modified IgG can reduce surface 
tension; however, the modified IgG (modification degree, m=32) reduces more 
rapidly the surface tension to a lower equilibrium value than the native IgG. Since 
these measurements were performed at low protein concentrations (0.01 mg/ ml) the 
differences in the behaviour can be attributed to the presence of hydrophobic 
anchoring groups in the modified protein. 

TTie next step was to evaluate the possibility of adsorption of the modified 
antibodies onto O/W emulsion droplets. In this case, the adsorption does not take 
place at a simple oil-water interface, but at such interface which is already covered 
with a phospholipid monolayer (it should be noted that we found that the modified 
antibodies could be used as emulsifiers by themselves). 

As shown in Fig. 3, when a native IgG or modified IgG (m=9), is mixed with 
an O/W emulsion, both proteins are adsorbed onto the emulsion droplets within two 
hours, as reflected by the decrease in protein concentration in the aqueous solution 
with time. Since the initial concentration of the two proteins was the same, 0.75 
mg/ml, it is obvious that the modified IgG is more rapidly adsorbed than the native 
IgG. It is important to note that the adsorption of native IgG on emulsion droplets has 
not been previously reported. In itself it is of great importance from the viewpoint of 
possible interactions of injectable emulsions with blood components, and possible 
applications, which could be based on these observations. 

Once the adsorption onto the emulsion droplets was proved, we performed 
experiments which could yield adsorption isotherms. Such a typical experiment was 
performed by mixing IgG at various concentrations, with a constant emulsion 
concentration, for 12 hours, which is above the time required to reach equilibrium. 
Typical adsorption isotherms are presented in Fig. 4. As can be seen, the native IgG 
is adsorbed until it reaches a plateau value, at about 0.7 mg/m 2 (the available area for 
adsorption was calculated from the average droplet size in the emulsion). In 
comparison, the attachment of 30 hydrophobic groups leads to a significant increase 
of the adsorbed amount, up to 4 mg/m 2, without reaching a saturation. At lower 
degree of modification (m=5), a plateau value is observed, which is about twice the 
one obtained for the native IgG. 

Comparing these results to the surface concentrations of native IgG adsorbed 
onto various solid surfaces, shows that the adsorption onto emulsion droplets is 
much lower. For example, adsorption of IgG on anionic polyrinyltoluene surface 
reaches a monolayer value at about 7 mg/m 2 (9). This significant lowering of 
adsorbed amount is probably due to the presence of the phospholipids, which are the 
emulsion stabilizers. In this case, the IgG molecules have to overcome the electrical 
repulsion caused by the negatively charged emulsifier (the IgG is also negatively 
charged), and penetrate through the emulsifier monolayer. This observation is in 
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Figure 1. Number of hydrophobic groups attached to an IgG molecule, as a 
function of initial molar ratio of ester to antibody in the reaction 
mixture. 
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Figure 2. Surface tension reduction of aqueous solutions by native (+).and 
C8-modified IgG, m=32 (D). Protein concentration: 0.01 mg/ml. 
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Figure 3. Kinetics of adsorption of native (•) and Cg-modified IgG, m=9 to 
O/W emulsion. (Q). Protein concentration is 0.75 mg/ml. 
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Figure 4. Adsorption of native IgG (•), and IgG modified by 30 Cg chains (a) 
and by 5 Cg chains (0), to O/W emulsion. Adsorption time, 12 h. 
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20 H • 1 . 1 • 

0 10 20 30 

Hydrophobic groups 
per molecule of IgG 

Figure 5. Activity of native and Cg modified IgG, as determined by ELISA as a 
function of a number of hydrophobic groups. The activity is 
expressed relative to the native IgG, which is 100%. 

Figure 6. Photomicrograph of emulsion droplets adhered to HSV-1 infected 
cells. A Cg-modified IgG (m=9) was previously adsorbed on the 
emulsion droplets. 
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agreement with the results obtained by Arai et al., who measured the adsorption onto 
phospholipid-coated latex particles (70). They have found that the amount of IgG 
adsorbed decreased with increase of lipid coverage of the latex surface. At about 90% 
lipid coverage, the surface concentration of IgG was about 0.5 mg/m^, which is 
similar to the present results obtained for native IgG on emulsion droplets (it is most 
likely that the lipid coverage in the emulsion is close to 100%). In view of these 
results, obtaining surface concentrations of several mg/m^ by the modified IgG, 
seems to be more impressive. Furthermore, the chemical modification leads to a shift 
of the iso electric point of the modified IgG, towards lower pH values, meaning that 
the tested antibodies are more negatively charged than the native ones, at pH 7.4. 

In general, it should be expected that the adsorption is decreased when the 
protein is below or above the iso electric point, about pH=7, as is also shown by Arai 
et al.(20). Therefore, it can be concluded, that the modification leads to the formation 
of antibodies which have enhanced tendency to adsorb at oil-water interface and are 
probably capable of replacing previously adsorbed surfactants. 

The main purpose of this research was to form surface-active proteins, 
combining surface activity and biological activity. Therefore, the biological activity 
was evaluated using two methods: (a) a conventional ELISA measurement of IgG, 
specific to Herpes Simplex virus (HSV-1), and (b) a method designed for the 
evaluation of specific recognition by emulsion droplets. 

The ELISA test was performed for solutions of native and modified IgG, 
which were tested specifically for HSV-1. As shown in Fig. 5, the activity of the 
modified proteins decreased with increase in the number of hydrophobic groups 
attached to the IgG molecule. This effect is not surprising since the chemical 
modification can cause denaturation of the IgG, or the presence of many hydrophobic 
groups can block the recognition site of the antibody (it should be emphasized that the 
chemical modification was not selective only toward the F c fragment of the antibody). 
Another possibility for the decrease in biological activity is the formation of clusters 
of IgG molecules, due to hydrophobic modification (5). However, as expected, at 
low degree of modification, m=8, the biological activity was similar to that of the 
native IgG. Therefore, the specific recognition by emulsion droplets was evaluated 
for low degree of modification: a sample of O/W emulsion was mixed with the 
modified antibody for 10 hours. This emulsion was added dropwise to a microscope 
slide, which contained HSV-1 infected cells, and was incubated for 45 minutes to 
allow adhesion and interaction between the IgG and the HSV-1 antigens present on 
the cell walls. Then the slide was rinsed by phosphate buffer saline to remove all 
droplets which were not attached. As shown in Fig. 6, we could identify, by 
microscope, the adhesion of emulsion droplets to the infected cells, this observation 
means that the emulsion droplets have the ability to recognize specific antigens. 

Suitable control experiments, in which non-infected cells, emulsion without 
antibodies and emulsion with native antibody were used, revealed that the adhesion of 
emulsion droplets was indeed specific to HSV-1 infected cells. 

In conclusion, we have shown that hydrophobically modified antibodies 
become surface-active, and that under certain conditions they can retain biological 
activity, while being adsorbed at an oil-water emulsion interface. 

With this concept established, it should be possible now to continue with the 
research, aimed at both understanding the mechanism of adsorption-desorption, 
formation of micelle-like structures and applying the methods to development of new 
drug targeting and diagnostic systems. 
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Biocomponents in blood, adsorption 
state, 385 

Biological activity modulation, adhesion 
proteins, 17-18 

Biological fluids, description, 334 
Biomaterial(s) 
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development, 256-257 
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260-263/265/ 
previous studies, 257 
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Cell interactions with solid surfaces, 
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Charge-charge interactions, cause of 
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Charge mutants of bacteriophage T4 
lysozyme, adsorption studies, 52-64 
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surfaces, 300-302/ 

 A
ug

us
t 1

6,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

5 
| d

oi
: 1

0.
10

21
/b

k-
19

95
-0

60
2.

ix
00

2

In Proteins at Interfaces II; Horbett, T., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1995. 



I N D E X 547 
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albumin and fibrinogen at interfaces, 

209-226 
adsorption model, 216,220 
air-water interface as hydrophobic 

surface, 216 
experimental procedure, 211-213 
previous studies, 210-211 
solution-air and -polyethylene interfaces 

adsorption isotherms, 216-218 
competitive adsorption of fibrinogen 

in presence of albumin, 223-226 
kinetics, 213-215 
pH dependence, 220,221/ 
reversibly adsorbed protein quantities, 

216,219/ 
time course, 220,222-223 

structure of albumin and fibrinogen, 
213,216 

proteins 
affinity, 6 
albumin-fibrinogen competition, 7 
competition in binary mixtures, 8 
concentration, 6-7 
during exposure of human blood plasma 

to glass and polyethylene 
albumin adsorption onto glass and 

polyethylene, 159-162 
buffer usage, 154-155 
experimental procedure, 

151,153-154 
fibrinogen adsorption onto glass and 

polyethylene, 155-162 
high-density lipoprotein adsorption 

onto polyethylene vs. plasma 
concentration, 159,161-162 

high-molecular-weight kininogen 
adsorption onto glass vs. plasma 
concentration, 158-159,160/ 

test device, 151,152/ 
irreversibility and occurrence, 5-6 
protein-surfactant-surface 

interactions, 8 
stability and transport, 7-8 
Vroman effect, 6 

Conformation hypothesis, protein 
adsorption on soil mineral surfaces, 329 

Conformation of proteins 
interfaces, adsorption, 8-11 
solid-liquid interfaces, calorimetry, 

See Calorimetry of protein 
conformation at solid-liquid 
interfaces 

Conformational changes, substrate 
activation of adhesion proteins, 19 

Controlled-pore glass beads, adsorption 
of human serum albumin, 
286-289,293-294 

Conversion, description, 113 
Copolymer of ethylene and vinyl alcohol, 

thromboresistance, 478 
Covalentiy attached antigen for use in 

immunosorbent assays, silica 
modification, 420-431 

L-Cysteine, concentration effect on 
serum protein adsorption and platelet 
adhesion, 466-475 

Cytochrome c films, molecular orientation 
studied by planar waveguide linear 
dichroism, 269-278 

D 

Degradation of polymers, use of enzymes, 
352-354 

Dehydration, driving force for protein 
adsorption, 34-35 

Density-surface adsorption parameters 
of polymer-protein interfaces, 195-207 

Desorption, logarithmic growth of protein 
films, 43-44 

Differential affinity, adhesion proteins, 17 
Dipalmitoylphosphatidylcholine, adsorption 

on MPC copolymer, 389-392/ 
Driving forces for protein adsorption 

dehydration, 34-35 
heats of adsorption, 33-34 
irreversible protein adsorption, 31-32 
physicochemical properties of proteins 

and sorbent surfaces, 32-33 
protein structural changes, 35-38 
redistribution of charged groups, 38-39 

Dupre equation, description, 28-29 
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Dynamics modeling of protein adsorption 
onto surfaces 

adsorbed surface concentration profiles 
for four-protein solution, 189,190/ 

desorption mechanism, 185-186 
development, 184 
effectiveness, 191 
experimental conditions, 188-189 
future work, 191 
model description 
electrostatic interaction, 185 
entropy of protein molecule, 185,186/ 
flow, 188 
hydrophobicity, 184-185 
rate of irreversible protein binding 

onto surface, 187-189,190/ 
previous studies, 181-183,191 
protein dilution, 191,192/ 

Electrical charge, protein adsorption, 13 
Electron spin resonance spectroscopy of 

human serum albumin adsorption at 
solid-liquid interface 

advantages, 281 
controlled-pore glass beads, 

286-289,293-294 
experimental procedure, 281-283/ 
free energy, 294 
pH, 284-293 
polystyrene-butadiene beads, 

290,293-294 
polystyrene beads, 288-294 
room temperature, 282,284 
temperature, effect on mobility, 291-293/ 

Electrostatic interactions, role in 
protein adsorption onto soil mineral 
surfaces, 326 

Ellipsometry studies of protein adsorption 
at hydrophobic surfaces 

adsorbed amount calculation, 238 
complex refractive index, 237-238 
experimental procedure, 165,228-229 
fibrinogen, 230-233 
human serum albumin, 230-236 
v-immunoglobulin, 230-236 

Ellipsometry studies of protein adsorption 
at hydrophobic surfaces—Continued 

mean adsorbed layer refractive index, 
230,232-233 

reflection coefficient calculation, 237 
Elutability, influencing factors, 242-243 
Endothelial cells 

human vein, initial attachment onto 
polystyrene-based culture surfaces, 
436-448 

spreading, role of selective adsorption of 
fibrinogen at artificial surfaces, 478-487 

Enthalpy measurements, role in calorimetry 
of protein conformation at 
solid-liquid interfaces, 256-266 

Entrophy change associated with internal 
process, calculation, 29 

Enzyme(s) 
in polymer degradation, 352-354 
interactions at aqueous-polyurethane 

interface, hydrolytic, See 
Hydrolytic enzyme interactions at 
aqueous-polyurethane interface 

Equilibrium, description, 26 
[ 1-Ethyl-3,3-(dimethylamino)propyl]-

carbodiimide, modification of silica, 
420-431 

Ethylenediaminetetraacetic acid, role in 
serum albumin adsorption onto mineral 
particles, 84,88,90^ 

Ferrichrome A, silica modification for use 
in immunosorbent assays, 420-431 

Ferritin adsorption, studies, 41 
Fibrinogen 

calorimetry of conformation at 
solid-liquid interfaces, 256-266 

competitive adsorption with albumin at 
solution-air and solution-
polyethylene interfaces, 209-226 

displacement by high-molecular-weight 
kininogen, 129,150-151 

domains, selective adsorption 
at artificial surfaces, 478-487 
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Fibrinogen—Continued 
ellipsometry of protein adsorption at 

hydrophobic surfaces, 228-238 
from plasma solutions flowing 

in silica capillaries, transient 
adsorption, 129-136 

functions, 66 
human, Tt-based single-residue 

hydrophobicity plots, 94,96-97 
interfacial interactions, 66 
isotherms, radiotracer experiments, 

341-343 
role in platelet adhesion and 

aggregation, 456-461,479 
role in protein displacement in blood 

plasma and serum, 146-147 
role in surface-induced thrombosis, 450 
self-assembly, 510-516 
structural characteristics, 68-77 
structure, 213,216,479 
thrombogenicity, 478-479 

Fibrinogen adsorption 
behavior, 112-113 
competitive with albumin at solution-

air and solution-polyethylene 
interfaces, 209-226 

from plasma 
adsorption time, 114,115/ 
buffer composition, 117 
material surface property, 114,117 
plasma dilution, 114-116/ 
temperature, 117 
transitions, 121-123 

onto glass, 155-160/ 
onto Pluronic-grafted glass, 398,400/ 
onto polyethylene, 159,161-162 
properties, 67-68 

Fibrinogen-anti-fibrinogen reaction, 
radiotracer experiments, 343-347 

Fibrinogen-anti-fibrinogen system, layer 
structure determination, 337 

Fibronectin 
applications, 505 
at nonpolar air-water interface, 

insolubilization, 509-511/ 
human, T-based single residue 

hydrophobicity plots, 94,96-97 

Fibronectin—Continued 
in solution 

disulfide cross-linking, 509 
structural transitions, 507,409 
structure, 506-508/ 

in surface-adsorbed state 
insolubilization, 509-511/ 
self-assemble, 510-516 
soluble form, 506-509 

molecular mechanisms, 505-506 
role in cell attachment, 436-448 

Film(s), protein, logarithmic growth, 
41-50 

Film thickness during adsorption, 45 
Fluid-fluid interfaces, protein interaction 

studies, 15-16 
Fractal kinetics, description, 41 
Free energy, human serum albumin 

adsorption at solid-liquid interface 
monitored by ESR spectroscopy, 294 

Fresnel reflectivity, calculation, 313-314 

G 

Gibbs energy of adhesion, 28-29 
Glass, competitive adsorption of proteins 

during exposure of human blood 
plasma, 150-162 

y-Globulin 
adsorption to polyurethane grafted with 

methoxy PEG methacrylate polymers, 
466,470/ 

competition on surface adsorption-
density parameters of polymer-protein 
interfaces, 195-207 

ellipsometry of protein adsorption at 
hydrophobic surfaces, 228-238 

Glow discharge deposited polymers, 
platelet adhesion to adsorbed 
fibrinogen, 450-461 

Gradient surface, silica-
octadecyldimethylsilyl, human 
low-density lipoprotein adsorption, 
371-383 

Growth, logarithmic growth of protein 
films, 42^13 
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H 

Hard proteins, definition, 257 
Heat capacity change upon adsorption, 34 
Heats of adsorption, driving force for 

protein adsorption, 33-34 
Hemoglobin, human, interfacial behavior 

of mutants, 53 
Herpes simplex virus, recognition by 

surface-active antibodies, 538/,539 
High-density lipoproteins 

adsorption onto polyethylene, 
159,161-162 

designation, 371 
High-molecular-weight kininogen 

adsorption onto glass, 158-160/ 
displacement of fibrinogen, 129,150-151 
protein-protein interaction, 171-176 
role in protein displacement in blood 

plasma and serum, 143-147 
Human blood plasma, competitive 

adsorption of proteins onto glass and 
polyethylene, 150-162 

Human fibrinogen, Tt-based single residue 
hydrophobicity plots, 94,96-97 

Human fibronectin, T-based single residue 
hydrophobicity plots, 94,96-97 

Human hemoglobin, interfacial behavior 
of mutants, 53 

Human lipoproteins, functions, 371 
Human low-density lipoprotein adsorption 

onto silica-octadecyldimethylsilyl 
gradient surface 

experimental procedure, 371-372 
lipoprotein adsorption mechanism, 382-383 
modeling kinetics, 377,380-382 
previous studies, 371 
quantification, 377,378-379/ 
silica-octadecyldimethylsilyl gradient 

surface, 374-377 
Human serum albumin 

ellipsometry of protein adsorption at 
hydrophobic surfaces, 228-238 

interactions at surfaces, 303,304/310 
protein-protein interaction, 171,172/ 
surface adsorption-density parameters of 

polymer-protein interfaces, 195-207 

Human serum albumin adsorption at solid-
liquid interface, ESR measurement 

advantages, 281 
experimental procedure, 281-283/ 
free energy, 294 
mobility, effect of temperature, 

291,292-293/ 
onto 

controlled-pore glass beads, 
286-289,293-294 

polystyrene-butadiene beads, 290,293-294 
polystyrene beads, 288-290,293-294 

pH, 284-293 
room temperature, 282,284 

Human vein endothelial cells, initial 
attachment onto polystyrene-based 
culture surfaces and surfaces prepared 
by radiofrequency plasmas, 436-448 

Hydrogels, factors affecting protein 
adsorption, 386 

Hydrolytic enzyme interactions at 
aqueous-polyurethane interface 

degradation model, 354,355/ 
experimental procedure, 354,356-358 
material characterization, 358-360 
mechanism, 362,364-369 
previous studies, 354 
soft segment chemistry, 360-363/ 

Hydrophilic surfaces 
behavior, 59 
macroscopic and microscopic interactions 

with albumin, 80-90 
protein adsorption, 331 

Hydrophobic folding, role in protein 
folding, 93 

Hydrophobic interactions, role in protein 
adsorption on soil mineral 
surfaces, 326 

Hydrophobic surfaces 
behavior, 59-60 
ellipsometry of protein adsorption, 

228-238 
protein adsorption, 331 

Hydrophobicity 
fibrinogen, 73,74/ 
gradient surface, 11-13,372 
protein adsorption, 12,182 
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Hydrophobicity scale for protein folding 
and interactions at interfaces 

analysis of single-residue 
hydrophobicity plots, 97,99-105 

previous studies, 92 
relevance of mean Tt to rigid and soft 

protein of Norde, 106,108 
serum protein binding at interfaces, 

104,106,107f 
7t-based hydrophobicity scale, 93-95/ 
rt-based single-residue hydrophobicity 

plots for protein primary 
structures, 94,96-98/ 

Immunogeneity, fibrinogen, 73 
Immunoglobulin, adsorption on latex 

particles using sedimentation FFF, 
405-417 

ImmunoglobuHn G-anti-immunoglobulin G 
system, layer structure, 337 

Immunoglobulin G-immunoglobulin Y 
system, layer structure, 337 

y-Immunoglobulin G isotherms, radiotracer 
experiments, 341-343 

Immunosorbent assays, silica modification 
with covalentiy attached antigen, 
420-431 

In situ measurements, competitive 
adsorption of albumin and fibrinogen 
at solution-air and solution-polyethylene 
interfaces, 209-226 

Individual chains and domains, fibrinogen, 
69,71-72/ 

Initial attachment of H U V E cells 
experimental procedure, 437-439 
fibronectin 

adsorption in medium containing other 
serum proteins, 444,446 

role in attachment, 443-445,447^48 
plasma films, 439-443,446-447 
previous studies, 437 
surface analysis, 439^43,446-447 
tissue culture grade polystyrene, 

439-443 

Initial attachment of H U V E cells— 
Continued 

vitronectin 
adsorption in medium containing other 

serum proteins, 444,446 
role in attachment, 443^45,447^48 

Initial kinetics of adsorption, statistical 
model, 47,50/ 

Insolubilization of fibronectin at 
nonpolar air-water interface 

spreading of fibronectin monolayer, 510,511/ 
surface adsorption, 509-511/ 

Insulin, interactions at surfaces, 301,302/ 
Integrated optical waveguide-attenuated 

total reflection spectrometry 
instrumentation, 276 
limitations, 277-278 
orientation in cyt c films, 276-277 

Interactions at interfaces, use of 
hydrophobicity scale, 92-108 

Interfaces, proteins, 1-20 
Interfacial behavior of proteins, 

importance of structural stability, 53 
Intrinsic coagulation protein, Vroman 

effect, 114 
Irreversible protein adsorption 
bovine serum albumin adsorption onto 

silica, 30-31 
Gibbs energy of adhesion, 28-29 

Irreversible protein adsorption 
chronology, 31-32 

K 

Kinetics of adsorption, initial, statistical 
model, 47,50/ 

Kininogen 
high-molecular-weight, protein 

displacement in blood plasma and 
serum, 143-147 

role in Vroman effect, 117-121 

L 

Langmuir isotherm, equation, 2,123-124 
Latex particles, protein adsorption using 

sedimentation FFF, 405—417 
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552 PROTEINS AT INTERFACES II 

Layer structure determination, scanning 
angle reflectometry, 337-341 

Lens-on-surface method 
experimental procedure, 140 
limitations, 146 
principle, 143 
protein displacement in blood plasma 

and serum, 143 
Ligand-derivatized surfaces, protein 

adsorption, 14 
Lipid monolayer membrane-phospholipase 

A 2 , interactions at air-water interface, 
498-502 

Lipoprotein(s), human 
adsorption onto silica-octadecyldi­

methylsilyl gradient surface, See 
Human low-density lipoprotein 
adsorption onto silica-octadecyl­
dimethylsilyl gradient surface 

functions, 371 
Liquid-solid interfaces, calorimetry of 

protein conformation, 256-266 
Logarithmic growth of protein films 

antibody binding to immobilized hapten, 
47-49/ 

desorption, 43-44 
experimental procedure, 44-45 
kinetics of fibrinogen adsorption, 46-47 
statistical models, 47,50/ 
theory of growth and nucleation, 42—43 

Low-density lipoprotein(s) 
designation, 371 
adsorption onto silica-octadecyldi­

methylsilyl gradient surface, See 
Human low-density lipoprotein 
adsorption onto silica-octadecyl­
dimethylsilyl gradient surface 

Lysozyme 
adsorption behavior, 2 
adsorption to Pluronic-grafted glass, 

401-404 
bacteriophage T4, adsorption studies, 

52-64 
calorimetry of conformation at 

solid-liquid interfaces, 256-266 
conformation at solid-liquid interface, 

260-263/265/ 

Lysozyme—Continued 
interactions at surfaces, 300-302/ 

M 

Macromolecular reactions at interfaces, 
reaction rate, 41 

Macroscopic and microscopic interactions 
between albumin and hydrophilic 
surfaces 

competition between macroscopic and 
microscopic interactions, 88,89/ 

complexing agent, effects on serum 
albumin adsorption onto mineral 
particles, 88,90 

EDTA, effect on serum albumin 
adsorption onto mineral particles, 
84,88,90; 

experimental procedure, 83-84 
macroscopic scale interactions, 84,85/ 
microscopic and macroscopic scale 

interactions combined, 84,86-87/ 
repulsiveness vs. adsorption, 80-81 
theory, 81-83 

Macroscopic interaction between 
hydrophilic proteins and hydrophilic 
surfaces, repulsiveness, 80 

4-Maleimido-Tempo spin-label, human 
serum albumin adsorption at 
solid-liquid interface, 280-294 

Material surface property, role in 
fibrinogen adsorption from plasma, 
114,117 

Mathematic models, Vroman effect, 
123-125 

Mechanisms, protein adsorption, 
26-39,321-331 

(2-Methacryloyloxyethyl) 
phosphorylcholine 

DPPC adsorption, 389-391,392/ 
protein adsorption, 387r390/ 
treated with liposome, 391-393 
structure, 386,388/ 
synthesis, 386 

Methoxypoly(ethylene glycol) methacrylate 
polymers, polyurethane grafting, 
463-176 
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I N D E X 553 

Methylated silicon oxide surfaces, 140,143 
Microscopic and macroscopic interactions 

between albumin and hydrophilic 
surfaces, See Macroscopic and 
microscopic interactions between 
albumin and hydrophilic surfaces 

Mineral surfaces, soil, protein 
adsorption, 321-333 

Mixtures of proteins and surfactants, 
adsorption, 247,250-252 

Model lipid monolayer membrane-
phospholipase A 2 , interactions at 
air-water interface, 490-502 

Molar Gibbs energy of protein, 29-30 
Molecular domains, fibrinogen, 68-70/ 
Molecular influences on protein 

adsorption, importance, 52 
Molecular mechanisms 

protein adsorption, 2-5 
protein-protein interactions, 209 

Molecular orientation in adsorbed 
cytochrome c films by planar waveguide 
linear dichroism 

attenuated total reflection spectrometry 
bulk samples and thin films, 271-273 
heme protein, 273-275 

cyt c films, 276-277 
experimental procedure, 275-276 
future work, 278 
integrated optical waveguiding, 275 
limitations of technique, 277-278 
previous studies, 269-270 

Monolayer assemblies, characterization 
techniques, 490-491 

Monolayer(s) at air-water interface, 
applications, 490 

Mucin, interactions at surfaces, 305-306 
Multiple states of adsorption, 239 
Multivalency, role in substrate activation 

of adhesion proteins, 19 
Muscovite, properties, 322 

N 

Neutron reflectivity of adsorbed protein 
film displacement 

description, 312 

Neutron reflectivity of adsorbed protein 
film displacement—Continued 

experimental procedure, 312-313 
Guinier plot parameters, 313-315 
model-fitting procedure, 315 
pH, 315-317,319/ 
protein concentration, 317-318 
surfactant, 318-320 
two-layer model fit of segment density 

distribution, 315,316/ 
Noncovalent interactions, molecular 

mechanism of protein adsorption, 2 
Nonpolar air-water interface, 

insolubilization of fibronectin, 
509-511/ 

Nonspecific protein adsorption, 
molecular orientation, 269-278 

Norde proteins, hydrophobicity scale 
application, 106,108 

Nucleation, logarithmic growth of protein 
films, 42 

O 

Orientation of proteins at interfaces, 
adsorption, 8-11 

Orientational changes, substrate 
activation of adhesion proteins, 19 

P 

Penetration of prothrombin into 
phospholipid monolayers, threshold 
effect, 519-531 

Peroxide, formation effect on serum 
protein adsorption and platelet 
adhesion, 466,467/ 

pH 
human serum albumin adsorption 

at solid-liquid interfaces, 284-293 
neutron reflectivity of adsorbed 

protein film displacement, 317-318 
protein adsorption onto 
latex particles, 414-416/ 
soil mineral surfaces, 323-324 

Phagocytic cells, function, 352 
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554 PROTEINS AT INTERFACES II 

Phospholipase A2-model lipid monolayer 
membrane interactions at air-water 
interface 

domain formation in hydrolyzed 
monolayers, 498,499/501-502 

electron micrographs of microstructure, 
498,500/,502 

experimental procedure, 491-492 
future work, 502 
molecular area vs. hydrolysis time, 

496-498,501 
phase-separated microstructure after 

monolayer compression, 493,495-496 
phase transitions during isothermal 

compression, 492^94/ 
previous studies, 491 
protein domain formation hypothesis, 

498,500-501 
surface potential vs. hydrolysis time, 

496-498,501 
Phospholipid monolayers, threshold effect 

for penetration of prothrombin, 
519-531 

Phosphorylcholine, role in resistance, 4 
Phyllosilicates, properties, 322 
Planar waveguide linear dichroism of 

molecular orientation in adsorbed 
cytochrome c films 

attenuated total reflection spectrometry 
bulk samples and thin films, 271-273 
heme protein, 273-275 

cytc films, 276-277 
experimental procedure, 275-276 
future work, 278 
integrated optical waveguiding, 275 
limitations of technique, 277-278, 
previous studies, 269-270 

Plasma, factors affecting fibrinogen 
adsorption, 114-117 

Plasma films, surface analysis, 
439^43,446-447 

Plasma solutions flowing in silica 
capillaries, transient adsorption of 
fibrinogen, 129-136 

Plasma-treated gradients, role in proteins 
at surfaces, 166-167,168/ 

Platelet adhesion 
to fibrinogen adsorbed on glow discharge 

deposited polymers, 450-461 
experimental procedure, 451-454 
fibrinogen adsorption, 456-461 
in vitro platelet adhesion, 458—459,461 
surface characterization, 

454-456,457/458 
to polyurethane grafted with methoxy 

PEG methacrylate polymers, 463^76 
Platelet binding sites, fibrinogen, 73,75 
Pluronic, use in prevention of protein 

adsorption, 395-404 
Poly(dimethylsiloxane), protein competition 

effect on surface adsorption-density 
parameters of polymer-protein interfaces, 
195-207 

Polyethylene, competitive adsorption of 
proteins during exposure of human 
blood plasma, 150-162 

Poly(ethylene glycol), nonfouling 
property, 463-464 

Polyethylene-solution and solution-air 
interfaces, competitive adsorption of 
albumin and fibrinogen, 209-226 

Poly(ethylene oxide) graft, role in 
molecular mechanism of protein 
adsorption, 4 

Polymer degradation, use of enzymes, 
352-354 

Polymer-protein interfaces, effect of 
protein competition on surface 
adsorption-density parameters, 195-207 

Polymer surface covered with 
self-assembled biomimetic membrane, 
reduced protein adsorption, 385-393 

Poly[(2-methacryloyloxyethyl)-
phosphorylcholine-a?-BMA 
treated with DPPC, 391 

Polystyrene-based culture surfaces, 
initial attachment of H U V E cells, 
436-448 

Polystyrene beads, adsorption of human 
serum albumin, 288-290,293-294 

Polystyrene-butadiene beads, adsorption of 
human serum albumin, 290,293-294 
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Polyurethane, enzyme degradation, 
352-354 

Polyurethane-aqueous interface, hydrolytic 
enzyme interactions, 352-369 

Polyurethane grafted with methoxy 
PEG methacrylate polymers 

albumin adsorption, 466,470/ 
L-cysteine concentration, 466-475 
experimental procedure, 464-467 
y-globulin adsorption, 466,470/ 
graft depth profile vs. protein size, 

474,476/ 
peroxide formation vs. irradiation time, 

466,467/ 
platelet adhesion vs. chain-transfer 

concentration, 466,471/474 
previous studies, 463^164 
riboflavin concentration, 466,468/ 

Pressure, role in protein interactions at 
surfaces, 307,308/ 

Prevention of protein adsorption by steric 
repulsion theory 

computer models, 402 
experimental procedure, 396-399/ 
fibrinogen adsorption onto 

Pluronic-grafted glass, 398,400/ 
steric repulsion theory, 396,399/ 
surface concentrations of lysozyme and 

Pluronic vs. bulk Pluronic 
concentration, 398,400-402 

total interaction energy vs. separation 
distance between lysozyme and 
surface, 401^04 

Primaria, surface analysis, 
439^43,446-447 

Protein(s) 
adsorbed, role in cell interactions 

with solid surfaces, 16-20 
competitive adsorption, 5-8,150-162 
conformation, 8-11 
film(s), adsorbed, neutron reflectivity, 

311-319 
fluid interfaces, 15-16 
folding, 92-108 
functions, 1 
interactions, 163-179 

Protein(s)—Continued 
interfacial behavior, importance 

of structural stability, 53 
molecular mechanisms of protein 

adsorption, 2-5 
orientation, 8-11 
primary structures, Tt-based single-

residue hydrophobicity plots, 94,96-98/ 
properties, role in protein-surfactant 

interactions at solid surfaces, 243 
reasons for interest, 1 
serum, adsorption to polyurethane 

grafted with methoxy PEG 
methacrylate polymers, 43-76 

structural changes, driving force 
for adsorption, 35-38 

structures, 296,297/ 
surface properties, 11-14 

Protein adsorption 
affinity, sulfonate-containing surfaces, 

13-14 
at blood-material interface, 163-179 
at hydrophobic surfaces, 228-238 
electrical charge, 13 
from aqueous solutions onto solids 

adsorption isotherms, 27-28 
driving forces, 31-39 
irreversible, 28-31 

hydrophobicity, 11-13 
ligand-derivatized surface, 14 
maximum, and layer structure, 324,325/ 
molecular mechanism, 2-5 
multiple states of adsorption, 239 
onto latex particles using sedimentation 

field flow fractionation 
adsorption characteristics, 415,417/ 
adsorption isotherm, 412-414,416/ 
desorption, 415,417/ 
experimental procedure, 410-411 
pH, 414-415,416/ 
sedimentation FFF, 405-410 

onto polymer surface covered with 
self-assembled biomimetic membrane, 
See Reduced protein adsorption 
onto polymer surface covered with self-
assembled biomimetic membrane 
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Protein adsorption—Continued 
onto soil mineral surfaces 

electrostatic vs. hydrophobic 
interactions, 326 

experimental procedure, 322-323 
interpretation of enzyme activity in 

soil, 327-331 
onto solid surfaces 

applications, 321 
importance, 228,281 
influencing factors, 281 
rules, 334-335 

onto surfaces 
dynamics modeling, 181-192 
hydrophobicity, 182 
steric effects, 182 
surface geometry, 182 
temperature, 182 
Vroman effect, 181-182 

pH, 323-324 
prevention by steric repulsion theory, 

395-404 
reversibility, 2-3 
role in blood-foreign material 

interactions, 195 
secondary structure of adsorbed protein, 

326-327 
structural changes as driving force, 35-38 
surface coverage of solid, 324 
surface properties, 11-14 
unfolding of protein, 324 

Protein competition, effect on surface 
adsorption-density parameters of 
polymer-protein interfaces 

experimental procedure, 196 
factors affecting kinetics, 197 
y-globulin adsorption, 197,200-201/ 
human serum adsorption, 197-199/ 
normalized adsorption center 

distributions, 202,204-206 
previous studies, 195-196 
quartz vs. poly(dimethylsiloxane), 

197-201/ 
scheme of competitive protein adsorption 

onto surface from molecular mixture, 
197,202,203/ 

Protein competition, effect on surface 
adsorption-density parameters of 
polymer-protein interfaces—Continued 

sequential and competitive adsorption 
between human serum albumin and 
y-globulin, 206,20'y'/ 

Protein conformation, calorimetry at 
solid-liquid interfaces, 256-266 

Protein displacement in blood plasma and 
serum 

anti-albumin binding, 146-147 
experimental procedure, 139-143 
fibrinogen, 146-147 
high-molecular-weight kininogen, 

143-147 
influencing factors, 139 
lens-on-surface method, 143 
wettability gradient method, 143-145 

Protein domain formation hypothesis, 
description, 498,500-501 

Protein interactions 
at fluid-fluid and solid-fluid interfaces, 

15-16 
at surfaces studied with surface 

force technique, 296-308 
amphiphilic proteins, 303,305,306/ 
classes, 296,298 
compact globular proteins, 300-302/ 
data evaluation procedure, 299-300 
description of technique, 298 
experimental procedure, 298-299 
forces between one protein-coated 

surface and one bare mica surface, 
307,308/ 

pressure, effect on adsorbed layers, 
307,308/ 

previous studies, 298 
random coil-like proteins, 305-306 
soft globular proteins, 301,303,304/ 

Protein mixture-solid surface 
interactions, studies, 335 

Protein-monolayer assemblies, 
characterization techniques, 490-491 

Protein mutants, role in molecular 
mechanisms of protein adsorption, 
4-5 
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I N D E X 557 

Protein-polymer interfaces, effect of 
protein competition on surface 
adsorption-density parameters, 195-207 

Protein-protein interactions affecting 
proteins at surfaces, 163-179 

antibody-antigen-induced desorption, 
176-178 

experimental procedure, 164-166 
future work, 179 
high-molecular-weight kininogen as 

single protein vs. serum and plasma 
component, 171-176 

human serum albumins, 171,172/ 
models and study methods, 164 
plasma-treated gradients, 166-167,168/ 
previous studies, 163 
single-protein-treated gradients, 

167,169-171 
Vroman interactions vs. other protein 

interactions, 178-179 
Protein resistant-repellent surfaces, 

design approaches, 3 
Protein-surfactant interactions at solid 

surfaces 
adsorption from mixtures of proteins and 

surfactants, 247,250-252 
categories, 247-250 
examples, 239 
model, 247-250 
protein property, 243 
surface property, 245,247 
surfactant adsorption, 240-242,244/ 
surfactant properties, 243-246/ 
surfactant-protein interactions in 

solution, 242 
Proteoheparan sulfate, interactions at 

surfaces, 303,305,306/ 
Prothrombin, threshold effect for 

penetration into phospholipid 
monolayers, 519-531 

R 

Radiotracer experiments, antibody 
reactivity on antigens, 341-348 

Random coil-like proteins, interactions at 
surfaces, 305-306 

Random sequential adsorption model, 
molecular mechanism of protein 
adsorption, 3 

Reactivity, antibodies on antigens 
adsorbed on solid surfaces, 334-348 

Redistribution of charged groups, 
driving force for protein adsorption, 
38-39 

Reduced protein adsorption onto polymer 
surface covered with self-assembled 
biomimetic membrane 

DPPC adsorption onto MPC copolymer, 
389-392/ 

experimental procedure, 386-388 
previous studies, 385-386 
protein adsorption onto MPC copolymer 

surface, 387-390/ 
M P C -C0 - B M A treated with DPPC 

liposome, 391-393 
Resistance, phosphorylcholine, 4 
Reversibility 

adsorption isotherms, 27-28 
definition, 26 
driving forces for protein adsorption, 

31-39 
irreversible protein adsorption, 28-31 
protein adsorption, 2-3 

Riboflavin, effect of concentration on serum 
protein adsorption and platelet 
adhesion, 466,468/ 

Rigid protein of Norde, hydrophobicity 
scale application, 106,108 

Q Scanning angle reflectometry, layer 
structure determination, 337-341 

Quartz, adsorption of human serum albumin Scattering length density of adsorbed 
and gamma globulin, 195-207 layers, calculation, 315 
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558 PROTEINS AT INTERFACES II 

Sedimentation field flow fractionation 
application, 405 
direct measurement of protein adsorption 

onto latex particles, 410-417 
mechanism, 406-408 
previous studies, 405-406 
procedure, 406,407/ 

Segmented polyether urethane nylon 
selective adsorption of fibrinogen, 

479^87 
thromboresistance, 478 

Segmented polyurethanes, surface 
modification, 463 

Selective adsorption of fibrinogen domains 
at artificial surfaces 

ocA-chain adsorption, 481,483-485 
amount adsorbed at equilibrium, 481,483/ 
experimental procedure, 479^81 
hydrophobicity of peptides in ocA 

chain, 486,487/ 
kinetics, 481,482/ 
vascular endothelial cell attachment vs. 

fibrinogen adsorption, 486,487/ 
Self-assembled biomimetic membrane, 

reduced protein adsorption onto polymer 
surface, 385-393 

Self-assembly of fibrinogen 
fibrillar assemblies, 514-516 
fibronectin and DPPC monolayers, 

512-514 
sites, 510,512 

Serum albumin, calorimetry of 
conformation at solid-liquid 
interfaces, 256-266 

Serum protein(s) 
adsorption to polyurethane grafted with 

methoxy PEG methacrylate polymers, 
463-476 

binding at interfaces, hydrophobicity 
scale, 104,106,107; 

Silica capillaries, transient adsorption 
of fibrinogen from plasma solutions, 
129-136 

Silica modification with covalently attached 
antigen for use in immunosorbent assays 

advantages, 420-421 
cleaning of silica, 425-426 

Silica modification with covalently attached 
antigen for use in immunosorbent 
assays—Continued 

EDC-mediated coupling of ferrichrome A 
to silylated silica, 428-429,431 

experimental procedure, 422-425 
immunosorbent assays, 430/431 
nonspecific adsorption of ferrichrome A 

onto silylated silica, 428 
silylation of silica, 426-428 

Silica-octadecyldimethylsilyl gradient 
surface, human low-density lipoprotein 
adsorption, 371-383 

Silicon oxide surface, properties, 
140,143 

Single-protein-treated gradients, role in 
proteins at surfaces, 167,169-171 

Soft globular proteins, interactions at 
surfaces, 301,303,304/ 

Soft protein 
definition, 257 
hydrophobicity scale, 106,108 

Soft segment chemistry, role in hydrolytic 
enzyme interactions at aqueous-
polyurethane interface, 360-363/ 

Soil environment, importance of 
extracellular enzyme-mineral surface 
interaction, 321-322 

Soil mineral surfaces, protein adsorption, 
321-331 

Soil organic matter, role in protein 
adsorption onto soil mineral surfaces, 
329-331 

Solid-fluid interfaces, protein interaction 
studies, 15-16 

Solid-liquid interfaces 
calorimetry of protein conformation, 

256-266 
human serum albumin adsorption using 

ESR spectroscopy, 280-294 
Solid-phase immunosorbent assays, 420 
Solid surfaces 

adsorption of protein, role in cell 
interactions, 16-20 

antibody reactivity on adsorbed 
antigens, 334-348 

protein accumulation, 138-139 
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I N D E X 559 

Soluble proteins, binding to cell 
membrane, 519 

Solution 
fibronectin, 506-509 
surfactant-protein interactions, 242 

Solution-air and solution-polyethylene 
interfaces, competitive adsorption of 
albumin and fibrinogen, 209-226 

Stability mutants of bacteriophage T4 
lysozyme, adsorption studies, 55 

Steric repulsion theory 
description, 396,399/ 
prevention of protein adsorption, 

395-404 
Sterics, role in protein adsorption onto 

surfaces, 182 
Structural changes of proteins, driving 

force for protein adsorption, 35-38 
Structural stability 

of bacteriophage T4 lysozyme, 52-64 
role in protein interfacial behavior, 53 

Structure 
fibrinogen 

a C chain importance, 75-77 
immunogeneity, 73 
individual chains and domains 

hydrophobicity, 73,74/ 
net charge, 69,71/ 
structural stability, 69,72/ 

massive molecule with many molecular 
domains, 68-70/ 

platelet binding sites, 73,75 
surface topography, 73 

role in molecular mechanism of 
protein adsorption, 4-5 

Substrate activation 
description, 18 
of adhesion proteins, 19-20 

Sulfonate-containing surfaces, protein 
adsorption affinity, 13-14 

Surface(s) 
containing amide groups, initial 

attachment of H U V E cells, 436-448 
dynamics modeling of protein adsorption, 

181-192 
geometry, role in protein adsorption, 182 

Surface(s)—Continued 
prepared by radiofrequency plasmas, 

initial attachment of H U V E cells, 
436-^48 

protein, heterogeneity, 296 
protein interactions studied with surface 

force technique, 296-308 
protein-protein interactions affecting 

proteins, 163-179 
Surface-active antibodies 

adhesion of emulsion droplets to 
infected cells, 538/539 

experimental procedure, 534 
future work, 539 
hydrophobic groups attached 

adsorption onto 
oil-water emulsion, 535,537/ 
solid surfaces, 535,539 

kinetics of adsorption, 535,537/ 
vs. activity, 538/539 
vs. initial molar ratio of ester to 

antibody, 534-535,536/ 
vs. surface tension, 535,536/ 

modification for property changes, 533 
Surface-adsorbed state, fibrinogen, 505-516 
Surface adsorption-density parameters of 

polymer-protein interfaces, 195-207 
Surface analysis, Primaria, plasma films, 

and tissue culture grade polystyrene, 
439-443,446-447 

Surface concentration, calculation, 45,521 
Surface force technique for protein 

interactions at surfaces 
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