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Preface

The interfacial behavior of biopolymers, and notably proteins, has attracted
considerable attention during the last few decades. This is most likely due
to the importance of protein adsorption for both biophysical and biochemical
processes, including, for example, the initial steps of atherosclerosis and
phagocytosis, as well as the applicability of these phenomena in a range of
biomedical applications, such as solid phase diagnostics, drug delivery, ex-
tracorporeal therapy, and biosensors. In analogy to the interfacial behavior
of simpler polymers, polyelectrolytes, and colloids, significant progress has
been made regarding protein adsorption over the years, largely due to the
development and application of high-performance analytical techniques, the
increased use of protein mutants and variants with controlled variation in
their amino acid composition for adsorption studies, and the parallel devel-
opment in the understanding of the interfacial behavior of simpler polymer
and colloidal systems.

Because of the high activity within the field of protein adsorption as well
as its size—which spans from complex processes in biological systems such
as blood to detailed physicochemical studies aiming at elucidating details in
the structure of adsorbed protein layers—it is becoming increasingly diffi-
cult to obtain an overview of this area. Although to some extent this is the
case for the entire area, it is particularly true regarding physicochemical
aspects of protein interfacial behavior. This is unfortunate, since tremendous
progress has been made over the last two decades regarding the interfacial
behavior of polymers, polyelectrolytes, and colloids, and since much can be
learned about protein adsorption from considerations of these simpler sys-
tems. This is not to say that proteins are simple polymers or colloids, but
clearly they are also polymers and colloids.



iv Preface

This book was initiated in an attempt to fill some of the gaps in the
literature concerning biopolymers at interfaces and to form a bridge between
scientists working with more complex aspects of protein adsorption such as
the acceptance and performance of extracorporeal devices and drug carriers
on one hand and those concerned with the interfacial behavior of much
simpler model systems on the other. Clearly, further progress in the field of
biopolymers at interfaces can be made only by observing the similarities
between biopolymers and simpler polymer and colloidal systems, and at the
same time recognizing the significantly higher degree of complexity of bio-
polymer systems.

In order to try to achieve these objectives, several issues have been ad-
dressed, The first two chapters (by Cohen Stuart and Norde) deal explicitly
with more general aspects of the physicochemical basis of protein and poly-
mer adsorption. Chapter 3, by Basiuk, explores the adsorption of amino acids
and peptides, and Chapter 4, by Roth and Lenhoff, covers modeling of
protein adsorption. Each of the more fundamental chapters aims to discuss
primarily one aspect of biopolymer interfacial behavior. Consequently, the
book contains chapters extensively discussing adsorption kinetics (Rams-
den), adsorbed layer structure (Chittur; Hlady and Buijs; Malmsten et al.;
Billsten et al.) and dynamics (Tilton), interfacial orientation (Herron et al.),
effects of self-assembly on protein adsorption (Nylander), interactions be-
tween biopolymer layers (Claesson), and interfacial exchange (Ball et al,;
Wahlgren et al.). Finally, the volume focuses on general aspects of biopoly-
mer interfacial behavior. Therefore, the number of chapters describing var-
ious applications of protein adsorption, for example, is limited, and the ones
included (Holmberg and Quash; Malmsten; Belfort and Zydney) also treat
in some detail the physicochemical basis of the respective applications.

I would like to take this opportunity to express my sincere gratitude to
all participating authors for their support and involvement, which has made
my job as editor an easy and enjoyable one.

Martin Malmsten



Contributors

Thomas Arnebrant Analytical Department, Ferring AB, Malmo,
Sweden

Vincent Ball* Department of Biophysical Chemistry, Biocenter, Univer-
sity of Basel, Basel, Switzerland

Viadimir A. Basluk Department of Chemistry, Institute of Nuclear Sci-
ences, National Autonomous University of Mexico, Mexico City, Mexico

Georges Belfort Howard P. Isermann Department of Chemical Engi-
neering, Rensselaer Polytechnic Institute, Troy, New York

Peter Billsten’ Department of Applied Physics, IFM, Link6ping Univer-
sity, Linkoping, Sweden

Jos Buljs* Department of Bioengineering, University of Utah, Salt Lake
City, Utah

Karin D. Caldwell Department of Bioengineering, University of Utah,
Salt Lake City, Utah

Uno Carisson Department of Chemistry, IFM, Linkoping University,
Linkoping, Sweden

Current affiliations:

*Institute of Chemistry, LIMBO, Strasbourg, France.

'Analysis and Formulations, Astra Draco AB, Lund, Sweden.

*Angstrdm Laboratory, Division of Ion Physics, Uppsala University, Uppsala, Sweden.

vii



viiil Contributors

I-Nan Chang Biochemistry Division, Development Center for Biotech-
nology, Taipei, Taiwan, Republic of China

Krishnan K. Chittur Chemical and Materials Engineering Department
University of Alabama in Huntsville, Huntsville, Alabama

Douglas A. Christensen Department of Bioengineering, University of
Utah, Salt Lake City, Utah

Per M. Claesson Department of Chemistry, Physical Chemistry, Royal
Institute of Technology, and Institute for Surface Chemistry, Stockholm,
Sweden

Martinus A. Cohen Stuart Laboratory for Physical Chemistry and
Colloid Science, Wageningen Agricultural University, Wageningen, The
Netherlands

Jacob D. Durtschi Department of Bioengineering, University of Utah,
Salt Lake City, Utah

Hans Elwing Department of Cell and Molecular Biology, Géteborg Uni-
versity, Goteborg, Sweden

James N. Herron Department of Pharmaceutics and Pharmaceutical
Chemistry, University of Utah, Salt Lake City, Utah

Vliadimir Hlady Department of Bioengineering, University of Utah, Salt
Lake City, Utah

Krister Hoimberg Institute for Surface Chemistry, Stockholm, Sweden

Shao-Chle Huang Diagnostic Products Corporation, Los Angeles,
California

Véra Janatova* Department of Pharmaceutics and Pharmaceutical
Chemistry, University of Utah, Salt Lake City, Utah

Camilla A.-C. Karisson Department of Food Engineering, University of
Lund, Lund, Sweden

Abraham M. Lenhoff Department of Chemical Engineering, University
of Delaware, Newark, Delaware

Martin Malmsten Pharmaceuticals and Food Section, Institute for Sur-
face Chemistry, Stockholm, Sweden

Willem Norde Laboratory for Physical Chemistry and Colloid Science,
Wageningen Agricultural University, Wageningen, The Netherlands

*Current affiliation: Prague, Czech Republic.



Contributors ix

TJommy Nylander Department of Physical Chemistry 1, Center for
Chemistry and Chemical Engineering, University of Lund, Lund, Sweden

Gerard A. Quash Laboratoire d’Immunochimie, Faculté de Médecine
Lyon-Sud, Oullins, France

J.J.Ramsden Department of Biophysical Chemistry, Biozentrum, Basel,
Switzerland
Charles M. Roth Center for Engineering in Medicine, Massachusetts

General Hospital and Harvard Medical School, and Shriners Burns Institute,
Boston, Massachusetts

Plerre Schaaf Institut Charles Sadron, CNRS ULP, Strasbourg, France

Robert D. Tilton Department of Chemical Engineering, Colloids, Poly-
mers, and Surfaces Program, Carnegie Mellon University, Pittsburgh, Penn-
sylvania

J.-C. Voegel U.F.R. Odontologiec, INSERM-Unité 424, Strasbourg,

France

Marie Wahilgren* Department of Food Technology, University of Lund,
Lund, Sweden

Hsu-kun Wang Department of Pharmaceutics and Pharmaceutical Chem-
istry, University of Utah, Salt Lake City, Utah ’

Stefan Welin-Klintstrém Laboratory of Applied Physics, Department of
Physics and Measurement Technology, Link6éping University, Linképing,
Sweden

Andrew L. Zydney Department of Chemical Engineering, University of
Delaware, Newark, Delaware

*Current affiliation: Ferring AB, Malmd, Sweden.



Contents

Preface iii
Contributors vii

1.

Macromolecular Adsorption: A Brief Introduction 1
Martinus A. Cohen Stuart

Driving Forces for Protein Adsorption at Solid Surfaces 27
Willem Norde

Thermodynamics of Adsorption of Amino Acids, Small Peptides, and
Nucleic Acid Components on Silica Adsorbents 55
Viadimir A. Basiuk

Quantitative Modeling of Protein Adsorption 89
Charles M. Roth and Abraham M. Lenhoff

Interfacial Behavior of Protein Mutants and Variants 119
Martin Malmsten, Thomas Arnebrant, and Peter Billsten

Proteins on Surfaces: Methodologies for Surface Preparation and
Engineering Protein Function 143
Krishnan K. Chittur

Local and Global Optical Spectroscopic Probes of Adsorbed
Proteins 181

Viadimir Hlady and Jos Buijs

Orientation and Activity of Immobilized Antibodies 221

James N. Herron, Jacob D. Durtschi, Hsu-kun Wang, Véra Janatovd,
I-Nan Chang, Shao-Chie Huang, Karin D. Caldwell, and

Douglas A. Christensen



vi Contents

9. Interactions Between Surfaces Coated with Carbohydrates,
Glycolipids, and Glycoproteins 281 '
Per M. Claesson

10. Kinetics of Protein Adsorption 321
J. J. Ramsden

11. Mobility of Biomolecules at Interfaces 363
Robert D. Tilton

12. Protein Adsorption in Relation to Solution Association and
Aggregation 409
Tormmy Nylander

13. Mechanism of Interfacial Exchange Phenomena for Proteins
Adsorbed at Solid—Liquid Interfaces 453
Vincent Ball, Pierre Schaaf, and J.-C. Voegel

14. Interactions Between Proteins and Surfactants at Solid
Interfaces 485
Marie Wahlgren, Stefan Welin-Klintstrom, and
Camilla A.-C. Karlsson

15. Interaction of Proteins with Polymeric Synthetic Membranes 513
Georges Belfort and Andrew L. Zydney

16. Protein Adsorption in Intravenous Drug Delivery 561
Martin Malmsten

17. Control of Protein Adsorption in Solid-Phase Diagnostics and
Therapeutics 597
Krister Holmberg and Gerard A. Quash

18. Studies on the Conformation of Adsorbed Proteins with the Use of
Nanoparticle Technology 627
Peter Billsten, Uno Carlsson, and Hans Elwing

Index 651



1

Macromolecular Adsorption:
A Brief Introduction

Martinus A. Cohen Stuart Laboratory for Physical Chemistry and
Colloid Science, Wageningen Agricultural University,

Wageningen, The Netherlands

Biological Macromolecules

II. Macromolecules Are Soft Particles

III. Adsorption and Particle Deformation

IV. Formation of an Adsorbed Layer

V. The Homogeneous Layer in Equilibrium

VI. Adsorption and Desorption Rates
VII. Structure of Adsorbed Layers
VIII. Polymer Mixtures: Preference and Exchange

IX. Spreading: Experimental Evidence

X. Trapping

XI. Polyelectrolytes and Polyampholytes
XII. Concluding Remarks

References

N A NN

10
11
12
14
17
18
22
22



2 Cohen Stuart

I. BIOLOGICAL MACROMOLECULES

The primary structure of many biological macromolecules is simply that of
a linear chain of monomers. In this respect, they do not differ from most
synthetic polymers. Behind the chemical simplicity, however, rather complex
and specific behavior may be hidden. For example, the secondary and ter-
tiary structures of proteins often play an essential role in their specific bio-
logical function. For such molecules it may seem impossible to develop a
universal description as is now well established for synthetic polymers.

However, one may wonder whether this has been attempted. Some of the
concepts fruitfully introduced in polymer physics may be quite relevant for
understanding the behavior of, say, globular proteins. It is the purpose of
this chapter to discuss polymers at interfaces from a physical chemists’ point
of view, highlighting processes and central concepts rather than specific
systems. Effects of conformational entropy, internal cohesion, electrostatic
interactions, and intermolecular interactions on adsorbed layers will be con-
sidered, and processes like transport, attachment, unfolding and trapping will
be discussed.

As said, most biological polymers are chemically more complex than
homopolymers and have a copolymer character that cannot be ignored. How-
ever, considering the entire plenitude of phenomena that various classes of
copolymers can display would by far exceed the limits of this introductory
presentation. We will therefore not explicitly discuss copolymers.

. MACROMOLECULES ARE SOFT PARTICLES

Around the bonds that connect the atoms in the main chain of a linear
polymer, some rotation is usually possible. This gives the polymer a certain
degree of flexibility, which is usually enough to allow the molecule to as-
sume a large number of shapes or conformations. With this large number of
conformations, a conformation entropy is associated. In the absence of ex-
ternal forces, the chain will wiggle because of thermal motion, and assume
an average, approximately spherical coil shape with a characteristic size R
dependent on the number of monomers N per chain (i.., the length of the
chain). This dependence can be generally expressed as a power law: R ~
N"*. The conformational entropy gives the coil a certain elastic resistance to
deformations such as squeezing and stretching. This resilience is rather
weak: the molecules can be considered ‘‘soft spheres.”

The characteristic size R of the coil depends strongly on the solvent [1,2]
but it can always be written as a power law of the chain length N: R ~ N°,
Good solvents tend to keep the individual monomers separate. In such a
solvent, most shapes permitted by bond rotation are energetically equivalent.
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If the monomers would not occupy any volume (i.e., the chain is infinitely
thin, this is called an ideal chain analogously to ideal gases) one could
describe the chain in terms of a random walk (diffusion-like) process. How-
ever, because monomers do have a volume, walks that lead to overlap be-
tween monomers must be excluded. The proper description is therefore that
of a self-avoiding walk. The characteristic size R of such a structure is known
to scale as N*°(a = 3/5), and such molecules are denoted as swollen coils.
The monomer-monomer repulsion also ensures that the molecules do not
cluster but form a homogencous solution. At higher concentration, however,
this repulsion is not enough to keep the coils apart; as soon as they fill the
entire solution volume, they begin to interpenetrate, thus forming a transient
network. This situation is now commonly referred to as “semidilute’’ solution.

In less good solvents, there is, effectively, an attraction between the
monomers. As long as this attraction is very weak, the coil may somewhat
contract, but it remains swollen. At a certain point, the attraction becomes
strong enough to compensate the effect of the excluded volume of the mon-
omers. This is called the © point or 6 temperature. The behavior of the coil
around the 6 point is equivalent to that of an ideal chain, for which random
walk statistics apply and one can prove the R ~ N"*(a = 1/2); this is called
the Gaussian coil because the density of monomers inside the coil is a
Gaussian function of the distance to the center [2].

Should the solvent become even worse, the entropy can no longer main-
tain the open, dilute structure of the coil and the molecule collapses to a
compact globule. Inside this globule, the monomer density is essentially
constant and therefore the mass must scale as R® so that R ~ N'’(v = 1/3).
Of course, monomer-monomer attraction will not only occur between mon-
omers within the same chain, but also between monomers on different
chains. Hence, in poor solvents there is a concentration where the molecules
accumulate into a dense phase and we have phase separation.

As a parameter that describes the strength of the monomer interaction it
is customary to use the so-called Flory-Huggins parameter x, which is es-
sentially an excess Gibbs energy of monomer-solvent contacts (with respect
to monomer-monomer and solvent-solvent contacts) normalized by &7T. In
good solvents, x is close to zero, at the 6 point it equals 0.5, and for poor
solvents, x > 0.5. In many texts, the parameter v = 1 — 2x is used. It
measures the strength of the monomer-monomer interaction relative to that
at the 0 point and is called the excluded volume parameter. Its value is zero
at the 8 point, positive in better solvents and negative in worse solvents
(Fig. 1).

In poor solvents, where the molecules collapse into globules, deformation
is not only counteracted by the conformational entropy, but also by the fact
that the number of (unfavorable) monomer-solvent contacts increases at the



