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STELLINGEN

1
Maximale eiwitadsorptic vindt plaats rond het isoclekirisch punt van het eiwit-substraat
complex.

Dit proefschrift, hoofdstuk 3

) i

Vanuit een mengsel van eiwitten wordt de preferente adsorptie in de aanvangsfase bepaaid
door elektrostatische wisselwerkingen tussen eiwit en substraat.
Dit proefschrift, hoofdstuk 5

m
De beginsnelheid van elwitadsorptie is niet voor elk eiwit bepalend voor de eindsituatie op

het opperviak.
L. van de Steeg, Doctoraalverslag, LUW (1989},
C. van Delden, Doctoraalversiag, LUW (1990),
Dit proefschrift, hoofdstuk 6

v
Het door Feng ef al. voorgestelde reaktiemechanisme van de graft copolymerisatle van
acrylamide op polyetherurecthanen met het Ce{lVj-ion als initiator, houdt onvoldeende
rekening met homopolymerisatie van het acrylamide.

Feng, X.D., Sun, Y.H. and Qiu, KY., Macromolecules 18, 2105 (1985).

v
In tegenstelling tot de geadsorbeerde hoeveelheid is, onder verzadigingsomstandigheden, de
hydrodynamische laagdikte van geadsorbeerde homopolymeren onafhankeiljk van de
effectieve adsorptie-energie.

Beek, G.P. van der and Cohen Stuart, M.A., J. Phys. France 49, 1449 {1988},

|




VI
Met de bewering dat de hydrofobe interaktie tussen apolaire aminozuren toeneemt als
gevolgvan een hydratatie-afname met toenemende temperatuur, raken Privalov en Gill het
eiwitmolekuul in zijn hart.

Privalov, P.L. and Gill, S.J., Pure & Appl. Chem., 61, 1097 (1989).

Vi
Omdat een Japanner nauweliiks "nee” kent, heeft "ja" meerdere betekenissen.

via

Niet elke stelling is te verdedigen,

Stand na 17, 46-411
R van de Beek-G. Leeflang, Kamp. v. Geld. '84-'85.

X
Gezien het belang van de patient in de gezondheidszorg is het juist om met de toenemende

vergrijzing deze mensen niet over één kam te scheren.

X1
Elk bijgeloof is ongeloofwaardig.

Stellingen
behorende bij het proefschrift van A.V. Elgersma, Landbouwuniversiteit Wageningen,
18 mei 1990
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CHAPTER 1
INTRODUCTION

1.1 GENERAL

The topic of this thesis is proteins at interfaces.

There are numerous reasons to pay attention to this fleld, both because of its
fundamental interest and its wide range of applications. Most proteins have a strong
tendency to accumulate (adsorb) at interfaces and the final result is determined by many
variables among which the pH, lonlc strength, temperature, the properties of the protein
molecules, the adsorbent surface, the solvent molecules and those of any other molecules in
the medium. In nature, proteins are invariably encountered in very complex biolagical
media, including body flulds like blood, lachrymal fluid, saliva and urine. These fluids
contain various kinds of proteins and, therefore, the competitive adsorption from a
solution containing a mixture of proteins is a relevant and challenging subject to study.

Proteins at interfaces are encountered in many disparate domains, such as
biotechnology [immobilized enzymes), biochemistry (protein reactions}, analytical
chemistry (protein separation techniques), food processing industry (as fouling agents of
equipment and as stabilizers of dispersions), cosmetic and pharmaceutic industries
femulsiflers and stabilizers) and in the blomedical field (fouling of intra- and extra-
corporeal devices, drug delivery systems, biosensors and immunoassays).

Protein molecules are long polypeptides, contatning several tens to hundreds of aming
acid monomers, There are about twenty different amino acids and the sequence in which
they appear in the polypeptide chain is highly specific. Upon biosynthesis, the polypeptide
cham folds into its active conformation. The three-dimensional structure of a {globular)
protein depends on interactions within the protein molecule and interactions between the
protein molecule and {ts environment.

For protein molecules dissolved in an agQueous medium, the most relevant interactions
determining the conformation are:

* electrostatic interactions in which charged side groups of the polypeptide chain (mostly
residing at the exterior of the molecule) and low molecular weight ions are involved

¢ hydrogen bonds, involving groups of the protein molecule and water molecules

e van der Waals Interactions

* hydrophobic interaction resuiting in a tendency to bury the hydrophobic residues in
the interior of the protein molecule, so that they are shielded from water
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*» covalent binding between two cysteine amino acids along the polypeptide chain to form
a disulfide linkage.

When a proteln molecule adsorbs from solution it undergoes an environmental
alteration. Hence, its intra- and intermolecular interactions are affected. This may resuit
in an adjustment of the three-dimensional structure. In view of the structure-function
relations of proteins, the question of structure changes upon adsorption is of major
interest, Structural changes themselves can even be the main driving force for proteins to
adsorb spontaneously {11,

1.2 SYSTEMS INVESTIGATED

This study focusses on the (competitive) adsorption of proteins onto hydrophobic
surfaces.

In most of the experiments latices are used as the adsorbent. Latices are polymer colloids
in a liquid environment. The choice of polystyrene latices has been motivated by a number
of reasons. In the first place, polystyrene latices can be prepared In such a way that
important variables like the sign and magnitude of the surface charge can be controlled.
Both negatively and positively charged latices (having a surface charge that is constant over
a wide pH-range) have been used in this study. Second, latices have the advantage over
macroscople surfaces that they have a large surface to volume ratio. Therefore, simple
analytical techniques can be used to determine the amount of protein adsorbed. This
procedure obviates the necessity of marking the protein with an extrinsic label that itself
might affect the structural properties of the protein, possibly influencing the adsorption
behavior. Beside these motives the consideration has played a role that latices are often
applied in systems where interaction with proteins is essential, e.g. in diagnostic test
systems. The present study has great relevance for a better understanding of imnunoassays
as diagnostic test systems,

The proteins used in this study are Bovine Serum Albumin (BSA} and different
monoclonal Immuno gamma Globulins (1gG's).

Serum Albumin is one of the most abundant proteins present in the blood of mammals.
Its main functions are to regulate the osmotic pressure and the pH of the blood and to carry
(metallions, phospholipids, hormones, etc. (2], Albumin has been chosen as one of the
adsorptives, because In practice this protein is frequently involved in some adsorption
competition. Furthermore, in practical applications as diagnostic test systems BSA plays
an important role.
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Conventional samples of IgG are usually polyclonal, i.e, they consist of IgG molecules
having different physico-chemical properties. Monoclonal antibodies are produced by a
hybridoma-technique’ i3], yielding IgG-samples which are highly spectfic, since they act
against one single antigenic determinant. The four monocleonat IgG's used in this study were
mouse-antl HCG's. Human Chorionic Gonadetropin (HCG) is a hormone produced by the
placenta of pregnant women. The monoclonal antibodies (IgG's) differ in isoelectric point.
This difference enables us to study the electrostatic contributicon to the adsorption of IgG at
a charged surface.

The main purposes of this work are to obtain more insight into the mechanism of
adsorption of BSA and IgG individually as well as Into the competitive adsorption between
these two proteins. In view of practical applications another goal 1s to find optimum
conditions for colloidal stability of latices coated with these proteins.

1.3 CONTENTS OF THIS THESIS

Recently some good reviews on protein adsorption have been written {145], However, the
literature lacks systematic overviews on competitive adsorption. Therefore, in chapter 2 of
this thesis we shall begin by reviewing the present state of competitive protein adsorption.

In studying protein adsorption the properties of the protein, the adsorbent surface and
the medium must be carefully characterized. In chapter 3 the purification and
characterization of the materials together with the methods used in this study will be
described in detail.
To interpret competitive adsorption behaviour of proteins it is required to know the
affinity of each individual protein for the surface and therefore adsorption isotherms from
single protein solutions are determined. The contribution of electrostatic interactions
between the protein and the adsorbent is emphasized. This is done by varying the charge on
the polystyrene latex surface and protein molecule independently. Electrokinetic
measurements are performed to obtain information on the electrokinetic potential, which
is related to the colloid stability of the [coated) latices. In chapter 3 the results for the
individual adsorption of BSA and the various monoclonal IgG's will be described.

Displacement of one protein by another implies desorption and automatically takes one
to the issue of adsorption reversibility. In this respect distinction must be made between the
'reversibility' with respect to dilution, to pH-change, to exchange with dissolved protein
molecules and to displacement by other proteins or substances. Displacement occuring
upon sequential adsorption yields information about the binding strength of the proteins
relative to each other. This matter will be presented in chapter 4.
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Similar information can he inferred from studying the adsorption from a mixture of
proteins. The contribution of electrostatic interaction to competitive adsorption will be
discussed in chapter 5.

In chapter 6 protein adsorption measurements on macroscopic polystyrene surfaces
studied by reflectometry and streaming potential will be reported. The data are compared
with those obtained with latices.

1.4 REFERENCES

Norde W., Advan. Colloid and Interface Sci. 218, 267 (19886),

Peters, T., in "Advances in Protein Chemistry”, vol. 37, 161, Academtic Press, Inc.,
1985

Milstein, C., Sci. Am. 243-4, 56 (1980).

Brash, J.L. and Horbett, T.A., in "Proteins at Interfaces, Physicochemical and
Biochemical Studies”, ACS Symposium Series 343, chapter 1, Brash, J.L. and
Horbett, T.A. {Eds.), Amer. Chem. Soc., Washington D.C., 1987

Andrade J.D., in "Principles of Protein Adsorption”, Surface and Interfacial Aspects
of Biomedical Polymers, vol. 2, 1, Andrade, J.D. {Ed.), Plenum Press, New York, 1985



CHAPTER 2
SOME DYNAMIC ASPECTS OF PROTEIN ADSORPTION

2.1 INTRODUCTION

The literature on protein adsorption is to a large extent coniroversial. The main reason
for this confusion is insufficlent characterization of the systems studied. Systems
encountered in practice, including such disparate biological flutds like blood, saliva, milk,
fruit juices or sea water interacting with solid surfaces, are far too complex to be subjected to
a systematic study of the principles of protein adsorption and its dynamics. For this reason,
the present chapter will focus on relatively simple and well-defined systems.

Some trends and principles of protein adsorption have been reported in recent
symposium proceedings [12 and review articles [3-4],

The emphasis of this chapter is on a systematic overviewing of sequential and
competitive protein adsorption (section 2.4}, such a compilation is not found in literature.
Besides this ncoble motive it is a good introduction to the experimental part on sequential
[chapter 4) and competitive adsorption [chapter 5). First, in section 2.2, some general
features of single protein adsorption at solid surfaces are reviewed, followed by a discussion
of the ‘reversibility’ of this adsorption in section 2.3. Finally, in section 2.5, the influence of
an adsorbed protein layer on subsequent biological processes will be discussed. In view of
the structure-function relations of proteins, special attention will be paid to antibody-
antigen interaction.

2.2 SINGLE PROTEIN ADSORPTION
2.2.1 General

Protein adsorption is the net result of various interactions between protein, adsorbent
surface and medium (involving (aqueocus) solvent molecules and low-molecular weight (MW)
ions) all of which may generally be dependent on lonic strength, pH and temperature. This
section starts with a discussion on some static aspects of protein adsorption, whereas the
remainder of this chapter reviews dynamic principles.
Adsorbed Amount
An important quantity in protein adsorption studies is the adsorbed amount. This can be
determined by various methods. For finely dispersed adsorbents with a large surface to
volume ratio, analytical methods have been applied in which the protein concentration
before and after adsorption is compared [5.6.7.8], For macroscopic surfaces the adsorbed
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amount of protein has to be quantified directly on the surface. To that end, the protein may
be marked with an extrinsic label, which may be radioactive {2.12.11] or fluorescing 112.131,
Whether or not there is a 'label-influence’ on protein adsorption is still a matter of dispute
(11.14,15] Tg circumvent this uncertainty, methods based on intrinsic properties of the
protein itself are more appropriate, such as Total Internal Reflection Fluorescence (TIRF)
using the fluorescence of amine acid residues [16.17.18] gr Attennuated Total Reflection-
Fourler Transformed Infra Red Spectroscopy (ATR-FTIR} using IR vibrations of specific
amide bands [19.29], In addition to determining the adsorbed amounts, the last mentioned
methods may also yleld information about the conformation of the protein in the adsorbed
state. Rather new techniques in the protein adsorption field are reflectometry [21,22,23,24]
t.e. some modernized analog of ellipsometry (25!, streaming potential measurements
[24.26.27) 4nd Enzyme-Linked Irununo Sorbent Assays (ELISA) (28.29],

Adsorption Isotherms

For globular proteins, adsorption isotherms (in which the adsorbed amount I' is plotted
versus the protein concentration in solution after adsorption) usually develop well-defined
plateaus which are in the range of those calculated for a close-packed monolayer of native
molecules, corresponding with a few mg per m2. However, it must be noted that multilayer

formation also has been reported 30,31},
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Figure 2.1  Hysteresis between Figure 22  Step-like
adsorption and desorption isotherms. adsorption isotherm.

Linear polymer molecules attach via several contacts to an adsorbent surface. Therefore,
the resulting free energy of adsorpticn per molecule is relatively large and the isotherms are
of the high-affinity type, characterized by a very steep initial part. For globular protein
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molecules the occurrence of isotherms having a finite initial slope Is not exceptional.
However, even when such non high-affinity adsorption isotherms are found, the
corresponding desorption isotherms are usually of the high-affinity type, as indicated by
the dashed line in Figure 2.1. This phenomenon suggests that, upon adsorption, proteins
undergo a structural change enhancing the binding between the protein and the sorbent
surface. Hysteresis will be further discussed in section 2.3.

Step-like adsorption isotherms, as shown in Figure 2.2, have been reported by various
authors [6.7.30:32] At rather high protein concentrations the formation of such steps can be
attributed to bilayer formation, when the second layer is readily desorbable (30.33), When no
desorption takes place upon dilution, bilayer protein adsorption 1s not very likely. The
'kink’ may then be related to a variation in the binding mode with increasing occupancy.
For instance, for albumin and y-globulin en polystyrene latices Fair and Jamieson L7
interpreted this phenomenon as a transition in the structure and/or organization of the

adsorbed layer.

2.2.2 Factors that determine protein adsorption affinity

The adsorption affinity of a protein for a surface is characterized by the overall molar
Gibbs energy of adsorption. The most important factors determining the adsorption
affinity are: (i) electrostatic interaction between the participating components (including
low-MW ions), (ii) hydrophobic dehydratation of parts of the adsorbent and/or protein
molecules, (iii) structural stability and size of the protein molecule. These contributions
will be discussed in some more detail below.

Effect of electrostatic interactions

In most cases both protein and adsorbent surface contain electrostatically charged groups.
Although these charged groups are located at discrete sites, the surface charge is often
treated as being smeared-gut.

Upon adsorption, the electric double layers of both species overlap, resulting in
attraction or repulsion. Many proteins spontaneously adsorb on like-charged adsorbent
surfaces, even when these surfaces are hydrophilic (see below}. Hence, in those cases
electrostatic interactions are not to prevent proteins from adsorption. For the adsorption of
many prateins, the ‘conformational less stable ones' as albumin [6.11.34.35] ymmuno
gamma globulins 136], fibrinogen 137), hemoglobin #8! and gelatin 139,40}, 3 maximum
plateau-value (I'pl max) is found around their isoelectric point. The finding of bell-shaped
IpilpHi-curves has been explained in terms of a decreasing structure stability of the globular
protein with increasing net charge, rather than being the result of lateral repulsion between
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adsorbed molecules [3:8.32.36.41.42] syperimposed on the I'p)(pH)-trend caused by structural
rearrangements in the protein, the influence of charge interaction between the protein
molecule and adsorbent can be observed. The adsorbed amount of protein increases with
increasing charge contrast as has been reported for albumin on polystyrene fatices 5.6,
fibrinogen on various polymeric surfaces {43], albumin, fibrinogen and IgG on platinum
surfaces [44],

Conecomitantly with protein adsarption, low MW-ions are incorporated in the contact
region between the protein and adsorbent surface [5.45.46] The fon uptake prevents a too
high charge density in the low dielectric contact region, which, in turn, would result in an
energetically unfavourable electrostatic potential, The uptake of ions upon adsorption is
another indication that non-electrostatic interactions are important in the adsorption
process.

Effect of hydrophoblcity

Although globular protein molecules in an agueous environment have the tendency to bury
the hydrophobic aming acid residues in their interiors, some non-polar groups may reside
at the outside of the molecule 421, Dehydration of hydrophobic patches of both protein and
adsorbent surface results in an entropy gain (l.e. a lowering of the Gibbs energy of the
system) and therefore promotes protein adsorption. As a trend, the adsorption affinity and
adsorbed amount are larger at more hydrophobic adsorbent surfaces [3.35.47.48,49]
Consistently, the desorbability of proteins tends to decrease in this direction. This will be
further discussed in section 2.3, There are some indications that proteins have a maximum
affinity for surfaces of intermediate polarity 50511 although the opposite also has been
reporied (52],

Effect of structural stability of the protein

An elegant study has been undertaken by Norde et al. 16.23.27.45.53] i which the structural
stability of proieins is related to their adsorption behaviour. The contribution of
intramolecular hydrophobic bonding, relative to all other interactions determining the
stabilization of a compact protein structure in solution, is relevant with respect to the
occurrence of structural rearrangements upon adsorption. In fact, these structural
alterations (Involving an Increased conformational entropy of the protein molecule) may
be one of the major reasons for spontaneocus adsorption. According to their resilience
against such structural changes, proteins may be classified in two groups:

e proteins having a strong internal coherence, including ribonuclease, lysozyme,

myoglobin. For this class, adsorption is mainly determined by the interaction between the
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exterior of the protein and the adsorbent, and involves electrostatic and hydrophobic
interaction.
« proteins having a weak internal coherence, so that upon adsorption they can undergo
structural changes, which is the case for albumin, g-lactalbumin and IgG. For such proteins
the rise in conformational entropy can dominate, outweighing unfavourable contributions
due to hydrophilic dehydration or electrostatic repulsion. Typically, for such proteins the
adsorption behaviour is not so sensitive to the nature of the adsorbent.

In Table 2.1 literature data are collected for a variety of proteins that undergo a
conformational change upon adscrption. After desorption or displacement from the surface
the native form is not always retained. Therefore one must be careful in applying reversible

thermodynamics.

Table 2.1 Structural changes observed upon adsorpiion for a variety of proteins on
various adsorbents using different techniques.

Protein Adsorbate Alteration Technique Ref.
Albumin PHEMA, P{HEMA/MAA) o-helix ATR-FTIR 154
Albumin copolypeptides, silicone a-helix desorption + CD [545]
Albumln PS-latices nd. hydrogen ion titration [565)
Albumin different oxides w-helix displacement + CD [657]
Albumin poly lon—complexcs a-helix Transmisslon CD 168
Alburmin hydrophilic silica n.d, TIRIF Ieg]
yCGlobulin glass n.d. Microcalorimetry 1601
y-Globulin different hydrogels p-sheet ATR-FTIR [19]
v-Globulin PS-latices n.d. potentiometric titration [61]
r-Globulin copolypeptides, sillcone B-sheet desorption + CD 155
Fibrinagen copolypeptides, silicone w-helix desorption + CD 58]
Fibrinogen glass a-helix desorpton + CD 621
Fibronectin hydrophobic silica n.d. TIRF 63]
Fibronectin PS-latices n.d. sulfhydryl titration 641
Vitronectin PS, oxidized PS B-sheet ATR-FTIR 165
Apomyoglobin silica nd. TIRF s6]
Myoglobin PDMS nd. TIRF 67
A. Fact. 11T silicon n.d. ELISA/Ellipsometry {49}
Factor XII quartz n.d. Transmission CD 68

Abbreviations: {n.d.) not distinguished, (PHEMA) poly-2-hydroxyethylmethacrylate, (MAA)
methacrylic acld, (ATR-FTIR) attenuated total reflection-fourier transformed infrared
spectroscopy, {CD) ctrcular dichroism, {PS) polystyrene, (TIRIF] total internal reflection intrinsic
fluorecence, [C. Fact.) Complement Factor, (PDMS) polydimethylsiloxane, [ELISA) enzyme-linked
immunosorbent assay. -
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Effect of molecular size of the protein

Upon adsorption, proteins and other macromolecules form ‘'multiple contacts’ with the
surface. From studies with flexible homopolymers it is known that the adsorbed amount
Increases with increasing chain length (i.e. molecular mass) at least in not too good
salvents. A fraction of the flexible polymer is actually attached, whereas the remainder
protrudes into the solution as loops and tails. Depending on their structural stability,
protein molecules may undergo (structural} rearrangements {see Table 2.1}, but they do not
unfold so far as to form a loose, highly solvated adsorbed layer. For proteins having a
strong Internal coherence, the bound fraction 1s independent of the degree of coverage of the
surface [69]. On the other hand. by way of example, for the adsorption of 1gG [being a
conformationally Jess stable protein) on silica, a bound fraction of 0.02 in the plateau
region of the isotherm as opposed to 0.20 when adsorption occurred from low protein
concentrations was reported by Morrissey et al, (44.70],

It is difficult to study the exclusive influence of the molecular weight of proteins on the
adsorption, since also other physical properties vary between different proteins.
Establishing the influence of the melecular size of proteins on the adsorption can best be
achieved by comparing the adsorption behaviour of monomers, dimers and oligomers of the
same kind of protein. A preferential adsorption of the larger aggregates has been reported
for albumin (71,721 and fibrinogen [73]. It can be generally stated that the larger MW-proteins
{in accordance with the trend observed for synthetic flexible polymers] show larger
adsorptions per unit area. Therefore, the adsorbed protein Jayer will also be thicker.

When the solution contains proteins of different size, thelr respective diffusities may
play an important role as to the composition of the adsorbed layer. The smalier protein
molecules, having a higher diffusion coefficient, are the first ones to arrive near a surface,
The final composition of the adsorbed layer depends on the degree of exchange between the
pre-adsorbed molecules and the later arriving ones. These kinetic aspects will be considered
in section 2.4.

2.3 REVERSIBILITY ASPECTS

An appropriate definition [74] of a reversible process may read as “The transfer of a
systemn from one state A to a different state B is reversible if in the opposite process (B to A)
all the variables characterizing the state of the system returmn through the same values but
in the opposite order, and if the exchanges of heat, matter and work with the surroundings
are of the reverse sigh and occur in the inverse order”.
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Changing medium conditions (i.e. increasing or decreasing protein concentration, pH,
ionic strength, temperature etc.) followed by measurements of the adsorption may in
principle provide information on the question whether a} desorption or b) additional
protein adsorption takes place (see section 2.3.1}. However, in my opinion a more realistic
contribution to the reversibility issue is a study of the dynamics of the exchange of adsarbed
proteins with sirnilar protein molecules in solution, since no medium change is involved
{see section 2.3.1¢). In section 2.3.2 some concluding remarks will be drawn.

2.3.1 Factors of consideration

a) Desorption of adsorbed protein molecules from a surface is influenced by many
factors, among which:
Desorption time
An adsorbed protein molecule is attached via multiple contacts. The resulting activation
Gibbs energy for desorption is much greater than for adsorption, and as a consequence the
desorption process is many times slower. As a result, there may be differences between the
adsorption and desorption isotherms that depend on the time of cbservation (Figure 2.1).
When after prolonged cbservation times differences between adsorption and desorption
persist, one can speak of true hysteresis [75], True hysteresis implies that the Gibbs energy of
the desorbed protein in solution is more positive than that of the (native) protein molecuie
before adsorption. This would result in a higher affinity of the desorbed molecule to re-
adsorb 176, The hysteresis loop is furthermore indicative of an entropy pruduction. It has
indeed been observed that desorbed protein molecules contain a reduced degree of secondary
structure (see Table 2.1) and consequently a larger conformational entropy.

In the literature, the imporfance of the time in the desorption process is not always
recognized.
Adsorption time
Literature data confirm the suggestion of an increasing protein-adsorbent interaction upon
adsorption, Soderquist and Walton [55] found a decreased desorption rate with increasing
residence time for albumin on siliconized glass. Bohnert and Horbett [77] reported a
decreased elutability with adsorption time of albumin and fibrinogen from different
polymeric surfaces, The desorption of IgG from silica showed at short adsorption times a
single state, whereas at longer exposure times a ‘biphasic desorption pattern' was observed
[78). In addition, it has been proved, using ATR-FTIR for albumin adsorbed on hydrophilic
surfaces, that its a-helix content in the adsorbed state decreases with adsorption time [54],
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Degree of occupancy

For the group of conformationally less stable proteins, the bound fraction decreases with
increasing adsorbed amounts, see section 2.2.2, At a higher degree of occupancy, the
conformation changes less and, therefore, desorption 1s more enhanced. Jennissen [75)
found an increase of the desorption rate when the fractional saturation of phosphorylase b
on covalently modified agarose gels was increased from 0.10 to 0.75.

However, a decreased desorbabflity from completely covered surfaces, e.g. albumin and IgG
on polystyrene latices (7], has been observed and was interpreted in terms of intermolecular
protein association on the surface. Moreover, a decreased desorption of albumin on glass
around the isoelectric point of the protein compared to other pH-values was reported by Bull
(791, whether or not protein association on surfaces occurs is stiil disputed [80.81],

Adsorbent characteristics

The hydrophobicity of an adsorbent surface deternunes the rate and amount of protein
desorption [47.82.83] For many proteins it has been observed that desorption (if any) from
various hydrophobic sutfaces upon dilution is extremely low (3.6.82.84], As a peculiarity, it is
mentioned that 80% desorption of IgG from polystyrene latices has been observed by adding
dimethylsulfoxide [85], On the other hand, partial desorption from hydrophilic surfaces
upon dilution 143.70.86.87] or changing pH (57] has also been reported. From ATR-FTIR
measurements it has been inferred that the extent of structural changes in an adsorbed
protein molecule s larger on more hydrophobic surfaces and increases with time 154). It can
be suggested that the change in structure, which is related to the structure stability of the
protein (see also section 2.2.2), resulis in a greater affinity for the surface and, as a result,
retards the desorption process indefinitely and leads to real hysteresis.

Electrostatics

When a protein molecule appoaches a like-charged surface, an energy barrier {few kT-units)
for deposition has to be overcome 188]. As a consequence, the adsorption is retarded, giving
once attached molecules more time to adapt their structure before newly arriving molecules
{can) adsorb. Electrostatic contributions to the sorption process are best shown for charged

hydrophilic surfaces at which {partial) desorption occurs upon increasing the ionic strength
(9,571

b) Additional protein adsorption may cccur upon changing medium conditions, as has
been reported for step-wise addition of proteins [37.47.73]. An increase in the adsorbed
amount can also be achieved by changing the pH or ionic strength to more favourable values

(whereas the reverse change In conditions does not necessarily show any desorption)
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[5.36,69], However, the adsorbed amount thus obtained is ofien smaller as compared to that
reached in a single step [5-36.55.69.73] This is probably due to structural changes in the

protein causing a larger surface area per molecule at lower surface coverage.

c] Exchangeability

Even in systems showing no desorption upon changing medium conditions, an exchange
with similar or identical protein molecules in solution has been reported by various groups.
A summary will be given below. The activation Gibbs energy for exchange is much smaller
as compared to that for desorption by dilution and, as a consequence, the exchange rate will
be much higher. An exchange process might be visualized by detachment of parts of the
adsorbed molecule in favour of attachment of newly arriving protein molecules. For
proteins with a weak internal coherence, structural rearrangements in the adsorbed state
may be the dominating contribution to the Gibbs energy of adsorption. When after
displacement the native conformation is not (totally) regained, the adsorbent may be
regarded as a catalyst facilitating structural transitions. It would be interesting to study the
influence of 'exchange time’ on the conformation of the protein in solution.

Brash and Samak (84| described the exchange of 1251-albumin adsorbed on poly-ethylene
against 13!I-albumin in solution. These authors established that the rates of desorption and
adsorption are equal, proving a truly reversible exchange mechanism. Furthermore, both
the extent and rate were found to increase with increasing shear rate and albumin
concentration. The exchange of 1251-fibrinogen adsorbed on glass for dissolved 131I-
fibrinogen has been reported by Chan and Brash [9]. Again, the exchanged fraction increases
with protein concentration In solution, whereas in this case the shear rate (0-1600 s1) did
not influence the extent and rate of exchange. Exchanging 25I-fibrinogen from glass with
non-labelled fibrinogen, Brash et al [15] distinguished three populations of adsorbed
fibrinogen, namely: non-, rapidly- and slowly exchanging fractions. The existence of a
heterogeneous surface populationt has also been reported by Fraaye 1891, who performed an
exchange experiment with pre-adsorbed albumin on Agl and !4C-iodoacetamide-labelled
albumin in solution, Within one minute 30-40% rapidly exchanges, while 60-70% slowly
exchanges in a few hours. Both the rate and extent of exchange were found independent of pH
ranging from 4 to 6. Lok et al [17:90] using TIRF, determined the exchange of both
flucrescein isothiocyanate-labelled albumin and fibrinogen adsorbed on polydimethyl-
slloxane with non-labelled protein in solution and vice versa. The rate for a partially
exchangecable fraction, 40-50% in 100 hours, was lower as compared to the findings of Brash
et al. [9-84], Cheng et al. 1] extended the TIRF-experiments of Lok et al [17:90], using
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polymeric surfaces with varying surface properties. The exchange rate of adsorbed
fluorescein isothiocyanate-labelled albumin was found to be transport limited,
independent of the adsorbent. Chuang et al. 87| reported exchangeability under static
conditions of 1251-labelled albumin, fibrinogen and IgG from (hydrophtlic) cuprophane with
unlabelled protein. The extent of exchange was 38, 19 and 11 % in 24 hours, respectively.
The rate of exchange from (hydrophobic) polyvinylchloride was found five times lower in
the case of 1gG. Bale et al. [92] also showed that the exchanged fraction of IgG is larger with
increasing adsorbent hydrophilicity.

The general trend emerges that the exchangeability of proteins is reduced by increasing
hydrophobicity of the adsorbent surface and furthermore by structural rearrangements
that may have occurred in the adsorbed protein melecule.

2.3.2 Concluding remarks

Upon changing medium conditions, only a limited desorbable protein fraction is
reparted. Additional protein adsorption is found lower as compared to adsorption In one
single step. The rate of protein exchange is larger at initial stages of the process, and only a
limited exchangeable protetn fraction is usually observed. From the above findings, it can
be concluded that the adsorbed protein layer is hetercgeneous with respect to its affinity for
the adsorbent surface. Such a protein layer can be formed, because at low protein supply and
hence low surface occupancies the proteins have more room and time for structural
rearrangements. Obviously, the latest adsorbing proteins that are the least perturbed are
more easily removed from the surface.

A dynamic exchange process, as evidenced in this reversibility section, must also be the
underlying principle for sequential and competitive protein adsorption.

2.4 SEQUENTIAL AND COMPETITIVE PROTEIN ADSORPTION
2.4.1 General

Most investigations on competitive protein adsorption done so far involved biological
fluids as a whole, such as, blood(plasma), saliva or milk. Adsorption studies using mixtures
of the most abundant proteins, as models of these complex blological media, have been
reported to a lesser extent. Most of these 'mixture-studies’ simulate physiological conditions
in blood(plasma), implying that: (i} the ionic strength is about 0.16M (suppressing
electrostatic interactions), (ii) pH~7.4 (most proteins are negatively charged) and {iii) the
protein concentrations or ratios are flxed,
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In view of the dynamic exchange of adsorbed proteins with solute proteins, it is supposed
that both kinetic and thermodynamic factors determine competitive adsorption. Most of
the biological situations and practical applications involve adsorption from a flowing
solution. In a laminarly flowing system a protein cannot reach the surface by convective
transport only; it has to diffuse through a stagnant layer adjacent the surface (Nernst
diffusion layer). The rate of transport towards the adsorbent surface is influenced by the
proteint concentrations, protein size (diffusity) and convectivity. Therefore, the initial state
of an adsorbed layer will rather depend on kinetic factors. whereas both kinetics and
factors that determine protein adsorption affinity (discussed in section 2.2) might
determine the ultimate composition, Once a protein molecule is attached, its affinity for the
surface can change. This surface-relaxation process, including exchange and displacement
of adsorbed proteins, may proceed over a relatively long period (days), so that it is quite
possible that kinetic factors are virtually frozen in, rendering the final result dependent on
the history of the adsorption.

The continuation of this section is divided into a part on sequential (2.4.2) and one on
competitive (2.4.3) protein adsorption. Special attention will be diven to the time
dependence of the composition of an adsorbed layer. The compositions of the adsorbed layer
and (remaining) protein sclution are not necessarily equal. Preferential adsorption of a
given protein p is defined as the ratio between the fraction of p on the surface and that in

solution.

2.4.2 Sequential adsorption

Sequential adsorption of proteins can be divided into two sub-processes. Adsorption of
one protein is followed by the addition of a second (different) protein to the protein-
adsorbent complex. Additional adserption of the second protein may occur or the second
protein may displace the pre-adsorbed protein, all of this depending on the relative
affinities of the two proteins for the surface. The situation where an immobilized protein
reacts with its compilementary antigen or antibody will be described in section 2.5. Below,
important features Involving sequential adsorption will be discussed on the basis of data
from the literature. The following notation is introduced: (15% stands for the pre-adsorbed
protein and (2™ for the protein added in a later stage.

With increasing preadsotbed amount less additional adsorption occurs. This feature is
frequently referred to as 'blocking' of the second protein. It has, for instance, been observed
with albumin and fibrinogen (both 15t and 209) on different hydrophobic polymers [93]:
albumin and IgG (both 15t and 209) on hydrophilic quartz 121 or hydrophohic polyurethane
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(61]; 1gG (159 and albumin (2°9) on copolymeric latices of polystyrene 192!, In addition, the
relative amount displaced decreases with decreasing surface coverage 92.93] indicating
stronger interactions of the pre-adsorhed protein with the surface at low occupancy (cf.
section 2.3.1). In the case of alburnin {154 and fibrinogen (209, the injtial adsorption rate of
fibrinogen linecarly decreases with increasing amount of pre-adsorbed albumin (unti) 50%
surface coverage), indicating a first order adsorption rate of fibrinogen with free surface
area 193], The reverse process does not show such a behaviour.

If displacement of a protein occurs, the displaced amount increases with increasing
concentration of the second added protein [12), However, complete displacement of adsorbed
proteins from hydrophobic surfaces has never been reported. Complete displacement from
hydrophilic sorbents was reported by Arai and Norde [53]; conformationally stable proteins
could be displaced by a protein having a weak internal coherence.

To interpret the concentration dependency of the 204 protein on the displacement of the
15t one, its molecular size must be considered. The following references all point to an
increased displacement with increasing size of the 279 protein, Among others, Bale et al. [921
found an increase in displaced amount of IgG in the order of the 279 protein: fibrinogen>IgG
{exchange)>albumin. This finding is supported by Koltisko and Walton [94), who showed
that fibronectin displaced monomeric albumin much faster than adsorbed dimeric
albumin. However, different proteins have different physical properties, €.g. structural
stability, which may interfere with the influence of molecular size, In the chapters 4 and 5,
examples will be discussed showing that molecular size alone is not sufficient to explain the
results of sequential and cormnpetitive adsorption experiments.

Increasing preadsorption time leads to an optimalization of the protein-adsorbent
attractlon; see also section 2.3. Indeed. a reduction of the displaced amount is often found
with Increasing preadsorption time 15.92.93],

Displacement of pre-adsorbed proteins is casier when the adsorbent surface is
hydrophilic. This has been observed by Shirahama et al. (23], and Aral and Norde 153) for a
number of combinations of two proteins (both 15t and 2M4) viz, lysozyme, ribonuclease,
myoglobin and a-lactalbumin on hydrophilic haematite and silica, hydrophobic
polystyrene and hydrophobized silica. Accordingly, IgG (13%) was found to be more strongly
displaced from more hydrophilic copolymer suriaces [92], However, Arnebrandt and
Nylander [95] found no influence of the hydrophilicity of the adsorbent: both on
hydrophobic and hydrophilic surfaces additional adsorption of x-casein leads to a small
displacement of B-lactoglobulin. In the reverse sequential adsorption, no additional
adsorption of B-lactoglobulin on pre-adsorbed x-casein surfaces occured. The lower
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structure stability and, therefore, higher adsorption affinity of x-casein may account for
the observed behaviour.

2.4.3 Competitive adsorption
Monomer versus adsorption of higher aggregates
One approach to study competitive protein adsorption makes use of protein solutions

containing monomer (m), dimer {d) and oligomer {o) of one and the same protein. it is
assumed that, execept for the molecular size, all other physical properties are identical.
Preferential adsorption of (d) and (o) over (m} molecules from albumin solutions has been
reparted [71.72,94,96] The preference is more pronounced when the albumin
concentration/surface area ratio becomes larger [71.72] The influence of electrostatic
interactions between albumin and negatively charged polystyrene latices, together with the
compositional change of the adsorbed layer with adsorption time was studled by Zsom {71),
Preferential adsorption of negatively charged (d) or (d+o) is enhanced on more negatively
charged latices. Furthermore, the preferential adsorption of [d) or (d+0) on latices having
Go<-11 UC e¢m2 is already obtained in the initial stage of adsorption, because the
composition of additional adsorption resembles the composition in sohationt Moreover, on
latices having 6o>—4 uC cm~2 additional adsorption represents an increased preference of
(d) and (d+o) of respectively 30% and even 74%. Koltisko and Walton [94] also found
preferential adsorption of (d), which increases with adsorption time, on surfaces having a
low negative surface charge density.

Adsorption from polydisperse protein samples shows a preferential adsorption of the
higher aggregates. The same feature has been reported for the adsorption of polydisperse,

flexible macromolecules [97],

Adsorption from mixtures of different proteins

The competitive adsorption from mixtures of different proteins can be studied by a
number of technigues including experiments using labelled protein(s), depletion-HPLC or
specific antibodies to the adsorbed protein. In Table 2.2 an overview is given of the
adsorption from binary and tertiary blood protein mixtures after a relatively long
adsorption time. It can be cancluded that in general the adsorbed amount of a given protein
in competition experiments is smaller as compared to that for the same protein on its own.
In competitive adsorption studies involving fibrinogen, IgG and albumin, it is always
observed that the preference for the adsorbent decreases in this order. This sequence is
retrieved for a variety of surfaces and initial protein compositions. From Table 2.2 the
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important conclusion can be drawn that the adsorption preference is more pronounced on
hydrophilic surfaces [20,87.99,102]

Table 2.2 refers to the composition of layers adsorbed after a relatively long time. It
would be interesting to also know how the composition of the adsorbed layer changes with
ttme. To that end, kinetic competitive protein adsorption measurements are best suited. So
far, only a limited number of such studies have been undertaken 12.17:20.99] Beissinger and
Leonard [12] gbserved that for albumin and 1gG the surface composition after 20 min. 1s
already obtained at 30 seconds for various protein concentrations in splution. The adsorbed
arnounts of both proteins increase rapidly during the first two min, to reach a plateau after
about 20 min., whereas no displacement is observed. Lok et al. 17] found a slow increase of
the amount of fibrinogen on silicon during adsorption, viz. the Alb/Fb ratio decreases from
83/17 to 75/25 and 65/35 for adsorption times of 30 sec., 4 and 6 hrs. respectively. No
displacement of albumin was found. On the other hand, Gendreau et al. [29] reported a
predominance of albumin over fibrinogen on germanium for {3ds<7 min,, followed by
displacement of albumin by fibrinogen. Probably, in this case displacement of albumin is
promoted because of the hydrophilicity of the surface, The influence of shear rate on the
composition of an adsorbed layer can be deduced from the data reparted by Chittur et ol. 20],
At a high shear rate, i.e. a thinner Nernst diffusion layer adjacent to the surface, the
preference for protein molecules having the lowest diffusity (IgG) is somewhat enlargded, see
Table 2.2,

Another kinetic factor, besides the effect of shear, on the composition of the adsorbed
layer, has been described by Breemhaar et al [28]. Using ELISA, they found, for a fixed
Initial protein composition in solution (Alb : IgG : Fb = 63 : 31 : 6 {wi%]} a major influence of
the total protein concentration on the competitive adsorption behaviour. The preference for
fibrinogen Increases with increasing total protein concentration; under physiological
conditions (ciotal 15 about 75 mg cm3] the surface composition is 31 : 8 : 61 on
polyvinylchloride and 21 : 10 : 69 on polystyrene. [ shall return to this effect below.

To eliminate the influence of different protein diffusities, studies with proteins of equal
size yield information, that is expected to be directly related to their relative affinities for
the surface. To my knowledge, only two studies describe such a competitive adsorption.
They refer to () x-casein and B-lactoglobulin on hydrophobic and hydrophilic glass 195 ang
(i) binary, tertlary and quartenary competitive -adsorption of lysozyme, ribonuclease,
myoglobin and a-lactalbumin in all possible combinations on different adsorbents 1531,
The studies show preferential adsorption of k-casein and «-lactalbumin, which could be
attributed to their lower structure stability. The preference is again more pronounced on
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hydrophilic surfaces. In addition, electrostatic interactions are important in determining
the (ultimate) composition of the adsorbed layer [53]. Competitive adsorption of three
proteins having a rather strong internal coherence, viz. lysozyme, rihonuclease and
myoglobin, show preferences which are electrostatically governed. With g-lactalbumin, a
factor related to its low structure stability, largely contributes to preferential adsorption of
this protein,

Afsorption from blood plasma

A behaviour similar to that observed by Breemhaar et al, 28], mentioned above, was
chserved by Vroman et al [103.104,105] y5ing diluted plasma. They concluded that the
composition of the adsorbed protein layer varies with time and plasma concentration.
Upon dilution a maximum in the adsorbed amouni of fibrinogen occurs at a plasma
concentration of about 1 vol%. The maximum decreases with increasing adsorption time. It
1s assurned that two processes interfere with each other in dctennhling the amount of
adsorbed fibrinogen. At high plasma concentration the fibrinogen adsorption is limited by
its displacement by higher molecular weight proteins like Factor XiI [105] and high
molecular weight kininogen (HMWK) [105.106] or high density lipoprotein (HDL) 1281
whereas in strongly diluted plasma solutions proteln adsorption is restricted by its low
concentration. The transient adsorption of fibrinogen is commonly known as the
"Vroman-effect". Additional experiments to verify the "Vroman-effect” have been described,
among which: (i) adding traces of radiolabelled albumin [107.108] 146 [108] or fihrinogen
(108,109 15 plasma, (1) using plasma solutions lacking higher molecular welght proteins,
ie. HMWE [105.110] or fibrinogen (105l to interrupt the sequential pattern and [1if)
characterization of the displaced protein layer, as a function of adsorption time, by sodium
dodecyl sulfate (SDS) followed by polyacrylamide gel electrophoresis (PAGE) [111],

The exchange sequence (albumin, immunoglobulin, fibrinogen, fibronectin, Factor XII
and high molecular weight kininogen (HMWEK]} commonly reported for hydrophilic
surfaces, like glass (105.109.311,112] does not apply to hydrophobic polystyrene {1111 or
polyethylene (112], The sequence can probably be related to the higher affinity of adsorbed
proteins on hydrophobic surfaces, leading to a lower ability for displacement from the
surface. Cuypers et al. [113] proposed a tentative adsorption model for the "Vroman-effect”,
with protein concentrations in solution and affinities of the proteins for the surface as the
model parameters. It follows that a diminishing difference between the affinities of the
different proteins for the surface (as is the case with more hydrophobic surfaces) results in a
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protein layer composition that is dominated by the solution concentrations of the proteins
relative to each other,

Longer adsorption times result in larger conformational changes, which are more
pronounced on hydrophobic surfaces (cf. sections 2.3.1 and 2.4.2). The occurrence of
conformational changes upon adsorption on hydrophobic surfaces might be the main
reason that the "Vroman-effect” in competitive adsorption is found on hydrophilic surfaces
only.

2.5 INFLUENCE OF ADSORBED PROTEIN LAYERS ON BIOLOGICAL PROCESSES

In nature, one of the first events taking place when a biological fluid is exposed to a
"foreign” material is the adsorption of proteins. As a consequence the interfacial properties
of this material will be changed which, in turn, may affect subsequent events such as cell
adheslon, microbiclogical growth and activation of solute proteins (e.g. intrinsic
coagulation in blood). To prognosticate ultimate situations on a surface, it is mandatory to
understand initial interactions between surface and protein. For example, surfaces which
preferentially adsorb immuno gamma globulins or fibrinogen out of {(blood)plasma adhere
more blood platelets than albumin coated-surfaces [114] When adhered blood platelets
aggregate and the aggregates are subsequently released from the surface, thrombi are formed
and a life-threatening situation may occur, The platelet adherence is probably due to the
formation of a complex of an enzyme of the platelet membrane (glycosyl transferase) with
carbohydrate chains of adsorbed glyco-proteins 1151, It is not surprising that the search for
biocompatible materials is mainly directed by the occurence of protein adsorption.

Another important issuc is the formation of (immune) complexes between an antibody
and an antigen when one of them is immobilized on a surface. Antibodies are immuno
gamma globulins, containing a specific reglon, viz. the hypervariable domains on the Fap-
part, which sgpecifically interact with an epitope on their complementary antigen (see also
Figure 2.3). Non-covalent intermolecular forces are thought to be responsible for the
formation of an antigen-antibody complex. Association constants are found in the range of
109-1011 [M~1] [116] and they are usually influenced by onic strength, temperature and pH
i117],

The fact that one of the interacting proteins is adsorbed might also affect its association
behaviour. Orientational and conformational alterations may influence the accessibility
of the antigen binding site(s). Moreover, non-specific binding of the antigen with the
adsorbent surface may occur possibly displacing pre-adsorbed antibodies, see chapter 4.
Finally, at relatively high surface occupancy the IgG-melecules might sterically hinder
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each other. Using monoclonal antibodies against different epitopes of myoglobin, Darst et
al [87] showed a specific loss of certain antigenic determinants on the adsorbed myoglobin,

indicating a non-random orientation and/or conformation on the surface.

®

Fc( e /
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H: heavy chain

L light chain

-o0: carbohydrate

=: disulfide bond Figure 2.3  Schematic drawing of an IgG

A :ﬂggen binding molecule (4) and close-up of the
antigen binding region on the
antibody (B).

When IgG molecules are adsorbed, as e.g. In diagnostic test systems, the antigen binding
site should be directed towards the splution, The orientation of the antibody can be directed
by pre-adsorption of Protein A, a protein which spectfically binds an IgG molecule in its
non-antigen binding part (Fe-unit) [118] Introduction of a spacer on a surface chemically
coupled to an antibody, results in an tncreased immunological sensitivity (1191, In section
3.2 more information is presented on the adsorption of monoclonal IgG's.

2.6 CONCLUSIONS

In this chapter an overview of protein adsorption with special emphasis on dynamic
aspects is given. In our group, the structural stability of a protein is considered to be as one
of the most important parameters influencing its adsorption behaviour. For proteins with a
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‘weak’ Internal coherence, structural alterations upon adsorption are thought to be a major
reason for adsorption. The ensuing conformational entropy gain may dominate the Gibbs
energy of adsorption, so that it may overcompensate for unfavourable contributions, e.g.
electrostatic repulsion and/or hydrophilic dehydration. For the same reason differences in
structural stability may play a decisive role as to the adsorption preference in sequential
and competitive experiments,

From literature dealing with the reversibilty of protein adsorption it was concluded that
the adsorbed protein layer is heterogeneous. Structural changes upon adsorption tend to
decrease with increasing degree of cccupancy on the surface. Consequently, the 'last’
adsorbing proteins will be easier desorbed (section 2.3.1a), exchanged (section 2.3.1¢) or
displaced (section 2.4.2). The extent of these three different processes are smaller on
hydrophobic surfaces, so that the influence of structural alterations is more pronounced on
these surfaces. For competitive protein adsorption the initial composition of the adsorbed
layer (section 2.4.3) is mainly determined by kinetic factors. Subsequent surface-
relaxation, including exchange and displacement of adsorbed proteins, are more
pronounced on hydrophilic surfaces. The finding of a "Vroman-effect”, the transient
adsorption of fibrinogen from plasma on hydrophilic adsorbents, illustrates this feature.

Literature on the influence of electrostatic interactions on competitive protein
adsorption Is virtually absent. However, such interactions probably play an important role.
In the forthcoming chapters 3, 4 and 5 of this thesis single, sequential and competitive
adsorption of albumin and IgG on polystyrene latices will be discusssed. In addition, in
chapter 6 a study on the adsorption kinetics of these protelns on macrescopic surfaces will
be described,
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