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1. INTRODUCTION

1.1. PROTEINS AT INTERFACES

Proteins in solution interact with almost any interface.

In nature, interactions between proteins and interfaces are of great impor-
tance. Already in the prebiotic stage of the genesis of terrestrial life accumula-
tion of proteins {or protenoids) at interfaces may have played an essential
role (OPARIN, 1964; Fox and Dosg, 1972). Also, in ali the biological systems
that have evolved since, interactions between proteins and interfaces have
been widespread.

The most common and the most important biological interfaces that are
known to contain physiologically active proteins are the biological membranes
(i.e. the membranes of living cells and sub-cellular particles such as nuclei,
mitochondria, chloroplasts, etc.). For example, glyco-proteins on the cell wall
participate in controlling cellular apgregation (Pessac and DErenpI, 1972)
and cellular growth (SCHNEBLI and BURGER, 1972); proteins of the reticulo-
endothelial system are likely to be involved in phagocytosis (WILKINS, 1967);
the cytochrome enzyme system for oxidative phosphorylation is bound to the
mitochondrion membrane (GREEN and YOUNG, 1971) and membrane proteins
of chloroplasts have been shown to mediate in energy transfer processes during
photosynthesis (SYBESMA and VREDENBERG, 1963; 1964; ANDERSoN, 1975).

The chemical structure of biological membranes is very complex. According
to the classical Danielli-madel (IDANIELLI and Davson, 1935), biological mem-
branes consist of an inner lipid layer on either side of which a layer of extrinsic
proteins is attached. However, structures in which proteins are to some extent
embedded in the lipid matrix have also been proposed (SINGER, 1971 ; SINGER
and NICHOLSON, 1974). It may even be true that the ability of a membrane to
alter its structure as needs be is essential for its different physiological functions
{(WoLMaN, 1970).

The biological importance of the adsorption of proteins at naturally occurring
interfaces is further illustrated by the following examples.

It is now generally accepted that intravascular thrombosis is an interfacial
process. It has been suggested that adsorption of proteins at the blood vessel
wall facilitates the adhesion of platelets during thrombogenesis (see e.g.
SALzZMAN, 1971; STONER and SRINTVASAN, 1970).

Pancreatic lipases and phospholipases control the digestion of alimentary
fats in the duodenum. Generally, these fats are insoluble in water; they are
present as emulsified globules. Before the dissolved enzymes can exert their
action they have to adsorb at the surface of these fatty globules (DESNUELLE,
1972).

In soil systems, the activity of extra-cellular enzymes may be altered as a
result of their adsorption on clay particles (see e.g. KOBAYASHI and AOMINE,
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1967). Hence, the microbial life in the soil may be affected by such adsorption
processes. In addition, if this adsorption occurs irreversibly, the availability
of proteins as a substrate for microorganisms decreases.

In a humber of instances, when human intelligence endeavours to control
nature, biological substances are brought into contact with non-biological
substances, More specifically, any adsorption of proteins at non-biological
interfaces may have significant consequences.

Various proteins may be used as emuisifiers and/or stabilizers in colloidal
dispersions (se¢ e.g. GRaHAM and PHILLIPS, 1974; 1975). Thus, proteins are
often essential ingredients in sprays, cosmetics, pharmaceutics, food-stuffs
and many other industrial products.

In biochemistry, adsorption of proteins to solid materials can be helpful in
purification procedures (NISHIKAWA, 1975).

In various industrial and clinical procedures it is economically efficient to
use enzymes that are inselubilized by attachment to a solid matrix (MOSBACH,
1971). '

In serological tests immuno-proteins, adsorbed on solid particles, are used
to improve the observation of agglutination after the addition of suitable
antibodies. For example, a well-known standard procedure for the detection
of rheumatoid factors in human serum involves the use of polystyrene coated
with human y-globulin (SINGER, 1961; 1974).

Finally, with the increasing use of synthetic biomedical materials as pros-
theses in, especially, cardiovascular surgery it is of vital importance to know
how to control the interactions between serum proteins and these materials (see
e.g. BrRasH and Lyman, 1971).

In view of the structure-function relation of proieins, in most, if not all, of
the examples mentioned above, the question as to the three-dimensional
structure of proteins at interfaces is of prime interest. Unfortunately, only a
very limited number of techniques are available for the direct study of the struc-
ture of interfacial proteins in situ.

The structure (conformation) of a protein molecule is the net result of intra-
molecular interactions and interactions between the protein molecule and its
environment. Therefore, it is reasonable to assume that the structure of pro-
teins at interfaces may be different from that in bulk solution. Hence, structural
perturbations in protein molecules may occur as a result of adsorption.

In studying the adsorption of proteins, it has to be realized that adsorption
from solution is always a competitive process. When protein molecules adsorb,
solvent (water) molecules and possibly other components (e.g. fons) must be
displaced. In general, the interplay between all components in the system deter-
mines the mode of interaction between the protein and the interface and, con-
sequently, the structure of the protein in the adsorbed layer.

A peneral discussion on the adsorption of proteins, especially in relation to
their properties in solution, will be given in chapter 3.
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1.2. OBJECTIVES OF THE PRESENT STUDY

As illustrated above, the occurrence of proteins at interfaces is of great
biological, medical and technological significance. Adsorption of proteins is
also of considerable theoretical interest, e.g. a study of the structural changes
in an adsorbed protein molecule may help in understanding the factors deter-
mining its structure in solution. For these reasons, proteins at interfaces have
been the subject of a large number of studies.

On surveying the literature, it appears that the mechanism of protein adsorp-
tion is far from resolved. Indeed, because of the specific structure in aqueous
solution of proteins, it is difficult to establish any principles governing protein
adsorption. Moreover, the fact that many studies have been carried out with
insufficiently defined systems has contributed to the confusion that exists
regarding the interfacial behaviour of proteins.

The aim of the present study is, therefore, to gain more insight in the mecha-
nism of the adsorption from solution of proteins at charged solid surfaces. To
this end, special attention was paid to the characterization of all the components.
In order to keep the system as simple as possible, the use of buffers was avoided.
Thus, in adjusting the ionic strength only one kind of electrolyte, i.e. KNO;,,
was used.

As it is recognized that the overall adsorption process has many facets, the
problem was approached from various directions, that is, several parameters
were investigated simultaneously, using various techniques.

The first part of this study was concerned with the preparation and charac-
terization of well-defined interfaces. For this purpose negatively charged
polystyrene latices were chosen. The density of charged groups at the poly-
styrene surface is considered to be fixed. The preparation procedure allows
control of the charge density and, hence, the hydrophobicity of the polystyrene
surface (FURUSAWA et al, 1972).

Human plasma albumin (HPA) and bovine pancreas ribonuclease (RNase)
were chosen as the proteins to be adsorbed. These proteins are known to differ
considerably with regard to their conformational stability in aqueous solution.
The internal coherence in dissolved HPA molecules is much less than in dissolved
RNase molecules (TANrorD, 1967). Therefore, perturbation of the protein
structure upon adsorption is more likely with HPA than with RNase.

The adsorption process was studied by determining the adsorption isotherms,
by performing hydrogen ion titrations and electrophoretic measurements and
by measuring enthalpies of adsorption. The electrostatic contributions to the
interactions may be elucidated by varying the charge on the polystyrene surface
and on the protein molecules and by varying the ionic strength of the medium.
Entropic contributions accompanying, for example, the hydrophobic inter-
actions may be revealed by varying the temperature.

Thus, an attempt was made to estimate the relative importance of each of the
factors governing the adsorption from solution of HPA and RNase on nega-
tively charged polystyrene surfaces.
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2. POLYSTYRENE LATICES

2.1, INTRODUCTION
2.1.1. General

A dispersion of polymer particles in a liquid is referred to as a latex. These
systems have found a large field of application. In industry, for example, they
are used as fillers in paper and textiles and as film-forming material in emul-
sion paints. Moreover, latices also serve many scientific goals, such as
(a) the calibration of various instruments, e.g. ultracentrifuge, light scattering

instruments and electron microscope.
(b) the determination of pore size of (biological) membranes and filters.
(¢) serologicdiagnostic tests, e.g. of rheumatoid arthritis and human pregnancy.
(d) stimulation of antibody production and purification of antibodies.
(e) studies of the reticulo — endothelial system,
(f) they are used as a model system in colloidal and adsorption studies.

With respect to these scientific applications monodispersity of the latex is
generally desired and for colloidal investigations additional knowledge of its
surface properties is required.

Aqueous polystyrene latices are usually prepared by emulsion or dispersion
polymerization of styrene. The polymerization proceeds according to a free
radical mechanism with the subsequent steps: decomposition of the initiator
into free radicals, formation of a styrene monomer radical, growth of the
polystyrene chain and chain transfer to different components in the system,
termination of the polymerization either by combination or disproportiona-
tion.

2.1.2. The mechanism of emulsion polymerization

The starting materials in the preparation of polystyrene latices consist of
styrene monomer, water, free radical initiator and usually one or more emul-
sifiers the concentrations of which are beyond their critical micelle concentra-
tions.

The theory of emulsion polymerization has been extensively discussed by
various authors (HARKINS, 1947; SMiTH and EwaRrT, 1948; BOVEy et al, 1955,
FLory, 1953, Ch. V; van DER HorF, 1962; ALEXANDER and NAPPER, 1971).
For styrene, the mechanism of emulsion polymerization postulated by HARKINS
(1947) and evaluated quantitatively by SMITH and EwarT (1948) is still ac-
cepted, although some aspects have been questioned (see e.g. VAN DER HOFF,
1967; ROE and Brass, 1957 and Rok, 1968). According to this mechanism, in
an agitated mixture of water, styrene monomer and emulsifier, the emulsifier
is simultaneously present in three different states: (i) aggregated in micelles,
(ii) molecularly dissolved in the aqueous phase and (iii) adsorbed at the water-
styrene interface. The styrene monomer is also present at three loci: (i) in
droplets emulsified in the aqueous phase, (ii) dissolved in the aqueous phase
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and (iii) solubilized in the apolar interior of the emulsifier micetles. Most of
the emulsifier and the monomer are present in the micelles and the droplets,
respectively. The number of monomer droplets is many orders of magnitude
less than the number of micelles in the system, so that the water-droplet area
is negligibly small as compared to the micelle-water interface. Addition of a
water-soluble initiator leads to the formation of free radicals in the aqueous
phase, usually by decomposition. The rate of decomposition is enhanced by
increasing the temperature. These radicals have no tendency to adsorb at the
styrene-waler interface nor to penetrate into the micelles. This applies espe-
cially if the radicals are negatively charged and the micelles are of an anionic
emulsifier. Some of the radicals react with dissolved styrene monomer to form
monomeric radicals and the polymerization continues in the aqueous phase
until the oligostyrene radicals have become sufficiently surface active to enter
the micelles. The oligomeric radicals are preferentially oriented with their polar
end groups towards the aqueous phase. The hydrophobic end of the radical
is in the interior of the micelle. 1t is here that the polymerization is propagated
by the subsequent addition of styrene monomers. Thus, those micelles, con-
taining an oligomer radical become growing polymer particles, stabilized by the
polar end groups and by the emulsifying agent now adsorbed at the particle
surface. The monomer consumed during the propagation is supplied by
diffusion from the droplets via the agueous phase to the polymerizing par-
ticles. The micelles that did not capture radicals disappear to furnish emulsifier
for the stabilization of the growing polymer particles. The disappearance of the
micelles, either by becoming polymer particles or by break-up, corresponds
1o the termination of the nucleation stage. The particle growth continues until
the supply of radicals and/or monomer is exhausted. In order to obtain a
monodispers latex, the nucleation stage must be short enough to minimize
overlap of the nucleation stage with the growth stage, even though the particle
size distribution narrows during the latter stage (VAN DER HOFF et al, 1956).

Although it has been usual in the past to use emulsifier in emulsion poly-
merization, its presence is not indispensable for the formation of polymer
particles. If polymerization takes place in the absence of emulsifier, the styrene
monomer is initially present at two loci: (i) dissolved in the aqueous phase and
(i} in droplets. The oligomeric radicals formed in the aqueous phase, at a
critical chain length and concentration, will form aggregates in an analogous
way to the micelles formed by soap molecules. Nuclei are thus formed in which
the polymerization then proceeds in a similar way to that described above.
Owing to the absence of added emulsifier, the growing polymer particles are
only stabilized by the ionic end groups originating from the initiator. Since the
nuclei contain a small number of chains, their surface charge densities are low.
Because of this and their small size, some coalescence is likely to occur. Hence,
the coagulation stage is important in controlling the particle size. According
to GoopwiN et al (1973), polymerization in 2 medium of higher ionic strength
leads to larger particles. The lower rate of polymerization as compared with
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polymerization in the presence of added emulsifier, can be explained by this
coalescence (Dunn, 1971). Although it has been stated by HaArxins (1952)
that in the absence of emulsifier the latex will have a high degree of hetero-
dispersity, KOTERA et al (1970a) described a method to prepare stable, mono-
disperse polystyrene latices without adding any emulsifying agent. Obviously,
such ‘clean’ latices are particularly attractive as model substances.

2.1.3, The polystyrene-water interface

After completion of the polymerization, the aqueous phase of the latex may
contain residual initiator, styrene monomer, emulsifier if any, and buffer
compounds. Emulsifier and non-polymerized styrene are expected to be also
adsorbed on the particle surface. If the latex 1s to be used as an adsorbent, these
impurities should be removed from the particles in order to render the surface
clean and well-defined.

The aqueous phase can be freed from its low-molecular weight solutes by
dialysis. However, many investigators were unable to desorbdetergent molecules
completely from the particle surface, even by prolonged dialysis (¢.g. FRYLING,
1963 ; BroDNYAN and KELLEY, 1965; ForeL et al, 1968). Only OTTEWILL and
SHaw (1967a) have evidence for the complete removal of emulsifier from the
particle by dialysis. VAN DEN HUL and VANDERHOFF (£968) applied an ion
exchange technique to remove all ionic components from the surface. To avoid
contamination of the latex by impurities from the ion exchange resins, the resins
must be extensively purified, prior to use. However, even if no impurities can
be extracted from the resins by rinsing with water, the absence of contamination
of the particles by the resins is not fully guaranteed.

In latices prepared without emulsifier, only oligomers may be physically
adsorbed at the particle surface (FURUSAWA et al, 1972). Since there is, in
principle, no difference in the chemical constitution of an oligomer and a
polymer of styrene, such oligomers are not considered as being ‘foreign’
material. In other words, their presence on the polystyrene surface is not
regarded as contamination.

In the absence of other ionic substances, the latex surface charge stems from
the ionic end groups of the polystyrene and oligostyrene molecules. The nature
of these ionic end groups depends on the initiator used. The most common
initiator is potassium persulphate, K,5,0,. Sulphate radicals are formed,
according to: $,04,2- — 2 5073, leading to sulphate, -O80,~, end groups.
However, hydroxyl radicals can also be generated as has been shown by KoLT-
HOFF and MILLER (1951): SO3 + H,O0 - HO- + H* + 80,2, As these
hydroxyl radicals presumably act similarly Lo the sulphate radicals in the poly-
merization process, this would result in hydroxyl end groups. If oxygen or an
oxidizing agent is present in the reaction vessel the hydroxyl groups may be
converted into carboxyl groups. The generation of hydroxyl groups by this
so-called Kolthoff reaction is cooperative because it is favoured by lowering
the pH {PALIT and MANDAL, 1968). The consequence of all of this is that, if no
particular precautions are taken, the particle surface would be covered with
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sulphate, hydroxyl and carboxyl groups.

In persulphate initiated polystyrene latices, prepared at 70°C under the
exclusion of oxygen, vaAN DEN HuUL and VANDERHOFF (197() showed that the
latex surface charge is completely accounted for by strong acid groups. The
same authors, as well as GHosH et al (1964), determined the sum of the numbers
of sulphate and hydroxyl end groups per polymer chain in the particles. For
latices prepared in the pH region 2-8 the values for this total number did not
differ significantly from two. The sulphate to hydroxyl ratio is very sensitive
to pH, being maximal at neutral pH values. This indicates that reactions
causing hydrophobic end groups, ¢.g. spontancous thermal initiation via the
Diels-Alder mechanism (Mayo, 1960), chain transfer and termination by
disproportionation, occur at a relatively negligible rate in the polymerization
process. The saturation concentration of molecularly dissolved styrene in the
aqueous phase has been calculated to be about 4.6 x 1073 M at 70°C (Bovey
and KoLTHOFF, 1950). Thus, from the values of the rate constants of the various
reactions, given by Mayo (1968) and by van DER HoFF (1960), it can be deduced
that thermal initiation and chain transfer reactions contribute only slightly to
the end group formation, provided that not too low initiator concentrations
are used. In addition, there is experimental evidence that termination occurs
by combination rather than by disproportionation (see e.g. Mayo et al, 1951;
OvVERBERGER and FINESTONE, 1956).

Based on the mechanism of emulsion polymerization a higher K ,S,0, con-
centration would result in shorter polystyrene chains. Hence, at constant
particle size, the number of hydrophilic surface groups is expected to increase
with the K,S,0, concentration. The degree of hydrophobicity of the latex
surface may have far reaching consequences for the structure of the vicinal
water. There appears to be evidence that hydrophobic as well as hydrophilic
surfaces influence the structure of water in the layers adjacent to the interface.

Hydrogen bonding between the water molecules as well as dipolar inter-
actions seem to govern the structure of liquid water in bulk. Based on these
interactions different theories regarding the structure of liquid water have been
postulated, the two main ones being the ‘flickering cluster’ theory and the
‘network’ theory (EISENBERG and KAUZMAN, 1969).

In the flickering cluster theory, hydrogen bonded water molecules are
thought to form clusters of varying size in equilibrium with non-hydrogen
bonded water molecules. Between these latter molecules there will still be
dipole-dipole interactions (NEMETHY and SCHERAGA, 1962a). It is assumed
that the whole system is in dynamic equilibrium. The average lifetime of a
molecule in a cluster is of the order of 10~ 1! seconds. Hence, the structure of
liquid water can be considered as a continuous distribution of all possible
cluster sizes in equilibrium. Based on this model HaGLER et al (1972) calculated
an average cluster size of 11.2 molecules at 0°C in pure water.

In the network theory the structure is described in terms of an irregular
network of water molecules interconnected by hydrogen bonds (BERNAL and
FowLER, 1933; PorLE, 1951). It is assumed that not all the possibilities for
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hydrogen bond formation are utilized and that a continuous rearrangement of
the hydrogen bonds takes place.

Hydrophilic surfaces are believed to favour the dipole-dipole interactions in
the vicinal water (DrosT-HANSEN, 1969). On the other hand, hydrophobic
surfaces promote hydrogen bonding between the water molecules in the layers
adjacent to the surface (DROST-HANSEN, 1969 ; NEMETHY and SCHERAGA, 1962b).
Thus, in terms of the cluster theory and the network theory, respectively,
hydrophobic surfaces promote cluster formation or induce a stronger network
in the vicinal water, whereas the opposite effect is caused by hydrophilic
surfaces.

It will be clear that the density of the polar groups on the polystyrene surface,
which is otherwise hydrophobic, may affect the structure of the vicinal water
considerably. In addition, the counterions, especially those that are specific-
ally adsorbed, contribute to the vicinal water structure.

Around ions and presumably also charged surface groups, three regions of
water with different structure may be distinguished (FRANK and WEN, 1957):
(i) an inner structure forming region of water molecules immobilized by polari-
zation and electrostriction; (ii) an intermediate region in which the water
molecules are more randomly organized than in bulk water and (iii) an outer
region corresponding to bulk water. The net effect of an ion on the structure of
the surrounding water depends very much on its charge and its radius. The
inner region is the more extended the higher the electric field of the ion (ie..
the smaller the radius and the higher the charge). In the view of GURNEY (1953)
there is a critical radius above which the electric field of the ton is too weak to
have a net ordering effect (i.e. a net loss of entropy) on the surrounding water
structure, Calculations by BERNAL and FowLer (1933) reveal that for mono-
valent ions this critical radius is about 0.16 nm. Experimental results generaliy
support the above considerations of ion-water interaction (see ¢.g. KAvANAU,
1964; HErTZ, 1970).

Needless to say, these features concerning the structure of water play an
important role in the interfacial behaviour of biocolloids that possess themselves
tertiary structures based on a delicate balance of among other things hydrophilic
and hydrophobic interactions.

2.2. MATERIALS

The glassware used in this study was all Pyrex. It was cleaned thoroughly
with chromic acid, diluted nitric acid and distilled water, consecutively. All
chemicals used were of analytical grade. The water and the styrene monomer
{Baker Chemicals N.V. — Deventer, the Netherlands) were vacuum-distilled,
each from an all-Pyrex apparatus. K,5,0, (Baker Chemicals N.V.) was
recrystallized from water and dried in a desiccator. All these procedures were
carried out shortly before use. K,5,0; solutions of the desired concentrations
were prepared immediately before use. KHCO; and KH,PO,, both from
B.D.H. Ltd., were used without further purification.
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2.3. EXPERIMENTAL

To ensure the entire absence of emulsifier on the latex surface and to avoid
possible contamination of the surface due to a cleaning procedure with ion
exchange resins (see section 2,1.3.), latices have been prepared using a modifica-
tion of the method described by KoTERA et al (1970a). The modification con-
cerns the way of agitation of the polymerizing system and the control of pH
duringthepolymerization. The hydrodynamicconditions during the polymeriza-
tion appear to be very important. In preliminary experiments it was shown
that rotating the mixture results in more reproducible latices than is obtained
by stirring. The negative surface charge of the latex is found to be considerably
higher if the pH during polymerization is kept at neutral values, by adding
KHCO; or KH,PO, to the system (Furusawa et al, 1972). This probably
results from a suppression of the Kolthoff reaction (see section 2.1.3), i.e.
an avoidance of the generation of hydroxyl radicals (c¢f. van DEN HUL and
VANDERHOFF, 1970).

A number of experiments have been performed to characterize the latices
with respect to their surface and electrical double layer properties.

Some latices {the L-series and C-3) have been prepared in duplicate or tripli-
cate. Average values of their properties will be presented for these latices, since
they seem to be reproducible.

2.3.1. Preparation

In a bottle of 250 cm? a mixture of 20 cm? styrene monomer and 175 ¢cm?
water or solutions of KHCO; and KH,PO, in water were saturated with nitro-
gen at 70°C after which 5 cm? of a nitrogen-saturated K ,5,0; solution was
added. The bottles were glass-stoppered immediately, attached to a wheel
rotating end over end with a speed of 40 r.p.m. in a waterbath thermostatted at
70°C. The polymerization was allowed to proceed over a petiod of at least
30 hours. The degree of conversion of styrene calculated from the dry weight
content of the polystyrene latex and the initial weight percentage of styrene
monomer, appeared to be always higher than 90%,. Additional data on the
polymerization conditions are given in table 2.1

Some agglomerates, formed during the polymerization, were removed by
filtering through Pyrex glass wool.

The latices, transferred to well-boiled Visking dialysis tubing, were dialyzed
against water at a volume ratio of about 1:25, in order to remove low molecular
weight substances. The dialysis was carried out at 40°C over a period of about
3 weeks, changing the water daily. Even so, after a period of one week, no
increase in the conductivity of the dialysate could be detected.

2.3.2. Particle size

The dimensions of the latex particles were determined by electron microscopy.
From the literature it is known that the average particle sizes obtained by elec-
tron microscopy are in good agreement with those from other methods,
provided the particles are not exposed too long to the electron beam (LEcLOUX
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TaBLE 2.1. Preparation of polystyrene latices.

sample CK,5,04 % 107 Cotocrrotyte X 107 final pH dx 5
M nm m? g !

L-1 3.10 - 34 494 11.6

L-2 12.40 - 29 513 11.1

L-3 21.70 - 2.5 501 11.4
KHCO,

C-1 18.50 1.00 7.6 510 11.2

Cc-2 27.70 1.00 7.5 580 9.9

C-3 37.40 0.50 6.2 647 89
KH,PO,

P-1 29.30 0.50 7.4 650 8.7

P-2 36.90 0.50 7.8 600 9.6

et al, 1970; DavipsoN and HALLER, 1973 ; CookE and KERKER, 1973).

A drop of very diluted latex was allowed to evaporate on a poly (vinyl formal)-
coated copper grid. Micrographs of at least three different areas of each grid
were taken at magnifications of 26,300 or 33,300 using a Philips EM 300
electron microscope. All samples showed monodisperse spherical particles. An
example of a micrograph is presented in figure 2.1. The micrographs were
projected and at least 150 particles of each sample were sized. The diameters
were calcuclated by comparison with the known dimensions of a carbon

grating.

".'-

. 2

Fi1G. 2.1. Electron micrograph of' polystyrene latex C-3.

The dispersity of the latex may be expressed through the uniformity coeffi-
cient U, defined as

10

U=d.jd,

2.1)
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where d,, and d, are the weight- and number-average particle diameter,
respectively. d./d, can be calculated from the individual particle diameters
d;, using

dyjdy = {(ZindS[(Zad )} V3 | {(Zand)[Zin} (2.2)

where #5; is the number of particles. For all the latices the size distributions
are very narrow, with U < 1.02,

Because of the monodispersity, the specific surface area s (i.e. the surface
area per gram polystyrene) may be calculated, using

s = 6/pd (2.3}

in which p is the density of polystyrene.

By means of pyknometry the densities of the polystyrene particles were
found to be between 1.048 and 1.052 g cm™3.

The experimental results of this section are summarized in the fifth and sixth
column of table 2.1.

In accordance with the results of e.g. FURusawa et al (1972), GooDwin et al
(1973) and LAAKSONEN et al (1973) the presence of electrolyte in the poly-
merizing system leads to larger polystyrene particles.

No significant influence of the initiator concentration on the particle size
can be observed; this is in distinction to the results obtained by KOTERA et al
(1970a)and GooDwiN et al (1973). Both these authors agitated the polymerizing
mixture by stirring. However, they report opposite effects of the initiator con-
centration on the particle size. This seems to support the importance of the
rheological conditions during polymerization, mentioned earlier.

2.3.3. Surface charge density and total sulphur content

The negative surface charge of the latex particles originates from sulphate
groups and possibly (although unlikely because of the N, atmosphere and,
except for the L-series, the buffering) from carboxyl groups derived by oxida-
tion of hydroxyl groups. If these acidic surface groups are neutralized with
protons, they can be titrated with base. From the amount of base required
to neutralize all the protons the number of negatively charged groups can be
evaluated.

Samples of the latices have been treated with extensively purified Dowex
ion exchange resins according to the method described by van pEN HuL and
VanDERHOFF (1968). Thus, all charged surface groups were converted to the
H™ form. Every latex sample underwent this procedure three times; after each
treatment about 100 cm?® of the latex was titrated, under N,, with diluted
NaQH (2 x 1072 or 10~ 2M), both potentiometrically and conductometrically
in the same titration vessel. The potentiometric measurements were performed
with an Electrofact 36200 potentiometer using a glass electrode. The conduc-
tometric ones were carried out using a Philips conductivity meter PW 9501/01
equipped with a Philips conductivity cell PR 9515 (cell constant 0.02 cm~1).

The equivalence points determined by both techniques were always very
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FiG. 2.2. Conductometric and potentiometric titration of latex C-3 after ion exchange.

close. By way of example the titration curves of latex C-3 are shown in figure 2.2.
As can be judged from these curves, as well as from the titration curves of all
the other latex samples, there is no indication for the occurrence of titratable
groups other than strong acid ones. These groups certainly are —-0SO,~
groups. A similar titration behaviour has been observed by vax pEN HuL and
VANDERHOFF (1970), who prepared their latex in N, atmosphere in rotating
bottles too. However, GooDWIN et al (1973), STONE-Mastn and WATILLON
{1975) and LAAksONEN et al (1975) report the presence of surface carboxyl
groups for latices that have been prepared in an N, atmosphere.

From the equivalence point, the titrated volume, the dry weight content and
the specific surface area of the sample, the surface charge density, a,, is cal-
culated. Its value after each of the three subsequent ion exchange treatments
differed less than 5%, indicating attainment of complete exchange of the counter-
ions of the latex. The results are presented in table 2.2,

To compare the number of -OSQ;~ groups at the surface (i.e. titratable
—080,~ groups) with the total number of -OSO; ~ groups in the particles, the
sulphur content of the latex was determined by X-ray fluorescence. Tablets
were prepared from freeze-dried samples by compressing the material under a
pressure of about 3 x 10> N m~2, Measurements were made in duplicate for
both sides of the tablets using a Philips 1130 X-ray fluorescence spectrometer.
Polystyrene latices of known sulphur content and without sulphur were mixed
in different proportions to obtain a calibration curve!. Data on the sulphur
content are also given in table 2.2,

! Drs. H. J. van den Hul and J. W. Goodwin are kindly acknowledged for providing poly-
styrene latex samples with known sulphur content and sulphur free, respectively.
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TabLE 2.2, Surface charge and sulphur content of the polystyrene latices.

sample sulphur content Oy surface: bulk sulphur
% wiw x 102 uCem™2
beforeie. (%, re- afterie. before i.e. afterie.  beforeie. afterie.
covery)

L-1 1.9 a7 1.4 - 23 —1.0 0.45 0.27
L-2 34 (3% 2.5 — 4.6 =21 0.48 0.31
L-3 4.0 (23) 28 - 63 -3.0 0.57 0.3¢
C-1 9.0 (61) 7.5 — 84 —4.5 0.34 0.23
C-2 11.0 (52) 7.6 —-17.2 —6.9 0.51 0.30
Cc3 11.9 (40 9.6 —15.5 —7.4 0.37 0.23
P-1 8.0 (34 5.8 —-157 —-8.1 0.58 0.41
P-2 10.0 (34 8.0 —15.0 -8.7 0.48 0.35

The recoveries of sulphur in the polystyrene, as percentages of sulphur added,
are given in parentheses in the third column. Treatment of the latex with ion
exchange resins causes losses of sulphur of up to 30%,. It is assumed these losses
are due to desorption of poly- and/or oligostyrene sulphates from the latex
surface, which is more probable than removal from the interior of the particles.
Hence, from the difference in sulphur content before and after ion exchange and
from the titration data, the surface charge density before ion exchange can be
found.

In each of the series the surface charge increases with the §,042 ™ concentra-
tion. This is predicted from the mechanism of emulsion polymerization (see
section 2.1.2.). Buffering the systems during polymerization leads to higher
values of g, {(compare L-series with C- and P-series). As mentioned before,
this is attributed to suppression of the Kolthoff reaction. The recoveries of
sulphur values indicate that in the L-series relatively larger amounts of persul-
phate are lost through side-reactions or remain undissociated. Moreover, the
pH decrease in the unbuffered L-series (see table 2.1.) points to the formation of
sulphuric acid, as occurs in the Kolthoff reaction.

In view of the low surface volume: bulk volume ratio, the fractions of the
total sulphur that are located at the surface are relatively high. This is an obvious
consequence of the hydrophilic character of the sulphate groups.

2.3.4, Number-average molecidar weight of polystyrene molecules.
Number of sulphate groups per polystyrene molecule

The number-average molecular weight, M,, of polystyrene molecules was
determined in order to calculate the number of sulphate groups per polymer
molecule. These experiments were restricted to non-ion exchanged latices of
the L-series (no buffer added).

Freeze-dried samples of latices were dissolved in freshly distilled toluene
after which the M, value for the polymer molecules was determined by os-
mometry at 30°C. For each sample five or six dilutions were prepared in the
concentration range 0.1-1.0%, w/w. The osmolic rise, /i, was measured, using

Meded. Landbouwhogeschool Wageningen 76-6 (1976 ) 13



a Hallikainen automatic membrane osmometer, model 1361'. The membranes
were of the type ‘Ultracellar allerfeinst’ {(Sartorius). The osmotic pressure, Il,is
calculated from the rise, according to

I = hgjv, (2.4)

where g istheacceleration dueto gravity and v, the specific volume of the solvent.
The relation between M, and IT is given by

H/RTe = 1/M, + Be + Cc? + ........ (2.5.)

where R is the gas constant, 7" the temperature in K, ¢ the weight-concentration
of solute (concentration in grams per unit volume), B and C the second and
third virial coefficient, respectively.

Plots of A/c versus ¢ are shown in figure 2.3, From these curves M, and B are
estimated ; their values are collected in table 2.3,

hic
400} cm* g L L3

300f -

200-/’ / -

100"

<

! 02 04 06 08 10 g/Hooem?
Fic. 2.3. Osmometric data for solutions of polystyrene (L-series) in toluene. T = 30°C.

If oligomers were present in the non-ion exchanged latex particles, then
account should be taken of possible errors resulting from the transport of these
relatively low molecular weight materials through the membrane. Thus, if the
difference in surface charge before and after ion exchange were completely
due to oligomers that, during the osmosis experiment, all permeate through the
membrane and if the contribution of these oligomers to the mass of the particle

! The osmometric measurements were carried out in the Laboratory for Material Research,
Technical University Twente, The Netherlands. The technical assistance of Mr. G. van de
Ridder is kindly acknowledged.
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TaBLE 2.3. Number-average molecular weights and second virial coefficients for solutions
of polystyrene in toluene at 30°C. Number of sulphate groups and hydroxyl groups per
polystyrene molecule.

v, 30%C = L.16cm® g~* g=9lcms"?
sample  ox.si04 X 104 M, B x 10} -080,"/ -OH/molecule
M molecm?® g=2 molecule
L-1 i1 312,000 (260,000) 32 1.85(1.59) 0.15 (0.46)
L-2 12.4 140,000 (122,000) 50 1.50 (1.31) 0.50 (0.69}
13 21.7 98,000 ( 86,000) 52 1.21 (1.07) 0.79 (0.93)

were negligible, M, values of 260,000, 122,000 and 86,000 would be calculated
for latex L-1, L-2 and L-3, respectively. In the table these values for M, are
given in parenthescs.

The numbers of -OSO; ~ groups per polystyrene molecule, calculated from
the total sulphur content (table 2.2.) and Af,, are also presented in table 2.3,
Again, the figures in parentheses stand for the case of oligomer leakage through
the membranes. Assuming negligible contributions of chain transfer processes
and thermal initiation (see section 2.1.3.), the sumn of the number of — 0S80, ~
groups and —OH groups per polymer molecule should equal two ( vaN DEN HUL
and VANDERHOFF, 1970; GHoOsH et al, 1964).

A decreasing number of —~OSO; ™ groups per molecule can be interpreted as
an increasing number of —OH groups. Hence, it can be concluded that the
generation of -OH radicals increases progressively with ¢k,s,0,4. This is con-
sistent with the observed trend in the pH (table 2.1.). The ratio’s of O8O,/
molecule: —-OH/molecule are of the same order of magnitude as those found
by vaN DEN HuL and VANDERHOEF (1970).

The values of the second virial coefficients show good agreement with those
reported by HanseN and HvIDT (1973), after correction for the difference in
temperature using the FLOrRY-KRiGBAUM theory (FLory, 1953, Ch. XII) of
polymer solutions.

2.3.5. Electrophoresis

The movement of charged particles in an external electric field is referred
to as electrophoresis. The electrophoretic mobility, that is the velocity, u, per
unit field strenght, X, of a charged colloidal particle in a dispersion can be
measured accurately. The conversion of the electrophoretic mobility into the
electrokinetic or {-potential, that is the potential difference between the plane
of shear and the bulk of the solution, is generally complicated by the effects
of retardation and relaxation.

Extending the equations of voN SMOLUCHOWSKI (1903) and HUCKEL (1924),
Henry (1931) derived an equation to calculate the {-potential of spheres in
which he took only the retardation effect into account. Hitherto, the most
complete derivation of the relationship between {-potential and electrophoretic
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mobility, including both retardation and relaxation, has been presented by
WIERSEMA (1964) and WIERSEMA et al (1966). This calculation is still based on
several premises, of which the most important are spherical geometry, diffuse
distribution of the counterions ouiside the plane of shear and non-conduction
of the particles. In the case of polystyrene latices the first two conditions will
be satisfied but there must be some doubt as to whether the last assumption is
justified. For example, WRIGHT and JAMES (1973) found a considerable surface
conductivity at the polystyrene-electrolyte solution interface. For a detailed
discussion on the theory of electrophoresis and on the conversion of the elec-
trophoretic mobility into the {-potential is referred to OVERBEEK and WIERSEMA
{1967).

The electrophoretic mobilities of the polystyrene latices were determined at
25°C at different pH values and in aqueous solutions of KNO, of different
concentrations. The measurements were performed in a Rank Brothers
microelectrophoresis apparatus using a cylindrical cell. The velocities of the
particles were measured in dispersions of about 107 particles per cm?® at the
two depths in the cell where the net flow of the solvent is supposedly zero
(van GiLs and KRUDT, 1936). At least 10 particles were timed in each direction
of the electric field. The standard deviation for these 40 measurements was not
usually more than 10%,. The symmetry of the parabolically shaped streaming
profile was checked at regular intervals. The strength of the electric field was
calculated from the electrical current passing through the cell, the specific
conductivity of the dispersion and the cross section of the cell (HUNTER and
ALEXANDER, 1962). The specific conductivity was measured using a Philips
conductivity meter PW 9501/01 equipped with a Philips conductivity cell
PR 9510 (cell constant 0.76 cm ™ 1),

If possible, the {-potential was derived following the method of WIERSEMA
(1964). However, at low clectrolyte concentration, viz. 1075 and 10-* M
KNO;, the experimental mobilities exceed the maximal values predicted by
WIERSEMA. This feature has been previously observed quite often (see e.g.
OTTEWILL and SHaw, 1967b). In those cases the Henry equation was applied.

Based on the concepts of Gouy (1910) and CrapMan (1913) of the diffuse
electrical double layer, LoEs et al (1961) performed calculations relating the
potential and the charge at any point in the electrical double layer around a
spherical particle. Using their tables, the charge density at the plane of shear
was derived from the {-potential. As a first approximation the {-potential was
put equal to the Stern-potential ,, i.e. the plane of shear is thought to coincide
with the outer Helmholtz plane. Hence, the charge density on the plane of shear
equals ga. Because of electroneutrality

Oo+ Om+0s=0 (2.6.)

where o, 15 the surface charge density in the Stern layer (molecular condensor)
due to the specific adsorption of counterions in this layer.

In the pH range 4 to 10 the mobilities of the latex particles in media of 102
M KNO, appeared to be essentially independent of pH. CLINT et al (1973) also
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observed the independence of mobility on pH between pH 4.3 and pH 9 with
polystyrene latex prepared using the same procedure. According to OTTEWILL
and SHAW (1967b), the presence of carboxyl groups, having pK, values be-
tween about 4.0 and 4.6 would cause a steady increase in the electrophoretic
mobility up to pH 6. However, since in this study the electrophoretic mobility
is not very sensitive to the surface charge g,.the independence of the {-potential
on pH does not entirely rule out the presence of weak acid groups at the particle
surface.

The effect of o, on the electrophoretic mobility is tabulated in table 2.4. The
value of gy, calculated from the {-potential may contain a systematic error, as
will be indicated when discussing the effect of ckno, on the {-potential. Still, it is
obvious, as can be seen in figure 2.4., that at higher o, values o,, increases at
about the same rate as o4, leading to a virtually constant value of g4. A similar
feature has been observed by Luxiema (1957} for the silver iodide-aqueous
solution interface.

16| uCem-2

o

ri /
9

02 4% B 0 2z -IIEuC(I:m‘z
F1G. 2.4, Charge distribution over the regions inside (m) and outside (d) the plane of shear
as a function of the surface charge of polystyrene latex. ckno; = 005 M 7T = 25°C.

TABLE 2.4. Influence of latex surface charge on {-potentials of various polystyrene latices.
T = 25°C.

sample a, €RNO, u/X x 10* ([ Wiersema G4 o
pCem™2 M cm? V-lgT! my puCem-2  puCem~2
-1 - ‘2.3 0.01 3.80 + 0.19 -55 1.5 0.8
L-2 - 4.6 0.01 3.80 + 0.31 -55 1.5 29
L-3 - 63 0.01 373 + 042 -54 1.4 49
C-3 -15.5 0.01 552 +023 -75 2.3 13.2
L-1 - 23 0.05 2.96 + 0.22 -36 2.0 0.3
-3 -15.5 0.05 417 + 0.22 =52 3.0 12.5
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The increased shielding of the surface charge by the counterions explains
the reduction of the {-potential with increasing ckno,, as is shown for sample
L-2 in table 2.5.

TaeLE 2.5. Influence of the KNO; concentration on the {-potential of polystyrene latex
L-2.
oy = -4.6 uCcm 2 d = 508 nm T =25°C

CKN03 Hj'XX 104 gHenry CWiersema o.dHenry o.dWiersm
cm-2V-lgo! mV mV pCeom~—2 pCem~2

1075 7.45 + L.30 —131 0.26

10-4 5.81 + 0.17 - 9% 0.34

10-3 4770 + 0.10 — 67 —78 0.61 0.80

102 3.82 + 0.31 — 50 -55 1.35 1.43

191 2.70 + 0.18 — 35 -32 2n 2.53

The specific adsorption of K* ions and, hence, ¢, is expected to increase
with increasing cxno,- Since in this work g, is not greatly influenced by varia-
tions in ckno,, 02 should decrease with increasing ckno,. However, the opposite
effect is observed. Taking account of the visco-electric effect as considered by
LykLEMA and OVERBEEK (1961) leads to an increase in the {-potential at higher
ckNo, values. This would imply an even stronger increase of 64 with increasing
ckno,. The {-potentials reported by KoTERA et al (1970a; 1970b) tend to be
somewhat lower than those in this study. The a4 values calculated from their
experimental data also increase with increasing electrolyte concentration. The
causes underlying this inconsistency are not clear, They may be found in a
wrong estimation of the retardation and/or relaxation effect, in a shifting of the
plane of shear with varying ckno,, in preferential adsorption of NO;~ ions
at the particle surface or in incorrect assumptions made in calculating the
{-potential. Possibly, the latex surface is ‘hairy’ or porous due to the presence
of loosely bound poly- and/or oligostyrene molecules, as was supposed in
section 2.3.4. In that case a part of the surface charge (i.e. the charge determined
by titration) will be located in a layer that is penetrated by the aqueous solution.
This layer may shrink upon addition of electrolyte, causing an inwards shift of
the plane of shear. Thus, an increase of o, with increasing ckno, could result.

2.3.6. Stability

All the latices were stable against coagulation after preparation. Only the
ion exchanged sample L-1 showed coagulation upon titration. According to
the theory of DERJAGUIN and LANDAU (1939) and VERWEY and OVERBEEK
(1948) (the DLVO theory), the coagulation concentration, c,, for electrolytes
(that is the minimum electrolyte concentration at which rapid ceagulation
occurs) serves as a means of quantifying the stability of an electrostatically
stabilized dispersion. At the coagulation concentration (in moles dm™~?) for
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symmetrical electrolytes, Y, can’be estimated acoording to equation

_49.66 x & x (kT)3
€ = 6.03 x 10%° x A2 x (ze) AT

where ¢ is the dielectric constant of the solvent, & Boltzmann’s constant, z the
valency of the ions, ¢ the elementary charge and 4 the Hamaker ‘constant’ for
the system.

Equation (2.7.) refers to spherical particles. However, if the thickness of the
double layer is small compared to the particle radius one may, to a first approx-
imation, use the flat plate model. The value of ¢ of water in the region of the
electrical double layer may differ considerably from that of bulk water. Also
the value of 4 is uncertain, Moreover, equation (2.7.) is only a simplification.
Nevertheless, i, can be estimated rather well because of the 4th power depen-
dence on the hyperbolic tangent term, which, to a first approximation, also
implies a 4th power dependence on ¥, at low values of 4. For the same reason
a given experimental error in ¢, results in a relatively smaller uncertainty in
V4. For example, with the silver iodide system differences of up to 30%, have
been observed when comparing ¢. values obtained by following the initial
coagulation (kinetic method) and by judging the coagulation after several hours
(static method), respectively {cf. KLoMPE, 1941 and REERINK and OVERBEEK,
1954). Such a difference leads to an uncertainty in ¥, of about 7%. The ¢, values
obtained by the kinetic method are undoubtedly closer to the c, values as
defined in the DLVQO theory and, where available, are to be preferred for use in
equation (2.7.).

c.values of the latex samples L-1 and C-3 for KNO;, Ba{NO,), and
Mg(NO;), were determined by a static method. Coagulation experiments using
a Vitatron spectrophotometer, with a built-in stirring device, to follow the initial
coagulation, appeared to be unsuitable for establishing ¢, values for these
latices.

In glass-stoppered tubes 5.0 ¢m?® latex of ca. 0.2% w/w were mixed with
5.0 cm? electrolyte solution of various concentrations and the mixture was kept
at 25°C in a thermostatted water bath. After two hours the tubes were turned
end over end and replaced in the bath. After a total equilibration time of 18
hours the optical densities of the supernatants of the dispersions were measured
against water at 540 nm in a Unicam SP 600 spectrophotometer using 1 mm
optical cells. The optical densities were plotted against the electrolyte concentra-
tion. A typical example of such a plot is shown in figure 2.5. Extrapolation of the
linear part of the sigmoidal curve to the abscissa yields an electrolyte concentra-
tion that is taken by us as the coagulation concentration.

To calculate ¥y a value of 3 x 10721 J was assigned to the Hamaker constant
of polystyrene in water (Evans and Napper, 1973).

Again, by means of the tables of LOEB et al (1961), the corresponding values
of g, are obtained.

The results of the coagulation studies are presented in table 2.6.

The higher ckno, required to coagulate sample C-3 (more negative g,) as

s % tanh?* ( (2.7
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FiG. 2.5. Optical density of the supernatant of polystyrene latex C-3 as a function of cgno,-
The arrow indicates the derived coagulation concentration ¢.. T = 25°C.

TaBLE 2.6. Coagulation of polystyrene latices. &= T78.5 A=3x10"21]
T = 25°C

latex L-1 oy = —2.3 pCem—2 latex C-3 6,=—155 pCecm~?

electrolyte ¢ Wa L e A O4

M mV pCom=2 M mV pCem~2
KNO, 16.5 x 10~2 -14.4 1.3 183 x 1072 -148 1.3
Ba(NO;), 24 x 103 -12.9 1.0 84 x 1073 - 98 0.4
Mg(NO,), 22 x 1073 -12.7 10 1.0 x 10-% - 0.3 0.5

compared to L-1 is in agreement with expectation. However, the reasons for
the opposite trend with respect to 6, observed using Ba(NO;), and Mg(NO,),
as coagulants are obscure. If it were due to a strong increase in specific adsorp-
tion of Ba?* and Mg?* on the latex particle with increasing a,, then a lower
{-potential for latices with higher o, would result. From the literature there is
no evidence for such behaviour; on the contrary, OTTEWILL and SHaw (1972)
report larger electrophoretic mobilities of equally sized polystyrene latices with
higher o, in solutions of Ba(NQ,),. Perhaps, the coagulation by bivalent ions
occurs partly as a result of bridging of -OSQ,~ groups. If this were the case,
it is conceivable that the ¢, value for these ions is the smaller the higher the
surface concentration of —OSQ,~ groups.

The electrophoresis results for latex L-2 reveal a linear relationship between
{ and log cxno,. Assuming an analogous relation, extrapolation of the {-
potentials at cxno, values of 1072 and 5 x 1072 M to the coagulation concen-
tration yields {-potentials of 24 mV and -32 mV for sample L-1 and C-3,
respectively. These values are much higher than those for yr; calculated from
the ¢, values for KNO,.

CrinTet al (1973) investigated the influence of cpano;), on the electrophoresis
of a similarly prepared polystyrenelatex with o, = 4.0pCem ™2, At Cpaos), =
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20 »% 1073 M they calculated { = -13 mV. This value agrees well with ¥, of
sample L-1 (¢, = -2.3 pC cm~?) at the same Ba(NO,), concentration.

Finally, it should be mentioned that SMITHAM et al (1973) required very high
NaCl concentrations to coagulate their polystyrene latices, including those
prepared following the method of KoTERA et al (1970a). They provide evidence
to indicate that these latices are stabilized by a combination of electrostatic
and steric factors. In some way, the steric effects seem to be associated with
carboxyl groups attached at the particle surface. In accordance with the results
of Goopwin et al (1973), but in distinction to other investigators (FURUSAWA
etal, 1972 ; vaN DEN HUL and VANDERHOFF, 1970 ; CLINT et al, 1973 ; this thesis),
SmitHAM et al demonstrated the presence of carboxyl groups for polystyrene
latices prepared in the absence of O, and using K,S8,0; as the initiator. Since
in the present study the ¢, values for KNO, are lower by a factor of three than
those for NaCl in the study of SMiTHAM et al, and since the influence of the
valency of the counterions on the ¢, values (sce table 2.6.} shows the trend
expected for electrostatically stabilized dispersions, there is no indication for
steric hindrance to coagulation, Thus, with regard to the matter of the possible
desorption of poly- and/or oligostyrene molecules from the latex particle sur-
faces (section 2.3.3.), the question whether the surface of the polystyrene parti-
cles is ‘hairy” or smooth would seem to be an important issue.

2.4. SUMMARY OF THE MOST RELEVANT PROPERTIES OF THE POLYSTYRENE
LATICES IN RELATION TO THEIR APPLICATION IN ADSORPTION EXPERIMENTS

With respect to the adsorption of proteins the chemical constitution as well
as the clectric properties of the polystyrene-water interface are considered to
be of interest. Some of these properties are summarized in table 2.7.

For example, the degree of hydrophobicity of the particle surface, which
affects the vicinal water structure (see section 2.1.3.) would govern to a large
extent the part played, if any, by hydrophobic bonding in the adsorption process.
In this connection, the density of the hydrophilic groups at the particle surface
is an important variable. Because of the different kinds of interaction with the
surrounding water and because of the possible specific interactions with the
protein molecules, the nature of these groups should be known.

The surface charge of the latices is due to ~O80,~ groups (section 2.3.3.).
Since these groups are monovalent and relatively large, they are expected to
break the structure of the vicinal water, i.e. increase its entropy. The number
of K* ions bound per unit area of polystyrene surface increases with o, (sec-
tion 2.3.5.). K* ions are also assumed to be structure-breakers (see e.g. Kava-
NaU, 1964). The ~OH groups, possibly present at the surface of the polystyrene
particles (section 2.3.5.), probably have only a slight effect on water structure
(Frank and WEN, 1957; D’OrAZIO and WooD, 1963). Thus, in this sense, the
hydrophobicity of the polystyrene surface decreases with increasing o,,.

Proteins contain charged groups, usually unevenly distributed over the
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molecule, and these will interact more or less specifically with the charged
groups on the polystyrene particle surface. Therefore, electrostatic properties
of the latex, such as g, and {, in the presence of the protein are of great impor-
tance.

Treatment of the latices with ion exchange resins results in poly- and/or
oligostyrene molecules being removed from the particles, giving rise to a cor-
responding reduction in ¢, (section 2.3.3.), Anticipating the discussion of the
experimental results to be described later, it is worth noting that the amounts
of human plasma albumin adsorbed at the particle surface is lowered by about
25%; for latices that have been ion exchanged. To avoid possible contaminations,
all the latex samples used in the adsorption experiments described in the chapters
4, 5 and 6 have not been treated with ion exchange resins.

Samples L-1 and C-3 were used in most of the work.

TabLE 2.7. Some experimental data for the polystyrene latices that were used as substrates
in the studies of protein adsorption.

T =125°C.
surface area/ cknoz = 0.1 M cknoy = 0,05 M

sample 5 charged group Gq O ¢ Om 4

még? nm? pCem-2 puCem™2 mV pCem-2 mV
L-1 11.6 7.0 - 23 0.8 -55 0.3 -36
L-2 1.1 35 - 46 29 -55
L-3 11.4 2.6 - 63 4.9 —54
C-3 89 1.0 -15.5 13.2 =75 12.5 -52

22 Meded. Landbouwhogeschool Wageningen 76-6 {1976)



3. THE BEHAVIOUR OF PROTEINS AT INTERFACES
IN RELATION TO THEIR PROPERTIES IN SOLUTION.
SOME GENERAL FEATURES

3.1. INTRODUCTION

Like all other macromolecules, proteins adsorb at almost any interface.
Only a fraction of the segments of an adsorbed macromolecule is generally
attached to the interface. This is reflected in the fact that the amount adsorbed
considerably exceeds the amount that can be accomodated in a flat monolayer.
For most synthetic macromolecules bound fractions in the range 0.2 to 0.4
have been reported (THIES, 1966; PEYSER et al, 1967; KILLMANN and ECKART,
1971 ; HErD et al 1971 ; FLEER ¢t al, 1972; Fox et al, 1974). Usually this fraction
diminishes with increasing amount adsorbed, indicating a change in the struc-
ture of the adsorbed layer (THIES, 1966 ; KiLLMANN and ECKART, 1971).

Because of the high degree of polymerization the molecule has many contact
points with the interface, even in the case of relatively small bound fractions.
Statistically it is very improbable all the attached segments of one molecule
would desorb simultaneously. Therefore, the adsorption of macromolecules
is usually an irreversible process. Thus, the applicability of thermodynamic
relationships, such as those of Gibbs and Clapeyron that are based on the
attainment of equilibrium, becomes questionable. Apart from this there is the
problem as to whether these equations should be applied to whole molecules
or 1o segments.

Since, for an adsorbed polymer, exchange between attached and non-
attached segments remains possible, it may take some considerable time (hours
or days} before the adsorbed molecules attain their steady-state conformation.

In many respects proteins, which constitute a special category of natural
macromotecules, differ from synthetic macromolecules. They are co-polymers
of some twenty-two different possible amino acids, linked by peptide bonds.
The amino acid residues, which, as side chains, occur in a specific sequence along
the polypeptide chain, vary considerably in their polarity. Some of them contain
acid or base groups. Therefore, dependent on the pH, protecin molecules are
either net positively or negatively charged. Due to intramolecular and inter-
molecular interactions, proteins in solution show very specific spatial arran-
gements (see section 3.2.) which govern their physiological activities. Gener-
ally, a protein molecule in solution contains parts with different degrees of
order ranging from random coils to ¢-helix and §-sheet structures. For only a
very small number of proteins has the structure been completely solved.

Because of the specific structures they adopt in solution, a general theory
for the adsorption of proteins at interfaces is not possible at present. Only
for the limiting cases of randomly coiled and rigid macromolecules have
theories for their adsorption been given,
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