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Attractive adsorbate interaction in biological surface reactions 

Hikan Nygren 

Abstract 

Recent studies on t’erritin adsorption have revealed strong adsorbate interactions during adsorption (H. Nygrrn. Biophy\. 

J.. 65 ( 1993) 1508). 
In the present study, efforts were made to quantify the attractive lateral adsorbate interaction and to describe the effect of 

\uch interactions on the time- and concentration dependence of biological surface reactions. 

Attractive forces between ligands increase the time that they are considered neighbouts to other ligands. Thus. the 

inter-ligand interaction effects their distribution and this can be measured experimentally by the pair correlation function 

‘et 1.). 
The attractive lateral interaction was shown to affect the surface adsorption of ferritin, virus particles and bacteria. but 

played a minor role in the binding of antibodies to surface-immobilised antigen. 

K~w~cNc/.\: Surface reaction: Adwrbate interaction: Ferritin adsorption: Virus adsxption: Bacteria adsorption: Attrxti\e intl*rwtion 

1. Introduction 

In 1906, Freundlich [ 11 suggested an empiric for- 
mula describing the adsorption isotherm of organic 
molecules from water onto surfaces, based on a 
fractional concentration dependence, C”“. 

The mathematical form of the expression is mod- 
ern in the sense that it is a fractal [2]. with an 
exponent often less than unity. With the advent of 
Langmuir’s firmly established thermodynamic theory 
of adsorption [3], Freundlich isotherms were inter- 
preted as a sum of several different Langmuir 
isotherms, i.e. heterogeneity of adsorption energies 
bl. 

In surface catalysis, deviation from Langmuir 
isotherms is well known [S], and isotherms devel- 
oped on a linear variation of adsorption energies 
have been shown to give rate expressions that closely 

resemble those for a uniform surface [6]. Thus. het- 
erogeneity of the adsorption may not be the only 
cause of the fractal isotherm. 

Deviations from ideal isotherms can also result 
from adsorbate interactions [7,8]. Surface-phase con- 
densation (self-organisation) owing to an attractive 
adsorbate interaction almost always results from ad- 
sorption of simple molecules onto metal surfaces 
[5,91. 

Attractive adsorbate interactions give autocat- 
alytic reactions. the rate of which can be described 
by exponential expressions [IO]. 

Recently. the logarithmic time dependence of 
chemical reactions has been termed “fractal kinet- 
ics”. which describes autocatalytic reactions at inter- 
faces [ 1 I]. Experimental data on protein adsorption 
at liquid-solid interfaces and antibody binding to 
surface-immobilised antigen can be described by 
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fractal time exponents [ 12- 141. However, in order to 
describe the entire process of protein adsorption or 
antibody binding, more than one fractional exponent 
has to be used, one initial exponent that is greater 
than unity and a later one that is less than unity [15]. 
On examining further the adsorption isotherms, it has 
also been found that more than one exponent is 
needed to describe the whole adsorption isotherm 
[16]. This finding is mainly due to the increased 
sensitivity of modem detection systems, revealing 
also the initial kinetics of adsorption or the initial 
phase of an adsorption isotherm. These high-sensitiv- 
ity measurements show that the initial kinetics is 
accelerated (t”; vl > 1) and the initial phase of the 
isotherm shows positive cooperativity (Cn; n > 1) 
whereas the later parts of the kinetics show retarda- 
tion of adsorption (t”; n < 1) and the isotherm at 
high concentrations is of the Freundlich type (C”; 
n < 1) far below the point of surface saturation. 

rapidly rinsed, stained with uranyl acetate and exam- 
ined in with Philips 300 electron microscope. 

2.1.1. Image analysis 
The number of adsorbed particles was counted. 

The fractal dimensions of the aggregates was anal- 
ysed by counting the number of adsorbed particles as 
a function of the distance from a chosen origin. The 
pair-correlation function was calculated from this 
data by normalising the number of particles found 
with an expected number with random distribution 
over the surface [ 141. 

The energy of interaction was calculated from the 
size of the deviation of the pair-correlation function 
from the random distribution [ 193. 

2.2. Light microscopy of bacterial adhesion 

At high concentration the amount of adsorbate 
may even decrease and give hyperbolic isotherms 
[17]. These isotherms cannot be described by Fre- 
undlich or Langmuir isotherms. Theoretical descrip- 
tions of these so-called composite isotherms using a 
linear correction term have been suggested [17]. 

The aim of the present paper is to demonstrate the 
importance of attractive interactions in biological 
surface reactions. 

Strains of oral streptococci (Streptococci Sanguis) 
were obtained from Dr N. Stromberg, Dept of Cari- 
ology, University of Ume%. The bacteria were di- 
luted in PBS and the solution was pumped through a 
pair of parallel microscopy slides which were glued 
together leaving a gap of 1 mm. The adsorption of 
bacteria was monitored with a light microscope, 
equipped with a video camera. The experimental 
design has been described in detail by others [21]. 
The number of adhering cells were counted every 2 
S. 

2. Materials and methods 2.3. Macroscopic particle aggregation 

2.1. Transmission electron microscopy (TEMJ of 
cirus and protein adsorption 

Quartz was used as a substrate for adsorption of 
virus particles and proteins. Sample supporting grids 
were made by micromachining of thermally oxidised 
quartz, as described previously [ 183. The substrate 
was made hydrophobic with hexamethyldisilazane, 
reacting spontaneously with the surface in a satu- 
rated atmosphere at room temperature [ 161. The TEM 
experimental procedure has been described else- 
where for studies of adsorption of phage-X virus 
particles [ 191, ferritin [16], or fibrinogen [20]. Shortly 
afterwards, the specimens were diluted in 
phosphate-buffered saline (PBS) and grids were in- 
cubated for various periods of time. The grids were 

The mechanism of formation of two-dimensional 
aggregates was studied in a macroscopic system 
using paraffin pellets (8 mm diameter) floating on a 
water surface. The pellets slowly formed fractal ag- 
gregates and the process was followed with a time- 
lapse photographic technique. 

2.4. Measurement of protein adsorption with ellip- 
sometry and enzyme-linked immunosorbent assay 
(ELISA) 

Real-time recording of ferritin adsorption was 
made with comparison ellipsometry at a time resolu- 
tion of 0.1 s as described previously [22]. 

The ELISA was performed as a spot test on glass 
slides as described in detail previously [23]. Fibrino- 
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gen was adsorbed onto the surface from a PBS 
solution. The amount of adsorbed fibrinogen was 
measured with the ELISA. The ELISA assay was 
calibrated by measuring the surface concentration of 
fibrinogen using ellipsometry [23]. The effect of 
adding water-soluble polymers to the fibrinogen so- 
lution was measured. 

2.5. Binding of radiolabelled antibodies to sutfkw 
immobilised antigen 

Monoclonal antibodies against the hapten dinitro- 
phenylbenzene (DNP) or against tumour cell antigen 
(can ag 347625) were radiolabelled with 3H-cyano- 
borohydride and formaldehyde as described else- 
where [24]. The antibodies were from Prof. M. Stew- 
ard, London School of Hygiene and Tropical 
Medicine. and Dr L. Lindholm, University of 
Giiteborg, respectively. Polystyrene microtiter wells 
(Dynatech) were coated with antigen by adsorption 
from PBS over night. The hapten was coupled to 
serum albumin as carrier [24]. 

Labelled antibodies were incubated in antigen- 
coated wells over night. The wells were dissolved in 
xylene. The samples were examined in a scintillation 
counter. The number of counts per minute were 
calibrated against reference samples with known an- 
tibody concentrations. Results are presented as the 
mean of two samples [24]. 

3. Results and discussion 

3.1. Adsorption of particles 

3.1.1. Phage-A [‘irus 
The kinetics of adsorption of phage-h virus to a 

hydrophobic quartz surface is shown in Figs. 1 and 
2. The adsorption process is initiated at approxi- 
mately IO’ sites per square centimetre, with particles 
distributed as single entities, pairs or small clusters 
(Fig. I(a)).The number of adsorbed virus particles 
increases slowly with time. A plot of the kinetics of 
adsorption is shown in Fig. 2. The initial adsorption 
is found to be rapid, followed by a continuously 
decreasing rate of adsorption (logistic growth). By 
extending the time axis up to IO5 s (Fig. 2(b)), we 
see that the adsorption process continues slowly 

through this time period. The kinetics of adsorption 
from 20 to IO’ s can be described by a fractal time 
exponent of t”.15 (R > 0.999). 

The spatial distribution of the particles during 
adsorption is shown in Fig. I(b)-(d). Adsorbed parti- 
cles are found in almost linear clusters with large 
uncovered areas in between. The fractal dimension 
of clusters is low after 320 s adsorption time (Fig. 3). 
Clusters with equally low fractal dimensions are seen 
during adsorption of paraffin particles at water sur- 
faces [25] and during adsorption of ferritin at 
liquid-solid interfaces [26]. 

The concentration dependence of adsorption at 
IO’ s adsorption time is shown in Figs. 4 and 5. As 
can be seen, the number of particles adsorbed at the 
surface is concentration dependent. Adsorbed parti- 
cles are distributed as clusters with large uncovered 
areas in between (Fig. 4). 

A plot of the concentration (C) dependence (Fig. 
5) shows a linear relation between the number of 
adsorbed particles (N) and log(C). The relation can 
be described by N= 12.13+7.X7log(C) (I?> 
0.999). 

Virus adsorption is often regarded as an irre- 
versible process [27]. This assumption is probably 
not a correct one, since an irreversible reaction would 
always result in the formation of a monolayer of 
adsorbed particles at the surface. Instead we see 
large uncovered areas and a logarithmic concentra- 
tion dependence of the reaction. This fact is only 
compatible with the assumption of a reversible ad- 
sorption process. However, it is not necessarily re- 
versible upon dilution, but in the presence of new 
particles arriving at the surface. 

The most fruitful description of experimental data 
may be the pair correlation function of the distribu- 
tion of particles (Fig. 6). The pair correlation func- 
tion g(r) = n(r>/n, where n(r) is the particle den- 
sity at a distance r from a given particle and !I,, is 
the mean density of particles. As can be seen. the 
virus particles show a uniform distribution ( ,y( r) = I 1 
at high surface concentrations. and a more condensed 
distribution at low surface concentration\. This find- 
ing is in accord with similar data on the pair correla- 
tion function of adsorbed ferritin [ I5,I7]. The homo- 
geneity of the distribution seen experimentally can 
thus be quantitated. The probability of finding a 
particle as a nearest neighbour depends on its mobil- 



ity and on the force of interparticular interaction, 
which can be illustrated by Boltzmann’s barometer 
formula: N = N, exp( - mFd/kT), where nz is the 
mass of the particle, F is the interparticle accelera- 
tion, and d is distance. 

assuming a random distribution. This relation can be 
used to calculate the interaction energy [28] as w(r) 
= - In s(r). The interaction energy is thus 2.27 kT 
at low surface concentration. 

The slope of the plot of g(r) at a coverage of 
2.5% can be fitted to an exponential function, g(r) 
= 1 + 19.6exp(-0.698r). The found particle distri- 
bution within one radius from a chosen particle is 
the n 9.75 times the expected number of particles 

3.1.2. Macroscopic two-dimensionul particle aggre- 
gation 

Aggregates, formed spontaneously by floating 
paraffin particles are shown in Fig. 7(a). The process 
of aggregation is slow enough to allow studies by 

Fig. 1. Electron micrographa of the kinetics of adsorption of phage-A virus particles onto a methylised silicon surface. The hulk 
concentration of particles was 6.5 X IO” per mililitre dissolved in PBS. The adsoption was stopped by rinsing with many1 acetate (I%) and 
the grids were blotted dry with filter paper. The diameter of the particles is approximately 50 nm. (a) Adsorption time, 5 s; (h) adsorption 
time, 20 s; (cl adsorption time, 80 s; Cd) adsorption time, 320 s. 



simple ocular inspection. Small aggregates are 
formed by irreversible, diffusion limited aggregation 
(DLA; sticking probability = 1). The sticking of two 
approaching particles is influenced by surface forces 
seen as an accelerating movement of the particles 
within a distance of approximately one diameter. The 
morphology of larger aggregates is determined by 
forces acting between branches of linear aggregates. 
The resulting, stable clusters are either double rows 
or dense, round clusters. 

The morphology of the aggregates shown in Fig. 
7(a) shows that DLA clusters may be polymorphous. 
The computer-simulated DLA structures with a frac- 
tal dimension of 1.67, shown by Witten and Sander 
[29] are very unlikely to occur in nature, since the 
forces that makes the particle stick will also be 
acting between branches within the aggregate. 
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Fig. 2. A plot of the kinetics of virus adsorption shown in Fig. 1. 

(a) A linear plot of the number of adsorbed particles per square 

cemtimeter versus time. (b) A log-log plot extended up to IO’ s. 
The surface concentration of adsorbed particles can be fitted to the 
power luw N = kCf” I’. 
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Fig. 3. A plot of the mass distribution of virus particle\ adwrhrd 

during 320 s from a solution with C = 6.5 X IO’ ’ particles per 

mililitre. The number of particles found at a distance from a given 

particle, M(r), r = 25 nm, was normalised agaiwt the average 

number of particles n,,. The clusters of vim\ particles formed at 

the surface have a low fractal dimension (tl, = I .O? ). 

Electron micrographs of aggregates of ferritin. 
formed during the initial adsorption of the protein 
onto a hydrophobic surface are shown in Fig. 7(b). 
The morphology of these aggregates is very similar 
to that of the aggregates formed by paraffin particles. 
This is also in accord with computer simulations of 
the initial adsorption of ferritin, suggesting reversible 
DLA with conservation of the number of particles 
present at the surface (restructuring) as the iterated 
rule behind the morphology of these aggregates [30]. 

3.1.3. Str. Sunguis 

The adsorption of Str. ,sangui.c from a solution 
containing IO”’ cells per mililitre onto a hydrophobic 
glass surface is shown in Fig. 8. As can be seen. the 
adsorption of cells is a reversible and discontinuous 
process for the entire adsorption period. Note that the 
number of bacteria was counted within the same 
visual field throughout the experiment and that all 
cells were counted every 2 s. The observed variation 
in the number of adsorbed cells is thus a real varia- 
tion and not due to experimental errors. After an 
initial lag-phase. the kinetics of adsorption can be 
described by an exponential function, but may also 
be considered as linear in this interval (Fig. 8). The 
results show that adsorption of bacterial cells to a 
surface is a complex process. very similar in nature 
to the growth of whole populations [3l]. The curve 
describing the initial kinetics of bacterial adsorption 
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is equal to the initial part of the logistic growth sorbed cells, and a low exponential coefficient, giv- 
curve. ing almost linear kinetics. 

The later part of the adsorption process and the 
pair correlation function of adsorbed cells has been 
well described by others [21]. The pair correlation 
function, g(r), was found to be close to a random 
distribution, suggesting weak intercellular attraction. 
This finding is in accord with data presented in Fig. 
8, showing rapid fluctuations in the number of ad- 

The experimental data on bacterial adhesion are, 
as shown by others, similar to those of particle 
adsorption [21] and the adsorption data are well 
fitted to the theory for particle adsorption suggested 
by Dabros and Van de Ven [32], N = 1[1 - 
exp( - Pot>]/Po where I is the flux of particles to 
the surface and PO the residence time. 

Fig. 4. Electron micrographs of the adsorption of phage-A virus particles onto a methylised silicon surface. The adsorption time was 24 h. 
The bulk concentration of particles was 6.5 X 10” per mililitre, diluted l:l, I:5 and I:25 in PBS. The adsoption was stopped by rinsing 
with uranyl acetate (1%) and the grids were blotted dry with filter paper. The diameter of the particles is approximately 50 nm. (a) C = 1:25; 
(b) C= 15; (c) C= l:l. 
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tion (data from Fig. 4. C = I corresponds to a bulk concentration 

of particles of 6.5 X IO” per mililitre. The adsorption isotherm 

can be described hy the relation N = 12.13 + 7.87 log (C) (R > 
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3.2. I. The kinetics offerritin adsorption 
The kinetics of ferritin adsorption onto a hy- 

drophobic quartz surface, measured with comparison 
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Fig. 6. The pair correlation function g(r) of adsorbed virus 
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Fig. 7. Photographs and electron micrographs of clusters formed 

during the intitial formation of two-dimensional aggregates at 
liquid interfaces. (a) Photographs of restructured DLA-clusters of 

paraffin particles (8 mm diameter) formed during free floating at 

an air-liquid interface. (h) Electron micrographs of clusters of 
ferritin particles formed during adsorption on a hydrophobic sur- 

lace. 
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Fig. 8. The initial adsorption of a bacterial strain (Swept. sanguis) 

to a glass surface as observed by light microscopy, together with a 
best-tit exponential function. All adsorbed cells were counted 
every 2 s. 

ellipsometry, is shown in Fig. 9. A rapid initial 
adsorption is seen, followed by a continuously de- 
creasing rate of adsorption (logistic growth). The 
initial adsorption can be fitted to an exponential 
function as seen in a log-linear plot (Fig. 9(b)). 
However, there are two linear parts of the curve, 
with different slopes. Thus, it is not possible to 
define a single forward rate exponent. 

An exponential fit of the initial part of the kinetic 
curve of ferritin adsorption from different bulk con- 
centrations is shown in Table 1. As can be seen, the 
value of the exponents varies for different bulk 

Fig. 9. Ferritin adsorption from phosphate-buffered saline onto a 
hydrophobic quartz surface measured with comparison ellipsome- 
try at a time resolution of 0.1 s. The light intensity passing 
through the instrument (mV) is directly proportional to the thick- 
ness of the adsorbed layer, and can be used without further 
calculations as a measured value of the surface concentration of 
bound ferritin (N). For further details see Ref. [25]. (a) A linear 
plot of the kinetics of ferritin adsorption from a bulk concentration 
of 1 g 1.‘. (b) A log-linear plot of data from Fig. 1 l(a) showing 
that the initial adsorption can be fitted to an exponential equation. 
Note that there are at least two linear parts with different slopes. 
(c) A log-linear plot of data from Fig. I l(a) showing that the later 
part of the adsorption process is linear with log (t). (d) A 
probabilistic plot of ferritin adsorption. The surface concentration 
of adsorbed feerritin is regarded as the number of succesful 
attempts to bind, and It represents the total number of attempts to 
bind. N/t plotted versus t, then represents a probabilistic plot of 
the binding reaction. 
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concentrations of the protein. This finding is an 
argument for including concentration in the expo- 
nent. 

The finding that the rate exponent may decrease 
with increasing concentration indicates that the ad- 
sorption process is a complex one. This complexity 
can be included in a theoretical model describing the 
process, by assuming a concentration-dependent des- 
orption taking place simultaneously with the adsorp 
tion. 

The slower part of the adsorption is linear to log 
(t) as seen in Fig. 9(c). 

A probabilistic plot of the ellipsometry data is 
shown in Fig. 9(d). As can be seen, the probability 
of adsorption (N/It) increases initially with time 
(i.e. It), reaches a maximum and then decreases. 

3.2.2. Isotherm of‘,fibrinogm adsorption 
The concentration dependence of fibrinogen ad- 

sorption onto a hydrophilic glass surface is shown in 
Fig. 10. The surface concentration of adsorbed fib- 
rinogen was measured with a calibrated ELISA after 
an adsorption time of 72 h. 

The initial adsorption is strongly concentration 
dependent (Fig. IO(a)). At higher bulk concentra- 
tions, a weaker concentration dependence of adsorp 
tion is seen. 

A probabilistic plot of data is shown in Fig. IO(b). 
The amount of bound fibrinogen is normalised to the 
bulk concentration, i.e. kCt. The bound:free ratio is 
plotted versus the surface concentration of bound 
fibrinogen. This is the well known Scatchard plot 
[33] that can be given a probabilistic interpretation. 

As can be seen, the probability of adsorption at 
first increases with increasing surface concentration 
of bound fibrinogen. This phenomenon is often re- 

Table I 
Forward rdte exponents of ferritin adsorption to a hydrophobic 
aurface as a function of bulk concentration of ferritin (best tit to 
data) 

Concentration(g I-’ ) Rate equation a 

IO N=17.5~2’~’ 
I N= 1.09X2’ ” 
0. I N=4.62X2”7h’ 
0.0 I N=7.27~2~“’ 

” N = X(‘le~p(trr). 
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Fig. 10. Isotherms of fibrinogen adsorption, measured with a 
calibrated ELBA. (a) A linear plot of the isotherm of adsorption 
onto a hydrophilic glass surface after 72 h adsorption time at room 
temperature. (b) A probabilistic plot, according to Scatchard. of 
data shown in Fig. 1 l(a). 

ferred to as positive cooperativity [34]. The probabil- 
ity of adsorption then decreases with increasing sur- 
face concentration of bound fibrinogen. 

An electron micrograph of the spatial distribution 
of adsorbed fibrinogen is shown in Fig. I 1. Orderly 
arranged molecules of adsorbed fibrinogen are seen 
at surface concentrations showing positive coopera- 
tivity in the Scatchard plot. Molecules contained in 
orderly arranged layers are not expected to be mobile 
in accordance with the Boltzmann barometer for- 
mula. Measurements of surface diffusion of proteins 
show the expected low mobility of fibrinogen at 
surfaces [35]. 

An initial exponential phase of protein adsorption 
isotherms, prior to the logarithmic phase was first 
described by MacRitchie [36] who realised that the 
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fitting of adsorption data to Langmuir isotherms may 
be only apparent. This notion was based on the 
found irreversibility of adsorption upon dilution. 

A breakthrough in the irreversibility aspect was 
made by Brash and co-workers [37,38], who showed 
desorption of labelled protein in the presence of bulk 
protein. Data on protein desorption according to first 
order rate kinetics has also been shown by others 
[39]. Brash and Samak suggested an empirical model 
for balanced protein adsorption based on the term, 
A[ 1 - exp(-pt)] where A is the exchangeable frac- 
tion of protein. 

The argument for the model was an experimental 
finding that the initial part of the binding curve 
exhibited an exponential form, suggesting first order 
kinetics [37]. 

3.3. Antibody binding to su$ace-immobilised antigen 

Isotherms of binding of two monoclonal antibod- 
ies with different affinity for a hapten, dinitrophenyl- 
benzene, is shown in Fig. 12(a). At low bulk concen- 

Fig. Il. Electron micrograph of fibrinogen adsorbed onto a hy- 
drophilic quartz grid for 24 h at a bulk concentration of 10 mg 
I_‘. 
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Fig. 12. Binding isotherms of radiolabelled monoclonal antibodies 
to surface immobilised hapten. (a) A linear plot of the binding 
isotherms of two antibodies against the same hapten, DNP. The 
antibodies bind with different affinity to the free hapten in solu- 
tion, - K, =4.1x10’ M-’ and - K,=0.35x106 M-‘. The 
difference in affinity is seen as a change in the amount of bound 
antibodies and not as a shift along the concentration axis. (b) A 
probabilistic plot of N/C versus C, showing that the probability 
of binding is higher for the high affinity antibody. 

tration, no difference can be seen between the 
isotherms. At high bulk concentrations, the high-af- 
finity antibody shows a higher surface concentration. 
A probabilistic plot of N/C versus C (Fig. 12(b)), 
shows a positive cooperativity of binding for both 
antibodies at low bulk concentrations. A higher prob- 
ability of binding of the high affinity antibody is also 
seen at all concentrations. The potential of antibody 
binding is shown in Table 2. At low bulk concentra- 
tion, the potential is approximately 10 kT. At higher 
concentration, an inter-ligand interaction component 
increases the potential to approximately 10.7 kT. At 
higher concentrations, the potential decreases back to 
approximately 9.6 kT. 



Table 2 

The apparent binding potential of antibodies to surface-immobi- 

liaed hapten 

6) x lo-‘(s) (_)I. x IO-h log OS/OV 

4.6 
3.75 
2.24 
I.35 
0.7x 

0.15 

0.2 

0.07 

3.1 9.6 

1.5 IO.1 

0.78 10.3 

0.39 IO.5 

0.2 10.6 

0. I 10.7 

0.05 IO.6 

0.025 10.2 

The cooperativity is thus due to an intermolecular 
interaction of only 1 kkT, which may explain the 
close fit of the antibody binding isotherm with clas- 
sical Langmuir-Scatchard formalism 
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Fig. 13. Binding isotherms of radiolabelled monoclonal antibodies 

to surface-immobilised tumour antigen. The binding isotherm of 
an anti-tumour antibody to surface-immobilised tumour antigen. 

The initial part of the isotherm can be fitted to a Freundlich 
isotherm with a power law of C”‘“. The isotherm then bends 

upwards at a bulk concentration of IO mg I-‘. Above this value. 
the adsorption isotherm is exponential with respect to C. 

Isotherms of binding of a monoclonal antibody 
against a tumour antigen is shown in Fig. 1.3. As can 
be seen, the initial binding can be fitted to a Fre- 
undlich isotherm, with a slope of cZ”.‘~. The curve 
then bends upward at higher concentrations. 

This finding indicates that binding and desorption 
occurs simultaneously also at low surface concentra- 
tions of antibodies, and that positive cooperativity 
i.e. the upward bend at a bulk concentration of 
antibodies of S-IO mg 1-I. is only seen in above a 
critical surface concentration, allowing an ab-ab in- 
teraction to occur. 

Studies of the binding of antibodies to surface-im- 
mobilised antigen with in-situ ellipsometry at a time 
resolution of 0.5 s has shown that the initial phase of 
binding can be fitted to an exponential function, 
before the binding curve becomes logarithmic [40]. 
The autocatalytic acceleration of antigen-antibody 
reactions at interfaces can be described by the term 
[40]. N = crlt[ 1 - exp( - (Y N)] where (I is the proba- 
bility of monomolecular binding and (Y relates to the 
probability of a favourable interaction between bound 
and arriving molecules. In the present study we may 
define the stage of antibody binding preceding the 
exponential phase, The onset of the exponential phase 
may also be sensitive to the density of binding sites 
at the surface 
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