Journal of Immunological Methods, 113 (1988) 3-15
Elsevier

JIM 04960

Review article

Kinetics of antigen-antibody reactions at solid-liquid interfaces

Manne Stenberg ! and Hakan Nygren *

! Department of Solid State Electronics, Chalmers University of Technology, Gothenburg, Sweden,
and ? Department of Histology, University of Gothenburg, Gothenburg, Sweden

(Received 26 May 1988, accepted 29 June 1988)

The kinetics of antigen-antibody reactions is reviewed with special attention paid to the specific
properties at solid-liquid interfaces. Theories of possible diffusion limitation in forward reaction rates are
compared to experiments. It is found that the intrinsic forward reaction rate in the bimolecular
antigen-antibody reaction is normally not limited by diffusion either in solution or at the solid-liquid
interface. However, reactions at the solid-liquid interface can be diffusion limited due to depletion of
reactants close to the surface. This effect depends on geometry, intrinsic reaction rate and surface
concentration of receptor molecules. Normally cell surface reactions are not diffusion limited whereas
reactions at artificial surfaces often are limited by diffusion. When not limited by diffusion it is also found
that the intrinsic forward and reverse reaction rates are lower for surface reactions compared to reactions
in solution. Antigen-antibody reactions at solid-liquid interfaces can often be considered as practically
irreversible and limited by mass transport or steric interactions.
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Introduction

Many routine methods in immunology are
based on immunochemical reactions carried out at
a solid-liquid interface. This is mainly because
solid-phase methods provide simple means of sep-
arating bound and free reactants. Solid-phase
methods are also known to be sensitive and can be
combined with different measuring techniques
available for surface analysis. When interpreting
the data obtained from assays some assumptions
must be made about the kinetics of the antigen-
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antibody reaction at the solid-liquid interface.
Specific knowledge about the kinetics of the anti-
gen-antibody reaction at a solid-liquid interface is
of vital importance when optimizing a solid-phase
assay procedure or when chosing an appropriate
mathematical expression for fitting a standard
curve to empirical data. However, most experi-
ments on the kinetics of antigen-antibody reac-
tions have been carried out for reactions in solu-
tion or at the cell surface. In this review, the
kinetics of antigen-antibody reactions is discussed
with special attention to the specific properties at
solid-liquid interfaces. Special interest is focussed
on the possibility of finding theoretical models for
the kinetics of different solid-phase methods like
enzyme-linked immunosorbent assay (ELISA) or
solid-phase radioimmunoassay (RIA).
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Kinetics of the antigen-antibody interaction

General considerations

The antigen-antibody interaction is known to
be a very fast and specific bimolecular reaction
(for general reviews see De Lisi, 1976; Berzofsky
and Berkower, 1984). We can describe the anti-
gen-antibody interaction as a bimolecular reaction
between two reactants A and B according the
formula

ko k; k,
A+B= ... = (A'B);... = AB , 1)
koo  k_; k_n

Here k; are the different forward reaction rates, k;
are the different reverse reaction rates and AB is
the final complex formed after n different inter-
mediates states (A - B),. For multivalent reactants
A or B the intermediate states (A - B); may repre-
sent states with different amounts of multiple
binding.

Since we are dealing with very fast macro-
molecular reactions we must also consider possi-
ble diffusion control in the reaction. One way to
do this is to identify the initial intermediate state
(A -B), as a so called ‘encounter complex’ which
must first be formed before the reaction, can
continue. In this case the rate constant k, repre-
sents the diffusion rate constant with which the
two reactants are appropriately positioned for re-
action. It may involve both translational and rota-
tional diffusion. Correspondingly the rate con-
stant k_, represents the reverse diffusion rate
constant with which an encounter complex can
dissociate.

In the above reaction scheme the different reac-
tion rates are most probably very different in

magnitude. Normally both the overall forward -

reaction rate and the overall reverse reaction rate
are limited by one particular rate constant and the
overall reaction scheme can be simplified to

k¢ ’
A+B = 4B @
kr

where k; is the effective forward reaction rate
constant and k, is the effective reverse reaction
rate constant. By considering the intermediate
states as quasi-stationary, simplified expressions

for the overall rate constants can be obtained.
This procedure of reducing a complicated reaction
scheme has been used in many studies for example
when analyzing bivalent binding (Perelson et al.,
1980) and also when studying cell surface reac-
tions (Dembo et al., 1979; DelLisi, 1981).

Forward reactions in solution

Let us examine under what circumstances the
forward reaction rate k; is limited by diffusion
(for a review of diffusion-controlled macromolecu-
lar interactions see Berg and Von Hippel, 1985).
For two uniformly reactive spheres A and B the
bimolecular association constant is limited by a
diffusion rate constant described by the Smolu-
chowski equation

k0=47r(DA+DB)(rA+rB)=47rDR 3)

where D, and Dy are the diffusion constants, and
ra and ry the radii of reactants A and B respec-
tively. D =D, + Dy is the relative diffusion con-
stant of the reactants and R =r, + rg is the effec-
tive interaction radius. The different diffusion
constants can be related to radii by the Stokes-
Einstein relation '

Dy = kgT/67qrl; Dy =kyT/6mmry 4
where 7 is the fluid viscosity, kg is the Boltzmann
constant, 7" is absolute temperature and r; and s
are the hydrodynamic radii of reactants A and B
respectively. For an order of magnitude analysis
we can assume that the interaction radius is equal
to the hydrodynamic radius and we get

ko= (2kgT)(ra+ rg)’/3nrary = ko.f, )
where

koo =8kgT/3n (6)
and

fr=(ra+rg)*fAr,ry ©)

With this notation we have introduced a geometri-
cal factor f, and a fundamental rate constant koe
which represents the diffusion rate constant for
reactants of equal radius. For reactions in water at



room temperature we find that kg is approxi-
mately 7-10° M~ s~ 1. If the radii of the reactants
differ, the diffusion association rate constant kg
increases and for example with r, /rg =10 we get
f.=3 and ky=2-10" M~'s™". These forward
reaction rates are much higher than measured
rates, even for the fastest hapten-antibody reac-
tion in solution. From this type of approximate
analysis it must be concluded that diffusion rates
are not rate-limiting for antigen-antibody reac-
tions in solution. Also steric factors and a possible
activation barrier for reaction have to be consid-
ered (Bell and DeLisi, 1974).

One way to involve steric factors is to include
rotational diffusion in the analysis (Schmitz and
Schurr, 1972). For a reactive patch on a spherical
molecule equation (3) has to be modified and we
get (Berdnikov and Doktorov, 1982; Berg, 1985)

ko= 47DR sin(, /2) ®)

where 6, is the allowed reaction angle at molecule
A. For small angles 6, and letting the reactive site
radius equal the smaller reactant radius r we get
0, =rg/rs and

2
ko= 4mDRry /25y = ko%(;ﬁ +1) ©)
A

For small ratios ry/7, the geometrical factor f,
is now smaller than one. With a reasonable re-
lation between hapten and antibody radius of say
ra/ra = 0.2 we get f,=0.2. Thus, when rotational
diffusion is considered we can get diffusion rate
constants of the order of 1-10° M~!s™% This is
quite close to the fastest measured hapten-anti-
body reactions in solution, around 6 - 108 M~ 's™%.
However, most hapten-antibody reactions are
slower (Pecht and Lancet, 1976).

For macromolecular reactions where the reac-
tive sites are small compared to the molecular
dimensions the diffusion rates can be reduced
further. Consider two macromolecules A and B,
each with reactive areas described by the angles 6,
and #;. In this case the diffusion association rate
constant is described by (Schurr, 1976):

ko= 47DROO5 (05 + 05)/8 (10)

Letting r, be the radius of the reactive site on each

molecule and rp =7, we get 0, =0 =rs/rs and
also

3
ko= kueg (=) ay

The geometrical factor is now further reduced
so that for rg/r, = 0.2 the diffusion rate constant
is of the order of 1-107 M~!s™'. From a collec-
tion of different forward reaction rates (Mason
and Williams, 1986) it can be seen that antibody
reactions with protein antigen approach this value
in some cases but normally they are a few orders
of magnitude lower.

To summarize this section we conclude that
although antigen-antibody reactions are very fast,
they are not limited by translational diffusion.
However, when steric effects are considered in the
form of rotational diffusion, measured forward
reaction rates are sometimes of the same order of
magnitude as predicted. One important aspect of
diffusion macromolecular interactions is that it is
the size of the reactive regions rather than the size
of the reactants that determines the actual reac-
tion rates (Doi, 1975; Berg and Von Hippel, 1985).

Flat surface

Let us focus our interest on surface reactions
and continue the preceeding section by analysing
the diffusion association reaction at a reactive site
on a flat surface. The diffusion forward reaction
rate to a reactive disc of radius rg is (Hill, 1975)

ko= 4Drg (12)

where rg is the radius of the reactive site. If we
also include the reduction in the effective capture
radius by the constraint factor sin?(6,/2) due to a
small reactive region on the associating molecule
(Hill, 1975) we get

ko= 4Drg sin® (6, /2) (13)

Letting 8, = ry/r, we get finally

1 (rs\?
ko= koo () a4)

From equations (9), (11) and (14) we can see what
happens with the diffusion forward reaction rate



for a hapten-antibody reaction when in solution
and when the hapten is immobilized on a protein
carrier or surface. We can see that when the
hapten is immobilized on a surface the diffusion
forward reaction rate might well be reduced to
1-10° M~'s™! (for r/r, = 0.2).

For receptor sites immobilized on a surface the
measured forward reaction rates can often be less
than predicted by equation (14). If adjacent sites
are closely packed their ability to bind reactants
decreases the local concentration of reactants and
the forward reaction rate is reduced. This effect
becomes more pronounced as the surface con-
centration of receptors is increased. They are very
important for artificial surfaces with high con-
centrations of immobilized receptors. With a high
local concentration of receptors at a surface, the
solution may well be depleted of reactants close
that surface and reactants may have to diffuse
over macroscopic distances before reaction. Apart
from introducing new diffusion limitations the
analysis must be carried out in a different way.
The system may not be in a steady-state and
before using the steady-state approximation we
have to make a transient analysis.

Transient analysis of diffusive forward reaction rates
at surfaces

So far we have seen that the intrinsic reaction
between antigen and antibody is not limited by
translational diffusion. Many collisions normally
occur before the reactants are appropriately ori-
ented or activated for reaction to take place. Let
us now look at antigen-antibody reactions at
surfaces where there may be high surface con-
centrations of reactive sites. We start by analysing
the situation shown in Fig. 1. For the initial
forward reaction rate we can write (Stenberg et al.,
1986)

dr,
57 =kseTy (15)

where T, is the surface concentration of bound
reactant, ¢, is the concentration of reactants in
solution close to the surface and I o is the surface
concentration of reactive sites. In this relation we
have used the intrinsic forward reaction rate k; as
a measure of maximum speed in the forward

Fig. 1. Reaction between antibodies in solution with antigen
immobilized on a sphere. The forward reaction is first limited
by the surface reaction. After some time the solution is de-
pleted of antibodies close to the surface and diffusion limita-
tions can occur. A steady-state may develop where the antibod-
ies diffuse across a diffusion barrier equal to the sphere radius.

reaction knowing that this rate may be limited by
rotational diffusion or any rate limiting step in the
association reaction (1) above. Since we are dealing
with both volume and surface concentrations we
must be aware of the different dimensions in-
volved. For example, let I, and I, o be expressed
in mol/cn?, ¢, in mol/1 (M) and &, in 1/mol-s
(M~ 1s7h,

We study the case where the reactive sites are
immobilized at the surface of a sphere of radius R
and where the sphere is introduced into an un-
stirred solution at time zero. In solution the trans-
port of reactants follow the diffusion equation and
at the surface the antigen-antibody reaction fol-
lows equation (15). By combining the diffusion
equation in solution with appropriate boundary
and initial conditions at the surface an expression
for the amount bound can be found (see appen-
dix). From this model calculation some conclu-
sions may be drawn. The amount bound is pro-
portional to the initial concentration of reactants,
¢g, and also depends on both geometry and time.
A useful parameter describing the degree of diffu-
sion control in the reaction is the so called
Damkoehler number, D,, defined by

Rk I
D =10

=5 (16)
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Fig. 2. Theoretically calculated amount bound in the forward

reaction as described in Fig. 1. The amount bound and the

time are normalized (see text) and the parameter is the

Damkoehler number D, which is a measure of diffusion limita-

tion in the forward reaction. The limit D, — oo corresponds to
a plane surface.

where D is the diffusion constant of the diffusing
reactant and R is the radius of the sphere with
immobilized reaction sites. In this relation there is
no bulk concentration so we have to be careful
about the dimensions. If T} is expressed in moles
per cm?, R in cm and D in cm?/s we must have
k; expressed in ml/mol-s instead of 1/mol-s.

Some binding curves from the theoretical model
are shown in Fig. 2. The amount bound is normal-
ized and given as (IykI5)/(coD) where ¢, is the
initial concentration of antibodies in solution.
Time is also normalized and given as t/7 where 7
is a time constant defined below. The Damkoehler
number D, can be interpreted as the ratio between
the maximum reaction rate at the surface and the
maximum rate of diffusional mass transfer across
a water film of thickness R. A small Damkoehler
number means that the surface reaction is slow
compared to the diffusional mass transfer. A high
Damkoehler number means that the surface reac-
tion is fast compared to the diffusional mass
transfer and that diffusion is rate limiting. It is
important to hote that apart from the diffusion
constant, both the geometry (R) and the surface
concentration of reactive sites (I) are involved in
this parameter. From Fig. 2 we can see that it is
only for D, values greater than 1 that the binding
is reduced compared to the intrinsic reaction.

To describe the time dependence it was found
that a useful parameter was the following time
constant,

r=D/(kIp)* an

It describes the time at which the reaction
changes from an initial reaction control to a possi-
ble diffusion control. From Fig. 2 we can see that
it is only for times longer than this time constant
that diffusion limitations occur. Then the solution
close to the surface is depleted from reactants and
the reactants have to diffuse over longer distances
before reaction. The particle radius is not involved
in this time constant. However, the particle radius
is involved in a second time constant

2n2
o RDE 4 )
D(+D)" 7

describing the time after which the binding is
characterized by a steady-state situation. After a
time characterized by this time constant the
amount bound is proportional to time regardless
of reaction or diffusion control in the reaction.
From Fig. 2 we can see that for a D, value of 10
the reaction is in a steady state after a normalized
time of about 100. Even for high Damkoehler
numbers and possible diffusion control in the
reaction this time constant is quite short for cell
surface reactions due to the small cell radius. For
macromolecules reacting on cell surfaces this time
constant is of the order of 0.2 s (Stenberg et al.,
1986). However, for reactions on macroscopic par-
ticles used for immunoassays the time constant
may well be of the order of minutes indicating
that a transient analysis is appropriate.

After steady-state has developed the reaction
rate on a sphere may be reduced by diffusion and
equation (15) modified to (Stenberg et al., 1986)

dI,  kicolo
dr  1+D, (19)

For high values of the Damkoehler number
equation (19) is simplified to

dI, De

“a&r R (20)



showing that in the diffusion limited region the
rate is inversely proportional to the sphere radius.

Forward reaction at the cell surface

The forward diffusion reaction rate constant to
reactive sites distributed over a spherical cell can
be described by (Berg and Purcell, 1977; DeLisi,
1981)

Nrg

ko=4w7DR 7at Nrg

(21

where a is the cell radius, and N is the number of
reactive sites of radius 7, per cell. As before (equa-
tion 3) D and R describe the relative diffusion
constant and capture radius. However, it is im-
portant to note that this rate constant relates to
the whole cell and not to the individual sites. For
a small ligand binding to a cell the relative diffu-
sion constant D is dominated by the diffusion
constant of the ligand and the capture radius R is
dominated by the cell radius. Dividing equation
(21) by N we get the rate per immobilized reaction
site and we can compare equations (19) and (21).
The effective forward reaction rate in equation
(19) is k;/(1 + D,) and after identification with
equation (21) letting R =a we get k; = 4Drg and
D, = Nrg/ma. At first glance equation (21) gives
the impression that the rate is constant or in-
creases with cell radius. However, at constant
surface concentration of reactive sites the diffu-
sion rates decrease with increasing radius (equa-
tion 20).

In an experimental situation the time depen-
dence is the same for diffusion or reaction control
in the reaction after steady-state has developed.
One way to determine whether there is reaction or
diffusion control in an actual experiment is to
calculate the so called observable Damkoehler
number 1D, defined by

I R
M= Dcyt

(22)

which is the ratio between measured rate and
maximum diffusion limited rate according equa-
tion (20). In the steady-state, values of 7D, less
than one indicate reaction control of the reaction.
For cell surface reactions this type of analysis

normally indicates reaction control of the reaction
(Jerne et al,, 1974; Wank et al., 1983). Thus, we
can compare our predicted values of the diffusive
association constant to individual sites (equations
12, 13 and 14) with measured forward reaction
rates. These are normally in the range 10°-10°
M~ 's~! for reactions between antibody and cell
surface receptors (Davie and Paul, 1972; Mason
and Williams, 1980; Wank et al., 1983; Roe et al.,
1985). Only after considering rotational diffusion
(equation 12) the associative rates are of this order
of magnitude for surface immobilized receptors.
We can conclude that also for cell surface reac-
tions the intrinsic forward reaction is not limited
by translational diffusion. From equation (16) we
can calculate what receptor density is needed to
get a Damkoehler number of the order of one
which is the limit where translational diffusion to
the cell surface will start to influence the overall
forward reaction. With an intrinsic forward reac-
tion rate k; of the order of 10° M~'s™! it is only
for very high receptor numbers of the order of 10°
per cell that the reaction becomes diffusion con-
trolled.

Forward reaction at artificial surfaces

Let us now examine the forward reaction when
receptors are immobilized at macroscopic spheres
or flat surfaces. For a given intrinsic forward
reaction rate k;, diffusion constant D and surface
concentration I, both the Damkoehler number D,
and the time constant 7, increase with the radius
of the immobilizing particle. To get an order of
magnitude estimate of the different parameters we
continue the analysis by using equations (16), (17)
and (18). After adsorption of a protein layer or
covalent bonding of receptor molecules there will
most probably be a receptor site concentration in
the range 10~"'-10"'? mol /cm®. With a forward
reaction rate k; of at least 10° M~ !s™! and a
diffusion constant D of 4-1077 cm?/s (a repre-
sentative value for an IgG antibody or protein
antigen) we find that the Damkoehler number is
greater than one already for spheres more than 40
pm in diameter. For particles with a diameter of 1
mm the time constants 7, is of the order of 1 h.
We also find that the time constant 7 is easily less
than 1 min. All these figures show that for artifi-
cial receptor-coated surfaces there will most prob-



ably be diffusion limitation in the forward reac-
tion.

At a plane surface the binding reaction is even-
tually limited by diffusion and there will be no
steady-state in an unstirred solution. This happens
for times longer than the time constant 7 above.
Then the binding can be approximated by a sim-
plified expression describing diffusion limited as-
sociation at a plane surface:

Ih= %cmfﬁ 23)

One important difference between equation (23)
and equation (15) is that the binding is no longer
proportional to time but rather to the square-root
of time. This effect is also shown in Fig. 2, where
it can be seen that the binding is proportional to
the square-root of time for times greater than 7
and for D, — co. Equation (23) has long been used
in studies on surface adsorption of proteins and
enzymes for example (Trurnit, 1954). It has also
been found to be adequately accurate in many
experimental studies on antigen-antibody reac-
tions at plane surfaces (Nygren and Stenberg,
1985a, b; Nygren et al., 1985, 1987). If this re-
lation is valid there is well defined relation be-
tween amount the bound and the initial con-
centration of reactants. In some cases the binding
was found to follow equation (23) in the initial
binding up to surface concentrations of around 1
pmol/cm® (Nygren et al., 1987). After checking
that the relation is valid it can also be used as a
quantitative tool to calibrate the ELISA (Nygren
and Stenberg, 1985b). An example is shown in
Fig. 3 where equation (23) has been used to calcu-
late the surface concentration of antibodies for
different incubation times and initial concentra-
tions of antibodies in solution.

Equation (23) can be derived by solving the
diffusion equation assuming that all reactants re-
aching the surface are bound. Mathematically this
is accomplished by introducing the boundary con-
dition of zero concentration close to the surface.

_The technique has been found to be very useful in
many experimental systems such as radial diffu-
sion of antibodies over an antigen-coated surface
(Stenberg et al., 1982), diffusion of cholera-toxin
over a receptor-coated surface (Stenberg and
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Fig. 3. Calibration curve for a microtiter plate ELISA. Ab-
sorbance values are plotted versus surface concentration of
monoclonal antibody. (+) Surface concentration experimen-
tally determined by ellipsometry. Surface concentration from
theoretical model and incubation time: (O) 15 min, () 10
min, (M) 5 min, (¢») 1 min. From Stenberg et al. (1988).

Nygren, 1982) and binding of antibodies at a
receptor-coated surface after diffusion through a
thin gel layer (Stenberg and Nygren, 1985). In
these cases different solutions to the diffusion
equation have been used depending on the differ-
ent geometries involved in the experimental sys-
tems. The diffusion and thus the binding equation
is geometry dependent which often results in quite
complicated mathematical expressions. Simplified
expressions can often be derived as illustrated by
the finding that for the specific geometry of a
microtiter plate, equation (23) is adequately accu-
rate in some early time domains (Stenberg et al.,
1988). However, one prerequisite for using this
mathematical technique is that the reaction not be
limited for other reasons such as lack of receptor
sites. Neither can the binding be influenced by the
reverse reaction in the binding reaction. Thus the
technique is valid only for practically irreversible
reactions at the surface. Our early studies showed
that the antibody binding to surface immobilized
antigen could be regarded as practically irreversi-
ble (Stenberg et al., 1982). This leads to a detailed
investigation of the reverse reaction in the
antigen-antibody interaction.

Reverse reaction rate

For a hapten-antibody interaction in solution
the reverse reaction rate is normally considered to
determine the strength of the binding. The dissoci-



10

ation rate constant may vary considerably be-
tween different hapten and antibody combina-
tions. However, it has been found that haptens
can be divided into two groups, rapidly and slowly
dissociating haptens. The reverse rate constant for
rapidly dissociating haptens is normally of the
order of one/s or larger whereas the reverse rate
constant for slowly dissociating haptens is less
than 1073 s~! (Pecht and Lancet, 1976). For cell
surface reactions with protein antigens or antibod-
ies the reverse rate constant is normally less than
1073 57! and not seldom of the order of 107° s~}
(Mason and Williams, 1986). The dissociation of
antibodies from receptors immobilized at artificial
surfaces also has rate constants in the range
1074-107° s7! (Li, 1985; Nygren et al., 1985).
With dissociation rate constants of this order of
magnitude there is no problem in carrying out
experiments during a time scale where the binding
can be regarded as irreversible.

Experimental studies show that the reverse re-
action rate is considerably lower for surface reac-
tions than for fast hapten dissociation in solution.
This effect has often been explained by the kinetic
effects of polyvalence in the antigen-antibody re-
action (Crothers and Metzger, 1972). Theoreti-
cally, the reverse rate could be decreased by several
orders of magnitude due to multiple binding.
However, many experimental studies on Fab frag-
ments as well as bivalent IgG antibodies show that
the dissociation rate is very low even for monova-
lent antibodies (Mason and Williams, 1980;
Nygren et al., 1985, 1987). The mechanism behind
this slow dissociation has been suggested to be
mass transport limitation of the reverse reaction
(Berzofsky and Berkower, 1984). With a high
surface concentration of receptors there is a high
probability of reassociation instead of diffusion
transport away from-the surface after a dissocia-
tion. Similar effects have been found for ligands
diffusing away from a dialysis bag with ligand
binding protein present in the bag (Silhavy et al.,
1975).

For a surface reaction it can be shown that it is
the magnitude of the Damkoehler number, D,,
that governs the relative importance of reassocia-
tion. With a high D, value there is a high prob-
ability of reassociation before escape from the
surface. Previously we have seen that normally the

D, values are less than one for cell surface reac-
tions but can be greater than one for reactions
carried out on macroscopic spheres.

Controlled experiments on diffusional mass
transfer should be carried out in a well defined
hydrodynamical situation for example by using a
rotating disc commonly used in electrochemistry
(Opekar and Beran, 1976). Well defined boundary
diffusion layers can be obtained using this
technique. A rotation speed of 1500 rev/min
should give a boundary thickness for macromole-
cules of the order of 10 pm. Experiments on
dissociation of monoclonal antibodies from surface
immobilized antigen failed to show any significant
increase in dissociation under these conditions in
PBS buffer (Nygren et al., 1987). Only with anti-
gen present in excess in solution was there any
significant dissociation of monoclonal antibody. It
was found that the hapten itself was more effec-
tive in promoting dissociation than hapten im-
mobilized on a carrier protein. However, the ini-
tial dissociation of Fab fragments was shown to
depend on stirring and also was the dissociation
found to be more rapid than the dissociation of
the corresponding divalent monoclonal. Thus, both
multivalence and mass transfer from the surface
can influence the dissociation as predicted.

Affinity and equilibrium analysis

In many situations there is an interest in using
the ultimate binding strength of the immobilized
receptor molecules to get sensitive assays. Sensitiv-
ity can be improved by increasing the incubation
time until the binding is limited by the onset of
the reverse reaction. Eventually there is equi-
librium between the forward reaction and the
reverse reaction. Then the binding is limited by
the binding strength or affinity normally defined
by the equilibrium constant

K,=-— (24)

For an equilibrium analysis we must also consider
the limited number of receptor sites at the surface.
With this in mind we can formulate the rate of the
antigen-antibody reaction at a solid-liquid inter-



face (Nygren et al., 1986)

—Eti=kfcs(qFAg_pFA)_krFA (25)

where T, is the surface concentration of antigen
at the surface, g is the number of epitopes per
antigen molecule and p is the number of blocked
epitopes per bound antibody molecule. The
parameter p can be compared to the obstruction
factor introduced in the analysis of cell receptor
kinetics (Mason and Williams, 1980; Roe et al,
1985). With our notation we find that the maxi-
mum amount bound is (g/p)Ts,. At equilibrium
(dT,/dt = 0) equation (25) can be reformulated to
obtain the so called Scatchard equation

rA 4 FA
=K/|L-=> 26
CSFAg (p FAg ( )

where we have introduced an effective association
constant

. i
K.=p7- 27)

With this definition 1/K, is the antibody con-
centration at which the binding I, has reached
half its maximum binding. If experiments follow
equation (25) a plot of (Iy/c;Is,) versus (Iy/Tag)
should give a straight line and the possibility of
evaluating both K, and ¢q/p.

A set of different monoclonal antibodies was

examined by ellipsometry and the data was .

analyzed by this technique (Nygren et al., 1986). It
was shown that for monoclonal antibodies with
homogeneous affinity constants in the range
10°-10” M ! affinity increased when haptens were
immobilized at a surface by a carrier protein.
However, for the surface reactions the different
clones differ not only in the reverse rate constant
but also in the forward rate constant and in the
above parameter g/p. These findings indicate that
for close packed antigen layers at artificial surfaces
the manner in which the epitopes are presented
may be important. This leads us to investigate
structural aspects of the interaction layer.
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Structural aspects of antigen-antibody binding

X-ray crystallographic studies of ligand-anti-
body complexes can give detailed information
about the molecular basis for antigen-antibody
interaction. In some cases the active site has been
described in detail both regarding polypeptide se-
quence and conformation (Mariuzza et al., 1987).
From these studies we note that the size of the
active site of a Fab-lysozyme complex is ap-
proximately 2 X3 nm, giving support for our
estimate of rg/r, above. Structural aspects of
antigen-antibody interaction have also been
studied on two-dimensional crystals by electron
microscopy (Reidler et al., 1986). These investiga-
tions have shown that already at surface con-
centrations of 0.8 pmol/cm® the antibodies can
interact in a well defined hexagonal pattern
(Uzgiris and Kornberg, 1983). Structural aspects
in the layer can often impose restrictions on the
forward binding kinetics as well as steric limita-
tions. Much knowledge in this area has developed
from X-ray crystallographic studies and so far
little has been done to incorporate this knowledge
into kinetic studies. Experimental studies on the
binding of a second layer to a first layer of ad-
sorbed organic molecules have shown that the
binding capacity goes through a maximum with
increased surface concentration in the first layer
(Elwing et al, 1984). Simple geometrical argu-
ments may lead to mathematical models which
can qualitatively account for these effects at high
surface concentrations in the second layer
(Lundstrom and Elwing, 1984). Kinetic studies in
connection with electron microscopic investiga-
tions have shown that steric interactions at surface
concentrations around 1 pmol/cm?® can influence
the binding kinetics (Nygren et al, 1987). All
these findings show that steric limitations and lack
of available reactive sites may well limit the bind-
ing of a biospecific ligand to a surface immobi-
lized receptor, and not the onset of a reverse
reaction. With this in mind we now analyse some
of the results on solid phase immunoassays.

Kinetics of solid-phase immunoassays

Most methods used to study the kinetics of
antigen-antibody reactions have so far been appli-
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cable to small antigens such as hormones or
peptides (as reviewed by Steward, 1986). For im-
munoassays where the analyte is a small hapten,
equilibrium analysis is appropriate and the kinet-
ics follow the law of mass action. Radioim-
munoassay (RIA) was originally developed for
this type of analysis (Berson and Yalow, 1959;
Rodbard et al., 1971) and today most RIA data
are interpreted the same way (Bolton and Hunter,
1986). Also for enzyme immunoassays (EIA) the
kinetics have so far been considered to follow the
law of mass action (Nakamura et al., 1986) as well
as the sensitivity of solid-phase ELISA (Griswold,
1987). However, as we have seen above, antigen-
antibody reactions at solid surfaces dissociate only
slowly. In consequence most immunoassays per-
formed with incubation times of a few hours are
not in equilibrium. When plotted in a Scatchard
plot also irreversible reactions give practically
straight lines and apparent association constants
(Mason and Williams, 1986). Before interpreting
the data as equilibrium data it must always be
checked whether the binding is independent of
time and also whether the association constant is
consistent with the association constant calculated
from the forward and reverse reaction rates. For
reactions at the solid-liquid interface it is normally
hard to obtain this correlation (Nygren et al,
1986).

In the kinetic analysis there is often a discus-
sion about the importance of affinity in the assay
performance (reviewed by Steward and Lew, 1985).
It has often been argued that the affinity parame-
ter reflects behaviour for high OD values in the
absorbance reading whereas the end point titre
reflects analyte concentration (Peterfy et al., 1983).
It has also been demonstrated that these effects
are strongly affected by the epitope density of the
immobilized receptors (Lew, 1984). Endpoint titres
may be influenced by antibody affinity especially
with antigens of low epitope density (Nimmo et
al.,, 1984).

Measurements of radioactively labelled anti-
body in microtiter plates have shown that the
binding of primary antibody is linear over at least
three orders of magnitude (Koertge and Butler,
1985). The data in the upper part of the sigmoidal
ELISA titration plot was explained as the result of
steric hindrance in the detection system. The en-

zyme kinetics was shown to vary depending on the
conjugate used. It is interesting to note how high
the binding capacity can be for polyclonal anti-
bodies binding to a first layer of antibodies at the
surface. From ELISA calibration data (Nygren
and Stenberg, 1985b; Stenberg et al., 1988) we can
analyse the initial slope of absorbance versus
surface concentration of the first antibody layer.
The absorbance was shown to reach a plateau for
increased surface concentration in the first layer
as shown in Fig. 3. If we assume that this plateau
in absorbance is related to steric hindrance at
about 1 pmol/cm* we find that initially there are
at least 20 conjugate molecules on each antibody.
Other experimental findings support this high
stoichiometric relation between second and first
layer. For a diffusion-in-gel thin layer immunoas-
say (DIG-TIA) carried out on an antigen-coated
surface the reaction’ zone sizes were found to
increase after incubation with a second antibody
(Elwing and Nilsson, 1980). Two concentrations
of second antibody were tested and for the high
concentration the increase in reaction zone size
was found to correspond to a factor of 16 in initial
concentration. Since the surface concentration at
the detection level is proportional to initial con-
centration (Stenberg et al., 1982) we conclude that
the second antibody layer binds with at least 16
molecules on each first layer antibody. From el-
lipsometric experiments on binding capacity we
can also see that for polyclonal antibody binding
to a first layer of antibody with varying surface
concentration the initial stoichiomentric relation is
of the order of 20 (Lundstrom and Elwing, 1984).

Experimental studies on binding characteristics
of immunoglobulins to monoclonal and polyclonal
capture antibodies adsorbed on plastic microtiter
plates have shown that for long incubation times
the amount bound could sometimes extend to up
to 80% of the added amount (Butler et al., 1986).
When the depletion of reactants from the well is
of this order of magnitude a mass transfer analysis
is appropriate before applying the law of mass
action (Stenberg et al., 1988). A quantitative mea-
sure of the analyte concentration can also be
achieved in a dynamic situation where the amount
bound is time and concentration dependent. We
have seen that surprisingly often the results ob-
tained by ELISA could be explained by an analy-



sis of the mass transport limitation (Nygren and
Stenberg, 1985a, b).

Diffusional limitations in ELISA performance
have been considered for hemispherical antigen-
coated wells (Li, 1985). After diffusion was con-
sidered the rate constants in the bimolecular
surface reaction could be evaluated as well as the
affinity constant. It was found that both the for-
ward rate and the reverse rate are very low. The
forward rate was found to be 8.8-10° M~ s}
and the reverse rate was found to be 2.5-107*
s~ 1. These rates are comparable to what was found
in ellipsometric studies on monoclonal antibodies
binding to surface immobilized antigen (Nygren et
al., 1986). Going to a surface immobilized system
seems to induce both a decreased association rate
as well as a decreased dissociation rate and nor-
- mally there will be a net increase in overall affin-
ity constant. The increased sensitivity of solid-
phase ELISA permits the detection of very small
concentrations and it has actually been used for
indirect measurements of homogeneous associa-
tion constants has high as 10° M ™! (Friguet et al.,
1985).

Conclusion

When trying to exploit the inherent sensitivity
and specificity of antigen-antibody reactions at
artificial surfaces we must be able to describe the
kinetics of antigen-antibody reactions at the
solid-liquid interface. As we have seen there are
some differences to be expected when going from
homogeneous reactions to heterogeneous reactions

at artificial surfaces. Both geometry and organiza-

tion of receptor molecules at the surface induce
new restrictions on the surface reaction. For mac-
romolecules reacting at the solid-liquid interface
there will be new diffusion restrictions due to
cooperativity among the immobilized receptors
and macroscopic distances to overcome before
reaction. Mass transport aspects are important
when optimizing macromolecular solid-phase as-
say kinetics. In this field there is a lot of knowl-
edge to be gained from chemical engineering,
especially concerning hydrodynamic properties
and ways to improve mass transport to the active
sites at the surface.
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So far, most data on antigen-antibody interac-
tions has been collected from homogeneous reac-
tions and cell surface reactions. As we have seen
this data is not always directly applicable to mea-
surements at the solid-liquid interface. A further
understanding of the explicit differences should
provide better means of predicting optimal condi-
tions for immunoassays.

Appendix

Using quantities defined in the text, the ana-
lytical expression for the amount bound in Fig. 1
is (Stenberg et al., 1986)

D D} * [t%
L= Y Y2 f_+2 L +exp(t*)erf(\ﬁ*_)—1
keIo (1+ D) L Pa m

where the normalized times ¢* and ¢ are related to
incubation time ¢ by

1+ D, \? t
* = a2l y i=—
t ( D )t and .

a
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