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In an attempt to optimize immunosensors operating 
with an immobilized antibody as binding protein and an 
analyte-enzyme conjugate as signal generator that is 
signitlcantly larger in molecular size than the analyte, 
in a previous communication (Part I) (S.-H. Paek and 
W. Schramm (1991) Anal. Biochem. 196) we developed 
mathematical models for the prediction of performance 
characteristics. These models are compared in this con- 
tribution with experimentally obtained results. As an 
example, a monoclonal antibody to the steroid hormone 
progesterone has been used as binding protein, an “‘I- 
progesterone derivative, and a progesterone-horserad- 
ish peroxidase derivative as tracers for signal gen- 
eration. A minimum of parameters needs to be experi- 
mentally determined to calculate the performance: the 
amount of immobilized antibody, the diffusion coeffi- 
cient of antigens, the thickness of the penetration layer, 
and the on- and off-rates for binding of the antigen to 
the antibody. We have described simple methods to ob- 
tain these data for the labeled antigen and for the unla- 
beled analyte that does not provide a signal per se. Ki- 
netic binding curves for antigen-antibody complex 
formation obtained with the mathematical models 
correlated well with experimentally obtained results 
for antigens of different sizes. Although equilibrium of 
the antigen-antibody complex for the enzyme-labeled 
analyte conjugate requires about 4 h in the absence of 
free analyte, dose-response curves can be obtained 
after 5 min and the relative position of these curves 
does not change significantly after 30 min. Using a total 
volume of 200 ~1 for the analytical procedure in micro- 
titer wells, agitation as a means to accelerate convec- 
tive diffusion during an incubation period of 30 min is 
not necessary with the analyte-enzyme conjugate. How- 

1 Part I: Mathematic modeling of performance characteristics. 
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ever, immunosensors using large analyte-enzyme con- 
jugates as signal generators for the detection of small 
analytes require strict control of the incubation time if 
operated within short periods of time (~30 min). o 1991 
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In a previous communication (Part I) (l), we have 
investigated mathematical models for the prediction of 
performance characteristics of immunosensors for 
small analytes with immobilized antibodies as specific 
binding proteins. If small analytes are detected by 
means of large analyte-enzyme complexes as signal gen- 
erators, the formation rate of an encounter complex be- 
tween an immobilized immunoglobulin and an antigen 
(i.e., the precursor for the antigen-antibody complex) is 
determined by the different diffusion rates of the anti- 
gens of different size. The diffusion processes involved 
have been analyzed and equations for the calculation of 
the major components contributing to diffusion have 
been given. In addition, for the calculation of time-vari- 
able concentrations of antigens bound to the immobi- 
lized antibody (kinetic binding curves), we have pro- 
vided equations for two mathematical approaches: an 
analytical solution and a numerical solution. In this 
paper (Part II), we compare experimentally obtained 
results with the theoretical calculations. 

By way of example, we have carried out the experi- 
ments in microwells which we have also selected as the 
basis for our calculations in Part I. All the symbols used 
in this paper refer to Table I in Part I. The models that 
we have described have general application for engineer- 
ing sensors that are used for the detection of small ana- 
lytes by means of a large analyte-enzyme conjugate in 
competitive immunoassays. However, microwells are 
convenient carriers for the preliminary selection of op- 
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timal reagents and conditions before proceeding to 
more complex systems. We are using the methods de- 
scribed in this paper for the development of electrodes 
with amperometric signal detection. The results of that 
project will be the subject of a later communication. 

MATERIALS AND METHODS 

Materials 

Horseradish peroxidase (HRP,2 type VI, 300 units/ 
mg solid, EC 1.11.1.7), l&diaminopentane (cadaver- 
ine), poly-L-lysine hydrobromide (M, 421,000 by viscos- 
ity test), and 3,3’,5,5’-tetramethylbenzidine (TMB) were 
purchased from Sigma (St. Louis, MO). Disuccinimidyl 
suberate (DSS), CNBr-activated Sepharose 4B, Bio-Gel 
P-30, and Immulon II microtiter wells were obtained 
from Pierce (Rockford, IL), Pharmacia Fine Chemicals, 
Inc. (Piscataway, NJ), Bio-Rad (Richmond, CA), and 
Dynatech Inc. (Alexandria, VA), respectively. The fol- 
lowing monoclonal antibodies were produced in this lab- 
oratory (2): two antibodies to progesterone (P-Ab), one 
with a high affinity constant (BQ.l) and the other with a 
low affinity constant (4ClO); and an antibody to urease 
(NS-Ab). 

Progesterone derivatives. Progesterone derivatives 
were synthesized and characterized by HPLC (2): 
progesterone-lla-N-hydroxy succinimide (P-NHS), 
progesterone-lla-hemisuccinyl-1,5diaminopentane 
(P-CAD) by reacting P-NHS with cadaverine, and pro- 
gesterone-llcu-hemisuccinyl tyrosine methyl ester (P- 
TME). The P-TME was iodinated (125I-P) with the car- 
rier-free [125I] (NEN Research Products, DuPont Co., 
Wilmington, DE), purified, and characterized according 
to the methods as described (2). 

Substrate for HRP. The substrate solution for HRP 
contained 10~1 of 3% (v/v) H,O, in water, 100 ~1 of 10 
mg/ml TMB in dimethyl sulfoxide, and 10 ml of 50 mM 

acetate buffer, pH 5.1. 

Immobilization of Antibody to Microtiter Wells 

Two monoclonal antibodies were immobilized on the 
surface of microtiter wells: P-Ab (BQ.l) and NS-Ab. 
The immobilization was accomplished by a modified 
procedure of the sodium periodate method (3). The mi- 
crowell surface was treated by 200 ~1 of 10 pg/ml poly-L- 
lysine in 0.5 M carbonate buffer, pH 9.6; the lysine was 

’ Abbreviations used: HRP, horseradish peroxidase; TMB, 3,3’,5,5’- 
tetramethylbenzidine; DSS, disuccinimidyl suberate; P-Ab, monoclo- 
nal antibody specific to progesterone; NS-Ab, monoclonal antibody 
specific to urease, i.e., nonspecific antibody to progesterone; P-NHS, 
progesterone-lfol-l\i-hydroxy suceinimide; P-CAD, progesterone- 
lla-hemisuccinyl-1,5diaminopentane; P-TME, progesterone-lla- 
hemisuccinyltyrosine methyl ester; iZ61-P, ‘Y-labeled progesterone; 
P-HRP, HRP with one progesterone ligand per enzyme molecule. 

reacted with antibody (2.5 or 5 pg/ml) activated by 0.3 
mM NaIO,, and the resulting imide bonds were stabi- 
lized with 1 mM NaCNBH, in 10 mM phosphate buffer, 
pH 7.0, containing 140 mM NaCl and 0.02% (w/v) thi- 
merosal (Buffer A) and 0.1% (w/v) gelatin (Buffer B). 
The treated wells were dried under vacuum and stored 
in the presence of silica gel as desiccant at 4’C. 

Preparation of a Defined Progesterone-HRP Conjugate 

The progesterone derivative, P-CAD, was chemically 
reacted with the enzyme, HRP, via DSS as a cross-link- 
ing reagent. The conjugates were synthesized by: (a) 
reacting P-CAD with 2 molar excess of cross-linking 
reagent, (b) after incubation for 30 min on a shaker, 
adding this mixture to enzyme with 20 molar excess of 
P-CAD, and (c) incubation for 2 h on a shaker. The 
reaction mixture of progesterone-HRP conjugate was 
dialyzed in Buffer A, and then partially purified by ex- 
clusion chromatography on Bio-Gel P-30. 

The conjugation mixture was finally purified on an 
immunoaffinity column (1.1 X 37 cm, 20 ml bed vol) 
with the IgG to progesterone, 4C10, immobilized on 
CNBr-activated Sepharose 4B gel. The purified conju- 
gate with one progesterone molecule bound to one HRP 
molecule (P-HRP) was selected, diluted with the same 
volume of Buffer B, and stored at -4°C. The concentra- 
tion of P-HRP in solution was determined by compar- 
ing its activity in a solid-phase assay with standard con- 
centrations of free HRP. The enzymatic activity of the 
conjugate was preserved without loss for more than 1 
year. 

Determination of Parameters for Labeled Antigens 

For quantitative estimations, we considered for the 
microwells a cylindrical geometry with 6.4-mm diame- 
ter and 6.2-mm height for a fill volume of 200 ~1 per well. 

If not otherwise mentioned, all assays were per- 
formed in duplicate, and the means were used for the 
plots. The microwells with immobilized P-Ab used for 
the determination of parameters were prepared by incu- 
bating 200 ~1 of 5 pg/ml BQ.l. Nonspecific binding mea- 
sured by NS-Ab was subtracted from total binding. 

Surface density of antibodies on solid surfaces. The 
labeled progesterone (e.g., P-HRP, 125I-P) was incu- 
bated at different concentrations in microwells that 
contained P-Ab. The buffer used for the dilution of the 
antigens was Buffer B unless otherwise mentioned. 
After incubating 2 h for small antigens (e.g., native pro- 
gesterone, 125I-P) or 5 h for a large antigen (e.g., P- 
HRP), the unbound portion was separated by washing 
the microwells with deionized water. The concentration 
of bound antigen was determined by calorimetric detec- 
tion for the enzyme conjugate or by monitoring the y-ra- 
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diation of the radiolabeled derivative with a -y-counter. 
The concentration of antibody measured by each la- 
beled antigen were determined by Scatchard analy- 
sis (4). 

On-rate constants. The on-rate constant of the P- 
HRP to P-Ab was measured by incubating 200 ~1 of the 
labeled analyte (45 pM P-HRP or 64 pM 125I-P) in the 
microwells with the immobilized antibody for different 
time intervals. The microwells were agitated on a 
shaker to facilitate mass transfer of the antigen from 
the bulk solution to the solid surface. At predetermined 
times, the unbound antigen was separated, and the con- 
centration of the bound antigen was measured as de- 
scribed above. 

Off-rate constants. To measure the dissociation rate 
constant of P-HRP from the antigen-antibody com- 
plex, 200 ~1 of the labeled analyte (120 pM P-HRP or 2.8 
nM 125I-P) was preincubated in the wells with the immo- 
bilized antibody. After incubating for 2 to 5 h, the wells 
were washed, and 200 ~1 of about 300 nM P-Ab was 
added to capture dissociating antigen. At predeter- 
mined time intervals, the wells were washed and the 
concentrations of the bound antigen were measured. 
These experiments were also carried out with agitation 
(stirring conditions). 

Effective diffusion coefficients. The effective diffu- 
sion coefficients were determined for P-HRP and for 
“‘1-P. The experimental setup was identical to that 
used for the determination of the on-rate constants ex- 
cept that nonstirring conditions were used. 

Penetration (hydrodynamic) layer thickness. The 
thickness of the layer on the solid surface that was not 
disturbed by agitation (penetration layer) was derived 
from the initial binding rates of radiolabeled and en- 
zyme-labeled tracers as described under Results and 
Discussion. To determine the initial binding rates, we 
incubated in P-Ab-coated wells 190 ~1 of Buffer B and 
10 ~1 of the labeled analyte (0.9 nM P-HRP or 1.3 nM 
“‘1-P) under agitation on an orbital shaker. The 
amount of labeled antigen bound after 10, 20, and 30 s 
was determined. 

Determination of Parameters for Native Antigen 

Contrary to labeled antigens, the native antigen does 
not generate signals that are readily measurable. There- 
fore, the four variables described above were obtained 
by indirect methods. The on/off-rate constants were 
measured for the native antigen while the antibody con- 
centration on the solid surface and the effective diffi- 
sion coefficient were substituted with results obtained 
with 12’I-P as tracer. 

The methods used for the determination of the on/ 
off-rate constants of the native antigen were as follows: 

(a) determine the equilibrium binding constant (5) from 
dose-response curves (see below) by using lz51-P as sig- 
nal generator, (b) measure indirectly the off-rate con- 
stant by means of 125I-P, and (c) calculate the on-rate 
constant from the determined two values. 

Off-rate constant. Two hundred microliters of 320 
nM progesterone was incubated in the microwells with 
the immobilized antibody. After incubation for 2 h, un- 
bound antigen was separated, and 200 ~1 of 2.8 nM lzsI-P 
was added to the wells. At predetermined times, the 
wells were washed, and the remaining radioactivities 
were measured. The measured concentration of the 
bound radiolabeled analyte indicated the amount of the 
dissociated native analyte from the binding complex 
with the antibody (for details see below). 

Kinetic Binding Curves 

The kinetic binding curves of antigens to antibody 
were obtained by measuring the concentrations of the 
bound antigen over time as described for the determina- 
tion of the penetration layer thickness except for the 
incubation periods (binding of analytes was followed for 
up to 5 h). 

Dose-response Curves 

Dose-response curves were obtained by a competitive 
immunoassay in microwells with immobilized antibody 
(coat with 200 ~1 of 2.5 pg/ml of BQ.l) and labeled pro- 
gesterone as tracer (i.e., P-HRP or “‘1-P) under non- 
equilibrium and equilibrium conditions. Equilibrium of 
the antigen-antibody complex formation was deter- 
mined by measurement of labeled antigen over time. A 
solution with a constant concentration of the labeled 
antigen (50 ~1 of 350 PM P-HRP, 50 ~1 of 300 PM) and 
different concentrations of progesterone in Buffer B 
was added to the wells (total volume 200 pl), and incu- 
bated for 2 h (radiolabeled tracer) and 5 h (enzyme la- 
beled tracer) on an orbital shaker, after which equilib- 
rium with the respective tracers was reached. After 
washing the wells, the signal from the bound labeled 
progesterone was measured as described above. The 
dose-respone curves were analyzed by the log-logit 
transformation (6). 

RESULTS AND DISCUSSION 

Empirical Determination of Parameters 

To calculate the concentrations of antigen bound to 
the antibody over time by means of the analytical and 
numerical solution (Part I), we need to determine exper- 
imentally the following values: (a) surface density of 
antibodies on the solid matrix, (b) on/off-rate con- 
stants, (c) effective diffusion coefficients, and (d) pene- 
tration layer thickness. For immunosensors that use la- 
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FIG. 1. Scatchard representation of binding of enzyme-labeled an- 
tigen to immobilized antibody. The affinity constant K, was calcu- 
lated from the slope of the regression line and the number of binding 
sites on the solid surface from the intercept on the x-axis (K, = 1.2 
X 10” liter/mol). The variation of B/F for duplicate determinations 
are shown. 

beled and nonlabeled antigens, the on/off-rate con- 
stants and diffusion coefficients for these species need 
to be separately determined. As mentioned previously, 
this might not be straightforward for the native antigen 
which usually does not provide a physically measurable 
signal. 

For the purpose of this study, we have selected a 
solid-phase assay using an immobilized monoclonal an- 
tibody to the steroid hormone progesterone (2,7) and 
with a progesterone-horseradish peroxidase conjugate 
as signal generator (tracer). For comparisons, we have 
also used a ‘251-tyrosine methyl ester bound to proges- 
terone as tracer. 

Determination of Independent Variables for Labeled 
Antigens 

In the following examples, we demonstrate the empiri- 
cal determinations of variables by means of a conjugate 
between progesterone and horseradish peroxidase 
which was purified by afhnity chromatography. The an- 
tigen-antibody complex with this conjugate was mea- 
sured by a calorimetric reaction with tetramethylbenzi- 
dine (8). 

Surface density of antibodies CT’). To determine the 
amount of antibody (2”) on the surface of microwells, 
the ratio of the bound conjugate (B) to the unbound (F) 
is plotted against B (Fig. 1) according to the Scatchard 
equation (3), 

BIF = K,T’ - K,B, PI 

where K, is the equilibrium binding constant. Plotting 
B/F vs B provided a straight line for linear regression 
which indicates that a homogeneous population of anti- 
gen-antibody complex is present. The slope of the re- 
gression line allows one to determine K,. The concen- 
tration of antibody T’ can then be extrapolated from the 

x-intercept. Calculated 2” in this example is expressed 
as moles per well. For the computations of the equations 
presented in Part I, we have converted moles per well 
into moles per mm2. 

The determination of the maximal number of binding 
sites for analyte-enzyme conjugates by methods that 
require extrapolation may meet some technical limita- 
tions. For example, in the Scatchard plot (Fig. I), values 
close to zero B/F are impossible to obtain because a 
large concentration of bound enzyme conjugate de- 
velops colored products so fast that linear measurement 
of the optical density becomes a problem. Therefore, 
one needs to extrapolate the regression line over some 
distance which may lead to some inaccuracy in the num- 
ber of binding sites, B. Despite the large extrapolation in 
this example, we obtained good agreement between the 
model and experimental results. 

On-rate constant (lz,,). The rate equation for the an- 
tigen-antibody binding (Part I) is simplified by neglect- 
ing the off-rate (dissociation), and the concentration of 
unoccupied binding sites is substituted with the concen- 
trations of total and occupied binding sites from the law 
of mass action for the antibody. After integration, the 
following simple expression [2] for the empirical deter- 
mination of the on-rate constant is obtained (9), 

-ln{(T - B)/(T’ - B)) 

= -(T - T’)kJ + In(T’/T), [2] 

where T is total concentration of antigen per well. The 
on-rate constant, k,,, can be calculated from the slope 
(-(T - T’)k,,,,) of the plot (-ln{(T - B)I(T’ -B)}) vs t. 
However, experimental results of the plot (Fig. 2) are 
nonlinear for two reasons: (a) the binding reaction be- 
comes diffusion limited, i.e., the on-reaction rate ex- 
ceeds the diffusion rate of the molecules to the immobi- 

I  I  I  1 
I  

0 60 120 180 240 300 

Time [ min] 
FIG. 2. Determination of the on-rate constant, k,,, for binding of 
progesterone-HRP conjugate to immobilized antibody over time. 
From the initial data, a linear regression line is constructed (Inset). 
The slope can be used to calculate k,,. 
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FIG. 3. Determination of the off-rate constant, kO,r. The dissocia- 
tion of progesterone-HRP conjugate from immobilized antibody is 
measured over time. A linear regression line is constructed from the 
remaining bound conjugate before reassociation superimposes dissoci- 
ation. The slope represents k,. 

lized antibody, and (b) dissociation supersedes associa- 
tion increasingly with time. However, both factors are 
negligible at the initial period of the reaction. The on- 
rate is determined by measuring the initial slope for 
binding of the antigen (10) before the reaction is diffu- 
sion controlled. Therefore, the slope is typically mea- 
sured within the first 30 s. 

Off-rate constant (k$. The dissociation rate of the 
antigen from the antigen-antibody complex on the solid 
surface was measured in the presence of excess antibody 
in solution to capture the dissociating antigen. We used 
an antibody concentration of 300 nM that provided a 
mean free path between the antibody molecules in solu- 
tion of 2 X 10m3 mm which is 45 times shorter than the 
penetration layer thickness (9 X lo-’ mm). The anti- 
body concentration is sufficiently high so that antigen 
dissociation is not diffusion controlled at the initial pe- 
riod. Under this condition, the on-rate term in the reac- 
tion rate equation can be neglected and we obtain [3] 
after integration, 

log(B/B,) = -k&/2.303, [31 

where B, is the concentration of the binding complex at 
the initial time. As shown in Fig. 3, the plot of experi- 
mental data of [log(B/B,)] vs t follows initially a linear 
regression with the slope of (-kJ2.303). However, at 
extended periods of incubation, reassociation of the dis- 
sociated antigen accounts for deviation from linearity. 
Therefore, the slope is constructed only from the data 
obtained from the initial incubation period (20 min). 
This method gives an approximation for kofi by using the 
linear range of the curve before reassociation starts to 
affect the equilibrium (10). 

Effective diffusion coefficient (0). Under nonstirring 
conditions, the antigen-antibody complex formation 
might be diffusion controlled. In that case, it is assumed 
that the amount of antigen bound to antibody will be 

equal to the amount of antigen that reaches the surface 
by diffusion. The relation between bound antigen and 
the diffusion rate is shown in Eq. [4] for planar surfaces. 
This equation can be obtained by solving Fick’s second 
law of diffusion on planar surfaces under the boundary 
condition that the antigen concentration at the solid 
surface is zero at all times (11). However, a microwell 
has the geometry of a.cylinder with nonplanar surfaces. 
As a close approximation, we consider only planar sur- 
faces in our calculations. This is valid for the expected 
diffusion coefficients if (Dt/?) < 0.01 (r is the inner 
radius of microwell) in Eq. [4] (12). The concentration 
of the antigen (B) bound to antibody on the surface is 
related to the diffusion coefficient (D) and the time (t) 
by the equation 

B = 2S[Ag],(Dt/#“, [41 

where S is the surface area of a microwell that is covered 
with liquid and [Ag], is total concentration of antigen 
based on unit volume. The effective diffusion coefficient 
D can be computed by iterations for different times with 
Eq. [4] until the kinetic curve fits the experimentally 
obtained results (Fig. 4). 

Equation [4] has been derived only for three-dimen- 
sional mass transfer. However, since we obtained a good 
fit with experimentally determined data (representing 
all three processes: three-dimensional, lateral, and ro- 
tational diffusion; for details see Part I), we consider the 
calculated value as the effective diffusion constant. This 
is in agreement with other investigators’ results who 
determined three-dimensional diffusion to be the major 
component in mass transfer (13). 

Penetration layer thickness (a). To determine the 
penetration layer thickness, we used the Nernst equa- 
tion (11). Immediately after the antigen is added to the 
wells with the immobilized antibody, the association 

1.6 

-- Experh~ 

Calculated 

0 10 20 30 40 50 60 

Time 1 min ] 

FIG. 4. Determination of the diffusion coefficient, D. Under non- 
stirring conditions, the progesterone-HRP conjugate was incubated 
in microwells that contained immobilized antibody. The experimen- 
tal data were used to obtain a mathematical expression for the diffi- 
sion coefficient (Eq. [4]). Averages and standard deviations are 
shown. 
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rate of the antigen with the antibody is faster than the 
molecules can reach the antibody; i.e., the binding reac- 
tion is diffusion-controlled (12). Thus, the formation 
rate of antigen-antibody complex initially reflects the 
influx of the antigen to the penetration layer from the 
bulk solution (Part I), 

d[Ag:Ablldt = W4([&1, - [Ad,), PI 

where [Ag:Ab], [Aglb, and [Ag], are the concentrations 
of the binding complex, antigen in bulk solution, and 
antigen at solid surface, respectively. We calculate the 
initial slope of the kinetic binding curve (reaction rate 
(d[Ag:Ab]ldt) at t = 0). Substituting the slope, [Aglb 
= [Ag],, and [Ag], = 0 into [5], we obtain [6] as an ex- 
pression of the penetration thickness (a): 

a = (D[Ag],)l(d[Ag:Ab]/dt},,,. [61 

The penetration thickness was experimentally deter- 
mined by Eq. [6] at constant agitation on an orbital 
shaker. 

Determination of Independent Variables for Native 
Antigen 

Unlike labeled antigens, the native antigen does not 
generate signals that are readily measurable. Therefore, 
the four variables mentioned above that are required for 
the calculations of the numerical or analytical solution 
can only be obtained by indirect methods. 

For the example presented here, we have substituted 
three variables for the native antigen (total concentra- 
tion of antibody interacting with the native antigen, dif- 
fusion coefficient, and penetration layer thickness) by 
results obtained with an lz51-labeled derivative of pro- 
gesterone. The molecular dimensions of native proges- 
terone (M, 315) and the radiolabeled derivative (M, 730) 
are close when compared with the progesterone-HRP 
conjugate (M, 40,000). Therefore, the deviations for the 
determination of the diffusion coefficient and the pene- 
tration layer thickness are negligible. Likewise, it is as- 
sumed that binding of the radiolabeled tracer to the im- 
mobilized antibody is similar to the native antigen for 
the determination of binding sites on the microwells. 

It is difficult to determine the reaction kinetic con- 
stants (k,, and k,,) for antigen-antibody binding by 
means of the radiolabeled tracer because the interaction 
between this conjugate and the antibody might be af- 
fected by the chemical modification of the native anti- 
gen (e.g., by bridge group recognition (2,14)). Therefore, 
we have used indirect methods to obtain the equilibrium 
binding constant (K,) and the off-rate constant (&). 
The on-rate constant (which cannot be easily deter- 
mined directly because of lack of signal) can then be 

calculated from K, and 12,e by the relationship: K, 
= kO,lkO,fF. 

Equilibrium binding constant (K,) of native anti- 
gen. The equilibrium constant of the native antigen 
can be derived from a regular dose-response curve ob- 
tained with a labeled derivative of the analyte (tracer) 
(5). To this end, we need a mathematical expression 
that fits an experimentally obtained dose-response 
curve. Five equations need to be developed that contain 
expressions for five different variables, the concentra- 
tions of analyte-antibody complex, tracer-antibody 
complex, free analyte, free tracer, and unoccupied anti- 
body. In three material balance equations (for the ana- 
lyte, the tracer, and the antibody), two association con- 
stants (for the formation of tracer-antibody and for 
analyte-antibody complex) are substituted. Eventually, 
an expression for the free antibody concentration [Abla 
is obtained (superscript * stands for the radiolabeled 
antigen): 

1 - U-W,4Abl,){ 1 + KX%*l,N + K:[Abl3 

+ K,[&iMl + KUbl3) = 0. [71 

The nonlinear equation [7] is difficult to resolve ana- 
lytically for [Ab], Therefore, we used a numerical 
method (e.g., Newton-Raphson method (15)) to deter- 
mine [Ab], at a given K,. If [Ab], is known, the bound 
concentration of labeled antigen (B) can now be calcu- 
lated: 

B = S[Ag*:Ab] = [Ag*],(l - l/(1 + K;[Ab],)). [8] 

The calculated ratio BIB, (the concentration of the 
bound tracer in the presence of the native antigen di- 
vided by that without the native antigen) at equilibrium 
is plotted against the concentration of the native anti- 
gen (dose-response curve, Fig. 5). The binding constant 
of the native antigen is then determined by iterative 
calculations using [Ab], from [7] in Eq. [S] for given 
concentrations of the analyte. 

Off-rate constant. By using the radiolabeled antigen, 
the off-rate constant of the native antigen can be indi- 
rectly measured. Under the premise that the on-rate of 
the radiolabeled antigen is faster than the off-rate of the 
native antigen (radiolabeled antigen was used in excess 
to the bound native antigen), the dissociation of the 
complex between the native antigen and antibody is the 
rate-limiting step. For our model system, the ratio of the 
maximum on-rate of lz51-P over the off-rate of the na- 
tive analyte, i.e., (k&[Ag]t)/k,,f, is greater than 5. This 
proves that the dissociation rate of the native antigen is 
slower than the association rate of the radiolabeled an- 
tigen, and therefore, the dissociated amount of the na- 
tive antigen can be determined by measuring the bound 
labeled antigen without introducing a large error. Ac- 
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FIG. S. Experimentally obtained dose-response curve (‘%I-proges- 
terone derivative as tracer) compared with a mathematically derived 
curve. The theoretically developed mathematical expression was used 
to calculate the association constant, K,, for native progesterone. 
Averages and standard deviations for the experimental data are 
shown. 

cording to Eq. 131, the calculated BIB,, for the native 
antigen is plotted against time to determine the off-rate 
constant for the native antigen. 

Comparison between Theoretical Calculations and 
Experimental Results: Kinetic Binding Patterns 
of Different Sizes of Antigen 

We have developed the mathematical model (Part I) 
for the binding reaction between antigen and antibody 
at the liquid-solid interfaces. The independent vari- 
ables required for the calculations were empirically de- 
termined as described above and listed in Table 1. In 
this section, the kinetic binding curves (plots of B/T vs 
time) calculated by the two methods (analytical and nu- 
merical solutions) are presented together with the exper- 
imental results for three different antigen species (pro- 
gesterone-HRP conjugate, lz51-labeled progesterone, 
and native progesterone). All experiments shown in this 
section were performed under stirring conditions. 

Kinetic Binding of Progesterone-HRP Conjugate 

The kinetic binding curves obtained by theoretical 
calculations (analytical and numerical solutions) agreed 
well with experimental data (Fig. 6). The slightly better 
fit of the experimental data with the numerical solution 
is of little practical value since all data were so close. In 
conclusion, both the analytical and the numerical solu- 
tions can be used for predicting antigen-antibody bind- 
ing complex formation. 

The agreement of calculated kinetic binding curves 
with experimentally determined binding over time is en- 
couraging for setting up computer models for the opti- 
mal performance of immunosensors. With a minimum 
of labor intensive, experimentally obtained data, pre- 
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FIG. 6. Kinetic binding curves of progesterone-HRP conjugate to 
antibody immobilized on a solid matrix. Theoretical calculations by 
two different methods (analytical and numerical solutions) corre- 
lated well with empirical determinations (done in duplicate). Binding 
of the conjugate to the immobilized antibody is expressed as a ratio of 
bound over total antigen (B/Z’). Replicate experimental values did 
not exceed 6% of the mean for time points after 0.3 h. 

dictions can be made as to the requirements of quality 
and quantity of components of the analytical system. 

It took more than 4 h for the progesterone-HRP con- 
jugate to reach equilibrium at which the on-rate and the 
off-rate are identical. This was about four times longer 
than for the two smaller antigens (Figs. 7 and 8). The 
larger molecule diffuses slower at a given concentration 
gradient as driving force. 

The ratio of bound over total antigen (B/T) at equilib- 
rium is determined by two factors: (a) the equilibrium 
binding constant between antibody and antigen and (b) 
the concentration of the reactants. In these experiments 
(Figs. 6 and 7), we kept the concentrations of enzyme 
labeled and radiolabeled antigen about constant for eas- 
ier comparison of the results. With the enzyme tracer, 
the concentration of binding sites was estimated to be 
about 5 to 8 X 10-l’ mol/mm’ (Table 1). However, the 
same batch of wells showed a larger number of binding 

0 1 2 3 4 5 

Time [h] 

FIG. 7. Kinetic binding curves of an 1261-progesterone derivative to 
antibody immobilized on a solid matrix. The experimental results and 
theoretical calculations by two different methods agreed very well, as 
was seen with the enzyme labeled analog (Fig. 6). Each data point is 
the mean of duplicate determinations; the replicate values did not 
exceed 8% of the mean. 
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FIG. 8. Kinetic binding curves of native progesterone to antibody 
immobilized on a solid matrix, calculated by the analytical and nu- 
merical solution. 

sites if experimentally determined with a radiolabeled 
derivative as tracer (see below). 

Kinetic Binding of ‘251-Progesterone 

With an lz51-labeled derivative of progesterone as an- 
tigen, experimental results for binding over time were 
very closely reflected by theoretical calculations, when 
either the numerical or the analytical solution was used 
(Fig. 7). This is in agreement with the results obtained 
with the analyte-enzyme conjugate (see above). 

retical models are of particular value here (Fig. 8). How- 
ever, to execute the calculations, certain constants need 
to be entered into the computer programs. As men- 
tioned above, we described the derivation of kOE and k,,, 
the off- and on-rate constants for binding of native pro- 
gesterone to the antibody. We have substituted the con- 
stants for the penetration layer thickness, the number 
of binding sites on the solid matrix, and the diffusion 
coefficient, using values obtained from the radiolabeled 
tracer. The differences of these constants between the 
native antigen and the radiolabeled tracer are negligi- 
ble. Even for the determination of the diffusion coeffi- 
cient, doubling the size of the molecules does not sub- 
stantially change the diffusion rate (e.g., the diffusion 
coefficient of native progesterone is 1.5 times higher 
than that of the ‘251-progesterone derivative, but 12 
times higher than the enzyme-progesterone conjugate). 

Binding of native progesterone at equilibrium was 
lower than for the radiolabeled derivative because the 
binding constant is lower (3 X 10’ M-l). 

In an enzyme immunoassay, it is the competition be- 
tween the native and labeled antigens that determines 
the formation of the antigen-antibody complex over 
time (e.g., a combination of the curves shown in Figs. 6 
and 8). We analyze this situation below. 

Initial binding of the radiolabeled antigen, which has Dose-Response Curves with an Enzyme Tracer at 

less mass than the enzyme-labeled counterpart, is much Nonequilibrium and Equilibrium Conditions 

faster. According to our calculations (Eq. [4]), the diffu- In competitive immunoassays, two antigens are recog- 
sion coefficient of the smaller antigen was about 12 nized by the antibody: the analyte-enzyme conjugate 
times higher (Table 1). and the native antigen in the sample. The two antigens 

The ratio of bound over total antigen is higher for the 
radiolabeled derivative than for the enzyme conjugate. 
Both antigens have a binding constant with the anti- 
body that is not much different (10” M-’ from Scat- 
chard analysis). However, the effective concentration of 
binding sites measured with the radiolabeled tracer on 
the same batch of microwells was about 15 times higher 
than measured with the enzyme tracer (Table 1). There 
can be two reasons for this: (a) the enzyme conjugate 
can only utilize a limited number of antibody binding 
sites because of the large size of the enzyme, and/or (b) a 
nonhomogeneous population of binding sites exists on 
the surface. Scatchard analyses do not support the sec- 
ond option, although technical limitations might exist. 
At high B/F ratios, measurements with the enzyme 
tracer become very inaccurate because color develop- 
ment sets in very rapidly. We are currently further in- 
vestigating both working hypotheses. 

TABLE 1 

Experimentally Determined Parameters 
for Labeled and Native Antigens 

P-HRP ‘“I-P Native P Dimension 

Molecular weight 40,000 730 315 
Ab surface density” 

lb 7.7 x 10-17 1.3 x lo-16 - n-d mm? 
2’ 5.0 x 10-17 7.3 x 10-1s mol mm-’ 

On-rate eonstantd 3.2 x 10’2 2.7 X lo’* 4.2 X 1Ol2 mm3 mol-’ e-l 
off-rate constad 4.5 x 10-A 2.5 x lo-’ 1.4 x 10-S s-1 
Diffusion coefficient 3.0 x 10-S 3.7 x lo-’ mm’ SK’ 
Penetration layer 

thickness 8.1 x 10-Z 9.2 x 10-z - mm 

a The antibody surface density (mol mm-*) represents the amount 
of P-Ab (BQ.l) immobilized per unit surface area of microwells. 

b Values obtained by coating with 200 pl per well of an antibody 
solution of 5 pg/ml. These wells were used for the determination of 
the independent variables (see text) and for the kinetic binding 
curves. Kinetic Binding of Native Progesterone 

As mentioned previously, the native antigen does not 
provide a measurable signal, so the experimental deter- 
mination of kinetic binding curves is difficult. The theo- 

’ Values obtained by coating with 200 ~1 per well of an antibody 
solution of 2.5 pg/ml. These wells were used for dose-response 
curves. 

d The rate constants were determined for P-Ab (BQ.l). 
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compete for the same binding sites on the antibody but 
the smaller antigen reaches the antibody on the surface 
faster so that initial competition between the two anti- 
gens is different than at equilibrium. This is shown in 
Fig. 9. 

For the construction of dose-response curves, we 
coated the antibody at two times lower concentration 
(2.5 pg/ml, see Table 1) to the surface of microwells 
compared to the wells used for the determination of the 
independent variables (surface density, on- and off-rate 
constants, effective diffusion coefficient, and penetra- 
tion layer thickness) and the kinetic binding curves. 
This resulted in a lower surface density of the antibody 
and, therefore, in a higher sensitivity of the analytical 
system while the other variables were not affected. 

The calculations for kinetic binding curves in this 
section were based on the mathematical model devel- 
oped in Part I for the binding of a single antigen to the 
antibody. We extended the equations from Part I to two 
antigens to reflect the situation in a competitive binding 
assay. We obtained one equation for diffusion and one 
for antigen-antibody complex formation for each anti- 
gen (progesterone and progesterone-HRP conjugate). 
We theoretically calculated binding curves by the nu- 
merical method after combining the material balance 
equations for each antigen and for the antibody. 

In the absence of native progesterone (Fig. 9, &IT’), 
the enzyme-progesterone conjugate diffuses to the sur- 
face and forms the antigen-antibody complex until equi- 
librium is asymptotically reached where the on-rate and 
the off-rate are equal; i.e., the reaction is no longer dif- 
fusion controlled. The ratio of B/T' is smaller in the 
presence of native progesterone (Bo,,,,IT'; bound en- 
zyme tracer measured in the presence of 0.025 rig/well 
of progesterone). Formation of the antigen-antibody 
complex with native progesterone under these condi- 
tions (Fig. 9, dashed curve; P,,,,IT’) is much faster than 

I I 
0 1 2 3 4 5 

Time [h] 

FIG. 9. Theoretical kinetic binding curves. The bound antigen (en- 
zyme tracer: B; progesterone: P) is expressed as a ratio of total 
amount of immobilized antibody (2”). The subscripts are: B,, bound 
enzyme tracer in the absence of native progesterone; B,,025 bound en- 
zyme tracer in the presence of 0.025 rig/well of progesterone; and 
P 0,025 binding of 0.025 rig/well of free progesterone over time. 
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FIG. 10. The ratio B,,,/B, (see Fig. 9) over time. After 30 min, 
equilibrium is reached at 50% binding of the enzyme-progesterone 
tracer. Experimentally obtained results correlate well with the calcu- 
lated kinetic curve. Each data point is the mean of duplicate measure- 
ments; the replicate values did not exceed 6% of the mean. 

with the enzyme-progesterone conjugate. It peaks at 
about 15 min to decrease somewhat thereafter and re- 
main constant. The initial peak comes from higher pro- 
gesterone-antibody complex formation due to lack of 
competing progesterone-HRP conjugate that diffises 
slower. After a sufficient amount of the enzyme conju- 
gate reaches the immobilized antibody, some of the pro- 
gesterone molecules are displaced by conjugate, and 
equilibrium is eventually reached. In the absence of pro- 
gesterone-enzyme conjugate, the dashed line in Fig. 9 
can be compared with the binding curve in Fig. 8. 

It is the interaction between these kinetic curves that 
determines the performance of immunosensors under 
nonequilibrium conditions in competitive immunoas- 
says with antigens of different size, e.g., if the analyte is 
substantially smaller than the analyte-enzyme conju- 
gate. 

In competitive immunoassays, the analyte competes 
with the analyte-enzyme conjugate (tracer) for anti- 
body binding sites. Traditionally, this relationship is ex- 
pressed as the ratio of tracer bound (B) at different ana- 
lyte concentrations over tracer bound in the absence of 
analyte (B,). As mentioned above, the competition be- 
tween the two antigen species is time dependent. If at a 
constant concentration of native antigen (e.g., 0.025 ng/ 
well of progesterone, Fig. 10) the ratio B/B,, is experi- 
mentally determined, it can be shown that under the 
conditions of these experiments, this ratio becomes 
constant shortly after 30 min. 

This experiment provided a noteworthy result. As we 
have mentioned earlier, an identical preparation of an- 
tibody immobilized to the surface reveals about 15 times 
more binding sites if determined by Scatchard analysis 
with the smaller radiolabeled tracer compared to the 
enzyme-progesterone conjugate. The Scatchard plots 
follow a linear regression with good correlation for both 
antigens and we have not yet found any indication for a 
heterogeneous population of binding sites. Presumably, 
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FIG. 11. Dose-response curves of progesterone with a progester- 
one-HRP conjugate as signal generator and an immobilized monoclo- 
nal antibody at different incubation times at stirring conditions. At a 
short incubation time when the antigen-antibody complex formation 
is diffusion controlled (5 min), a less sensitive dose-response curve is 
obtained. For the 5-min curve, the range of duplicate estimations is 
shown. 

the large size of the analyte-enzyme conjugate prohibits 
its access to all available binding sites. If the native an- 
tigen displaces the enzyme-progesterone conjugate as 
shown in Fig. 10, the native progesterone should have 
all the binding sites available. However, the theoretical 
model correlates with the experimental results only if 
the number of binding sites available for the enzyme 
conjugate are entered. This strongly suggests that the 
analyte-enzyme conjugate is preferentially dissociated 
before other binding sites are occupied by the native 
progesterone. The mechanism of action of this process 
is the subject of further investigations. 

The time-dependent shift of the ratio BIB,, shows 
that measurements under nonequilibrium conditions 
with immunosensors that are not simultaneously cali- 
brated with standards need to be timed very precisely. 
However, under equilibrium conditions, timing of the 
incubation period is less important for accurate mea- 
surements. 

Finally, we have investigated the effect of incubation 
time on the performance of dose-response curves. It be- 
comes clear from the experiments shown in Fig. 10 that 
the “signal yield” is higher at longer incubation times; 
i.e., 0.025 rig/well of progesterone can displace about 
50% of the enzyme tracer after 30 min of incubation 
while only about 30% is displaced after 5 min (70% of 
the tracer is bound). Therefore, dose-response curves 
are less sensitive if performed at shorter incubation 
times (Fig. 11). If we define the sensitivity as the 
amount of analyte that displaces 50% of the tracer, 
about twice as much progesterone is required for 50% 
displacement after 5 min of incubation as compared 
with 30 min and longer (i.e., at equilibrium). As ex- 
pected from results shown in Fig. 10, dose-response 
curves at incubation times longer than 30 min are not 

significantly different. The differences shown in Fig. 11 
reflect experimental variations. 

These studies have shown that quantitative measure- 
ments with immunosensors can be made after a few min- 
utes of incubation. It is also notable that the progester- 
one-HRP conjugate requires 3 to 4 h to reach 
equilibrium for the formation of antigen-antibody bind- 
ing complex (Fig. 6) but dose-response curves in a com- 
petitive binding assay with the same enzyme conjugate 
as tracer do not substantially change anymore after 
about 30 min. 

It should be emphasized that the quantitative rela- 
tionships shown in this section are idiosyncratic for this 
particular analytical system. In particular, the binding 
constants between the antibody and the two antigens 
(analyte and the analyte-enzyme conjugate) can sub- 
stantially affect the dose-response curves at different 
incubation times. Therefore, for other applications, 
each antigen-antibody combination needs to be sepa- 
rately investigated. 

As we have mentioned earlier, all experiments de- 
scribed in this publication were carried out under stir- 
ring conditions, if not specified otherwise. It is of practi- 
cal value to know the difference of antigen-antibody 
formation between stirring and nonstirring conditions. 
As we have shown, diffusion can substantially affect 
quantitative measurements under nonequilibrium con- 
ditions. However, is agitation necessary under equilib- 
rium conditions? 

Since the diffusion rate is partially a function of vol- 
ume, it is desirable to operate an immunosensor with 
small reaction volumes. The volume for three-dimen- 
sional diffusion can be reduced by agitation, but a pene- 
tration layer still remains. With 200 ~1 of liquid in the 
microwells as used in these experiments, reducing the 
volume for three-dimensional diffusion by agitation did 
not contribute substantially to increased diffusion 
rates. We found little difference in the dose-response 
curves whether the wells were agitated or not (Fig. 12). 
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FIG. 12. Dose-response curves at different incubation times under 
nonstirring conditions. If the reaction is no longer diffusion con- 
trolled, the sensitivity of dose-response curves is similar to those at 
stirring conditions (see Fig. 11). For the 4-h curve, the range of dupli- 
cate estimations is shown. 
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For 50% inhibition of the enzyme tracer at stirring con- 
ditions, 21 to 25 pg/well of progesterone was required at 
equilibrium (i.e., incubation times >30 min) compared 
to 25 to 29 pg/well under nonstirring conditions. 
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