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The concept of a competitive enzyme immunoassay that 
utilizes simultaneously the  bound and the free analyte- 
enzyme conjugate (heterobifunctional conjugate) for signal 
generation in response to varying analyte concentrations in 
samples has been investigated. Two antigenic sites of the 
heterobifunctional conjugate are used in the assay for bind- 
ing to immunoglobulins: the analyte derivative binds to an 
immobilized antibody, Ab and the enzyme component 
binds to a spatially separated immobilized antibody, Ah2. 
The analytical system is set up such that in the absence of 
analyte, the conjugate is predominantly bound in the com- 
partment that contains Ab ,. With increasing concentration 
of native analyte in samples, an increasing amount of conju- 
gate migrates to the second compartment that contains 
Abz.  The enzyme bound in each compartment is used for 
signal generation. Mathematical models have been devel- 
oped to determine the optimal conditions and to predict 
the performance of such dual-antibody systems. The theo- 
retical predictions are supported by experimental results. 
The dual-antibody system has been compared with a con- 
ventional competitive enzyme immunoassay using the 
same reagents. 
Key words: immunoassay mathematical modeling analyte 
monitoring 

INTRODUCTION 

Competitive immunoassay is the most commonly used 
method for the quantitative determination of small ana- 
lyte in  sample^.^*",'^ In these assays, an excess of labeled 
analyte (e.g., radiolabeled derivative or analyte-enzyme 
conjugate, the tracer)16 competes with native analyte 
from the sample for limited binding sites at the anti- 
body. One of the characteristics of this type of assay is 
that free antigen (i.e., not bound to the antibody) needs 
to be separated from the antibody-bound antigens to 
obtain a meaningful reading for quantitative analysis. 
As a consequence, excess labeled tracer is discarded and 
not available for signal generation. 

We have investigated an analytical system that uti- 
lized simultaneously the bound as well as the excess, 
i.e., the free, tracer for signal generation in competitive 
enzyme imm~noassays.'~ Two antibodies are present 
during the formation of the antigen-antibody complex: 
one antibody to the native and the labeled analyte, and 

* To whom all correspondence should be addressed. 

another antibody to the enzyme that constitutes the 
tracer (signal generator) in the analyte-enzyme conju- 
gate. In response to different analyte concentrations, 
the analyte-enzyme conjugate can shuttle between the 
two antibodies that are immobilized on separate solid 
matrices. 

In this article, we describe the theoretical basis for 
this dual-antibody system and compare mathematical 
models with experimentally obtained results. In particu- 
lar, the signal yields and the sensitivities of the tradi- 
tional enzyme immunoassay and the dual-antibody 
method are compared. 

We will report elsewhere on the application of the 
dual-antibody assay with a heterobifunctional binder as 
signal generator in a disposable strip test based on im- 
munochromatography. The concept can also be applied 
to the construction of sensors that are suitable for con- 
tinuous monitoring of analytes in a medium stream.15 

DEFINITION OF TERMS 

Experimental Model 

Two different antibodies as binding proteins are immo- 
bilized on spatially separated solid surfaces [Fig. l(A)]. 
One antibody (Abl) recognizes the analyte to be de- 
tected. The other antibody (A2) binds specifically to 
the signal generator, e.g., an enzyme. The heterobifunc- 
tional signal generator, consisting of one analyte mole- 
cule bound covalently to one enzyme, can bind to either 
antibody. However, conditions can be selected such that 
the heterobifunctional conjugate (Co) binds predomi- 
nantly toAb, at the ground state, i.e., in the absence of 
external analyte [Fig. l(B)]. This can be achieved by 
selecting the appropriate ratios of either the binding 
constants or the concentrations of the two antibodies to 
the respective antigens. External analyte from a sample 
competes with the conjugate Co for binding sites on 
Abl, and eventually the conjugate dissociates and is 
then captured by ,462 [Fig. l(C)]. As a result, the pres- 
ence of analyte causes a shuttling of the signal genera- 
tor (analyte-enzyme conjugate) from the area occupied 
by antibody Abl to the area containing antibody A&. 
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Figure 1. Experimental model of the enzyme-shuttle immunoassay. The model consists of two binding proteins, i.e., antibodies to 
the analyte and to the enzyme (A). The heterobifunctional conjugate that binds to either antibody is added and binds predominantly 
to analyte antibody (B) as a result of controlled equilibrium conditions (see text). Upon adding of external analyte, competitive 
binding between two species (native and enzyme-conjugated analyte) results in the dissociation of the conjugate from the analyte 
antibody and the conjugate eventually binds to the enzyme antibody (C). 

Mat hematical Model 

We developed an equilibrium model of antigen-antibody 
binding to describe the theoretical basis of the analyti- 
cal system shown in Figure 1. Because the concentra- 
tions of conjugate, i.e., signal generator, on the two 
antibodies provides a differential signal that reflects 
the native analyte concentration, we will first study 
mathematical models to determine the concentrations 
of analyte-enzyme conjugate bound to Abl and Ab2. 

We used the following five equations for the modeling: 

1. two equations for the equilibrium binding reactions of 
the conjugate with Ab, and Abz, 

2. one equation for the equilibrium reaction of the ex- 
ternal analyte with Abl,  and 

3. two equations from the law of mass action €or each 
antibody interacting with its antigen, i.e., total anti- 
body = unoccupied antibody + antigen-antibody 
complex. 

The five equations were used to express the concentra- 
tions of bound conjugate to each antibody, [Ab, :Co] 
and [Ab, : Co], by means of unbound conjugate, Co, and 
native analyte P (analyte from the sample). 

(3) 
Equation (3)  is nonlinear and, therefore, analytically dif- 
ficult to solve for [Co] as a function of the independent 
variable [PI. However, certain boundary conditions, 
e.g., the initial and the final states of the immunoassay 
system as defined later, allow us to simplify the mathe- 
matical expressions. 

Differential Signal 

Two antibodies are involved in binding the analyte- 
enzyme conjugate (the signal generator), and the amount 
of conjugate bound to both antibodies, Ab, and Ab2, is 
proportional to the analyte concentration. Therefore, 
the conjugate bound to both antibodies can be used to 
monitor a differential signal (DS) that is defined by 
( [ A h  : Co] - [Abz : Co] ). We want to optimize the equi- 
librium such that in the absence of external analyte 
(initial state, [PI = 0) the majority of conjugate mole- 
cules is bound at Abl. At a given K a l ,  [ A h ] ,  KU2, and 
[Ab,z], we can calculate the maximal differential signal 
for the unbound conjugate concentration at the ini- 
tial state [CoJ from d(DS)/d[Co] = 0 by substituting DS 
with eqs. (1) and (2). 

Equations (1) and (2) allow us to obtain the concentra- 
tion of unbound conjugate Co as a function of the ana- 
lyte, so that the concentrations of bound conjugate, 
[Ab,:Co] and [Ab,:Co], can be expressed by the only 
independent variable [PI. If [Co,] is the total concentra- 
tion of conjugate, [Co,] = [Co] + [ A h  : Co] + [Ab2 : Co]. 
Substituting [Ab, :Co] and [Ab2 :Co] in this equation 
with (1) and (2), the following expression (3)  is obtained. 

where K = (K,1/Ku2)1’2 and (Y = ([Ab,2]/[Ab,1])”2. The 
optimal [Co], such determined, we can now calculate 
the differential signal at the initial state (DS,). 

DS, = [ A h  :Co], - [Ab2:Col = 

In addition, [Co], permits us to calculate the total con- 
centration of conjugate, [Co,] (i.e., bound to both anti- 

[Ahll(1 - f f / K ) z  (5) 
(1 - l/KZ) 
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bodies + unbound), from eq. (3) by setting [PI = 0 [see 
eq. (6.4)]. 

Native analyte will compete with the conjugate for the 
binding sites of the analyte antibody, Ab,.  An increase 
in the concentration of the analyte causes proportion- 
ally increased dissociation of the conjugate bound to 
A b l .  We define the final state when no conjugate is 
bound to the analyte antibody in the presence of a high 
concentration (excess) of the analyte [Fig. l(C)]. The 
maximal amount of conjugate that can bind at the final 
state to the enzyme antibody depends on the concen- 
tration -of total conjugate, the affinity constant of Abz, 
and the concentration of this antibody. 

At this state, eq. (3) for [Co,] is simplified: the second 
term of the right-hand side is eliminated because none 
of the conjugate is bound toAbl. This equation can now 
be solved for the unknown concentration of unbound 
conjugate [Co] at the final state ([Co],). From the calcu- 
lated positive root of [Co],[see eq. (6.1)], the differential 
signal, DS,, at the final state is obtained: 

where 

We have now determined the optimal conjugate concen- 
tration and the differential signals at this Concentration 
for the two boundary conditions: absence and excess of 
native analyte. The signals for dose-response curves will 
give values between these extremes. This provides the 
basis for calculating the signal yield and the sensitivity 
of the assay. 

Signal Yield 

For designing optimal immunoassays, it is desirable to 
obtain a maximal signal yield in response to analyte 
concentrations. The signal yield is defined as the ratio 
of the total change of signal in dose-response curves 
over a given input signal. Because the quantity of signal 
is difficult to express mathematically, we use the amount 
of conjugate contributing to the signal generation for 
calculations. With two antibodies binding the analyte- 
enzyme conjugate, the signal yield represents the sum 
of differential signal on the two detectors (i.e., the com- 
partments containing Ab, and Ab2) at the initial and 
final state divided by the total conjugate, (DSi -DSf)/ 
[Co,]. We will compare the signal yield of the dual- 

antibody system with that of a representative conven- 
tional immunoassay. 

In a conventional immunoassay, the maximal signal 
that can be obtained is determined by the amount of the 
immobilized antibody (Ab,).  In the border case, all the 
idiotypic sites of this antibody are occupied by analyte- 
enzyme conjugate, i.e., [Ab,,] = [Ab, :Co]. However, 
this state is not reached in practical terms. If we express 
the practical signal yield, Bo/[Co,] = [Ab, : Co],/[Co,], 
as a fraction of the maximal signal yield, we obtain 
Bo = r[Ab,J where r is defined as the ratio of the prac- 
tical yield to the theoretical, maximal yield. The ratio r 
depends on the concentration and binding constant of 
the antibody and the concentration of the conjugate. 
[Abl : Co] in eq. (1) is substituted with Bo at [PI = 0, and 
[Co] in this expression is then replaced by ([Cot] - Bo) 
from the mass balance equation for the conjugate. Be- 
cause Bo is equal to r[Abtl], the final expression can be 
solved for r to obtain eq. (7). 

where 

c = 1 + K,I[CO,I + K,,[Ab,,I 

The ratio r is a measure for reaching the maximal (theo- 
retical) signal yield in conventional competitive im- 
munoassays. Ideally, r will approach unity; in practice, 
however, it will be lower. For example, in the conven- 
tional assay described below with the reagents used for 
these investigations, r is about 0.5-0.6 if 70% of the to- 
tal tracer is bound in the absence of native antigen (Bo). 

By using eqs. (5)-(7), the ratio of the signal yields, 
(DS, - DSf)/Bo, of the model system to the conven- 
tional system is calculated as follows: 

The calculated ratio from eq. (8) shows which system 
generates a higher maximal signal under comparable 
conditions, i.e., the same concentration of total conju- 
gate and the antibody to analyte. If the ratio is greater 
than unity, the dual-antibody system is more efficient 
in the utilization of the conjugate for signal generation. 

Sensitivity 

The sensitivity of immunoassays is often defined as the 
minimal concentration4 of detectable analyte, although 
this definition does not consider the slope6 of dose- 
response curves. For practical purposes, we will refer in 
the following to sensitivity as the amount of analyte 
that is required to displace from the antibody 50% of 
conjugate (EDso).'2S We will now provide the mathemati- 
cal basis for comparing the EDso of the conventional 
and the dual-antibody assay. 
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Because a conventional system involves onlyAbl, the 
dose-response curve is obtained as the plot of the bound 
conjugate [Ab, :Co] = B vs. [P,]. [P,]  is the total concen- 
tration of the unbound, [PI, and the bound analyte to 
the antibody. For convenience, [El is first expressed as 
a function of [PI by using the law of mass action for the 
analyte andAbl, and the equilibrium equations between 
the antigens and the antibody. [PI is then calculated 
from eq. (1). [Co] in this equation can be substituted 
with ([Co,] - B) if the concentration of the conjugate is 
expressed by the law of mass action. Consequently, [El 
can be expressed with respect to B at the given concen- 
tration and binding constant of the antibody. Then, at 
B = B0/2 = r[Ab,1]/2, [P,] is equal to ED50 for the con- 
ventional system as shown in eq. (9). 

where 

Because the dose-response curve of the enzyme-shuttle 
system is represented by a plot of the differential signal 
(DS = [Abl :Co] - [Ab2 :Co]) against [P,] ,  [E l  is equal 
to ED50 at DS = (DSi + DSf)/2. Under this condition, 
[Co] is equal to [ C O ] ~ ~ ,  and the ED50 for the model is 

Because DS is defined as ([Abl :Co] - [Ab2:Co]), it is 
a linear function of [Abl : Co] and [Ab2 : Co] if the dose- 
response curves, [Ab,:Co] and [Ab2:Co] vs. [Pt] are 
symmetric. Dose-response curves in immunoassays can 
become nonsymmetric if the concentration ratio of anti- 
body to conjugate increases.' This occurs, however, at a 
ratio that is not optimal for achieving a sensitive assay. 
Another source for nonsymmetric curves are hetero- 
geneous antibody or tracer populations.2 We assume 
negligible deviation form symmetry for the sigmoidal 
dose-response curves in the dual-antibody assay because 
the antibodyhracer ratio needs to be optimized, and 
best results will be obtained with monoclonal antibodies 
and homogeneous analyte-enzyme conjugates. In this 
case, DS changes in a linear fashion with [Co] based 
on the relation [Co] = [Co,] - [Abl :Co]  - [Ab2:Co].  
Therefore, at DS50 = (DSi + DSf)/2, CCo150 = ([CO]~ + 
[CoIf)/2. Expressions for [Co];, DS,, [Golf, and DSf are 
calculated from eqs. (4), (5), (6.1), and (6), respectively. 

Consequently, the ratio of (EDso)Model/(EDSO)Conv can be 
calculated from eqs. (9) and (lo), which represents the 
inverse of the sensitivity ratio, because the system with 
a lower EDSO shows a higher sensitivity. 

For the purpose of these calculations, we assume that 
Kap = Kal (i.e., the binding constants of the analyte- 
enzyme conjugate and the analyte to the antibody are 
the same). A difference in these binding constants 
would have little effect for the calculations because we 
are comparing the relative performance of the tradi- 
tional assay with the dual-antibody system. 

Dimensionless Variables 

To obtain quantitative values for these ratios, the bind- 
ing constants of the participating antibodies and their 
surface densities on the solid matrix, expressed as con- 
centrations, are required. These are incorporated into 
three factors that determine the signal yield ratios and 
the sensitivity ratios: the product between the bind- 
ing constant of Abl and the concentration of this anti- 
body, Kal[Ab, , ] ;  the ratio of the binding constants, 
Ka1/Ka2; and the ratio of the antibody concentrations, 
[Ah2Il[Ab,ll. 
Ratios of Signal Yield and ED5,, = 

Function of Ka~[Abt,], Ka1/Ka2, and [Abt2l/[Abtl1 (11) 
These three dimensionless variables regulate the perfor- 
mance characteristics of the dual-antibody assay. 

MATERIALS AND METHODS 

Materials 

Horseradish peroxidase (HRP, E.C. 1.11.1.7.; type VI, 
300 units/mg solid, RZ:3.0), 1,5-diaminopentane 
(cadaverine), poly-L-lysine hydrobromide (M W 421,000 
by viscosity test), and 3,3',5,5'-tetramethylbenzidine 
(TMB) were purchased from Sigma (St. Louis, MO). 
Disuccinimidyl suberate (DSS), CNBr-activated Sepha- 
rose 4B, Bio Gel P-30, and polypropylene monofilament 
cloth (113 mesh/inch) were purchased from Pierce (Rock- 
ford, IL), Pharmacia Fine Chemicals, Inc. (Piscataway, 
NJ), Bio-Rad (Richmond, CA), and Small Parts Inc. 
(Miami, FL), respectively. Monoclonal antibody specific 
to HRP (Ab2, E47) was obtained from Zymed Labora- 
tories Inc. (San Francisco, CA). The following mono- 
clonal antibodies were produced in this laboratory": 
two antibodies to progesterone, one with a high affinity 
constant (Ab,,  BQ.l) and the other with a low affinity 
constant (4C10); one antibody to HRP (A&, 9G9); and 
one antibody to urease for estimating nonspecific bind- 
ing (NS-Ab).  Progesterone derivatives were synthe- 
sized and characterized by high-performance liquid 
chromatography (HPLC): progesterone-lla-N-hydroxy 
succinimide (P-NHS); and progesterone-lla-hemisuc- 
cinyl-1,5-diaminopentane (P-CAD) by reacting P-NHS 
with cadaverine. 
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Immobilization of Antibodies on Disks 

Polypropylene monofilament mesh disks (6-mm diam.) 
were prepared with the following antibodies immobi- 
lized on separate disks: Abl(BQ.l), Abz (9G9 and E47), 
and NS-Ab. The immunoglobulins were immobi- 
lized by a modified procedure of the sodium periodate 
rneth~d.’”’~ The disks were cleaned in nitric acid, poly- 
L-lysine was coated on the surface, the lysine was 
reacted with antibody activated by NaI04, and the re- 
sulting imide bonds were reduced with NaCNBH3 as 
described e1~ewhere.l~ 

Preparation of a Defined Progesterone-HRP 
Conjugate 

The progesterone derivative, P-CAD, was chemically re- 
acted with the enzyme, HRP, via DSS as a cross-linking 
reagent. The conjugates were synthesized by: (a) react- 
ing P-CAD with two-molar excess of cross-linking re- 
agent; (b) after incubation for 30 min on a shaker, 
adding this mixture to enzyme with 20-mol excess of 
P-CAD; and (c) incubation for 2 h on a shaker. The 
reaction mixture of progesterone-HRP conjugate was 
dialyzed in 0.01 mol/L phosphate buffer, pH 7.0, con- 
taining 0.14 mol/L NaCl and 0.02% (wt/vol) thimerosal 
(PBS), and then partially purified by exclusion chro- 
matography on Bio Gel P-30. 

The conjugation mixture was finally purified on an 
immuno-affinity column (1.1 cm x 37 cm, 20-mL bed 
volume) with the IgG to progesterone, 4C10, immobi- 
lized on CNBr-activated Sepharose 4B gel. The puri- 
fied conjugate with one progesterone molecule bound to 
one HRP molecule (P-HRP) was selected, diluted with 
the same volume of PBS with 0.1% (wt/vol) gelatin (gel- 
PBS), and stored at -4°C. The concentration of P-HRP 
in solution was determined by comparing its activity in 
a solid-phase assay with standard concentration of free 
HRP. The enzymatic activity of the conjugate was pre- 
served without loss for more than 1 year. 

Measurement of HRP Activity 

To measure the activity of the HRP conjugate bound to 
antibodies on disks, unbound conjugate was removed 
from the disks by washing with deionized water, the 
disks were placed separately in nontreated microwells, 
and 200 p L  of a substrate solution for HRP was added. 
The substrate solution contained: 10 p L  of 3% (vol/vol) 
H 2 0 2  in water; 100 p L  of 10 mg/mL TMB in dimethyl 
sulfoxide; and 10 mL of 0.05 mol/L acetate buffer, 
pH 5.1. After developing color from the chromogen 
TMB3 at indicated times, 50 p L  of 0.5 mol/L H2S04 
was added. The disks were removed from the solution, 
and the absorbance was measured at 450 nm. 

Scatchard Analysis 

Scatchard analysisI4 was performed to determine both 
the concentrations of the antibodies immobilized on 

the disks and the binding constants between the conju- 
gate P-HRP and the specific antibodie~.’~ Disks bear- 
ing immobilized antibody were placed in microwells, 
and known concentrations of the conjugate were added. 
The buffer used for conjugate was gel-PBS. After 5 h in- 
cubation, the enzymatic activity of bound conjugate was 
measured as described earlier, and the concentration of 
the bound conjugate was determined by means of a 
standard curve of a known amount of HRP. The non- 
specific binding of the conjugate was measured from 
wells with NS-Ab immobilized, and subtracted from the 
total binding. All experiments were carried out in dupli- 
cate, and the means were used for Scatchard plots. 

Equilibrium Binding Curves 

Equilibrium binding curves for the complexes between 
P-HRP and the antibodies, Abl and A&, at the initial 
(without analyte) and final (with excess analyte) states 
were obtained to determine an optimal concentration 
of the conjugate. To this end, different concentrations 
of the conjugate were added to Abl immobilized on 
the disks as described earlier. To establish equilibrium 
at the final state, a standard solution of progesterone 
(20 p L  per well of a stock solution of 100 ng/mL) was 
added. The total volume was 40 p L  per well for all ex- 
periments. The wells were wrapped tightly in plastic 
film to avoid evaporation and then incubated for 15 h 
in a box maintained at 100% humidity. After this time, 
the disks were washed, and the concentrations of the 
conjugate bound to the disks were determined as de- 
scribed earlier. 

Dose-Response Curves 

The performance of the dual-antibody method was 
evaluated with dose-response curves by comparison 
with a conventional enzyme immunoassay as the control 
system with one antibody on the disk. Appropriately 
selected disks with the immobilized antibodies were 
placed in microwells, and P-HRP and progesterone stan- 
dards were added to obtain a total volume of 40 pL.” 
At equilibrium, the concentrations of the conjugate 
specifically bound to each antibody were determined 
as described earlier. The dose-response curves were 
obtained by plotting the concentration of the bound 
conjugate against the concentration of progesterone. 
For the dual-antibody system, dose-response curves for 
each antibody were transformed to obtain a single curve 
(see later). 

RESULTS AND DISCUSSION 

The enzyme-shuttle immunoassay utilizes two basic 
components: a heterobifunctional conjugate and two 
binding proteins immobilized on separate solid matrices. 
In this study, the two binding proteins were monoclonal 
antibodies specific to the analyte (the steroid hormone 
progesterone, Abl),  and to the enzyme (horseradish 
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peroxidase, AbJ as the signal generator. The two anti- 
bodies were immobilized on spatially separated poly- 
propylene monofilament mesh disks. The disks were 
selected among solid matrices with different geometries 
(e.g., polyacrylamide rod/polystyrene tube, two glass 
rods) to increase the concentration of the antibodies 
based on unit volume. The heterobifunctional conjugate 
consisted of an enzyme molecule (HRP) to which one 
analyte molecule (progesterone) was chemically bound 
via a linker molecule. The concept for this enzyme- 
shuttle immunoassay is described in Figure 1. 

In comparing the dual-antibody system with a con- 
ventional competitive enzyme immunoassay, we have 
put forward two hypotheses: 

1. The signal yield from the analyte-enzyme conjugate 
is higher in the dual-antibody system if Kal 3 Ka2. 

2. The sensitivity in the dual-antibody system is equal 
or higher than in a conventional assay. 

The hypotheses will be investigated in the following. 

Performance Prediction 

The model system of the enzyme-shuttle assay was 
mathematically described for obtaining the signal yield 
and the sensitivity (ED5,,). For the evaluation of this 
analytical system, a competitive assay was selected as a 
control, and the ratios of the signal yields (eq. (S)] and 
EDso [eq. (10) divided by eq. (911 of these two systems 
were derived. The two expressions are determined by 
three major factors [eq. (ll)]. The effects of these three 
factors are graphically represented in Figures 2-5 by 
maintaining constant one factor and expressing the 
ratio of the signal yields or EDSo as a function of two 
others. For these analyses, the same amount of immobi- 
lized antibody Ab, and analyte-enzyme conjugate was 
used for the conventional assay and the corresponding 
dual-antibody system. 

Signal Yield 

We defined the signal yield as the ratio of the amount 
of conjugate contributing to the signal generation over 

Figure 2. The  signal yield ratios (i.e., dual-antibody system/ 
conventional assay) according to eq. (8) as a function of  KaI/K,z and 
K , I [ A ~ , I I  at [Ab,11 = [Ab,zI. 
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Figure 3. The signal yield ratios (i.e., dual-antibody system/ 
conventional assay) according to eq. (8) as a function ~ f [ A b , ~ ] / [ A b , ~ ]  
and KaIIAbf l ]  at KaI = 1O0Koz. 

Figure 4. The EDSO ratio (i.e., dual-antibody system/conventional 
assay) derived from eq. (10) divided by eq. (9) as a function of Ka1/  
KVz, K,I[A~,II at [ A b d  = [Ab,zI. 

lo-' 10' 103 10' 1 o7 
Kai [AbtJ 

Figure 5. The EDSO ratio (i.e., dual-antibody system/conventional 
assay) as a function of [Ab,z]/[Ab,,]  and K a ~ [ A b f l ]  at KO, = 100K.z. 

the total concentration (i.e., conjugate bound to anti- 
body over total conjugate). In the following, we analyze 
the effect of each of the three factors as mentioned in 
eq. (11) on the signal yield in the enzyme-shuttle system 
and a conventional assay. The signal yield of the dual- 
antibody method is normalized to that of the conven- 
tional assay. 

1. Constant [Abrz]/[Abrl] and Ka~[Abrl]; variable Ka1/Ka2 
(Fig. 2: select a given K,,[Ab,,] and follow they axis). 

The ratio of the signal yields for the dual-antibody sys- 
tem and a conventional assay was plotted against two 
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factors, K,,/Kn2 and K,l[Ab,l] [eq. (8), Fig. 21. The two 
antibody concentrations were kept equal (a = 1). To 
test the effect of the binding constant of enzyme anti- 
body (&), Kal is constant, and Ka2 is variable to obtain 
the following ratios: 

A. 

B. 

C. 

K,1/Ka2 > 1. The signal yield ratio is always 
greater than or equal to unity. Following they axis 
at a given K,,[Ab,,], the values of the signal yield 
ratios for different K,,/K,2 depend on the selected 
value for Kal[Ab,,] because the sigmoidal curves 
cross over. 
Kal/K,z = 1. The signal yields from both systems 
are identical. 
Ka1/Ka2 < 1. The signal yield of the dual-antibody 
system is lower than that of a conventional assay. 

These results show that a signal yield higher than in 
a conventional assay can be obtained with the dual- 
antibody system as long as a precondition applies: ex- 
cess binding of conjugate to Ab, at the initial state. 

2 .  Constant [Ab,2]/[Ab,1] and Ka1/Ka2; variable Kal[Ab,,] 
(Fig. 2:  select a given K,,/K,, and follow the x axis). 

A. 

B. 

C. 

K,,/K,, > 1. The signal yield ratio is directly pro- 
portional to [&,,]. At a high value of Ka1/Ka2, the 
signal yield ratio reaches asymptotically two. 
K,,/K,, = 1. The signal yields from the both sys- 
tems are identical and do not change with in- 
creasing Kal[Ab,,]. 
K,,/K,, < 1. The signal yield ratio <1 and de- 
creases asymptotically with increasing Kal[Ab,,]. 

3. Constant K,1/Ka2; variable [Abr2]/[Abtl] or Ka~[Ab,l]. 

In Figure 3, the signal yield ratio is plotted as a function 
of [Ab,2]/[Ab,l] and Ka1[Ab,,] by keeping K constant at 
a value of 10 at which Kal is 100 times larger than Ka2 
because K = (K,1/K,2)1’2. The concentrations of the 
antibodies are selected to obtain the values for [Abt2]/ 
[Ab,,] of 1, 2, 4, and 10. The signal yield of the dual- 
antibody system increases at a given [Abrz]/[Abrl] with 
increasing K,,[Ab,,] on the x axis. For selecting an opti- 
mal ratio of [Abr2]/[Abr,], it depends at what Kal[Ab,l] 
we measure because the sigmoidal curves cross over. 

From the analyses of Figures 2 and 3 ,  we confirm the 
first hypothesis and conclude: 

1. 

2 .  

3 

The signal yield in the dual-antibody system is higher 
than that in a conventional assay if the concentration 
of conjugate bound to&, is higher than that toAb2 
in the absence of analyte. 
The selection of appropriate binding constants for 
the dual-antibody system is more critical for higher 
signal yield than the variation of the concentrations 
of these antibodies (Fig. 2 vs. Fig. 3).  
Above a critical value (Ka1/Ka2 2 1, Fig. 2), neither 
selecting the binding constants of the two antibod- 
ies to their respective antigen nor manipulating the 
ratios of the concentrations of the antibodies in the 

dual-antibody system can increase the signal yield 
above a factor of two compared to a conventional 
assay (Fig. 3). 

Sensitivity 

We compared dose-response curves of the dual-antibody 
system with those of conventional competitive enzyme 
immunoassays. As a criterion for these comparisons, we 
selected the concentration of analyte that inhibited 
binding of tracer by 50% at the antibody that recognizes 
the analyte (EDSo). In the following, we will analyze the 
effects of the three variables described in eq. (11) on the 
ratio of the EDs0 from the dual-antibody and the con- 
ventional assay. The slopes of the logit-log transfor- 
mations of the sigmoidal dose response curves will be 
examined in Experimental Models. 

1. Constant [Abr2]/[Abrl] and Ko~[Abri]; variable K,, /Ka2 
(Fig. 4: select a given K,,[Ab,,] and follow they axis) 

Assume we keep the concentrations of the immobilized 
antibodies in the dual-antibody system constant and 
their ratio at unity (i.e., [Ab,,] = [Ab,,]) but we change 
the ratios of the binding constants Ka1/Ka2, e.g., by in- 
creasing Ka2 at a constant K,, . Moving along they axis in 
Figure 4 at a given K,l[Ab,l], the EDso ratio of the two 
assay systems decreases (i.e., the dual-antibody system 
is more sensitive) with decreasing values for Kal/Kaz.  In 
practical terms, an antibody to the enzyme, Ab2, with a 
higher binding constant can more efficiently remove 
dissociated analyte-enzyme conjugate (scavenger ef- 
fect), which is then also removed from competition with 
native analyte for binding sites on Abl . 

The advantage of higher sensitivity with the dual- 
antibody system can be achieved without loss of the sig- 
nal yield if the appropriate constants are selected. For 
example, the model with K,,/Ka2 = 1 and K,l[Ab,l] = 10 
gives an EDs0 ratio of about 0.4 (Fig. 4), i.e., the dual- 
antibody system is 2.5 times more sensitive than a con- 
ventional assay with a signal yield identical for both 
systems (Fig. 2). In a conventional assay, one may use 
less conjugate to obtain a comparable sensitivity, which, 
however, results in the generation of a weaker signal. 

2 .  Constant [Abr2]/[Abrl] and K,l/Ka2; variable K,l[Ab,l] 
(Fig. 4: select a given K,,/KO2 and follow the x axis) 

For any given set of Ka1/Ka2 (Fig. 4), the EDs0 ratio is 
inversely proportional to Kal[Ab,l], i.e., the dual anti- 
body assay is more sensitive at higher concentrations of 
the antibody [Abrl] compared to a single antibody assay. 
It should be noted that, for the purpose of this analysis, 
we set the precondition [Abrz] = [Ab,,]. While [Ab12] is 
not incorporated into a conventional assay, we compen- 
sate increased [Ab,,] in the dual-antibody assay with 
proportionally increased [Ab,,], which may account for 
a sensitivity ratio favoring the dual-antibody system. In 
the following, we will examine the effect of different 
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concentrations of the two participating antibodies in 
the dual-antibody assay. 

3. Constant Ka1/Kn2 and Kal[Ab,l]; variable [Ab,z]/[Ab,~] 

For the analysis shown in Figure 5, we have set the ratio 
Kn1/Ka2 at 100. Selecting a given Kal[Ab,,] and moving 
along they axis in Figure 5, the EDso ratio of the two 
assay systems decreases with increasing [ A b , ~ ] / [ A b , ~ l .  In 
practical terms, the more Ab2 (relative to Abl)  is used, 
the more sensitive is the dual-antibody assay. 

Based on these results, we confirm the second hy- 
pothesis and conclude: 

1 .  Sensitivity. An antibody with a high binding constant 
to the enzyme (Fig. 4) and/or used in a relatively 
high concentration (Fig. 5 )  increases the sensitivity 
of the dual-antibody system relative to a traditional 
(single-antibody) assay. 

Combining the findings from the first and the second 
hypothesis, we resolve: 

2. 

3. 

However, the conditions mentioned in 1 need to be 
reconciled with those for an optimal signal yield by 
controlling the ratios of the binding constants and 
the concentrations of the two antibodies (see Figs. 2 
and 3), e.g.: 

2a. 

2b. 

Sensitivity. A precondition for higher sensitivity 
compared with a single-antibody assay with a 
signal yield no less than in the traditional assay is 
the use of approximately the same amount of con- 
jugate bound (e.g., expressed in the ratio Kal/Knz 
at [Ab,l]/[Ab,z], Figs. 2 and 4) to each antibody 
in the absence of native analyte (initial state). 
Signal yield. To the contrary, excess binding of 
analyte-enzyme conjugate to the analyte anti- 
body at the initial state is the precondition to 
obtain a high signal yield without decreasing 
sensitivity. 

Although the relative sensitivities and signal yields 
between the dual-antibody system and a conven- 
tional assay are proportional to the product Knl[Ab,,], 
this factor may be a limiting variable for adjusting to 
optimal conditions. The binding constants of anti- 
bodies usually do not exceed 10” L/mo1.8s’8 Likewise, 
the concentration of the analyte antibody in competi- 
tive immunoassays cannot be increased infinitely be- 
cause the absolute sensitivity of an assay is inversely 
proportional to the amount of antibody used.I7 We 
will further discuss the resulting conclusion that the 
binding constant effect supersedes the concentration 
effect in Limitations and Applications. 

We have shown theoretically that, by optimizing three 
factors [eq. ( l l ) ] ,  two immunoassay characteristics can 
be improved by the dual-antibody method if compared 
with a single antibody assay: the signal yield and the 
sensitivity. In the following, the theoretical analyses are 
experimentally supported. 

Experimental Models 

We wanted to evaluate the dual-antibody assays with 
dose-response curves. To this end, we had to optimize 
the components of the assay. 

As the theoretical analysis has shown, it is favorable 
to operate the assay with an antibodyAbl that provides 
a high value for the product K,,[Ab,,]. Therefore, we 
selected an immunoglobulin to the analyte with a high 
binding constant (BQ.l”), and we immobilized it in a 
maximal concentration on the surface of polypropylene 
disks. Based on the experimentally determined binding 
constant of the immobilized antibody and the surface 
density as described else~here,’~ the experiments for 
the dual-antibody and the conventional assay were car- 
ried out at a constant value for Kal[Ab,,] = 13.9. The 
dual-antibody system was then optimized for the signal 
yield and sensitivity by varying the ratios of the binding 
constants, the antibody concentrations, and the amount 
of conjugate. 

Ratios and Binding Constants 

To vary the ratio of binding constants, two antibodies 
to the enzyme (9G9 and E47) with different binding 
constants were used in combination with the antibody 
to the analyte (BQ.1). We will describe two experimen- 
tal models for the dual-antibody assay: for Model A, we 
used the combination of antibodies BQ.l (Ab, )  and 
E47 (Abz) for which the ratio of binding constants was 
4.5 (Table I); for Model B, we used the antibody combi- 
nation BQ.l (Abl )  and 9G9 (A&) with a ratio of binding 
constants about 10 times higher (Knl /Ka2 = 48) than that 
in Model A. 

Ratios of Antibody Concentrations 

To express the signal yield and the EDso of the dual- 
antibody assay, we have now determined two of the 
three factors expressed in eq. (11): Ka1/Ka2 and K,IIAb,l]. 
The estimation of the remaining factor, the ratio of the 
antibody concentrations, [Ab,z]/[Ab,l], would require a 
substantial amount of experimentation if no indication 
as to the optimal ratio is available. Fortunately, we can 
estimate the approximate value for the effective ratio 
of the two antibody concentrations and then experi- 
mentally confirm the result. 

To this end, the signal yields and EDso of Model A 
and B, normalized to a conventional assay, are plotted 
against [Ab,2]/[Ab,l] (Fig. 6 )  by using eqs. (8) and (10) 
divided by (9), respectively. Model B containing Ab2 
with a lower binding constant (Ka1/Ka2 = 48) produced 
a higher signal yield at an optimal value of [Ab,2]/[Ab,l] 
(Fig. 6, upper panel). To the contrary, Model A with 
Abz (Ka1/Ka2 = 4.5) is better suitable for a more sensi- 
tive assay (Fig. 6, lower panel). The optimal values 
derived from these calculations are shown in Table I 
(without parentheses). 
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Table I. Factors derived from the optimum calculated for [Ab,l]/[Ab,z] (values without 
parenthesis) compared with the factors obtained under the applied experimental condi- 
tions (in parenthesis) for Models A and B. 

4.5 (Model A, BQ.l:E47) 1.5 (1.1) 0.94 (0.78) 1.2 (1.2) 0.36 (0.29) 
48 (Model B, BQ.l:9G9 7.0 (3.8) 1.0 (0.78) 1.4 (1.4) 0.47 (0.78) 

a Kal was constant (5.8 x 10'' L/mol), and Ka2 was variable. 
[ A b f l ]  was constant (2.4 x lo-'' mol/L), and [Abf2] was variable; theoretical optimal 

Theoretical values were calculated by using eq. (6.4) with the values for KOI/Ka2 and 

Theoretical values were derived from Figure 6, upper panel, experimental values from 

Theoretical values were derived from Figure 6, lower panel, experimental values from 

values derived from Figure 6, upper panel. 

[Ab,l]/[Ab,z] from the same row in Table I .  

Figure 7. 

Figure 8. 

We had technical limitations in immobilizing the op- 
timal amount of antibodies on the solid matrix. We 
were limited with the available volume and, conse- 
quently, with the amount of solid matrix in our system 
so that we could meet the requirements for optimal 
antibody ratios only for Model A but not for Model B. 
The experimentally obtained values shown in Table I in 
parentheses, therefore, differ for Model B from the cal- 
culated optimum (derived from Fig. 6). 

Conjugate Concentration 

Before we could perform dose-response curves with the 
dual-antibody assay, the only component remaining to 

1.5 

0.01 0.1 1 10 100 

[Ab&'[Abtll 

Figure 6. Theoretical signal yield ratio (eq. 8) and EDSO ratio 
[eq. (10)/(9)] as a function of [Ab,z]/[Ab,l]  and the KO1/K,z at con- 
stant K , I [ A ~ , I ]  = 13.9. At a given KaI/K,z (4.5 for Model A and 48 
for Model B; see Table I for antibodies used), optimal [Ab,z]/[Ab,,]  
was determined to obtain the maximal signal yield ratio. 

assess was the optimal concentration of the analyte- 
enzyme conjugate. For the amount of antibodies that 
have been optimized as described earlier, the appropri- 
ate conjugate concentrations could be calculated from 
eq. (6.4). The calculated values for [Co,]/[Abtl], corre- 
sponding to the antibody concentrations that give the 
highest signal yield ratios, are shown in Table I (with- 
out parentheses). In our experiments, we used about 
80% of the theoretically calculated concentration of 
progesterone-horseradish peroxidase conjugate because 
we wanted to avoid using standards with a high concen- 
tration to prevent potential precipitation of the steroid. 

Dose-Response Curves 

In a traditional competitive immunoassay, a sigmoidal 
dose-response curve is obtained where the signal is re- 
versibly proportional to the dose of the analyte. For the 
dual-antibody system, we can construct two sigmoidal 
curves: one that is similar to the traditional assay (de- 
rived from binding at&) and another one that is direct 
proportional to the analyte concentration (derived from 
binding at&). These two curves are then combined by 
subtracting the signal at each concentration, to obtain a 
differential signal as reported elsewhere.l5 All these op- 
erations can be easily performed by simple algorithms. 
This third dose-response curve, normalized to express 
the total concentration of bound analyte-enzyme con- 
jugate as a function of known analyte added, is finally 
used for the quantification of samples. 

Two such dose-response curves, Models A and B, 
are shown in Figure 7 and are compared with a curve 
obtained from a conventional assay. The total conju- 
gate that contributes to signal generation (y axis) is 
expressed here as a function of analyte added. Depend- 
ing on the selection of the two antibodies in the dual- 
antibody system, the initial amount of conjugate bound 
and the displacement in the presence of different 
amounts of analyte do not parallel bound conjugate in a 
conventional assay. 

We used the same amount of conjugate andAbl for all 
experiments shown in Figure 7. Therefore, the amount 
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Progesterone [ng/well] 

Figure 7. Bound conjugate in the dual-antibody assay (Models A 
and B) and a conventional competitive assay as a function of in- 
creasing anPlyte (progesterone) concentrations. The bound conju- 
gate for the dual-antibody assays is expressed as a differential 
signal for normalized curves as described e l s e ~ h e r e . ' ~  

of bound conjugate in the absence of progesterone 
reflects directly the signal yield according to our defini- 
tion (Definition of Terms). As expected from the theo- 
retical calculations (Table I), the conventional assay has 
a lower signal yield (absence of analyte), although the 
curve crosses over that of Model A at increasing con- 
centrations of progesterone at the expense of sensitivity 
(discussed later). 

The experimental signal yield ratios of the models 
and the conventional assay coincided well with those 
theoretically obtained (Table I). Comparing the two 
models, the signal yield was greater with Model B. 
These results experimentally prove the first hypothe- 
sis, and support the theoretical prediction that the dual- 
antibody system with a higher KG1 /Ka2 (Model B) utilizes 
more efficiently the analyte-enzyme conjugate and gen- 
erates a higher signal. 

To compare the sensitivity at 50% displacement of 
analyte-enzyme conjugate (ED5o), the three dose- 
response curves in Figure 7 were transformed into a 
traditional format, i.e., a plot of the ratio of the signal 
in the presence of analyte ( B )  over that in the absence 
of analyte (Bo)  vs. the native analyte concentration 
(Fig. 8). By comparing the EDso of the three systems, 
Model A required about three times less analyte than 
the conventional assay (see EDso ratio in Table I). The 
EDso of Model B and the conventional assay differed 
only by 20% in favor of higher sensitivity for the dual- 
antibody system. Under optimal conditions, up to about 
50% higher sensitivity can be obtained for Model B 
(Table I), but we used in our experiment less than the 
optimal amount of enzyme antibody. The experimental 
results agreed well with the theoretical predictions that 
the dual-antibody model with a lower K,,/Kn2 (Model A) 
can provide higher sensitivity (Table I). These experi- 
ments confirmed the second hypothesis. 

It is noteworthy that the logit-log transformations" of 
the sigmoidal dose-response curves (Fig. 8) showed that 
the slope of the curve from the single antibody assay 
was steeper than those from the two models of the dual- 

100 

. 
m 40 

20 

0.001 0.01 0.1 1 10 

Progesterone [ng/well] 

Figure 8. Comparison of sensitivities in dose-response curves in a 
traditional format by transforming the plot in Figure 7. Comparing 
the effective doses of progesterone to obtain 50% of BIB0 (EDs~), 
Model A increased sensitivity more than three times as compared 
to that of the conventional system. The sensitivity increase with 
Model A was greater than that with Model B. 

antibody system. Therefore, the detectable range of the 
analyte using the dual-antibody method is not only 
lower, but is also wider. 

Limitations and Applications 

Provided we have an antibody, Abl ,  with a given bind- 
ing constant to the analyte, Knl, and an analyte-enzyme 
conjugate, Co, which performance characteristics would 
we expect if we optimized two assays with these re- 
agents, a conventional enzyme immunoassay and the 
dual-antibody assay? 

In the dual-antibody system, the two dimensionless 
variables X,l[Ab,l] and [Co,)/[Ab,l] need to be carefully 
balanced to take advantage of the higher signal yield 
and sensitivity. This is different in a conventional assay 
where the only restriction is that a sufficient amount of 
conjugate is bound toAbl so that a reasonable signal can 
be obtained. 

For the dual-antibody assay apply these limitations: 

1. K,,[Abll]. The basic concept is the shuttling of tracer 
from one compartment (Ab,) to the other (Ab2) in 
response to analyte concentration. For maximal shut- 
tling, the amount of tracer bound at Abl,  which de- 
pends on K,I[A~,~], has to be high in the absence of 
analyte so that a significant differential signal is ob- 
tained in the presence of analyte (see Figs. 2-5 for 
the performance comparisons). An optimal value for 
Ka1[Abr1], determined for the dual-antibody system, 
may be different from that for a single antibody as- 
say. For example, in a solid-phase radioimmuno- 
assay17 with the same antibody (BQ.l) an optimal 
EDso (4-5 x lo-'' mol/L progesterone) was obtained 
at KO1[Ab,,] = 1. However, the enzyme-shuttle sys- 
tem at this condition is not superior to a conventional 
assay (Figs. 2-5). 

2. [Co,]/[Ab,l]. Another precondition for enzyme shut- 
tling is the competition between the two antibodies 
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for the capture of the signal generator. The degree of 
this competition is inversely proportional to the value 
of [Cor]/[Ab,l]. If [Cof]/[Ab,l] is higher than optimal, 
the performance of the dual-antibody system will 
approach that of a single antibody assay. The value 
of [Co,]/[Ab,,] in a single antibody assay is typically 
greater than unity (i.e., excess of tracer is used),” 
while in the dual-antibody assay, it is smaller than or 
approximately equal to unity (see Table I), which is a 
precondition for maximum shuttling and, therefore, 
for maximal signal generation. 

In conclusion, the enzyme-shuttle method is more ef- 
fective if a relatively large amount of antibody to the 
analyte is used. This applies for the measurement of 
many analytes that are found in higher concentration 
ranges mol/L). Likewise, the antibody concen- 
tration needs to be increased in the analytical system 
if enzymes with a comparatively low specific activity 
(i.e., turnover rates) are used. In these cases, a high 
value of K,,[Abrl] is required, and [Cot] can also be pro- 
portionally increased. Otherwise, the advantage of the 
dual-antibody method is not so much in replacing con- 
ventional enzyme immunoassays but rather in new 
applications. For example, we are now applying the 
principle to simple test strips for the quantitative deter- 
mination of analytes in liquids. Furthermore, the dual- 
antibody method lends itself for analyte detection in the 
reversible mode. This makes possible the continuous 
monitoring of analytes in medium streams.” 
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NOMENCLATURE 

concentration of antibody x unoccupied by antigen 

concentration of binding complex of antibodyx with 
heterobifunctional conjugate at state y (M/L3) 
total concentration of antibody x (unoccupied and 
occupied by the specific antigen) (M/L3) 
concentration of binding complex of analyte antibody 
with native analyte (M/L3) 
concentration of conjugate bound to analyte antibody 
in the presence of analyte (single-antibody system) 

concentration of conjugate bound to analyte antibody 
in the absence of analyte (single-antibody system) 

total concentration of conjugate, i.e., unbound and 
bound to antibodies (M/L3) 
concentration of unbound conjugate at state y (M/L3) 
average concentration of unbound conjugate be- 
tween initial and final states (M/L3) 
differential signal at state y (M/L3) 
average differential signal between initial and final 
states (MIL’) 
estimated dose of analyte for 50% inhibition of 
bound conjugate (M/L3) 
square root of the ratio of two binding constants 
(dimensionless) 

(M/L3) 

(M/L3) 

(M/L3) 

Kw 

KO, 
[PI 
r 

binding constant of analyte antibody to native ana- 
lyte at equilibrium ( L 3 / M )  
binding constant of antibody x at equilibrium ( L 3 / M )  
concentration of analyte (progesterone) ( M / L ~ )  
ratio of practical signal yield to the maximum in 
single-antibody system (dimensionless) 

Greek letters 
(Y 

Subscripts 
1 
2 
i 

P 
f 

t 

square root of the ratio of two antibody concentra- 
tions (dimensionless) 

specific to analyte (progesterone) 
specific to enzyme (horseradish peroxidase) 
initial (ground) state without analyte 
final state with excess analyte 
native analyte (progesterone) 
total concentration (bound and unbound) 
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