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Theoretical assessments of errors in rapid immunoassays—how critical
is the exact timing and reagent concentrations?
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Abstract

The reliability of rapid immunoassay is a concern due to an incomplete incubation to a non-equilibrium state and is susceptible to different
error factors causing variance. The most critical point in the process should be found in order to improve the accuracy, and reproducibility of
immunoassays, and enhance the system robustness.

In this paper, the behavior of rapid assays is predicted by simulations using mechanistic assay model, based on antibody—analyte binding
reaction kinetics. This antibody—analyte binding reaction kinetics model was constructed for a generic three-component (immunometric) assay
and the parameters were chosen to be those of a known surface binding assay. The effects of the exact incubation timing and the initial reagent
concentrations were studied focusing on the early phase of incubation, the non-equilibrium state. The magnitudes of errors in the input parameters
were estimated using knowledge from practical immunoassays. According to simulations, inaccurate incubation timing adds error in the results at
very short incubation times, especially in low analyte concentrations. The inaccurate reagent concentrations increase variance at short incubation

times, as well. The error decreases rapidly after the first few minutes of incubation.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Rapid immunoassays rely on interrupted incubation. This
yields a non-equilibrium reaction state within the assay
system. Another approach is to use a system that enables on-
line monitoring of binding, thus omitting the potential error
sources from the washing step [1]. However, providing a
quantitative result by any rapid system with good quality after
a short incubation time is a challenge. An immunoassay, like
all analytical procedures, has inherent errors and these errors
can be classified into three kinds: systematic, statistical and
catastrophic errors [2]. It is proposed that incubation to a non-
equilibrium state may be more susceptible to different error
factors causing variance to assay results [3]. Timing, the
immunoassay preparations and other complex phenomena are
influencing the entire process of analysis. The most critical
point in the assay process should be found in order to
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minimize the variation, increase the reliability, and attain the
system robustness.

In this paper the error factors are studied theoretically by
simulation methods. Non-equilibrium assays are compared to
equilibrium assays in order to study how much the interrupted
incubation causes inaccuracy, imprecision and variance to the
response, and consequently, affects the quality of the assay
process. The measurement technique and detection method will
also add up errors, but in these theoretical studies the detection
technology dependent errors are not considered.

1.1. The assessments of errors in reaction kinetics

The reaction kinetics in immunometric assays [4—6] are
affected by many different factors and some of those are more
easily controlled than the others. The variations within initial
materials, in assay preparation errors, and interactions in
immunoassays, such as varying pH conditions, nonspecific
binding, diffusion, and matrix effects of the sample, must be
considered as a probable cause of deviation in the immunoassay
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response. The major external error source affecting the reaction
kinetics is the temperature variation and mixing. Changes in the
thermodynamics of immunoassays affect the antibody—antigen
interaction. Incubation temperature variations contribute to
assay drift, because the reaction rate approximately doubles for
each 10 °C rise in temperature [7,8].

1.2. Assay system kinetic model

Different modeling approaches have been used to study the
kinetic behavior of assay systems [5,6,9,10]. Pure mathematical
models (such as descriptive and empirical) may produce a large
number of solutions. A good model is valid for any occasion
with varying input parameters and should provide an unam-
biguous answer, with a single set of input parameters. A
mechanistic assay model considers the antigen—antibody
reaction, laws of chemical reaction kinetics [2,11] and it offers
identifiable, physical and chemical parameters such as time and
concentration.

In a mechanistic model approach three-component immuno-
metric assay reaction can be written as Eq. (1):

Ag + Ab £ AgAb

Ag + Ab' £AgAD’

Ab + AgAb’ £ AgADAb'

Ab’ + AgAb £ AbAgAD/, (1)

where k»,,—; stands for association and k,,, for dissociation rate
constants. Ab denotes the primary, solid phase binding reagent,
Ag the analyte (sample) and Ab’ the secondary binding reagent,
i.e. the labeled antibody. By determining the association and
dissociation constants, the behavior of the immunoassay can be
described.

The mechanistic assay reaction model has been shown to
predict the behavior of the assay kinetics over a wide range of
analyte concentrations [9,11]. In practice, the assay related
association and dissociation Kkinetic constants k&, can be
determined by setting differential equation for each component
as a function of time, constructing a Jacobian matrix and solving
it, Eq. (2). The kinetic constants in the model are derived for a
practical surface binding assay described in our earlier
publications for human thyroid stimulating hormone assay
(hTSH) utilizing TPX technology [9].

% = ky [AgAb] — ki [Ag][AD] + ks [AgAb']
— ks [Ag][Ab]
@ = ky [AgADb] — ki [Ag][Ab] + ks [AbAgAD]
— ks [Ab][AgAb’]
d[[;? L ke AgAb] — ko {Ag]AD] + ks [ADAAD]

— k7 {Ab'][AgAD]

AAEAD]_ 1, {agl[ab] ko AeAD] + ks {AbAEAD]
— k7 {Ab')[AgAb]

% = s [Ag][Ab'] — k4 [AgADb'] + ks [AbAAD']
— ks {AgAD][Ab]

% = ky [Ab'][AgAb] — ks [AbAgAD/]

+ ks [AgAb’][Ab] — ks [ADAgAD’] (2)
2. Simulation methods

Modeling increases understanding of complicated processes
and enables optimization without performing the actual mea-
surements. Carefully built models provide simulation responses
to changing parameters and gradually help in understanding and
describing the details of the kinetics of the reaction. The
magnitudes of errors in the input parameters were estimated by
a priori knowledge from practical immunoassays.

2.1. Kinetic model simulation

Mechanistic kinetic assay model simulations were con-
structed to simulate the surface bound reaction fraction
concentration [AbAgADb’], the kinetic curves, as a function of
reagent concentration [Ag] or as a function of incubation time
with open source R language and packages, which are
collections of R subroutines and function collections for
solving specific tasks [12]. This open source R language and
environment provides statistical techniques and can be
extended via such packages. In this work the R odesolve-
package was used as a solver for ordinary differential equations
[13].

Immunometric human thyroid stimulating hormone (hTSH)
assay was used as an assay example. The association and the
dissociation rate constants for hTSH kinetic reaction had been
measured and determined in our earlier work, Eq. (3) [9],
where the measurements were carried out by observing the
reactions at the surface of a microparticle in the TPX-system
[14].

lit
ki =ks =k; = 9*105 i
mole*s
ky = ke = ks = 4.5%¥107° s~ (K, =2*10"° M) 3)
ks — 8%100 liter
mole*s

ky = 1.33%107% s7! (K, = 6*10° M)

The simulation response as a function of the incubation time
is ‘analogous’ to monitoring a real signal measurement response
continuously. In the simulations, the ideal output values were
compared with those created by adding random effects, or a
constant error effect to the input parameters (i.e. time,
concentrations). The random effects in our simulations followed
Gaussian distribution statistics.
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2.2. Simulation input set-up

The incubation time, the dynamic range, and, the magnitudes
of error for simulations are estimated from previous practical
assay experiences.

2.2.1. Concentrations

The concentration range for analyte [Ag] was chosen to
cover the dynamic range of hTSH: 1.4 mIU/1-700.0 mIU/I,
corresponding approximately to 10~ '" mol/I-5*10"° mol/l.
This concentration range was studied in 10 steps and special
attention was paid to four different analyte concentrations:
4 mIU/1, 50 mIU/I, 150 mIU/l and 1200 mIU/l. These specific
concentration values were selected for further studies also
because real hTSH kinetic data had already been measured
earlier for these concentrations [9]. A concentration of
1200 mIU/l was introduced as an example of analyte
concentration exceeding the reagent capacity leading to the
well-known “hook effect™ and resulting in a false quantity in the
read-out with an end-point analysis [6].

The value for the solid phase antibody concentration [Ab]
was 0.9 nmol/l and for the labeled antibody concentration
[Ab’] 1.0 nmol/l. A +10% and —10% error was induced into
these concentrations in order to study the effect of extra and
reduced antibody concentrations, [Ab] and [Ab’]. The same
experimental conditions and set-up were assumed as in the
article determining the association and the dissociation
kinetic constants [9]. An error in both [Ab] and [Ab’]
concentrations were introduced and the deviations in
response were evaluated by comparing the simulated kinetic
curve with the ideal kinetic curve as a function of the
incubation time.

2.2.2. Incubation times

Kinetic curves as a function of 2.5 h incubation time were
constructed by simulations, from the start of the incubation to
the equilibrium state. The sampling rate was at 1 s intervals
(measurement/s). The incubation times were studied more
closely in a non-equilibrium state (60 s, 120 s, 300 s and 600 s),
because the rapid assays are of interest.

150 miU/I
6x10"°1 IUNSPEEEEEEEE
= 5107 - 1200 mIU/A

= e 4

g 4X1O_10' ./",
=o)L
g Wl 7T 50 miU/l
S 2x10™ir -
@) 2l
1x101°‘;// 4 miufl
ol

0 2000 4000 6000 8000 10000
Time [s]

Fig. 1. Kinetic curves for analyte concentrations of 4 mIU/l, 50 mIU/1, 150 mIU/
1, and 1200 mIU/IL. The last concentration is an example of antigen concentration
exceeding the antibody concentration. This phenomenon called “hook effect”
saturates the signal curve to a lower level and will result to a false quantity in
end-point analysis.
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Fig. 2. The first derivative of ideal modeled kinetic assay curves for analyte
concentrations of 4 mIU/I, 50 mIU/1, 150 mIU/I and 1200 mIU/1. The deflection
point for 1200 mIU/I out-of-range concentration suffering from hook effect is
reached already in 70 s, whereas the deflection point for concentrations on range
is reached after 200 s.

The incubation timing errors induced into simulations were
studied using both a randomized Gaussian error distribution and
a constant absolute error. A relative error was not considered as
an option, because timing errors are always absolute. The
simulations were carried out by 100 replicates with this
randomized error. Input variations were 3, 6 and 12 s as a
standard deviation for the Gaussian distribution. Also a constant
absolute error of 6 s was used as incubation timing error for all
studied non-equilibrium reactions.

Ideal kinetic curves (without input errors and variance in
response) were calculated for analyte concentrations of 4 mIU/I,
50 mIU/1, 150 mIU/l, and 1200 mIU/I (hnTSH), Fig. 1.

The behavior of the reaction kinetics during the first 1000 s is
studied by taking the first derivative of the ideal curves and
finding out the inclination point of the growth curve [11]. The
greater the derivative of the curve, the more sensitive it is to
imprecisions. As seen in Fig. 2, the reaction kinetics is most
sensitive to imprecisions in the early phase of the incubation, in
a non-equilibrium state. However, the variance in response
diminishes as the incubation time increases. The reaction with
excess analyte concentration, leading to the hook effect, already
reaches an inclination point after 70 s, however, the inclination
point for analyte concentrations within the normal working
range is reached in 200 s.

3. Results
3.1. The incubation timing variation simulations

The collection of simulation responses for Gaussian
randomized variation in incubation timing simulations are
shown in Fig. 3. In the response the coefficient of variation (%
CV) for each analyte concentration and for four different
interrupted incubation times (60 s, 120 s, 300 s, 600 s) are
plotted as a function of the analyte concentration.

An overview of the studied concentration range (Fig. 3)
shows that a variance in incubation timing leads to the largest
effect in rapid assays with very short incubation times. The
variance of incubation timing is even more critical when low
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Fig. 3. Percentage of coefficient variation (% CV) of bound fraction (AbAgAb’) as a function of studied analyte concentration range and incubation time point with
Gaussian randomized error defined by standard deviation of (A) 3 s, (B) 6 s and (C) 12 s. Incubation time points: 60 s (square), 120 s (circle), 300 s (triangle) and 600 s
(upturned triangle). The % CV is calculated by using 100 replicates for each concentration point.

analyte concentrations are used. It is noteworthy that the
response % CV drops significantly between 60 s and 120 s
incubation times. An incubation time of 5 min (300 s) with a
random Gaussian input error, 6 =6 s, results under 3% CV for
all analyte concentrations. The relative response error caused
by absolute timing error of 6 s, introduced in Fig. 4, is
calculated by subtracting the kinetic curve with the error from
the ideal curve. This points out the error effect in the early
phase of the incubation and the drop of error due to
incubation timing during the first hundreds of seconds. There
was no major difference in the percentage of error in response
detected in concentrations 4 mIU/I, 50 mIU/l and 150 mIU/I.
However, the concentration beyond the assay capacity
(1200 mlIU/l), due to quick saturation of binding surface,
shows a much lower deviation from the original than the
analyte concentration in the working range.

3.2. Antibody concentration simulations

Kinetic curves for an ideal reaction and reactions with an
extra and a reduced antibody concentrations for solid phase and

Relative error [%]
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Fig. 4. Relative error in bound fraction, when absolute timing error is 6 s for

4 mIU/1, 50 mIU/1, 150 mIU/l and 1200 mIU/L. The insert points out the decrease
of error in first hundred seconds.

labeled antibody were modeled. The response deviation caused
by these inaccuracies in reagent concentrations is given as a
relative error.

Rrel = |Rerror - Rideal|/Rideal

The reduced antibody concentration (—10%) resulted in a
greater response deviation than (10%) the extra concentration.
This trend is seen in Fig. 5 for the inaccuracy in labeled
antibody concentration and in Fig. 6 for the inaccuracy of solid
phase antibody concentration, where the response error % is
given as a function of the incubation time for studied analyte
concentrations.

The behavior of relative error curves as a function of
incubation time were different for solid phase and labeled
antibody inaccuracies, see Figs. 5 and 6. It was also seen that as
the analyte concentration increased, the error in the response
increased as well.
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Fig. 5. Relative error in percentage caused by inaccuracy in labeled antibody
concentration [Ab’] as a function of incubation time for analyte [Ag]
concentrations of 4 mIU/l, 50 mIU/l and 150 mIU/l. The initial error induced
was —10% for reduced and +10% for extra in [Ab’]. A local minimum of
response error is detected for 150 mIU/1 analyte concentration, after 1000 s of
incubation.
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Fig. 6. Relative error in percentage caused by inaccuracy in solid phase antibody
concentration [Ab] as a function of incubation time for analyte [Ag]
concentrations of 4 mIU/l, 50 mIU/I and 150 mIU/I. The initial error induced
was —10% for reduced and +10% for extra in [Ab].

The inaccuracy in [Ab] produced greater error in non-
equilibrium state than [Ab’], even though, the deviation
decreases as the reaction reaches the equilibrium for low
concentrations.

4. Conclusions and discussion
4.1. Timing error

According to the simulation results, the inaccuracy in
incubation timing is most critical for the assay response in the
very early phase of the incubation, and, is even more critical
when low reagent concentrations are measured. For the lowest
analyte concentration (4 mIU/l) and for the shortest incubation
time (60 s) with a ¢=6 s timing error, the % CV of the assay
response approaches the limit of functional sensitivity (20%
CV). However, the response % CV drops significantly between
60 s and 120 s incubation times.

A 5-min (300 s) incubation with an incubation timing error
of =6 s will result in a 3% CV response, for all studied analyte
concentration values. Using an absolute timing error confirms
this drop of response variance as the incubation time increases
and the input timing error remains the same.

4.2. Reagent concentration error

The error in response, i.e. the error in the concentration of the
bound fraction, due to reduced antibody concentration, was
greater at the early phase of incubation. An inaccuracy of the
initial concentration of solid phase antibody was more
detrimental to the assay response than that of the labeled
antibody in the early phase of incubation in rapid assays. This
points out the fact that using excess of labeled antibody
concentration in order to speed up the reaction is advantageous
also with respect to the concentration errors of this reagent

component. Though, for obvious reasons, the use of labeled
antibody excess may be a drawback in one-step assay formats, if
the unbound labeled antibody binding reagent is present during
the signal measurement and the detection method does not
suppress the signal caused by this.

Due to the reaction rates, the optimal reaction conditions for
non-equilibrium rapid immunoassays may be different from
those for equilibrium immunoassays. The assay conditions can
be adjusted to the most optimal using simulation methods.
However, the use of simulations based on mechanistic models
requires the determination of kinetic rates for each assay
material combination.
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