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Abstract: Many applications of immunoassays involve the possible presence of structurally similar
compounds that bind with antibodies, but with different affinities. In this regard, an important char-
acteristic of an immunoassay is its cross-reactivity: the possibility of detecting various compounds
in comparison with a certain standard. Based on cross-reactivity, analytical systems are assessed
as either high-selective (responding strictly to a specific compound) or low-selective (responding
to a number of similar compounds). The present study demonstrates that cross-reactivity is not an
intrinsic characteristic of antibodies but can vary for different formats of competitive immunoassays
using the same antibodies. Assays with sensitive detection of markers and, accordingly, implemen-
tation at low concentrations of antibodies and modified (competing) antigens are characterized by
lower cross-reactivities and are, thus, more specific than assays requiring high concentrations of
markers and interacting reagents. This effect was confirmed by both mathematical modeling and
experimental comparison of an enzyme immunoassay and a fluorescence polarization immunoassay
of sulfonamides and fluoroquinolones. Thus, shifting to lower concentrations of reagents decreases
cross-reactivities by up to five-fold. Moreover, the cross-reactivities are changed even in the same
assay format by varying the ratio of immunoreactants’ concentrations and shifting from the kinetic
or equilibrium mode of the antigen-antibody reaction. The described patterns demonstrate the
possibility of modulating immunodetection selectivity without searching for new binding reactants.

Keywords: immunodetection; specificity of antibodies; cross-reactivity; mathematical modeling;
competitive interactions; enzyme immunoassay; fluorescence polarization immunoassay; sulfon-
amides; fluoroquinolones

1. Introduction

The possibility of obtaining antibodies that can bind very different compounds has
led to the intense development of immunoanalytical systems. In modern practice, various
forms of immunoassay are successfully used in medical diagnostics, quality and safety
control of consumer products, environmental monitoring, etc. [1–4]. The advantages of
immunoanalytical methods include simple sample preparation and assay implementation,
highly productive testing, and the absence of the need for sophisticated equipment and
highly trained operators. In many cases, immunoassays are adapted for autonomous
realization directly at sampling locations, i.e., point-of-care (POC) diagnostics [5–7]. De-
pending on the tasks to be solved and the available equipment, various analysis formats
can be realized with different labels and instrumentation. These formats of immunoas-
says include enzyme immunoassay, immunoagglutination, lateral-flow and through-flow
membrane immunoassays, systems that detect the intensity or polarization of fluorescence,
electrochemical immunosensors, etc. [8,9].
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Despite the ability of antibodies to detect target antigens in complex matrices with
high recovery, immunoassays have significant limitations. First of all, due to the structure
of an antibody’s binding site and its mechanisms of antigen binding, it can potentially
reveal the presence of a number of chemically similar substances rather than a single
compound. Occasionally, information on the total content of all such compounds is of
practical interest because of their similar biological actions. In other cases, it is necessary
to identify a strictly defined substance or a minimum number of its derivatives with
high functional activity against the background of other structural analogs not possessing
this activity. However, the result of an immunoassay is the total number of formed and
detected immune complexes, without data on which antigen variants were involved in
their formation [8,10]. Therefore, for analysis, a decision on the required specificity is made
in each case based on the specific task. Reactants can be searched for either high-selective
(responding strictly to a specific compound) or low-selective (responding to a number of
similar compounds) immunoassays.

To estimate the detection of chemically similar substances by immunotechniques,
cross-reactivity (CR) is the most commonly used parameter [11]. Considering the detection
of a main analyte and a cross-reactant, the ratio of their concentrations causing the same
analytical signal is considered a measure of cross-reactivity. In the case of competitive
immunoassay formats (which are typically used for the detection of low molecular weight
monovalent antigens), a generally accepted recommendation for maximal measurement
accuracy is to calculate the cross-reactivity as the ratio of the concentrations causing a 50%
decrease in the detected signal [8,12]:

Cross-reactivity (CR) = IC50(target analyte)/IC50(tested cross-reactant) × 100%

The search for an assay with the necessary parameters of cross-reactivity may be
realized as a simple screening of different available antibodies (comparison of reagents
from different manufacturers, transition from monoclonal to polyclonal drugs or vice versa,
the formation of mixtures of antibodies [13]), but when using the same immunogen, the
variability of antibody selectivity is limited. Moreover, such screening requires access to
a large number of preparations and is limited by financial factors when working with
commercially prepared antibodies.

A number of approaches have been presented in the literature to date that allow for
a targeted influence on the selectivity of immunoassays. The most common is to design
an antigenic preparation for the best presentation of either unique or common epitope(s)
for antibody generation [14–18]. In a number of cases, the results of such a design have
been successful and made it possible to obtain antibodies with the required spectrum of
selectivity. However, such actions are not always possible. They are often aggravated by the
low immunogenicity or non-uniqueness of the selected structures and, moreover, require
complex preliminary chemical synthetic work. An alternative approach to competitive
immunoassays is to use different antigen derivatives in immunization and analysis [19–28].
This so-called “heterologous” immunoassay ensures that not all antibodies produced are
involved in the competitive analytical interactions, and the spectrum of selectivity is thereby
narrowed in comparison with the traditional “homologous” assay. For immunoassays
based on the use of monoclonal antibodies, the “heterologous” approach is also applicable,
and the changed affinity of antibodies to conjugated hapten causes shifts in the ratio
between free and conjugated haptens—these shifts depend on the properties of free haptens.
However, the degree of the differences varies in an unpredictable way, and additionally,
the use of different antigen derivatives implies additional chemical synthetic work.

Despite the development of theoretical tools for predicting most immunogenic struc-
tures (such as 3D modeling of immune complexes and quantitative structure-activity
relationship (QSAR) analysis [29–32]), the established regularities often only relate to cer-
tain classes of chemical compounds and cannot be transferred to other classes without
additional theoretical analysis and experimental verification. Another way to change selec-
tivity is mutational modification, including targeted genetic design of the antigen-binding
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sites of antibodies [33,34]. However, these works require very significant additional time
and resources and are currently limited to a short list of successful developments.

Other special solutions for controlling the selectivity of immunodetection have also
been described. These include additional chemical modification of antigens to reduce the
contribution of variable structures to the affinity of immune recognition, the immunogenic
use of specially designed compounds recreating universal structures for target chemical
classes, and the treatment of samples to convert various forms of antigen into similar
conformations [35,36]. However, these decisions are based on the chemical characteristics
of specific groups of compounds and cannot be applied to all other groups. It was noted [8]
that the impact of low- and high-affine subfractions of polyclonal antibodies on the forma-
tion of the detected immune complexes differed with the change in analyte content. Based
on this reason, the addition of a small quantity of cross-reacting analyte was successfully
used to block undesirable high-affine subfractions of antibodies [37]. However, blocking
or removing unwanted cross-reactants also implies the use of additional reagents that
selectively bind strictly defined types of antigenic molecules, which again depends on the
individual properties of the compounds and is far from always possible. Among other
tools influencing the cross-reactivity of an assay, the composition of the reaction medium
should be indicated. The influence of pH or other assay conditions on its selectivity was
indicated [38–41]. For example, varied concentrations of urea can radically change the
cross-reactivities of different assay formats [42]. However, such phenomena are also based
on the individual characteristics of antigens; the described effects are poorly predictable and
cannot be transferred to other antigens. Occasionally, alternate assay formats are proposed
with other schemes of reagent interaction—for example, non-competitive schemes for low
molecular weight antigens or simple changes in the order of addition of reagents [43,44].
However, examples of their successful implementation are limited, and such a replacement
can lead to deterioration in sensitivity.

Given the demand for variable selectivity of immunodetection, the possibilities avail-
able in cases of limited antibody resources and means of chemical modification of antigens
are of interest. The present article shows that cross-reactivity is not a fixed parameter
determined exclusively by immunoreagents but is an integral parameter sensitive to the
conditions of the analysis, as will be shown below. A simple resource for influencing this
parameter is the implementation of different assay formats, in which, due to the use of
different markers of immune complexes and the means of their registration, interactions
are carried out at different concentrations of immunoreagents. This shift in concentra-
tions has different effects on the detection of antigens differing in affinity to antibodies.
Moreover, changed concentrations of immunoreactants and varied immune interaction
times (approaching kinetic or equilibrium conditions) influence cross-reactivities even in
the same assay format. As a result, cross-reactivities change and the assay shifts either to
a more molecule-specific or to a more class-specific one. Although changes in the assay
formats, labels used, and reagent ratios are common actions in assay development, their
use is judged mainly in terms of lowering the detection limit; then, the accompanying
changes in cross-reactivity are commented on in a few works [45–47].

In the present study, mathematical modeling of the expected effects of the approach
described above and experimental verification were carried out for two immunoassay
formats. The mathematical model uses previously proposed descriptions of competitive
immunoassays [48–50] and focuses on unexplored regularities in antigens differing in
affinity without consideration of non-target interferences [51]. The obtained theoretical
solutions show the versatility of the idea and the promise of its application for differ-
ent compounds. Experimental verification demonstrates the adequacy of the theoretical
assumptions and conclusions. The experiments were carried out on systems of immunode-
tection of sulfonamides (SAs) and fluoroquinolones, which are widely used antibiotics that
are represented by dozens of structurally similar compounds and, due to their toxic effects,
have official requirements for their control as contaminants of food products, such as meat,
milk and dairy products, and honey [52,53]. Two immunoassay formats were consid-
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ered: fluorescence polarization immunoassay (FPIA) and enzyme-linked immunosorbent
assay (ELISA).

2. Materials and Methods
2.1. Mathematical Modeling

The descriptions of competitive assay schemes were considered in the form of alge-
braic solutions for systems of three chemically acting reagents: antigen in a sample (Ag),
modified antigen competitor (Ag*), and antibodies (Ab). The calculations in Section 3.1
use previously proposed models of equilibrium competitive immunoassays [48–50]. Sub-
sequent modeling of CR variations under different conditions of immunoassays was
implemented by algebraic solutions specifically for this study. The results of the subse-
quent calculations of the concentration curves for the chosen model parameters of immune
interactions were presented by dependencies built using Origin software (OriginLab Corp.,
Northampton, MA, USA).

2.2. Obtaining Antibodies

Polyclonal antibodies against SAs were produced as previously described [54]. Briefly,
male brush rabbits at the age of 3–5 months were immunized every 2 weeks with the
conjugate of bovine serum albumin and the corresponding SA (0.5–1.0 mg/mL) mixed
at equal volume with complete Freund’s adjuvant for the first immunization and with
incomplete Freund’s adjuvant for subsequent immunizations.

Bleeds were taken from the marginal ear vein using vacuum tubes with gel and a
coagulation activator. The serum was separated by centrifugation and then treated by a
three-stage bedding method with ammonium sulfate at +4 ◦C. The resulting solution of
immunoglobulin G (IgG) of electrophoretically confirmed homogeneity was mixed with
an equal volume of glycerol and stored at −20 ◦C.

2.3. Obtaining Reactants for Immunoassays

SAs were conjugated with amine-containing fluorescein derivatives for use as labeled
competitors in FPIA by the carbodiimide technique and purified by thin-layer chromatog-
raphy, as described in [54,55]. Conjugates of SAs with bovine serum albumin for immu-
nizations or ovalbumin for competitive immune interactions in ELISA were obtained using
the carbodiimide technique with the separation of non-interacting low molecular weight
compounds by dialysis. Peroxidase-modified anti-species antibodies were purchased from
Imtek (Moscow, Russia) and used in ELISA.

2.4. FPIA of Sulfonamides (SAs)

The FPIA protocol is based on [54]. The degree of fluorescence polarization caused by
plane-polarized excitation light was registered using a TDx analyzer (Abbott, Chicago, IL,
USA). In special cuvettes, 300 µL of diluted SA–(fluorescein derivative) conjugate, 50 µL of
tested dilutions of SAs, and 50 µL of diluted antisera (50 mM borate buffer, pH 9.6, used for
all dilutions) were mixed and incubated for 5 min at room temperature before measuring
polarization fluorescence values at an excitation wavelength of 485 nm and an emission
wavelength of 535 nm. The chosen optimal assay conditions had an antibody concentration
of 0.2 nM and an SA–(fluorescein derivative) conjugate concentration of 0.16 nM.

2.5. ELISA of SA

The ELISA protocol is based on [54]. SA conjugates with ovalbumin were immobilized
in microplate wells, and then, 50 µL of SA-containing samples and 50 µL of antibody
dilutions (in 50 mM phosphate buffer, pH 7.4, with 0.1 M NaCl and 0.05% Tween-20) were
incubated for 1 h at 37 ◦C. After microplate washing, the formed immune complexes were
labeled by additional 1-h incubation with peroxidase-modified anti-species antibodies, and
peroxidase activity was registered using tetramethylbenzidine + H2O2 substrate and 2 M
H2SO4 as a stop reactant. Photometric measurements were taken using a microplate reader
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at 450 nm. The chosen optimal assay conditions had an approximate effective concentration
of immobilized SA at the competitive stage of 76 nM and a specific antibody concentration
of 0.3 nM.

2.6. ELISA of Clinafloxacin (CLI)

A CLI–OVA conjugate (100 mL, 0.5 µg/mL) in 50 mM potassium phosphate buffer,
pH 7.4, containing 0.1 M NaCl (PBS) was adsorbed in microplate wells at 4 ◦C overnight.
The microplate was washed four times with PBS containing 0.05% Triton X-100 (PBST).
After that, 50 µL of CLI, MOX, or ENR solution in PBST (concentration from 10 µg/mL
to 0.01 ng/mL) was added to the wells, followed by the addition of 50 µL of an antibody
against CLI (in a dilution of 1:20,000). The microplate was incubated for 7 min or 1 h
at 37 ◦C and washed four times with PBST. After this, 100 µL of the peroxidase-labeled
anti-rabbit immunoglobulins (1:5000 dilution of commercial preparation in PBST) was
added to the wells, the microplate was incubated for 1 h at 37 ◦C and washed four times
with PBST, and the activity of the peroxidase label was detected. For the detection, 100 µL
of TMB + H2O2 substrate solution (Immunotech, Moscow, Russia) was added to all wells,
incubated at room temperature, and the reaction was stopped by addition of 1 M H2SO4
(50 µL per well). The optical density of the reaction product was measured at 450 nm using
a Zenyth 3100 microplate photometer (Anthos Labtec Instruments, Salzburg, Austria).

2.7. Experimental Data Processing and Cross-Reactivity Calculation

The concentration dependences of the recorded optical signals for all types of analyses
were built based on the results of testing solutions of SAs. The obtained curves reflecting
competitive interactions were approximated by four-parameter sigmoidal fittings: Y = (A
− D)/(1 + (x/C)B) + D. C-values of fit represent the point of inflection of the curve (i.e., the
point on the S-shaped curve halfway between A and D). Therefore, the C-values were used
as the IC50 (i.e., the analyte concentrations causing 50% inhibition of the detected label’s
binding) to calculate cross-reactivities as described in Section 1.

3. Results and Discussions
3.1. Model of Competitive Immunoassay

In the course of a competitive immunoassay with a modified antigen, three compounds
interact simultaneously: the antigen-binding sites of antibodies (Ab), an unlabeled antigen
in the tested sample (Ag), and a modified competing antigen (Ag*). This leads to the
formation of two types of complexes having the compositions AbAg and AbAg*. The
registered signal reflects the content of the second complex. Therefore, the calibration
dependence of the assay accords with the dependence of the concentration of [AbAg*] on
the initial concentration of the added unlabeled antigen [Ag]0. (The subscript “0” here
and below indicates the starting time t = 0.) Various formats of competitive immunoassay
differ only in specifications for the considered reactants while demonstrating the same
calibration dependence. Thus, for ELISA, Ag* is an antigen immobilized on the solid phase,
and the registered signals are determined by the formation of the AbAg* complexes. The
introduction of a detectable label directly during the competition (as in the considered
FPIA) or at a subsequent stage (as in the experimentally studied variant of ELISA) affects
the signal intensity, but not its concentration dependence.

Therefore, the following chemical processes should be considered when describing a
competitive immunoassay, taking into account the notations introduced above:

Ab + Ag↔ AbAg (1)

Ab + Ag*↔ AbAg* (2)
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The rates of change in the concentrations of all reagents are described by a system of
differential equations:

∂[AbAg]
∂t

=
−∂[Ag]

∂t
= ka1[Ab][Ag]− kd1[AbAg] (3)

∂[AbAg∗]
∂t

=
−∂[Ag∗]

∂t
= ka2[Ab][Ag∗]− kd2[AbAg∗] (4)

∂[Ab]
∂t

=
∂[Ag∗]

∂t
+

∂[Ag]
∂t

(5)

where kai and kdi denote the kinetic constants of association and dissociation, respectively.
When carrying out the analysis in equilibrium mode (the rates of change in concentra-

tions reach zero values), the system of differential Equations (3)–(5) turns into a system of
algebraic equations:

ka1[Ab][Ag]− kd1[AbAg] = 0 (6)

ka2[Ab][Ag ∗]− kd2[AbAg ∗] = 0 (7)

The concentrations of the reactants are also related by the equations of the mass
conservation law:

[Ag]0 = [Ag] + [AbAg] (8)

[Ag ∗]0 = [Ag∗] + [AbAg∗] (9)

[Ab]0 = [Ab] + [AbAg] + [AbAg∗] (10)

The equilibrium dissociation constants of the AbAg and AbAg* complexes are denoted
below as Kd1 and Kd2, respectively:

[AbAg]
[Ag]

=
ka1

kd1
[Ab] =

[Ab]
Kd1

(11)

[AbAg∗]
[Ag∗]

=
ka2

kd2
[Ab] =

[Ab]
Kd2

(12)

The complex of Equations (8)–(12) completely describes the equilibrium competitive
system and allows a cubic equation to be derived for the equilibrium concentrations of each
of the components, as was demonstrated in [40–42]. For example, for the concentration of
free antibodies, the cubic equation is as follows:

[Ab]3 + a[Ab]2 + b[Ab] + c = 0 (13)

where a = Kd1 + Kd2 + [Ag]0 + [Ag*]0 − [Ab]0; b = Kd2 ([Ag]0 − [Ab]0) + Kd1 ([Ag*]0 − [Ab]0)
+ Kd2Kd1; c = − Kd2Kd1[Ab]0.

A trigonometric transformation provides a solution for this equation:

[Ab] = −a
3
+

2
3

√
(a2 − 3b) cos

θ

3
(14)

where θ = arccos−2a3+9ab −27c

2
√
(a2−3b)3

.

Using this solution, we can calculate the concentration of the detected complex
[AbAg*]:

[AbAg∗] =
[Ag∗]0

(
2
√
(a2 − 3b) cos θ

3 − a
)

3Kd2 +
(

2
√
(a2 − 3b) cos θ

3 − a
) (15)

Equation (15) describes the calibration curve of the assay. Substituting various values
of the initial concentrations and interaction parameters into this equation, one can study
the influence of these factors on the position and amplitude of the calibration curve. This
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property makes it possible to use Equation (15) to estimate the CR variation for structurally
similar analytes tested under different conditions of competitive immunoassay.

3.2. Influence of Reaction Parameters on the IC50 Values

Figure 1 shows the theoretical calibration curves with varying Kd1 values for two
initial concentrations of labeled antigen. Note that the position of the calibration curve and,
accordingly, the IC50 value both depend on the binding constant and on the concentrations
of the reagents used.
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By varying several parameters of the assay simultaneously, it is possible to adjust
the parameters of the calibration curve to achieve the desired signal intensity and IC50.
Thus, Figure 2 demonstrates the combined effect of the initial concentrations of the labeled
antigen and antibodies on the shape and position of the calibration curve. The signal
intensity is determined by the smaller of the parameters [Ab]0 and [Ag*]0. Both parameters
affect the IC50 in three ways: (i) a decrease in the concentration of antibodies decreases
the IC50; (ii) with an excess of antibodies, a decrease in [Ag*]0 leads to a decrease in the
amplitude of the signal change and an increase in the IC50; (iii) with a lack of antibodies, a
decrease in [Ag*]0 leads to a decrease in both the amplitude and IC50.

By reducing [Ab]0 and [Ag*]0, a shift in IC50 towards lower values can be achieved,
which potentially accords with a lower limit of detection. However, this process is accom-
plished by a decrease in detected signals, and thus, reliable measurements may become
impossible. Thus, the low limit of detection reached depends on the minimum concentra-
tion of the label that can be detected in a given assay format. The effect of changes in the
concentrations of the immunoreagents used in the analysis on the cross-reactivity values
requires additional consideration, which is given below.
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The IC50 values calculated using these curves are integrated in Table 1. Cross-reactivity
can be quantified in terms of the ratio of the IC50 values for compounds I, II, and III.
The presented data confirm the change in IC50 with varying concentrations of analytical
reactants. Thereby, cross-reactivity is not an intrinsic fixed characteristic of either the
antibody itself or its combination with a competitor used in the analysis, but rather reflects
the properties of a particular assay and its conditions. Therefore, the same antigen–antibody
pair used in different methods of analysis will give different spectra of cross-reactivity
values for structurally similar compounds.

Table 1. IC50 values (nM) for the calibration dependences given in Figure 3.

Analytes with
Different Affinities

Assay (a) Assay (b) Assay (c)

IC50, nM CR, % IC50, nM CR, % IC50, nM CR, %

Analyte I
(Kd = 0.1 nM) 1.6 100 17.5 100 11.1 100

Analyte II
(Kd = 1 nM) 3.0 53 17.9 98 15.1 74

Analyte III
(Kd = 10 nM) 12.4 13 26.0 67 29.5 38

The data obtained show that cross-reactivity depends both on the absolute value of
the concentrations of the reactants and on their ratio.

In the case of equal concentrations of antibodies and labeled/immobilized antigens,
the higher their concentration is, the higher the cross-reactivity will be. Thus, for [Ab]0 =
[Ag*]0 = 1 nM, the IC50 values for antigens with Kd = 0.1 and 10 nM differ by a factor of
almost eight (Figure 3a, Table 1), while with [Ab]0 and [Ag*]0 being 10 times higher, the
IC50 values for the same antigens will differ by a factor of 2.7 (Figure 3c, Table 1). The ratio
of reagents affects the cross-reactivity even more strongly. For example, at concentrations
of [Ag*]0 and [Ab]0 equal to 1 and 10 nM, respectively, the IC50 values for antigens with Kd
0.1 and 10 nM differ by only 1.5 times (Figure 3b, Table 1). Thus, an approximately five-
fold variation in CR values can be achieved (as follows from the comparison of Figure 3a,
Table 1 and Figure 3b, Table 1).
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The most selective analysis can be obtained using approximately equal concentrations
of antibodies and labeled/immobilized antigens. In this case, the lowest possible concen-
tration of reagents should be used. The absolute values of the used concentrations are
determined by minimal detectable concentrations of labels and will be lower for a more
sensitive analysis.

The model considers the antibody preparation as a pool of molecules with the same
properties, i.e., reflecting the situation for monoclonal antibodies. However, when consid-
ering an immunoassay in equilibrium mode, the separation of polyclonal antibodies into
several groups with different affinities will give similar effects for each of these groups
and for their combination. Therefore, predictions for monoclonal antibodies remain valid.
The transition to kinetic immunoassays significantly increases the number of variants and
opens up opportunities for more complex effects.

3.4. Experimental Validation of the Model

For experimental confirmation of the established theoretical dependences, immuno-
chemical determination of a group of structurally similar compounds from the sulfonamide
class was carried out. Seven compounds were tested in two variants of the equilibrium
competitive immunoassay: ELISA and FPIA. It should be noted that the competing antigen
preparations, namely an SA-protein conjugate for ELISA and an SA–(fluorescein derivative)
conjugate for FPIA, were synthesized using the same modification of SA coinciding with the
kind of activation and orientation in the conjugates. Therefore, the demonstrated properties
of the two assays are not associated with different immune recognition of SA derivatives.

For both immunoassay variants, preliminary optimization of conditions was carried
out, providing the highest detection sensitivity of target analytes and acceptable signal
amplitude. In the final variants of the analyses, the following ratios of reagents were
selected: for ELISA, the concentration of the hapten-protein immobilized on the plate was
76 nM and the concentration of specific antibodies was 0.3 nM; for FPIA, the concentration
of SA-(fluorescein derivative) conjugate was 0.16 nM and the concentration of specific
antibodies was 0.2 nM. It should be noted that for both assays, the time of immune
interaction (5 min for homogeneous FPIA and 1 h for heterogeneous ELISA) provided the
possibility to reach chemical equilibrium, and its increase for both cases did not lead to
significant changes in the registered signal and analytical parameters (limit of detection,
working range).

The chosen concentrations of antibodies were comparable for both assays, while
the concentrations of the modified haptens differed by orders of magnitude and were
significantly higher for ELISA compared to FPIA. Note that the true concentrations of the
active hapten bound to the surface of the microplate are unknown. The concentration
of the hapten–protein conjugate used for immobilization was 475 times higher than the
concentration of the SA-(fluorescein derivative) conjugate in FPIA. Even taking into account
the fact that, according to existing concepts, when immobilized on a plate, more than 90%
of the protein may lose activity [56–58], it can be argued that the concentration of the
modified hapten (Ag* in the proposed model) is several times higher for ELISA than for
FPIA. This means that the ELISA is predicted to be more cross-reactive than FPIA is.

The results obtained for the determination of SAs by two methods and integrated in
Table 2 confirmed the prediction of the model: the cross-reactivity of ELISA exceeded the
cross-reactivity of FPIA by up to 8.5 times (for sulfadimethoxine). Thus, it was confirmed
that the cross-reactivity of the immunoassay depends not only on the properties of the
antibodies used, but also on the specific parameters of the analysis technique, such as the
ratio of the concentrations of the antibodies and modified hapten that are used to realize
the given assay format.
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Table 2. Sulfonamides used in the work and their IC50 and CR values relative to sulfachlorpyridazine for FPIA and ELISA
techniques.

Sulfanilamide
(Abbreviation)
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The cross-reactivity can also be modulated by varying the concentrations and ratios of
the reagents in the same assay format. We have shown this possibility considering the cross-
reactivities for four sulfonamides, presented in Table 3, in the course of their determination
using the FPIA technique. With an increase in the concentrations of antibodies and labeled
hapten derivative by five times, the cross-reactivity increased from 2 (for sulfadiazine) to
9.5 times (for sulfadimethoxine).

Table 3. Determination of IC50 values of FPIA calibration curves and cross-reactivity of sulfonamides
at various concentrations of antibodies and labeled hapten. A—the concentration of SA-(fluorescein
derivative) conjugate = 0.16 nM, the concentration of specific antibodies = 0.2 nM. B—the concentra-
tion of SA-(fluorescein derivative) conjugate = 0.8 nM, the concentration of specific antibodies = 1 nM.
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3.5. Experimental Validation of the Model

For non-equilibrium conditions, the cross-reactivity can also depend on the duration
of the immune interaction. For the homogeneous analysis (FPIA), an equilibrium was
reached faster, but the time of reagents’ incubation in the heterogeneous ELISA was
almost an order of magnitude longer (1 h) than in FPIA (10 min). At a kinetic association
constant of 106 1/(M ∗ s) and reagent concentrations of 1 nM, the reaction approached an
equilibrium by 95% in 1 h and the analysis could be considered as an equilibrium one, but
at lower association constants, the analysis under a common ELISA duration (1 h) will be a
non-equilibrium one.

To study the effect of kinetic parameters on the specificity of the analysis, a model
based on the approximation of equilibrium conditions is not suitable. Therefore, we used a
numerical approach to solve the kinetic equations of the reactions, implementing the CO-
PASI software for this purpose. The parameters taken for calculations are described in the
Supplementary Materials section. The obtained theoretical calibration curves (Figure S1)
demonstrate that as an equilibrium is approached, the differences in the detection sensi-
tivity of analytes with different binding constants increase. As can be seen from Table 4,
at a reaction time of 600 s, the IC50 values for analytes with kinetic association constants
of 106 and 107 M−1s−1 differ by a factor of 1.5, while at a reaction time of 3600 s, the IC50
values for the same analytes differ by a factor of 6.4. Thus, for non-equilibrium assays,
the cross-reactivity also depends on the assay duration. To obtain broad specificity, the
competitive stage of the assay should be shortened.

Table 4. IC50 values of theoretical calibration curves of non-equilibrium competitive assay for varied
durations of immune interaction (t) and varied kinetic association constants (ka). The concentration
of antigen derivative [Ag*]0 was 0.16 nM, the concentration of specific antibodies [Ab]0 was 0.2 nM,
all kinetic dissociation constants kd were 0.0001 1/s, and the association constant with modified
antigen ka2 was 107 M−1s−1.

t, s
IC50, nM

ka = 106 M−1s−1 ka = 107 M−1s−1

600 4.46 2.94
3600 2.61 0.41

To verify the above given theoretical assumptions, an enzyme-linked immunosor-
bent assay was implemented for three antibiotics from the class of fluoroquinolones:
clinafloxacin, moxifloxacin, and enrofloxacin. The determined parameters of the assay
specificity at different durations of immune interaction are summarized in Table 5. As
expected, the differences in IC50 values and, accordingly, in cross-reactivities were several
times greater for the assay with an hour-long incubation of the analyte with antibodies than
for the assay with incubation for 7 min. The CR values for clinafloxacin and enrofloxacin
differed by 4.6 times with 7-minute incubation and by 50 times with an hour of incubation
(the ratio was increased by 11 times).

Table 5. IC50 values of experimental calibration curves and cross-reactivities for the competitive
assay of fluoroquinolones at varied durations of immune interaction.

Analyte

Duration of Immune Interaction, min

7 60 7 60

IC50, ng/mL CR, %

Clinafloxacin 30 9 100 100
Moxifloxacin 33 23 91 39
Enrofloxacin 137 430 22 2
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3.6. Potential Applicability of the Presented Results to Biosensors

The results obtained indicate that the cross-reactivity of an analysis based on immune
or other bioreceptor recognition can be changed without the need for new immunore-
agents/bioreceptors. Efficient ways of changing the reactivity include the following:

(1) Changing the label to one to be detected at higher or lower concentrations;
(2) Changing the ratio of the concentrations for the receptor molecules and the modified

competing derivative of the analyte to be determined ([Ab]0 and [Ag*]0 in the model
considered above).

Both of these can be implemented in competitive biosensor systems. Competitive
schemes of assays, along with direct schemes of assays [59], are widely used to determine
low molecular weight analytes, including practically important groups of compounds such
as hormones, antibiotics, pesticides, etc. Competitive biosensors provide the possibility of
generating a signal from an electrochemically active, optically active, or other label that is
included into the analyte–receptor complex on the sensory surface. Enzymes, nanoparticles,
and other structures can be such labels in biosensors [60,61]. Optical, electrochemical,
thermometric, piezoelectric, or magnetic signals generated by the labels reflect the result of
competition for binding with the receptor molecule of the modified analyte and the analyte
in the tested sample. The given competition makes it possible to calculate the analyte
content in the samples based on the signal of the biosensor.

Depending on the similarity or difference in the biological effects of structurally
related compounds, a practical need may consist in either (i) a decrease in binding to the
receptor during the analysis of all compounds, except for the main one determined, or (ii)
the maximum degree of binding for structurally related compounds (see works [11–44],
considered in Section 1 as examples of solving such common problems). The results
of our study show that significant progress towards this goal can be achieved using
the bioanalytical reagents already available to the researcher, without labor-intensive or
expensive production or purchase of new reagents.

In general, the necessary actions can be incorporated into the following methodologies.

(1) If it is necessary for the immunosensor to be narrowly selective, i.e., to reduce the
CR for structural analogs of the only target analyte, it is necessary to reduce the
concentrations of antibodies and modified competing antigens and to alter their molar
ratio to 1:1. In order for such a decrease to not interfere with accurate registration of
the biosensor signal, a label should be included in the immune complexes that can be
detected at lower concentrations, such as an enzyme with a higher specific activity, a
more intensely absorbing or fluorescent optical label, or an effective amplifier of an
electrical signal. A possible variant of such an enhanced label consists in the formation
of oligomeric complexes from several initial labels by their chemical conjugation or
affine aggregation during the work of the sensor. (See recent reviews [62–65] with
descriptions of such amplifying techniques.)

(2) If it is necessary to expand the selectivity of the immunosensor, i.e., to increase the CR
for structurally similar compounds recognized by the used antibodies, the opposite
actions are required—an increase in the concentrations of antibodies and modified
competing antigens and their use in a non-equimolar ratio. Immunosensor analysis
under such conditions could be realized by using the same signal measurement
protocol or with a simple reduction in the duration of the signal generation. If the
increasing signal causes any complications in accurate quantitative registration, it is
justified to replace the label with another one that is detected at higher concentrations.
In this case, the possibility should be taken into account that actions to increase the
CR will cause some deterioration in the sensitivity of the immunosensor (an increase
in the minimum detectable concentration). However, many existing biosensors detect
analytes in lower concentrations that have a margin of sensitivity that is similar to the
maximum permissible level of contaminants, so the modified biosensors may retain
their practical functionality.
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The methodologies given above were formulated for immunosensors only to simplify
the terminology and to provide its compliance with the theoretical and experimental results
discussed above. The same methodologies are recommended for biosensors with other
receptor molecules (aptamers, lectins, etc.).

4. Conclusions

To date, a number of approaches to modulate the cross-reactivity of immunoanalytical
systems have been described. However, additional solutions not related to the specific
features of individual analytes are still in demand. The results obtained in the presented
study demonstrate the capabilities of simple approaches to managing the selectivity of
immunodetection, which do not require additional reagents, sample modification, and
other complex preliminary development actions. In situations where structurally similar
compounds with different affinities are potentially present in the samples to be tested,
conclusions about the excess permissible concentration of toxic contaminants based on
the integral immunoanalytical signal (total quantity of formed immune complexes) are
associated with significant risks of false positive and false negative results, depending
on the ratio of different compounds detected. The transition from one analysis format to
another makes it possible either to minimize the undesirable contribution of less affine and
non-hazardous compounds (lowering cross-reactivity), or to bring the detected total signal
closer to the real sum of concentrations of the analytes (increasing cross-reactivity). At the
same time, the problem of switching to other concentrations of reagents can be solved by
simply replacing one marker with another, taking into account the variety of works in recent
years on the characterization of alternative markers for different formats of immunoassay.
An alternative way based on changes in immunoreactants’ concentrations and/or shifting
from the kinetic or equilibrium mode of the assay could be implemented without any
changes to the reactants used. Of course, the capabilities of real systems are determined
by a combination of many factors, the effects of which make it possible to modulate cross-
reactivity. However, the proposed approach expands this toolkit, characterized by its ease
of application for different analytes. Without giving up the opportunity of having a more
radical influence on specificity by changing the structure of the antigen-binding site of
antibodies, the proposed approach could be considered to meet a variety of demands
in applications such as medical and veterinary diagnostics, control of food and feed,
protection of public safety, and monitoring of natural resources.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/app11146581/s1, Numerical modeling of competitive immunochromatographic analysis.
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