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Abstract: A competitive chemiluminescent immunoenzyme assay (CL-EIA) technique is proposed
for the sensitive determination of one of the environmentally significant toxicants of anthropogenic
origin-nonylphenol—in natural waters. The chosen chemiluminescent detection is characterized by a
higher sensitivity compared to the colorimetric. The limit of nonylphenol detection was 9 ng/mL
compared to 55 ng/mL for colorimetric one in optimal conditions. The developed analysis can be
used for two purposes; it is highly sensitive for the possibility of toxicological analysis and dilution
of complex matrices with raw buffer solution, as well as for the analysis of water samples without
pretreatment and dilution. The method has a working range from 28 to 1800 ng/mL. The degree of
nonylphenol revealing in the spiked samples of river, spring, and waterfall water was 82–119%.

Keywords: alkylphenols; nonylphenol; immunoenzyme assay; chemiluminescence; colorimetry;
drinking water; natural water

1. Introduction

Modern life constantly forces humanity to confront new threats. In addition to natural
disasters, people continue to face resource scarcity, biological hazards, epidemics, poor
nutrition, poor sanitation, pollution, or shortages of fresh drinking water. Very often,
humans are the cause, since urban growth, increased consumption, overpopulation, and
the release of various chemicals lead to contamination of the most valuable source of
life—drinking water [1]. In addition, various emissions end up in water sources used
for agricultural and domestic purposes, which in turn leads to imminent health risks
for the population due to contamination of groundwater [2]. Recently, there has been
more and more talk about the dangers of plastic containers, microplastics, and dangerous
chemicals leached from them [3,4]. Investigations conducted in various countries show
that compounds belonging to different classes penetrate into the environment, such as
heavy metals, phthalates, alkylphenols (nonylphenol (NP), octylphenol (OP) and others),
bisphenol A, brominated flame retardants, and other organic compounds [5,6]. All listed
groups of compounds are subject to regulation in accordance with regulatory documents
of various countries. A fairly large proportion of additives easily penetrate from plastic
into water due to the lack of chemical bonds with the polymer base [7].

One of these dangerous compounds is nonylphenol, a toxic degradation product of
the corresponding ethoxylate, which is actively used by humans for various household
purposes as detergents [8]. Penetrating into freshwater sources of the environment, it
accumulates in them [9], as well as water bodies and soil. Their interaction with solid
carriers occurs under the influence of van der Waals forces, hydrophobic, and electrostatic
interaction [10,11]. Its proven toxic effects on the human body are associated with a
destructive effect on the reproductive system due to estrogen-like actions and interaction
with estrogen receptors [8,12]. The main mechanism of toxic action is associated with
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oxidative stress in cells [13]. Due to the abovementioned effects, both NP and OP should
be determined in water [14,15].

Usually, chromatographic methods with mass spectrometric detection are used in prac-
tical analytical laboratories to determine nonylphenol and structurally similar alkylphenols.
Despite their sensitivity and widespread use in environmental monitoring, these methods
are not suitable for screening a large number of samples, and the analysis requires sample
preparation in a laboratory setting [16]. As an alternative, immunochemical techniques are
offered, which allow the analysis of groups of samples under the same conditions, in the
absence of, or with minimal, sample preparation [17]. Among them, immunoenzyme assay
(EIA) provided in microplates still has not lost its popularity due to their widespread use in
medical, clinical, food, and veterinary laboratories [18]. The relative ease of analysis, small
sample volumes—about 50–150 µL, and the availability of portable readers, as well as the
possibility of replacing labels and using them in multianalysis, make various EIA options
excellent alternatives to chromatographic methods [18,19].

There is one more important nuance. Nonylphenol is a very hydrophobic compound,
which is not only washed out of plastic but is also adsorbed onto it, including onto the
components of immunochemical test systems [20]. This compound has a tendency to
adsorb on various polymeric materials that also have a hydrophobic surface, which has
been repeatedly studied based on its properties [21–24]. The tendency for spontaneous
adsorption of NP on the surface, or its pronounced hydrophobicity, requires changing
of the conditions for the immunoenzyme assay. The addition of blocking compounds
or suitable organic solvents is typically used to retain the analyte in the reaction media.
However, not all solvents can be used in immunoassays, since they lead to inactivation
of antibodies [25]. Previous work in the laboratory was based on the use of methanol at
a concentration of 10–30% for the detection of hydrophobic analytes such as food dyes,
phthalates, and mycotoxins by immunochemical techniques [26,27]. Therefore, this work
is aimed at improving the analytical data obtained using the classical colorimetric and
developed alternative approaches.

The development of modern immunoanalytical systems requires careful optimiza-
tion of all stages from the preparation of immunoreagents to the choice of a method for
detecting the analytical signal. Commercially available EIA test systems use colorimetric
or chemiluminescent detection for diagnostic purposes [28–30]. In most cases, chemilumi-
nescence provides a more sensitive determination of analytes compared to colorimetric
detection [31–33]. Luminol is used as the substrate of chemiluminescence [34,35]. Devel-
opments based on chemiluminescence are used in food analysis [36] and environmental
objects [33]. Traditionally, the signal in the wells is measured once at a certain time after
adding the substrate solution to the wells in which antigen–antibody complexes have
formed, containing an enzymatic tag as a catalyst for substrate oxidation. However, the
kinetics and signal changes [31,37], which depend on the amount of label in the immune
complexes, are not taken into account.

This paper proposes to demonstrate how monitoring signal changes can achieve
the best analytical performance for the determination of nonylphenol in water. This
approach allows for providing the assay due to the availability of equipment and the ease
of performing the analysis itself.

2. Materials and Methods
2.1. Materials and Components

Nonylphenol (NP), bisphenol A, Triton X-100, Tween-20, Tween-80, luminol, p-iodophenol,
gelatin, formaldehyde solution, soybean trypsin inhibitor (STI), dimethylsulfoxide, and
Tween-80 were from Sigma-Aldrich (St. Louis, MO, USA). Rabbit antiserum was obtained
as described in [20] by rabbit immunization with NP–BSA conjugate, stored at −20 ◦C, and
used in this work. Goat polyclonal antibodies against rabbit IgG labeled with horseradish
peroxidase (GARI-HRP) were obtained from IMTEK (Moscow, Russia). Liquid colorimetric
substrate 3,3′,5,5′-tetramethylbenzidine (TMB) with H2O2 (substrate solution) was obtained
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from Immunotech (Moscow, Russia). Methanol was obtained from Fluka (Switzerland).
Buffers and water solutions were prepared with the use of purified water with a resistance
of not more than 18.6 MΩ·cm at 25 ◦C (Simplicity Water Purification System, Millipore,
Bedford, MA, USA).

Black polystyrene plates (96-well black Maxisorp Nunc microplates (NUNC 437111))
were obtained from Thermo Fisher Scientific, Roskilde, Denmark). Transparent 96-well
microplates were obtained from Costar (Corning Costar, MO, USA). Syringe filters of
0.22 µm for purifying samples and filtration of water solutions were obtained from Sartorius
(Gettingen, Germany).

We used 1 mM, 10 mM, and 50 mM phosphate-buffered saline, pH 7.4 (1 mM PBS,
10 mM PBS, 50 mM PBS, correspondingly), 50 mM PBS with 0.1% gelatin (pH 7.4), 50 mM
PBS with 0.05% Tween-80 (PBST, pH 7.4), and 0.1 M carbonate buffer (pH 10.0).

2.2. Methods
2.2.1. Synthesis of the Conjugate of Hapten and Carrier Protein Conjugate

The hapten–protein conjugate was synthesized as described by Mart’ianov et al. [20].
Briefly, 11.5 mg of nonylphenol (NP) was dissolved in 348 µL of dimethyl sulfoxide (DMSO)
at a concentration of 33 mg/mL. Then, 11 mg of soybean trypsin inhibitor (STI) was
dissolved in 1 mL of 0.1 M carbonate buffer (pH = 10). Then, 58 µL of nonylphenol solution
was added to the protein solution. Next, 100 µL of 35–37% formaldehyde was added to each
Eppendorf, followed by incubation under stirring for 30 min at room temperature and then
5 days at 37 ◦C. The resulting conjugate preparation after synthesis was dialyzed against
10 mM PBS, divided into small portions (by 50 µL), and stored at −20 ◦C until analysis.

2.2.2. Characteristics of the NP–STI Conjugate

The resulting conjugate was characterized by spectrophotometry and FT-IR. A UV-
2450 spectrophotometer (Shimadzu, Kyoto, Japan) was used to record absorption spectra
of the synthesized conjugate in the range of 240–400 nm. FT-IR spectra were recorded
in the range of 400–4000 cm−1 using an FT/IR-6700 Fourier transform infrared (FT-IR)
spectrophotometer (JASCO, Tokyo, Japan). All measurements were provided at room
temperature. The obtained spectra of the conjugate, pure nonylphenol, and protein were
compared with each other at the levels of characteristic vibrations.

Titration of surface amino groups was carried out according to [38] with modifications.
Briefly, 50 µL of a solution of the conjugate or the original protein (the concentration varied
from 2.5 mg/mL to 2.4 µg/mL with a 2-fold dilution at each step) was added to the wells
of a polystyrene ELISA microplate (Costar 9018 manufactured by Corning (USA)). Then,
50 µL of a saturated NaHCO3 solution and 50 µL of a 0.2% TNBS solution were added. The
resulting mixture was incubated for 2 h at 37 ◦C, after which the reaction was stopped by
sequential addition of 25 µL of 10% SDS-Na and 25 µL of 0.5 M HCl.

2.2.3. Collection and Storage of Water Samples

All-natural water samples were collected in glass vials from ecologically pure springs.
Probes of around 10 mL were stored at −20 ◦C prior to the analysis. The samples of river
waters were filtered through a syringe-driven filter (Biofil 0.45 µm; Guangzhou, China) and
stored at −20 ◦C until use.

2.2.4. Colorimetric EIA

First, STI–NP was adsorbed at the concentrations 0.1–5 µg/mL in 50 mM PBS, pH 7.4,
into the wells of a transparent microplate and incubated overnight. Then, the wells were
washed three times with 50 mM PBST containing 0.05% Tween-80, pH 7.4 (washing buffer).
The solution of 50 mM PBS, pH 7.4, with 0.1% gelatin (blocking buffer) was dropped by
150 µL per well and incubated for 30 min at 37 ◦C. After this procedure, microplate wells
were washed again with the washing buffer, and rabbit antiserum solutions were added
at the volume of 100 µL at different dilutions (from 1:100 to 1:1,000,000) and incubated
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at 37 ◦C for 1 h. The anti-NP rabbit antiserum was diluted in the blocking buffer. The
resulting immune complexes were observed with the goat anti-rabbit IgG labeled with
horseradish peroxidase (GARI-HRP) diluted 1:3000 in 50 mM PBST with 0.05% Tween-80
at 37 ◦C. Then, 100 µL of the substrate solution was added to develop the color in the wells
for 15 min. After this, the reaction was stopped by the addition of 50 µL 0.1 M H2SO4.

For competitive immunoassay, NP solutions with different concentrations (from
100,000 µg/mL to 0.01 ng/mL) in methanol: water (1:4) were added to the wells and
then anti-NP rabbit antiserum in chosen dilution in equal volume. The incubation was pro-
vided for 1 h at +37 ◦C. The development of complexes was provided as described above.

2.2.5. Chemiluminescent EIA

The analysis was provided in a similar way. First, STI–NP was adsorbed at the
concentrations of 0.1–5 µg/mL in 50 mM PBS into the wells of black Nunc microplates
overnight, then washed three times and blocked with the solution of 50 mM PBS with 0.1%
gelatin. The next procedures were provided as described above. After the development of
immune complexes with GARI-HRP, the substrate mixture was added. Measurement was
provided in kinetic mode with 15 measurements of measurements, where 1 measurement
corresponds to 120 s. The used substrate mixture included 11.7 mL of 100 mM Tris-
HCl buffer, pH 8.9 with 1 mmol luminol, 2 mmol 4-iodophenol, and 2 mmol H2O2 [39].
To measure chemiluminescent signal in the wells, a Zenyth 3100 multifunctional reader
(Anthos Instrument, Wals, Austria) was used.

For chemiluminescent EIA, the kinetic measurement mode was used in each stage
of this investigation, both when optimizing parameters and when obtaining calibration
dependencies. This means that after measuring all 96 wells of the plate, which takes a
total of 120 s, the next measurement of equal duration begins. In total, data obtained after
15 consecutive chemiluminescence measurements in all wells of the plate were analyzed.

To study the kinetics, two conditions for experiments implementation were considered,
one with 100 µg/mL of NP (minimal chemiluminescence) and one without NP (maximal
chemiluminescence). The chemiluminescence was measured in triplicate during 15 cycles,
each of 120 s, as described above. The dependences of relative luminescence units (RLUs)
from number of measurements were obtained and processed using Origin 9.0 software
(Northampton, MA, USA).

2.2.6. EIA Data Processing

The curves were plotted as the dependence of analytical signal (optical density at
450 nm (OD450) or relative chemiluminescent units (RLU)) from the concentration of
analyte in competitive or dilution of antisera in noncompetitive EIA. All measurements
were carried out in duplicate or triplicate. A four-parametric sigmoidal equation was used
to describe the dependence in competitive immunoassay. The main analytical parameters
used to choose optimal conditions of analysis were as follows. The concentration of
analyte that inhibits analytical signal by 10% (IC10) was chosen as a parameter to compare
different competitive curves. The limit of detection (LOD) was calculated based on three
standard deviations of the signal in the absence of a competitor. The linear range of
determined concentrations of NP was determined as an IC20–IC80 interval. It means that
the concentrations that inhibit the analytical signal by 20–80% were used as a working range.

3. Results
3.1. Synthesis and Characterization of Hapten–Protein Conjugate

The development of a competitive enzyme immunoassay requires the availability of
basic reagents such as a hapten–protein conjugate, a free hapten, specific antibodies (or
antiserum), and anti-species antibody conjugate labeled with peroxidase to detect formed
immune complexes.

The conjugate of nonylphenol (the structure is shown in Figure 1A) with soybean
trypsin inhibitor (STI) as the carrier protein (hapten–protein conjugate, NP–STI) was
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obtained by the Mannich reaction (Figure 1) at the molar ratio of 30:1. During the reaction,
formaldehyde is transformed into CH2 group as a substituent in orthoposition next to the
phenolic hydroxyl group (Figure 1B). This group in the conjugate is a link between the
protein amino group and the NP core (Figure 1C). The resulting conjugate was characterized
by spectrophotometry and FT-IR spectroscopy.
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Figure 1. Scheme of conjugation of nonylphenol with carrier protein by Mannich reaction. (A)—
nonylphenol structure; (B)—intermediate compound having active group reacting with primary
amines to form the hapten–protein conjugate—(C).

The absorption spectrum of the NP–STI conjugate has a characteristic peak at 278 nm
and a shoulder at 284 nm, which is characteristic of both the protein (280 nm) and native
nonylphenol (278 nm) (Figure 2). The data were used to determine conjugate concentrations.
The resulting NP–STI conjugate had a concentration of 7.4 mg/mL.

Appl. Sci. 2024, 14, x FOR PEER REVIEW 6 of 15 
 

240 260 280 300 320 340
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6
284 

nm

A
b

s
o

rb
a
n

c
e
 

Wavelength, nm

 NP-STI

 NP

 STI

278 

nm

 

Figure 2. Absorption spectra of the NP–STI conjugate, NP and STI. 

The STI protein, hapten (nonylphenol), and synthesized NP–STI conjugate were char-

acterized by FT-IR spectroscopy, demonstrated in Figure 3. The spectrum of the NP–STI 

conjugate shows bands in the region of 1700–1600 cm−1, 1575–1480 cm−1, and 1230–1300 

cm−1 associated with the amide group of proteins [40] (Figure 3, FT-IR spectrum of STI). 

The characteristic bands in the region of 2831–3000 cm−1 in the spectrum of nonylphenol, 

attributed to asymmetric and symmetric stretching vibrations of CH2 [41], are repeated in 

the spectrum of the NP–STI conjugate. Thus, FT-IR spectroscopy data confirm the success-

ful preparation of the NP–STI conjugate.  

Comparison of the titrations of free amino groups for STI and STI–NP demonstrated 

that the number of nonylphenol molecules on the surface of the NP–STI conjugate is about 

two. Taking into account the fact that the entire STI globule contains nine lysine residues, 

only approximately 20% of the remainder of the total. Such a relatively small load is 

adopted in competitive ELISAs, since it makes it possible to more effectively prevent the 

binding of antibodies to the conjugate when a free hapten is introduced [42]. 

1000 2000 3000

0.0

0.1

0.2

0.0

0.1

0.2

0.3
1000 2000 3000

1
3

9
0

 c
m

-1

1
2

3
0

 c
m

-1

1
5

1
9

 c
m

-1

2
9

5
9

 c
m

-1

2
8

6
5

 c
m

-1

2
9

2
5

 c
m

-1

0.05

 

Wavenumbers (cm
-1
)

 STI-nonylphenol

0.0

A
b

so
rb

a
n

ce

1
6

2
9

 c
m

-1

 

nonylphenol

 

 

STI

 

Figure 2. Absorption spectra of the NP–STI conjugate, NP and STI.



Appl. Sci. 2024, 14, 1685 6 of 14

The STI protein, hapten (nonylphenol), and synthesized NP–STI conjugate were
characterized by FT-IR spectroscopy, demonstrated in Figure 3. The spectrum of the
NP–STI conjugate shows bands in the region of 1700–1600 cm−1, 1575–1480 cm−1, and
1230–1300 cm−1 associated with the amide group of proteins [40] (Figure 3, FT-IR spectrum
of STI). The characteristic bands in the region of 2831–3000 cm−1 in the spectrum of
nonylphenol, attributed to asymmetric and symmetric stretching vibrations of CH2 [41], are
repeated in the spectrum of the NP–STI conjugate. Thus, FT-IR spectroscopy data confirm
the successful preparation of the NP–STI conjugate.
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Figure 3. Characterization of NP–STI conjugate (black line) by FT-IR technique in comparison with
native STI (green line) and nonylphenol (red line).

Comparison of the titrations of free amino groups for STI and STI–NP demonstrated
that the number of nonylphenol molecules on the surface of the NP–STI conjugate is about
two. Taking into account the fact that the entire STI globule contains nine lysine residues,
only approximately 20% of the remainder of the total. Such a relatively small load is
adopted in competitive ELISAs, since it makes it possible to more effectively prevent the
binding of antibodies to the conjugate when a free hapten is introduced [42].

3.2. Competitive EIA with Colorimetric Detection

To carry out this work, we used antibodies obtained earlier in the laboratory during the
immunization of rabbits [20]. Their specificity for nonylphenol was established earlier by
Mart’anov et al. [43]. Triton X-100 used for EIA buffer solutions preparation was detected
to be cross-reactant at 9.9%. The detergent Tween-80 did not show any cross-reactivity and,
thus, was used in the preparation of the buffer solution when preparing the competition.
Comparison of analytical parameters obtained by performing a competitive EIA with
various concentrations of immobilized hapten–protein conjugate allowed us to analyze
conditions with the ability to achieve a minimum IC10 and a wide operating range. Thus, a
decrease in the concentration of NP–STI from 5 µg/mL to 0.1 µg/mL was characterized by
a significant decrease in the IC10 from 76.7 ng/mL to 17.6 ng/mL (Table 1). At the same
time, there was a simultaneous decrease in the analytical signal (to 0.08 with a background
optical density of 0.06) at concentrations below 1 µg/mL, and more time was required
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for the reaction with the substrate—over 60 min. Therefore, in order to avoid increasing
the time of analysis and working with low signal amplitudes, we believe that the optimal
concentration will be 1 µg/mL in a colorimetric analysis. The typical dose–response curve
is shown in Figure 4.

Table 1. Analytical parameters of competition curves obtained by immobilization of the NP–STI
conjugate at various concentrations in PBS.

Concentration of
NP–STI IC10, ng/mL IC20, ng/mL IC50, ng/mL IC80, ng/mL Responses max/min Error *, %

5 µg/mL 77 175 1900 21,900 0.33/0.18 6.2
3 µg/mL 490 350 1230 19,400 0.31/0.18 1.9
2 µg/mL 115 614 1820 11,100 0.29/0.12 2.8
1 µg/mL 55 190 1590 13,300 0.3/0.05 5.6

0.5 µg/mL 23 83 768 7120 0.22/0.06 2.9
0.1 µg/mL 18 50 290 1740 0.11/0.06 4.3

0.01 µg/mL 92 93 94 95 0.08/0.06 4.8

* The average error of detection in the range of IC10–IC80.
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Figure 4. Dose–response curve for the determination of nonylphenol in EIA with colorimetric
detection (concentration of NP–STI in wells 1 µg/mL); n = 3. Inset—picture of microplate wells
corresponding to the points (concentrations) of the curve.

3.3. Chemiluminescent EIA

Therefore, even if the concentrations of NP–STI are selected in the colorimetric analysis,
the conditions in the chemiluminescent analysis should be rechecked and the interaction
conditions in the multivariate analysis should be optimized.

Unlike colorimetric detection, where the oxidation reaction of a chromogenic substrate
is stopped by introducing an acid into the reaction mixture, chemiluminescent detection
is characterized by an increase and then attenuation of the signal due to the influence of
free radicals and oxidation products [44]. Note that identifying the kinetic patterns of the
reaction of substrate oxidation in some cases can affect the final parameters of the system.
To achieve equilibrium in the system, different times are required depending on the number
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of immune complexes formed in the wells of the plate and, accordingly, on the amount of
label (horseradish peroxidase) in them.

The presented signal kinetics in the chosen wells in the absence of the analyte in the
sample and in the presence of a high concentration of nonylphenol demonstrates that
equilibrium in the system occurs between five and eight measurements in the absence of
the analyte (Figure 5). These measurements correspond to 10 min and 16 min. It should be
noted that the stabilization of the signal in the absence and presence of nonylphenol was
maintained from the 7th to the 12th measurement (14–24 min)—see the highlighted interval
in Figure 5. No further measurements were taken since this would significantly increase
the analysis time. As shown in one of our previous works [27], the set of system parameters
affects the possibility of reliable detection of the analyte in samples. Therefore, we took into
account the data obtained during a long-term study of the kinetics of the analytical signal
in the wells of a microplate in this work.
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Figure 5. Kinetics of the analytical signal in black microplate wells in the absence (1) and presence
(2) of the analyte. Concentration of NP–STI in wells: 2 µg/mL; antiserum dilution: 1:20,000. All
measurements were performed in triplicate. The SD parameter did not exceeded 10%.

3.4. Optimizing Parameters of Chemiluminescent EIA Test System
3.4.1. The Choice of STI–NP Concentrations and Antiserum Dilution

When optimizing a system, a set of curves obtained by varying two parameters
is considered and their combination is selected. The first step of the optimization was
the selection of the concentration of STI–NP immobilized into the wells of the plate at
concentrations of 1–5 µg/mL and rabbit antiserum dilution. A rabbit antiserum containing
specific antibodies to nonylphenol was titrated (Figure 6a). By analogy with the colorimetric
EIA, calibration curves of the dependence of the signal on the concentration of nonylphenol
at the selected dilution of the antiserum (1:10,000 for 1 and 2 µg/mL and 1:20,000 for 3 and
5 µg/mL of the adsorbed hapten–protein conjugate, respectively), were obtained.

As can be seen from Figure 6a, the signal intensity depends on the concentration of
the NP–STI conjugate immobilized in the wells of the microplate. Figure 6b shows the
dependence of the intensity of the chemiluminescent signal on the concentration of the
analyte. Thus, it is clear that the level of the background signal increases (at the maximum
concentration of the analyte, Figure 6b) with the increase in concentration of the NP–STI.
The maximum amplitudes of the analytical signal with a minimum deviation value were
achieved when using a concentration of NP–STI 1 µg/mL (Figure 6c) in combination with
a dilution of antiserum of 1:10,000 to conduct a competitive analysis of nonylphenol.
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Figure 6. Dependence of the chemiluminescent signal on the antiserum dilution in absence of
nonylphenol (a); dependence of chemiluminescent signal on the analyte concentration (b); signal-to
noise ratio at different NP–STI concentration in the wells in competitive chemiluminescent EIA (c).
The concentration of NP–STI was 1 µg/mL; antiserum dilution was 1:10,000. All measurements were
performed in duplicate. The SD in the 10th measurement did not exceeded 12%.

3.4.2. Optimization of Competitive Stage Duration

In addition to the choice of concentrations of immunoreagents, the duration of the
competitive stage of the immune interaction was selected. The main criteria were low
values of the analyte detection limit and reproducibility of the analytical signal. These ex-
periments were necessary in order to reduce the analysis time without loss of the analytical
performance of the analysis achieved during the previous optimization. For this purpose,
the antiserum solution was added to the wells of the microplate at certain intervals (every
15 min) to ensure compliance with the intervals. Analysis of the data obtained during this
titration made it possible to determine the optimal conditions for working with the use of
buffer solutions.

When plotting dose–response curves obtained by changing the duration of the compe-
tition stage, it turned out that the lowest values of the detection limits of NP were achieved
during a 30 min incubation stage (Table 2). At the same time, the parameters of curves are
better for 45 min incubation, as well as the value of the average deviation. Formally, the
values obtained by fitting the curves at a 15 min competition stage are superior to those
for 30 min. However, due to the low analytical signal (about 130 RLU) and low signal-to-
background ratio (130/25 = 5.2), the highest average error of detection (17.3%), the use of
this curve with such parameters to analyze the samples is inappropriate. Therefore, based
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on the results shown in Table 2, the duration of the competition stage of 45 min was chosen
for further analysis. The IC10 parameter after a 45 min incubation was 9.0 ng/mL, which is
comparable to commercial kits for the determination of NP and corresponding ethoxylates
from Ring Biotechnology Co., Ltd. (Beijing, China) [45] with the detection limit of 5 ng/mL.

Table 2. Analytical parameters of competitive curves for NP determination obtained by assessing
intermediate data when studying the kinetics of the analytical signal (10th measurement).

Duration of Competition IC10, ng/mL IC20, ng/mL IC50, ng/mL IC80, ng/mL Responses max/min Error *, %

60 min 29 76 400 2100 685/24 6.5
45 min 9 25 138 758 606/21 8.2
30 min 8 20 87 380 442/24 13.9
15 min 13 24 63 170 134/24 17.3

* The average error of detection in the range of IC10–IC80.

3.5. Chemiluminescent EIA of NP in Natural Waters

Natural and artificial sources of drinking water differ in chemical composition and
biological environment. Therefore, despite the apparent simplicity of this object, changes
in the course of the curve or the analytical characteristics of the method should be taken
into account. Despite the fact that the free valences in wells of a microplate are blocked
using a blocking buffer (PBS with the addition of 0.1% gelatin) during chemiluminescent
EIA before the competition, the effect of the sample matrix is able to be detected.

Typically, two main approaches were used for enzyme immunoassay to obtain a
calibration curve for the determination of analytes in complex matrices. The first approach
is to adapt the calibration to the matrix, and the second one is to eliminate the influence of
the matrix (processing, extraction, solvent change, protein precipitation, etc.).

To evaluate the possible influence of the sample matrix, calibration curves were
obtained in various media. The tested media were distilled water, PBS of various molarities
(from 1 to 50 mM), PBST, and PBS with the addition of 0.1% gelatin. Table 3 shows the
values of the IC10 parameter, as well as other data estimated from the obtained curves. It can
be seen that when the medium is replaced, there is a significant change in both the detection
limits and the boundaries of the working ranges of NP concentrations; therefore, all these
parameters should be taken into account when analyzing water samples in the future.

Table 3. Analytical parameters of competitive curves for the NP determination obtained using
various media.

No. Medium IC10, ng/mL IC20, ng/mL IC80, ng/mL IC50, ng/mL Responses
max/min Error *, %

1 Distilled water 15.0 60.97 5300 669.80 765/70 5.3
2 PBS 1 mM 8.9 32.27 2633.1 291.51 574/153 6.8
3 PBS 10 mM 28.4 85.67 3731.93 565.44 608/140 9.2
4 PBS 50 mM 22.0 51.8 970.13 224.10 550/101 8.4
5 PBST 4.06 17.80 2778.7 222.34 580/92 4.2
6 50 mM PBS + 0.1% gelatin 24.1 73.11 3251.55 487.56 640/95 6.0

* The average error of detection in the range of IC10–IC80.

It is noteworthy that in terms of analytical parameters, distilled water turned out to be
closest to the water samples. Therefore, when carrying out the experiment, the values of the
chemiluminescent signal were extrapolated to the curve obtained using distilled water as a
medium at the competition stage (Figure 7). The advantage of using this environment is, on
the one hand, universality, and, on the other hand, the absence of the influence of the quality
of salts used in the preparation of a buffer solution. In addition, in such a matrix, we can
analyze samples without dilution, which would help to avoid false negative results of the
analysis, when the low content of the NP is even more reduced by diluting the sample. The
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resulting curve is characterized by a detection limit of nonylphenol of 15 ng/mL and the
working range of determined concentrations of 61–5300 ng/mL. Analysis of the literature,
which provides data on the detection of NP in natural waters, demonstrates different levels
of content—from 0.3 ng/mL to 6 µg/mL [46,47]. The obtained analytical data satisfy the
requirements of environmental monitoring.
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Figure 7. Calibration curve in distilled water. The concentration of NP–STI was 1 µg/mL; antiserum
dilution: 1:10,000. All measurements were performed in duplicate. The SD in the 10th measurement
did not exceeded 8%.

The samples used in this work were confirmed as negative and free of nonylphenol.
The test samples and distilled water showed identical analytical signal values at the zero
point. Therefore, spiked samples were prepared for analysis by introducing known amounts
of NP.

As can be seen from Table 4, when nonylphenol was added in various concentra-
tions to water samples that did not contain nonylphenol, this method allowed detection
from 82.7 to 122%. It should be noted that the detection method (colorimetric or chemilumi-
nescent) did not affect the recovery values. However, the ranges of working concentrations
were different. As a result, the sensitivity of chemiluminescence-based assay was higher.
In the case of chemiluminescent detection, the IC10 parameter was 9 ng/mL, compared
to 55 ng/mL for colorimetry. Summarizing the analytical characteristics of both methods,
it turns out that the limit of detection of nonylphenol was 20 ng/mL when performing
chemiluminescent EIA. Colorimetric determination is characterized by the LOD value of
98 ng/mL.

Table 4. Data on NP concentration observed by the developed chemiluminescent EIA in the spiked
water samples (10th measurement, n = 3) and colorimetric EIA.

Added, NP
Detected, NP, Chemiluminescence

Probe 1 (River) Probe 2 (Waterfall) Probe 3 (Pond)

ng/mL ng/mL % ng/mL % ng/mL %

45 55 ± 8.4 122 ± 15.2 53 ± 2.3 117.7 ± 4.3 50 ± 5.3 111.1 ± 10.5

135 140 ± 13.7 103.7 ± 9.8 130 ± 7.5 96.3 ± 5.8 148 ± 10.4 109.6 ± 7.0

400 431 ± 49.1 107.8 ± 11.4 411 ± 42.3 102.8 ± 10.3 395 ± 15.0 98.8 ± 3.8

1200 1023 ± 53.2 85.3 ± 5.2 954 ± 127.8 79.5 ± 13.4 992 ± 69.3 82.7 ± 7.0

Detected, NP, Colorimetry

200 235 ± 3.2 117.5 ± 1.4 184 ± 8.1 92 ± 4.4 234 ± 7.9 117.0 ± 3.4

600 589 ± 6.4 98.2 ± 1.1 532 ± 16.5 88.7 ± 3.1 519.6 ± 16.6 86.6 ± 3.2

800 830 ± 12.2 103.8 ± 14.7 792 ± 13.6 99 ± 1.8 762.4 ± 11.4 95.3 ± 1.5

1000 1206 ± 10.4 120.6 ± 0.9 998 ± 19.2 99.8 ± 2.0 832 ± 16.2 83.2 ± 2.0
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The works of predecessors showed interest in this issue (Table 5). However, it should
be noted that the presented work has no analogs both in terms of the type of analytical
signal detection and in studying the influence of data processing. In addition, the high
sensitivity of the analysis achieved in the presented work was previously achieved using
either high-affinity antibodies or the use of a sample concentration step. Thus, the results
demonstrated in this work demonstrate the applicability of the developed test system for
the determination of nonylphenol in natural waters.

Table 5. Works on the immunochemical determination of alkylphenols in the most recent 10 years.

No. Technique Detection Sample Antibody IC10 or IC50 Ref.

1 ELISA Colorimetry Prawn and clam
samples (seafood) polyclonal 10 µg/L

20 µg/L [48]

2 ELISA Colorimetry Lake water Monoclonal, polyclonal 76 ng/mL—OP
24 ng/mL—NP [49]

3 LFIA Colorimetry - polyclonal 1 µg/mL [50]
4 LFIA Colorimetry Spring water polyclonal 1.1 and 0.4 µg/mL [51]
5 EIA Chemiluminescent Spring water polyclonal 7 ng/mL This work

4. Conclusions

This work proposes a method for determining the content of nonylphenol using
the developed chemiluminescent competitive enzyme immunoassay. By optimizing the
analysis conditions, it was possible to decrease the detection limit of the target analyte to
9 ng/mL, compared to the colorimetric EIA (55 ng/mL), in a buffer solution. In addition,
the chemiluminescence method allows one to evaluate the kinetics of substrate oxidation
in microplate wells with different label contents.

The advantages of chemiluminescence are high signal values, wide operating ranges,
absence of background luminescence, and the possibility to evaluate the signal in kinetic
mode. The main disadvantage is a high risk of nonspecific substrate oxidation. The
proposed option for detecting and analyzing an analytical signal clearly demonstrates its
performance in the case of choosing the optimal time of interaction with the substrate and
establishing equilibrium in the system. This work shows that the maximum convergence of
the curves in various water samples is observed 20 min after adding the substrate mixture to
the wells. The proposed method and approach have good prospects for further application
for the detection of analytes in water samples by CL-EIA.
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