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Abstract: Dibutyl phthalate (DBP) is widely used as a plasticizer in the production of polymeric materials to
give them flexibility, strength and extensibility. However, due to its negative impact on human health, in
particular, reproductive function and fetal development, the content of DBP must be controlled in food and
environmental objects. The present study aims to develop a sensitive, fast and simple polarization fluorescent
immunoassay (FPIA) using monoclonal antibodies derived against DBP (MAb-DBP) for its detection in open
waters. New conjugates of DBP with various fluorescein derivatives were obtained and characterized: 5-
aminomethylfluorescein (AMF) and dichlorotriazinylaminofluorescein (DTAF). The advantages of using the
DBP-AMF conjugate in the FPIA method are shown, the kinetics of binding of this drug with antibodies is
studied, the analysis is optimized, and the concentration of monoclonal antibodies is selected for sensitive
analysis - 16 nM. The calibration dependence of the fluorescence polarization signal for the detection of DBP
was obtained. The observed IC50 (40 ng/mL) and LOD (10 ng/mL) values were improved by a factor of 35 for
the previously described FPIA using polyclonal antibodies. This technique was tested by the added/found
method, the percentage of DBP discovery in water ranged from 85 to 110%. Using the developed method, real
water samples from Lake Onega were tested, and a good correlation was shown between the results of the
determination of DBP by the FPIA method and GC-MS/MS. Thus, the FPIA method developed in this work
can be used to determine DBP in open water reservoirs.

Keywords: fluorescence polarization immunoassay; phthalates; dibutylphthalate; contamination; water safety

1. Introduction

Environmental pollution is a serious environmental problem. A large number of anthropogenic
pollutants (pharmaceuticals, pesticides, mycotoxins) enter the environment from industrial,
commercial, domestic and agricultural sources. This leads to pollution of surface waters, which, in
turn, not only threatens aquatic life, but also affects human health. River water is an important source
of drinking water, so quality control is necessary to detect pollutants. Dibutyl phthalate (DBP)
phthalic acid ester (PAE) is one of the most common plasticizers used in the manufacture of plastic
products, which is usually added to DBP from 10% to 60% by weight of the polymer. The
manufacture of certain plastics, such as soft toys, may require a higher DBP content. Since phthalates
are not chemically bound to plastic, DBP is easily released from it and enters food and the
environment, which pollutes water, soil, air and food [1, 2]. It has been shown that DBP is able to
accumulate in the human body, which leads to a general hormonal failure, negatively affects the
functioning of the kidneys and liver, and can provoke cancer [3], destroy the endocrine system and
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reduce fertility [4]. Since DBP poses a great threat to human health and also poses a danger to the
environment, it was classified as a hazardous substance subject to priority control [5].

Permissible levels of phthalates in water and food are regulated [6]. In addition, due to the
negative impact of PAE on the human endocrine system, environmental quality standards were
defined based on average annual concentrations in freshwater environments, so the maximum
permissible concentration of DBP in open water and groundwater in the EU countries is 10 pg/l, the
maximum acceptable concentration for aquatic ecosystems is 35 pg/l and the maximum acceptable
concentration for aquatic ecosystems of 0.430 mg/1 [7, 8]. The maximum acceptable concentration of
dibutyl phthalate in water established in Russia is 0.2 mg/1 [9], and the US Environmental Protection
Agency (USEPA) maximum contaminant level (MCL) for DBP are higher - 0.45 mg/1 [10].

Thus, the development of sensitive and selective analytical methods for the detection of PAE,
in particular DBP, is of great importance for monitoring their content in the waters of open reservoirs.
Specifically, there is a need for methods that be methods that allow these studies to be carried out
outside the walls of the laboratory.

Currently, the analysis of EPA is mainly carried out by chromatographic methods, for example,
high performance liquid chromatography (HPLC) [11] or gas chromatography-mass spectrometry
(GC-MS) [12]. These analytical methods allow accurate and sensitive quantitative analysis; however,
these methods require expensive instrumentation, highly skilled personnel and complex sample
processing that cannot meet the requirements for rapid detection of toxicants outside the laboratory.
Therefore, the development of more sensitive and selective analytical methods for the rapid and
accurate detection of PAE in the field is necessary.

Immunoassay methods have great advantages over chromatographic methods due to their
relatively low cost and ease of implementation. For example, to determine DBP, there are next
commonly used immunological techniques such as enzyme-linked immunosorbent assay (ELISA)
[13-15], immunochromatographic (ICA) [16] and polarization fluorescence immunoassay (FPIA) [17,
18].

Among the immune methods of analysis, ELISA is most widely used in areas such as the
diagnosis of diseases [19], food safety [20] and environmental monitoring [21]. It has obvious
advantages due to low cost, good specificity, automation and high performance. However,
traditional colorimetric ELISA is often accompanied by false positive responses and has a long
analysis time [22]. The ICA method of analysis is fast and can be performed directly on site, but this
method can give unreliable results in the presence of various phthalates in the sample, is sensitive to
changes in pH and composition of the sample. In addition, ICA generally provides only a qualitative
or semi-quantitative assessment of the content of the analyte. FPIA has several advantages over the
above-mentioned immune methods: it is a homogeneous method, does not require separation of the
free form from the bound one, is carried out quickly, provide the results in 5-10 minutes and can be
carried out directly at the sampling site. The developed FPIA formats for the determination of DBP
using immunoreagents of the conjugate of the amino derivative of fluorescein with succinate-dibutyl
phthalate (DBP-EDF) and polyclonal antibodies obtained against DBP have a fairly high detection
limit (350 ng/ml) [17]. In another FPIA assay, instead of antibodies, the recombinant receptor protein
mPPARa-LBD was used as a recognition element and fluorescently labeled nonanoic acid (C4-
BODIPY-C9) [18]. This fluorescence polarization assay can simultaneously detect multiple phthalic
acid esters with different sensitivities and specificities. Given that real samples may contain more
than one PAE, the proposed method is favorable for determining the total amount of PAE.

However, one of the most toxic esters of phthalic acid is DBP. Its content is currently strictly
controlled in water bodies. Therefore, to meet the requirements for the detection of DBP, a more
sensitive and accurate method of investigation is needed. Homogeneous FPIA allows quantitative,
fast and specific determination of low-molecular pollutants in various objects both in the laboratory
and directly at the detection site, thanks to the availability of portable analyzers. As any immune
method, the specificity of the antigen/antibody interaction is important for the development of
sensitive FPIA; therefore, the using of highly specific monoclonal antibodies and the obtaining of new
highly purified antigenic conjugates with various fluorescein derivatives can solve this problem.
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2. Materials and Methods

2.1. Reagents and materials

Dibutyl phthalate, dimethyl phthalate (DMP), diethyl phthalate (DEP), diisobutyl phthalate
(DisoBP), diethylhexyl phthalate (DEHP), dioctyl phthalate (DOP), butyl benzyl phthalate (BBP),
monomethyl phthalate (MMP), monobenzyl phthalate (MBP), monohexyl phthalate (MHP), 5-
aminomethylfluorescein (AMF), N-hydroxysuccinimide (NHS), N,N'-dicyclohexylcarbodiimide
(DCC) (Sigma Aldrich Corporation, USA). Dichlorotriazinylaminofluorescein (DTAF), sodium azide
(Serva, USA). Triethylamine (Merck, Germany). Chloroform, methanol, dimethylformamide (DMF)
(special purity grades, Khimmed, Russia).

Specific monoclonal antibodies against dibutyl phthalate Mab-DBP 2.4 mg/mL were provided
by Prof. Chuanlai Xu (Jiangnan University, Wuhi, China).

During the experiments, a 50 mM borate buffer solution (pH 8.5) containing 0.1% NaN3 was
used.

Stock solutions of phthalates were prepared at a concentration of 10 mg/ml in methanol, from
which standard solutions were prepared in 10% methanol.

The DBP-AMEF conjugate was purified by thin layer chromatography on pre-coated TLC sheets
ALUGRAM®Xtra SIL G/UV2s4 (Germany). Fluorescence polarization measurements were carried out
on a Sentry-200 portable device (Ellie, USA). The obtained data were processed using the Sigma Plot
11 software package (Systat Software Inc., USA).

2.2. Synthesis of the fluorescein labeled antigen (tracer)

Synthesis of conjugates of dibutyl phthalate with DTAF was carried out by dissolving 1 mg of
4-amino-dibutyl phthalate in 100 pl of methanol with 10 pl of triethylamine and adding 2 mg of
DTAF. The mixture was incubated for 24 h in the dark.

The preparation of the DBP-AMF conjugate was carried out in two stages: 1) activation of the
carboxyl group of DBP-Su: the molar ratio of DBP-Su : DCC : NHS during the synthesis was 1:2:2.
DCC (1.3 mg) and NHS (0.75 mg) were dissolved in 200 pl of DME. DBP-5u (1 mg) was then added
and the solution was incubated for 18 h at room temperature. The reaction mixture was centrifuged
at 10,000 g for 3 min and the supernatant was collected. 2) addition of fluorescent dye: AMF (2 mg)
and 10 pl of trimethylamine were added to the supernatant and incubated for 24 hours in the dark.

2.2.1. Purification of the tracer

DBP-AMF and DBP-DTAF conjugates were purified from impurities by thin-layer
chromatography using methanol : chloroform as an eluent in a ratio of 1:4 (v/v). The main yellow
fluorescent band (Rf=0.9) was collected from the chromatographic plate and extracted with 1 ml of
methanol. The concentration of DBP-AMF and DBP-DTAF conjugates was determined
spectrophotometrically, by absorbance at 492 nm in 50 mM carbonate buffer solution, pH 9.0, using
a fluorescein molar extinction coefficient of 8.78*10* (I/mol*cm) as described in [24]. The DBP-AMF
structure was checked by high-resolution tandem mass spectrometry coupled with high-performance
liquid chromatography (see Supplementary).

2.3. FPIA for DBP

Monoclonal antibody against DBP were obtained using BALB/c mice (1.5-2 months) by
hybridomic technology with antigen DBP-BSA as described [25]. Animal studies were conducted in
accordance with the EU Directive 2010/63/EU and are authorized by the Ethics Committee of the
Biotechnology Research Center (Protocol N22-D of February 12, 2020).

2.3. FPIA for DBP

The standard solutions 500 pl of various concentrations of DBP in 5% methanol (0-10000 ng/ml)
and 500 pl of a DBP-AMF conjugate solution with the selected optimal concentration 5 nM were

doi:10.20944/preprints202307.0567.v1
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added to glass tubes. Then, 50 pl of a solution of MAb-DBP antibodies with a concentration of 24 or
48 pg/ml was added, and after 60 min of incubation at 25°C, measurements were made on a Sentry-
200 portable fluorimeter (Ellie LLC, USA). Each measurement was carried out in triplicate. Based on
the measurement results, the dependence of the fluorescence polarization on the DBP concentration
(calibration curve) was obtained using a semi-logarithmic scale for the DBP concentration, which was
approximated by a four-parameter sigmoid function (1) using the Sigma Plot 11 software (Systat
Software Inc., USA)

mPmax—mPy

mP = mPO + +M)Hillslope (1)
1Cs50

where mP is the measured fluorescence polarization signal, mP0 is the free tracer polarization,

mPmax is the fluorescence polarization signal for the MAb-DBP*DBP-AMF complex in the absence

of free DBP, IC50 is the DBP concentration at which a 50% change in FP occurs.

2.4. FPIA Specificity

The specificity of FPIA has been studied under optimal experiment conditions. Cross-reactivity
(CR) was estimated using the following equation:

IC50ppp
IC50pAEs

CR% = % 100% @)

2.5. Preparation of water samples and recovery test

All water samples were obtained from Lake Onega and stored at 4°C. Water samples that did
not contain DBP by GC-MS were used to check FPIA by the recovery test. Before FPIA, these water
samples were spiked with DBP and analyzed without subsequent sample preparation. All
experiments were duplicated.

2.6. Determination of DBP in water samples by GC-MS

Water samples were prepared for analysis in glass flasks with ground-in lids. Phthalates were
extracted with n-hexane (10 ml sample + 1 ml n-hexane). The determination was carried out by gas
chromatography-mass spectrometry in the mode of registration of isolated ions. [26, 27]. Briefly, the
column HP-5MS (30mx250 micronsx0.25 microns) ("Agilent Technologies", USA) was used, mobile
phase — helium, eluent flow rate of 1 ml/min. The volume of the injected sample is 1 pl. Temperature
gradient: from 40 to 130°C at a speed of 50° C/min, from 130 to 250 °C at a speed of 5°C/min, from
250 to 300°C at a speed of 10°C/min. Source temperature 230°C. Mass spectrometric detection was
performed on the following ion: m/z 149 [26].

3. Results and Discussion

3.1. Obtaining and characterization of the specific reagents

For the development of a highly sensitive FPIA assay, the quality of the immunoreagents plays
an important role. A special role is assigned to the conjugate of a low molecular weight analyte with
a fluorescent label - a tracer. It is important that the synthesized tracer effectively binds to antibodies
and represents a highly purified preparation. In the previous study [17], a fluorescently labeled
conjugate with a carboxylated derivative of DBP (DBP-Su) with ethylenediamine
fluoresceinthiocarbamate (EDF) was synthesized. However, the DBP detection limit using this tracer
was quite high and amounted to 350 ng/mL. Therefore, in this work, we obtained DBP-Su conjugates
with another fluorescein derivative, AMP and 4-NH2-DBP with DTAF. These DBP-AMP and DBP-
DTATF tracers differ from EDF in the length of the spacer between fluorescein and DBP.

For the development of FPIA, the DBP-AMF and DBP-DTAF tracers were synthesized (see the
structure shown in Figure 1). The obtained conjugates were purified by thin layer chromatography
(TLC) and main fractions with a retention factor (Rf 0.9) were studied. To check the resulting
conjugates, working solutions of each fraction were prepared, and dilutions of stock tracer solutions
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were selected, so that their fluorescence intensity exceeded the background signal of pure buffer by
a factor of 20. Concentration of working tracers solutions was 5 nM. At a given concentration, the
tracers gave the optimal signal/noise ratio and, consequently, a stable value of the fluorescence
polarization. Then monoclonal antibody obtained against DBP (MAb-DBP) were added to the
working solutions of tracers DBP-AMF and DBP-DTAF and their binding was studied (Figure 2).
Both tracers DBP-AMF and DBP-DTAP were shown to bind to MAb-DBP. It is known that the
development of highly sensitive FPIA requires a high quality of immunoreagents. Therefore, we
undertook additional purification of tracers by thin layer chromatography; the obtained conjugates
DBP-AMF Rf 0.99 and DBP-DTAF Rf 0.99 were also tested for binding to the monoclonal antibody
MADb-DBP. The results are shown in Figure 2. As can be seen, the tracer fluorescence polarization
signal after repeated purification increased markedly when bound to antibodies. However, it can be
seen from the presented data that the increase in the FP signal upon binding to antibodies was higher
for the DBP-AMF tracer than for DBP-DTAF, which is probably due to steric hindrances that may
arise during the interaction of antibodies with DBP-DTAF.

o o OH
o o OH
\ O
_0
OH
o

=
OH
o NH
o N)\N
NH |
NH N
o cl NH

o

(a) (b)
Figure 1. Structures of DBP-AMF (a) and DBP-DTAF (b) tracers.
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Figure 2. Dependence of the fluorescence polarization signal on the degree of tracer purification.
Tracer concentrations were 2.5 nM, and the concentration of antibodies was 10 nM, 25C, pH 8.5 (n=3).
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3.2. Studying of binding kinetic DBP-AMF and DBP-DTAF with monoclonal antibody

The study of the antibody binding kinetics to DBP-AMF and DBP-DTAF tracers was studied by
measuring the fluorescence polarization signal (mP), 0.5 ml of borate buffer, 0.5 ml of the working
solution of the DBP-AMF tracer and 0.05 ml of antibody solution were mixed in a test tube with a
known concentration. The tube was placed in a Sentry-200 portable fluorimeter and the kinetics of
binding of the DBP-AMEF tracer to antibodies was studied. Figure 3 shows the kinetic curves of the
binding of the tracer DBP-AMF and DBP-MADb at two concentrations of 16 and 10 nM. Complete
binding was achieved within 50-60 min of incubation at room temperature. Binding of the DBP-DTAF
tracer took place almost immediately when the solutions were mixed, and the equilibrium was
established within 1-2 min (data not shown). Then, while studying the binding of antibodies to DBP-
AMF, we measured the fluorescence polarization signal after 60 min of incubation, and for the DBP-
DTAF tracer after 2 min. We also studied the stability of the fluorescence polarization signal for 4
hours and showed that the change in the FP signal during this time did not exceed 1-2 units. In
addition, the binding specificity of the tracers DBP-AMF and DBP-DTAF was tested with a
monoclonal antibody that was obtained against progesterone: MAb-antiPG. The value of the
polarization of the tracer fluorescence practically did not change (Figure 3), which indicates a highly
specific binding of this tracer only with antibodies obtained against DBP (Figure 3 (curve 3).

140
o 120 -
€
c
i)
o 100
N
S
g
o 80 -
o
C
[0
(]
(72}
2 60 -
o
=2
(T

40

—v—*F 2 ¥ =2
T T T T T T T
0 20 40 60 80 100 120 140
Time, min

Figure 3. Binding kinetics of DBP-AMF (2.5 nM) with monoclonal antibody MAb-DBP 16 (curve 1),
10 nM (curve 2) and antibody MAb-antiPG 10 nM (curve 3) in a 50 mM borate buffer pH 8.5 at 25 C,
(n=3).

The combination of antibody/tracer has a significant impact on the specificity and sensitivity of
competitive FPIA [25]. For optimize the method, we also selected the concentration of antibodies. For
the DBP-AMF tracer, two calibration dependences of the change in the fluorescence polarization
signal on the DBP concentration were obtained at different concentrations of antibodies (10 and 16
nM) and analyzed their analytical characteristics (Figure 4.). The DBP detection limit is defined as
the concentration at which observed a 10% decrease in the fluorescence polarization signal (IC10),
and the sensitivity of the IC50 analysis is the concentration causing a 50% decrease in the signal.
Using antibodies at a concentration of 16 and 8 nM, the DBP detection limit was 10.0£0.2 ng/mL. The
IC50 for these curves was 40+2 and 70+2 ng/mL for antibodies at 16 and 8 nM, respectively. For the
DBP-DTAF tracer, at an antibody concentration of 16 nM, a higher detection limit (93 ng/ml) was
obtained than for the DBP-AMF tracer. The structure of the best tracer DBP-AMP was confirmed by
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high-resolution tandem mass spectrometry coupled with high-performance liquid chromatography
(see Figure S1).
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Figure 4. Dependence of the fluorescence polarization signal in the competitive FPIA format at
different concentrations of MAb-DBP antibodies (a) and normalized curves (b) in the reaction mixture
of 16 (curve 2) and 8 nM (curve 1) for DBP-AMF 2.5 nM and 16 nM MAb-DBP and (curve 3) DBP-
DTAF 2.5 nM (25C, pH 8.5).

Thus, for optimal pair of immunoreagents MAb-DBP/DBP-AMF at concentrations of 16 nM /2.5
nM, we obtained a more sensitive analysis with minimal limit of detection (10 ng/ml) (Figure 4b curve
1). This curve was evaluated in accordance with the recommendations [28] and linear range was 12-
300 ng/ml. The linear range of the calibration curve for the determination of DBP (Figure 5) was used
this pair of immunoreagents. This calibration dependence was used to check the FPIA method by the
recovery test and analysis of real water samples.

We have studied the cross-reactivity (CR) of other phthalates structurally similar to DBP. For
this objective, other phthalic acid esters and their metabolites monophthalates were tested: DMP,
DEP, DisoBP, DOP, DEHP, BBP, MMP, MBP, MHP. % CR was calculated according to equation (2).

However, the % CR for all checked di- and monoesters was less than 0.1%, which indicates a
highly specific analysis for DBP.
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Figure 5. The linear range of the normalized calibration dependence of the DBP determination using
a pair of MAb-DBP/DBP-AMF immunoreagents has final concentrations of 16/2.5 nM, respectively.
25C. pH 8.5.
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After linearization of the curve section (Figure 5), according to which the DBP determination
was carried out, the equation of the straight line was:

(Y = (1.14 £ 0.02) — (0.32 + 0.01)*X, r2=0.998) 3)

Upon analysis of sixteen water samples from Lake Onega, which were checked by GC-MS, we
selected two samples that did not contain phthalates (#1 and #2). Known concentrations of DBP were
added to these water samples and mixed (finish concentration 30 and 90 ng/ml). The spiked samples
were stored at room temperature overnight and analysed using the FPIA. Table 2 demonstrates that the
recovery percentage was 86-110%, which confirms that this method can be used to determine DBP in
real water samples.

With our assistance for callibration, other water samples obtained from Lake Onega were also
tested, in which the content of DBP was confirmed by GC-MS (Table 3). Majority of samples we
analyzed contained DBP below the detection limit of FPIA, or at the sensitivity limit of our method.
Good correlation was obtained between the results of the FPIA and GC-MS methods (Table 1). This result
further confirmed the reliability of the FPIA for the detection of DBP.

Table 1. Recoveries of DBP from environmental water (n = 3).

. Added DBPDetected DBP
Water Sampling . .
. concentration, concentration, Recovery, %

sample location

ng/mL ng/mL

30 26+1 86+2
1 Sample 1

90 85+3 94+3

30 34+2 113+2
2 Sample 2

90 98 +2 109 +4

Table 2. Detection of DBP from environmental water by FPIA and GC-MS (n = 3).

Water sample DBP by Gr(sg-/l\fn?: DBP bynl;I/’II;‘Z
3 10 ND
4 10.6 10.5
5 10.6 10.0
6 6.0 ND
7 7.5 ND
8 7.3 ND
9 10.5 10.0

10 11.2 10.0
11 7.1 ND
12 5.3 ND
13 16.5 12.5
14 18.1 14.2
15 14.0 11.0
16 8.0 ND

As we discussed, there are few immunoassay methods on DBP detection described in the
literature. Table 3 summarizes data on the sensitivity and types of matrices tested by the proposed
analyses. As presented in the table below, immunochemical methods of analysis have good
sensitivity and a low detection limit. In the literature, FPIA methods for determining DBP have been
described and, as can be seen from the data presented, the use of monoclonal antibodies has reduced
the detection limit of DBP compared to the previously described method [17] by 35 times.
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Table 3. Studies on the detection of DBP by different immunoassays.

. Range

Antibody  Assay format Sample LOD ng/ml ng/mL Reference
Polyclonal icELISA White wine 64.5 64.5-1606.2 [13]
Polyclonal ~ BA-ELISA  Drinking water 5 0.02 - 8.97 [14]
Monoclonal ELISA Baverange 3.6 [15]
Monoclonal ICA Water 334 42.4 - 1500 [16]
Polyclonal FPIA Water 350 500-7500 [17]

Receptor FPIA Spirite 170 170-8700 [18]
Monoclonal FPIA Water 10 12-300 This work

4. Conclusions

In this work, a sensitive FPIA method for the determination of DBP was developed using a new
pair of immunoreagents DBP-AMF and monoclonal antibodies MAb-DBP. It has been shown that the
use of monoclonal antibodies and the production of a highly purified tracer makes it possible to
develop a more sensitive and specific FPIA. The obtained analytical characteristics of the method
allows to determine the content of DBP in the waters of open reservoirs, and the detection limit of
phthalate by the FPIA method (10 ng / ml), which is 20 times lower than the maximum allowable
concentration of dibutyl phthalate in water established in Russia (200 ng / ml). In this work, the FPIA
method was used to test water samples obtained from Lake Onega, which were previously verified
by GC-MS and showed that the content of phthalates in real water samples is lower than the MPC
established in Russia, and a comparison of the results of determining DBP by two methods showed
good convergence results. The FPIA method, due to its sensitivity and ease of analysis, can be used
to determine the content of phthalates in real samples. In addition, the use of a portable Sentry-200
device allows analysis to be carried out directly at the sampling site.
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