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ABSTRACT
2,4,6-Trichlorophenol (2,4,6-TCP) and other chlorinated phenol derivatives are widely spread in
the environment and considered as severe pollutants, predominantly of natural aqueous sources.
Exposure to 2,4,6-TCP is considered a carcinogenic risk and determination of 2,4,6-TCP levels
in environmental samples is, therefore, of great importance. Immunoanalysis of 2,4,6-TCP is an
interesting alternative to the well-established and widely used instrumental analysis of this
pollutant; however, development of specific antibodies is a challenging and critical step, since
2,4,6-TCP is a small organic molecule (hapten) that should be suitably conjugated to a carrier
protein, in order to elicit an immune response. To our knowledge anti-[2,4,6-TCP] antibodies are
not easily available and most immunoassays for 2,4,6-TCP are based on in-house developed
immunoanalytical reagents.
In this work we present the in-house development of a polyclonal antibody for 2,4,6-TCP.
Commercially available 2,4,6-trichlorophenoxyacetic acid (2,4,6-TCPA) was used as starting
material for preparing the immunizing hapten, which was conjugated to the carrier protein keyhole
limpet hemocyanin and subsequently administered to New Zealand white rabbits following a wellestablished immunizing protocol. Immunochemical functionality of the antisera collected (five
consecutive bleedings) was evaluated with titer- and displacement experiments in a
(biotin/streptavidin)-ELISA system, in which an in-house prepared biotinylated derivative of 2,4,6TCPA was employed as the immobilized hapten. The ELISA-titer value of the anti-[2,4,6-TCP]
antibody was very high (~1:100,000). Cross-reactivity studies with various chlorophenols (2,4,5trichlorophenol,
2,3,6-trichlorophenol,
3,4,5-trichlorophenol,
2,4-dichlorophenol,
2,6dichlorophenol, 3,5-dichlorophenol) revealed that the antibody cross-reacted with 3,5dichlorophenol. The anti-[2,4,6-TCP] antibody developed can be used as a research tool for
detecting 2,4,6-TCP in environmental and other samples via immunoanalytical systems, including
highly sensitive immunosensors, while it might be also suitable for the immunoanalysis of 3,5dichlorophenol.
Keywords: chlorophenols, 2,4,6-trichlorophenol (2,4,6-TCP), polyclonal anti-[2,4,6-TCP]
antibody, (biotin-streptavidin) ELISA, cross-reactivity studies.
1. Introduction
Chlorophenols are widely spread in the environment and considered as severe pollutants
predominantly of natural aqueous sources (Czaplicka, 2004; Olaniran and Igbinosa, 2011).
Exposure to 2,4,6-trichlorophenol (2,4,6-TCP) as well as to other chlorophenols is considered a
carcinogenic risk (Huff, 2012; Igbinosa et al., 2013) and determination of chlorophenols in
environmental samples is, therefore, of great importance. Immunoassays for 2,4,6-TCP and other
chlorophenols (Noguera et al., 2002; Galve et al., 2002; Nichkova et al., 2003; Nistor and Emnéus,
2003; Abuknesha and Griffith, 2004; Beloglazova et al., 2010); comprise an interesting alternative
to the well-established and widely used instrumental analysis of these pollutants. However,
development of specific antibodies is a challenging step, since chlorophenols are small organic
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molecule (haptens) that should be suitably conjugated to a carrier protein in order to elicit an
immune response (Shreder, 2000). To our knowledge anti-[2,4,6-TCP] antibodies are not easily
available and most immunoassays
for 2,4,6-TCP are based on in-house developed
immunoanalytical reagents.
Aim of the present study was to develop a polyclonal antibody for 2,4,6-TCP which could be
eventually exploited as a component of various immunoanalytical systems, including
immunosensor devices (Jiang et al., 2008; Holford et al., 2012), for detecting 2,4,6-TCA in
environmental and other samples of special interest. Depending on its cross-reactivity
characteristics, this antibody might be also employed in the immunoanalysis of other
chlorophenols.
2. Materials and methods
2.1. Immunogen and immunizations
2,4,6-trichlorophenoxyacetic acid (2,4,6-TCPA, Sigma-Aldrich) was used as starting material for
preparing the immunizing hapten. Briefly, TCPA was conjugated to the carrier protein keyhole
limpet hemocyanin (KLH, Thermo Scientific) through a spacer consisting of a suitable
combination of amino acids, following a solid-phase chemistry approach previously reported by
our team (Papasarantos et al., 2010). Conjugation was performed according to the well-known
glutaraldehyde method (Avrameas, 1969), slightly modified.
New Zealand white rabbits were immunized with the aforementioned KLH-conjugate following a
well-established procedure (Vaitukaitis, 1981); care of animals was in accordance to the
corresponding European legislation.
2.2. (Biotin/streptavidin) ELISA
Biotinylated Derivative for ELISA Coating: A biotinylated derivative of 2,4,6-TCPA was prepared
on a solid support (Rink amide resin, Novabiochem/Merck) and purified with semi-preparative
reversed-phase high performance liquid chromatography, following an approach previously
reported by our team (Papasarantos et al., 2010). The biotinylated probe was consequently used
as the immobilized hapten in the (biotin/streptavidin) ELISA system.
ELISA Buffers: Coating buffer: 0.01 M phosphate buffer pH 7.4 (PB); Washing buffer: 0.01 M
phosphate buffered saline pH 7.4, containing 0.05 % (v/v) Tween-20 (PBS-T); Diluting Buffer A:
PBS-T containing 0.2 % (w/v) BSA; Diluting Buffer B: Diluting Buffer A containing 10 % (v/v)
ethanol; Diluting Buffer C: Diluting Buffer A containing 5 % (v/v) ethanol.
ELISA titration experiments: ELISA microwells were coated with streptavidin (Sigma, 10 µg/mL in
coating buffer, overnight, 37°C). The following day, the wells were washed with 0.01 M PB, pH
7.4, blocked with a 2% BSA solution in PBS-T (1 h, room temperature), washed with PBS-T and
incubated with the biotinylated derivative of 2,4,6-TCPA (100 ng/mL in diluting buffer A, 2 h, 37°C);
then, the wells were washed as above described, incubated with serial dilutions of the anti-[2,4,6TCP]-antisera (five consecutive bleedings) in diluting buffer C (2 h, 37°C), washed, incubated with
anti-rabbit IgG/HRP (Sigma-Aldrich), diluted 1:1,000 in diluting buffer A (2 h, 37°C), washed, and
finally incubated with ABTS (30 min, 37°C). The OD was measured (405 nm) in a microtiter plate
reader (Sirio S, SEAK) and the titer curves were plotted.
ELISA displacement experiments: ELISA microwells were coated, blocked and incubated with the
biotinylated derivative of 2,4,6-TCPA as described above. Then, the wells were washed and
incubated (2 h, 37°C) with a 1:1, v/v, mixture of the anti-[2,4,6-TCP]-antiserum, suitably diluted in
diluting buffer A, and a solution of either 2,4,6-TCP or of putative cross-reacting chlorophenols in
diluting buffer B, at increasing concentrations; all chlorophenol-solutions were prepared by
properly diluting a 10 mg/mL stock solution in ethanol. Afterward, the procedure described in the
ELISA-titration experiments was followed and finally the displacement curves were plotted.
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3. Results and discussion
Commercially available 2,4,6-trichlorophenoxyacetic acid (2,4,6-TCPA, Figure 1A) was used as
starting material for preparing the immunizing hapten, following an approach previously reported
by our team (Papasarantos et al., 2010).
An in-house prepared biotinylated derivative of 2,4,6-TCPA was used for the development of a
(biotin/streptavidin) ELISA system (Bayer and Wilchek, 1996; Neokosmidi et al., 2004), the format
of which is schematically described in Figure 1B; this assay was consequently employed for
evaluating the immunochemical functionality of the anti-[2,4,6-TCP] antibody through titration and
displacement experiments.

(A)

(B)

Figure 1: A. Chemical structures of 2,4,6-TCPA, 2,4,6-TCP and various chlorophenols
tested for cross-reactivity. B. Schematic representation of the main reagents and steps
comprising the (biotin/streptavidin) ELISA system that was employed for evaluating the titer
of the anti-[2,4,6-TCP] antibody.
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Figure 2: A. A typical ELISA-titer curve obtained with the anti-[2,4,6-TCP] antiserum (fourth
bleeding). B. ELISA-displacement curves obtained with the anti-[2,4,6-TCP] antiserum in the
presence of 2,4,6-TCP and 3,5-dichlorophenol at increasing concentrations.
As shown with the ELISA-titration experiments, the anti-[2,4,6-TCP] antibody developed has
shown very high titer values; the antiserum corresponding to the fourth bleeding, which led to the
highest titer value (~1:100,000, Figure 2A), was further used in the ELISA-displacement
experiments. Cross-reactivity studies with various chlorophenols (2,4,5-trichlorophenol, 2,3,6trichlorophenol,
3,4,5-trichlorophenol,
2,4-dichlorophenol,
2,6-dichlorophenol,
3,5dichlorophenol, presented in Figure 1A) revealed that the antibody cross-reacted with 3,5dichlorophenol (Figure 2B), while, practically, it did not cross-react with any of the trichlorophenols
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tested; a tendency for cross-reaction with 2,4-dichlorophenol and 2,6-dichlorophenol was also
observed, but only at the highest concentrations used. Cross-reactivity studies with few more
chlorophenols as well as other pollutants bearing structural similarity with 2,4,6-TCP are currently
underway.
4. Conclusions
In this work we present the in-house development and cross-reactivity evaluation of a polyclonal
antibody for 2,4,6-TCP, a pollutant possibly carcinogenic to human and widely spread in the
environment for which there are no easily available antibodies. The antibody developed may be
used as a research tool for detecting 2,4,6-TCP in environmental and other samples via
immunoanalytical systems, including highly sensitive immunosensors. Moreover, this antibody
might be also suitable for the immunoanalysis of other chlorophenols, such as 3,5-dichlorophenol.
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