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The present work describes the design and synthesis of the structurally unique hapten, “bifunctional
hapten”, to produce a group-specific polyclonal antiserum to triclopyr and 3,5,6-trichloro-2-pyridinol.
A bifunctional hapten was designed and synthesized by conjugating commercially available Ne-2,4-
dinitrophenyl (DNP)-L-lysine to triclopyr, and then coupling this to carrier proteins such as bovine
serum albumin (BSA). The synthesized bifunctional hapten greatly raised the antiserum titer in
comparison with that of the conventional hapten, triclopyr. Antiserum with a sufficiently high titer to
provide the determinations of targeted compounds was obtained only 63 days after the primary
immunization. The obtained antiserum showed the highest affinity to triclopyr (ICso = 3.5 nM) and
3,5,6-trichloro-2-pyridinol (ICso = 5.1 nM) in homologous ELISA. The cross-reactivities to various
agrochemicals and some chlorinated phenolic compounds were determined. Significant cross-reactivity
was found to the herbicide 2,4,5-T. The antiserum reacted to both triclopyr and its metabolite. Assay
sensitivity was evaluated for effects of various assay conditions, including pH value and concentrations
of organic solvents and detergents. Under optimized assay conditions, the quantitative working range
of triclopyr ELISA was from 0.1 to 5.2 ng/mL with a limit of detection (LOD) of 0.037 ng/mL, and an
ICso of 0.72 ng/mL. On the other hand, the quantitative working range of 3,5,6-trichloro-2-pyridinol
ELISA was from 0.13 to 6.0 ng/mL with a LOD of 0.052 ng/mL, and an ICso of 0.95 ng/mL. Water
samples fortified with triclopyr or its metabolite at 1, 5, and 10 ng/mL were directly analyzed without
extraction and cleanup by the proposed ELISA. The mean recovery was 101.6%, and the mean
coefficient of variation (CV) was 7.1% in the case of the triclopyr ELISA. In the case of the 3,5,6-
trichloro-2-pyridinol ELISA, the mean recovery was 99.8%, and the mean CV was 9.5%. The proposed
ELISA turned out to be a powerful tool for monitoring of residual triclopyr or 3,5,6-trichloro-2-pyridinol
in water samples at trace level.

KEYWORDS: Triclopyr; 3,5,6-trichloro-2-pyridinol; bifunctional hapten; ELISA; cross-reactivity; water
analysis

INTRODUCTION (1) and Woodburn et al. (2) reported that these compounds are

The herbicide triclopyr (3,5,6-trichloro-2-pyridyloxyacetic quickly transformed to triclopyr though photolysis and hydroly-
acid, Figure 1) has been manufactured and marketed by Sis- The environmental dissipation and transformation of tri-
DowElanco since the mid 1970s. Triclopyr can be applied as clopyr in river water and lake water was extensively studied by
either the triethylamine salt or the ethylene glycol butyl ether Woodburn et al. (2) and Solomon et al. (3). Norris et al. (4)
ester, and is often used in mixed formulation with other reported that triclopyr undergoes biodegradation in aerobic soil
phenoxyalkanoic acids such as 2,4-D, mecoprop, and so on forénvironments. The major degradation product is 3,5,6-trichloro-
control of woody plants and many broad-leaved weeds in 2-pyridinol (Figure 1). Lickly and Murphy §) reported that
grasslands, uncultivated lands, and rice fields. McCall and Gavit 3,5,6-trichloro-2-pyridinol is also the major metabolite produced
by fish. 3,5,6-Trichloro-2-pyridinol is also the major degradation

57&;0fwh£8mlcgrgizgogggg_c% ShOl_Jlld bE addressid [tﬁ_lephﬁﬂl@-5498- product of the organophosphorus insecticide chlorpyrifos and
T Hiooh University, “mail nakazawa@hoshi.ac.jp]. chlorpyrifos-methyl. Chlorpyrifos is a broad-spectrum insecti-
* Kitasato University. cide that is widely used in agriculture and indoor disinfestation
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NG NG NG for pesticide residues in environmental samp@28—<29) and
II ~ « | food samples30—32). We developed a new type of hapten,
¢ N7 07 “coH Cr "N TOH “bifunctional hapten”, with two functions: the conventional
triclopyr 3,5,6-trichloro-2-pyridinol function of producing an antibody against an antigen, and a
unique function of accelerating the production of the antibodies
NN " in the animal (unpublished data). Based on this unique concept,
| | we succeeded in getting a group-specific polyclonal antiserum
X N.__COH . or : ; . ;
cr N o/ﬁ]/ \(/\/T to the organophosphorus insecticide fenitrothion, its major
o N metabolite product fenitrooxon, and its major degradation
product 3-methyl-4-nitrophenol in 40 days only [unpublished
ON NO, data]. Although several immunoassays have been reported for
LysTCPY the detection of triclopyr (29) and 3,5,6-trichloro-2-pyridinol
Figure 1. Chemical structures of triclopyr, 3,5,6-trichloro-2-pyridinol, and (33), we designed the bifunctional hapten to obtain polyclonal
synthesized hapten (LysTCPY). Triclopyr (TCPY) was also used as coating antisera to these compounds based on the concept in the present
hapten for indirect ELISA (checkerboard titration) and as immunogen for study. The effect of synthesized bifunctional hapten was
production of antiserum R-21. Bifunctional hapten, LysTCPY, was used evaluated by comparison with conventional hapten, and the
as immunogen for production of antiserum R-20 and as optimal coating characterization of the obtained polyclonal antiserum for
hapten (homologous hapten) for triclopyr and 3,5,6-trichloro-2-pyridinol sensitivity and specificity was presented. Furthermore, the
ELISAs. influence of the assay’s performance in water matrix was
evaluated.

(6). Because of its widespread use in agriculture, a high

chlorpyrifos residue occurrence in food has been repoitgd (  MATERIALS AND METHODS

which poses potential health hazar@j. (Furthermore, it was Chemicals and Instrumentation. Triclopyr and the structurally
found not only in food but also in water surface water,  related pesticides used in cross-reaction studies were of analytical grade
groundwater, or both9 10). Therefore, there is actually a and were purchased from Kanto Chemical Co., Inc. (Tokyo, Japan),
growing concern about toxicological and environmental risks Wako Pure Chemical Industries, Ltd. (Osaka, Japan), Dr. Ehrenstorfer
associated with the remaining chlorpyrifos residues after its (Augsburg, Germany), and Riedel-de Haén (Seelze, Germany). 3,5,6-
application. Because 3,5,6-trichloro-2-pyridinol is rapidly ex- Trichloro-2-pyridinol was produced from chlorpyrifos as mentioned
creted in human urine after exposure to chlorpyrifos, it is used in the Hapten Synth_esns section below. All organic starting matengls
as a biomarker of exposure (11). On the basis of the above-for hapten synthesis were purchased from Wako Pure Chemical

. . . . Industries, Ltd., and were of reagent quality or better. 6-(2,4-
mentioned background, in the United States active surveys of Dinitrophenyl)aminohexanoic acité-2,4-DNP+.-lysine hydrochloride)

exposure to various pesticides were carried 4@ £3). Kutz was from Sigma Chemical Co. (St. Louis, MO). Thin-layer chroma-
et al. (12) reported that 3,5,6-trichloro-2-pyridinol was found tography (TLC) was performed using 0.2-mm precoated silica gel 60
in 5.8% of urine samples provided from the U.S. population, F,s,on glass plates from Merck (Darmstadt, Germany), Rhdalues
and suggested that the results were consistent with the highrefer to TLC with visualization under exposure to either ultraviolet
occurrence of the parent pesticides. On the other hand, Hill etlight or iodine vapor stain. Flash chromatographic separations were
al. (13) also reported an interesting survey in which they carried out on & (38—63um particle size) (Wako). Bovine serum
analyzed 12 compounds containing 3,5,6-trichloro-2-pyridinol abumin (BSA, fraction V), chicken egg ovalbumin (OVA), goat anti-
in urine samples of about 1,000 adults living in the U.S., and @0bit immunoglobulin (IgG) conjugated to horseradish peroxidase
found 3,5,6-trichloro-2-pyridinol in 82% of those at observed (HRP), o-phenylenediamine (OPD) tablets, and complete and incom-

. trati f 77 na/mL. Th ted that plete Freund’s adjuvants were from Sigma Chemical Co. Block Ace
maximum concentration o ng/mL. ey suggeste al was from Dainippon Chemical Industries (Osaka, Japan). Water used

exposure to. chlorpyrifos allppears'to be Incréasing. in ELISA tests was purified using a Milli-Q system (Millipore Corp.,
Current triclopyr analysis is mainly carried out by using gas wilford, MA). The ELISAs were carried out in 96-well polystyrene
chromatography (GC) equipped with an electron capture detectormicroplates (Sumitomo Bakelite Co., Ltd., Tokyo, Japan). Proton
(ECD) (3, 14,15). These analytical methods involve methylation nuclear magnetic resonancéH(NMR) spectrum was obtained in
with diazomethane, which is an explosion hazard and requiresdeuteriochloroform (CDG) or deuteriodimethyl sulfoxide (DMSO-
handling of highly carcinogenic precursors. On the other hand, d6) with tetramethylisilane (TMS) as an internal standard on a JEOL
3,5,6-trichloro-2-pyridinol analysis is also mainly carried out GSX270F instrument at 270 MHz and are described as multiplicity,
by instrumental analysis such as G@6(19) or high- coupling constant]] in hertz (Hz), number of protons, and assignment.

U Chemical shift valuesd, ppm) are reported downfield from TMS.
performance “q.UId chromatography (HPL@I-23). As these ELISAs were analyzed using a Bio-Rad model 550 microplate reader
chromatographic methods require a number of clean-up Proce- iercules, CA)

dures prior to determination, they are laborious and time- " janten Synthesis. Synthesis of the hapten was carried out as
consuming, and they require sophisticated equipment availablegytlined in Figure 2. A new concept of hapten, that is, bifunctional
only in well-equipped centralized laboratories. Furthermore, hapten, was synthesized by coupling between monofunctional hapten,
using a large amount of organic solvents raises concern triclopyr, and lysine with a 2,4-dinitrophenyl (DNP) group.
regarding health hazards to analysts and creation of environ- Methyl 2-Amino-6-(2,4-dinitrophenyl)aminohexanog@eFigure 2).
mental pollution, and there are limitations on the capacity of Ina100-mL three-neck flas® g of Ne-2,4-DNP+-lysine hydrochloride
throughput of samples. (6_.4 mmol) was dissolved in 40 mL of methanol, _and the mi‘xture was
In the 1980s Hammock and Mumma4) advocated the stirred in an ice bath. Furthermqre, 4_mL of thlony_l chloride (_56.2
adaptability of immunoassays (enzyme-linked immunosorbent mmol) was added, and the reaction mixture was stirred overnight at

ELISAS) f tori ticides i . tri room temperature. At the end of the reaction, the solvent was removed
assays, s) for monitoring pesticides in various matrixes | e+ reduced pressure, and the residual crystals were recrystallized

such as environmental med_ia, foods, and so on. Immu_noas_say$rom ether to give 2.06 g, a 99.1% yield of yellow crystallifid.NMR
are simple, fast, cost-effective, and adaptable to on-site, high-(DMS0-d6) ¢ 1.36—1.93 (m, 7H, NHCBLCH,CH,), 3.15—3.29 (m,
sample-throughput analyse25( 26). They have been developed  2H, CH,CH), 3.51 (bs, 2H, Nh), 3.75 (s, 3H, OCH), 4.01—4.17 (m,
both as screening tools and as quantitative analytical methodslH, CHCO), 8.76—8.89 (m, 3H, Ar).
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Figure 2. Synthetic pathway of bifunctional hapten, LysTCPY. HOBt,
1-hydroxy-1H-benzotriazole monohydrate; DCC, N,N'-dicyclohexylcarbo-
diimide; TEA, triethylamine.

LysTCPY
2

Methyl 2-[[[(3,5,6-Trichloro-2-pyridyl)oxy]methylcarbonylJamino]-
6-(2,4-dinitrophenyl)aminohexanogi®, Figure 2). In a 100-mL three-
neck flask, 500 mg of triclopyr (2.37 mmol), 0.73 g of 1-hydroxy-1
benzotriazole monohydrate (HOBt), and 0.86 d\d2.37 mmol) were
dissolved in 10 mL of THF, and then 330 of triethylamine (2.37
mmol) and 0.51 mg oN,N'-dicyclohexylcarbodiimide (DCC) (2.49
mmol) dissolved in 772L of THF were added to the mixture. The
reaction mixture was stirred fd. h in an icebath and for 3 h atoom

J. Agric. Food Chem., Vol. 50, No. 13, 2002 3639

Table 1. Selected Indirect Competitive ELISA Screening Data against
Triclopyr and 3,5,6-Trichloro-2-pyridinol

antiserum coating antigen 1Cs0 (NM)
triclopyr immunogen
LysTCPY-BSA R-20 LysTCPY-OVA 35
TCPY-OVA 42
245T-OVA 6.8
TCPY-BSA R-21 TCPY-OVA 15.8
245T-OVA 20.9
3,5,6-trichloro-2-pyridinol immunogen
LysTCPY-BSA R-20 LysTCPY-OVA 5.1
TCPY-OVA 9.8
256T-OVA 145
TCPY-BSA R-21 TCPY-OVA 18.6
245T-OVA 249

@ Each standard was prepared in a 5% methanol/PBS solution.

hydroxide. The mixture was neutralized with 2 M HCI, and the product
was extracted using chloroform (2 30 mL). After the chloroform
phase was dried over anhydrous sodium sulfate, chloroform was
removed under reduced pressure. The residual crystals were recrystal-
lized fromn-hexane to give 384.6 mg, a 91.7% yield of white needles.

Hapten Conjugation. The synthesized bifunctional hapten (LysTCPY,
Figure 1), and the commercial triclopyr (TCP¥jgure 1), and 2,4,5-T
(245T, Table 2) with a carboxylic acid functional group were coupled
covalently to proteins by active ester method according to the procedure
described by Karu et al36). Each hapten (0.1 mmol) was dissolved
in 500 4L of dry DMF, and then 11.5 mg oN-hydroxysuccinimide
(NHS) (0.1 mmol) and 20.6 mg of DCC (0.1 mmol) were added. The
reaction mixture was stirredifd h at room temperature. The precipitate
was removed by centrifugation. A 25-mg portion of BSA or OVA was
dissolved in 2.5 mL of 10 mM phosphate-buffered saline (PBS; 1.1
g/L NaoHPQy, 0.306 g/L KHPOy, 0.9% (w/v) NaCl, pH 7.2) and 525
uL of dry DMF. Aliquots (125uL each) of the activated hapten solution
were added dropwise to the two stirred protein solutions. The reaction
mixture was stirred overnight atC, and then dialyzed against PBS
(4x, 3 L each) overnight at 4C. The purified conjugates were
lyophilized, and stored at 4C.

Polyclonal Antiserum Production. System 1For production of
group-specific polyclonal antiserum to triclopyr and 3,5,6-trichloro-2-

temperature. At the end of the reaction, 50 mL of ethyl acetate was pyridinol, a female Japan white rabbit (about 3 kg, Tokyo Animal
added, and the resultant mixture was filtered to remove dicyclohexyl- Laboratory Inc., Tokyo, Japan) was immunized by intradermal injection
urea. After ethyl acetate was removed under reduced pressure, then footpad sites with 1.0 mg of LysTCPYBSA dissolved in 0.5 mL
resultant residue was reconstituted with 50 mL of ethyl acetate, and of PBS and emulsified with 0.5 mL of complete Freund’s adjuvant.
then the ethyl acetate phase was washed with saturated sodiumFor the booster immunization, 0.5 mg of LysTCPBSA in 0.5 mL
bicarbonate solution, saturated ammonium chloride solution, saturatedof PBS/0.5 mL of incomplete Freund’s adjuvant was used. The booster

sodium bicarbonate solution, and water (50 mL of each). After the ethyl

immunization was made intradermally and subcutaneously at multiple

acetate phase was dried over anhydrous sodium sulfate, ethyl acetat&ites on the back of the rabbit, and was performed at 2-week intervals
was removed under reduced pressure. The resultant residue was purifie@fter the initial immunization. The booster immunization was performed

with flash chromatography on@(6 g) (methanol/water, 1:1 v/v). After
the eluted fraction was collected and lyophilized, the yellow crystalline
was obtained in 57.1% yield (702 mgH NMR (DMSO-d6) 6 1.03—
1.83 (m, 7H, NHCHCH,CH,), 3.63 (s, 3H, OCH), 4.30—4.39 (m,
1H, CHCO), 4.78 (s, 2H, COCHi 4.82—4.94 (qJ = 15.0 Hz, 2H,
CH.CH), 8.39 (s, 1H, pyridine-H), 8.55—8.88 (m, 3H, Ar).
2-[[[(3,5,6-Trichloro-2-pyridyl)oxy]methylcarbonyl]Jamino]-6-(2,4-
dinitrophenyl)aminohexanoic acidlysTCPY, Figures 1and2). The
hydrolysis reaction oB (100 mg, 0.2 mmol) was conducted in 3 mL
of 1,4-dioxane/water (1:2 v/v) with 5 equiv of lithium hydroxide
monohydrate. After 2 h, the resultant reaction mixture was acidified to
pH 4 with 2 M HCI. After the resultant mixture was lyophilized, the
yellow crystalline was obtained in 90.9% vyield (88.4 mt). NMR
(DMSO-d6) 6 1.03—1.96 (m, 7H, NHCLCH,CH,), 3.92—4.09 (m,
1H, CHCO), 4.33 (s, 2H, COCHj 4.73—4.86 (qJ = 14.8 Hz, 2H,
CH.CH), 8.37 (s, 1H, pyridine-H), 8.59—8.98 (m, 3H, Ar).
3,5,6-Trichloro-2-pyridinol.This compound was produced as de-
scribed by Beasely et al. (34) with slight modifications. Chlorpyrifos
(742.5 mg, 2.13 mmol) was hydrolyzed by refluxing #h in 9 mL
of 70% (v/v) ethanol in water containing 394 mg of potassium

three times. The rabbit was bled from the marginal ear vein, and the
hapten-specific titers of the obtained antisera were monitored. A week
after the last injection, the rabbit was bled, and the antisera were
collected and stored at80 °C.

System 2A female Japan white rabbit was immunized with 1.0 mg
of TCPY—BSA. This immunization method was similar to that
described above for system 1. The booster immunization (0.5 mg of
TCPY—BSA) was repeated three times at 2-week intervals and then
monthly.

Determination of Antiserum Titer. Triclopyr and 3,5,6-trichloro-
2-pyridinol-specific polyclonal antiserum titer was determined by
checkerboard titration based on indirect ELISA. Dilutions of coating
antigens and antisera were chosen to produce an absorbance at 490
nm of approximately 0.5 after 30 min incubation at room temperature.

Indirect Competitive ELISA. Microplates were coated overnight
at 4°C with 100uL of 0.1 M carbonate-bicarbonate buffer (pH 9.6)
containing 62.5 ng of coating antigen. After the plates had been washed
with washing solution (PBS) by using a Nunc-Immuno Wash 8
microplate washer (Nalge Nunc International, Roskilde, Denmark), the
surface of the wells was blocked with 3@0/well of blocking solution



3640 J. Agric. Food Chem., Vol. 50, No. 13, 2002 Watanabe et al.

Table 2. Cross-Reactivity (CR) to Triclopyr and Related Compounds with Antiserum 202

compound structure ICss (NM) [CR (%) ?] compound structure 1C5, (NM) [CR (%) ¥]
<phenoxyalkanoic acids> <organophosphates>
Cl Cl Cl s Cl
triclopyr cr\/'[o/\co 3.5 [100] chlorpyrifos T b, 422[83]
N 2H c” N7 o7 bczui s
Cl Cl ) c Z cl s
2,45-T c.jg:o/\cozﬂ 4.7 [75] chlorpyrifos methylcno/g&%cm 49.3[7.1]
) Cl- Cl CH, . . c cl s
silvex J I 106133) dichlofenthion \@[o/ggcogm 3250 [0.1]
Cl Cl Br. Cl s
- - ]
2,4-D \G[o/\coz“ 116.3 [3] bromophos-ethyl c;@[wp&ggzm >10000 [<0.01]
ClI. Cl Br Cl
§
2,4-DB \G[O/v\c 4750 [0.07] bromophos c)@[g,g&%im >10000 [<0.01]
. Cl Ci CH,
dichlorprop \GEOJ\COH >10000 [<0.01] <chlorinated pyridinol and phenols>
' Cl Cl
cl CHy 3,5,6-trich|oro-2-pyridinolII 5.1 [69.3]
MCPA L >10000 [<0.01] o
CI (o]
¢ CHy 2,4 5-trichiorophenol jij[ 11.4 [30.8]
o) OH
MCPB 210000 [<0.01]
Cl Cl
. cH 2,4-dichlorophenol \G[ 1750 [0.2]
EH, OH
mecoprop \Q:O/I\COH >10000 [<0.01]

2,5-dichlorophenol

Cl
T >10000 [<0.01]
CY OH

Cl
3,4-dichlorophenol j@oﬂ >10000 [<0.01]

cl /NHz ¢l o
_ I >10000 [<0.01] o
2 S o T

phenoxyacetic acid Q\O/\COH >10000 [<0.01]

fluroxypyr
cl ct
pentachlorophenol ﬁ[ >10000 [<0.01]
c OH
<other compounds> ¢l
NH,
SN N
picloram < J >10000 [<0.01 ] = Concentrations for assay were as follows: immobilized concentration
CI” "N” "COM of coating antigen, LysTCPY-QVA (62.5 ng/well); antiserum R-20
(1:6000, final dilution in wells). Preparation of assay conditions were
cl cl as described in the Materials and Method section.
2 4-dichloro \@/ >10000 [<001] b CR = (ICq, of triclopyr/ICs, of related compound) x 100.
! CO:H IC,, is the analyte concentration that reduces the assay signal to 50% of

phenylacetic acid

the maximum value.

2 Concentrations for assay were as follows: immobilized concentration of coating antigen, LysTCPY-OVA (62.5 ng/well); antiserum R-20 (1:6000, final dilution in wells).
Preparation of assay conditions was as described in the Materials and Method section. ® CR = (ICsp of triclopyr/ICso of related compound) x 100. ICsp is the analyte
concentration that reduces the assay signal to 50% of the maximum value.

(25% (v/v) Block Ace in distilled water containing 0.1% (w/v) sodium  stopped with 0.5 M sulfuric acid, and the absorbance at 490 nm was
azide) by incubation for 2 h at room temperature to minimize read and recorded. The intensity of color was inversely proportional
nonspecific binding in the plate. The plates were washed and incubatedto the concentration of free triclopyr or 3,5,6-trichloro-2-pyridinol.

with antiserum diluted with PBS fdl h atroom temperature. For this Effects of Organic Solvents.The effects of organic solvents were
step of the competitive ELISA, the plates were incubated with a mixture tested by dissolving the analyte in PBS containing various proportions
of a constant concentration of antiserum with various concentrations of solvent (1, 5, 10, 20, and 30% (v/v) final concentration of each
of analytes. The plates were washed and further incubated with goatorganic solvent) and incubating these with antiserum in PBS on the
anti-rabbit IgG-HRP (1:8000 in PBS, 1Qd /well) for 1 h atroom coating plate. Methanol, acetone, and acetonitrile were tested in this
temperature. The plates were washed again, anduL08f substrate study.

solution (2.0 mg/mL OPD and 0.02% (v/v),&; in phosphate-citrate Cross-Reactivity (CR). The ability of the obtained antiserum to
buffer, pH 5.2) was added to each well. After 30 min, the reaction was recognize several structurally related compounds was tested by



New Bifunctional Hapten for Herbicide Immunoassay

1.200

J. Agric. Food Chem., Vol. 50, No. 13, 2002 3641

1.000 ¢

0.800 |

0.600

Absorbance at 490 nm

0.400 |

0.200

0.000 - - - s . .

—e— LysTCPY-OVA
—a— TCPY-OVA
—&— 245T-OVA
—0— TCPY-OVA
—a— 245T-OVA

'21 35 49 63 77
Day

91

105 118 133 147

Figure 3. Antisera titers obtained with bifunctional hapten, LysTCPY-BSA and conventional hapten, TCPY-BSA. The antiserum R-20 titer obtained from
rabbit immunized with LysTCPY-BSA is shown by solid symbols, and the antiserum R-21 titer obtained from rabbit immunized with TCPY-BSA is shown
by open symbols. The antisera titers were estimated by indirect ELISA with each antiserum diluted at 1:6000 (final dilution in wells) and each coating
antigen immobilized at 125 ng/well. The days (x axis) shown are the total number of days after first immunization. The booster injection was performed

3 or 5 times after first immunization.

performing competitive assays and determining their respectiyg I1C

interesting function of the DNP group, and applied it to antibody

(nanomolar) values (analyte concentration that reduces the maximumproduction for low molecular compound. The final goal in this

signal of the competitive ELISA to 50%). CR value was calculated as
[ICs(triclopyr)/ICso(related compound)k 100.

Water Sample Analysis. The optimized ELISA was applied to
triclopyr or 3,5,6-trichloro-2-pyridinol determinations in different water
samples. Water samples were fortified with triclopyr or 3,5,6-trichloro-
2-pyridinol to evaluate potential matrix effects in ELISAs. The waters
tested were Milli-Q-purified water, tap water, a commercial bottled

study was to obtain antiserum in a shorter period by using
bifunctional hapten. The previously described LysMNPA for
fenitrothion and its metabolite consisted of lysine derivatized
at itsa-amino group with 3-methyl-4-nitrophenoxyacetic acid,
and derivatized at itg-amino group with DNP group. The
LysTCPY described here has an analogue structure. The amide

water, and samples from Tama River (Tokyo, Japan). The river water and carbonyl groups are thought to make the spacer arm stiffer

was collected in 1-L bottles and stored &Cuntil required. For ELISA
analysis, 10 mL of water was spiked with known concentrations of

each targeted compound covering the quantitative working range. Tap

water and river water samples were filtered through a @@5aylon
filter and adjusted to pH 7.2 with PBS. Aliquots (500Q) were then
mixed with 500uL of antiserum (1:6000 in PBS), and used in the

and more planar, allowing more space for the lysirearboxyl
group to be covalently coupled to the carrier protein.
Comparison of Immunoresponse to Conjugate of each
Hapten. To evaluate the promotive effect of the DNP group
introduced into LysTCPY in the immunized animal, the titer

ELISA. Analyte concentrations were interpolated from response curves of the antiserum R-20 obtained from the rabbit immunized with

for reference standards in PBS.

RESULTS AND DISCUSSIONS

Hapten Synthesis.Triclopyr and 3,5,6-trichloro-2-pyridinol
have a common structure, that is, a 3,5,6-trichloro-2-pyridyloxy
group in their molecules (Figure 1). In the present study, to
obtain group-specific antiserum to triclopyr and 3,5,6-trichloro-
2-pyridinol, we paid attention to this common structure, and a
bifunctional hapten with a DNP group was designed and
synthesized as shown Figures 1and?2. This hapten evoked
an antiserum which group-specifically reacted to fenitrothion
and its related compounds, fenitrooxon and 3-methyl-4-nitro-
phenol, only 40 days after the primary immunization. The
function of the DNP group is the promotive effect of ability of

LysTCPY—BSA (System 1) was compared with the titer of the
antiserum R-21 from the rabbit immunized with the monofunc-
tional hapten, TCPY-BSA (System 2). The titer of the antiserum
R-20 was regularly monitored against three kinds of coating
antigens, and the titer of the antiserum R-21 was regularly
monitored against two kinds of coating antigens using check-
erboard titration. As shown iigure 3, the titer of the antiserum
R-20 against the homologous hapten, LysTCPY-OVA, was
remarkably increased after the first booster immunization, and
the one against heterologous hapten, TCPY-OVA, was linearly
increased after the second booster immunization. On the other
hand, the increase of the titer of the antiserum R-21 was clearly
later than the one of the antiserum R-20, and it took 147 days
from the primary immunization to come to same titer level as

antibody production in animals as reported by Eisen and Siskind that of the antiserum R-20 after 63 days. Although this result

(36). On the other hand, Goodman et &[7) reported a unique
bifunctional antigen introduced DNP group to activate T-

is the increase of the titer against homologous hapten, TCPY-
OVA, the one against heterologous hapten, 245T-OVA, was

lymphocyte responses. In the present study, we considered thestill insufficient for triclopyr or 3,5,6-trichloro-2-pyridinol
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measurement. From these findings, the DNP group introduced  1.200
into LysTCPY had the promotive effect to the ability of antibody
production in rabbit as might have been expected. It was
successful in obtaining the antiserum with enough titer for
fenitrothion or its related compounds measurement only 40 days

1.000

after the primary immunization when the group-specific anti- £ 0800 |
serum to these compounds was produced based on the concer§
in our previous report [unpublished data]. Thus, in the present © 0,600 -
results as well as the previous development of antiserum to g
fenitrothion and its metabolites, the bifunctional haptens with g
a DNP moiety made it possible to develop a strong antibody £ 0490

response in a shorter time, with fewer boosts.

Screening and Selection of Combination of Immuno- 0.200 |
reagents. In this section, the antiserum R-20 obtained from
rabbit immunized with LysTCPY-BSA after 63 days from the
primary immunization, and the antiserum R-21 obtained from
rabbit immunized with TCPY-BSA after 147 days from the
primary immunization were used to screen against each coating
antigen. Furthermore, combinations of coating antigen and anFigure 4. ELISA inhibition curve for triclopyr (O) and 3,5,6-trichloro-2-
antiserum having an optical density ®0.5 were selected, and  Pyridinol (0). The data are corrected for background and are averages
then subjected to competitive inhibition experiments against of three replicates with coefficient of variation below 13%. Concentrations
triclopyr and 3,5,6-trichloro-2-pyridinol. When both the antisera for assay were as follows: immobilized concentration of coating antigen,

R-20 and R-21 were diluted at 1:6000 (final dilution in wells), LYSTCPY-OVA,62.5 ng/well; antiserum R-20,. 126Q00, final dilution in wells;

and the immobilized concentration of three kinds of coating @ssay buffer, 10 mM PBS, pH 7.2; incubation time and temperature of
antigens was 62.5 ng/well, the optimal absorbances were shown &ach compeition step, 1 h at room temperature.

On the basis of the conditions shownTiable 1 competitive were sensitive enough for practical detection of triclopyr, 2,4,5-
inhibition to triclopyr and 3,5,6-trichloro-2-pyridinol was per- T, and 3,5,6-trichloro-2-pyridinol.

formed. The homologous assay using LysTCPY-OVA as the Potential ELISA Interferences. Various matrixes may
coating antigen had a higher sensitivity to both compounds thaninterfere with the antigenantibody interaction, causing differ-

the homologous assay using TCPY-OVA as the coating antigen.ences between expected and observed ELISA results, and poor
Furthermore, in the case of the heterologous assay using 245T<correlation with instrumental analysis. Accordingly, we studied
OVA changed from pyridyl nitrogen to carbon, the sensitivity analyte solubility, pH, concentration of organic solvents, and
to triclopyr and 3,5,6-trichloro-2-pyridinol was roughly-23 the presence of Tween 20 surfactant as possible sources of
times more sensitive (lower kg value) than that of the interference in ELISAs with antiserum R-20.

homologous assay. The optimum ELISA was obtained using Organic Solent EffectsMethanol (1520-22), acetone, and

antiserum R-20 diluted 1:6000 and LysTCPY-OVA (62.5 ng/ acetonitrile (20,22), which are commonly used to extract
well) as the coating conjugate. analytes from various matrixes or to elute analytes from solid-
i - P ; ) phase extraction (SPE) cartridges, were tested for their effects
Cross-Reactivity (CR). The specificity of antiserum R-20 on the ELISA. The effects on hapten binding and assay

was evaluated with compounds of closely related molecular sensitivity were measured as changes in the binding endpoint
structure (such as phenoxyacetic acid derivatives, organophos- y 9 9 P

phorus insecticides, and phenolic compounds): their respective\(gli)gm;maabcso(:rr]bae?i;inat é’f?sgm\j‘;g)r’ea%%t%higgiiég Iﬁ c
ICso values were obtained, and these data were compared with. d) wh P . | . - q
triclopyr ICso value. CR values for each compound are given increase ) when organic solvent concentration was increase
in Table 2 Antiser-um R-20 showed 75% CR with 2 4 5-T (Figure 5). Methanol had the least effect and could be included

i 0,
which has a carbon instead of the pyridyl nitrogen. Silvex, which at concentrations up (0 10% (v/v).

. - ; Effect of pH.Many immunoassays are equally sensitive over
f’i|S(.) ha; the 2,4,5-trichlorination pattern, was 33% cross-reactlve,a wide range of pH values. However, the carboxylic group on
indicating that the methyl group at the-carbon caused

triclopyr and the hydroxyl group on 3,5,6-trichloro-2-pyridinol
relatively little hindrance of binding. By contrast, 2,4-D was Py Y y droup by

R 8 9> are potentially susceptible to ionization resulting from pH
only 3% cross-reactive, indicating that chlorine at the 5-position changes. To examine the influence of pH on the ELISA

was very important for evoking the desired antibody. Dichlor-  ¢ompetitive binding curves for each compound were obtained
prop, which lacks the 5-chlorine and has the methyl group at 4; pHs from 5.2 to 10.2. As shown Figure 6, on the triclopyr

the a-carbon, had virtually no cross-reaction with antiserum g |saA A, did not change significantly in the tested pH
R-20. Mecoprop, which has methyl groups on 2-position of the change. On the other hand si¥alue was remarkably increased
aromatic ring and on thei-carbon, and MCPA and MCPB,  at hasic pH, that is, the sensitivity of the antiserum R-20 was
which are methylated at 2-position, all lack chlorination at apout two times lower than at neutral or acidic pH. As shown
5-position, and their CR with antiserum R-20 is negligible. jn Figure 6, the 3,5,6-trichloro-2-pyridinol ELISA was very
Chlorpyrifos and chlorpyrifos-methyl, with a 3,5,6-tichloro-2-  sensitive to pH, that isAnax and 1Gyo values significantly
pyridiyloxy group, had less than 9% CR, and no significant CR changed at acidic and basic pH, and the sensitivity of the
was found for the organophosphorus insecticides (dichlo- antiserum R-20 was about two times lower than at pH 7.2. On
fenthion, bromophos-ethyl, and bromophos). The CR was aboutthe basis of these results, pH 7.2 showing the highest affinity
69% for 3,5,6-trichloro-2-pyridinol. Together, these results are of the antiserum R-20 and the maximum absorbance, was
consistent with the hypothesis that LysTCPY evoked both types selected as the optimum pH at which to carry out the ELISA
of antibodies in antiserum R-20. ELISAs with antiserum R-20 for triclopyr and 3,5,6-trichloro-2-pyridinol.

0.000 1 ) 1 1 )
0.001 0.01 0.1 1 10 100 1000

Concentration of analyte (ng/mlL})
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Figure 5. Influence of different organic solvents on the analytical parameters of the triclopyr (open symbols) and 3,5,6-trichloro-2-pyridinol (solid symbols)
indirect competitive ELISAs. Data were obtained from standard curves performed in two replicates in buffers of different concentrations of each organic
solvent (O or @, methanol; O or M, acetone; < or 4, acetonitrile). Results are the mean of three independent experiments.
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Figure 6. Influence of the assay buffer pH on the analytical characteristics of triclopyr (O) and 3,5,6-trichloro-2-pyridinol (CJ) competitive standard curves.
The assay conditions were as follows: immobilized coating antigen, LysTCPY-OVA, 62.5 ng/well; antiserum R-20, 1:6000, final dilution in wells; incubation
time and temperature of each competition step, 1 h at room temperature. The data are corrected for the background and are the average of two
replicates.

Improvement of Matrix Effect and Effect of Tween Z@e on the sensitivity of the antiserum R-20. As showrFigures
influence of the matrix effects originated from four kinds of 7 and 8, the matrix effects observed in river and tap water
water samples was evaluated. As mentioned above, the maxi-samples were improved by addition of 0.05% (v/v) Tween 20,
mum merits of ELISA are that it is possible to substantially and the addition of Tween 20 did not affect the sensitivity of
reduce the labor of sample preparation such as concentrationthe antiserum R-20. These results suggest that it is possible to
SPE, or liquid—liquid partition only extraction procedure from analyze real water samples as the optimal condition in which
samples. In the present study, each water sample was directljthe 0.05% (v/v) Tween 20 was added to dilution buffer.
analyzed by very simple sample preparation in which the sample  Analytical Parameters of the Optimized Triclopyr and
was diluted only with an equal volume of the antiserum R-20 3,5,6-Trichloro-2-pyridinol ELISAs. The optimized triclopyr
solution. As shown irFigures 7 and8, on both triclopyr and and 3,5,6-trichloro-2-pyridinol ELISAs used coating antigen
3,5,6-trichloro-2-pyridinol ELISAs, a matrix effect was observed LysTCPY-OVA at 62.5 ng/well, the antiserum R-20 at a dilution
in river and tap water samples, that is, the competitive curves of 1:6000 (final dilution in wells), and 0.05% (v/v) PBST as
obtained from river water and tap water samples shifted to higher dilution buffer (Table 3). The assay affinity for triclopyr and
absorbance than the PBS control curve. To correct the matrix 3,5,6-trichloro-2-pyridinol, represented by thej@alues, were
effect, it is well-known that the usage of an additive such as 0.72 and 0.95 ng/mL, respectively (Table 3).
the nonionic detergent Tween 282, 38—40) or BSA 41) is There is not a general agreement for the calculation of assay
very effective in suppressing nonspecific adsorption, so Tween sensitivity and working range of competitive immunoassays
20 was selected as an additive. Tween 20 was investigated(42). Fleeker (43) reported the LOD of an assay to be three
concerning the improvement of matrix effect and the influence times the standard deviation of tidg, negative control, from
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Figure 7. Comparison of triclopyr competitive curves obtained from standards prepared in PBS not containing Tween 20 (A) and containing 0.05% (v/v)
Tween 20 (PBST) (B): (O) control; (#) river water; (A) tap water; (O) purified water; and (a) bottled water. The assay conditions were as follows:
immobilized coating antigen, LysTCPY-OVA, 62.5 ng/well; antiserum R-20, 1:6000, final dilution in wells; assay buffer, PBS (A) or 0.05% (v/v) PBST (B);
incubation time and temperature of each competition step, 1 h at room temperature; pH, 7.2. The data are corrected for the background and are the
average of two replicates. (A) ICso values were as follows: control, 0.84 ng/mL; river water, 0.84 ng/mL; tap water, 0.8 ng/mL; purified water, 0.7 ng/mL;
bottled water, 0.75 ng/mL. (B) ICs, values were as follows: control, 0.87 ng/mL; river water, 0.75 ng/mL; tap water, 0.89 ng/mL; purified water, 0.8
ng/mL; bottled water, 0.82 ng/mL.
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Figure 8. Comparison of 3,5,6-trichloro-2-pyridinol competitive curves obtained from standards prepared in PBS not containing Tween 20 (A) and
containing 0.05% (v/v) Tween 20 (PNST) (B): (O) control; (#) river water; (A) tap water; (OJ) purified water; and (a) bottled water. The assay conditions
were as follows: immobilized coating antigen, LysTCPY-OVA, 62.5 ng/mL; antiserum R-20, 1:6000, final dilution in wells; assay buffer, PBS (A) or 0.05%
(viv) PBST (B); incubation time and temperature of each competition step, 1 h at room temperature; pH, 7.2. The data are corrected for the background
and are the average of two replicates. (A) ICso values were as follows: control, 0.78 ng/mL; river water, 1.2 ng/mL; tap water, 1.25 ng/mL; purified water,
0.82 ng/mL; and bottled water, 0.8 ng/mL. (B) ICs, values were as follows: control, 0.76 ng/mL; river water, 0.75 ng/mL; tap water, 0.76 ng/mL; purified
water, 0.71 ng/mL; and bottled water, 0.8 ng/mL.

its mean absorbance, whereas Midgley et 44l) (calculated Applications to Water Samples.Spiking water samples with
the LOD as the concentration that corresponds to 90% of the several amounts of triclopyr or 3,5,6-trichloro-2-pyridinol is a
Al/A,. For the optimized assay, the LOD was calculated common practice to perform a preliminary evaluation of
according to the method reported by Midgley et al., and the analytical assay reliability. Some water samples from different
quantitative working range was established between the con-sources were spiked at several concentrations of triclopyr or
centrations producing 80% and 20% of the A/AJsing these 3,5,6-trichloro-2-pyridinol covering the optimized working range
criterions, the quantitative working range of the triclopyr ELISA (1, 5, and 10 ng/mL). Direct analysis of each spiked sample
was from 0.1 to 5.2 ng/mL with a LOD of 0.037 ng/mL. On without dilution or SPE such as ai£cartridge resulted in
the other hand, the quantitative working range of the 3,5,6- accurate determinations of triclopyr and 3,5,6-trichloro-2-
trichloro-2-pyridinol ELISA was from 0.13 to 6.0 ng/mL with  pyridinol concentrations. Determinations were made in quadru-
a LOD of 0.052 ng/mL. plicate, and the mean absorbance was used to estimate triclopyr
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Table 3. Recoveries of Triclopyr and 3,5,6-Trichloro-2-pyridinol from In particular, on the triclopyr ELISA, the iz value is about
Spiked Water Samples Measured by the Optimized ELISAs two times lower than that of the ELISA reported by Johnson
and Hall 9). In the final optimum conditions, assay precision
added recovered®  SDP Cve  recovery and accuracy in the presence of matrix effects from real water
sample (gmb)  (ngimi)  (ng/mb) (%) (%) samples were investigated. The satisfactory recoveries suggested
. t . trlicllor)yr 0141 129 1100 that the proposed ELISA for two compounds can be used for
river water . . . A imi i i
s 19 0250 51 975 the preliminary screening method in water samples.
awwaer 1 1o oums 102 s /COREVIATIONSUSED
P 5 51 0.311 6.2 1010 Amax Maximum absorbance in the absence of competing
10 104 0.436 4.2 1035 analyte; BSA, bovine serum albumin; CR, cross-reactivity; CV,
purified water 1 1.1 0126 1.7 1075 coefficients of variation; DCQY,N-dicyclohexylcarbodiimide;
13 13'8 8'%’8 g'g gg'g DMF, N,N-dimethylformamide; DMSQN\,N-dimethyl sulfox-
hottled water 1 10 0.086 8.8 978 ide; DNP, 2,4-dinitrophenyl; ECD, electron capture detector;
5 5.2 0.377 73 1035 ELISA, enzyme-linked immunosorbent assay; GC, gas chro-
10 101 0.275 2.1 100.8 matography;'H NMR, proton nuclear magnetic resonance;
mean 1 101.6 HOBE, 1-hydroxy-H-benzotriazole monohydrate; HPLC, high-
. 3,5,6-trichloro-2-pyridinol performance liquid chromatography; HRP, horseradish peroxi-
fiver water é ‘118 8183 igf 18%8 dase; 1Go, concentration giving 50% inhibition of maximum
10 97 0.730 75 97.0 response; 1gG, immunoglobulin; LOD, limit of detection;
tap water 1 1.0 0.128 123 1045 LysMNPA, 2-[[[(3-methyl-4-nitrophenyl)oxy]methylcarbonyl]-
5 5.0 0.350 7.0 99.5 amino]-6-(2,4-dinitrophenyl)aminohexanoic acid; LysTCPY,
, 10 10.0 0804 80 1000 2-[[[(3,5,6-trichloro-2-pyridinyl)oxy]methylcarbonylJamino]-6-
purified water é ‘11.2 8%2 1%‘8 182‘8 (2,4-dinitrophenyl)aminohexanoic acid; MCPA, 4-chlare-
10 101 0.822 82 100.8 tolyloxyacetic acid; MCPB, 4-(4-chloro-tolyloxy)butyric acid;
bottled water 1 0.9 0.128 139 92.0 NHS, N-hydroxysuccinimide; OPDp-phenylenediamine; OVA,
5 53 0.356 6.7 106.0 ovalbumin; PBS, 10 mM phosphate buffer, 0.9% (w/v) NaCl,
mean 10 104 0330 S:é 183:2 pH 7.2; PBST, PBS containing 0.05% (v/v) Tween 20; SD,

standard deviation; SPE, solid-phase extraction; 245T, 2,4,5-
@ Each determination was run in quadruplicate, and the mean absorbance was Ik TCPY’ triclopyr; TEA, t“ethyla_m'ne; THF, tetrahyd_rofuran;
interpolated from a standard curve performed in the same ELISA plate. Data are TLC, thin-layer chromatography; TMS, tetramethylsilane.
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coefficient of variation.

(1) MccCall, P. J.; Gavit, P. Aqueous photolysis of triclopyr and its
or 3,5,6-trichloro-2-pyridinol concentration by interpolation in butoxyethyl ester and calculated environmental photodecompo-
the PBS standard curve performed in the same plate. Results 5 \S,'\;'O”d[)ates'i””ggné TOX'CO'L- %h_e\r,”vlhﬁ?%g |£—3|7-95_8h85|' VLR
of the analytical data, expressed as the percentage of recovery, (2) Woodburn, K. B.; Batzer, F. R.; White, F. H.; Schultz, M. R.

. . . . The aqueous photolysis of triclopyEnviron. Toxicol. Chem.
are summarized iffable 3. Control samples without triclopyr

. . . . . 1993,12, 43-55.
or 3,5,6-trichloro-2-pyridinol were also included in the analysis, (3) Solomon, K. R.; Bowhey, C. S.: Liber, K.; Stephenson, G. R.

and values lower than the assay detection limit were found in Persistence of hexazinone (Velpa), triclopyr (Garlon), and 2,4-D
all cases, so no false positives were detected. Irrespective of in a northern Ontario aquatic environmehtAgric. Food Chem.
the fortified concentration level and water type, very similar 1988,36, 1314—1318.

coefficients of variation (CV) were found, ranging from 2.7 (4) Norris, L. A.; Montgomery, M. L.; Warren, L. E. Triclopyr
12.9% on the triclopyr ELISA, and from 3:218.3% on the persistence in western Oregon hill pastur8sil. Environ.
3,5,6-trichloro-2-pyridinol ELISA. The ELISA data showed a Contam. Toxicol1987,39, 134—141.

(5) Lickly, T. D.; Murphy, P. G. The amount and identity €]
residues in bluegillsLiepomis marcochirus) exposed t8Q]-
triclopyr. Environ. Int. 1987,13, 213—218.

(6) Racke, K. D. Environmental fate of chlorpyrifd3ev. Eniron.

CONCLUSIONS. Contam. Toxicol1993,131, 1-150.

(7) Neidert, E.; Trotman, R. B.; Saschenbrecker, P. W. Levels and
incidences of pesticide residues in selected agricultural food

slight tendency for overestimation compared to theoretical
concentration level. However, accuracy was excellent.

Group-specific antiserum to triclopyr and 3,5,6-trichloro-2-

pyridinol was raised to the novel hapten, “bifunctional hapten”. commodities available in Canadi. AOAC Int.1994,77, 18
Immunological response of the obtained antiserum to each 33.

coating antigen were satisfactory and finally rendered sensitive, (8) Cochran, R. C.; Kishiyama, J.; Aldous, C.; Carr, W. C.; Pfeifer,
group-specific antiserum to triclopyr and 3,5,6-trichloro-2- K. F. Chlorpyrifos-hazard assessment based on a review of the
pyridinol at only 63 days after the primary immunization. The effects of short-term and long-term exposure in animals and
obtained antiserum affinity to these compounds was improved humansFood Chem. Toxicol1995,33, 165-172.

using structurally different hapten heterology. Significant cross- (%) Thoma, K.; Nicholson, B. C. Pesticide losses in runoff from a
reactivity of the antiserum was found only to 2,4,5-T, while horticultural catchment in South Australia and their relevance
some (greater than 30%) cross-reactivity was found to silvex to stream and reservoir water qualignziron. Technol. Lett.

. . 1989,10, 117—-129.
and 2,4,5-trichlorophenol. Next, to achieve the best assay (10) Hallberg, G. R. Pesticide pollution of groundwater in the humid

performance, several external factors affecting the specific United StatesAgric. Ecosyst. Enziron1989,26, 209—367.
immunochemical interactions have been demonstrated, and the (11) Nolan, R. J.; Rick, D. L.; Freshour, N. L.; Saunders, J. H.
matrix effect observed in river water and tap water samples was Chlorpyrifos: pharmacokinetics in human volunteéfexicol.

improved by addition of Tween 20 into the assay buffer. Appl. Pharmacol1984,73, 8-15.



3646 J. Agric. Food Chem., Vol. 50, No. 13, 2002

(12) Kutz, F. W.; Cook, B. T.; Carter-Pokras, O. D.; Brody, D.;
Murphy, R. S. Selected pesticide residues and metabolites in
urine from survey of the U.S. general populatiagn.Toxicol.
Environ. Health1992,37, 277—291.

(13) Hill, R. H.; Head, S. L.; Baker, S.; Gregg, M.; Shealy, D. B;
Bailey, S. L.; Williams, C. C.; Sampson, E. J.; Needham, L. L.
Pesticide residues in urine of adults living in the United States:
Reference range concentratio8wiron. Res.1995,71, 99—
108.

(14) Ting, K.-C.; Lee, C.-S. Gas chromatographic determination of
triclopyr in fruits and vegetabled. Chromatogr. A1995,690,
119-129.

(15) Woodburn, K. B.; Green, W. R.; Westerdahl, H. E. Aquatic
dissipation of triclopyr in Lake Seminole, Georgia Agric. Food
Chem.1993,41, 2172—-2177.

(16) Koch, H. M.; Angerer, J. Analysis of 3,5,6-trichloro-2-pyridinol
in urine samples from the general population using gas chro-
matography-mass spectrometry after steam distillation and solid-
phase extraction. J. Chromatogr.Z801,759, 43-49.

(17) Aprea, C.; Betta, A.; Catenacci, G.; Lotti, A.; Magnaghi, S.;
Barisano, A.; Passini, V.; Pavan, |.; Sciarra, G.; Vitalone, V.;
Minoia, C. Reference values of urinary 3,5,6-trichloro-2-pyridinol
in the Italian population- Validation of analytical method and
preliminary results (Multicentric studyj. AOAC Int.1999,82,
305—312.

(18) Ormand, J. R.; McNett, D. A.; Bartels, M. J. Semiautomated
preparation of 3,5,6-trichloro-2-pyridinol in human urine using
a Zymate XP laboratory robot with quantitative determination
by gas chromatography-negative-ion chemical ionization mass
spectrometryJ. Anal. Toxicol.1999,23, 35-40.

(19) Brzak, K. A.; Harms, D. W.; Bartels, M. J.; Nolan, R. J.
Determination of chlorpyrifos, chlorpyrifos oxon, and 3,5,6-
trichloro-2-pyridinol in rat and human blood. Anal. Toxicol.
1998,22, 203—210.

(20) Abu-Qare, A. W.; Abou-Donia, M. B. Simultaneous determi-
nation of chlorpyrifos, permethrin, and their metabolites in rat
plasma and urine by high-performance liquid chromatography.
J. Anal. Toxicol.2001,25, 275—279.

(21) Abu-Qare, A. W.; Abou-Donia, M. B. Determination of diazinon,
chlorpyrifos, and their metabolites in rat plasma and urine by
high-performance liquid chromatography.. Chromatogr. Sci.
2001,39, 200—204.

(22) Abu-Qare, A. W.; Abou-Donia, M. B. Development of a high-
performance liquid chromatographic method for the quantifica-
tion of chlorpyrifos, pyridostigmine bromidey, N-diethyl-m-
toluamide and their metabolites in rat plasma and urihe.
Chromatogr. B2001, 754, 533—538.

(23) Sancho, J. V.; Pozo, O. J.; Hernandez, F. Direct determination
of chlorpyrifos and its main metabolite 3,5,6-trichloro-2-pyridinol
in human serum and urine by coupled-column liquid chroma-
tography/electrospray-tandem mass spectrom&apid Com-
mun. Mass Spectron2000, 14, 1485—1490.

(24) Hammock, B. D.; Mumma, R. O. IfPesticide Analytical
Methodology; Harvey, I., Zweigh, G., Eds.; ACS Symposium
Series 136; American Chemical Society: Washington, DC, 1980;
pp 321—352.

(25) Harris, A. S.; Lucas, A. D.; Kramer, P. M.; Marco, M.-P.; Gee,
S. J.; Hammock, B. D. Use of immunoassay for the detection of
urinary biomarkers of exposure. New Frontier in Agrochemical
Immunoassay; Kurtz, D. A., Skerritt, J. H., Stanker, L., Eds.;
AOAC International: Arlington, VA, 1995; pp 217—235.

(26) Ellis, R. L. Rapid test methods for regulatory programs. In
Immunoassays for Residue Analysis. Food SaBsier, R. C.,
Stanker, L. H., Eds.; ACS Symposium Series 621; American
Chemical Society: Washington, DC, 1996; pp 44—58.

(27) Shan, G.; Leeman, W. R.; Stoutamire, D. W.; Gee, S. J.; Chang,
D. P. Y.; Hammock, B. D. Enzyme-linked immunosorbent assay
for the pyrethroid permethrin). Agric. Food Chem2000,48,
4032—4040.

Watanabe et al.

(28) Kido, H.; Goodrow, M. H.; Griffeth, V.; Lucas, A. D.; Gee, S.
J.; Hammock, B. D. Development of an enzyme-linked immu-
nosorbent assay for the detection of hydroxytriazideggric.
Food Chem1997,45, 414—424.

(29) Johnson, B. D.; Hall, J. C. Fluroxypyr- and triclopyr-specific
enzyme-linked immunosorbent assays: Development and quan-
titation in soil and waterJ. Agric. Food Chem1996,44, 488—
496.

(30) Abad, A.; Moreno, M.-J.; Pelegri, R.; Martinez, M.-1.; Saez, A,;
Gamon, M.; Montoya, A. Monoclonal enzyme immunoassay for
the analysis of carbaryl in fruits and vegetables without sample
cleanup.J. Agric. Food Chem2001,49, 1707—1712.

(31) Watanabe, E.; Watanabe, S.; Ito, S.; Hayashi, M.; Watanabe,
T.; Yuasa, Y.; Nakazawa, H. Development of an enzyme-linked
immunosorbent assay for the fungicide imazalil in citrus fruits.
J. Agric. Food Chem2000,48, 5124—-5130.

(32) Watanabe, E.; Tsuda, Y.; Watanabe, S.; Ito, S.; Hayashi, M.;
Watanabe, T.; Yuasa, Y.; Nakazawa, H. Development of an
enzyme immunoassay for the detection of plant growth regulator
inabenfide in riceAnal. Chim. Acta2000,424, 149—160.

(33) Manclis, J. J.; Montoya, A. Development of an enzyme-linked
immunosorbent assay for 3,5,6-trichloro-2-pyridinol. 1. Produc-
tion and characterization of monoclonal antibodiésAgric.
Food Chem1996,44, 4, 3703—3709.

(34) Beasely, H. L.; McAdam, D. P.; Larkin, K. A.; Ferguson, B. S.;
Bushway, R. J.; Skerritt, J. H. Laboratory and field enzyme-
immunoassays for diazinon and their application to residue
analysis in lanolin, water, and fruit juicBull. Environ. Contam.
Toxicol. 1997,59, 375—382.

(35) Karu, A. E.; Goodrow, M. H.; Schmidt, D. J.; Hammock, B.
D.; Bigelow, M. W. Synthesis of haptens and derivation of
monoclonal antibodies for immunoassay of the phenylurea
herbicide diuronJ. Agric. Food Chem1994,42, 301—309.

(36) Eisen, H. N.; Siskind, G. W. Variations in affinities of antibodies
during the immune responsBiochemistryl964,3, 996—1008.

(37) Goodman, J. W.; Fong, S.; Lewis, G. K.; Kamin, R.; Nitecki,
D. E.; Der Balian, G. T-lymphocyte activation by immunogenic
determinationsAdv. Exp. Med. Biol1978,98, 143—164.

(38) Watanabe, E.; Kanzaki, Y.; Tokumoto, H.; Hoshino, R.; Kubo,
H.; Nakazawa, H. Enzyme-linked immunosorbent assay based
on a polyclonal antibody for the detection of the insecticide
fenitrothion. Evaluation of antiserum and application to the
analysis of water sample$. Agric. Food Chem2002,50, 53—

58.

(39) Manclis, J. J.; Montoya, A. Development of enzyme-linked
immunosorbent assays for the insecticide chlorpyrifos. 2. Assay
optimization and application to environmental watersAgric.
Food Chem1996,44, 4063—4070.

(40) Manclas, J. J.; Montoya, A. Development of enzyme-linked
immunosorbent assays for 3,5,6-trichloro-2-pyridinol. 2. Assay
optimization and application to environmental waters samples.
J. Agric. Food Chem1996,44, 3710—3716.

(41) Mercader, J. V.; Montoya, A. Development of monoclonal
ELISAs for azinphos-methyl. 1. Hapten synthesis and antibody
production.J. Agric. Food Chem1999,47, 1276—1284.

(42) Sherry, J. P. Environmental chemistry: The immunoassay option.
Crit. Rev. Anal. Chem1992,23, 217—300.

(43) Fleeker, J. Two enzyme immunoassays to screen for 2,4-
dichlorophenoxyacetic acid in watek. Assoc. Off. Anal. Chem.
1987,70, 874—878.

(44) Midgley, A. R.; Nisender, G. D.; Rebar, R. W. Principles for
the assessment of reliability of radioimmunoassay methods
(precision, accuracy, sensitivity, specificitydcta Endocrinol.
1969,63, 163—179.

Received for review November 5, 2001. Revised manuscript received
April 2, 2002. Accepted April 11, 2002.

JF0114684



