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A competitive enzyme-linked immunosorbent assay (ELISA) was developed for the quantitative
detection of the organophosphorus insecticide bromophos-ethyl. Four bromophos-ethyl derivatives
(haptens) were synthesized and were coupled to carrier proteins through the pesticide thiophosphate
group to use as an immunogen or as a coating antigen. Rabbits were immunized with either one of
two haptens coupled to bovine serum albumin for production of polyclonal antibodies, and the sera
were screened against one of the haptens coupled to ovalbumin. Using the serum with highest titer,
an antigen-coated ELISA was developed, which showed an ICso of 3.9 ng/mL with a detection limit
of 0.3 ng/mL (20% inhibition). An antibody-coated ELISA using an enzyme tracer was also developed,
which showed an I1Cs of 6.5 ng/mL with a detection limit of 1.0 ng/mL (20% inhibition). The antibodies
showed negligible cross-reactivity with other organophosphorus pesticides except with the insecticides
bromophos-methyl and chlorpyrifos in the antibody-coated assay only. Recoveries of bromophos-
ethyl from fortified crop and water samples ranged from 82 to 128% and from 95 to 127%, respectively.
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INTRODUCTION (5, 6). An enzyme-linked immunosorbent assay (ELISA) for

Due to the widespread use of pesticides, there is increasingtiS Pesticde has not yet been reported. _
concern over food and environmental contamination caused by 1€ development of an immunoassay requires the production
their use. The current methods such as gas chromatography (GCPf antibodies to the analyte. Because pesticides are small
and high-performance liquid chromatography (HPLC) have been Molecules, pesticide derivatives, namely haptens, must be
used successfully, with high sensitivity and reliability, for syntheglzed and coupled to carrier proteins to induce antllb.ody
analysis of many pesticidesl)( However, these classical productlon. Qne type.of hapten fqr org.ano.phosphor'us pesticides
methods require a high capital expenditure and skilled analysts!S e one with an amino carboxylic acid bridge at thiophosphate
and involve time-consuming sample preparation steps. There-9'0UP. which has been used successfully m_tk_\e development of
fore, there is a growing demand for more rapid and economical ELISA for several organophosphorus pesticidés 12). We
methods for determining pesticide residues. Immunoassays havé'aveé developed a novel method for the synthesis of such
recently emerged as an alternative to the traditional methodshaptens, which is much easier than the previous @pethis
that can meet such demands. Immunochemical techniques thaPaPer describes the application of this method to the synthesis
have been used extensively in clinical laboratories began recently®f haptens for bromophos-ethyl from which specific antibodies
to gain acceptance as a fast, sensitive, and cost-effective toold® Promophos-ethyl were obtained. Using the antibodies, sensi-
for detecting trace amounts of chemicals such as pesticiles ( tive and selective ELISAs for bromophos-ethyl were developed.

Bromophos-ethyl Q,0-diethyl O-(4-bromo-2,5-dichloro-
phenyl)phosphorothioate] is an organophosphorus insecticideMATERIALS AND METHODS
and acaricide, Wh'C_h IS effectlve_.' againsta wide range of insects  chemicals and Instruments.Organophosphorus pesticides includ-
(3). The most sensitive and toxicologically relevant effect after ing bromophos-ethyl were purchased from Dr. Ehrenstorfer (Augsburg,
administration of bromophos-ethyl is inhibition of acetylcho- Germany). Ethyl dichlorothiophosphate, 4-aminobutyric acid, 5-ami-
linesterase activity4). Analysis of bromophos-ethyl is carried  novaleric acid, 6-aminocaproic acid, 3-(methylamino)butyric acid
out by multiresidue methods using gdiuid chromatography hydrochloride, N-hydroxysuccinimide, 1,3-dicylohexylcarbodiimide,

4-(dimethylamino)pyridine, chlorforrd; silica gel (66-230 mesh), and

tK k National Uni ity polyoxyethylene (20) sorbitan monolaurate (Tween 20) were obtained

xygﬂﬂgﬁg% U;\;g?sa}tyljlmver& Y from Aldrich (Milwaukee, WI). Bovine serum albumin (BSA), oval-

§ University of California. bumin (OVA), peroxidase-labeled goat anti-rabbit 1gG, Freund’s
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Figure 1. Structures of the haptens for bromophos-ethyl used for
immunization and antigen coating.

complete and incomplete adjuvants, and Sephadex G-25 were purchase

from Sigma (St. Louis, MO). Tetramethylbenzidine was obtained from
Boehringer Mannheim (Mannheim, Germany). Analytical (silica gel

F254) and preparative thin-layer chromatography (TLC) plates (silica
gel, 1 mm) were purchased from Merck (Darmstadt, Germany). The

dialysis membrane [molecular weight (MW) cutoff 126a04000] was

obtained from Spectrum Laboratories (Rancho Dominguez, CA).

Microtiter plates (Maxisorp 442404) were purchased from Nunc

Kim et al.

acetate/acetic acid (19:9:1)] of the residue gave 72 mg (33%) of a white
solid: *H NMR (CDClk) 6 7.67 (1H, dJ= 0.7, ar), 7.64 (1H, dJ =

1.6, ar), 4.21 (2H, dxgxd]) = 9.2, 7.1, and 1.8, CiCHs), 3.39 (1H,
gn,J = 7.1, NH), 3.19 (2H, dxgJ = 12 and 6.8, NHCH), 2.46 (2H,
t,J=7.2, CHCOH), 1.88 (2H, qnJ = 7.0, CHCH,CH,), 1.36 (3H,
t,J= 7.1, CHCHs).

Haptens B, C, and Dwere synthesized according to the same
procedure as fohapten A using 5-aminovaleric acid, 6-aminocaproic
acid, and 44d-methylamino)butyric acid, respectively.

Hapten B The yield was 40%:*H NMR (CDCl) ¢ 7.67 (1H, d,J
=0.6, ar), 7.65 (1H, dJ = 1.1, ar), 4.21 (2H, m, CKCHs), 3.37 (1H,

m, NH), 3.13 (2H, mJ = 6.7, NHCH), 2.36 (2H, t,J = 7.2, CH-
CO:H), 1.69 (2H, gnJ = 7.1, NHCHCH), 1.60 (2H, gn,J = 6.9,
CH,CH,CO:H), 1.37 (3H, t,J = 7.2, CHCHa).

Hapten C The yield was 35%:'H NMR (CDCl) ¢ 7.66 (1H, s,
ar), 7.66 (1H, s, ar), 4.21 (2H, dxgxdl= 9.5, 7.2, and 2.1, C}CHy),
3.27 (1H, m, NH), 3.11 (2H, dxq} = 11 and 6.9, NHCH), 2.36 (2H,

t, J = 7.3, CHCOH), 1.71-1.42 [6H, m, CH(CH,)sCH], 1.37 (3H,
txd, J= 7.2 and 0.51, CkCHy).

Hapten D The yield was 69%:*H NMR (CDCl;) 6 7.66 (1H, s,

r), 7.55 (1H, dJ = 1.1, ar), 4.21 (2H, mJ = 7.2, CHCH;), 3.34
%H, m, NCHy), 2.87 (3H, d,J = 8.4, NCH), 2.43 (2H, t,J = 7.2,
CH,CO:H), 1.92 (2H, gnJ = 6.7, CHCH,CHy), 1.35 (3H, tJ = 7.1,
CH,CHj).

Preparation of Hapten—Protein Conjugates Haptens A and C
were covalently attached to BSA to be used as immunodéagtens
B and Dwere attached to OVA to be used as the coating antigens for
serum screening and competitive assay, respectivédyptens A-D

(Roskilde, Denmark). ELISA plates were washed with a model 1575 were conjugated to horseradish peroxidase (HRP) to be used as enzyme

ImmunoWash, and well absorbances were read with a model 550 plate

reader, both from Bio-Rad (Hercules, CA). UVis spectra were

tracers. The method of conjugation used was the active ester method
(11). The procedure for the synthesis of this ester is described below.

recorded on a Varian (Palo Alto, CA) Cary 3 spectrophotometer. NMR (H)ther a(':Ative7esters vg/gre syr:thesiz%q byl usc,jin_g (tjhehlsame prr]ocedure.
spectra were obtained with a Bruker (Rheinstetten, Germany) ARx Hapten A (97 mg, 0.22 mmol) was dissolved in dichloromethane (5

spectrometer (300 MHz). Chemical shift values are given relative to
internal tetramethylsilane. Coupling constants are expressed in hertz, i 57
and the abbreviations d, t, g, qn, sx, m, and ar represent doublet, triplet,PYridine (2.7 mg,

guartet, quintet, sextet, multiplet, and aromatic, respectively.
Synthesis of Haptens.The haptens used for immunization and

antigen coating are presentedrigure 1. The synthetic routes for the

haptens are illustrated Irigure 2. All of the haptens were purified by

column chromatography to give a single spot on TLC plates. The

procedure for the synthesis of hapten A was as follows.

IIl. The starting material 4-bromo-2,5-dichlorophendl) (was
synthesized according to a published proced@iB. (A solution ofll
(0.92 g, 1.9 mmol) in 5 mL of acetonitrile was added dropwise to a
stirred mixture of 3.2 g (19.2 mmol) of ethyl dichlorothiophosphate
(1, 10 g of finely ground KCOs;, and 10 mL of acetonitrile. After 1 h
of stirring at room temperature (RT), the mixture was filtered through

Celite, and the solvent was removed under reduced pressure. The residu

mL) to which N-hydroxysuccinimide (28 mg, 0.24 mmol)\,N-
dicyclohexylcarbodiimide (63 mg, 0.24 mmol), and 4-(dimethylamino)-
0.022 mmol) were added. The mixture was stirred
for 3 h and filtered, and the solvent was removed. Chromatography of
the resultant oil on silica gel using chlorform/ethyl acetate/acetic acid
(30:9:1) followed by preparative TLC using the same eluent gave the
active ester as a syrup (42 mg, 43%H NMR (CDCL) ¢ 7.67 (1H,

s, ar), 7.63 (1H, dJ = 1.6, ar), 4.21 [2H, dxgxd) = 9, 7, and 1
(approximate values, peaks were not well resolved)@HH], 3.56
(1H, m, NH), 3.25 (2H, dxgJ = 13 and 6.8, NHCH), 2.85 (4H, s,
succinyl), 2.73 (2H, tJ = 7.2, CHCO,H), 1.98 (2H, gn,J = 7.0,
CH;CH>CHy), 1.37 (3H, t,J = 7.1, CHCHj).

Active Ester of Hapten B. Yield 39%;H NMR (CDCl;) 6 7.67
(1H, s, ar), 7.65 (1H, dJ = 0.93, ar), 4.21 (2H, m, C}CHs), 3.45
(1H, m, NH), 3.16 (2H, dxgJ = 12 and 6.8, NHCH), 2.85 (4H, s,
guccinyl), 2.65 (2H, t) = 7.2, CHCO,H), 1.82 (2H, gn, NHCEHCH,),

was subjected to column chromatography [silica gel, hexane/benzenel-66 (2H, anJ = 7.1, CHCH,COH), 1.37 (3H, tJ = 7.1, CHCHy).

(6:1)] to give 0.64 g (44%) of the produdtl() as a colorless oilH
NMR (CDCl) 6 7.73 (1H, d,J = 1.3, ar), 7.61 (1H, dJ = 2.1, ar),
4.47 (2H, gxdJ=11.1 and 7.1, CkCH), 1.49 (3H, txdJ = 7.1 and
1.0, CHCHj).

Hapten A To a stirred solution of 100 mg (0.26 mmol) bf in 0.5
mL of methanol cooled in an ieewater bath was added dropwise a
solution of 38 mg (0.68 mmol) of KOH and 32 mg (0.31 mmol) of
4-aminobutyric acid in 0.25 mL of methanol. After stirring for 5 min,
the reaction mixture was filtered and extractedhwit N HCI—
chloroform. The extract was dried over Mgg@nd the solvent was
evaporated. Column chromatography [silica gel, chloroform/ethyl
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Figure 2. Synthetic route for haptens.
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Active Este of Hapten C Yield 41%;'H NMR (CDCl) 6 7.67
(1H, s, ar), 7.65 (1H, dJ = 0.93, ar), 4.21 (2H, dxgxd] = 4.7 and
2.2, CHCHz), 3.57 (1H, m, NH), 3.26 (2H, dxg) = 13 and 6.8,
NHCH,), 2.85 (4H, s, succinyl), 2.73 (2H,4,= 7.2, CHCO,H), 1.37
(8H,t,J=7.1, CHCH).

Active Ester of Hapten D. Yield 37%; *H NMR(CDCl;) 6 7.66
(1H, d,J = 0.8, ar), 7.55 (1H, dJ = 1.5, ar), 4.16 (2H, dxgxd] =
~10, 7.1, and 2.4, C}CHs), 3.39 (2H, m, NCH), 2.89 (3H, d,J =
11, CHN), 2.85 (4H, s, succinyl), 2.69 (2H, §,= 7.5, CHCO;H),
2.04 (2H, gnJ = 7.3, CHCH>CHy), 1.36 (3H, txd,J = 7.1 and 0.6,
CH,CHs).
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The procedures for coupling haptens to the carrier proteins were asCompetition curves were obtained by plotting absorbance against the

follows. To prepare hapterBSA conjugates (immunogens), BSA (20
mg) was dissolved in 2 mL of borate buffer (0.2 M, pH 8.7) to which

logarithm of analyte concentration. Sigmoidal curves were fitted to a
four-parameter logistic equatiori4), from which 1G; values (con-

0.4 mL of DMF was added. A solution of an active ester (16 mg, 0.03 centration at which binding of the antibody to the coating antigen is
mmol) dissolved in 0.1 mL of DMF was then added to the stirred protein inhibited by 50%) were determined.

solution, and stirring was continued overnight &Gl Hapter-OVA Competitive Direct Assay.Checkerboard assays, in which various
conjugates (coating antigens) were prepared by using the samedilutions of sera were titrated against various amounts of enzyme tracers
procedure. HapteAHRP conjugates (enzyme tracer) were prepared (hapten A, C, or D conjugated to HRP), were used to select the most
according to the same procedure except that two hapten/protein molarsuitable antiserum and enzyme tracer and to have a rough estimate of
ratios (10 and 50) were employed. The conjugates were separated frontheir appropriate concentrations for competitive assays. The procedure
the uncoupled haptens by gel filtration (Sephadex G-25) using PBS for the checkerboard assays was the same as that for competitive assays
(10 mM phosphate buffer, 137 mM NaCl, 2.7 mM KCI, pH 7.4). (see below) except that only solvent instead of pesticide solution was
Finally, the eluates were dialyzed in water overnight and then freeze- added at the competition step. After the most suitable antiserum and

dried.

Immunization of Rabbits. Female New Zealand white rabbits were
immunized with hapten A or hapten G-BSA. Routinely, 50Q:g of
the conjugate dissolved in 5@ of PBS was emulsified with Freund’s
complete adjuvant (1:1 volume ratio) and injected intradermally at

enzyme tracer had been selected from the checkerboard assays, their
quantities for the competitive direct assays were optimized. The
tolerance of ELISA to various water-miscible organic solvents at the
competition step was tested by using the same procedure as that for
the indirect assay. The influence of phosphate ion concentration and

multiple sites on the back of each rabbit. After 2 weeks, each animal pH of assay buffer (20% methanaPBS) on ELISA performance was

was boosted with an additional 50@ of the conjugate emulsified
with Freund’s incomplete adjuvant and bleg-70 days later. After

also studied using the same procedure as for the indirect assay. The
direct assays were performed as follows. All incubations except that

this, boosting and bleeding were continued on a monthly basis. Serumfor precoating the wells with protein A were carried out at RT.
was separated from blood cells by centrifugation, and sodium azide Microtiter plates were coated with protein A (&/mL, 100uL/well)
was added as a preservative at a final concentration of 0.02%. Serumin carbonate-bicarbonate buffer (50 mM, pH 9.6) by overnight

was then aliquotted and stored-a70 °C.

Screening of Antisera.Several dilutions of each serum were titrated
against the coating antigen (hapter®VA, 1000 ng/well) to measure
the reactivity of antibodies. The procedure was similar to that for
checkerboard assays described below.

Competitive Indirect ELISA. Checkerboard assays, in which

incubation at #C. The plates were washed five times with PBST and
were blocked by incubation with 10@L/well of 1% gelatin in PBS
for 1 h. Then, the plates were washed and coated withyd@@ell of

the antiserum dilutions in PBST for 1 h. After another washing step,
serial dilutions of the analyte in 10% MeGHPBS were added (50
uL/well) followed by 50uL/well of an enzyme tracer previously diluted

several dilutions of sera were titrated against various amounts of the With PBS (77 ng/mL). After incubation fol h and another washing
coating antigen, were used to select the most suitable antiserum and tcstep, 100uL/well of a TMB solution was added. The reaction was
have a rough estimate of appropriate antigen coating and antibody Stopped after an appropriate time by adding0of 2 M H,S0O, and
concentrations for competitive assays. The checkerboard assays wer@bsorbance was read at 450 nm. Competition curves were obtained by

performed as follows. All incubations except that for antigen coating
were carried out at RT. Microtiter plates were coated with hapten
D—OVA (125—-2000ug/mL, 100uL/well) in PBS (10 mM, pH 7.4)

by overnight incubation at 4C. The plates were washed five times
with PBST (10 mM PBS containing 0.05% Tween 20, pH 7.4) and
were blocked by incubation with 1% gelatin in PBS (200well) for

1 h. After another washing step, 1@0/well of antiserum previously
diluted with PBST (1/12561/10000) was added. After incubation for
1 h, the plates were washed and 1@0well of a diluted (1/3000)
goat anti-rabbit IgGHRP was added. The mixture was allowed to
incubate for 1 h, and after another washing step,/d0®ell of a TMB
solution (400uL of 0.6% TMB—DMSO and 100uL of 1% H,O,
diluted with 25 mL of citrate-acetate buffer, pH 5.5) was added. The
reaction was stopped after 10 min by adding&0f 2 M H,S0O,, and
absorbance was read at 450 nm.

From the results of the checkerboard assays, an antiserum raise

against hapten ABSA was selected as the most suitable one. Then,

the concentrations of the antibodies and the coating antigen (hapten

D—OVA) for competitive indirect assays were optimized. Additionally,

the tolerance of ELISA to various water-miscible organic solvents used
to dissolve pesticides was tested for assay optimization. For this test,
standard pesticide solutions were prepared in various concentrations
of acetone, acetonitrile, or methanol (10, 20, 40, and 80% in PBS, which
became 5, 10, 20, and 40%, respectively, after combination with equal
volumes of diluted antisera). The effect of buffering capacity of assay

solution on ELISA performance was also studied using different
concentrations of phosphate in 20% methaBS to dissolve the

using the same procedure as for the indirect assays.

Determination of Cross-Reactivities.Several organophosphorus
pesticides and the metabolite of bromophos-ethyl (phenol) were tested
for cross-reactivity using both the indirect and direct ELISA procedures
described above. The cross-reactivity values were calculated as follows:

(IC;, of bromophos-ethyl/I¢, of compound)x 100

Analysis of Spiked Samples.Solutions of bromophos-ethyl in
methanol for the fortification of vegetable samples were prepared at
10, 50, 100, 500, and 1000 ng/mLoT g of thefinely chopped leaves
of the vegetables grown pesticide-free was added 1 mL of a fortification
solution. After being set aside for 24 h, the vegetable leaves were
incubated in 5 mL of methanol for 10 min with four vigorous shakes

Gand then filtered through Whatman no. 1 filter paper. The container

and the residues were rinsed with 5 mL of methanol and filtered, and
the filtrate was combined with the previous filtrate. Methanol was
evaporated to dryness under reduced pressure, and the residue was
resuspended in 10 mL of 20% methanBBS (50 or 10 mM for indirect

and direct assay, respectively). The extract was analyzed by both the
indirect and direct ELISAs.

Water samples from two different sources (tap water and pond water)
were spiked with bromophos-ethyl by adding 1 mL of a fortification
solution to 1 mL of membrane-filtered (0.28n) water samples. After
evaporation of the sample under a slow stream of nitrogen, the residue
was treated the same way as for vegetable samples.

pesticide (10, 90, 190, and 390 mM phosphate, which became 10, 50,

100, and 200 mM, respectively, after combining with equal volumes
of the antisera diluted with 10 mM PBST). The influence of pH of the

assay solution, that is, 50 mM PBS with 20% methanol, was also

studied.

The procedure of the competition assay was as follows. To microtiter

plates coated and blocked as described above was added\wéll
of serial dilutions of the analyte in methard?BS, followed by 50
uL/well of a previously determined antiserum dilution. After incubation

RESULTS AND DISCUSSION

Hapten Selection and SynthesisA suitable hapten for
immunization should preserve the structure of the target
compound as much as possible. The phosphorothioate organo-
phosphorus (OP) pesticides such as bromophos-ethyl have a
thiophosphate group in common and differ only in the structure
of the aromatic rings. Therefore, to achieve a high selectivity

at RT for 1 h, antibody binding was assessed as described above.in the bromophos-ethyl ELISA, it was desirable to synthesize
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haptens having a bridge at the thiophosphate group preservingraple 1. Influence of Organic Cosolvent, Phosphate lon, and pH of
the substitute groups on aromatic ring unique to bromophos- the Assay Solution on Assay Parameters of Indirect ELISA
ethyl. Haptens in this study have such structural features.

Heldman et al. 15) were the first to synthesize a hapten for an variable conen AbSmax slope Cs0 (ng/mL)

OP pesticide with a spacer arm at the thiophosphate group. acetone 5% 0.434 0.497 31

However neric method w vel later by McAdam 10% 0.434 0433 47
owever, a generic method was developed later by McAdal 2000 0418 0380 2

et al. 6, 17). This method was applied to the synthesis of

0,

haptens for the development of ELISAs of several OP pesticides N o 0188 0988 o
(7—12). This method requires a synthetic route involving seven  acetonitile i‘;f; ’ 82% 8212 éi
steps including protection and deprotection of both amino and 200/2 0.309 0.250 168
carboxyl groups. In an effort to simplify the synthetic process 40%p

for this cless of haptens we developed a simpler generic method methanol - 0746 0.470 34
that requires only two stepg) It involves the reaction of 10% 0810 0.387 19
O-methyl (ethyl) dichlorothiophosphate with a phenol and K 20% 0.863 0.417 19
CGO;s in acetonitrile and the reaction of the substitution product 40% 0.913 0.366 21
with an amino carboxylic acid (not protected) and KOH in  pposphate ionse 10 mM 0.835 0.389 9.1
methanol (se&igure 2 for an example). Secondary as well as 50 mM 0.823 0.360 71
primary amino acids could also be attached as the spacer arm. 100 mM 0.670 0.390 16
This method was successfully applied to the synthesis of four 200 mM 0.645 0.374 14
haptens for bromophos-ethyFigure 1). The reactions pro- pH 6.0 0.667 0.253 12
ceeded facilely with relatively high yields: 55 and-337% in 6.5 0714 0.246 28
the first and second reactions, respectively. The reaction time ;'2 8'32’1 8522 ig
was relatively short: 1 h and a few minutes for the first and 8.0 0.838 0.266 17
second reactions, respectively. All of the haptens purified by 85 0.694 0.275 21

column chromatography were in a quite pure form, giving a
single spot on the TLC plate. This method was successfully  2Assay conditions: antiserum to hapten A-BSA, diluted 1/1000 with 10 mM
applied in this laboratory for the synthesis of haptens of several PBST; coating antigen, hapten D-OVA, 150 ngiwell; goat anti-rabbit IgG-HRP
other OP pesticides such as chlorpyrifdd, (chlorpyrifos- diluted 1/2000. Data were obtained from the four-parameter sigmoidal fitting. Data
methyl, diazinon, fenitrothion, parathion-methyl, and isofenphos are the means ef triplicates. leata fiting was @mpossible due to poor color
(18), and we applied for a patent. All of the carboxylic acid develgpment. ¢ Final concentration of phosphate ions of the competition buffer
haptens could be converted to the succinimide esters, activeContalnlng 138 mM NaCl and 2.7 mM KCI

esters for coupling haptens to carrier proteins.

Competitive Indirect ELISA. The checkerboard assays, in
which several dilutions of the sera were titrated against various

observed with acetone and acetonitrile.sd@alues in the
presence of acetone and acetonitrile were much higher than those
. . in the presence of methanol. Accordingly, we selected methanol
amounts of the coat!ng antlgen (hapterr OVA) were gsed to. as the most suitable cosolvent. Several other workers reached
seleet the mOSF suitable antlserum and to optimize antigen o same conclusion as ours in that methanol caused the least
coat!ng and antibody coneentratlons. Hapten D was used. as anegative effect on the performance of these assays. However,
coating hapten because it is heterologous to the immunizing their assays showed diverse direction and magnitude of response
haptens in the structure of the bridge group. Hapten heterologyq, increasing concentration of methant®¢-22). Table 1shows

is commonly used to eliminate problems associated with the ¢ jhcreasing the concentration of methanol causes an initial

strong affinity of the antibodies to the spacer arm that leads 0 jncrease followed by a decrease in sensitivity showing the lowest
no or poor inhibition by the target compound. Heterology usually ICso value at 20% methanoTable 1 also presents the effect

results in weaker recognition of plate-coating antigens compared t the phosphate ion concentration at the competition step on
with recognition of the target compound, allowing analyte at | |sa characteristics. Increasing the concentration of phosphate
low concentrations to compete with coating antigens. The jons caused an initial improvement followed by a decline in

antiserum from hapten A was selected as the most suitable oneygq4y sensitivity. The optimum concentration selected was 50
on the basis of its titer value which is the highest. The optimum 1\ phosphate, showing the loweststGralue. Table 1 also
condition selected was the combination of the serum from hapten yresents the effect of pH of assay solution on ELISA. The

A—BSA (third boost) diluted 1/1000 and the coating antigen pnhysiological pH, pH 7.4, was selected as the optimum for the
in 150 ng/well. assay.

The use of organic solvents for extraction and/or solid phase  Figure 3 shows a typical inhibition curve obtained under these
cleanup is very common in the analysis of nonpolar pesticide optimized conditions. The I& value of the assay was 3.9 ng/
residues in food and environmental samples, so it is desirablemL with a detection limit of 0.3 ng/mL (20% inhibition). The
to assess the effect of organic solvents on ELISA performance. statistical detection limit estimated as the concentration that
The effects of solvents (acetone, acetonitrile, and methanol) oncorrespond to the BB, of the control (zero dose) minus 2
the ELISA system were evaluated by preparing standard curvestimes the standard deviation of the control was 0.2 ng/mL. The
in buffers containing various amounts of organic solvent (5, sensitivity of the indirect ELISA in terms of detection limit is
10, 20, and 40% in PBS). The results are presentddbie 1. considerably higher than that of the GC method, which shows
These solvents significantly influenced assay performance. Thea routine detection limit of 10 ng/mL for bromophos-eth§).(
speed of color development (estimated frofma in the Direct Competitive Assay. The checkerboard assays, in
presence of acetone or acetonitrile was much slower comparedwhich several dilutions of the sera were titrated against various
with that in the presence of methanol. It is interesting to note amounts of the enzyme tracers, were used to select the most
that although the maximum absorbance was enhanced bysuitable antiserum and enzyme tracer. The final decision on
increasing the concentration of methanol, an opposite trend wasselecting the best combination was made from the results of
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Table 2. Influence of Organic Cosolvent, Phosphate lon, and pH of
100 - the Assay Solution on Assay Parameters of Direct ELISA2
variable concn AbSmax slope 1Cs0 (ng/mL)

80 acetone 5% 1.032 0.878 11
10% 0.889 0.770 12

20% 0.464 0.665 8.1

40% 0.348 0.921 9.4

. 60

8 acetonitrile 5% 1.088 0.896 20
“: 10% 0.804 0.794 53
S 40l 20% 0.316 0.751 54
40% 0.124 0.861 28

methanol 5% 0.874 0.402 3.9

20 - 10% 0.944 0.576 5.4

20% 1.125 1.029 2.1

40% 0.989 0.500 1.6
0 - phosphate ions? 10 mM 0.964 0.981 11
50 mM 0.835 0.928 28
‘_2 '_1 J . J ; J ) T s '4 100 mM 0.831 0.974 25
10 10 10 10 10 10 10 200 mM 0.885 0.885 16
Concentration of Bromophos-ethyl (ng/mL) oH 6.0 0.685 1118 2
Figure 3. ELISA competition curves of bromophos-ethyl by indirect 6.5 0.798 1.114 20
competitive assay. Reagent concentrations: antiserum (against hapten 7.0 0.881 1286 23
A-BSA), 1/1000; coating antigen (hapten D—OVA), 150 ng/well; goat anti- ;'g g'ggg ﬁ;g gl
rabbit IgG—HRP, 1/3000. Each point represents the mean of 16 85 0.954 1157 23

determinations. Vertical bars indicate +SD about the mean.

. . L @ Assay conditions: precoating with protein A (0.5 ug/well); blocking with 1%
competitive assays for the various combinations, based on thegejagn; antiserum to hapten A-BSA, diluted 1/2000 with 10 mM PBST; enzyme

sensitivity of the assays (Kgvalue and slope of the calibration  tracer, hapten A-HRP, 3.8 ng/well. Data were obtained from the four-parameter

curve). The optimum combination selected was the antiserum sigmoidal fitting. Data are the means of triplicates. ® Final concentration of phosphate

from hapten A-BSA (third boost) and the tracer hapter-ARP ions of the competition buffer containing 138 mM NaCl and 2.7 mM KCl.

prepared at a 10:1 hapten/protein molar ratio. The antibody-

coated ELISA using this combination was optimized with regard

to the dilution of antiserum and enzyme tracer. 100
The effects of solvents (acetone, acetonitrile, and methanol)

on the ELISA system were evaluated by preparing standard

curves in buffers containing various amounts of solvent (5, 10, 80 1

20, and 40% in PBS). The results are presenteliinle 2. As

observed in the indirect assay, the speed of color development

at the competition step decreased with increasing concentration o 601
of acetone and acetonitrile, resulting #b50% retardation of A
color development at 20 and 40% concentrations. Such an effect & 40 -

was not observed with methanol.gf/alues in the presence of
acetone and acetonitrile were much higher than those in the
presence of methanol'éble 2). Therefore, methanol was the 20 -
most suitable cosolvent for the assay, in agreement with the
results of several other studie®3(-25). Table 2 shows that
assay sensitivity continues to improve with increasing concen- 0
tration of methanol. However, 20% methanol was selected as
the optimum concentration, because thepl@alue at 20%
methanol (2.1 ng/mL) is close to that at 40% methanol (1.6
ng/mL) and the slope of the calibration curve is much sharper
at 20% methanolTable 2 also presents the effect of the Figure4. ELISA inhibition curves for bromophos-ethyl by direct competitive
concentration of the phosphate buffer in the competition solution assay. Reagent concentrations: precoating agent protein A, 0.5 ug/well

on ELISA characteristics. Increasing the concentration of the antiserum (against hapten A-BSA), 1/2000; enzyme tracer (hapten
phosphate caused initial improvement followed by a decline in A-HRP), 3.8 ng/well. Each point represents the average of 16 determina-
assay sensitivity. The optimum concentration selected was 10tions. Vertical bars indicate +SD about the mean.

mM phosphate, which showed the lowestd®@alue. Table 2

also presents the effect of pH of assay solution on ELISA. The the direct ELISA in terms of detection limit is considerably

102 10 100 10 102 103 104
Concentration of Bromophos-ethyl (ng/mL)

physiological pH, pH 7.4, was selected as the best one. higher than that of the GC method, which shows a routine
Figure 4 shows a typical inhibition curve obtained under the detection limit of 10 ng/mL for bromophos-ethyd)(
optimized condition. The 16 value of the assay was 6.5 ng/ Cross-Reactivity Studies.Several organophosphorus pesti-

mL with a detection limit of 1 ng/mL (20% inhibition). The cides as well as the metabolite of bromophos-ethyl (phenol)
statistical detection limit (concentration that correspond to the were tested for cross-reactivitie¥able 3 shows the cross-
%DB/By of the control minus 2 times the standard deviation) was reactivity that was found by both the indirect and direct assays,
1.0 ng/mL. As observed in the indirect assay, the sensitivity of expressed as a percentage of the k& bromophos-ethyl. The
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Table 3. Cross-Reactivity of Compounds Structurally Related to Bromophos-ethyl Determined by Indirect and Direct Competitive ELISAs?

Rs
i X
RiOSp—0— Wy
Rs
Structure Indirect ELISA Direct ELISA
Compound
Ri Ry X Ry Ry Rs ICs(ugmL)Y’ CR(%) ICso(ug/mL)’ CR(%)
Bromophos-ethyl Et Et C C Br Cl 0.015 100 0.008 100
Bromophos-methyl Me Me C CI Br Cl 0.15 10 0.014 58.7
Chlorpyrifos Et Et N Cl CI d« 0.16 9.4 0.021 38
Chlorpyrifos-methyl Me Me N CI ClI Cl 9.7 0.15 0.147 5.4
Parathion Et Et C H NO, H > 100 <0.03 >100 <0.03
Parathion-methyl Me Me C H NO, H > 100 <0.03 >100 <0.03
Fenitrothion Me Me C Me NO, H > 100 <0.03 > 100 <0.03
cl > 100 <0.03 > 100 <0.03
4-Bromo-2,5- H Br
dichlorophenol al v
CH, > 100 <0.03 > 100 <0.03
Diazi el | SN
iazinon
E‘ojp—o N/)—cw(cm)2
s Me > 100 <0.03 >100 <0.03
R eoJl_ _(/—\<N
irimiphos-ethy Eto” —
NEt,
Q\S >100 <0.03 >100 <0.03
I
ey el
e

2 Assay conditions were the same as those described in Table 1 (indirect ELISA) or 2 (direct ELISA). The standards were prepared in 20% MeOH-PBS (90 mM) or
10% MeOH-PBS (10 mM), respectively, and were combined with antisera diluted with 10 mM PBST. © ICs, values of the pesticides below chlorpyrifos-methyl could not be
determined accurately due to the limited solubility at high concentrations; however, it was clear that inhibition was <50% at 100 ug/mL. ¢ Cross-reactivity (%) = (ICsq of
bromophos-ethyl/ICsq of other compound) x 100.

interference with the assays was negligible except with bro- (sesame/indirect and kale/indirect were exceptions). The range
mophos-methyl and chlorpyrifos in the direct assay. The of recovery for all combinations was between 82 and 128%.
appreciable cross-reactivities of antibodies for these pesticidesThe plot of the recovered pesticide against the spiked pesticide
are understandable, because they have the same or similafor all combinations gave regression lines with slopes and
aromatic structure as bromophos-ethyl. It is interesting to note intercepts very close to 1 and 0 ng/mL, respectively. Fortification
that when the same antiserum was used, there was significanof vegetable samples was carried out by incubating the chopped
cross-reactivity to bromophos-methyl and chlorpyrifos when the vegetable leaves in fortification solutions for 24 h. Thus,
direct assay was used, whereas the cross-reactivity to these twgesticide may have penetrated quite deeply into the interior of
pesticides was much lower when the indirect assay was usedthe leaves during the incubation period. However, the recovery
The result can be rationalized by assuming that recognition of data suggest that pesticide can be recovered to near perfection
the antibodies to the aromatic ring structure of the antigen by using the extraction procedure adopted in this study.
relative to the thiophosphate structure is higher in the direct Recoveries from tap water and pond water determined by both
assay, which would allow bromophos-methyl and chlorpyrifos indirect and direct ELISAs are presented alsd able 4. The
to compete with the competitor (enzyme tracer) more effectively range of recovery was between 95 and 127%. The plot of the
in the direct assay. It may be concluded that the competitive recovered pesticide against the spiked pesticide gave regression
ELISAs that were developed are suitable for the sensitive and lines with slopes and intercepts very close to 1 and 0 ng/mL,
selective detection of bromophos-ethyl, with the exception of respectively. Despite the simple pretreatment taken for sample
bromophos-methyl and chlorpyrifos in the direct assay. preparation (evaporation of liquid and dissolution of the residue
Recovery StudiesThree kinds of vegetables and waters from in buffer), no significant matrix effect was observed. Overall,
two different sources were spiked with bromophos-ethyl and the ELISAs developed in this study can accurately determine
analyzed by both indirect and direct ELISAs. Recoveries of the bromophos-ethyl residues in vegetable and water samples after
pesticide from spiked vegetable samples are presenteabile the simple and rapid extraction procedure used in this study.
4. Of six combinations of the kind of vegetables and assay = Comparison of the Indirect and Direct Assays. The
format, four showed recoveries ranging from 89 to 112% sensitivity of the indirect assay in terms ofsf3/alue is a bit
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Table 4. Recovery of Bromophos-ethyl Spiked into Vegetable and
Water Samples?

fortified concn recoveries by

sample (ng/mL) indirect ELISA direct ELISA
lettuce 10 101 107
50 104 105
100 91 108
500 99 98
1000 102 99
kale 10 113 89
50 100 111
100 128 107
500 117 109
1000 103 98
sesame 10 97 100
50 101 99
100 96 108
500 98 92
1000 82 111
pond water 10 99 102
50 99 101
100 97 106
500 96 107
1000 96 115
tap water 10 102 99
50 103 127
100 110 100
500 112 95
1000 112 104

2 Assay conditions were the same as those described in Table 3. Data are the
means of triplicates. The slopes of the least-squares plot of recovered versus spiked
concentration (log—log), in respective order, were 0.999, 0.980, 0.995, 1.022, 0.972,
1.007, 0.959, 1.147, 1.123 and 1.026.

better than that of the direct assay {¢values of 3.9 vs 6.5
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Environmental AnalysisVan Emon, J., Mumma, R., Eds.; ACS
Symposium Series 442; American Chemical Society: Washing-
ton, DC, 1990; pp 112139.

(3) Worthing, C. RThe Pesticide Manual: A World Compendium
8th ed.; The British Crop Protection Council: Farnham, Surrey,
U.K., 1987; Entry 01390.

(4) Ware, G. WPesticides, Theory and ApplicatipRreeman: New
York, 1983; p 41.

(5) Weeren, R. D.; Eichler, DBromophos-ethyl Anal. Methods
Pestic. Plant Growth Regull978 10, 41—43.

(6) Their, H.-P., Zeumer, H., EdManual of Pesticide Residue
Analysis VCH: Weinheim, Germany, 1987; Vol. 1, pp 282
295.

(7) Cho, Y. A,; Lee, H.-S.; Park, E. Y.; Lee, Y. T.; Hammock, B.
D.; Ahn, K. C.; Lee, J. K. Development of an ELISA for the
organophosphorus insecticide chlorpyrifBsil. Korean Chem.
Soc 2002 23, 481-487.

(8) Edward, S. L.; Skerritt, J. H.; Hill, A. S.; McAdam, D. P. An
improved immunoassay for chlorpyrifos-methyl (Reldan) in
grain. Food Agric. Immunol1993 5, 129-144.

(9) Hill, A. S.; Skerritt, J. H.; Bushway, R. J.; Perkins, L. B.; Larkin,
K.; Thomas, M.; Korth, W.; Bowmer, K. H. Development and
application of laboratory and filed immunoassays for chlorpyrifos
in water and soil matrices. Agric. Food Cheml994 42, 2051
2058.

(10) Mancls, J. J.; Primo, J.; Montoya, A. Development of enzyme-
linked immunosorbent assay for the insecticide chlorpyrifos. 1.
Monoclonal antibody production and immunoassay design.
Agric. Food Chem1996 44, 4052-4062.

(11) McAdam, D. P.; Hill, A. S.; Beasley, H. L.; Skerritt, J. H. Mono-
and polyclonal antibodies to the organophosphate fenitrothion.
1. Approaches to haptetprotein conjugationJ. Agric. Food
Chem.1992 40, 1466-1470.

(12) Skerritt, J. H.; Hill, A. S.; Thwaites, H. L.; Edward, S. L.;
McAdam, D. P. Enzyme-immunoassay for quantification of the
organophosphate pesticides, fenitrothion, chlorpyrifos-methyl and
pirimiphos-methyl in wheat grain and flour milling fractionk.

ng/mL). However, the direct assay gives much sharper standard AOAC Int 1992 75, 519-528.

curves (slopes of 0.4 vs 0.9). As far as selectivity is concerned, (13) Ross, F.; Park, V., Ill. Process for preparing 2,5-dichloro-4-
the indirect assay is better, that is, lower cross-reactivity of the bromophenol. U.S. Patent 3,728,403, 1973.

antibodies. Therefore, if sensitivity is more important than (14) Raab, G. M. Comparison of an logistic and a mass-action curve
selectivity in an analysis, then the direct assay should be chosen. for radioimmunoassay dat@lin. Chem 1983 29, 1757-1761.

If samples are suspected of containing multiple organophos- (15) Heldman, E.; Balan, A.; Horowitz, O.; Ben-Zion, S.; Torten,
phorus pesticides, then the direct assay would be the better one M. A novel immunoassay with direct relevance to protection

to use.

ABBREVIATIONS USED

Absnax maximum absorbance; BSA, bovine serum albumin;

DMF, dimethylformamide; DMSO, dimethyl sulfoxide; ELISA,
enzyme-linked immunosorbent assay;sdCconcentration of

analyte giving 50% inhibition of the maximum absorbance; IgG,

immunoglobulin G; NMR, nuclear magnetic resonance; OVA,

against organophosphate poisoniRBEBS Lett1985 180, 243~
248.

(16) McAdam, D. P.; Skerritt, J. H. Synthesis of organothiophosphate
antigens for the development of specific immunoassayst.
J. Chem 1993 46, 959-967.

(17) Skerritt, J. H.; Lee, N. J. Approaches to the synthesis of haptens
for immunoassay of organophosphate and synthetic pyrethroid
insecticides. IrResidue Analysis in Food Safety: Applications
of Immunoassay MethodBeier, R. C., Stanker, L. H., Eds.;
ACS Symposium Series 621; American Chemical Society:
Washington, DC, 1996; pp 124149.

ovalbumin; PBS, phosphate-buffered saline; PBST, phosphate- (18) Park, H. J.; Park, W. C.; Jung, T. W.; Ra, C. S.; Lee, Y. T.

buffered saline-0.05% Tween 20; TLC, thin-layer chromatog-
raphy; TMB, 3,3,5,5-tetramethylbenzidine.
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