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Abstract

A general and broad class selective enzyme-linked immunosorbent assay was developed for the type Il pyrethroid insecticides, such as cyper-
methrin, deltamethrin, cyhalothrin, cyfluthrin, fenvalerate, esfenvalerate and fluvalinate. Polyclonal antibodies were generated by immunizing
with atype Il pyrethroid immunogenR§-«-cyano-3-phenoxybenzyR§-cis,trans2,2-dimethyl-3-carboxyl-cyclopropanecarboxylate) con-
jugated with thyroglobulin. Antisera were screened against nine different coating antigens. The antibody—antigen combination with the most
selectivity for type Il pyrethroids such as cypermethrin was further optimized and tested for tolerance to co-solvent, pH and ionic strength
changes. The Igs of the optimized immunoassay were @@l~ for cypermethrin, 205.g 1= for cyfluthrin, 120ug 1~ for cyhalothrin,
13u.g 11 for deltamethrin, ug |- for esfenvalerate, gg 1~ for fenvalerate and 1238g |- for fluvalinate. No cross-reactivity was measured
for the type | pyrethroids such as permethrin, bifenthrin, phenothrin, resmethrin and bioresmethrin. This assay can be used in monitoring
studies to distinguish between type | and Il pyrethroids.
© 2004 Published by Elsevier B.V.
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1. Introduction and splenic damage as well as carcinogen@}isBecause
pyrethroids offer significant advantages to the agricultural
Synthetic pyrethroids are used widely in domestic, pub- ecosystem if used carefully, but have a potential for environ-
lic health, agriculture, forestry, and veterinary applications mental damage, a sensitive, selective, and rapid method for
[1]. The increasing use of synthetic pyrethroids, compared monitoring residue levels of pyrethroids in aquatic ecosys-
with that of other classes of insecticides, is attributed to their tems is desirable.
remarkably high insecticidal activities and low toxicity to The synthetic pyrethroids and natural pyrethrins can be
mammalg2,3]. Although pyrethroids are thought to be safe divided into two groups of compounds on the basis of chem-
for humans, reversible symptoms of poisoning and suppres-ical structure and mechanism of action at insect target sites.
sive effects on the immune system have been reported afteiThe type | compounds are simple cyclic alcohol esters of 2,2-
exposurel4—6]. Some pyrethroids may cause lymph node dimethyl-3-(2-methyl-1-propenyl)cyclopropanecarboxylic
acid. The type Il compounds are esters of an arylcyanohydrin.
* Corresponding author. Tel.: +1 530 752 8465; fax: +1 530 752 1537.  The type | and Il pyrethroids have different toxicological
E-mail addresssjgee@ucdavis.edu (S.J. Gee). effects, and may have slightly different mechanisms of
1 Current address: Dow AgroSciences LLC, 9330 Zionsville Road, Indi- gction at the insect neurdd], thus the ability to monitor

anapolis, IN 46268, USA. . . ___these two compound groups selectively would be an
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University, Chinju 660-701, Republic of Korea.

0003-2670/$ — see front matter © 2004 Published by Elsevier B.V.
doi:10.1016/j.aca.2004.11.021



110 S.K. Mak et al. / Analytica Chimica Acta 534 (2005) 109-120

There are many methods for the detection of pyrethroids, 2. Experimental
such as high-performance liquid chromatography (HPLC)
and gas chromatography with electron capture detector (GC-2.1. Materials
ECD) [8-10] In spite of good sensitivity, the procedure
for sample preparation in such methods is complicated, rel-2.1.1. Reagents
atively time-consuming and expensive. In addition, these = Permethrin (3-phenoxybenzylR§-cis,trans3-(2,2-di-
methods are not suitable for high throughput screening. chlorovinyl)-2,2-dimethylcyclopropanecarboxylate)cis(-
Therefore, another effective and rapid method for analysis trans= 25:75), esfenvalerateQf-a-cyano-3-phenoxybenzyl
of several pyrethroids at residue levels is desirable. Ham- (S)-2-(4-chlorophenyl)-3-methylbutyrate), fenvaleraR$:
mock and Mummdg11] reported that immunoassay could a-cyano-3-phenoxybenzyR§-2-(4-chlorophenyl)-3-meth-
be used for pesticide residue analysis and screening. Ow-ylbutyrate),  cypermethrin  KS-a-cyano-3-phenoxy-
ing to the lower cost and higher sample throughput com- benzyl RS-cis,trans3-(2,2-dichlorovinyl)-2,2-dimethylcy-
pared to instrumental analyses, enzyme linked immunosor-clopropanecarboxylate),  cyfluthrin  R§-a-cyano-4-
bent assay (ELISA) is an alternative quantitative method. It fluoro-3-phenoxybenzyl R9-cis,trans3-(2,2-dichlorovi-
also has the potential for use as a preliminary screen to re-nyl)-2,2-dimethylcyclopropanecarboxylate), deltamethrin
duce the number of samples that undergo subsequent instru¢(S-a-cyano-3-phenoxybenzyl  Rj-cis-3-(2,2-dibromo-
mental analyses. ELISA can simplify the quantification of vinyl)-2,2-dimethylcyclopropanecarboxylate), fluvalinate
pesticide residues in complex matrices, such as sedimentg(RS-a-cyano-3-phenoxybenzylN-(2-chloroo,o,a-triflu-
and soils or animal or plant tissues, and it may be possible oro-tolyl)valinate), phenothrin (3-phenoxybenzyR$-
to reduce the harmful organic solvents used for extraction cis,trans2,2-dimethyl-3-(2-methylprop-1-enyl)cyclopropa-
[12]. necarboxylate), resmethrin (5-benzyl-3-furylmethyl

Severalimmunoassays for pyrethroids have been reported (RS-cis,trans2,2-dimethyl-3-(2-methylprop-1-enyl)
Stanker et a[13] produced monoclonal antibodies againstan cyclopropanecarboxylate) and bioresmethrin ((5-benzyl-
immunogen containing the phenoxybenzyl moiety and a cy- 3-furyl)methyl (R)-trans-2,2-dimethyl-3-(2-methylprop-1-
clopropane ring, and applied this method to detect permethrinenyl)cyclopropanecarboxylate) were purchased from Reidel
in meat extracts. Skerritt et 4lL4] described an ELISA for-  de Haen (Seelze, Germanig. 1). Bifenthrin (2-methyl-
mat using the same antibodies to detect permethrin in grainbiphenyl-3-ylmethyl 3-(2-chloro-3,3,3, trifluoro-propenyl)-
and flour extracts. Class selective assays have been devel2,2-dimethyl-cyclopropanecarboxylate and cyhalothrin
oped for those pyrethroids containing the chrysanthemic acid (cyano-(3-phenoxy-phenyl)-methyl 3-(2-chloro-3,3,3-
moiety[15]. Pullen and Hock16] used the permethric acid  trifluoro-propenyl)-2,2-dimethylcyclopropanecarboxylate
moiety as a hapten to detect both permethrin (type I) and were purchased from Chem Service Inc. (West Chester,
cypermethrin (type ). An assay that was highly selective for PA) (Fig. 1). HaptenV (3-phenoxybenzoic acidfable 1),
type | over type Il pyrethroids has also been develdd&d and 3-phenoxybenzyl alcohol were purchased from Aldrich
For this assay a permethrin-like hapten with a rigid double (St. Louis, MO) Fig. 1). Coating antigen hapten¥', VI,
bond in a long linker attached to the permethric acid portion VII, and VIIl (Table ) were prepared in the laboratory
of the molecule was used. Class selective and compound sef20]. Methanol (GC Resolve grade) was obtained from
lective immunoassays for the type Il pyrethroid insecticides Fisher Scientific (Pittsburgh, PA), and dimethyl sulfoxide
have also been developEd,19] For these assays the sensi- (DMSO; 99.8%) was purchased from Aldrich (St. Louis,
tivity is in the hundreds of ng mit. However, if the analyte ~ MO).  1-[3-(Dimethylamino)propyl]-3-ethylcarbodiimide
is isomerized the sensitivity increases to the tens of ngml  hydrochloride (EDC) (Aldrich),N,N-dimethylformamide
Selectivity was also greater with the isomerized analyte. The (DMF; Aldrich) and N-hydroxysulfosuccinimide sodium
assay reported here has similar sensitivity to the isomerizedsalt (Fluka, Buchs, Switzerland) were used for the pro-
assays, but does not require the isomerization step, and igluction of conjugate with protein. Thyroglobulin (THY),
more selective for type Il pyrethroids than the previously re- keyhole limpet hemocyanin (KLH), bovine serum albumin
ported assay. (BSA) and ovalbumin (OVA) were obtained from Sigma

In some situations, such as the analysis of storm wa- (St. Louis, MO) as carrier proteins, and goat anti-rabbit
ter runoff, the ability to determine which pyrethroid is immunoglobulin conjugated to horseradish-peroxidase
present is important. Thus, having a series of assays rang{HRP), Tween 20 and 3,3,5-tetramethylbenzidine (TMB)
ing in selectivity from broad to specific is useful. A class- were also purchased from Sigma (St. Louis, MO). Water
selective immunoassay that can distinguish between typesused was purified by a NANOpure Il system (Barnstead,
I and Il pyrethroids is desirable. A class selective im- Newton, MA). Thin layer chromatography (TLC) was
munoassay for the type | pyrethroid insecticides has beenperformed on 0.2um silica gel 60-F254 glass plates
already developed in this laboratof§7]. Using a sim- from E. Merck (Darmstadt, Germany). Flash chromato-
ilar hapten design strategy, a general and broad selec-graphic separations were carried out on 4t average
tive immunoassay for the type Il pyrethroids is described particle size Baker silica gel, packed in glass columns
here. of such diameter to give a column height:diameter ra-
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Fig. 1. Structures of the pyrethroids and pyrethroid metabolites.

tio of ~7. The — notation denotes a stepwise solvent Chemical shift values are given in parts per million (ppm)
gradient. downfield from internal standard tetramethylsilane. ELISA
experiments were performed in 96-well microplates (Nunc,

2.1.2. Instruments Roskilde, Denmark) and the absorbances were read with a
Proton NMR spectra were obtained using a General Elec- Vmax microplate reader (Molecular Devices, Menlo Park,
tric QE-300 spectrometer (Bruker NMR, Billerica, MA). CA) in dual-wavelength mode (450-650 nm). The charac-
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Table 1 _ _ A sample of Zn} (0.5 mg) was added underMith stir-
Structure of coating antigen hapténs ring and ice cooling to a solution of 3-phenoxybenzaldehyde
Haptens  Structure (1.98 g, 0.01 M) in chloroform, and about one-half of a sam-

ple of cyanotrimethylsilane (1.47 ml, 0.011 M). The temper-

@\ QYOWA‘/H ature rose slowly to~30°C. The mixture was cooled to
I o ~10°C and the remainder of the cyanotrimethylsilane was
N o injected giving a second mild exotherm. After warming the

mixture briefly to 40°C, and allowing to stand at ambient
©\ temperature for 45 min, the mixture was poured into a mix-
" o ° oH ture of glyme (15 ml) and 3N HCI (3.5 ml). There was a mild
CN [¢] [¢]

immediate exotherm in the two phase mixture which was then
stirred for 30 min, diluted with water, phase separated, and

the aqueous phase was extracted twice with chloroform. The
chow combined organic phase was washed twice with water, dried
O
[¢]

v briefly over magnesium sulfate and stripped to a tan oil.
Meanwhile, a sample of the acid (1.68 g, 0.01 M) in chlo-
roform (4 ml) plus dimethylformamide (0.5 ml) was treated
©\ with thionyl chloride (1.46 ml, 0.02 M) and stirred and heated
Y, o . in an oil bath at 60—65C under a short spiral bantam ware

distillation column. Gas evolution stopped aftel5 min. Af-

(o]
ter 45 min, the oil bath temperature was increasedtb0°C
O\ y to distill out most of the chloroform. Cyclohexane (5 ml) was
Vi o NY—@N“’ added and distilled out to a pot temperature of 135A sec-
U oo ond 5 ml sample of cyclohexane was added and distilled out
in the same way. The residual acid chloride, as a colorless all,

was dissolved in chloroform (4 ml), then added to a stirred
5 NH, and ice cooled solution of the above cyanohydrin in chloro-
Vil form (2.5 ml). After 1 min, pyridine (1.01 ml, 0.0125 M) was

injected over~2 min. The mixture was stirred for 30 min,

then washed with dilute HCI solution (acidic wash), twice

©\ /@vo P o with water, dried (MgS@) and stripped. Flash chromatogra-

VIl o phy on silica gel (25 g) eluting with 50 ml each of 25, 50, and
o OH

75% methylene chloride in hexane cleanly separated a small
amount of unreacted cyanohydrin from product. Stripping
product fractions gave 2.54 g df)(@s a mixture of isomers.

o ) ) ) . A 200 mg sample of was separated by radial chromatog-
terization of hapten with protein conjugate was done with a raphy to give 161 mg of the highd¥ isomer mixture and

Shimadzu UV-2101PC UV-vis scanning spectrophotometer o4 mg of the loweR; isomer. The NMR spectra of these two

a Haptens were conjugated with BSA or OVA as described in Seétion

(Shimadzu, Kyoto, Japan). were both consistent with the desired structure.

2.2. Methods 2.2.1.2. (RS}-Cyano-3-phenoxybenzyl (RS)-cis,trans-
_ o 2,2-dimethyl-3-formyl cyclopropanecarboxylatél )( and

2.2.1. Hapten synthesis and verification (RS)e-cyano-3-phenoxybenzyl (RS)-cis,trans-2,2-dimethyl-

Syntheses of the haptefisandlll were carried out as  3-carboxylcyclopropanecarboxylate 1ll(). The target
outlined inFig. 2 All reactions were straightforward using compounds were prepared using ozonolysis of compound
well-known procedures, and yields were good. NMR spec- |, Compound (0.305 g) was dissolved in 25 ml anhydrous
tral data supported all structures, and mass spectra furtheimethanol in a tubular reactor equipped with a magnetic
supported the structure of target molecules. stirrer, the reactor flask was placed in a liquid nitrogen bath.

A stream of ozone-rich oxygen (from an ozone generator)
2.2.1.1. (RS}i-Cyano-3-phenoxybenzyl (RS)-cis,trans-2,2- was passed into the stirred, cold solution with a flow rate
dimethyl-3-(2-methylprop-1-enyl)cyclopropanecarboxylate of 0.0248 I mirmL. The reaction solution was monitored by
(1) [21]. (Note: the acid used in this preparation was a TLC (hexane:ethyl acetate =4:1). After 60 min, the reactant
sample labeled ast-cis-2,2-dimethyl-3-(2-methylprop-  was nearly gone and the ozonation was stopped. Acetic acid
1-enyl)cyclopropanecarboxylic  acid; however, NMR (1.2 ml) was added as the temperature was warmed €30
examination of the product, as noted below, indicated it to by water bath. Then zinc powder (2.0 g) was added a small
be about 13% of thezansisomer.) portion at a time, and the mixture was stirred overnight
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Fig. 2. Synthetic scheme for the preparation of haptersdlll .

at room temperature. The mixture was filtered to remove

blocked by adding 100l of 3 M ethanolamine solution and

the precipitate. The solution was condensed to about 5 mlreacted for 15 min at room temperature. The solution was

under vacuum. Flash chromatography on 409 of silica gel
(hexane— CH>Cly) and high vacuum stripping gave the
pure gummy aldehydell() 97 mg (35%) TLCR;=0.65,
M*=349.1H NMR (CDCl): § 1.15 (d, 3H, CH), 1.25
(d, J=6.5Hz, 3H, CH), 1.64 (m, 1H, CH), 2.10 (d, 1H,
CHC(0)0), 6.40 (s, 1H, CHCN), 7.0-7.8 (m, 10H, Ar), 9.92
(s, CHO), and further oxidized acid produdtl (, 40 mg
(14%) TLCR; = 0.45 CHCl,, M* =366.1H NMR (CDCl):

8 1.10 (s, 3H, CH), 1.22 (s, 3H, CH), 1.62 (m, 1H, CH),
2.08 (d, 1H, CH), 6.35 (s, 1H, CHCN), 6.9-7.5 (m, 10H,
Ar).

2.2.2. Production of hapten—protein conjugates

Hapten Il -THY/BSA/KLH was synthesized using the
Schiff base formation and reductive amination metf$].
Sixty milligrams of BSA (or 50mg THY or 24 mg KLH)
was dissolved in 5ml of PBS (pH 7.4). Then compouihd
(0.02 mmol) in 20Q.I DMSO was added with gentle stirring
and followed by addition of 5Q.L of 5 M sodium cyanoboro-
hydride in 1N NaOH. The reaction mixture was stirred for

then dialyzed against PBS over 48 h atGland stored at
—20°C. Thell -THY and Il -KLH conjugates were used for
immunization and thd -BSA was used as a coating antigen.

Haptenlll -THY/BSA was synthesized by conjugating
haptenlll with carrier proteins using an activated ester
method[23]. Haptenlll (45uM) was dissolved in 1.0 ml
of anhydrous DMF with equimolar (0.04 mmol) concentra-
tion of N-hydroxysuccinimide and a 10% molar excess of
dicyclohexylcarbodiimide. After 3 h of stirring at room tem-
perature, the precipitated dicyclohexylurea was removed by
centrifugation, and the DMF supernatant was divided into
two aliquots and added to protein solutions as below.

Fifty milligrams of BSA or THY was dissolved in 5 ml of
borate buffer (pH 8.7) in a 10 ml glass vial with a Teflon stir
bar. This solution was allowed to stir vigorously, and 1.05 ml
of DMF was added very slowly to bring the DMF to 20%.
Activated hapten then was added to the protein solution a
few microliters each time at room temperature over about
20 min to finish this step. Then the mixture was stirred at
4°C for 6 h. The solution was dialyzed against PBS for 72 h

3 h at room temperature. The unreacted aldehyde sites werat 4°C and stored at-20°C. Haptenlll -THY was used as
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an immunogen and hapteh -BSA was used as a coating measured for different antibody and antigen combinations. In

antigen. this study, the combination of antibody and coating antigen
with the lowest |Gy and more selectivity to cypermethrin (a
2.2.3. Immunization and antiserum preparation type Il pyrethroid over permethrin which is a type | analog)
Cypermethrin antisera was obtained following the pro- was selected for further assay development.
tocol described previouslj24]. New Zealand white rabbits The effects of the solvents were tested by dissolving the

were immunized intradermally with each immunogen hapten analyte in PBS buffers containing various proportions of sol-
I -KLH (rabbits #3540, and #3541I),-THY (rabbits #3543 vent (0, 10, 20, 40, 60, 80% solvent) and incubating these
and #3545) andll -THY (rabbits #3546 and #3547). One with antibody in PBSB on the coated plate. Methanol and

month after an initial immunization with 1Q0g of the im- DMSO were tested in this way.
munogen protein emulsified with Freund’s complete adju-  In the experiment to evaluate pH effects, both the analyte
vant (1:1, v:v), further injections of 1Q0g of the immuno- and antiserum were dissolved in PBS buffer at the specified

gen emulsified with Freund’s incomplete adjuvant were given pH values of 5, 6, 7, and 8 and were tested in this incubation
(1:1, v:v). Booster injections were given at 4-week intervals. stepwith all other parameters of the assay fixed. lonic strength
The rabbits were bled 10 days after each boost. The serumeffects were determined in the same manner as previously
was isolated by centrifugation for 10 min at@ and stored mentioned except that, instead of pH, PBS concentration was
at—20°C. The results of antibody characterization were ob- varied. PBS concentrations of 0.1, 0.2, 0.3, and 0.5 M were
tained from sera of terminal bleeds after four boosters. tested.

2.2.4. Enzyme-linked immunosorbent assay (ELISA) 2.2.6. Cross-reactivity
The method was performed as previously described by The optimized assays were applied to cross-reactivity
Shan et al[25]. Microplates were coated overnight at@ studies by using the standard solution of the analyte and
with 100wl per well of the appropriate coating antigen con- other structurally related compounds. The cross-reactivity
centration in 0.1 M carbonate-bicarbonate buffer (pH 9.6). (CR) was determined by dividing the dgof the chemical,
After the plate had been washed with washing solution cypermethrin, assigned to be 100% by thed©@f another
(0.05% Tween 20 in distilled water), the surface of the wells compound and multiplying by 100 to obtain a percent figure.
were blocked with 20Q.1 of 0.5% BSAin 0.1 M PBS (8 g1t
NaCl, 1.15g11 NaHPQOy, 0.2 g F1 KH,PQy, 0.2 g F1KCI) 2.2.7. Recovery
by incubation for 30 min at room temperature to minimize the Industrial waters diluted 100 times with 20% methano-
non-specific binding in the plate. After another washing step, lic PBS were spiked with cypermethrin standards (0.5, 1.0,
100l of antiserum per well diluted in PBS (for titration ex- 2.5, 5.0, and 1Q.g I™1) to estimate the recoveries from water
periments) or 5@ul per well of antiserum diluted in PBS with  samples.
0.2% BSA (PBSB) and 50l per well of analyte solution were
added and incubated for 1 h at room temperature. The stan-
dard analyte concentrations ranged from 0.05 to 3090 L. 3. Results and discussion
Following a washing step, goat anti-rabbit IgG-HRP conju-
gate (diluted in 1:3000 in PBS with 0.05% Tween 20, 00  3.1. Hapten synthesis
per well) was added and incubated for 1 h at room tempera-
ture. The plates were washed again, and ig8er well of The primary goal of this study was to develop a class spe-
substrate solution (348l of 30% H,O2, 400l of 0.6% TMB cificimmunoassay for type Il pyrethroids. To design a hapten
in DMSO per 25 ml of acetate buffer, pH 5.5) was added. The that has a common portion of type Il pyrethroids and differs
color development was stopped after 20 min withub@er from type | pyrethroids is critical for such a purpose. Struc-
well of 2M H2SOy. The absorbance was measured using a turally, most pyrethroids (type | and Il) are esters containing
dual wavelength mode at 450 nm minus 650 nm. Standarda phenoxybenzyl group and a dimethylcyclopropane. Type Il
curves were obtained by plotting absorbance against the log-pyrethroids can be distinguished from type | pyrethroids by
arithm of analyte concentration, which were fitted to a four- having ana-cyano group in its alcohol moiety. The haptens
parameter logistic equatiory:={(A— D)/[1+ (x/C)B]} +D, were thus designed to contain thecyano phenoxybenzyl
whereA is the maximum absorbance at no analyte present,and dimethylcyclopropane. The carrier protein was to link
B the curve slope at the inflection poi@the concentration  through the dimethylcyclopropane end of the cypermethrin
of analyte giving 50% inhibition (I&p), andD the minimum molecule. Since pyrethroids are highly lipophilic, a long side
absorbance at infinite concentration. chain (handle) may allow the lipophilic hapten to fold into
the hydrophobic interior of the protein and decrease the affin-
2.2.5. Antibody characterization and assay optimisation ity of the resulting antibodies. Studied with dioxins, Sanborn
Antibodies and antigens were screened in a two- et al.[26] demonstrated that a rigid or shorter side chain in
dimensional titration for the best dilution of coating antigen an immunizing hapten is important for generation of sensi-
and antiserum. Then the competitive inhibition curves were tive and selective antibodies for a lipophilic target. A longer
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Table 2

Summary of optical density of titration tedts

Ab/immunogen II-BSA IV-BSA IV-OVA V-BSA V-OVA VI-BSA VIl -BSA VIII -BSA VIII -OVA
354041 -KLH ++++ ++++ ++++ ++++ ++++ ++++ + - -

354141 -KLH — +++ ++++ +++ — +++ — — —

354311 -THY - - - - - +++ - - -

3545/ -THY ++++ ++++ ++++ ++++ ++++ ++++ + — -

3546/l -THY +++ — ++++ +++ +++ + — — —
354711 -THY - — - — . + _ _ _

Symbols refer to optical density ranges after 20 min of color developmehtt§sorbance <0.25; (+) absorbance =0.25-0.50; (++) absorbance = 0.50-0.75;
(+++) absorbance =0.75-1.00; (++++) absorbance > 1.00.
a The data shown are at an antibody dilution of 1:16,000 and coating antigen concentratjog rof 1.

linker that contained a double bond for rigidity was used for due to the difference in the coupling method used. The differ-
the development of a type | pyrethroid as§hy]. The hapten ent methods used slightly different conditions that may have
chosen for this study for immunization contains most of the favored/hindered the optimal loading of the protein. Thus im-
cypermethrin molecule and has no side ché&iig(2). This munogens from haptdil may have had lower hapten loads
approach differed from previous reports in which a long side than the immunogens from hapténresulting in the lower
chain was placed off the cyclopropane ring or attached at titers for rabbit immunized with haptdh . The homologous

the a-cyano portion of pyrethroifL8]. In addition, the two assay, in which the same hapten was used in the coating anti-
haptens differed in the functional group used for coupling genandimmunogen, had a similar titer with the heterologous
to carrier protein. This offered options for slightly different assay.

conditions for coupling, while not altering the actual linker. In general, good affinity was obtained with coating antigen
haptendl, IV, V andVI. These haptens have in common,
3.2. Screening and selection of antisera the exposed phenoxyphenyl moiety. On the other hand, lit-

tle affinity was measured for coating antigen hapténand

The antisera of six rabbits were screened against ninenone measured for haptéfill with all six antibodies. The
different coating antigens using a two-dimensional titration antibodies appear to have a high degree of selectivity for the
method with the coated antigen format. The objective was phenoxyphenyl ring and the presence of a methoxy group in
to find the coating antigen that has the highest affinity with haptenVIl is likely the reason for the low binding to this
tested antibody but could still be replaced by target analyte. antigen. Surprisingly haptedill , which is structurally sim-
The results of the titration experiments using the final bleeds ilar to the immunizing haptens, is not bound by any of the
are shown inTable 2 Animal to animal variability likely antibodies. Pyrethroids are lipophilic molecules and the long
accounts for the highly different responses between rabbitslinker may allow the highly recognized phenoxyphenyl moi-
3543 and 3545 and 3546 and 3547 even though each paiety to fold back into the protein making it unavailable for
was immunized with the same antigen. In all combinations, binding to the antibody.
the titer of 3546 and 3547, which was generated from the  Interestingly, antibody 3546 shows a high titer 1of-
immunogenlll -THY, was much lower than those of 3540, OVA, buta low titer forlV -BSA. This same trend is true with
3541 and 3545, which were produced from the immunogens antibody 3547 and coating antigghOVA andV-BSA. On
Il -KLH and Il -THY. Some of the difference in titer may be the other hand, antibody 3541 shows a high titer for coating

Table 3
Selected competitive ELISA screening data against cyperm@thrin
Immunogen Ab/cAg Cypermethrin Permethrin

Amax(A)  Slope B)  Amin(D)  ICso(ngl™)(C)  Amax(A)  Slope )  Amin(D)  ICso(pgl™?) (C)
Il -KLH 354011 -BSA >5000 0.63 121 0.21 589
II-THY 354511 -BSA 0.36 1.05 0.12 165 0.32 1.00 0.10 137
Il -KLH 35411V -BSA 0.48 0.40 0.04 58 0.48 0.67 0.11 8%
II-KLH 35411V -OVA 0.72 131 0.12 598 0.82 1.29 0.07 562
II-THY 35451V -OVA 1.20 0.81 0.05 914 1.16 1.40 0.19 342
II-KLH 3541N-BSA 0.69 1.13 0.13 278 0.75 0.81 0.06 282
II-THY 3545 -BSA 1.64 0.89 0.20 596 1.57 0.95 0.15 515
I -THY 35464V -BSA 0.57 1.10 0.08 346 0.55 1.03 0.07 319
I -THY 35461V -OVA 0.42 0.69 0.06 792 0.43 1.25 0.06 459
I -THY 3546N-BSA 1.13 1.25 0.42 467 >5000
I -THY 3546MI1-BSA 0.65 1.03 0.05 193 >5000
I -THY 3546NMI11 -BSA  0.53 0.702 0.07 958 0.55 0.84 0.01 603

2 The cypermethrin analyte standards were prepared in a 30% methanol-PBS solution.
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Table 4
Cross-reactivities of pyrethroids and their metabolites
Analyte Amax (A) Slope B) Anmin (D) ICs0 (ng 1I71)¢ () R2 Cross-reactivity (%)
Cypermethrin 0.53 0.97 0.03 78411 0.99 100
Type | pyrethroid insecticide
Permethrin N.I.
cis-Permethrin N.I.
trans-Permethrin N.I.
Bifenthrin N.I.
Phenothrin N.I.
Bioresmethrin N.I.
Resmethrin N.I.
0
Type |l pyrethroid insecticid ! o
[e] CN
Cl
Fenvalerate isomers
1S,2S (esfenvalerate) 0.57 0.97 0.03 1086109 0.99 1386.2+ 140
1R,2S 0.55 0.92 0.05 945 77 0.99 1206+ 98
1S2R 0.52 0.74 0.03 56t 9 0.99 721+ 11
1R2R 0.52 0.68 0.04 16 2 0.99 20.8+ 3
1R2R/S 0.58 0.94 0.06 101% 86 0.99 1289.2+ 110
1S2R/S 0.50 0.70 0.07 5@t 14 0.99 63.6+ 18
1R/S2R/S (fenvalerate) 0.56 0.90 0.06 7H#H 60 0.99 984.2+ 76
Cyfluthrin 0.53 0.70 0.05 3& 4 0.99 38.2+ 5
Cyhalothrin 0.50 0.74 0.04 5% 9 0.99 65.4+ 12
Deltamethrin 0.55 0.89 0.07 486 37 0.99 619.6+ 47
Fluvalinate 0.51 0.83 0.06 56 7 0.99 63.5+ 9
Metabolites
Phenoxybenzyl alcohol N.I.
Phenoxybenzoic acid N.I.
Fluorophenoxybenzoic acid N.I.

a ELISA system 3540/1-BSA was used in the cross-reactivity studies. Cypermethrin was assigned as 100%. Values are the means and standard deviation:
of three experiments.

antigenV-BSA, but notV-OVA. With these three examples, was selected for cross-reactivity studies and was chosen for
two have higher titers on OVA and one on BSA, thus it is further assay development and optimization.
not likely that one carrier protein is better than another. With
other antibodies, no difference in titer is noted between BSA 3.3. Cross-reactivity
and OVA antigens ruling out likely differences due to hap-
ten load. Because other antibodies do bind to these antigens, Table 4demonstrates the cross-reactivity of the ELISA
failed coupling is also ruled out. Thus this observation is most system 3546/1-BSA with different pyrethroids and
probably due to animal variability. pyrethroid metabolites. This system had the highest cross-
Competitive inhibition experiments were performed to reactivity with the type Il pyrethroids such as esfenvaler-
optimize antiserum and coating antigen concentrations for ate (1386%), followed by fenvalerate (984%), deltamethrin
high sensitivity. In addition, to distinguish the selectivity (620%), cyhalothrin (65%), fluvalinate (64%) and cyfluthrin
of the combinations of antisera and coating antigens to the (38%). Less or no cross-reactivity was measured for the
type Il pyrethroids, the competitive inhibition experiments type | pyrethroids such as bifenthrin, bioresmethrin, perme-
to cypermethrin and permethrin were conducted simultane-thrin, phenothrin, resmethrin and permethrin metabolites in
ously (Table 3. The IG5 of the homologous assay (3540 or this system. Since our primary goal was to develop a class-
3545/1 -BSA) showed that this combination was not selective selective immunoassay with no or low cross-reactivity to the
for cypermethrin. Even though some combinations of anti- type | pyrethroids, 3548/ -BSA was selected for further op-
body and coating antigen had lowersiS, they did not show  timization.
good selectivity to cypermethrin. After preliminary screen- The hapten used in this study for generating antibodies
ing, the combination of antiserum 3546 with coating antigen contained a very short side chain that resulted in antibodies
VI-BSA gave the lowest I3 values for cypermethrinand no  that were highly selective for type Il pyrethroids. Short or
inhibition for permethrin despite the lower titer. This system rigid side chains are considered desirable for lipophilic hap-
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Table 5
Effects of DMSO concentration on assay paraméters
DMSO (%) Amax (A) Slope B) Amin (D) ICs0 (ngI™)° (C) AID R?

0 0.59+0.03 0.96 0.06 113.8- 6.22 1070 0.99
10 0.28+0.04 0.63 0.04 167.4 7.78 765 0.99
20 0.114+0.01 0.43 0.03 280.6- 16.09 327 0.99
40 0.10+0.01 0.24 0.04 1041.3 29.14 239 0.99

a ELISA conditions: coating antigelV -BSA (0.25u.g mi~1); antiserum 3546 (1:5000) (final concentration in wells); goat anti-rabbit IgG HRP (1:3000).
b Concentration of DMSO in cypermethrin standard solution (PBS-DMSO).
¢ Mean valuet S.D. Each set of data represents the average of three experiments.

tens to prevent their folding back onto the protein surface. could be an important factor in assay performance, especially
Such folding may result in less antibody selectivity and sen- for hydrophobic compounds. A high concentration of co-
sitivity. Although it is difficult to compare antibodies from  solvent will help the solubility of hydrophobic cypermethrin
one laboratory to another, the antibodies derived from longer in reaction solution, but it could also affect the interaction
chain, non-rigid haptens resulted in assays that were not af antibody and antigen, especially the low affinity of anti-
selective, but of similar sensitivity as the assay reported herebody and antigen. On the basis of thesd@alues and the
[18]. ratios of maximum and minimum absorbances for the cyper-
methrin standard curves, a methanol concentration of 20%
was selected for subsequent experiments.

To address potential interferences from aqueous envi-
ronmental samples, the effects of pH and ionic strength on

important for the analysis of hydrophobic chemicals such as ELISA performance were evaluated in this study. In sys-
cypermethrin. The solvent (methanol or DMSO) effects on €M 3546VI-BSA, when analyte was dissolved in buffer at
the ELISA system (3548/ -BSA) were evaluated by prepar- varlous_pH_ val_ues, no significant effect upon thed@as de-

ing cypermethrin in PBS containing various amounts of sol- tected, indicating thatthe assay could effectively detect cyper-

vent. DMSO strongly interferes with the assay sensitivity methrin at pH Vall_JeS ranging from 5.0 to 8FId. ,4)' lonic
and maximum absorbanc@aple 5. Using methanol as a strength strongly influenced ELISA performanééy 5). A

cosolvent, absorbance was enhanced with higher methanopighersalt concent_ration inthe assay system resulted in lower
concentrationKig. 3, which was also found by Shan et al. absorbance and _hlgherd@values. The absorbance values
[25]. The IGso value of the assay varied depending upon the at sa_lt concentrations of 0.3 and 0..5 M PBS decreased by ap-
different concentrations of the cosolvent methanol. The low- proximately 53 and 68%, respectively, from the absorbance
est IGso was found at 20% methanol (7Qu2 1Y), which is value at a salt concentration 0.1 M PBS. Therefore, the main-
approximately two times and four times lower than that at tenance of.a minimal ionic strgngth appears to be i.mporta'nt.
40% methanol (1489 1-1) and 60% methanol (300 1-2) The optimized cypermelthnn _ELISA used Coat|_ng _ant|-
respectively. At concentrations up to 80% methanol, an in- 98N VI-BSA at 0.23ugml™", antibody 3546 at a dilution

complete inhibition curve was demonstrated. The co-solvent of 1:5000, and cyp(_armethrin in 20% metharltil—EBS buffer.
The IG5 value of this assay was 78&25.0ug |~ (Fig. 6).

3.4. Solvent, pH, and salt effects

Finding a proper co-solvent for an immunoassay is very

0.7 4
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Fig. 3. ELISA competitive curves of cypermethrin prepared in PBS buffer Fig. 4. ELISA competitive curves of cypermethrin prepared in PBS buffer
contglnlng .varlous concentrations of methanol. Reagent COn.CGHtratIOnS:Containing various pH values. Reagent concentrations: Coating am\lgen
coating antigeil -BSA (0.25u.g mi~1); antiserum 3546 (1:5000) (finalcon-  BSA (0.25ug mi~); antiserum 3546 (1:5000) (final concentration in wells);

centration in wells); goat anti-rabbit IgG HRP (1:3000). Error bars represent goat anti-rabbit IgG HRP (1:3000). Error bars represent S.D. of three exper-
S.D. of three experiments. iments.
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Table 6
Recovery test of cypermethrin in industrial water
Analyte Spiked fug mI~1)2 Theoretical g 1~1)P Measured g 1~1) Recovery (%) Mean+ S.D.
Cypermethrin 1 18 920 92.7+ 1.6
189 925
183 915
4 870 1088 107.0+ 3.6
87.5 1094
823 1029
10 2012 1006 101.5+ 2.2
1982 990
2100 1050

2 Industrial water was spiked with an appropriate concentration of cypermethrin.
b Fifty times dilution with 20% methanolic PBS.
¢ Percentrecovery was calculated as the measured spiked concentration of cypermethrin divided by the theoretical spiked concentrationriri cyi@fmeth
Three spiked samples were used in each study.

Table 7

Recovery test of the type Il pyrethroids

Analyte Spiked Theoretical Cypermethrin Relative Mean+ S.D. (%) Actual recovery (%)
(ngmi~1)2 (ngl~hyP equivalent g 1~1) recovery (%)
Cyfluthrin 4 80 224 280 31.6+ 4.3 82.7+ 11.2
291 364
243 304
10 200 4 352 37.6+ 2.7 98.4+ 7.2
74.0 370
80.2 406
Cyhalothrin 4 80 a7 590 59.4+ 6.0 90.9+ 9.2
429 536
525 656
10 200 12% 643 67.6+ 2.9 103.3+ 4.4
1376 688
1392 696
Deltamethrifi 1 5 391 7820 697.3+ 2.9 112.5+ 16.2
293 5860
36.2 7240
4 20 1131 5655 546.2+ 17.6 88.1+ 2.8
1062 5310
1084 5420
Esfenvalerat® 1 25 402 16080 1440+ 257.1 103.9+ 18.5
39.2 15680
286 11440
4 10 1328 13280 1407.3+ 134.0 101.5+ 9.7
1562 15620
1332 13320
Fluvalinate 4 80 42 54.0 58.7+ 5.0 924+ 7.9
516 640
465 581
10 200 1072 536 548+ 2.4 86.2+ 3.8
1151 576
1062 531

2 Industrial water was spiked with an appropriate concentration of cypermethrin.
b Fifty times dilution with 20% methanolic PBS.

¢ Two hundred times dilution with 20% methanolic PBS.

d Four hundred times dilution with 20% methanolic PBS.
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Fig. 5. ELISA competitive curves of cypermethrin prepared in PBS buffer

containing various concentrations of ionic strength. Reagent concentrations:Fig. 7. Effects of the dilution of the matrix on the reliability of ELISA.
coating antigetl -BSA (0.25ug mi~1); antiserum 3546 (1:5000) (finalcon-  samples were diluted with 20% methanolic PBS.
centration in wells); goat anti-rabbit IgG HRP (1:3000). Error bars represent

S.D. of three experiments. pyrethroids using a cypermethrin standard curve were tested.

Tap waters were spiked with 1, 4 and 461~ cyfluthrin,
cyhalothrin, deltamethrin, esfenvalerate, and fluvalinate (dis-
_ o solved in methanol), and were diluted in an appropriate dilu-
) To estimate reliability, a recovery test was performed Us- yjon factor with 20% methanolic PBS 4ble 7. The results

ing an industrial water sample. When the standard curve wasj, gjcate that this assay will be a useful screening test for type
plotted with industrial water spiked with cypermethrin, the | pyrethroids.

absorbance was significantly increased. There are many metal |, 5 derto estimate the recoveries of different kinds oftype
ions and other potential interferences in industrial water that | pyrethroids, the relative cross-reactivity factor (shown in
could account for this enhanced response. It was necessant,p|e ) coulcj be used as reference values. Along with as-
to dilute the samples with PBS prior to analysis. Although gays for parent compounds it may be possible to estimate the
the matrix effect can be largely eliminated by solid phase ex- 5 5unt of different type Il pyrethroids using mathematical

traction, a simple pretreatment without cleanup is important o504 ches for multianalyte analysis similar to those devel-
for real water analysis to enhance the speed of analysis. Theoped by Wortberg et aJ27] for the triazine herbicides.
effect of dilution factors on sensitivity was tested as shown

in Fig. 7. The results indicate that the matrix effect was elim-
inated with more than 10-fold dilution with 20% r_nethanth 4. Conclusions
PBS.Table 6shows the recovery of cypermethrin from in-
dustrial water. Industrial waters, diluted 50-fold with 20%

methanollic PBS, Were_tested in the Iine_ar range from 20 to Il pyrethroid insecticides has been developed by usihg
200pg 1™~ The recoveries of cypermethrit{000r>100%) 114y 4 the immunizing hapten and -BSA as the coating
were satisfactory. In addition, the recoveries of other type I antigen. ELISA 3546/1-BSA had a relatively lower 16

and also demonstrated no or little inhibition to the type |

3.5. Recovery

A general and broad selective immunoassay for the type

L pyrethroids. Also, this system exhibited good performance
characteristics at various pH values and medium solvent (20%
0.8 1 methanol) levels. Although the assay is sensitive to high ionic
strength, with the implementation of dilution, interferences
o 067 can be minimized for field sample measurement. This assay
2 is useful for screening type Il pyrethroids and the use of such
0.4 1 ageneral assay has several advantages. One such advantage is
to screen out samples containing non-detectable residues thus
0.2 1 enhancing efficiency of further instrumental analysis such as
GC-MS.
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