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ABSTRACT: This paper describes some of the early work on pyrethroid insecticides in the Casida laboratory and briefly reviews the
development and application of immunochemical approaches for the detection of pyrethroid insecticides and their metabolites for
monitoring environmental and human exposure. Multiple technologies can be combined to enhance the sensitivity and speed of
immunochemical analysis. The pyrethroid assays are used to illustrate the use of some of these immunoreagents such as antibodies,
competitive mimics, and novel binding agents such as phage-displayed peptides. The paper also illustrates reporters such as
fluorescent dyes, chemiluminescent compounds, and luminescent lanthanide nanoparticles, as well as the application of magnetic
separation, and automatic instrumental systems, biosensors, and novel immunological technologies. These new technologies alone
and in combination result in an improved ability to both determine if effective levels of pyrethroids are being used in the field and

evaluate possible contamination.
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B INTRODUCTION

Immunodiagnostics are well-suited to the analysis of sub-
stances that are difficult to analyze with gas—liquid chromatog-
raphy (GLC) or high-performance liquid chromatography
(HPLC) because of large molecular mass, thermal liability, low
volatility, or lack of a distinct chromophore. Thus, these analy-
tical technologies are complementary. Proteins expressed in
recombinant crops are one example of such difficult targets.
However, field portability, high sample throughput, and other
problems also are well addressed by immunoassays. Antibodies in
immunodiagnostics act as a receptor (detector) for the analyte of
interest. Tight binding and thus high sensitivity of the resulting
assays occur through hydrogen bonding, hydrophobic bonding,
electrostatic, and van der Waals forces." Lack of these interactions as
well as steric constraints can yield exceptional specificity. Thus,
detection takes advantage of multiple physical and chemical proper-
ties not easily exploited by other instruments. The same immuno-
chemical reagents can be formatted to give highly quantitative and
extremely sensitive laboratory assays or formatted as qualitative or
semiquantitative rapid field tests. The unique attributes of immu-
nodiagnostics make them very attractive for pesticide analysis when
large numbers of samples must be examined for a small number of
compounds, when tests need to be run in the field or in remote
laboratories, when automated fluidic devices must be used, or when
particularly complex structures must be analyzed.

Immunodiagnostic technology is one of the few areas of
pesticide science in which John Casida has not had a major role.
Yet, even here the Casida laboratory had a presence when they
used the cyclodiene selective monoclonal antibody developed by
Alex Karu to investigate the mechanism of action of tetramet-
hylenedisulfotetramine.” However, at least indirectly, John
Casida founded the immunodiagnostic field as well. In the
pyrethroid area, the Wellman Hall basement at the Univeristy

" Part of the Symposium on Pesticide Toxicology in Honor of Professor John
Casida. B.D.H. was a Ph.D. student with Dr. Casida 1969—1973 and a
postdoctoral researcher in 1973.
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of California (UC) at Berkeley was a Mecca in the 1960s and
1970s. Having scientists such as Michael Elliott and Kenzo Ueda
working on the chemistry of the pyrethroids and collaborating
with Loretta Gaughan, Ella Kimmel, and Izuru Yamamoto on the
metabolism of the compounds was exceptionally exciting. The
environment was made even more exciting by the fact that within
the Casida laboratory we all knew the pyrethroids were destined to
become major products, whereas most of the pesticide community
thought that innovation in the pyrethroid area ended with the
publications of Schechter, Green, and LaForge on allethrin. The
enthusiasm of Charles Abernathy and later Lien Jao and David
Soderlund added to a relatively large group of people in the area at
the very start of a new field. The discovery of Abernathy and
Soderlund in the Casida laboratory that ester cleavage could be a
major route of metabolism of pyrethroids with unhindered esters
in both mammals and insects®* led to the resulting ester cleavage
products being used as biomarkers of pyrethroid exposure.

The pyrethroids were the examples used by Michael Elliot and
Kenzo Ueda in their effort to teach me (B.D.H.) a little chemistry.
While at Berkeley, I found it exceptionally entertaining to watch the
development of a new field from the sidelines. Thus, when I started
a new laboratory at UC Riverside in 1975, I very much wanted to
work in this area because pyrethroid chemistry was one of the few
gems in my bag of tricks. By 1975 competing with industry on
structure—activity work certainly was out of the question and
competing with the Casida laboratory on the metabolism and
environmental chemistry of pyrethroids was beyond foolish.

Among several things that I worked on with Larry Gilbert as a
postdoctoral fellow at Northwestern University was the evalua-
tion of an immunoassay for insect juvenile hormone developed in
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Koji Nakanishi’s laboratory. The assay was wonderful, but only so
long as it was run in buffer. I developed a plan to make a good
immunoassay for juvenile hormone that would work in a com-
plex matrix, and I started on this project as soon as I arrived as a
faculty member at UC Riverside. I had just immunized rabbits
with the synthetic hapten for juvenile hormone when my former
postdoctoral mentor and I met for dinner. Larry pointed out that
he had just started a new collaboration with a French group to
develop an improved juvenile hormone immunoassay. My con-
tinuing the juvenile hormone immunoassay work seemed un-
tenable. My laboratory would either develop a better juvenile
hormone immunoassay and place me in an embarrassing situa-
tion with my postdoctoral mentor, or my laboratory would fail
and have nothing to show. Because in my bag of tricks I could do
pyrethroid synthesis and immunoassays, and for other reasons I
had some skill with oxymercuration developed by Herbert
Brown, I decided to combine these skills to make pyrethroid
immunoassays. Pesticide immunoassay was a high-risk under-
taking with only limited work in the environmental field from the
laboratory of C. D. Ercegovich and later Ralph Mumma at
Pennsylvania State University. The first target was the pyrethroid
insecticide allethrin, based on the idea that allethrin and the
natural pyrethrins presented difficult analytical problems because
of their lack of stability on GLC, lack of halogen, phosphorus, and
nitrogen atoms for selective detection, and three chiral centers
even in allethrin. It was also an attractive target because allethrin,
like the natural pyrethroids, is most active as the 1R,3R4'S
isomer. T. Roy Fukuto in the division was just then advancing the
concept in pesticide chemistry that chirality could be very
important for biological activity. The hope was that success on
these difficult light-, air-, and water-unstable chiral targets would
demonstrate the power of the immunochemical approach. Thus,
the field of pesticide immunoassay in a way started in an effort to
find a use for four rabbits that had already been injected with an
antigen for an insect hormone and to find a niche to ply a trade
that was slightly different from ongoing research in either the
Casida or Gilbert laboratory. The initial S-bioallethrin assay
turned out to be very successful thanks to wonderful advice from
Roy Fukuto and David Wustner and the enthusiastic collabora-
tion of Keith D. Wing, whose Ph.D. work started the field of
pesticide immunoassay.”’ The work was successful in another
way in permitting me to continue my ties with Mike Elliott,
Kenzo Ueda, John Casida, and others working on pyrethroids,
place Keith Wing in the Casida laboratory as a postdoctoral
fellow, and later have Don Stoutamire join my laboratory after
leaving Shell Chemical Co. Don in fact had worked with John
Casida as an undergraduate in Wisconsin and later developed the
key step in the chiral synthesis of esfenvalerate at Shell Modesto.

Our subsequent work on immunoassays led to the develop-
ment of assays for genetically engineered organisms, pesticides,
environmental contaminants, microbes, personal care products,
terror agents, and many other targets. Of course, as the impor-
tance of the modern pyrethroid insecticides grew, the importance
of the immunochemical tools for their study expanded. For the
past 35 years the pyrethroid insecticides and their metabolites
have been important targets for immunoassay development in
this and other laboratories.

Immunoassays of course are widely used in research and
medical diagnostics. As predicted in the early review by Hammock
and Mumma,” their uses have increased in environmental
chemistry and particularly in pesticide analysis. As mentioned
above, the first pesticide immunoassay developed in this laboratory

was the assay for S-bioallethrin and was able to distinguish the
single most active optical and geometrical isomer out of a mixture
of materials with three chiral centers. The assays cross-react with
the natural chrysanthemic pyrethrins and could be used for crop
breeding or to drive approaches in biotechnology to produce
these valuable natural products. Pyrethroids are the synthetic
mimics of the natural pyrethrins, and allethrin was the first
successful member of the series produced to address insect
vector problems during World War II. Years later the superb
group led by Michael Elliott at the Rothamsted Experimental
Station led to pyrethroid insecticides useful in field and row crop
agriculture. This work was developed by many companies, and
the pyrethroids have emerged as the dominant insecticide class
used worldwide. As pyrethroid use has expanded, new immu-
noassays have been developed that are highly selective for
individual pyrethroids and for subclasses of pyrethroids and that
are selective for metabolites and environmental degradation
products which arise from a single pyrethroid or from groups
of pyrethroids. Many of these assays can distinguish among
geometrical and optical isomers. These selective assays have
proven useful in the monitoring of human body fluids as well as
the environment.

Here we briefly describe the development of immunoassays
for small molecules. A key factor is that a mimic of the target
pesticide must be attached to a protein carrier to raise antibodies.
The mimic is referred to a hapten and the conjugate as the
antigen to which antibodies are raised. The type of immunoassay
most commonly applied to the analysis of pesticides and other
small molecules is a competitive immunoassay. Although very
powerful, this assay format reduces signal as the analyte con-
centration increases. Toward the end of the review we discuss
biosensor development as such sensors have been applied to
pyrethroids and other pesticides. Biosensors can be defined as
devices resulting from the association of a sensitive biological
element with a transducer that converts the biological signal into
a measurable physical signal. The transducer is in close proximity
to or is integrated with an analyte-selective interface.® Immuno-
sensors are a specialized type of biosensor that utilizes antibodies
for detection. This approach to antibody-based sensors can
provide continuous, in situ, rapid, and sensitive measurements
based on conventional immunoassay techniques. Advances in
these technologies permit the development of small-molecule
immunoassays which are noncompetitive in that assay signal
increases with the increase in analyte.

B DEVELOPMENT OF IMMUNOASSAYS FOR MEASUR-
ING THE RESIDUES OF PARENT PYRETHROID(S) IN
ENVIRONMENTAL SAMPLES

There are many reasons why the synthetic pyrethroid insecti-
cides such as bifenthrin, cypermethrin, deltamethrin, fenpropa-
thrin, and permethrin are rapidly replacing other pesticides in
both vector control and agriculture. Their mode of action (highly
potent disruption of voltage-sensitive sodium channel function in
insects), variable environmental persistence, and greater safety
for farm workers and wildlife make them increasingly attractive as
the cost of these complex molecules has dropped.

Many immunoassays have been developed that are highly
selective for individual pyrethroids, for subclasses of pyre-
throids, and for metabolites and environmental degradation
products that arise from a single pyrethroid or from groups of
pyrethroids. As shown in Table 1, these assays use monoclonal
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target analyte

allethrin

cyhalothrin
cypermethrin
deltamethrin
deltamethrin (isomerized)
deltamethrin
esfenvalerate
etofenprox

etofenprox
fenpropathrin
flucythrinate
cis/trans-permethrin
pyrethroids including a

chrysanthemic acid moiety

type I pyrethroids including a
phenoxybenzyl moiety without an O.-cyano group
type II pyrethroids including an
a-cyanophenoxybenzyl moiety
type II pyrethroids

type I and II pyrethroids

including a phenoxy-

benzyl moiety with/

without a CN group
3-PBA-glycine (metabolite)
S-fenvalerate acid-glycine (metabolite)
cis/trans-DCCA-glycine (metabolite)
3-PBAlc-glucuronide (metabolite)
3-PBA (metabolite)

format

indirect competitive ELISA
indirect competitive ELISA
indirect competitive ELISA
indirect competitive ELISA
direct competitive ELISA
direct competitive ELISA
indirect competitive ELISA
indirect competitive ELISA
indirect competitive ELISA
indirect competitive ELISA
indirect competitive ELISA
indirect competitive ELISA
competitive ELISA

indirect competitive ELISA

indirect competitive ELISA

indirect competitive ELISA

indirect competitive ELISA

indirect competitive ELISA
indirect competitive ELISA
indirect competitive ELISA
indirect competitive ELISA
indirect competitive ELISA

Table 1. ELISAs Developed To Monitor Environmental Exposure to Pyrethroid Insecticide(s) and Their Metabolite(s)

antibody” ICso” (ug/L) LOD® (4g/L) ICyg of 20°  ref
MAb 46 —4 9
PAb 37.2 4.7 10
PAb 13.5 1.3 11
PAb 17.5 1.1 12
PAb 1.5—4.2 0.2—0.7 13
MAb 10 1.5 14
PAb 30 3 15
PAb 1.1 ~8 16
MAb 0.5 ~1 16
PAb 20 2.5 17
MADb 33 ~2 18
PAb 2.5 0.3 19
MADb 3.2 (allethrin) 1 (allethrin) 20
7.1 (bioallethrin)
9.4 (pyrethrin)
2.8 (tetramethrin)
PAb 30 (permethrin) 0.3 21
PAb 78 (cypermethrin) - 22
PAb 4.6 (cyphenothrin) 0.1 (cyphenothrin) 23
5.6 (fenpropathrin)
7.1 (deltamethrin)
10.7 (cypermethrin)
20.0 (flucythrinate)
28.2 (esfenvalerate)
PAb 20 (phenothrin, LS 24
permethrin, deltamethrin,
cypermethrin, and
cyhalothrin)
PAb 0.4 0.04 48
PAb 0.4 0.03 48
PAb 1.2 0.2 49
PAb 1.8 0.3 NU
PADb 1.7 0.1 S1

“ MAb, monoclonal antibody; PAb, polyclonal antibody. b IC0, 20, or 50, inhibition of 10, 20, or 50% by the target compound. “ LOD, limit of detection.

—, not mentioned.

and polyclonal antibodies produced against specially designed
and synthesized target mimics.” >° Subgroup selective immu-
noassays have been developed for distinguishing type I and type
II pyrethroids, following the preparation of group-specific
mimics with/without the distinguishable o-cyano (—CN)
group and with the phenoxybenzyl moiety.”' ~** Additionally,
a broad immunoassay was developed®* for the total class of
pyrethroid insecticides by using a mixture of mimics with/
without the —CN group and testing for the analysis of a panel of
mixtures of type I and II pyrethroids that contain a phenoxy-
benzyl moiety. Polyclonal antibodies were used for this broad
class-specific assay. Most immunoassays for pyrethroid detec-
tion used polyclonal rabbit antiserum because of the low costs,
time savings in production and screening, and high titer anti-
body generation compared to monoclonal antibody produc-
tion. These polyclonal immunoassays are highly selective for
the target pyrethroid insecticide(s) of interest.

2794

The assays developed have been applied to various real sample
matrices. Table 2 summarizes the types of samples, the limits
of quantitation (LOQ), recoveries, and sample preparation
methods. The overall LOQs ranged from 0.1 to about 500 ug/
L or ug/kg in the respective samples using simple cleanup
methods, '™ 12! #1819237285963 The 1,0Qs are low enough to
measure the pyrethroid in the matrix of interest. The average
recoveries from the samples mostly ranged from 70 to 120%,
suggesting the immunoassays were acceptable screening tools.
Sample extracts or aqueous samples were either directly mea-
sured by enyzme-linked immunosorbert assay (ELISA) after
dilution with buffer, or, if a very low LOQ was required, the
sample was further purified by relatively simple solid-phase
extraction, liquid—liquid, or immunoaffinity purification meth-
ods. Antibodies can also be used for immunoafhinity cleanup and
concentration of samples as exemplified by an HPLC online
cleanup method that used a pyrethroid class selective rabbit
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Table 2. Pyrethroid Insecticides and Their Metabolites That Have Been Analyzed by Immunoassay

target analyte sample
bioallethrin strawberry
bioallethrin soil
bioallethrin house dust
cyhalothrin tap/well/wastewater
cypermethrin tap water
cypermethrin lake /runoff waters
cypermethrin white wine
cypermethrin orange oil
deltamethrin river water
deltamethrin milk
deltamethrin water
deltamethrin soil
deltamethrin wheat grain
flucythrinate river/pond water
flucythrinate soil
flucythrinate apple/tea
permethrin river water
permethrin white/red wines
permethrin lettuce/peach
permethrin apple/banana/onion
permethrin cucumber
permethrin grain
permethrin meat
3-PBA (metabolite) urine

cis/trans-DCCA-glycine (metabolite) ~ urine

limit of quantification (ug/L or ug/kg)

recovery (%)  sample preparation method®  ref

b

— 144 extract IA/Florisil cleanup 25
— >100 extract IA/Florisil cleanup 25
— 100 extract IA/Florisil cleanup 25
100 >80 C18 SPE 10
0.2 76—92 C18 SPE 11
2 68—129 C18 SPE 11
50 85—110 dilution 26
500 >65 LLE-silica SPE 27
0.2 89—115 C18 SPE 12
20 92—148 LLE 28
1 >93 dilution 63
500 88 extract dilution 63
13 81 extract dilution 63
10 >90 direct 18
200 >95 extract dilution 18
300 >95 extract dilution 18
0.01 76—110 C18 SPE 19
N 36—97 dilution 26
50 84—100 extract dilution 26
70 82—122 extract dilution 26
100 43—99 extract dilution 26
75 ~80 extract alumina cleanup 14
S0 62 extract LLE alumina cleanup 59
1 >76 mixed-mode SPE 58
1 65—123 C18 SPE 53

“1A, immunoaffinity column; SPE, solid phase extraction; LLE, liquid—liquid extraction. b —, not mentioned.

antiserum. This method provided a sensitive high-throughput
analysis.”

B DEVELOPMENT OF IMMUNOASSAYS FOR MEASUR-
ING SPECIFIC PYRETHROID METABOLITES IN HUMAN
BODY FLUIDS

As the use of pyrethroid insecticides increases, so do concerns
about human health. Pyrethroid insecticides are classified as
potential environmental endocrine disrupters that can interfere
with or mimic natural hormones in the body. Other adverse
effects are related to carcinogenicitgf’o’31 immunotoxicity,S’z_34
neurodevelopmental disorders, >* " and central nervous system
abnormalities in infants.*®*” The common sources of continu-
ously repeated low-level exposure to pyrethroid insecticides for
the general population are thought to occur via residues in the
diet and in drinking water and via contact with air and dust
containing residues after application in households. Persons such
as farmers, pesticide applicators, and manufacturers may receive
occupational overexposure via inhalation and dermal contact.
Particular attention may be given to the health of more suscep-
tible neonates, infants, young children, women of childbearing
age, and pregnant women.

Because of the lack of environmental degradation due to
factors such as sun, rain, and soil microbial activity, high
concentrations of a large number of pesticides were found in
house dust in the general population.**”** As first demonstrated
in the Casida research group (Figure 1), in mammals, the ester
types of pyrethroids do not accumulate in tissues or persist in
blood. They are quickly metabolized by enzymatic hydrolysis

into the main polar metabolites cis/trans-3-(2,2-dichlorovinyl)-
2,2-dimethylcyclopropane-1-carboxylic acid (cis/trans-DCCA,
1) and 3-phenoxybenzoic acid (3-PBA, V) formed from the
oxidation of 3-phenoxybenzyl alcohol (PBAlc, III) of type I
pyrethroids and 3-phenoxybenzaldehyde (PBAld, IV) of type I
pyrethroids. These metabolites can be excreted in urine as the
amino acid (VII, VIII) or glucuronide conjugates (VI). The body
burden of these metabolites as measured in urine is comm-
only used as a biomarker indicative of exposure to pyrethroid
insecticides.

Biomonitoring studies with samples such as urine and blood
are measurements for the health-relevant assessments of expo-
sure because they determine the level of the chemical that
actually gets into people from all environmental routes such as
air, soil, water, dust, or food. Biomarkers are indicators of changes
or events in human biological systems.*> Considered as a
chemical-specific biomarker of exposure, the unchanged parent
molecule or specific biotransformation metabolite(s) that was
derived from the parent organic substance of interest may persist
a certain time in the human body after exposure. A concentration
measured prior to and after exposure may show a level that would
result in a biological response in susceptible populations. The
general metabolites, 3-PBA and cis/trans-DCCA, of highly used
pyrethroids such as permethrin, cyfluthrin, deltamethrin, cyper-
methrin, cyhalothrin, and transfluthrin can be measured in urine
as an indicator of exposure.** When the assay is validated, urine
may be a better sampling medium than blood for monitoring
because it is a sample matrix that can be obtained by noninvasive
methods.*® The presence of a chemical-specific biomarker in
urine can reflect the effects of recent exposures or of continuous
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Figure 1. Permethrin and cypermethrin, representatives of type I and II pyrethroid insecticides, respectively, and their major metabolic pathways in
mammals. Immunoassays for the target analytes (I, V, VI, VII, and VIII) have been developed to evaluate environmental/human exposure to pyrethroid
insecticides. IV is the direct hydrolysis product from type II pyrethroid insecticides, but is quickly oxidized to V. Il is a direct hydrolysis product from

type I pyrethroids.

exposure. Because pyrethroids are metabolized and eliminated
very quickly, metabolites can be detected in urine only within
about 24 h after exposure.*

Table 1 summarizes the immunoassays developed in this
laboratory for the metabolites in a competitive indirect format
based on polyclonal antibodies and a coating antigen as compe-
titor. Immunoassays have proven successful for monitoring
a large number of human biological samples in routine and
rapid analyses. Primary target analytes for these immunoassays
include 3-PBA, cis/trans-DCCA, glycine conjugates of 3-PBA
and DCCA, and a glucuronide conjugate (3-PBAlc-Glu) of
3-phenoxybenzyl alcohol. Sensitive analytical methods (LOQ =
0.01—0.4 ug/L of urine) have been developed for the pyrethroid
metabolites 3-PBA and cis-/trans-DCCA. These methods are
based on HPLC—tandem mass spectrometry (MS)* or GLC-
MS followin§ acid hydrolysis and derivatization with hexafluoro-
isopropanol.*®

The sensitive ELISAs to measure glycine conjugates of
esfenvalerate major metabolites, esfenvalerate acid (sFA), and
3-PBA were developed®® on the basis of a polyclonal antibody.
With the aim of detecting the cis/trans-DCCA metabolites,
several sensitive ELISAs with a heterologous configuration
(cis/trans and trans/cis) between antibody specificity and hapten
structure of the coating antigen were developed and optimized.*’
The ELISA to detect a glucuronide conjugate (3-PBAlc-O-Glu)
of 3-phenoxybenzyl alcohol (3-PBAlc) as a possible urinary
biomarker also was developed.”® These selective immunoassays
were successfully validated in human urine samples.*> 3

However, we recently conducted a human exposure study of
permethrin that revealed that glycine conjugates of free metabo-
lites and an ether type of glucuronide conjugate of 3-PBAlc are
not the major metabolites. In contrast, the less stable glucuronide
esters may be more abundant in urine. Because sensitive and
selective immunoassays for DCCA-glycine and esfenvalerate
acid-glycine were developed, these immunoassays, after glycine
derivatization of the acidic metabolites, would be an alternative
for monitoring 3-PBA and DCCA.

Because most pyrethroids, like permethrin, cypermethrin, and
deltamethrin, possess the phenoxybenzyl moiety, monitoring the
general metabolite 3-PBA as a urinary biomarker would allow the
selective evaluation of human exposure to all pyrethroids and/or
a single pyrethroid of interest containing this moiety. For this
purpose, a sensitive immunoassay based on a rabbit polyclonal
antibody was developed with an ICg value of 1.65 ug/L.>" The
3-PBA ELISA is highly selective for the target analyte 3-PBA and
the related cyfluthrin metabolite (4-fluoro-3-phenoxybenzoic
acid). The ELISA®! and a mixed-mode SPE*® to reduce inter-
ferences in acid-hydrolyzed urine gave good recoveries (>100%)
from spiked samples and allowed the accurate measurement of
3-PBA levels with a LOQ of 2 ug/L in unpublished data
generated by our group. In an ongoing collaborative study, this
method provided detectable urinary 3-PBA concentrations of
around 74% of total urine samples collected from forest workers
employed at sites in which pyrethroid insecticides were applied.
However, levels found were not likely due to occupational
exposure, but rather to exposure routes more similar to the
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Technologies  for  improvement of  assay
performance

1. Fluorescent technology
®  Homogeneous fluoroimmunoassay for a
“mix and read” system
® Kinetic exclusion immunoassay for a
non-competitive assay using KinexA

®  Microarray immunoassay

2. Luminescent nanoparticle technology
as reporters
® Lanthanide Eu:Gd;0; nanoparticles
® Magnetic lanthanide Th nanoparticles

®  Quantum dots

3. High throughput technology

Classical enzyme-linked

® Automated chemiluminescent magnetic
particle-based assay using ACS:180

immunosorbent assay for pyrethroid

immunoanalyzer

® 384-Well microplate assay

4. Phage-displayed peptide technology
® Phage
development of peptide hapten-based

peptidomimetics  for  the

heterologous assay
® Phage anti-immune complex peptides
for the development of two-site non-

competitive assay

Figure 2. Summary of technologies attempted in this laboratory to
improve pyrethroid immunoassay performance from conventional
competitive enzyme-linked immunosorbent assays for a pyrethroid
and its metabolite.

general population because levels were not significantly elevated.
When plasma samples are exposed to alkaline hydrolysis to
generate 3-PBA from the parent compounds and the hydrolysate
is exposed to sequential LLE and SPE, the resulting immunoas-
say has a LOQ similar to that in urine.

B ANTIBODY-BASED BIOSENSOR APPROACH FOR
SENSITIVITY AND HIGH-THROUGHPUT ASSAY

We continue to work toward increasing the sensitivity and
throughput of developed immunoassays using biosensor tech-
nology. Biosensors will provide improved speed, sensitivity,
miniaturization, and sample preparation. One such possible
improvement of assay sensitivity and performance would be to
use labels such as unique emission fluorescent dyes and/or
chemiluminescent materials. Detection of such labels ideally
would be in a region of the spectrum where the signal from
naturally fluorescing and quenching materials is very low, thus
reducing background interference caused from sample matrices.
Separation steps with filtration or magnetic separation with
paramagnetic particles can also reduce matrix eftects. Micro- to
nanosized particles could also be used as labels to enhance
sensitivity and magnetic separation to maximize assay conven-
ience and application to microfluidic systems. A summary of
some of our approaches is presented in Figure 2.

Because 3-PBA is a common indicative metabolite to evaluate
human exposure to pyrethroid insecticides, the 3-PBA assay has

been used extensively to evaluate improvements of assay perfor-
mance. We developed a simple one-step homogeneous fluoro-
immunoassay for 3-PBA-glycine.>* The assay, termed quenching
fluoroimmunoassay (QFIA), was based on the competition be-
tween labeled competitor hapten and target analyte for the anti-
body binding. The major advantage of this assay is in the
reduction of assay time by eliminating multiple steps of washing
and incubation.

A flow fluorescent immunoassay was developed for the
noncompetitive detection of 3-PBA using a kinetic exclusion
technique with a KinexA platform.>® This system uses a capillary
column packed with micrometer-sized beads immobilized with a
hapten—protein conjugate. When a mixture of 3-PBA and its
antibody was passed through the column, the unoccupied anti-
body was captured on the beads with antibody—analyte complex
excluded from the binding event followed by the detection of
captured antibody with fluorescently labeled secondary antibody.
The assay sensitivity of this system performed in a homologous
assay format was significantly increased, compared with the
reported heterologous ELISA.

Europium ion and other lanthanides have been used as
reporters for immunoassay both free and complexed in a chelate.
The lanthanides can be ideal labels because of their large Stoke’s
shift, sharp emission peak, emission at wavelengths generally free
of interference from natural biological fluorescence, and ability to
be measured in time-resolved mode. In our work, the inorganic
Eu,0; and Eu:Gd, 05 nanoparticles were used as novel fluor-
escent reporters in immunoassay and immunosensor approaches
for measuring 3-PBA.*** The Eu,O5-fluorescent immunoassay
using a magnetic separation technique and the paramagnetic
secondary antibody in the assay procedure remarkably improved
sensitivity, compared to the conventional microplate ELISA for
3-PBA.>' However, the assay for 3-PBA-glycine using europium
oxide particles generated with a microwave method was not as
sensitive as the conventional microplate ELISA.**. This suggests
that the coupling technique to link antibodies to the particle is
important to increasing sensitivity. The Eu:Gd, O3 nanoparticles
also were successfully applied as a reporter in a competitive
fluorescence microimmunoassay for 3-PBA; 56 however, sensitiv-
ity was not improved.

The application of quantum dots (QDs) generating different
fluorescent emissions as labels in a microarray immunoassay for
the multiplex detection of 3-PBA and other target analytes of
interest has been demonstrated.®” Although attractive for multi-
plex assays, improvements in sensitivity are still needed using
these labels. All of these approaches suggest the potential
application of luminescent lanthanide nanoparticles and QDs
as fluorescent probes in microarray and biosensor technology,
immunodiagnostics, and high-throughput screening.

We have improved a competitive magnetic particle-based
chemiluminescent assay for the detection of 3-PBA based on
polyclonal antibodies with an automatic ACS:180 immunoassay
analyzer system.® The optimized competitive immunoassay
format using a chemiluminescent acridinium ester label linked
to a competitor—protein conjugate and a secondary antibody for
the separation of immunocomplex and nonimmunocomplex
exhibited 20 times increased sensitivity for 3-PBA compared to
that of the conventional microplate ELISA.*" This automated
chemiluminescent immunoassay has excellent advantages in
terms of sensitivity, rapidity, and simplicity for monitoring
studies. Additionally, this common platform could be used to
measure biomarkers of both exposure and effect in each sample.
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Table 3. Alternative Immunoassay Formats Developed for the Detection of the Pyrethroid Metabolite 3-PBA

target analyte assay probe assay performance assay format sample matrix ref
3-PBA-glycine fluorescein automatic homogeneous competitive direct urine S4
quenching flow assay
3-PBA fluorescent CyS automated bead flow assay noncompetitive direct urine SS
3-PBA-glycine luminescent lanthanide Eu particles magnetic separation competitive indirect buffer 56
3-PBA luminescent lanthanide Eu particles magnetic separation competitive indirect buffer S2
3-PBA luminescent lanthanide Eu:Gd,O; particle microarray competitive direct buffer S6
3-PBA quantum dot microarray competitive direct buffer 57
3-PBA acridinium chemiluminescent automatic magnetic separation competitive indirect urine S8
3-PBA acridinium chemiluminescent solution-based assay competitive hapten mimic phage peptide buffer 61
3-PBA HRP enzyme linked dipstick noncompetitive phage anti-immunocomplex assay buffer 60
3-PBA HRP enzyme linked magnetic separation noncompetitive phage anti-immunocomplex assay urine 62

B PHAGE-BORNE PEPTIDE HAPTEN-BASED COMPETI-
TIVE ASSAY AND NONCOMPETITIVE TWO-SITE PHAGE
ANTI-IMMUNE COMPLEX ASSAY (PHAIA) FOR THE
DETECTION OF 3-PBA

Phage-displayed peptides can be used generally to improve a
wide array of immunoassays (Table 3). In particular, when
polyclonal antibodies are produced, the assay sensitivity can be
improved by orders of magnitude if structural variants of the
immunizing haptens are used for competition in a heterologous
assay as shown in Table 1. Because the development of hetero-
logous assays requires the synthesis of haptens, this technology is
very attractive in laboratories with capability in organic synthesis.
To facilitate the development of a sensitive heterologous assay,
we took advantage of the huge diversity of phage-displayed
peptide libraries in which each phage particle displays rando-
mized 7—11-mer amino acids flanked with two cysteine residues
fused to the gene III minor coat proteins of M13 bacteriophage.
We selected phage-borne peptidomimetics by using biopanning
that compete with 3-PBA over the binding pocket of 3-PBA
polyclonal antibody. This antibody-coated competitive ELISA
using these phage-borne peptidomimetics as competing peptide
haptens exhibited a similar sensitivity compared to the synthetic
hapten-based work.®® We also demonstrated that the phage
particles can serve as a good binding scaffold for multiple binding
of signal-producing molecules. A chemiluminescent assay em-
ploying the phage particles labeled with acridinium®® further
improved the sensitivity by around 2-fold®' compared with that
of the conventional ELISA.

It is known that noncompetitive assays offer advantages over
competitive assays in terms of assay sensitivity, and easy adapt-
ability to other detection methods including immunochromatic
methods or biosensors.”* There have been many efforts in
developing noncompetitive assays for small molecules. However,
none of the reported methods has been widely accepted due to
the technical complexity and case-dependent successes. To
develop a sensitive noncompetitive assay for 3-PBA, we have
recently introduced a novel noncompetitive two-site assay
termed phage anti-immune complex assay (PHAIA). The anti-
immunocomplex phage peptide was selected using phage-dis-
played peptide libraries with randomized amino acid sequences.
The peptide is capable of forming a trivalent complex of anti-
body, 3-PBA, and peptides by the recognition of the phage
peptides to the conformational change of an antibody-binding
pocket caused upon binding to 3-PBA. Thus this enables one to
develop a sandwich type two-site assay for a small molecule.

The resulting dose—response curve of the 3-PBA PHAIA
showed significantly improved assay sensitivity,’" compared to
that of the homologous competitive hapten-based microplate
ELISA. We further demonstrated the application of the PHAIA
to a magnetic bead-based assay.” Magnetic beads have been
widely used for various types of assays because separations are
easily controlled as described above. We used commercially
available streptavidin-coated magnetic beads capturing 3-PBA
antibody conjugated with biotin. The assay sensitivity of the
bead-based PHAIA was similar to that of the PHAIA. However,
the bead-based PHAIA required a 10-fold lower amount of
antibody, indicating this method can be translated to an auto-
matic biosensor approach. Moreover, unlike the typical compe-
titive ELISAs, by which low concentrations produce a high signal
against a high background, the PHAIA is unique in that low
concentrations generate a positive signal that is easily distinguish-
able from the signal intensity at zero concentration. We took
advantage of this technology by adapting the PHAIA into a
dipstick format, which is useful for rapid on-site monitoring of
human exposure to pyrethroid insecticides.” The difference in
signals developed on a nitrocellulose strip on which the immo-
bilized antibody captures 3-PBA and phage peptide could be read
by the naked eye, giving a very high assay sensitivity.

Bl ONGOING STUDIES

Luminescent Lanthanide Tb Core Shell Nanoparticles as
an Internal Reference in Immunoassay. Variability in assays
can lead to poor reproducibility. This problem is often addressed
in other analytical methods by using an internal standard. We
hypothesized that immunoassays built on the surface of a
fluorescent nanoparticle could yield such an internal standard
for an immunoassay. Bifunctional magnetic—luminescent nano-
particles with an iron oxide core and a silica shell doped with a Tb
chelate® were prepared as fluorescent labels and internal refer-
ence standards in a particle-based immunoassay. Because Tb
emission is approximately 20 times brighter than the Eu emission
studied above, assays may be performed in a reduced volume, a
further step toward a miniaturized biosensor. The combination
of magnetic and fluorescent properties is a new and powerful tool
allowing manipulation by magnetic fields (for mixing, tempera-
ture control, separation, and flow control) and detection by
fluorescence, compared with particles alone that are only fluor-
escent. These particles provide a biocompatible solid support to
immobilize biomolecules such as hapten—protein conjugate and
antibody on their surfaces by physical adsorption or chemical

2798 dx.doi.org/10.1021/jf1033569 |J. Agric. Food Chem. 2011, 59, 2792-2802



Journal of Agricultural and Food Chemistry

(A)

ITC or TRITC

©

bUU
3-PBA (ng/mL)
—=— 12500
1 e 1250
500 o i
% —v—125
c 1.25
D 400 < 0125
3 00125
: f
% 300-
S e
2 2004+ 2 J
kﬁ?%tzﬂ
1004+— ' PO ._ AN
460 480 500 520 540
Wavelength (nm)

(B)

(D)

@
[¥] .
g
: ) 4;\
3 = z
T s fre [=
o Tk
T T v T T v T T 1.. T
440 480 520 560 600 640
Wavelength (nm)

)
T 1.4
D
w
31,2-
2
£ 1.0
Q
3
50.8~
=
3
$ 0.6
[*]
=
u-04 s B T o | b | T e B | oo }

10® 10 10" 10° 10" 10® 10° 10* 10°

3-PBA (ng/mL)

Figure 3. Fluorescent immunoassay for 3-PBA using iron-cored luminescent Tb shell nanoparticles. (A) The competitive hapten-linked protein
conjugate was immobilized to the luminescent particle and competed with 3-PBA to bind to specific antibody. After removal of unbound
immunocomplex by magnetic separation, the reporter FITC-labeled secondary antibody was added for quantification. (B) Fluorescent signals of
organic dyes (FITC or TRITC) as reporters and luminescent nanoparticles as a reference. (C) Scanning of fluorescent signals of the luminescent
nanoparticles complexed with the FITC-labeled antibody against various concentrations of 3-PBA in the range of 450—550 nm, excited at 270 nm. (D)
The standard curve represents the 3-PBA concentration dependence of the ratio between the fluorescence intensity of the FITC dye reporter (Igrc) and

the intensity of the magnetic luminescent Tb particles (Ir).

mediation. A competitive hapten—protein conjugate in this case
was immobilized on iron-cored Tb-chelate doped silica shell
nanoparticles functionalized with an amino group using an EDC
coupling method. These particles competed with 3-PBA to react
to a specific antibody. After magnetic separation, FITC- or
TRITC-labeled secondary antibody was added for quantification.
The assay outlined as one of our examples is described in Figure 3.
The competitive particle-based immunoassays using organic dye-
labeled antibody for a reporter and Tb nanoparticles for an
internal reference in a similar way®® were demonstrated for
3-PBA measurement. The technique did not increase the assay
sensitivity compared to the previously published work but did
reduce variability.

Miniaturization of Immunoassays from a 96-Well to a 384-
Well Format. This straightforward approach to increasing
throughput has been demonstrated for the 3-PBA assay. When
loading volumes of immunoreagents into each well that were

2799

reduced to half size in a 384-well plate, the assay sensitivity was
increased 6 times, and the detection signal for 3-PBA was
doubled, compared to a 96-well plate®" (Figure 4). Reduced
surface area in the well of the 384-well plate provides savings of
valuable assay reagents, such as coating antigen, antibody, and
secondary reporter antibody, as well as savings of buffers for
washing and assay. A smaller surface area and assay volume
improve diffusion kinetics, resulting in faster binding reactions.
One drawback to miniaturization is that the label may not be
present in a high enough amount to have a detectable signal.
However, the surface area of the 384-well plate to volume ratio is
nearly double that of the 96-well plate. Therefore, the 384-well
plate gives enhanced signal with an HRP enzyme label in solid-
phase reactions in which surface plays an important role in the
assay. Another alternative would be to improve detectability
using fluorescent dyes and luminescent probes such as lantha-
nides as described above. Certainly as reporters and detection
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Figure 4. Comparison of ELISA inhibition curves for 3-PBA in 96-well
(O) and 384-well (A) plates. Loading volumes of immunoreagents such
as coating antigen and primary and secondary antibodies into a 384-well
plate were reduced to half of the original volume of a 96-well plate;
comparisons were the sensitivity and detection signal. IC s, inhibition of
50% by 3-PBA.

methods improve, miniaturization of assays will be simplified.
Pipetting is the largest source of error as assays are miniaturized.
To minimize the contribution of pipetting to assay variability, we
have demonstrated these assays using a robotic pipetting station.

Immunoassays are mature and stable technologies in that the
same methods reported by Hammock and Mumma’ can still
yield highly sensitive and selective analytical methods for both
field and laboratory use at a low cost. However, this is an exciting
time in the immunoassay field. A variety of technologies are
coming together in a synergistic fashion, resulting in improve-
ments in sensitivity, reproducibility, and speed. In particular,
advances in both physics and engineering on one side and
biology on the other dramatically simplify miniaturization and
multiplexing of assays.

B FURTHER STUDIES

‘We are working on various immunoassay technologies such as
fluorescent resonance energy transfer (FRET) and fluorescent
polarization using immunoreagents such as antibodies, phage-
displayed peptides, competitive hapten mimics, magnetic lumi-
nescent nanoparticles, and paired fluorescent dyes. These re-
agents provide homogeneous and heterogeneous analytical
formats for immunoassay and biosensor approaches. For exam-
ple, an immunochromatographic lateral-flow assay using gold
nanoparticles and our new noncomgetitive phage anti-immuno-
complex-based dipstick technology®® may provide a simple and
sensitive assay, which would be suitable for the rapid detection of
3-PBA.

Recently we have been producing camelid antibodies to small
and large molecular weight targets in the laboratory. The targets
of interest in the laboratory include pesticides, toxins, and
enzymes including the pyrethroid metabolite 3-PBA, triclocar-
ban, paraquat, ricin, soluble epoxide hydrolase, and juvenile
hormone esterase. Some of the antibodies that are produced
by animals such as alpaca and llama in the camelid family contain
no light chains, yet they retain all of the binding specificity and
sensitivity of their two chain counterparts. The very tip of these

heavy chain antibodies, called a single-domain heavy chain, is
very stable and soluble and can be recombinantly expressed in
Escherichia coli in high yields.®” Also, these recombinant proteins
are heat and matrix resistant, properties that can make them ideal
for use in field-portable biosensors. As the first output, we
generated highly sensitive and selective llama single-domain
heavy chain recombinant antibodies for the detection of low
levels of the antimicrobial triclocarban. This research is translat-
ing to the generation of such antibodies for 3-PBA.

These various approaches aim to find a system that is well
suited for human and environmental samples, making immu-
noassays even more valuable tools for biological and environ-
mental monitoring. The techniques described using the antibodies,
hapten competitor, phage-displayed peptide, and luminescent
nanoparticles and are already developed for some pyrethroid
targets in the laboratory and compare well with the conventional
immunoassay in terms of sensitivity, assay time, and simplicity.
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