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Environmental Chemistry: The Immunoassay

Option

J. P. Sherry

Research and Applications Branch, National Water Research institute, Burlington, Ontario L7R 4A8, Canada

Referee: Raymond E. Clement, Ontario Ministry of the Environment, Rexdale Ontario, Canada

ABSTRACT: Scientific awareness and public concemn about the state of our environment have led to unprecedented
demands on analytical laboratories. There is now much interest in strategies that will help to lower costs and improve
efficiency. Immunoassay (IA) techniques, which are widely used in clinical chemistry, could play a key role in the
laboratory of the future. [A screening techniques for the detection of a broad variety of pollutants, including pesticides
and industrial contaminants, are reviewed. IAs are best suited to the analysis of large sets of samples. A majority of the
methods are sufficiently sensitive and selective for environmental applications. Some approaches that might help
improve the sensitivity of IAs so that ultra-trace analytes can be detected are considered. Analytes can usually be
detected in water samples with little or no sample preparation. In many cases, an extraction step, which is sometimes
followed by a simple clean-up step, suffices for solid matrices. Hydrophobic analytes, such as the polychlorinated
dibenzo-p-dioxins, are the exception. Recent advances in the validation of environmental IAs, which should improve
the confidence of the unfamiliar analyst, are reviewed. IA kits are available for analysts without the resources to
develop their own assays. Some interesting trends that are reviewed include the use of immunosensors for the direct
detection of contaminants, the use of immunoaffinity chromatography for the one-step purification of analytes, and
the environmental application of electrochemical and flow injection immunoassays. 1As have the potential to boost
productivity and release costly instruments for use in the quantification of positive samples.

KEY WORDS: immunoassay; radioimmunoassay (RIA), enzyme immunoassay (EIA), ELISA, residue, contami-
nant, pesticide, herbicide, insecticide, fungicide, halogenated aromatic hydrocarbons, screen, environment, aquatic

environment, IMMuNOSENSOrS.

I. INTRODUCTION

Interest in immunoassay (IA) techniques for
the detection of environmental contaminants has
grown steadily over recent years. IAs are selective
and sensitive tests that exploit the immune system’s
ability to produce antibodies (ABs) in response to
virtually any organic molecule. IA technology origi-
nated in the late 1950s and is a blend of techniques
from analytical and clinical chemistry.!? All IAs
are based on the selective and sensitive antibody
(AB)-antigen (AG) reaction.

In a typical competitive binding IA (Figure 1),
a labeled AG is incubated together with ABs to the
target analyte. The label can be a radioisotope, an
enzyme, a fluorescent chemical, or any convenient
and measurable marker. In some IA formats, the

1040-8347/92/$.50
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AB rather than the AG is labeled. A portion of
sample, or buffer that contains a known amount of
analyte, is then added to the assay tube. The labeled
and unlabeled analytes compete for highly specific
binding sites on the ABs. After an adequate incuba-
tion period, the bound and free phases are separated,
and the amount of analyte that has been bound by
the ABs is quantified. The amount of bound label in
each analytical tube is compared with that of a set
of analyte-free reference tubes. A reduction in the
amount of bound label is inversely proportional to
the amount of analyte in the assay tube. The quan-
tity of analyte in the sample can be interpolated
from a calibration curve (Figure 1).

Rapidity, ease of use, low cost, and the ability
to process large numbers of samples at the same
time ensured the widespread use and appreciation
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FIGURE 1. Steps in a typical competitive binding immunoassay. Y = antibody; A*

labeled analyte; T = target compound.

of IAs in clinical laboratories. This ready accep-
tance was driven by the need to determine a wide
range of analytes in huge numbers of tissue and
fluid samples. For the same reasons, the automation
of analytical systems also was pioneered in the
clinical laboratory. Environmental laboratories are
now faced with similar challenges to those of their
clinical counterparts. The present review suggests
that IA techniques can transform many difficult and
costly routine environmental analyses, thus reduc-
ing sample overloads and lowering overall analyti-
cal costs. After a slow start, we are witnessing the
emergence of a new generation of exciting assays
and support techniques that bode well for 1A screen-
ing tests as a viable option in environmental chem-
istry. The present report describes the more popular
IA techniques and then reviews IA methods for the
detection of a variety of environmental contami-
nants and related compounds. Close attention is
paid to IAs that can detect contaminants of the
aquatic environment.

A. Background

Yalow and Berson were awarded the Nobel
Prize for their development of a quantitative immu-
nological assay of human insulin that made possible
the accurate measurement of picogram levels of the
hormone in small samples of body fluid.? The tech-
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nique was based on the ability of insulin to displace
[13!]]-labeled beef insulin from AB-insulin com-
plexes. The displacement of tracer was propor-
tional to the amount of unlabeled insulin. The
evolution of IAs as routine analytical tools en-
sued. The main advantage of the IA over other
binding assays follows from the ability of the
immune system to produce, on demand, antibod-
ies to virtually any organic molecule. Some 3
decades after their invention, IAs are widely used
in clinical laboratories because they are sensitive,
specific, and cost effective.*® IAs have been de-
veloped for many analytes, including pharmaceu-
ticals, parasites, and bacteria.®-10

Antibodies are the key 1A reagent, and they,
more than the other reagents, determine an assay’s
characteristics. The antibodies used in 1As (Figure
2) belong to the immunoglobulin’s (IgG) gamma
fraction and are produced by mammalian lympho-
cyte B cells, usually in conjunction with T-helper
cells, as part of the immune system’s response to
foreign substances.!!17 Each differentiated B-cell
clone (plasma cells) secretes a single antibody type.
Inasmuch as the divalent ABs can form in response
to each of the immunogen’s antigenic sites, the
resultant serum is a mixture (poly-) of clonal anti-
bodies. The AB-AG interaction is weak and in-
volves only noncovalent bonds: Van der Waals
interactions, electrostatic bonds, hydrogen bonds,
and hydrophobic bonds. The first two bond types
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FIGURE 2. Regions (a) and structure (b) of IgG mol-
ecules. (Reprinted with permission from Harlow, E. and
Lane, D. Antibodies — A Laboratory Manual. Cold Spring
Harbor Laboratory: Cold Spring Harbor, NY, 1988.)

usually predominate. Since AB-AG interactions oc-
cur over short distances, a close steric fit combined
with an accurate match of oppositely charged ions
will promote binding.!® It is these stringent binding
requirements that make ABs and IAs so selective.
In general, only molecules that contain the match-
ing antigenic determinant, or a very close relative,
will bind to an AG-binding site.

AB-AG binding depends on the physical and
chemical properties of the reactants, and obeys the
law of mass action;*1920

AB + AG = ABAG
K = [ABAGJ/[AB] + [AG]*1920

K is a measure of a serum’s avidity for AG, or
in the case of monovalent MABs, of an ABs affinity
for its AG. For some serum-AG combinations, the
mass action equation may oversimplify matters since
it averages many heterogeneous interactions be-
tween the various PABs (polyclonal antibodies) and
their antigenic determinants.'®

1. Inmunogens

Most organic pollutants of current interest are
small molecules [molecular weight (MW) < 1000]
that must be conjugated to a larger carrier mol-
ecule if they are to elicit an immune response.
The term “hapten” is used to describe such com-
pounds. Bovine serum albumin (BSA; MW
70,000) is a popular carrier;2! it has plenty of free
NH, groups and is easily solubilized. Other pro-
teins also can be effective (Table 1); however, the
carrier protein must be from a different species
than the host animal if a strong immune response
is to be induced. ABs can be generated to haptens
that are as small as 150 MW .22

Often, the target compound contains a func-
tional group that can be covalently coupled to the
carrier molecule (Table 1). If not, a suitable group
(NH,,, COOH, OH, SH, CO, or HCO) can be intro-
duced into the hapten. In either case, care should be
taken to avoid the masking of characteristic fea-
tures, ' which could adversely affect antibody speci-
ficity. ABs are usually most specific for parts of the
molecule furthest from the site of conjugation,?> 2*
and lowest for adjoining sites.!® 2 Consequently,
the choice of target sector can determine whether
the assay will be selective for a class of compounds,
a particular contaminant, or a structural subunit.
Thus, the design and preparation of the immunogen
can have a major influence on an assay’s character-
istics. Separation of the hapten from the carrier
protein by a linkage arm can help improve recogni-
tion of the hapten by the host’s immune system *16:26
Good antibody titers have been obtained using hap-
ten conjugation ratios of 8 to 25,%% although there is
no consensus as to which ratio is best.#24?7 Satis-
factory immune responses have been reported for
conjugation ratios as low as 2 to 6 haptens per
protein molecule?® and as high as 740.%8 It has been
suggested that low substitution ratios are less likely
to induce the production of low-affinity ABs.2*
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A variety of methods that were originally
developed for the conjugation of steroids, phar-
maceuticals, and plant hormones to carrier pro-
teins have been adapted for use with environmen-
tal contaminants (Table 1). Haptens that contain
native or introduced carboxyl groups can be
coupled via a mixed anhydride or acid anhydride
directly to NH, groups on the protein.?62%30 The
mixed anhydride reaction tends to minimize the
formation of excessive cross-links in the protein
molecule.! Haptens that contain carboxyl groups
also can be conjugated using the straightforward
water-soluble carbodiimide (CDI) method,*16:26
or the CDI-based N-hydroxysuccinimide (NHS)
activated ester reaction.”3? The latter method
also minimizes cross-linkage reactions because
the activated ester can be separated from the CDI
reagent and stored for future use. Water-soluble
CDI methods are most suited to water-soluble or
unstable haptens.* Haptens that contain aromatic
NH, groups can be diazotized and coupled di-
rectly to proteins.'633 Hapten NH, groups also
can be derivatized using an acid anhydride, or an
acid chloride of a dicarboxyllic acid and then
coupled to protein via the remaining -COOH
group. Haptens that contain free amine or sulfhy-
dryl groups also can be conjugated using CDI
methods,3* although this approach has not been
commonly used for environmentally important
analytes. Hydroxyl groups can be converted to
the half ester using an acid anhydride and subse-
quently coupled using one of the conjugation
methods developed for carboxyl groups, such as
the mixed anhydride method.?> There are a vari-
ety of conjugation methods available for use with
other functionalities.?*34

2. Aniisera

Once purified and characterized, the immuno-
gen is used to induce the production of ABs in a
suitable host animal. Purification of the immunogen
helps to narrow the range of affinities and specifici-
ties of the induced PABs. Because the titer, speci-
ficity, and avidity of sera tend to vary from animal
to animal, the chances of a satisfactory immune
response are increased if several animals are immu-
nized. PABs are most often raised in rabbits, which
are readily available, inexpensive to husband, and
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have responsive immune systems. The host animal
is injected intramuscularly or via multiple intrader-
mal routes with an emulsion of the immunogen in
a suitable adjuvant.>>?’3¢ The adjuvant, usually
Freund’s, slows the immunogen’s release from the
injection site and stimulates the immune response.*
When the AB titer is satisfactory, blood is collected
from the central ear vein or by cardiac puncture.
After clotting, the serum is separated from the blood
cells by centrifugation and stored at ~70°C.

If necessary, ABs that recognize the
immunogen’s linkage arm can be removed by affin-
ity chromatography. Either the AG or the linkage
arm is immobilized on a support bed; the matching
ABs are removed by passing the serum through the
column.?®3637 Sera are selected for use in IAs on
the basis of their avidity, which can be estimated by
means of an antiserum displacement curve, and
specificity for the target compound.®

3. Monoclonal Antibodies (MABs)

Although most assay formats are not unduly
influenced by the AB’s clonal type,?”3 several of
the shortcomings of polyclonal sera, such as finite
production, can be overcome by means of hybri-
doma technology. MABs have stable specificity
and affinity and are produced by segregated and
immortalized lines of lymphocyte B cells.*%*! Most
commonly, spleen lymphocytes from immunized
mice are isolated and then fused with myeloma
cells. The resultant hybridomas are purified, cloned,
and screened for the ability to produce high-affinity
ABs of the desired specificity. The selected clones
are used to produce ABs either in cell culture or in
the ascites fluid of mice where the MABs are formed
in high yields. Detailed descriptions of MAB pro-
duction techniques are available from other
sources.!3164042 The clonal screening process can
be used to enhance an assay’s specificity; clones
can be selected that are not overly influenced by the
hapten-protein linker arm and are specific for the
target molecule. MAB-based assays are noted for
high specificity toward their target molecules, a
feature that arises from the ability of most MABs to
recognize a single antigenic determinant. The steep
dose-response curves of many MAB-based assays
contributes to assay precision.* Moreover, because
of the clonal screening process, the immunogen
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does not need to be highly pure.#?” Hybridoma
technology is not problem free, however. MABs are
costly to produce;*162742 the chromosome comple-
ment of the hybrid cells can be unstable;** and
assay specificity can be too narrow for some screen-
ing tasks.

4. Immunoassay Types

The main types of immunoassay are character-
ized by the type of tracer used to quantify the analyte.
In most IA variants, a decrease in the tracer’s activ-
ity relative to an analyte free control is inversely
proportional to the analyte’s concentration. Radio-
isotopes and enzymes are the most commonly used
labels; however, fluorescent and chemiluminescent
labels are gaining popularity. Depending on the
assay format, the label is incorporated into either the
ABs (primary or secondary) or the hapten.

a. Radioimmunoassay (RIA)

In RIAs (Figure 3), which are comnpetitive-bind-
ing IAs, the reagents are usually adjusted so that 30
to 50% of the tracer is bound in the absence of
analyte. After equilibrium binding is achieved, the
bound label (usually) is quantified. Analyte levels
in unknown samples are interpolated from an assay
calibration curve (Figure 3).3® Radioligands, espe-
cially those that emit gamma radiation, can be rap-
idly, conveniently, and sensitively counted.3>4344
Picogram level determinations are usually possible
using RIA .6 Unlike some nonisotopic IAs, the RIA’s
final quantification step is not affected by nonspe-
cific interferences.3143

125], which combines high isotopic abundance
with high specific radioactivity (2170 Ci/mmol),% is
the most commonly used isotope. As a gamma
emitter, 121 is easily and efficiently counted with-
out the need for scintillation fluids.**143 Tritium or
14C-labeled ligands (specific activity: 29.2 Ci/mmol
and 62.4 mCi/mmol, respectively,*®) have lower
specific activities and require the use of a liquid
scintillant.>’ For the latter two tracers, a greater
mass of radioligand is required to match the count-
ing efficiency of an iodinated radioligand: the result
is decreased assay sensitivity. The most sensitive
RIAs are based on '%I-labeled radioligands.*+*”

Ideally the ABs should have similar affinity for
the radioligand and analyte.> One advantage of
tritiated ligands, which are often available commer-
cially,?® is that they usually bear a closer resem-
blance to the unlabeled hapten than do iodinated
ligands. In addition, the longer half life of [*H] (12.5
years) reduces the need for the regular synthesis of
fresh batches of tracer. Tritiated ligands are widely
used in IAs for steroids and drugs mainly because
these compounds can be difficult to iodinate with-
out affecting their antigenicity.5*® Tritium-based
assays tend to be less sensitive than their iodinated
counterparts,”*8 although Weiler et al.27 point out
that the differences can be slight.

To minimize steric hinderance by the large io-
dine atom, the hapten can be derivatized with an
easily labeled phenolic or imidazole group.*>-*
Tyramine or histamine units, which can be sepa-
rated from the parent molecule by a spacer arm, are
common choices;’! the subunits may be labeled
before or after conjugation to the hapten.>*>2 The
spacer arm can affect assay performance, however.
If the radioligand’s spacer arm too closely resembles
the immunogen’s, the tracer may be more avidly
bound than the analyte, which will reduce assay
sensitivity.>>* This occurs if the serum contains
ABs to the immunogen’s linkage arm or its site of
attachment to the hapten. Bridge recognition is one
of the chief disadvantages of radioiodinated
tracers.>* 125I-based assays that use homologous
bridges are often less sensitive than their [*H] coun-
terparts.>® Heterologous linkages that differ in ei-
ther structure or site of attachment to the hapten can
reduce the effect of bridge recognition, 35054 125] js
substituted into the hapten by chemical (e.g.,
Chloramine-T) or enzymatic (e.g., lacto-peroxidase)
driven reactions. In these reactions, Na'®[ is oxi-
dized; cationic 1?1 is then rapidly incorporated into
the phenolic or imidazole residue.’-6:3145
Radioligands of high specific activity are essential
for sensitive RIAs; the incorporation of one jodine
atom per molecule is considered desirable.%0

i. Separation Systems

With the exception of scintillation proximity
assays,” the reliability of RIAs depends on the
physical separation of the bound and free radio-
tracer fractions. Phase separation procedures should
be efficient, simple, inexpensive, and should not
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FIGURE 3. Tritium-based RIA for PCDDs; assay outline and typical calibra-

tion curve.

disturb the equilibrium between the binder and
ligand.5>657 Most of the popular separation meth-
ods exploit either physicochemical or immunologi-
cal principles.

The physicochemical methods, which include
fractional precipitation by salts or solvents,?>3! are
simple, fast, cheap, and reproducible but tend to
have high assay blanks (5 to 20%),*6->¢ which can
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affect assay performance at trace analyte levels.>6
Such blank effects can be reduced by washing the
precipitate.®® Adsorption of free tracer by dextran-
coated charcoal (DCC) is widely used in hapten
assays.3!*® DCC methods are convenient, inexpen-
sive, and well suited to large sets of assay tubes.’
The double antibody (DAB) separation tech-
nique, which is probably the most popular of the
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immunological separation methods, exploits the
spatial separation of the ABs antigenic and bind-
ing sites.3! Antibodies raised against the primary
host’s IgG are used to precipitate the AB-ligand
complex. DAB methods are reproducible,
nondisruptive,3%435960 and usually have low as-
say blanks (1 to 3%).>>°

Either the primary or secondary ABs can be
immobilized on a solid phase such as polypropy-
lene tubes>31! or particles of latex, sepharose, or
sephadex.’ Immobilization of the ABs on magnetiz-
able particles can eliminate the need for centrifuga-
tion.3>* Solid-phase methods are versatile, have
low nonspecific adsorption effects,31* and have
fewer error sources than other methods.®® On the
debit side, particulate solid-phase reagents are ex-
pensive and immobilization may reduce the serum’s
avidity.>!

There are sound theoretical reasons why non-
competitive assays, in which the number of AB
binding sites that are occupied by analyte molecules
are quantified, have the potential to be far more
sensitive than competitive binding assays such as
RIA, which use labeled analytes to quantify the
number of AB binding sites that are unoccupied by
analyte molecules.*+*7-61 Theoretically, the sensi-
tivity of a noncompetitive labeled AB assay could
reach a detection limit of a single molecule if a
sufficiently active tracer and detection system were
available;*4%2 in practice, their sensitivity is limited
by the label’s specific activity.!>*4’ For these rea-
sons, the noncompetitive immunoradiometric assay
(IRMA) format, which uses labeled ABs in excess
quantities,'® is unlikely to prove more sensitive than
conventional RIA methods unless a nonisotopic
label of higher specific activity is used.!” IRMA is
not suited to small haptens since it requires two
well-separated epitopes per target molecule — one
site is bound by the capture ABs and the other by the
labeled AB.

Scintillation proximity assays use DABs that
are coated onto microspheres containing a
fluorophore to bind the primary ABs. Radioactive
decay emissions from the bound tracer excite the
fluorophore and the emitted light is quantified in a
scintillation counter.

b. Enzyme-Immunoassay

Concern about the health effects of low-level
radiation and strict regulations governing the use of

radioisotopes were the stimuli for interest in alterna-
tive A labels. Enzyme immunoassays (EIAs), which
were introduced by Engvall and Perlmann®® and
van Weeman and Schuurs,%* resemble RIA except
that enzyme activity rather than radioactivity is mea-
sured. EIAs overcome some of RIA’s limitations®
through improved safety, superior versatility,5 and
longer lived reagents.31:% Moreover, EIAs can be
easily adapted for use in the field.®” The EIA and
RIA formats are comparably sensitive®’ and cost
effective. Some ultrasensitive EIAs that are non-
competitive in design and use fluorometric tech-
niques to measure the enzyme’s activity can detect
antigens at a levels of 10718 to 1072! mol — which
is far lower than can be achieved by RIA.% In these
assays, the use of fluorometry improved the sensi-
tivity of enzyme detection by 1000 times. Nonspe-
cific binding (NSB) of the tracer, which can erode
assay sensitivity, was drastically reduced by immo-
bilization of the ABs on very small polystyrene
spheres.

On the other hand, enzymatic end-points are
more difficult to determine with precision than
gamma-emitting labels and they require an extra
assay step.% Slight variations in reaction conditions
can affect enzyme activity,'® although the differ-
ences in precision between state-of-the-art EIAs
and RIAs are now considered marginal 3!¢7 En-
zyme-based assays, particularly homogeneous EIAs,
may be more susceptible to interferences than are
the RIAs.%

In the present review, the term EIA is used to
describe all IAs that depend on enzyme-labeled
reagents for the signal quantification step.%667 A
multiplicity of EIA formats have been developed.
The characteristics of the main EIA variants are
briefly described in the next section. The applica-
tion at hand and the nature of the sample matrix
usually determine which format is preferable. Most
commonly, ABs or coating AG are adsorbed on a
solid phase to facilitate phase separation,'670 ysu-
ally a 96-well plastic microtiter plate is used for this
purpose. The microtiter plate is an imperfect sup-
port, and alternative solid phases are receiving at-
tention (see Reference 71 for a review). The coated
plates are stable for 3 to 6 months.”> The optical
density (O.D.) of the developed plates are read in
microtiter plate readers, which are available from
commercial sources. The levels of the various re-
agents are selected by means of checkerboard titra-
tions and trial calibration curves. 642
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i. Enzyme Tracers

The most popular enzyme labels are horserad-
ish peroxidase, glucose oxidase, alkaline phos-
phatase, and B-galactosidase.!631.67.69.73 A variety
of reagents such as glutaraldehyde and sodium
periodate are used to conjugate the enzyme labels to
ABs.% The methods listed in Table 1 can be used to
conjugate enzymes to haptens.!8676972 Ag with
RIAs, bridge recognition by the ABs can be reduced
by means of a heterologous assay design or affinity-
purified serum.?’

ii. EIA Formats

ElAs can be divided into two main categories:
homogeneous and heterogeneous assays. These cat-
egories can be further subdivided into competitive
and noncompetitive (immunometric) assays.”® Un-
like homogeneous assays, heterogeneous assays re-
quire separation of the bound and free phases before
the enzymatic end-point is determined. The follow-
ing section is intended to introduce the reader to the
more popular EIA formats. The reader is referred to
other publications for a more comprehensive over-
view of the many EIA variants.6274

Homogeneous EIAs — In competitive homo-

geneous EIA [enzyme-multiplied IA technique
(EMIT)] the activity of the enzyme, which is con-
jugated to the hapten, is modulated by the binder.%6:67
EMIT assays are efficient and precise because the
number of assay steps is minimized.3! Since the
mechanism of enzyme inhibition is steric, EMIT
assays are most suited to small AGs or haptens
whose AB binding sites are close to the conjugated
enzyme.”® EMIT assays are extensively used in
clinical chemistry’® where they have tended to be
less sensitive than their heterogeneous counter-
parts;®>’7 they are also susceptible to matrix inter-
ferences.’®

Noncompetitive homogeneous EIAs are not very
common,; they use two enzyme-labeled MABs that
are directed against different epitopes on the AG.
One of the enzyme labels produces the substrate for
the other. Detectable product is formed only when
the enzymes are in close proximity;'® that happens
when the MABs are bound to AG.

Heterogeneous EIAs — Competitive hetero-
geneous ElAs are the equivalent of conventional
RIAs*$7 and are the most popular format for resi-
due tests.””"8 They are often referred to as enzyme-
linked immunosorbent assays (ELISA) because ei-
ther the ABs or AG is immobilized on a solid phase.
In the direct competitive EIA (Figure 4), the AB is
adsorbed on the solid phase. Immobilized AB as-

a s
- . i

Coat Well Add Sample Add Enzyme
hapten conjugate
(@) (b) ()
S-P
s-P  S-P
—»
Wash Add Substrate Quantify P
(d) (e) ()
A = Analyte S = Substrate

Y: Antibody

a""?’ = Enzyme - hapten conjugate

P = Product of enzyme action

FIGURE 4. Direct competitive enzyme immunoassay.
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says require the co-incubation of sample and en-
zyme tracer, which can expose the tracer to harmful
matrix components.” After the main incubation
step, the unbound reagents are washed from the
microtiter wells and the amount of enzyme activity
that has been bound by the ABs is measured. A
decrease in enzyme activity is proportional to the
amount of analyte present. A variant of the direct
competitive heterogeneous EIA uses labeled ABs.
In that format, a calibrated amount of protein-hap-
ten conjugate is immobilized on the solid phase; the
latter reagent, the sample, and a limited amount of
enzyme-labeled ABs are then incubated together.
After a phase separation step, the amount of pri-
mary antibody that has bound to the adsorbed hap-
ten is used to deduce the analyte’s concentration.
In indirect competitive EIAs (Figure 5), the AG
is adsorbed on the solid phase and, after a competi-
tive binding step, an enzyme-labeled double AB is
used to measure the amount of primary AB that has
bound to the coating AG. The use of enzyme-la-
beled DABs, which are available commercially,
prevents possibly harmful matrix components from
coming in contact with the enzyme label.!
Noncompetitive heterogeneous ElAs (enzyme-
immunometric assays) are equivalent to IRMA ex-

|24
Lol B

Coat Well
@ (b)

_»éfru(ﬂ_"i T—*

Add Second AB Wash
(e) ()

A = Analyte

" = Carrier protein

Y= ABS

Optional Pre-incubation

cept that an enzyme tracer replaces the ABs’ isoto-
pic label. This format uses an excess of labeled
antibody and is capable of low detection limits.
Although the acronym ELISA is often loosely ap-
plied to all solid-phase IAs that use enzyme-labeled
reagents, it also can be used more restrictively to
describe noncompetitive solid-phase heterogeneous
assays.®? ELISAs are commonly used to detect ABs!6
and are excess reagent assays in which the amount
of bound enzyme label is directly proportional to
the analyte’s concentration.® To be suitable for
detection in such a sandwich assay, an analyte must
have multiple AB binding sites.®6 Noncompetitive
assays often have enhanced specificity because two
sites on the analyte must be bound by the reagent
ABs.

c¢. Fluorescent and Chemiluminescent Labels

Fluorescent labels such as fluorescein,
rhodamine, and the rare earth chelates have emerged
as promising nonisotopic labels.31:808! The labeling
techniques are relatively simple and the tracers have
an indefinite shelf life.80 The quantification of fluo-
rescent labels rivals gamma counting for rapidity

l I ’ Incubate l I l l

Add ABS & Sample Wash
(c)
(d)

> P P
P P

Quantify Product

Add Substrate
(9) (h)

F\ = Enzyme labelled second AB
S = Substrate
P = Product

FIGURE 5. Indirect competitive enzyme immunoassay.
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and precision.3? Fluoroimmunoassays (FIAs) have
been developed in competitive and noncompetitive
formats. The use of the chelated rare earth
fluorophores should help improve the sensitivity of
the FIA technique by reducing the effects of back-
ground signals, which was a problem in earlier
FIAs.3! The use of fluorescent labels of high spe-
cific activity also should facilitate an improvement
in the sensitivity of noncompetitive, labeled AB-
type assays below the limits imposed by radioiso-
tope labels.* 82

Chemiluminescent labels such as luminol can
be used as tracers in chemiluminescence immu-
noassays (CIA) that in several cases have proven to
be as sensitive as RIA or EIA systems.?* The luminol
label is oxidized in the presence of H,0, and a
catalyst such as microperoxidase.®* Wider use of
the CIA technique has been impeded by inefficient
detectors and the tendency of sample components
to interfere with signal detection.

5. Advantages and Limitations of IA
Techniques

There is general consensus that the many ad-
vantages of the IA technique outweigh its limita-
tions (Table 2). Nevertheless, it is important to rec-
ognize that IAs have definable limitations — as do
most other techniques. One of IA’s most serious
drawbacks, and this factor perhaps more than any
other has hindered the wider use of environmental
IAs, is the difficulty and cost of developing a fully
fledged and certified IA. The many steps in the
assay development process are outlined in Figure 6.
The early stages of the process that involve the
design and synthesis of a suitable hapten are the
most critical and difficult. This work requires cre-
ative input from analytical and synthetic chemists
and from immunologists. Inasmuch as it is unreal-
istic to expect individual laboratories to develop
their own haptens and sera, it is essential that anti-
sera be widely distributed and readily available.
This has yet to happen on a wide scale, although a
few private sector companies are striving to im-
prove matters (see Section VII).

1As differ in several important ways from con-
ventional analytical techniques. Since ABs can cross-
react with compounds that closely resemble the
target analyte, IAs can produce false-positive re-
sults when used to analyze complex environmental
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FIGURE 6. Steps in the development of an environ-
mental immunoassay.

samples. That limitation can be advantageous if the
intent is to detect classes of related compounds. On
the other hand, it means that IAs are not quantitative
techniques in the absolute sense. Positive samples
should be independently confirmed if a high level of
confidence is to be maintained. Confirmation of all
samples may be unnecessary in some monitoring
applications if the LA has been carefully validated
for the system under observation. IAs also are to-
tally unsuited to the detection of unknown com-
pounds in environmental samples. IAs can be de-
ceptively easy to use; the interests of accuracy and
precision are best served if the semiquantitative
formats are undertaken by analysts who are techni-
cally skilled and scientifically aware.

Although IAs are unsuitable for small sample
sets, their efficiency and cost effectiveness improve
as the sample load increases. IAs have generally
low detection limits (Tables 3, 4, and 5) that com-
pare well with those of the best conventional meth-
ods. In the case of polar analytes, low DLs (detec-
tion limits) can often be achieved with little or no
sample preparation. Usually, 10 ml of water is suf-
ficient for an immunoanalysis, which is orders of
magnitude less than is required for many conven-
tional methods. Trace analysis of polar analytes can
often be achieved by the inclusion of a simple con-
centration step. Moreover, most EIA formats permit
the simultaneous analysis of 30 to 40 samples. The
detection of trace levels of hydrophobic analytes
such as the halogenated hydrocarbons presents spe-
cial problems. If low DLs are to be reached for those
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analytes, the extracts of oily matrices must be en-
riched so as to remove residual lipid materials —
and even then, femtogram-level detection limits are
not yet possible. The inclusion of clean-up steps
detracts from the usefulness of IAs as a screening
technique. The immunoanalysis of lipophilic analytes
is discussed in the present report.

Since IAs are inherently adaptable, the creative
analyst can often adjust the assay format or manipu-
late assay parameters so as to overcome perceived
deficiencies.?> Some more advantages of IA tech-
nology are listed in Table 2 and will be explained by
example in the following sections. From many per-
spectives, IAs are a most promising screening tech-
nique.283588 At its present state of development,
the technology is not yet suited to multiresidue
applications, although there are signs that sensitive
multianalyte [As will emerge in the next decade.

Il. ENVIRONMENTAL APPLICATIONS
A. Screening Tests

Many of our current and future environmental
problems are a direct result of modemn society’s
release of a myriad of man-made chemicals into the
environment. This situation is hardly surprising since
about 500,000 chemicals are in use worldwide,%°
and about 76,000 of those chemicals are in daily
use.?® The chemical emissions of industry, agricul-
ture, and municipalities often end up in surface or
ground water.!*2 Water is a major transportation
vector for chemical pollutants; the oceans and large
inland lakes are the ultimate sinks.” The hundreds
of new compounds that enter the market place an-
nually will aggravate the crisis unless remedial ac-
tion is taken %1%

In addition to their concern about the environ-
mental damage that chemical pollutants cause, the
public is worried about possible health effects —
even though much of the evidence that links envi-
ronmental pollutants to health problems has yet to
be quantified, remains controversial,?1-*295-97 and is
often misunderstood.”® A common response to such
concerns is to regulate the use and emission of
problem chemicals. Exposure and consumption
guidelines are usually based on worst-case esti-
mates of adverse health effects. The intent is to
minimize exposure to harmful agents as part of the

effort to improve public health.”” Concemns have
been raised about the scientific validity of regula-
tory policies that are based solely on the foregoing
philosophy without an adequate regard for the vast
array of natural toxins to which humans are ex-
posed.?®

The best way to conserve and protect the aquatic
environment is to control pollution at its source. The
extent of pollution and the effects of control and
remedial measures on affected ecosystems also must
be assessed. The surveillance and monitoring of
aquatic environments for chemical contaminants
can be an onerous and costly task. Inasmuch as
humans are exposed to aquatic pollutants mainly by
the consumption of contaminated water or biota,'®
much attention is focused on those matrices. Analytes
that require enrichment and the use of sophisticated
detectors can be particularly difficult to deter-
mine. 19-103 Many laboratories are barely able to
cope with current sample loads, and those loads are
likely to increase in response to regulatory and
political pressures. Clearly, there is a need for new
and improved analytical methods to help boost pro-
ductivity and lower costs.!®* At present, it is com-
mon for laboratory staff to spend much time pro-
cessing samples that are either analyte-free or con-
tain negligible analyte levels. Methods that could
screen out these “negative” samples, preferably af-
ter minimal sample preparation, would lower the
cost of many analyses.

There are two main screening strategies: one is
to detect biological or biochemical effects that are
induced by contaminants; the other is to selectively
detect target contaminants. The former approach
includes a wide variety of short-term mutagenicity
and toxicity tests. The Ames test, which is probably
the best known mutagenicity test, uses the induced
reversion of mutant genes in strains of Salmonella
typhimurium to estimate a sample’s mutagenic and
carcinogenic potential %1910 Since many carcino-
gens are mutagenic in in vitro tests, 105107108 he
short-term mutagenicity tests can be used to rank
samples according to carcinogenic potential and
potential health risk.!% There are many other short-
term mutagenicity tests,'%%!119 most of which can be
readily adapted to environmental tasks. Mutagenic-
ity''! and cytogenicity tests!12!13 have been used to
detect the effects of chemical pollution in aquatic
environments. In the absence of an all-purpose
method for the assessment of environmental
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health,!'* batteries of short-term biochemical, 15
genotoxicity, and bioassay tests!!® have been used
to screen samples.® Positive samples can be frac-
tionated and reanalyzed so as to identify the toxi-
cant.!'7118 Unfortunately, many carcinogens test
negative in the various short-term mutagenicity
tests,}%” and genotoxicity tests, although they do
tend to detect the more potent carcinogens, do not
detect carcinogens such as benzene and many of the
halogenated aromatic hydrocarbons,!07:108.119

TAs are among the most promising techniques
for the detection of targeted contaminants. Histori-
cally, metabolites of DDT ([1,1,1-trichloro-di-(4-
chlorophenyl)ethane} and malathion were the first
molecules used to induce the formation of reagent
antibodies to environmental contaminants,!20.121
Centeno et al.!?0 suggested that their anti-DDA and
anti-malathion ABs could be used with radio- and
fluorescein labels to locate pesticide residues in
plant tissue. Ercegovich extended that concept in a
pivotal article that proposed the use of immunologi-
cal screening methods for the rapid detection of
pesticide residues.6 He foresaw that IAs could be
used not only to rapidly screen large sample sets,
but also to confirm the results of conventional analy-
ses. An RIA for the insecticides aldrin and dieldrin
was the first reported assay for an environmental
contaminant.’? An IA for 2-aminobenzimidazole,
a degradation product of the fungicide Benomyl,'??
and a set of assays for some important chlorinated
contaminants soon followed.?* 124125

Inasmuch as IAs are ideal for determining the
absence of analyte, they can expedite the elimina-
tion of “negative” samples from large sample sets.
A strategy for the inclusion of an JA screening step
in an analytical protocol is illustrated in Figure 7.
Since IAs are not intended to replace conventional
techniques, all positive samples and a random sub-
set of negative samples should be confirmed by an
independent technique. As confidence and experi-
ence grow, the number of negative samples that
must be confirmed can be reduced. Residue chem-
ists have been encouraged to explore the cost-sav-
ing potential of IAs by the International Union of
Pure and Applied Chemistry (IUPAC) Commission
on Pesticide Chemistry.®” The screening out of
“negative samples” would be particularly beneficial
in the case of trace contaminants that require com-
plex clean-up procedures and sophisticated instru-
mental quantification.3*126 JA screening techniques
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can lower average analytical costs by a factor of
five,2 and for many analytes could eliminate the
need for extensive sample clean-up.?” It now costs
about $1 billion a year to monitor environmental
contaminants in the U.S.2 Clearly, there are consid-
erable savings to be made. The maturing interest in
environmental IAs is evident from the re-
views*3739.77.788588,127-133391 and supportive ar-
ticles!1-22134-138 that have been published in the past
decade. The commercial prospects for environmen-
tal A Kits also have been assessed.>!%8129

The following section is an overview of IAs
that have been developed for the major classes of
environmental contaminants: trace contaminants,
herbicides, insecticides, and fungicides. Assay per-
formance characteristics, assay validation, and
sample preparation are considered in subsequent
sections.

B. Halogenated Aromatic Hydrocarbons
(HAHSs) and Related Compounds

Several groups of halogenated aromatic com-
pounds are notorious as trace contaminants, mainly
because of their toxicity toward test animals, persis-
tence in the environment, and tendency to accumu-
late in the food chain. Public and scientific concem
has created an acute need for data that describe the
distribution, occurrence, and fate of organohalogen
contaminants in the environment. HAHs tend to be
difficult to analyze because they are lipophilic and
often have multiple congeners. In the mid-1970s,
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researchers at the National Institute of Health Sci-
ences in the U.S., recognizing the potential of IAs as
a screening tool, developed RIAs for the following
HAH pollutants: polychlorinated biphenyls (PCBs),
polychlorinated dibenzofurans (PCDFs), and poly-
chlorinated dibenzo-p-dioxins (PCDDs) (Table 1).
That pioneering research demonstrated the ability
of IA screening techniques to detect members of
this important class of environmental contaminants.
In the process, some serious problems related to the
poor solubility of HAHs and the development of
suitable radioligands were overcome.

1. PCDDs/PCDFs

The 75 PCDD congeners, commonly referred
to as “dioxins,” have caused more concern than
almost any other organic pollutant. 2,3,78-T,CDD
(Figure 8), the most notorious dioxin congener, is
extremely toxic to some mammals such as the guinea
pig; other 2,3,7,8-substituted congeners are also very
toxic. Although some PCDDs are considered to be
potent carcinogens in test animals,'9’ there is con-
tinued controversy about the nature and magnitude
of the “dioxin threat” to human health. Kimbrough
states that, based on present data and known expo-
sure levels, the PCDDs may not be a serious health
hazard for the general population.'? Recent evi-
dence, however, indicates that some PCDDs, PCDFs,
and co-planar PCBs not only cause a variety of
effects at the subcellular level, many of which are
manifested clinically in animals and humans, 40141
but also are apparently carcinogenic in humans where
they may act as long-term promoters of a variety of
cancers.'42143 Unfortunately, many of the key epi-
demiological studies have been confounded by ex-
posures to other potentially carcinogenic chemi-
cals.!*3 PCDDs are lipophilic and recalcitrant com-
pounds that tend to bioaccumulate in the food chain,
They are formed as byproducts during the manufac-
ture of chlorophenols and phenoxy herbicides, and
during the chlorine-assisted removal of lignin from
pulp products. PCDDs also are formed during the
combustion of many materials in the presence of
chlorine. Conventional methods for the determina-
tion of PCDDs, which couple extensive clean-up
with high-resolution gas chromatography and mass
spectrometry, are time consuming and expensive
($1000 to $2000 per sample).

Cl AN © Cl
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g 9

Cl o o

2,3,7,8-tetrachlorodibenzo-p-dioxin

Cl "% Cl

CI$ 0 Cl

4 4!

Cix” ¢ Clx

6' 5!

Polychlorinated biphenyls

FIGURE 8. Molecular structures of PCDDs, PCDFs,
and PCBs.

Albro et al. developed an RIA for PCDDs in an
effort to reduce the number of samples that must be
analyzed by mass spectrometry.? Because AB-AG
binding is an aqueous phase reaction, hydrophobic
analytes such as PCDDs should be solubilized in
the assay buffer.!* The solubilization system should
render the ligands accessible to the ABs without
unduly interfering with the binder-ligand reaction.
The nonionic surfactants Cutscum and Triton X-
305 (0.5%) were the most effective of 15 detergents
that Albro’s group tested for the ability to solubilize
2,3,7,8-T,CDD. The Triton-based assay was the
more sensitive, probably because Cutscum inhibits
AB binding (15 to 20%) more than Triton (1 to
2%).!% The Cutscum-based assay, however, had a
wider working range and greater capacity. The an-
tisera, which were raised in rabbits, were screened
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for selectivity, low recognition of the immunogen’s
adipamide group (Table 1), and high affinity for the
dioxin portion of the radioligand.!*

The RIA was highly specific for PCDDs and
PCDFs: of several related compounds that were
tested, only the co-planar 3,4,3,4"-TCBP cross re-
acted ("“CR% = 6). The two selected sera, F-12 and
GC-5, differed in their ability to bind a spectrum of
PCDD and PCDF congeners. GC-5 had greater
avidity than F-12 for several P.- and H-substituted
PCDD congeners, making it more suitable for screen-
ing applications. The authors speculated that a
radioligand with higher specific activity (Table 3)
or amore avid serum would help improve the assay’s
sensitivity,1#

Dimethyl sulfoxide (DMSO) also proved use-
ful as a solubilization agent in the RIA for PCDDs:
a DMSO-based assay outperformed Cutscum, Tri-
ton, and horse serum solubilization systems at low
2,3,7,8-T,CDD levels.!46 The DMSO-based assay’s
working range was from about 20 pg to 2 ng and its
calibration curve was the steepest of the four assays.
Reduction of the assay’s incubation time from 72 to
24 h did not adversely affect assay performance.
When fortified Trout extracts were analyzed, how-
ever, DMSO was found to be more prone to matrix
overload effects than Triton.!4’

The radioligand used in the foregoing versions
of the RIA for PCDDs (!¥I iodovaleramido-PCDD)
had several shortcomings that adversely affected
assay performance and reliability. The unlabeled
hapten was unstable; it tended to lose iodine during
storage and to cyclize, which resulted in variable
yields from the labeling reaction. Also, the specific
activity of the radioligand could not be readily in-
creased by an enrichment step. Collier et al.!*? syn-
thesized and characterized a tyramine derivative of
1-NH,-3,7,8-T,CDD that had similar solubility to
2,3,7,8-T,CDD; it was hoped that this hapten would
be easier to label in high yields. An anilide analog
of the molecule was labeled with cold iodine using
a biphase reaction that was driven by chloramine-
T For unknown reasons, the tyramine-TCDD
conjugate, however, has proven difficult to label
with 2] (unpublished data, present author). The
availability of high activity (40 Ci/mmol) prepara-
tions of [*H]2,3,7,8-T,CDD (ChemSyn, Lexana,
TX) prompted an investigation into its use as an
alternative radioligand in the RIA.1>® A sensitive
[*H]2,3,7,8-T,CDD-based RIA was developed that
could detect between 20 pg and 2.0 ng of 2,3,7,8-
* CR, cross-reactivity.
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T,CDD (Figure 3). The assay used DCC to separate
the bound and free phases (Table 3).1° The intra-
assay precision of the [*H]-based assay was appar-
ently better than that of the '>°I-based assay’s [co-
efficient of variation (CV) of <15% vs 20%]. A
“low end” version of the assay that used reduced
tracer (1500 cpm) and antiserum levels had a work-
ing range of 2.5 to 200 pg 2,3,7,8-T,CDD.

The ability of hybridoma technology to im-
prove the selectivity of the IAs for PCDDs has been
explored. Kennel et al. used a novel solid-phase
RIA to screen hybridoma cultures for the produc-
tion of anti-2-NH,-3,7,8-T,CDD MABs.!3! The
MABs were screened for the ability to bind immo-
bilized BSA-T,CDD. Although some of the MABs
had high binding affinity for BSA-T,CDD, they
were unable to detect free 2,3,7,8-T,CDD. Stanker
and co-workers generated five MABs that were
each capable of binding free 2,3,7,8-T,CDD.!52153
Their success was attributed to the use of free 2,3,7,8-
T,CDD in the clonal screening protocol. The MABs
were used in a competitive indirect EIA. The analyte
was solubilized in phosphate buffered saline (PBS)
that contained BSA (1 mg/ml). The five MABs
differed in their ability to recognize PCDD/PCDF
congeners other than 2,3,7,8-T,CDD; all, however,
favored congeners with intermediate levels of chlo-
rination.!>* None of the MABs recognized unchlori-
nated, mono-, hexa-, or octa-chlorodibenzo-p-di-
oxin. The production of MABs with good affinity
for the hexa-octa chlorinated PCDDs/PCDFs would
broaden the assay’s applicability. Since the selected
MABs recognized the immunogen’s -NH, group as
chlorine, the assay was more sensitive to 1,2,3,7,8-
P.CDD and 1,3,7,8-T,CDD thanto 2,3,7,8-T,CDD.
With the exception of the co-planar 3,3',4,4’-T4CBP,
PCBs were not recognized. A later version of the
EIA used Cutscum as the solubilization agent; assay
performance was optimnal at Cutscum levels of 0.125
and 0.25% (viv).15

A sensitive RIA that could be used to detect
2,3,7.8-T,CDF (Figure 8) in commercial prepara-
tions of PCBs as well as in environmental samples
also has been reported.!?* PCDFs are present as
contaminants in PCB preparations, and also are
formed in large quantities when PCBs are burned.
The assay had a working range of 20 pg to 4.0 ng
2,3,7,8-T,CDF and was fairly specific for T,CDF,
although some cross-reactivity with similar com-
pounds such as 2,3,8-T,CDF, 2,3,6,8-T,CDF, and
2,3,7,3-T BrDF was observed. Again, the hapten’s
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amino group was recognized by the immune system
as a chlorine atom. The RIA for 2,3,7,8-T,CDF
warrants evaluation with environmental matrices.
The assay would be particularly useful for screen-
ing samples from the vicinity of PCB fires, which
are known to generate large quantities of 2,3,7,8-
T,CDF.

2. PCBs

PCBs (Figure 8) are widespread environmental
contaminants that are known to cause a variety of
acute and chronic toxic effects in test animals and
humans.!5¢-15% The Aroclors are commercially pre-
pared PCB mixtures that are used as coolants in
electrical transformers and capacitors. Aroclors dif-
fer in their chlorine content and in the average
number of chlorine atoms per PCB molecule.!>81%°
The need to detect Aroclors in food, biota, and the
environment stimulated interest in an IA for PCBs.
Antisera raised against the lower chlorinated PCBs
should be more sensitive to Aroclors, such as 1242,
that consist of predominantly lower chlorinated iso-
mers. Luster et al. prepared antisera to several PCB
derivatives (Table 1) for use in an RIA.! The sera
had greatest avidity for their corresponding haptens
and were fairly specific for the matching isomers.
The serum raised against 2-NH, -4,5,3’.4"-TCBP
appeared to recognize the hapten’s NH, group as a
Cl atom since it was most sensitive to 2,4,5,3',4-
PCBP. Similarly the serum raised against 3-NH, -
2,6,2’,6’-TCBP proved more sensitive to
2,3,6,2',3",6-HCBP (CR% =43) than 2,6,2",6'-TCBP
(CR% = 27.3). Small quantities of detergent were
used to solubilize the hydrophobic analyte and
radioligand. As was the case with the RIA for
PCDDs, a Triton X-305 (0.5%)-based assay was
more sensitive than its Cutscum equivalent, though
Cutscum had a greater capacity. As anticipated, the
antiserum to 4-NH,-4-MCBP was most sensitive
to Aroclor 1242 and poorly responsive to higher
chlorinated Aroclors; the antisera to 2-NH,-4,5,3",4’-
T,CBP and 3-NH,-2,6,2",6"-T,CBP were most sen-
sitive to the higher chlorinated Aroclors. A typical
calibration curve for Aroclor 1254 had a shallow
slope; about 400 ng of analyte caused a 15% assay
response. The assay’s sensitivity needs improve-
ment before it can be used in most routine applica-
tions; that would probably require a more avid se-
rum.

Subsequently, Newsome and Shields exploited
the tendency of the immune system to recognize
-NH, groups as Cl atoms by raising an antiserum
to 2-NH,-2,4,4',5,5'-P,CB (Table 1).1% The an-
tiserum was expected to be more sensitive to the
higher chlorinated PCBs that are common in
Aroclor 1254 and 1260. Unlike the lower chlori-
nated formulations, the 1260 formulation is still
considered to be carcinogenic in rats.!’® A
radioligand with high specific activity (2073 Ci/
mmol) was prepared by the addition of 121 directly
to 2-NH,-24,4',5,5-P,CB via a Sandmeyer reac-
tion. The tracer’s proximity did not seem to unduly
hinder antibody binding. DMSO (25%), which was
used as a solubilization agent, permitted better AB-
ligand binding than Cutscum. Furthermore, the in-
clusion of DMSO in the DCC phase separation
reagent improved assay sensitivity tenfold, presum-
ably by improving the free ligand’s access to the
charcoal adsorbent. The assay was most specific for
the target congener. The calibration curves for
Aroclor 1260 and 1254 were sensitive and steeply
sloped; whereas, the lower chlorinated Aroclor 1242
produced about 90% less binding. Researchers at
ECOCHEM (Minnesota) and Immunosystems Inc.
(Maine) recently reported the development of an
EIA that is highly sensitive for Aroclor 1248,16!

Johnson et al.!62163 reported RIAs for 4-
acetaminobiphenyl and N,N’-diacetylbenzidine,
which are metabolites of the carcinogens 4-
aminobiphenyl and benzidine, respectively (Table
1). The radioligands were prepared by coupling
tyramine to hemisuccinyl derivatives of the haptens
by means of an NHS-based active ester reaction. A
lactoperoxidase method was used to label the ligand
with 1251, A similar strategy could probably be used
to label other chlorinated hydrocarbons such as PCBs
and PCDDs. A MAB-based EIA has been used to
detect benzo-a-pyrene (BP) and its metabolites in
urine (Table 1).1%* The MABs cross-reacted with a
broad range of BP metabolites and other polycyclic
aromatic hydrocarbons (PAHs). Such broad speci-
ficity enhances the assay’s usefulness as a broad
screen for PAHs and their metabolites. The possi-
bility of using these MABs to detect metabolites of
2-nitrofluorene in urine samples is currently being
explored. 16> -

Westinghouse Bio-Analytic Systems developed
an indirect EIA for the wood preservative pen-
tachlorophenol (PCP).!66 The MABs used in the
assay were fairly specific for PCP: 2,3,5,6-T,CP
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cross-reacted 42% and 2,4,6-T,CP cross-reacted
12%. Solubilization of the analyte was aided by the
inclusion of isopropanol (25%) in the reaction mix-
fure.

A direct competitive EIA has been developed
for the determination of the explosive 2,4,6-trinitro-
toluene and related nitroaromatic compounds in
water samples (Table 3).19 Variations in the length
of the labeled hapten’s spacer arm affected the
assay’s performance.!® In the absence of a spacer,
the ABs failed to bind the tracer. Variations in the
length of the spacer arm from C3 to C6 caused the
assay curve to shift to the right hand side. The very
sensitive assay had a DL of about 20 pg/ml (Table
3). The ABs cross-reacted with 2,4-dinitrotoluene
(DNT), 2,4-dinitroaniline, 1,3-dinitrobenzene, and
2,6-DNT. The cross-reactivities of these compounds
increased sharply with the concentrations of the
analytes.

Nitrophenols are important environmental con-
taminants both in their own right and as degradation
products of some organophosphate pesticides.!® It
may even be possible to use nitrophenols to infer
prior exposure to, or contamination with, the parent
pesticide. With that objective, Li et al.!%® developed
an indirect EIA for the determination of 4-nitrophenol
and monosubstituted 4-nitrophenols. Three immu-
nogens were used to immunize a total of eight
rabbits. After extensive screening, AB1812 was se-
lected for use in an optimized assay (Table 1).
Similar rigorous screening was used to select an
optimal coating AG for the assay. The assay was pH
sensitive — possibly because the nitrophenols are
ionizable. The assay’s performance improved con-
siderably when the concentration of the incubation
buffer was increased. Some monosubstituted
nitrophenols reacted strongly in the assay and had
similar L, values, which means that the assay should
be suitable for the detection of this group of com-
pounds.

C. Herbicides
1. Phenoxy Acid Herbicides

The widely used chlorinated phenoxyacetic acid
herbicides (2,4-D and 2,4,5-T) are routinely deter-
mined by high performance liquid chromatography
(HPLC) in combination with GC detection; the
analyte is usually derivatized before the GC step.
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The first of several 1As for the phenoxy herbicides
was described by Rinder and Fleeker whose RIA
used an antiserum that was raised against the 5-NH,
derivative of 2,4-D (Figure 9)(Table 1).70 The as-
say was more sensitive to 2,4,5-T than to 2,4-D
(Table 4) most likely because the ABs recognized
the NH, group as a chlorine atom. A phenolic de-
rivative of 2,4-D was labeled with 12°I by means of
a chloramine-T procedure. The ABs bound the
radioligand despite the tracer’s proximity to the
parent molecule; however, the RIA’s performance
varied with each batch of radioligand.!”! In an effort
to improve the specificity of the IAs for 2,4-D,
Fleeker!”! raised sera to immunogens that were
prepared by conjugation of the carrier protein to (1)
the acetic acid moiety and (2) the NH, group of 2-
chloro-4-aminophenoxyacetic acid (Table 1). The
former serum was insensitive to 2,4,5-T, but the
latter had comparable avidity for 2,4,5-T and 2,4-D,
which indicates that the immune response lacked
selectivity in the region of the hapten’s conjugation
site. Used together, the sera were able to reduce the
incidence of false-positive results.

Knopp et al.!”? generated a low titer (1:50)
serum to a 2,4-D hapten that was conjugated through
the acetic acid group to the carrier protein (Table 1).
2,4-D was unable to compete for antibody binding
sites with an '>I-tyramine derivative of 2,4-D,172173
probably because the radioligand and immunogen
were too similar. A sensitive assay was developed,
however, using tritiated 2,4-D as radioligand (Table
4). The highly selective serum discriminated against
2,4,5-T (CR% = 9).172 The authors suggested that
the serum’s titer and avidity could probably be
improved through the use of a different spacer group
in the immunogen. The acetic acid group also was
used by Hall et al.!” as a conjugation site in the
production of an anti-2,4-D serum that showed little
cross-reactivity toward 2,4,5-T (11%) and
monochlorophenoxyacetic acid (16%). A novel
radioligand was prepared for use in this assay by
coupling tritiated glycine to 2,4-D via a mixed an-
hydride reaction. The serum also was used in an
EIA for 2,4-D.

2. Triazines
Dunbar!” and Huber!7® concurrently developed

a pair of IAs for atrazine (Figure 9), a popular
herbicide that is used for the pre- and post-emer-
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gence control of annual weeds in a variety of crops
including com (maize). Dunbar’s serum, which was
initially described in a patent application,!”> was
raised against a hapten that was conjugated through
the 4-position on the aromatic ring to a carrier
protein (Table 1). A tyrosine methyl ester derivative
of the hapten, suitable for labeling with %I, was
synthesized using the mixed anhydride method. For
reasons of convenience, an indirect EIA format was
pursued.!”’ The ABs cross-reacted significantly with
propazine (87%) and azido atrazine (58%); simazine
(10%) and ametryn (7%) cross-reacted weakly.
Deethylatrazine (6%) was the only one of five atra-
zine metabolites, including hydroxyatrazine, to cross-
react in the assay. The assay was judged suitable for
the rapid screening of samples for atrazine and
propazine.

Huber’s version of the atrazine EIA used a
serum that was raised against the sulfoxide deriva-
tive of ametryn: ametryn is an analog of atrazine
(Figure 7; Table 1).176178 Pyrification of the ABs by
immunoaffinity chromatography (IAC) improved
the assay’s detection limit 100-fold (Table 4). When
the ABs were immobilized on polystyrene spheres,
it was possible to analyze larger sample portions (20
ml) with a corresponding improvement in the assay’s

detection limit (Table 4). Ametryn (Figure 9) was
the most reactive (106%) of several triazine herbi-
cides that were detectable by the assay. An attempt
by Sharp et al.!” to improve the selectivity of anti-
atrazine sera by separation of the hapten from its
carrier protein with a linkage group was not fully
successful; apparently, the serum cross-reacted with
triazine herbicides that had similar N-alkyl substitu-
ents. Researchers at Shell Development Co. are
reported to have developed a highly specific anti-
cyanazine serum (Table 1), which was used in a
sensitive assay.!3180 The assay did not cross-react
with other commercial triazine herbicides, but could
detect metabolites of cyanazine.!3’

Huber and Hock employed their previously
proven techniques to develop an EIA for terbutryn
(Table 1).!3! Terbutryn is a post-emergence triazine
herbicide that is used with several winter cereals; it
also is effective in the control of aquatic weeds and
algae. Several triazine herbicides and terbutryn me-
tabolites such as hydroxyterbutryn cross-reacted in
the assay. The assay’s DL was improved 250-fold
when the polystyrene sphere format, which is well
suited to water analysis, was used (Table 4). The
improvement was realized without any pretreat-
ment of the sample.!8?
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More recently, Wittmann and Hock used an
immunogen that contained 35 atrazine substituents
per molecule to generate a serum that was used in
a very sensitive assay (Table 1).'®3 Immunogens
with a range of substitution ratios were produced by
varying the type of carbodiimide coupling agent,
the hapten/BSA ratio, and the carbodiimide ratio.
An immunogen with four atrazine residues per mol-
ecule of BSA was used for an initial immunization
period of 5 months, at which time the 35-substituent
immunogen was employed as a booster treatment.
The assay was selective; it cross-reacted with only
atrazine and propazine when serum C2 was used.
The choice of tracer system was found to influence
assay specificity; cross-reactivity with simazine (Fig-
ure 9) was particularly affected (max. CR% = 20).
Hock’s group subsequently published an evaluation
of three versions of the atrazine EIA that were based
upon different combinations of two sera and two
tracers.'®* The sera for this study were raised against
two immunogens. The most sensitive assay cross-
reacted with propazine (195%) and simazine (20%).
Wittmann and Hock have also developed a sensi-
tive EIA for deethylatrazine and deisopropylatrazine,
which are key atrazine metabolites.!®5 The serum
was raised against the 2-aminohexanecarboxyllic
acid deethylatrazine immunogen (Table 1), which
was prepared using a CMC coupling reaction. The
enzyme-labeled hapten was prepared using a CDY/
NHS active ester procedure (Table 1). Microtiter
plates that were coated with affinity-purified ABs
tended to lose activity after 2 weeks storage at 4°C.
Serum-coated plates, however, were stable for at
least 2 months. Immunogens with high and low
hapten substitution ratios were again alternated in
the immunization protocol, which again produced a
sensitive serum of high titer. The assay could effi-
ciently detect both target compounds. The problem
of limited serum supply was tackled by Wust and
Hock, who raised large quantities of anti-atrazine
sera in sheep (Table 1).2% The sheep sera were most
sensitive for propazine, but did not cross-react with
other triazines.

A direct competitive EIA has been used to
monitor atrazine and deethylatrazine levels in soils
from the Munich area of Germany.®¢ The sensitive
assays (Table 4) showed little cross-reactivity. to
other triazine residues; the atrazine assay only cross-
reacted with propazine and the assay for deethylated
atrazine only cross-reacted with deisopropylated atra-
zine.
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Two versions of an enhanced luminescent 1A
for the detection of atrazine and simazine have been
described.'87-188 Iny one version, peroxidase-labeled
hapten was allowed to compete with the analyte for
binding sites on AB-coated polystyrene tubes. The
tubes were then washed and the amount of peroxi-
dase bound to the ABs was measured using an
isoluminol reagent. A microtiter version of the as-
say could be developed if a suitable plate reader
were available. The reagent concentrations were
increased so as to shorten the incubation time and
render the assay suitable for field use. An outline
report also has been made of an FIA for the quan-
tification of triazine herbicides,'®® for which the
tracer was prepared by labeling hapten molecules
with fluorophores such as dansyl chloride and fluo-
rescein. Ulrich and Niessner used a fluorogenic
substrate for alkaline phosphatase in a direct FIA
for the determination of terbuthylazine, which is
being used as a replacement for atrazine, now banned
in Germany.!®! The MAB-based assay required a
20-h incubation of the substrate and AB-bound tracer.
In alater version of the assay, an improved enzyme-
tracer conjugate enabled the incubation period to be
shortened to 20 min.!> An NHS-activated ester
pathway best combined ease of synthesis and tracer
quality.!93 The assay had a slightly lower DL than
the corresponding EIA (Table 4).

A simple, rapid, and sensitive tube-based direct
EIA for atrazine and other triazines that is suitable
for field use is available from ImmunoSystems Inc.
The serum used in this assay was raised against an
immunogen that had a high substitution ratio of
30:1 and was prepared by derivatization of atrazine
at the 2-chloro position (Table 1).19 The antiserum
cross-reacts with several triazine herbicides, which
is advantageous when samples are to be screened
for the triazenes as a herbicide class. A microtiter
strip version of the assay offers superior sensitivity
(Table 4) and is more convenient for laboratory use.
The assay has been found to be insensitive to varia-
tions in pH, temperature, and concentrations of cal-
cium, sodium, and nitrate.'%>

Schlaeppi et al. developed some highly specific
anti-triazine MABs against haptens that were pre-
pared by coupling valeric acid derivatives of atra-
zine and hydroxyatrazine (Figure 9) to carrier pro-
tein (Table 1).1% Two groups of anti-hydroxyatrazine
MABs were generated; the first group only cross-
reacted with hydroxypropazine, whereas the second
group cross-reacted with several other hydroxy-S-
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triazines. The anti-atrazine MABs all had compa-
rable selectivity; they recognized propazine (CR%
= 90) and had reduced cross-reactivity to other
triazine herbicides and their hydroxylated metabo-
lites. Giersch and Hock conjugated ametryn sulfox-
ide and dichloroatrazine to BSA in order to raise
anti-atrazine MABs (Table 1).!7 Four MABs were
selected for detailed characterization. The MABs
raised against ametryn sulfoxide had strongest af-
finity for terbutryn and prometryn, whereas the
MABs raised against dichloroatrazine were most
sensitive to aziprotryn. The selected clones had fairly
broad specificity patterns.

Goodrow and co-workers tackled the issue of
triazine assay selectivity by preparing a library of
atrazine and simazine haptens (Table 1) that could
be used fo tailor assay specificity and sensitivity to
suit analytical needs.!9%1% The haptens were used
in the production of both PABs and MABs. One
group of haptens, prepared by replacing an N-alkyl
group with linear amino acids (C = 1-5), induced
ABs that were highly specific for atrazine and si-
mazine. A second group, prepared by substituting
the 2-Cl of atrazine or simazine with 3-
mercaptanpropanoic acid, induced PABs that cross-
reacted with the S-methy! triazines. The degree of
analyte binding was found to depend on the hapten’s
structure and on the position and length of the
immunogen’s spacer arm. The specificity of sera
from replicate rabbits varied widely. This library of
antibodies and coating haptens has been used in
several sensitive and versatile triazine IAs. Both
heterologous and homologous assay formats have
been evaluated. The heterologous assays were more
sensitive to the target analyte. The coating antigen’s
conjugation site had the greatest influence on assay
sensitivity. The sensitive heterologous assay sys-
tems, however, were more susceptible to interfer-
ence by residual solvents and matrix components
— which implies it may sometimes be necessary to
strike a balance between assay ruggedness and sen-
sitivity. The MABs were used as the basis of a
sensitive assay for the detection of atrazine and
cross-reacting S-triazine herbicides.?® A variety of
assay formats thatincluded the use of an immobi-
lized double antibody (IDAB) assay were evalu-
ated. The IDAB format is described in the section of
the report that deals with IAs for fungicides. A suite
of four different haptens were evaluated in the assay
in combination with two enzyme tracers. The IDAB
format was found to have lower I, values than the

corresponding direct EIAs. The use of C6 spacer
arms between the enzyme and hapten yielded better
calibration curves than C3 arms in the case of horse-
radish peroxidase (HRP); the reverse was true for
alkaline phosphatase. Overall, the C6-HRP combi-
nation seemed to provide the best assay. This work
is significant because it demonstrates that even the
performance of highly selective MABs can be af-
fected by the hapten-label structure. The use of
protein A as the primary coating layer also was
evaluated because of its ability to orient the capture
ABs in a configuration that is favorable for binding
to ligands. The protein A-based assay was slightly
more sensitive than the IDAB version. The assay
cross-reacted with simazine, ametryne, propazine,
terbutylazine, and atrazine mercapturate.

3. Paraquat

The frequent implication of paraquat (Figure 7)
in poisoning incidents created a need for a rapid and
cost-effective method for the determination of this
broad spectrum herbicide in human serum. Levitt
reported the production of anti-paraquat ABs, which
were used in a sensitive and selective RIA (Table
4).20! An optimized 30-min assay version had a
reported sensitivity of 12 pg/100 pl.2%? Fatori and
Hunter developed two versions of an RIA for the
detection of paraquat in serum and aqueous
samples.?®® One version used tritiated paraquat as
radioligand and was most suited to rapid clinical
applications. A more sensitive version, based on an
iodinated tracer, was slower (2 h) but could detect
lower concentrations (Table 4). Niewola and co-
workers at Imperial Chemical Industries (ICI) de-
veloped and systematically optimized an indirect
EIA for paraquat (Table 1).2* Diethylparaquat (40%)
and monoquat cross-reacted in the assay.?’> Unfor-
tunately, the ABs in later bleeds from the same
animal bound the enzyme-hapten conjugate so
strongly that it could not be displaced by free hap-
ten. This setback prompted a decision to develop
anti-paraquat MABs so as to ensure a consistent
supply of ABs.2% The MAB-based assay had a
steeper calibration curve, although its specificity
was similar to that of the original assay; once again,
diethylparaquat cross-reacted significantly
(>100%).2052% The anti-paraquat MABs were later
purified by affinity chromatography in order to re-
move unwanted monovalent ABs.27 A version of
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the assay suitable for the analysis of paraquat in soil
has been described.?% Nagao et al. used the same
hapten as the ICI team to develop anti-paraquat
MABS (Table 1) that had much reduced cross-reac-
tivity to diethylparaquat (8%) in a heterologous
EIA; unfortunately, this assay was less sensitive
than the ICI group’s (Table 4) homologous as-
say.208 Johnston et al. used in vitro and in vivo
immunization techniques to prepare IgM and IgG
MABSs to paraquat;?® the selective ABs weakly
cross-reacted with monoquat.

Hammock’s team at the University of Califor-
nia (UCLA) also undertook extensive research that
led to a PAB-based EIA for paraquat.2!%212 They
evaluated four carrier proteins in their assay;
conalbumin (CONA) and keyhole lymphocyte al-
bumin (KLH) were the best immunization and coat-
ing AGs, respectively. A valeric acid linkage sys-
tem worked best with both AGs (Table 1). Particu-
lar care was paid to the structure and concentration
of the coating AG; assay sensitivity is usually en-
hanced when the ABs do not preferentially bind the
tracer or immobilized ligand. The serum and sample
were preincubated for 24 h. The ABs cross-reacted
strongly with the methylpropyl analog of paraquat,
but showed low recognition for diethylparaquat and
other potential interferences.

Coxon and co-workers used high-affinity ABs
(1.6 x 108 to 1 x 10° mol/1) that were raised in sheep
to develop a sensitive competitive binding FIA for
paraquat (Table 4).2'3 Emphasis was placed on as-
say speed because of the importance of timely data
in clinical cases involving the ingestion of paraquat.
The first and second ABs were pre-equilibrated so
as to shorten the assay’s duration to less than 30
min. The serum did not cross-react with diquat and
only weakly recognized monoquat (CR% = 4.3).

4. Other Herbicides

Both FIA and EIA assays have been developed
for the detection of the weed grass control agent,
diclofop-methyl (Figure 9).2* The hapten was la-
beled with fluorescein and enzyme labels by means
of mixed anhydride reactions. The AB’s inability
(Table 1) to differentiate the stereoisomers of
diclofop-methyl should not be a problem in envi-
ronmental tasks. Diclofop acid and a 2-methoxy-1-
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methyl-2-oxoethyl ester of diclofop acid cross-re-
acted significantly in the assay. The related herbi-
cides 2,4-D and dichlorprop did not cross-react,
probably because they lack the 4-(2,4-
dichlorophenoxy)phenoxy moiety.

Clomazone (Figure 9), the active ingredient of
the preemergence/plant herbicide, Command, is used
mainly to control grass and dicot weeds in soybean
crops. Clomazone is typically determined by GC-
based methods after extensive sample work-up.2!®
An EIA for the detection of clomazone in soil ex-
tracts (Table 1) did not cross-react significantly
with metolachlor, metribuzin, or trifluralin, three
herbicides that are often used in combination with
clomazone.?!> The FMC Corp. (New Jersey) also
has developed an EIA for the measurement of
Clomazone in soil (Table 1).2'® Their ABs were
most specific for the isoxazolidinone ring structure,
and did not cross-react with a broad range of herbi-
cides that might be found in association with
Clomazone.

Monsanto Agricultural Company has used an
EIA to screen water samples for the presence of
Alachlor (Figure 10). Alachlor is the active ingredi-
ent of the widely used Lasso formulation and is also
a component of the herbicide mixtures Bronco and
Alazin.?!” Thiolating reagents (Table 1) were used
to conjugate Alachlor to BSA (immunogen) and
sheep IgG (coating AG) by heterologous linkages.
The serum and sample were pre-incubated for 1 h.
Systematic optimization of the coating AG and se-
rum levels resulted in a sensitive (Table 4) assay
that was acceptably precise over the assay’s work-
ing range (CV =4.2% at 0.2 ppb and 18.6% at 8.0
ppb). The selective ABs only weakly recognized
some other chloroacetanilide herbicides, probably
because the immunogen had been prepared by link-
ing the carrier protein to the hapten’s
chloroacetamide group; that group is common to
the chloroacetanilide herbicides. Some thioether
analogs of Alachlor that are formed as animal me-
tabolites did cross-react in the assay, but are
unlikely to be found in the aquatic environment and
should not detract from the assay’s usefulness as a
screening tool. The Monsanto researchers also have
reported the development of EIAs for three further
chloroacetanilide herbicides: metolachlor,
amidochlor, and butachlor.21® As with the alochlor
assay, the AGs were prepared by coupling the
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FIGURE 10. Molecular structures of various herbicides.

analytes to carrier protein via thioether linkages.
The EIAs were highly specific for the target analytes
and did not cross-react appreciably with other struc-
turally related chloroacetanilide herbicides. This high
specificity is thought to arise from the preservation
of the structurally characteristic N-alkyl groups in
the immunogens. The calibration curves for the
amidochlor EIA (Figure 11) illustrate how the choice
of coating AG can affect an assay’s performance.
The most sensitive assay system was based on a
butachlor-HSA coating AG. When that system is
used, the anti-amidochlor ABs, which have low
avidity for butachlor, are easily displaced from the
solid phase by amidochlor. This strategy resulted in
a tenfold ‘improvement in sensitivity.

Ohmicron have adapted their magnetic particle-
based technology for the detection of alachlor in
water.2!® The technology was developed earlier for
use in an EIA for aldicarb.??° The format is claimed
to reduce or eliminate several problems that are
associated with conventional EIA formats, such as
well-to-well variability and the loss of ABs through
leaching. The assay is a direct competitive EIA in
which peroxidase-labeled hapten is used to measure
analyte-free binding sites. A specially designed mag-
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FIGURE 11. Calibration curves for amidochior EIA
ilustrate how different coating antigens can affect as-
say performance. {Reprinted with permission from Feng
et al. J. Agric. Food Chem. 1992, 40, 211-214; Ameri-
can Chemical Society.)

netic rack is used fo retain the magnetic particles
during reagent changes. A variety of inorganic pa-
rameters did not adversely affect the assay. The
robust assay also was unaffected by variations in pH
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over the range 2 to 12. The antiserum weakly rec-
ognized butachlor and metolachlor (CR% of 1 and
1.5, respectively). Researchers at Ciba-Geigy in Swit-
zerland have developed an MAB-based EIA for the
related herbicide Metolachlor (Figure 10), which is
the active ingredient of the selective herbicide
Dual.??! A distal-carboxylic derivative of
metolachlor that was intended to optimize the assay’s
sensitivity was used to prepare the immunogen
(Table 1). Direct and indirect assay versions were
evaluated. The assay was highly selective; no sig-
nificant cross-reactivity was observed with alachlor,
furaloxyl, metalaxyl, and several metabolites of
metolachlor. The indirect EIA was the slightly more
sensitive of the two assay versions.

In order to develop an EIA for Metazachlor
(Figure 10), a preemergence herbicide that is used
with rape, potatoes, and other crops, the target com-
pound was directly coupled to sulfhydryl groups
that were introduced into BSA by cleavage of dis-
ulfide bonds with DTT (dithiothreitol) (Table 1).2%2
A direct assay format was used in which the PABs
were immobilized in microtiter wells. The ABs
were highly selective for Metazachlor; several
Metazachlor derivatives and chloroacetamide her-
bicides cross-reacted less than 1%.

Residues of maleic hydrazide (Figure 9), a syn-
thetic plant growth regulator, are of concern in beets,
potatoes, onions, and tobacco. Harrison et al. de-
scribed two hybridoma cell lines that produced
MABs with high specificity for maleic hydrazide 223
The affinity-purified MABs were used in an indi-
rect EIA. The MABs cross-reacted significantly
with some acetic acid derivatives of maleic hy-
drazide but did not recognize a variety of purine and
pyrimidine compounds. A heterologous assay sys-
tem was more sensitive, but also was less tolerant of
sample variability (pH, ionic strength, and residual
solvent) than a homologous system; such interfer-
ences should be readily controllable in water samples.
Later evaluation of the assays using potato extracts
showed that the heterologous format did not offer a
significant advantage — mainly because it yielded
more variable data.??*

A du Pont research team developed a PAB-
based EIA for the detection of chlorsulfuron (Fig-
ure 10), the active component of Glean Herbicide. 22
The samples and serum were preincubated for 1 h.
Chlorsulfuron’s main subunits did not cross-react in
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the assay. Although two herbicides that closely re-
sembled chlorsulfuron’s bridge and heterocyclic ring
structure did cross-react in the assay, two other
related herbicides with different bridge and hetero-
cyclic ring structures had greatly reduced cross-
reactivity.

An extremely sensitive MAB-based assay for
triasulfuron (Figure 10) was developed by Schlaeppi
et al. at Ciba-Geigy Ltd.??® Rearrangement prob-
lems with the spacer group on a hapten that closely
resembled the entire target molecule (Table 1) re-
sulted in specific but insensitive MABs. MABs
raised against a hapten that was based on the
chloroethoxy phenylsulfonamide carboxy portion
of triasulfuron were sensitive (Table 4) and specific.
The ABs and analyte were preincubated for 1 h. The
MAB:S selected for use in the screening assay cross-
reacted with only the phenylhydroxylated degrada-
tion products of triasulfuron.

A study was initiated by Health and Welfare
Canada to produce antibodies to the phenylurea
(carbamide) herbicides.??” Several immunogens
(Table 1) were used to induce serum production in
rabbits. Owing to the overly strong binding of ABs
to the coating AGs, it was necessary to use coating
AGs that were heterologous with respect to the
immunogen. The various serum coating AG combi-
nations were systematically screened for cross-re-
activity, and a combination was selected that yielded
workable assays for monolinuron, diuron, and
linuron (Table 4). Several related urea compounds
such as neburon and metabromuron cross-reacted in
the assay.

A sensitive IA has been described for the urea
herbicide methabenzthiazuron (MB) (Figure 10).228
The PAB-based assay (Table 1) uses a direct com-
petitive format, and it has impressive assay perfor-
mance characteristics (Table 4). The assay also de-
tected OH-MB (CR% = 50) (OH-MB is a decom-
position product of MB) and benzthiazuron (CR%
= 2). Hock’s group at the Technical University of
Munich, who originated the foregoing assay are
now working on the production of MABs to
methabenzthiazuron.

Concemn about residues of the selective herbi-
cide molinate (Figure 10) in drainage canals and
receiving rivers near rice paddies prompted the de-
velopment of a PAB-based EIA.?*° A variety of
haptens were coupled to both the immunization and
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coating proteins. The conjugation site and the type
and length of the linkage arm were varied (Table 1);
several rabbits were inoculated with each immuno-
gen. This multipronged approach increases the like-
lihood that the optimized assay will be sensitive and
can enable the analyst to fine tune the assay’s speci-
ficity. Sera were raised against carboxyethyl,
carboxypentyl, and aminobenzyl derivatives of
molinate (Table 1). The samples and standards were
preincubated with serum for 16 h. Sera that had
greater avidity for the coating AG than the free
analyte were discarded. An S-2(p-aminophenyl)ethyl
derivative of molinate coupled to CONA was se-
lected as the coating AG for the optimized assay;
the selected serum was raised against S-2-
carboxyethyl molinate. The assay was highly spe-
cific for molinate, although some cross-reactivity
(15%) with molinate sulfone was observed.

Hall and co-workers developed an RIA for pi-
cloram (Figure 12),!’* an auxin-type herbicide that
should be monitored in surface and receiving waters
adjacent to application areas. Picloram coupled to
[*H]glycine was used as radioligand. None of the
related herbicides that were tested could inhibit tracer
binding by 50%. These researchers later developed
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anti-picloram MABs (Table 1), which were used in
an effective EIA.2 Both MAB- and PAB-based
versions of the EIA were more sensitive than the
previously developed RIA. Neither the PABs nor
the MABs cross-reacted appreciably with 2,4-D or
any of the pyridine herbicides that were tested. The
induction of low-affinity PABs and high-affinity
MABs against the same immunogen implies that
immunogen design and preparation are less critical
for the production of MABs.

Amitrole (MW, 84.1; Figure 12) is a nonselec-
tive herbicide that is used in fruit orchards and in the
preparation of soil for some crops, including kale
and maize. Jung et al.>3! reported efforts to develop
an EIA for the detection of this water-soluble analyte.
A library (Table 1) of antigens were used to immu-
nize both rabbits and mice. The sera, which were
expected to have low avidity because of the hapten’s
small size, were screened using an indirect solid-
phase EIA. A promising serum was selected for use
in an optimized heterologous assay. The pH of the
incubation mixture affected the binding properties

of the highly specific ABs. The low sensitivity of

the assay (Table 4) suggests that amitrole was poorly
recognized by the host’s immune system. This study

N
\SIOZ
N
“CH(CH;),
O

Bentazon

NO,
CF, N(CH,CH,CHj,).

NO,

Trifluralin

FIGURE 12. Molecular structures of various herbicides.
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illustrated some of the problems to be expected in
the development of I1As for very small analytes.

Because the post-emergent herbicide
imazamethabenz-methyl (Figure 12} is hydrolyzed
by plants to the free acid, Newsome and Collins
opted to develop ABs to imazamethabenz for use in
an indirect EIA.23? The assay was selective for the
target analyte and its methyl ester (CR% = 627).
Wong and Ahmed from the American Cyanamid
Company have reported the development of a sen-
sitive direct competitive EIA for the determination
of imazaquin, which is the active ingredient of the
herbicide Scepter.33 A heterologous bridge was
used to link the HRP tracer to the hapten. A variant
of the IDAB format, in which protein A was used to
bond the primary ABs to the solid phase, was used.
The assay can detect the related imidazolinone her-
bicides such as imazapyr and imazaquin, which
yielded calibration curves that were similar in shape
to the imazaquin curve but shifted to the right. A
variety of metabolites of the target herbicide and a
broad range of agrochemicals thought likely to be
present in real world samples did not interfere with
the assay. The preparation of a suitable immunogen
for use in the generation of sera against the sulfona-
mide herbicide bentazon (Figure 12) presents a spe-
cial problem because bentazon contains an ioniz-
able NH group.?3* Immunogens were prepared by
coupling the hapten to its carrier protein through the
NH group and the aromatic ring. Only the immuno-
gens that were coupled through the NH group using
a spacer molecule yielded ABs that could detect
both bentazon and its N-alkylated derivatives. The
immunogens that were coupled through the aro-
matic ring yielded ABs that recognized N-alkylated
derivatives of bentazon but not the free compound.
A wide range of herbicides failed to cross-react in
the assay.

Riggle published an account of an insensitive
and poorly selective EIA for the preemergence her-
bicide trifluralin (Figure 12).235 The authors postu-
lated that the use of a larger bridging group in the
immunogen might improve the serum’s specificity.
The first IA for a phenylpyridazinone-based herbi-
cide was reported by Riggle and Dunbar.?36 Two
anti-norflurazon sera cross-reacted with the closely
related compounds desmethyl norflurazon and
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metflurazon. Several non-phenylpyridazinone-based
herbicides that were tested did not cross-react in the
assay.

D. Insecticides
1. Chlorinated Hydrocarbons

The first IA for an insecticide was designed by
Langone and Van Vunakis to detect aldrin and its
metabolite dieldrin (Figure 13).1%? Aldrin is an or-
ganochlorine compound that has broad-spectrum
activity. The immunogen was prepared from a car-
boxylated derivative of aldrin (Table 1). The same
derivative was coupled to tyramine and labeled with
125] (Table 5) to yield a radioligand of low specific
activity (3.3 Ci/mmol). The analyte was solubilized
in horse serum (10%). Compounds that resembled
the immunogen’s distal region tended to cross-react
in the assay. Heptachlor and chlordane competed 13
and 26 times, respectively, less effectively than di-
eldrin. Endrin cross-reacted significantly, but be-
cause of its short half-life was considered unlikely
to interfere in the analysis of physiological fluids.
DDT and CL,,-PCB also cross-reacted (20%).

A tube-based EIA suitable for field applications
has been developed for the detection of chlordane —
another of the cyclodiene insecticides (Figure 13).237
Inasmuch as the assay detects other cyclodiene in-
secticides such as dieldrin, aldrin, endrin, endrin
ketone, chlordane, and endosulfan, it is best used as
a general screen for the cyclodienes. This assay
should be readily adaptable for use with water
samples.

Dreher and Podratzki generated an anti-endosul-
fan (Figure 13) serum by using a succinate bridging
group to separate the hapten from its carrier protein
(Table 1).23 The preparation of enzyme-labeled
hapten was complicated by endosulfan’s hydropho-
bicity, which caused the peroxidase label to precipi-
tate. The problem was solved by synthesizing an
amine derivative of endosulfandiol, which had re-
duced hydrophobicity. That derivative was then
coupled to the peroxidase enzyme; however, the
periodate coupling reaction was only able to couple
20 to 30% of the enzyme molecules to the hapten.
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FIGURE 13. Molecular structures of various insecticides.

The EIA was more sensitive for endrin (CR% =
180) than for endosulfan; aldrin had much lower
cross-reactivity (16%).2%® Several common degra-
dation products of endosulfan were detectable in the
same concentration range as the target molecule.

2. Pyrethrins

The potency, low mammalian toxicity, and short
environmental half-life of the pyrethrins are envi-
ronmentally friendly traits. Nonetheless, the pyre-
thrins are difficult to analyze because of their insta-
bility in heat and light.?** Such considerations
prompted the production of ABs for use in an RIA
for S-bioallethrin.?4!242 The radioligand was pre-
pared by coupling [*H]tyramine to the hemisuccinate
derivative of an allethrin alcohol. The ABs were
able to distinguish the optical and geometric iso-
mers of allethrin. Similar selectivity was observed
when the serum was subsequently used in an EIA.243

Investigators at Shell Research Ltd. have devel-
oped two variants of a pyrethrin EIA directed against
3-phenoxybenzoic acid (PBA) and dichlorovinyl

cyclopropane carboxylic acid (CYP), which are plant
metabolites of cypermethrin.!37-2%4245 The assay
based on anti-PBA antibodies could detect a broad
range of pyrethroids and metabolites that contained
the PBA moiety. The second serum, which was
prepared against CYP, was used to detect
cypermethrin and permethrin. Organic solvents were
used at levels of up to 30% to help solubilize the
analyte in buffer. Some solvents were observed to
improve the calibration curve’s slope. A MAB-
based version of the PBA assay also was devel-
oped.'?

Stanker and colleagues at Lawrence Livermore
National Laboratory developed three anti-pyrethroid
MABs against acidified phenothrin (Table 1).240
The hapten’s conjugation site was located as far as
possible from the phenoxyphenyl group in an effort
to maximize the MAB’s specificity for that group;
the phenoxypheny! group is common to several syn-
thetic pyrethroids. 3-PBA-BSA was used as the
coating antigen. Initial evaluation studies led to the
selection of clone PY-1 for further study because of
the specificity and sensitivity of its MABs, which
could distinguish between several closely related
pyrethroids.
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3. Benzoylphenylureas

The benzoylphenylurea insecticides are non-
volatile and difficult to analyze unless they are
derivatized. Wie and collaborators were the first to
research the development of 1As for diflubenzuron
(Figure 13) and BAY SIR 8514.2% Several haptens
were designed with the goal of optimizing the im-
mune system’s recognition of the analyte’s
benzamide subunit (Table 1).246 A carboxypropyl
derivative of diflubenzuron was used to induce sev-
eral useful sera, one of which was used to develop
three EIAs for the detection of diflubenzuron, BAY
SIR 8514, and some of their analogs.?*’ The analyte
was preincubated with the serum for 16 h. Of two
rabbits that were immunized with carboxypropyl-
diflubenzuron, one produced ABs that bound
diflubenzuron, BAY SIR, and like compounds;
whereas, serum from the other rabbit was selective
for the diflubenzuron group. This observation rein-
forces the wisdom of raising sera in multiple rab-
bits. Diflubenzuron phenylacetate-based AGs were
superior as coating AGs to the carboxypropyl-
diflubenzuron AGs because of overly strong bind-
ing of the latter by the primary ABs. A simplified
version of the assay that used labeled ABs had
similar sensitivity to a conventional indirect EIA
(Table 5). '

In a follow-up study, the effect of bridge recog-
nition on assay sensitivity was explored.?*® Three
approaches were used: homologous sites on the
hapten were used to link the immunogen and coat-
ing AG to their carrier proteins via heterologous
bridges, and heterologous conjugation sites were
evaluated with both homologous and heterologous
bridges. The heterologous assay systems were the
more sensitive (Table 5) and the choice of coating
AG was shown to affect the assay’s sensitivity and
working range. The structure of the immunogen and
coating AGs also influenced assay specificity. The
study showed that a library of ABs and coating AGs
can be used to tailor assay sensitivity and selectivity
so that single compounds or a group of related
compounds are detected. This strategy has been
repeatedly used by Hammock’s group to success-
fully develop IAs for a variety of residues.

4. Organophosphates

Parathion (Figure 13) is widely used for the
control of soil-dwelling insects. Most matrices re-
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quire a lengthy clean-up for the determination of
parathion residues by gas liquid chromatography
(GLC). Ercegovich et al. developed RIAs for par-
athion that used both [“Clethylparathion (40 mCi/
mmol) and ring-labeled [*H]parathion (300 mCi/
mmol) as radioligands (Table 1).2*° The PABs were
highly selective for parathion; only reduced par-
athion cross-reacted appreciably. A radioligand with
higher specific activity would probably help im-
prove the assay’s detection limit (4 ng). Surpris-
ingly, attempts to induce a more avid and selective
antiserum by separation of the hapten from its car-
rier protein were unsuccessful.2? Parathion’s nitro
group was preserved in three of the tested immuno-
gens with the intent of improving the assay’s selec-
tivity. The resultant ABs were unable to bind free
parathion, although they could bind various hapten-
bridging group conjugants. The original diazo-linked
immunogen may well be optimal for the induction
of anti-parathion ABs.2* It is also possible that
parathion’s small size presents special problems.
Lober et al. reported the production of antisera
to paraoxon (Figure 13), which is the primary oxi-
dation metabolite of parathion.>! The antisera cross-
reacted with parathion (CR% = 8.8 to 13.8) and
methylparathion (CR% = <1). Hunter et al. devel-
oped a sensitive EIA for paraoxon.?5%23 The assay,
which was intended as a diagnostic aid, used IAC-
purified ABs that were preincubated with the analyte
for 1 h. The assay’s calibration curve was linear to
10719M (Table 5); parathion was only weakly (CR%
= <1) recognized, > as were p-nitrophenol (CR% =
0.04) and diethyl phosphate (CR% = 0.7), which are
hydrolysis products of paraoxon.?** Brimfield et
al.>* were motivated by the vagaries of animal
lifespan and immune response maturation to under-
take the production of a stable supply of anti-
paraoxon MABs. The immunogen was again pre-
pared from reduced p-NH,-paraoxon (Table 1). The
MABs from two hybridoma lines were purified by
affinity chromatography and used in an indirect
competitive EIA (Table 5). The assay calibration
curves for the two MAB lines (Figure 14) indicate
that the MABs were less sensitive than the earlier
PABs (Table 5). Significantly, both sets of MABs
did not recognize either p-nitrophenol or diethyl
phosphate, or similar insecticides. The MABs did
however cross-react with (p-aminophenyl)paraoxon
(CR% = 127), parathion (CR% = 3.6), methyl par-
athion (CR% = 3), and diethyl phenylphosphonate
(CR% = 4.4). Anti-paraoxon sera also have been
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used in a novel IA format that is based on compe-
tition between acetylcholinesterase (AChE) and ABs
for free paraoxon.?® Since the toxic effects of
organophosphorous insecticides are thought to be
caused by the inhibition of AChE activity, it was
postulated that the anti-paraoxon ABs could be used
to protect AChE in vivo. The immunogens for these
experiments were prepared by linking paraoxon to
carrier protein through the phosphorus moiety, thus
preserving the nitrophenol group (Table 1). The
sera, which also were used in an RIA, recognized
parathion but did not cross-react with p-nitrophenol
or diethylphosphate. The ABs had higher affinity
than AChE for paraoxon and were able to reduce
paraoxon-induced inhibition of enzyme activity in
vitro. The ABs were used to reduce the toxic effects
of paraoxon on mice in some in vivo tests.

A concerted effort to develop a group-spe-
cific IA for the detection of the diethyl ester of
phosphates, thiophosphates, dithiophosphates, and
phosphonates was undertaken by Sudi and
Heeschen.?’® Since the majority of organo-
phosphorous insecticides have either (EtO),P(S)Y
or (MeO),P(S)Y structures, IAs targeted against
these groups would be a valuable asset. The ABs
for use in such IAs should discriminate against the
Y group. The role of the capture AG on overall

assay specificity was addressed. Three antiserum/
capture AG systems were studied in some detail.
DCP(0,0-diethyl-0-[4-carboxyethyl-phenyl] phos-
phate) linked to polylysine and directly phosphory-
lated polylysine were selected for use as the capture
antigens. The three serum (Table 1)/capture AG
combinations chosen yielded sensitive assays that
had broad specificities. The specificities of the as-
say systems was evaluated using 58 organo-
phosphorous compounds. Diethyl esters were about
100 times more reactive than the analogous dim-
ethyl esters. An homologous DCP-based assay sys-
tem was more selective than the heterologous as-
says. The specificity patterns of the three systems
were partially nonoverlapping and depended on the
immunogen and capture AG used. Consequently,
the experimental data were reevaluated on the basis
of “double test” assay systems. The best combina-
tion of tests could detect 83.3% of the phosphorus
diethyl ester compounds that were tested at an esti-
mated DL of 54 pg/ml. The authors recommended
further research on the use of the “double test”
system for the detection of dimethyl and diethyl
phosphate derivatives in environmental samples.

Bio-metric Systems Inc. market an EIA that is
designed for the easy detection of paraoxon in the
field.27 Enzyme-labeled hapten was prepared by
coupling diethyl 4-aminobenzylphosphorate to car-
rier protein via a succinate spacer group. The re-
agents are incorporated into a “pinch test” format
that is ideal for unskilled personnel. In this format,
the ABs are immobilized on a porous disk to which
up to 1 ml of sample can be added. Enzyme-labeled
hapten is then added and a substrate disk is pinched
into contact with the porous disk. The developed
color is read after 5 min.

Hunter et al. initiated efforts to develop MABs
against the warfare agent Soman (Figure 13).2%8
The techniques used in this study (Table 1) could be
used in the production of ABs to other low molecu-
lar weight organophosphorous pesticides, such as
glyphosate. The MABs were selective for Soman
and did not react strongly with Sarin, a similar
compound. Lenz et al. studied the specificity of
anti-Soman MABs and PABs.?° The PABs weakly
recognized Soman but cross-reacted strongly with
various Soman analogs. The PAB’s weak reaction
with Soman was attributed to the apparent domi-
nance of the immunogen’s hydrophobic p-
aminophenyl group. On the other hand, the MABs
reacted strongly with Soman and were not inhibited
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by Sarin or Soman’s hydrolysis products. As was
the case with the anti-paraoxon serum of Heldman
et al., 2% the MABs could compete with AChE for
its inhibitor — which in this case was Soman. The
anti-Soman AB’s, however, were only marginally
effective in preventing the toxic effects of Soman in
mice.2%* Schmidt et al. raised anti-MATP sera in
chickens and rabbits; 5 the Soman derivative MATP
(methyl phosphonic acid, p-aminophenyl-1,2,2-
trimethyl-propyldiester) (Figure 11) was chosen as
a mode] organophosphorous compound. The AG
was covalently bound to microtiter wells using
Schiff’s base. The rabbit ABs, which were purified
by IAC, yielded the more sensitive assay. This re-
search group also produced anti-MATP MABs,
which were used in a direct competitive EIA (Table
5).261 Most of the selected MABs were highly spe-
cific for MATP, and the MAB-based assay was less
sensitive, but more reproducible, than the PAB as-
say. The MABs, which could detect free Soman in
the EIA, weakly recognized free Sarin but should be
able to recognize some nontoxic Soman analogs. 62
The anti-MATP MABs also have been used in
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direct competitive and indirect competitive CIAs
(Table 5).263 A camera luminometer was used to
measure the final signal in a version of the CIA that
is suitable for field use. Buenaffe and Rittenberg
prepared anti-Soman MABs so as to closely study
the AB-Soman interaction. Two distinct groups of
MABs were produced that were highly specific for
Soman and did not cross-react with the structurally
similar molecule phosphocholine.26% The main dif-
ference between these two compounds is the pres-
ence of a positively charged choline group in
phosphocholine.

Researchers in Australia have developed a set
of ABs for the following organophosphorous insec-
ticides: fenitrothion (FN), chlorpyrifos-methyl
(CPMe), and pirimiphos-methyl (PM) (Figure 15).266
The ABs were used in a pseudo-multianalyte IA in
which neighboring microtiter wells were individu-
ally coated with each AB. The FN assay cross-
reacted weakly with some structurally related insec-
ticides such as parathion and dicapthon. CP-ethyl
(CR% = 15), fenchlorphos (CR% = 40), and
bromophos (CR% = 60) cross-reacted in the CPM
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FIGURE 15. Molecular structures of various insecticides.
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assay, however that should not be a problem since
those compounds are rarely used on grain. The
PIRM assay was similarly selective.

5. Other Insecticides

DDA [2,2-bis (p-chlorophenyl) acetic acid], the
chief urinary metabolite of DDT (Figure 15), is
useful as an indicator of DDT exposure in humans.
Haas and Guardia raised antibodies to a DDA-
protein conjugate (Table 1); the ABs detected free
DDA in a hemagluttination test, but did not cross-
react with DDT.'?! Centeno et al.'?*® used DDA
anhydride that was linked directly to a carrier pro-
tein to induce anti-DDA antibodies in rabbits (Table
1). That antiserum was able to bind the benyl amine
salt of the aminocaproic acid derivative of DDA.
Neither of the foregoing anti-DDA sera was used in
an IA. Later, however, Banerjee developed an EIA
for the detection of DDA in urine extracts (Table
1).267 The serum and analyte were preincubated for
1 h. DDT, DDE, and DDD cross-reacted less than
5% in the assay.

Aldicarb (Figure 15) is cumbersome to analyze
by conventional GC and HPLC methods.?®8 A het-
erologous EIA has been used to detect aldicarb in
water, body fluids, and juices. The direct EIA for-
mat, which was selected because of its convenience,
does not require preincubation of analyte and re-
agents. The heterologous assay design was effective
in the elimination of bridge recognition effects. The
highly selective assay had a dose response from
15.6 to 2000 ng aldicarb.?®® Aldicarb sulfoxide and
aldicarb sulfone, which are important degradation
products of aldicarb, did not cross-react in the assay.
An anti-aldicarb serum has been used in a novel
assay format in which the serum was covalently
immobilized on magnetic particles.??® The assay
had a linear dose response from 1 to 100 ng/ml and
was highly specific for aldicarb, aldicarb sulfone
(CR% = 5; DL = 0.5 ng/ml), and aldicarb sulfoxide
(CR% =3; DL = 5 ng/ml). The aldicarb El1As should
be particularly useful for the screening of water
samples.

The insect growth regulator methoprene (Fig-
ure 15) is used on tobacco crops and to control
insect pests of farm animals. A collaboration be-
tween ImmunoSystems Inc. and the University of
Massachusetts has produced a direct competitive

EIA that can be used in the analysis of crop extracts
and environmental samples.2’%27! Care was taken to
preserve the characteristic ester and methoxy groups
of methoprene when preparing the immunogen. The
result was a serum that is highly specific for
methoprene and cross-reacts significantly only with
methoprene acid, which is a microbial degradation
product of methoprene in water samples. The assay
was sensitive to the inclusion of Tween 20 in the
assay reagents. A direct competitive format was
more sensitive than its indirect counterpart (Table
5) and also was more resistant to matrix effects
when used to assay tobacco extracts.

Bacillus thuringiensis var. kurstaki and
israelensis make crystalline inclusions that are toxic
to insects. Until the development of a suitable EIA,
insect bioassay and rocket immunoelectrophoresis
were the analytical methods of choice for these
biological insecticides.?’? IAs are ideal for the analy-
sis of high molecular weight proteinaceous com-
pounds that are difficult to analyze using conven-
tional techniques. One- and two-step indirect EIAs
were developed. The assays had similar sensitivities
and wide working ranges of 30 to 3000 ng/ml (two
step) and 2 to 200 ng/ml (one step) of endotoxin.
The EIA procedure was improved by pretreating
the polystyrene cuvettes with gluteraldehyde and
using toxin-conjugated enzyme in a direct EIA for-
mat.?’3 The gluteraldehyde pretreatment is thought
to improve the ABs orientation on the solid phase.
The modified assay used less serum and had a
working range of 10 to 1000 ng/ml. Cheung and
Hammock used an indirect EIA with a working
range of 15 to 1000 ng/ml to monitor the d-endot-
oxin of B. thuringiensis israelensis.*’* A noncom-
petitive sandwich EIA has been used to measure B.
thuringiensis crystal protein during the manufactur-
ing process.?’

E. Fungicides

The widespread and systematic use of fungi-
cides means that food, air, soil, and water must
often be monitored for residues of these toxic chemi-
cals. Many of the JAs that have been developed for
the detection of fungicide residues in food could,
with minor adaptation, be used to screen environ-
mental samples. Lukens and Williams raised ABs
to 2-aminobenzimidazole (2-ABZI), a degradation
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product of benomyl (Figure 16) and other carbam-
ate fungicides.!?* A fluorescent hapten was formed
by the conjugation of 2-ABZI to fluorescein
isothiocyanate. The ABs cross-reacted weakly with
benzimidazole in the FIA. An early attempt to de-
velop an RIA for the analysis of ethylcarbamate in
wine failed because of the apparent background
contamination of goat sera with anti-ethyl carbam-
ate ABs.2’

® /CO.NH(CH2)30H3

N @
NHCO.OCH,

Benomyl
(2-ABZI: a=NH,, b=NH)

o
CHaOCHzC\N _CHCO.OCH;,
CH; CH,
Metalaxyl
Cl (l)H— CH,OCF,CHF,
o §H
N\

N

-

Tetraconazole

FIGURE 16. Molecular structures of various fungicides.

Newsome and Shields used RIA to determine
residues of benomyl on food crops.?”” Since benomyl
breaks down to methyl-2-benzimidazolecarbamate
(MBC) during extraction with ethyl acetate, the
amount of MBC measured by the RIA reflects the
sample’s combined benomyl and MBC content.
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The ABs also bound 2-benzimidazoly! urea and 2-
aminobezinimidazole; this should not be a problem
since neither compound is a significant metabolite
of MBC. Several compounds that were thought
likely to occur in association with benomyl did not
cross-react in the assay. Newsome and Collins later
developed ElAs for benomyl and thiabendazole
(TFZ).?"® The coating AGs were synthesized from
succinamido derivatives of the haptens (Table 1).
The antiserum and analyte were preincubated for 15
(benomyl) or 30 (TFZ) min. TFZ solubilization was
aided by 0.1 N HCL. The benomy! EIA had a shal-
lower calibration curve but a lower DL than the RIA
(Table 6). The benomyl EIA’s specificity differed
from the RIAs: 2-ABZI did not cross-react in the
EIA. The anti-TFZ serum cross-reacted slightly with
MBC and 2-benzimidazoleurea. Bushway et al. used
Newsome’s approach to produce antiserum to MBC;
the antiserum was used in a rapid tube-based EIA
for MBC (Table 6) that is now marketed by IMS,
Inc. and Millipore.?™

Analytical efficiency was improved by a factor
of 4.5 when an EIA was used to screen food samples
for metalaxyl (Figure 16) residues.?®® The immuno-
gen and coating AG were prepared by means of
water-soluble CDI and mixed anhydride reactions,
respectively (Table 1). The sample and antiserum
were preincubated for 30 min. The ABs cross-re-
acted with the following compounds: metolachlor,
diethatyl ethyl, furalaxyl, and alachlor. Such broad
specificity indicates that the assay would be mainly
useful as a screening tool.

An EIA also has been reported for the detection
of triadimefon in foods.?®! The coating AG for this
assay was prepared from the derivatized hapten
(Table 1) using a mixed anhydride reaction. The
assay, which was similar in design to the EIA for
metalaxyl, also detected triadimenol, a metabolite
of triadimefon.

Iprodione also should be amenable to analysis
by 1A.?82 However, the only reported assay used
ABs that had poor specificity; probably because
they were directed against the heterocyclic portion
of iprodione. Several rearrangement and hydrolysis
products of iprodione interfered in the assay. The
fungicides Vinclosolin and procymidone were 3.5
and 10 times more reactive than iprodione in the
assay; however, those fungicides are not licensed
for use in Canada, where it was intended to use the
assay.
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Fenpropimorph is a difficult to analyze fungi-
cide that requires enrichment and derivatization; it
is thus an ideal candidate for analysis by IA. Jung et
al. 28 ysed a sensitive variant of the direct competi-
tive heterogeneous EIA?8* 285 for the detection of
fenpropimorph and its metabolite fenpropimorph
acid. The microtiter wells were first coated with
affinity-purified second AB. Analyte, enzyme-la-
beled hapten, and antiserum were then added to the
appropriate wells. After overnight incubation, the
wells were washed and the enzyme reaction was
developed. The performance of sera from four rab-
bits varied markedly, which again demonstrates the
benefit of using multiple test animals. The selected
serum had an optimal dilution of 1:2 x 105, which
is considerably higher than normal and suggests
that the IDAB format can help to conserve a finite
reagent. The IDAB assay format improves assay
precision by reducing color variability between wells.
Tridemorph was the only related compound that
cross-reacted (2%) in the assay; the antibodies could
distinguish between the cis- and trans-stereoiso-
mers of fenpropimorph.

Researchers in Italy have reported the develop-
ment of an EIA for the triazole fungicides.?®® The
ABs were raised against 2-(2,4-dichlorophenyl)-3-
(1H-1,2,4-triazoyl-1-yl)propanol (DTP) (Table 1)
and purified by chromatography on protein A. The
serum cross-reacted strongly with the commercial
triazole fungicides tetraconazole (Figure 16) and
penconazole. Other fungicides that contain either
the imidazole, pyrimidine, or pyridine groups did
not cross-react strongly. Further research is under
way into the effect of alternate coating haptens on
the assay’s sensitivity.

The antibiotic Blasticidin S (BLS), used as a fun-
gicide in rice culture, is currently analyzed by means of
bioassays. Kitagawa et al.”®” raised anti-BLS sera in
rabbits that were immunized using a BLS-protein
conjugate that was prepared using N-(m-
maleimidobenzoyloxy)succinimide (MBS, available
from Pierce) as a cross-linker (Table 1). The ABs were
highly specific for BLS and showed little cross-reactiv-
ity for other commonly used antibiotics.

F. Miscellaneous Analytes

IAs have been developed for a variety of
other chemicals that are either actual or potential
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environmental contaminants. An indirect EIA was
found useful for the analysis of 2-methylisoborneol
(MIB), a metabolite of algae and actinomycetes that
is a common cause of off flavors in water.?8® Cam-
phor, a related compound, was used as a surrogate
hapten (Table 1). The antisera were raised in goats
and the ABs were isolated by chromatography on
protein-G. Camphor-ovalbumin (OVA) was used
as the coating AG. Changes to the coating AG and
enzyme reaction failed to improve the assay’s mod-
erate sensitivity (5 to 1.25 pg/mi). The assay, which
was selective for camphor, camphorquinone, MIB,
bormeol and isoborneol, and 2-methyl-2-bornene,
would be more useful if its sensitivity were en-
hanced. Several approaches were subsequently used
in an effort to improve the assay’s sensitivity.?8? A
spacer arm was inserted between the camphor hap-
ten and the carrier protein, which resulted in a higher
titer antiserum. The improved titer, however, had no
effect on assay sensitivity. A direct competitive EIA
format that used an alkaline phosphatase label and
an enzyme amplification system also failed to lower
the assay’s I, value. Different blocking agents,
microtiter plates, and variations in shaking and in-
cubation times also were unsuccessful. Further ef-
forts to improve the assay’s performance would
probably have to focus on the generation of higher-
affinity ABs.

Wie and Hammock reported a useful EIA for
the determination of the widely used Triton X series
of nonionic detergents.?®® Inasmuch as these surfac-
tants are nonvolatile and unreactive, they were con-
sidered suitable for analysis by IA. The assay readily
detected all members of the Triton X series, and had
a DL of about 1 ng/ml of Triton X-100. The assay
was about 20 to 100 times less sensitive for the
Triton N series of detergents, although they were
still detectable. Other neutral and ionic detergents
did not cross-react.

IAs can play an important role in monitoring
the presence of pharmaceutical contaminants in the
aquatic environment.?>?°! Aherne et al.?? used clini-
cal assays to screen a variety of water samples for
the presence of natural and synthetic steroids and
the anti-cancer drug methotrexate. The assay detec-
tion limits were S to 10 ppt in preconcentrated
water. Norethisterone (17 ppt) and progesterone (6
ppt) were detected in river water, and methotrexate
(1 ppb) was detected in hospital effluent. Periodic
testing of the waters would assure that the risk to the
public’s health-remains low.
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Many assays that have been developed for the
detection of antibiotics in physiological fluids, food,
and farm animals 293297 also could be adapted for
use in the analysis of water and biota. Antibodies
and associated assays have been reported for afla-
toxins, 9829 ochratoxin A,79300301 trichothecenes,
and zearalenone!31392305 among other mycotox-
ins.”? An innovative EIA has been recently devel-
oped for the detection of mercuric ions in water.3%
The assay is based on an MAB that binds specifi-
cally to immobilized mercuric ions. The assay has
a working range of 0.5 to 10 ppb and proved as
sensitive as cold-vapor atomic absorption spectros-
copy. Two hybridoma clones that could distinguish
between BSA-glutathione and BSA-glutathione-
HgCl, were selected. The microtiter plate wells
were coated with BSA-glutathione. Water samples
were added to the coated wells and incubated for 30
min. Any mercury in the sample becomes bound to
the glutathione where it in turn can be bound by the
ABs. The remainder of the assay follows a conven-
tional indirect EIA format. Other metal ions do not
interfere in the assay. Unfortunately, interference
from chloride ions at concentrations of at least 1
mM could limit the assay’s use for the analysis of
seawater.

lil. PAB OR MAB TECHNOLOGY?

Both poly- and monoclonal ABs have been
used to develop effective environmental IAs.
Potyclonal technology has proven to be a cost-
effective source of ABs to many pollutants; about
80% of the published environmental 1As have used
PABs. Opinions differ as to which clonal type should
be favored for future methods. One of the main
advantages of hybridoma technology is the ability
to select clones that secrete ABs of the desired
specificity and sensitivity. Once selected, these
clones can be used to produce a virtually unlimited
supply of MABs.!3 AB supply will become a key
factor in the case of environmental IAs that become
accepted for widespread use. MABs, however, are
costly to develop, and the expense may not always
be justified for environmental applications?!® — at
least during the initial investigations of a method’s
usefulness. For the present, finite resources might
be more effectively used in the validation and imple-
mentation of some promising IAs in real world
applications, since the main challenge is to gain

wider acceptance of 1As as legitimate analytical
tools. For the future, there is little doubt that regii-
latory and legal pressures will demand carefully
standardized and reproducible methods and that this
will foster the wider use of MAB technology,?!°
which can be used to standardize the primary
ABs.!644077 Eventually, MABs will probably be-
come the key component of IAs that are approved
and standardized for the detection of environmental
contaminants. 3013 If, as expected, the cost of pro-
ducing MABs declines as the technology matures,
MABs may well become the clonal type of choice,
especially for commercial assay kits.33-307

A. Assay Specificity and AB Type

Chief among the perceived shortcomings of
polyclonal sera are poor selectivity and a variable
immune response. Owing to their broad specificity,
PABs often cross-react with molecules that are
closely related to the target analyte. Cross-reacting
compounds that are themselves pollutants or are
unlikely to occur in the matrix of interest are not a
serious concern. Moreover, it is often desirable to
detect a range of related contaminants or break-
down products; for example, the breakdown prod-
ucts of many pesticides are themselves highly toxic.
Furthermore, the presence of the degradation prod-
ucts of a pesticide may reveal prior contamination
with the parent compound. Thus, sera of broad
specificity are suited to many screening tasks. If an
application requires high selectivity, several steps
can be taken to improve serum specificity. Sera and
clones should be screened for acceptable selectivity
at an early stage in the assay development process.
If this initial screen is unsuccessful, the cross-react-
ing ABs can be removed by affinity chromatogra-
phy. Often the immunogen can be redesigned so as
to narrow the induced serum’s selectivity. The sys-
tematic design and evaluation of immunogens and
coating AGs has produced many sensitive and se-
lective PAB-based assays; often, the reagents can
be adjusted so that either a class of compounds or a
single analyte are detected.'®* Frequently, adjust-
ments to the assay’s kinetic and thermodynamic
parameters, such as assay temperature and duration
of incubation, can help to minimize unwanted cross-
reactions. The reader is referred to a recent review
article that deals with the latter topic in depth.!%
Serum variability can be a frustrating problem. Sera
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from different animals can have different specifici-
ties, even when raised against the same immuno-
gen; even serial bleeds from the same animal can
vary.*? The use of large host animals such as goats
or horses or the pooling of sera can provide large
pools of homogeneous sera.!”

The present report contains several examples of
assay specificity problems that were corrected
through the use of alternative immunogens. For
example, a serum that was raised against a 2,4-D
hapten that had been conjugated to carrier protein
through the S-position on the aromatic ring was
more sensitive to 2,4,5-T than 2,4-D (CR% =
19).170.17 Serum specificity was reversed by the
conjugation of 2,4-D through the acetic acid moi-
ety 7LI72174 Sera raised against atrazine haptens
that were conjugated through the 2-Cl position to
carrier protein (Table 1)1761%4 tended to cross-react
with a wide range of triazine herbicides. By cou-
pling atrazine through the ethylamino position,
Dunbar et al.!”’ and later Wittmann and Hock'#?
and Wust and Hock?® were able to narrow the assay’s
specificity. Anti-atrazine MABs that were raised
against an immunogen similar to Dunbar’s had a
comparable specificity pattern.!”® A thorough in-
vestigation by Harrison et al. confirmed that conju-
gation position and alkyl substitutions can play an
important role in the determination of serum speci-
ficity.19?

For applications that require the differentiation
of the target analyte from close structural relatives,
MABE:, because of their usually narrow selectivity,
can have the edge. Hybridoma techniques can be
used to solve many stubborn specificity problems.
MABS could probably be used to narrow the selec-
tivity of the PAB-based IAs that were developed for
the following analytes: molinate,?”® chlordane,?’
endosulfan,?*® metalaxyl,?*® and iprodione?®? — all
of which suffered from selectivity problems. The
selectivity of MABs, however, is not always supe-
rior to the equivalent polyclonal sera. This point is
well illustrated by the anti-paraquat MABs and PABs
that were generated by Niewola et al.,?% which had
similar specificities, with the exception of the MABs
higher affinity for diethylparaquat (CR% = 214 vs.
40).

Hybridoma technology was used to produce
ABs that could bind free Soman (MW = 183) after
earlier efforts with sera were fruitless.”® A MAB-
based IA for paraoxon was more selective than its
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PAB equivalent but still cross-reacted with par-
athion and p-aminophenyl paraoxon; the MAB as-
say also had lower sensitivity.252 254

The anti-dioxin MABs of Vanderlaan et al.!>*
were selective for the highly toxic PCDD and PCDF
congeners while discriminating against the less toxic
lower and higher chlorinated congeners. Anti-PCDD
sera, however, could still have a role because of
their ability to provide information on a broader
range of homologs.”?> A selection of anti-dioxin
MABES, each targeted against a different congener
group, would be an invaluable tool since it would
enable the analyst to select the binder based on
analytical requirements.*

In the past, MABs have tended to have lower
affinities,3® and thus inferior DLs to rabbit sera.’
Since sera contain ABs with a variety of affinities,
a small number of high-specificity and high-affinity
ABs can govern assay performance at low analyte
levels.!0 The use of multiple mouse strains and
improved clonal selection techniques would favor
the selection of high-affinity MAB clones. This
strategy probably offers the best prospects of gener-
ating high-affinity ABs for low molecular analytes,
such as glyphosate or amitrole. Recent innovative
assay designs, such as the IDAB format, have been
used in highly sensitive MAB-based assays for en-
vironmental contaminants (Table 4).

Some caution should be exercised in the inter-
pretation of data from the standard cross-reactivity
tests. Cross-reacting compounds that are likely to be
encountered in real world samples also should be
tested at realistic concentrations that match their
expected or known environmental levels. Other-
wise, a false sense of security in the assay’s specific-
ity can be created. This can happen with analytes
that exhibit low cross-reactivity at low concentra-
tions, but cross-react to a much greater extent when
present at elevated concentrations. A more thor-
ough method of calculating cross-reactivity that in-
volves measuring the bias due to cross-reactants in
the presence of the target analyte has recently been
proposed.388

IV. ASSAY SENSITIVITY

Ekins defines assay sensitivity, which is prima-
rily related to AB affinity or serum avidity, as the
imprecision of measurement of zero dose.3® It fol-
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lows from that definition that an assay’s DL is the
least amount of analyte that can significantly (p <
0.05) inhibit tracer binding.?* Thus, the DL is di-
rectly related to the experimental error associated
with analyte-free blanks from which it is commonly
deduced. The zero analyte’s error can be repre-
sented by the standard deviation (SD) of either the
B, tubes or of the negative control tubes. Alterna-
tively, the concentration-error relationship can be
plotted for a heavily replicated (x10) calibration
curve; the zero analyte’s error is estimated from this
plot by extrapolation of the curve to zero dose. 46308
The nominal working range of an assay is delimited
by the calibration curve’s linear region. The preci-
sion profile (PP) gives a more reliable estimate of an
assay’s working range since it establishes the con-
centration limits within which precision is accept-
able. The PP may be prepared from an extensively
replicated (x10) calibration curve: a PP for the tri-
tium-based RIA for PCDDs is shown in Figure 17 as
an example. The amount of analyte that inhibits AB
binding by 50% (1) is often used as a useful indi-
cator of the assay’s responsiveness since it estab-
lishes the analyte’s concentration in the most pre-
cise region of the calibration curve.

120 T L T

110
100
90 -
80 -
70+
60 -
50

CV %

40 -
30
20+

10{
0 Jooodo 4 o441yl 1 TR S Y W B S ISR | el

1 10 100 1000
2,3,7,8-TCDD

FIGURE 17. Precision profile for the PAB/ritium-based
version of the RIA for PCDDs.

A comparison of the sensitivities and DLs of
the reviewed methods (Table 3 to 6) is complicated
by the variety of techniques that have been used to

estimate that parameter. The DL has been most
commonly estimated by multiplying the error as-
sociated with the measurement of zero analyte by
a factor of 1,205 2,196221,226229.238254 5 5203 (5
3,146,150,167,171,186,214.283 The DLs of environmen-
tal IAs also have been estimated from the amount
of analyte that inhibits tracer binding by two times
the CV;28¢ multiplication of the mean SD of points
within the calibration curve by 3;2%2 estimation of
the concentration required to cause a specified
decrease in tracer binding (10 to
20%);194219.220236261,266.278334 ectimation of the
lower limit of the calibration curves’s linear
range;!78:229.247.248.238 egtimation of nonoverlapping
ranges of blank and test replicates;2%-12* differen-
tiation from noise level;!?* estimation of the
analyte concentration that corresponds to the value
of the 4 parameter logistic at the estimated upper
asymptote of the lower confidence limit;*?3 esti-
mation of the smallest quantity that can be ana-
lyzed in a single analysis with an error of 5%.!35
Some researchers prefer that the DL lie within the
calibration curve’s linear region, even though
lower concentrations may be detectable.?47248 For
reports that do not provide a DL, the tabulated
values (Tables 3 to 6) were estimated by the present
author from the published calibration
curves, 155.160,164,170,174,201,208,215.217,231,240,242,267,272~
274271281 Many other reports provide a DL but do not
describe its derivation, 73:122125.152,162.163,166,172,176,177,181-
183,197,200,216,230,237,249,255,257.260,268,270,287,320

The practical quantitation limit (PQL) also
has been gauged by multiplying the experimental
error associated with the zero analyte by a factor
of 10.278282 When the calibration curve is pre-
pared in the matrix, the DL is equivalent to the
assay’s quantitation limit. Assay performance
characteristics often differ between buffer and
matrix systems,>* and should be determined for
each matrix type.

A. HAHs (Summarized in Table 3)

The excellent sensitivity of the RIAs for 4-
acetamidobiphenyl and N,N’-diacetylbenzidine (DLs
< 10 pg) may have been influenced by the use of
succinamido spacer arms in the immunogens.
Newsome and Shield’s RIA for PCBs also per-
formed well at low analyte levels!® and warrants a
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full evaluation with environmental matrices. Al-
though not exceptionally sensitive, Westinghouse’s
IA for PCPs is probably adequate for use in surveys
of badly contaminated waters. Inasmuch as levels in
Canadian waters are usually in the region of a few to
several micrograms per liter,3% solid-phase extrac-
tion (SPE) or solvent extraction of samples would
be required for general monitoring applications. PCP
levels in sediments from industrialized areas of
Canada are usually below 50 pg/kg, but levels can
be higher close to point sources or spills.*® The
MAB-based EIA for PCDDs appears to have a
higher DL than the PAB-based RIA. A controlled
comparison should determine whether that differ-
ence is attributable to the assay format or the AB’s
clonal type. Preliminary data for a [°H]-based RIA
that uses MABs indicated that the assay’s calibra-
tion curve is shifted to the left of the PAB’s (L, of
210 vs. 350 pg).’!1¥ The [*H]-ligand version of the
RIA for PCDDs, particularly in its “low level” vari-
ant, was more sensitive than earlier 1%[-based assay
versions. Since the chlorinated dioxins are routinely
determined at vltra-trace levels, the performance of
the 1As for PCDDs at low picogram levels will
crucially influence their ability to screen extracts of
routine samples from the aquatic environment. Nev-
ertheless, the present IAs for PCDDs may prove
useful in the screening of samples from badly con-
taminated areas or in the screening of serum samples
from exposed populations.

B. Herbicides (Summarized in Table 4)

Although the performance of Rinder and
Fleeker’s RIA for 2,4-D and 24,5-T varied with
each batch of tracer,!”? it was apparently more sen-
sitive than the corresponding EIA;!”! inter-sera dif-
ferences, however, may have been the main source
of variation. The most sensitive 1A for 2,4-D was
developed by Knopp et al.,'’”? whose PAB-based
RIA had a DL of 100 pg. Several of the triazine IAs
also have excellent sensitivity. Huber’s use of ABs
that were immobilized on polystyrene spheres fa-
cilitated a low DL by permitting the analysis of
large sample portions (20 ml).”® Two recent con-
ventional EIAs from the same laboratory had DLs
of 20 ppt and 1 ppt of atrazine. 83184 The excellent
sensitivity of the latter!83 EIAs for atrazine and
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propazine (Table 4) was partly due to the choice of
enzyme fracer: a peroxidase atrazine conjugate that
was prepared using a CDI/NHS active ester proce-
dure. This ultra-efficient label permitted the use of
higher tracer dilutions than was possible for an alka-
line phosphatase-based system with a resultant im-
provement in assay sensitivity. Wittmann and Hock
used an innovative immunization protocol to gener-
ate a sensitive serum for deethylatrazine and
deisopropylatrazine; '’ the serum was combined with
the efficient peroxidase tracer to yield a highly sen-
sitive assay. The sensitivity of IMS’s EIA for atra-
zine was dramatically improved when the slightly
less convenient microtiter-strip format, called RES-
I-QUANT, was introduced (Ferguson, personal com-
munication). The MAB-based ElAs for atrazine
and hydroxyatrazine demonstrate that the advan-
tages of MAB technology need not come at the
expense of assay sensitivity. The enhanced lumi-
nescence A for the detection of triazines could
detect analytes at a threshold level of 100 ppt, al-
though accuracy was lower in the region of the
DL.'8” The MABs to triasulfuron yielded assays
with impressively low DLs that lay in the region of
5 pg/m1?%6 — which lends support to the theory that
assay sensitivity can be expected to improve as
MAB production techniques become more refined.
Of two MAB-based assays for paraquat, one
was reasonably sensitive but lacked selectivity,205-311
and the other was highly selective but somewhat
insensitive.?%® A MAB-based EIA for picloram was
more sensitive than the corresponding PAB-based
EIA (x 5) and RIA (x 50),2° mainly because its
calibration curve was steeper and shifted to the left.
However, the RIA’s sensitivity could probably have
been improved if a radioligand of higher specific
activity were used. The comparable sensitivities of
the paraquat RIAs and the better of the EIAs sug-
gest that neither tracer type is inherently superior.
Several of the IAs for small herbicide mol-
ecules such as maleic hydrazide and molinate re-
quired a preconcentration step for low-level analyte
levels. The mid-curve response of the molinate as-
say was improved by a factor of 4 to 5 when the
IDAB format was used.”® This format could prob-
ably be used to good effect with other analytes. The
improved sensitivity is probably a consequence of
the reduced levels of AB and tracer required to
produce a measurable response: competitive bind-
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ing assays are made more sensitive by lowering the
levels of AB and tracer. The sensitivity of the EIA
for bentazon was improved by derivatization of the
bentazon residues: N-methyl and N-ethyl deriva-
tives were most effective. 234

C. Insecticides (Summarized in Table 5)

The summarized data indicate that the EIA for
s-bioallethrin was more sensitive than the corre-
sponding RIA, and that the sensitivities of the RIA
and EIAs for parathion were comparable. Optimi-
zation of assay design had a profound effect on the
performances of EIAs for diflubenzuron and BAY
SIR 8514; their DLs were improved by factors of 16
and 10, respectively. The EIAs for diflubenzuron
were as sensitive as conventional HPLC and GLC-
electron capture detector (ECD) methods.?*” The
MAB-based assays for paraoxon and MATP were
less sensitive than their PAB equivalents. In the
case of MATP, the MAB’s superior specificity prob-
ably made up for the loss of sensitivity. The mag-
netic particle-based EIA for aldicarb proved to be
significantly more sensitive than the earlier direct
EIA that used microtiter plates as the solid phase
(Table 5).220

D. Fungicides (Summarized in Table 6)
A point of interest is the DL of the benomyl

EIA, which was lower than the corresponding RIA’s
despite the EIA’s shallower calibration curve. This

emphasizes the inadvisability of using the slope of

the assay calibration curve as a measure of assay
sensitivity. The exceptional sensitivity of the IDAB-
based TA for fenpropimorph may result in part from
the improved accessibility of AB binding sites. Un-
like conventional immobilization techniques, the
IDAB technique positions more of the bound ABs
correctly for effective coupling with hapten mol-
ecules. The IDAB format also probably causes less
denaturation of the ABs compared to direct coating
methods. Inasmuch as the second ABs are used in
large excess, virtually all of the primary ABs added
to each well are bound to the immobilized DABs,
which helps to reduce inter-well variability and
conserve a valuable reagent.’8-283

E. Criteria for Sensitive Assays

Assays with I, responses that are close to 1 ng/
ml in the final assay buffer have been categorized as
highly sensitive;'** an assay with an L in the 40- to
100-ng/ml range would be considered to have low
sensitivity. By these criteria, several of the assays
for HAH-type compounds (Table 3) are
sensitive;29(lriton version),124,155(0.25%Cutscum  ver-

sion),130,160,162,163,167 several are of intermediate
sensitivity ,29(GC5 serum, cutscum version), 125,153,155 44 gne
has low sensitivity.!% The assays described in Tables
4 to 6 could be similarly classified. One must be
aware, however, that assays such as Hunter and
Lenz’s IA for paraoxon?? (Table 5), which had a
high L, value but a low DL (28 pg/ml), could be
misclassified by this scheme.

Most of the reviewed assays are adequately
sensitive for environmental screening tasks. In cases
where the analyte must be quantified close to the
statistical DL, it may be necessary to preconcentrate
the sample, prepare a detailed calibration curve, or
mathematically extend the curve’s linear range.??
A simple preconcentration step such as SPE or
solvent extraction can dramatically improve an IA’s
PQL, although the improved sensitivity is often
unnecessary for screening applications. SPE is par-
ticularly convenient for water-borne analytes. Sev-
eral steps can be taken during assay development to
help improve the sensitivity of the final product.
These include the use of a spacer arm in the immu-
nogen, which often improves serum avidity by en-
hancing the hapten’s recognition by the host’s im-
mune system. Different linkage arms should be
used in the immunogen and tracer (or coating AG):
heterologous assay systems are frequently more
sensitive than their homologous equivalents. The
IgG component of the serum can be purified by
IAC: affinity-purified ABs tend to be more sensi-
tive, though less stable, than whole sera.

Although the sensitivity of competitive IAs is
primarily related to AB affinity or serum avidity,
fine tuning of the assay format and mechanics can
help improve many assays. For instance, a
preincubation of ABs and analyte may help im-
prove the sensitivity of some assays. The excellent
sensitivity of the polystyrene sphere version of the
triazine 1As!®2 and the success of the IDAB for-
mat?83 show that innovative assay design can push
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an assay’s performance to lower limits. The
ultrasensitive EIAs that have been originated by
Ishikawa et al.%8 use a noncompetitive EIA format
that is combined with fluorometric detection of the
enzyme’s reaction products in a design that should
be adaptable for many environmental analytes. Phe-
nomenal DLs in the milli- to attamole range have
been reported for these assay systems. A competi-
tive version of this EIA format that was based on the
measurement of hapten-occupied binding sites also
was remarkably sensitive (DL of 0.1 x 1013 M for
thyroxine). Fluorogenic enzyme substrates have also
been used to dramatically lower the DLs of EIAs for
other analytes of clinical interest.® This approach
could prove useful in enhancing the performance of
EIAs for the detection of ultra-trace environmental
analytes such as the HAHs. EIA DLs can also be
lowered through the use of signal amplification
systems such as biotin-avidin auxiliary labels.?’ In

essence, the biotin-avidin system increases the num-
ber of enzyme molecules bound to each AG-IgG
complex; this allows a reduction in the amount of
primary AB that is used in the assay, thus lowering
the DL.1673,312,389

V. SAMPLE PREPARATION

The exceptional sensitivity and selectivity of
the TA technique often permit a reduction in sample
preparation compared to conventional methods.*#>
Sample preparation can frequently be eliminated in
the case of water samples and physiological fluids.
IAs have been used to detect the contaminants listed
in Table 7 in crude liquid matrices. For many
nonaqueous matrices, however, there is a point be-
yond which there is a trade-off between reduced
enrichment and assay sensitivity. IAs, as aqueous

Observations Ref.
Sensitivity loss in plasma 172,174, 346
174, 230
ppm levels 229, 331, 320
194, 196, 184,

199, 178, 183,
328, 200, 28
181
Slightly reduced sensitivity 252, 253
Reduced sensitivity 249
203, 332
212
283
Reduced sensitivity 243

247
217,219, 328
214
166

Some matrix effects

TABLE 7

Use of 1As to Detect Contaminants in Aqueous Matrices Without Clean-Up
Analyte Matrix

2,4-D River water, urine, serum, plasma

Picloram River water, urine

Molinate Water

Hydroxyatrazine,

atrazine Water

Terbutryn River water

Paraoxon Serum

Parathion Serum

Paraquat Plasma and urine

Paraquat Milk

Fenpropimorph Tap water and soil percolation water

s-Bioallethrin Milk

Diflubenzuron

BAY SIR 8514 Stagnant water

Alachlor Water

Diclofop-methyl Serum and urine

PCP Groundwater

Deethylatrazine,

deisopropylatrazine
Paraoxon

Soman

Aldicarb

MBC

Carbofuran
Paraquat

TNT
4-Nitrophenol

272

Water, groundwater
Blood

Water, serum, milk
Stream water
Juices

Well water

Serum

Tap water
Environmental water

No matrix effects 185

333
Reduced sensitivity 262

268, 220
Slight matrix effects 279

328
TritonX-100 and sodium dodecyl 213

sulphate used to limit NSB
167
169
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phase tests, are generally easier to apply to hydro-
philic rather than lipophilic molecules. Polar
analytes tend to be located in a sample’s aqueous
phase where they can either be directly bound by
the ABs or from which they can be readily ex-
tracted. Nonpolar analytes, on the other hand, are
usually present in the lipid or oil fraction of environ-
mental samples from which they must first be ex-
tracted. Once extracted, the nonpolar analytes can
be solubilized with the aid of nonionic detergents,
protein solutions, or small amounts of polar solvent.
The ABs draw the analyte from the detergent mi-
celles into the binding site by a process of mass
action.” The following polar solvents have been
used to aid the solubilization of analytes in environ-
mental IAs; DMSQ,47:160.234,249,282,313 acetonitrile
( ACN),229’234'240’247’248’270'320 dimethylformamide
(DMF), 25 methanol, 164200234.237.262266 270,271, 280281,320
ethanol,249:262267.286.288 propvlene glycol, 229320 and
dioxane.?® Solubilization agents should be care-
fully evaluated for each assay system because of the
unique nature of AB-AG reactions. To illustrate this
point, a variety of AB and coating AG systems that
were evaluated for the bentazon IA were observed
to have strikingly different tolerances for ACN (10
to 50%).234 Also, the EIA for methoprene was about
three times more sensitive when the calibration curve
was prepared in MeOH than in ACN. The harmful
effects of ACN were offset by the inclusion of 0.5%
BSA in the diluent.270:271

The need to separate lipophilic analytes from
oily matrices is a major impediment to the routine
use of IAs for the detection of such compounds. If
alow DL is to be achieved, lipophilic analytes (such
as dioxins) must be thoroughly separated from re-
sidual lipids. For that reason, some experts suggest
that highly lipophilic compounds may not be ideal
target molecules for analysis by IA since many of
the technique’s cost and speed advantages are lost
during the clean-up process.'?® On the other hand,
the high cost of analysis for those compounds ($1500
to $2000 for PCDDs) is a strong stimulus for the
development of screening methods. The amount of
sample preparation could probably be reduced for
analytes and samples that need not be analyzed at
ultra-trace levels. Even for analytes such as dioxins,
which must often be extensively enriched,'¥” 1A
could reduce the number of samples that must be
confirmed by high-resolution GC-MS, thus lower-

ing analytical costs and helping to reduce a lab’s
capital burden.

Environmental matrices are more variable and
interference prone than is common in clinical appli-
cations. There are three main types of interference:
compounds that cross-react (positive interferences),
matrix components that interfere with the AG-AB
reaction (negative interferences), and matrix com-
ponents that interfere with the assay detection sys-
tem. Sample preparation protocols are designed to
eliminate or minimize those interferences and they
should be matched to the assay system, the matrix,
and the desired level of sensitivity.

Acid digestion of extracted lipids followed by
chromatography on basic alumina was used to en-
rich PCDDs from liver, adipose tissue, and sandy
soil samples that were screened by RIA.2%144 From
3- to 50-mg equivalents of starting adipose tissue
was analyzed per assay tube. Some negative inter-
ferences that were found to limit assay sensitivity
could probably be removed by an improved clean-
up method. A similar clean-up protocol was used to
prepare Aroclor, liver, and adipose samples that
were contaminated with PCDFs for analysis by
RIA.!?* Low-level positive interferences from the
Aroclor and tissue samples adversely affected the
RIA’s sensitivity.

A minimized clean-up was used to prepare a set
of PCDD-contaminated industrial and soil samples
for screening by EIA; the samples were
chromatographed on activated carbon and then
passed through a combination column that con-
tained acid silica and AgNO,-treated silica.!* The
reduction in the number of clean-up steps enhanced
the JA’s value as a screening test and was designed
to remove hydrophobic matrix material that might
overwhelm the detergent-based solubilization sys-
tem. The reduced clean-up was adequate for the
high analyte levels in the chemical and oil samples
that were tested. Extracts of a sandy soil that were
similarly prepared were analyzable by EIA; how-
ever, extracts of other soils interfered with the EIA.

The amount of clean-up used to prepare a Lake
Trout extract was found to influence the perfor-
mance of the RIA for PCDDs.!#’ The assay’s ca-
pacity was related to the degree of clean-up and the
choice of solubilization agent. The presence of re-
sidual interferences meant that the assay’s sensitiv-
ity could not be improved beyond a certain point by
simply increasing the sample size. Higher than op-
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timal increases in the sample size narrowed the
assay’s working range, adversely affected the dose
response, and raised the DL. A more rigorous clean-
up may help to lower the assay’s quantitation limit
by permitting a further increase in the amount of
extract that can be added to the assay tubes. Other
matrices, such as water, may not require so exten-
sive a clean-up, or, if heavily contaminated, may not
demand as low a DL, in which case the sample
preparation could be reduced.

Newsome and Shields passed solvent extracts
of PCBs from blood and milk through a column of
neutral alumina prior to analysis by RIA.!% Despite
slight analyte losses from the spiked matrices, this
minimal clean-up sufficed. ACN/water extracts of
permethrin-contaminated beef were effectively
cleaned up by partitioning against hexane and puri-
fication on alumina before analysis by EIA.2*0 The
assay’s response was linear from 50 to 500 ppb in
the presence of extract. Clean-up by SPE on C18
cartridges was required before extracts of wheat or
barley could be screened for imazamethabenz con-
tent by EIA.2%

Wie and Hammock did not observe matrix in-
terferences when using EIA to analyze diflubenzuron

and BAY SIR 8514 in stagnant or WHO synthetic
water.2*’” When whole milk was analyzed, however,
it was necessary to extract the samples with EtAc
and use a multistep clean-up.?*® Calibration curves
prepared in the final extract indicated that the ex-
tract was interference free.

IAs can frequently be used to detect more polar
analytes in solid matrices after a simple extraction
with solvent or acid and resuspension of the extract
in buffer.'?’ This point is borne out by the contami-
nants listed in Table 8, which were analyzed by 1A
in crude extracts of a variety of matrices. Goh et
al. 33 studied the effects of the extraction solvent on
the tube version of IMS’s EIA for atrazine and
recommended that for field applications the residual
solvent should be diluted to at least the maximum
tolerable level; for laboratory applications, the sol-
vent can be easily removed. The ability of four
solvents to extract atrazine from soil was found to
depend on the concentration of atrazine.3'® A metha-
nol-water mixture was best suited to the EIA. The
effect of residual solvents needs to be established
for individual assay systems because assay design is
known to affect susceptibility to residual solvent
effects.! IMS’s microtiter plate-based EIA for atra-

TABLE 8
Use of 1As to Detect Contaminants in Crude Matrix Extracts
Analyte Matrix Observations Ref.

Benomy! Food, produce 277,278
Metataxyl Food, produce 280
Triadimefon Food, produce 281
Iprodione Food, produce 282
Chlordane Sail 237
Parathion Produce Reduced sensitivity 249
Picloram Soil 230
Hydroxyatrazine

atrazine Soil 194, 196
Atrazine Soil Some positive interferences 315
Molinate Soil Positive interferences 320
Clomazone Soil Some negative interferences 215, 216
Paraquat Soil 206, 311
Paraquat Beef, potatoes 212
Chlorsulfuron Alkaline soil extracts ~ Some matrix interferences 225
Diclofop-methy! Soil and biota 214
Metolachlor Soil Slight interference in direct EIA 221
MBC Betries Slight positive interference (3 ppb) 334
Methoprene Wheat, tobacco Enhanced performance in wheat matrix 270, 271
Urea herbicides Potato, wheat Matrix interferences with Linuron assay 227
Triasulfuron Solil Blank matrix effects, removed by clean-up 226
Atrazine, deethyl atrazine  Soil 186
Fenitrothion, CPM, PM Grain 266
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zine also was interfaced by Stearman and Adams
for the extraction of soil.3'” Their data suggested
that vortex mixing at room temperature in ACN:H,0
(9:1) followed by overnight incubation was more
effective than soxhlet extraction in ACN:H,O or
vortex extraction in ammonium acetate, Each of the
solvent systems affected the EIA when the solvents
level was greater than 5%. The ACN:water mixture
proved superior to MeOH or ammonium acetate. In
another study, a very simple aqueous extraction
system method that recovered 1/3 to 2/3 of the
MeOH extractable analytes was used to extract atra-
zine and deethylatrazine from soil samples for screen-
ing by EIAs. When EIA was used to measure atra-
zine in milk samples, it was necessary to prepare the
atrazine calibration curves in milk of a similar lipid
composition to the samples in order to counteract
matrix effects.® Tt was postulated that lipid in the
high-fat milks solubilized the atrazine and rendered
it inaccessible to the ABs.

The pH and ionic environment of samples and
standards should be similar, which may necessitate
adjustments to the assay and diluent buffers,?!2234
so as to prevent curve shifting effects. Concentrated
PBS (10x) can be used to equalize ionic effects in
water!®229 and juice samples.?’”® IMS’s EIA for
triazines has been reported to be resistant to interfer-
ences caused by humic substances.3!

Residual interferences can be revealed by the
preparation of an assay calibration curve in the
presence of the matrix.# In the absence of matrix
interferences, the curve prepared in matrix should
parallel the control curve. Minor interferences may
cause a slight shift in the curve’s location, which
can reduce assay sensitivity without affecting paral-
lelism. In the absence of serious matrix interfer-
ences, the addition of a spike to the sample extract
should cause additive inhibition. The routine use of
matrix blanks is a good safeguard against residual
matrix interferences.* JAC techniques can be used
to conveniently prepare matrix blanks.??’ In most
cases, slight matrix-induced biases should not limit
an assay’s usefulness.

SPE, usually using C18 or C8 bonded silica, is
a convenient way to enrich trace analytes from
aqueous samples. If the target compound can be
eluted from the SPE column by a water-miscible
solvent such as methanol or ACN, there should be
no need for a solvent removal step.30 Should a
solvent exchange be necessary, a small volume of

keeper solvent, such as propylene glycol, can pre-
vent losses of volatile analytes.”® SPE methods
are easily automated, which makes them ideal for
use with large sample sets. SPE has been used to
prepare the following water-borne contaminants
for screening by IA: 2,4-D and 2,4,5-T,170.17!
molinate,3?® PCP,'%¢ B. thuringiensis israelensis
d-endotoxin,?’* bentazon,” benzo-a-pyrene, 164 S-
triazines,3!° and cyanazine.'?

Supercritical fluid extraction (SFE) was used to
extract 4-nitrophenol and parathion residues from
soil samples for subsequent screening by EIA 34
An oxidant was used to convert the extracted par-
athion to nitrophenol so as to render it detectable by
the anti-4-nitrophenol ABs (Tables 1 and 3).

Russell et al. were the first to report the ability
of ABs to bind AGs in anhydrous organic sol-
vents.”> MABs raised against 4-aminobiphenyl were
immobilized on glass beads for the experiments.
The ABs functioned better in hydrophilic solvents.
Recently, Stocklein et al.’?! studied the ability of
two immobilized PAB preparations (C14 and C193)
to bind triazine herbicides in organic solvents. Bind-
ing to C14 appeared to be positively influenced by
solvent polarity, whereas binding to C193 was more
dependent on atrazine’s solubility in the solvent.
The specificity of the ABs for atrazine was higher
in toluene than in buffer. Thus, it may be possible to
screen triazines after elution from SPE columns
without the need for a change of solvents. Anti-
progesterone ABs also have been observed to retain
their activity in hexane, although calibration curves
were shifted to the right and the reaction rate was
slowed somewhat.3?2 ABs are thought to retain their
activity in solvent because of a residual shell of
surrounding water. The nonconjugated AB loses
activity in the solvents. Anti-aldrin ABs conjugated
to a carbohydrate polymer were reported to retain
96, 60, and 57% of their binding affinities in ACN,
MeOH, and 2-propanol, respectively.*?> The ability
of ABs to function in organic solvents may find
application in the immunoassay of hydrophobic com-
pounds such as HAHs,

V1. VALIDATION AND ROUTINE
APPLICATIONS

One of the most informative ways to validate
IA performance is to make a critical comparison of
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its performance with that of an independent control
method.””-’885 The data in Figure 18 illustrate the
results of such a validation exercise; in this case,
EIA and GC/MS were used to determine alachlor in
water samples. Samples from a variety of locations
should be used in any validation exercise because of
the inherent variability of environmental matrices;
assay performances should be rigorously confirmed
and validated for each matrix type. The samples can
be subdivided and fortified in order to test for addi-
tivity of the dose response.!> The key assay perfor-
mance and reliability parameters such as sensitivity
and precision need to be established for each in-
tended matrix. There is a recognized need for a
generally acceptable protocol for the validation of
assays, 883 so that assay developers and end-users
can have equal confidence. A recent interlaboratory
comparison of atrazine EIAs that was held in Ger-
many was a step in the right direction.3?* Several
federal government agencies in the U.S. as well as
the Association of Official Analytical Chemists
(AOAC) and the IUPAC are reported to be devel-
oping guidelines for the evaluation of EIA kits.!33 It
has been suggested that screening techniques should
not have to meet the same rigid requirements of
quantitative methods.!! Kaufman and Clower!33 re-
cently published an informative account of the re-
view and approval process that has been proposed

12

ppb alachlor by GC/MS

by the Food Safety and Inspection Service (FSIS) of
the U.S. Department of Agriculture.32 FSIS wisely
recommends that particular attention be paid to points
slightly above or below the cut-off value in valida-
tion experiments. Applicants would have to assure
a [-year supply of key reagents. The comerstone of
the proposed approval process will be successful
assay performance in a supervised collaborative
study. The EPA is reported to be correctly placing
the onus for documentation and optimization of an
assay on the developer and making a requirement
that adequate pools of key reagents, such as ABs, be
available before an assay can be approved.!>* A
method’s final acceptance will depend on its perfor-
mance in a collaborative study. The AOAC has
published guidelines for collaborative studies that
are intended to validate analytical methods. Those
guidelines could be readily adapted by regulatory
organizations as the basis for an approval process. >’
Once approved for routine use, it is critical that a
kit’s performance be assured by the manufacturer in
the long term.388

A. HAHs and Related Compounds

Johnson et al.!62.163 validated their RIAs for the
detection of biphenyl compounds by demonstrating

¢] 2 4
ppb alachlor by ELISA

6 8 10 12

FIGURE 18. Validation of EIA for alachlor by comparison with GC/MS (R =
0.84). (Reprinted with permission from Feng et al., J. Agric. Food Chem. 1890,
38,159-163; American Chemical Society.)
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that the assay calibration curves were parallel to
curves prepared in fortified urine samples (R =
0.99). Newsome and Shields compared the ability of
GL.C and RIA to recover PCBs from fortified milk
(20 to 80 ppb) and human blood (2 to 16 ppb).16°
Both methods compared well (R? = 0.96 for milk
and 0.99 for blood), although the average recovery
of analyte was inferior for the RIA (74 vs. 99% for
milk and 79 vs. 96% for blood). Westinghouse vali-
dated their EIA for PCP by comparing the ability of
GC and EIA to recover analyte from fortified ground
water and surface water. Both methods yielded simi-
lar results for both crude water samples and SPE
extracted samples, which indicated the absence of
serious matrix effects.! The EPA have evaluated
the ability of the EIA for PCP to screen drinking
water, ground water, and surface water.3? Spiked
and unspiked samples were analyzed at the
Westinghouse and EPA laboratories. The relative
standard deviations for the EIA tests was 10 to 12%,
which compared well with the value of 10% for the
confirmatory GC method. No false-negative results
were generated in either laboratory and the false-
positive rate was less than 10%. ANOVA failed to
uncover any significant differences between EIA
and GC methods or between the IA performance at
the two labs, apart from a difference between the
EIA results for unconcentrated water samples. The
variability of the EIA results was higher when
unconcentrated water was analyzed. Although the
EIA yielded more variable data than that produced
by the GC method, the EIA’s other characteristics
support its potential as a screening technique.
Albro et al. assessed the ability of RIA to detect
PCDDs in liver and adipose tissue from PCDD-
contaminated monkeys.?? There was good agree-
ment between the RIA and the GC/MS and GC/EC
techniques. Afghan et al. subsequently used RIA
and GC-MS to detect 2,3,7,8-TCDD in a variety of
fish extracts.3% Low-level false-positive results were
probably caused by matrix interferences or the pres-
ence of congeners other than 2,3,7,8-TCDD. A
double blind evaluation of the RIA that used mini-
mally enriched extracts of human adipose tissue
also was undertaken.!* Each sample (60 mg/tube)
was independently analyzed by GC/MS and RIA
(3%). The number of false-positive samples (5.9%)
and the 57% false-negative results at the lowest
spike level (18 pg) indicated that additional clean-
up was needed. The RIA had areliable sensitivity of

100 pg (p < 0.05) per tube: 100 pg in a 60-mg
sample is 1.7 ppb. The performance of the RIA for
PCDDs also was evaluated using fortified Lake
Trout extracts.!4’ Samples were deemed positive if
they were statistically distinguishable from a matrix
control using a one-sided ¢ test. The lowest concen-
tration detected was 67 ppt of 2,3,7,8-TCDD in
300-mg equivalents of fish (p < 0.05).

The MAB-based EIA for PCDDs was validated
using a variety of industrial and soil samples that
contained between <1 to 1750 ppb of the most toxic
PCDDs/Fs.!>® The enriched extracts were subdi-
vided and analyzed by EIA, confirmed by GC/MS,
and tested for an additive response. The GC/MS and
EIA results were correlated for the total amounts of
tetra- and penta-PCDDs and PCDFs. This was con-
sidered a satisfactory result since the two methods
do not measure exactly the same congeners. With
the exception of some of the soil samples, the EIA
responses were additive. The applicability of the
RIA for PCDFs was demonstrated by the measure-
ment of analyte in rat and monkey tissues;'?* GC/
MS and liquid scintillation techniques were used as
control methods. The EIA for benzo-a-pyrene un-
derestimated BP metabolite levels by about 70%
when a BP reference curve was employed.!%* The
accuracy and precision of the EIA for TNT were
examined by spiking tap water with the target
analyte.!8” The EIA for 4-nitrophenol and
monosubstituted-4-nitrophenols was able to detect
the target analytes in a variety of environmental
waters without evidence of matrix effects.!®

B. Herbicides

RIA was used to accurately recover 250 to
2500-ppb spikes of picloram from river water and
urine.!”* The inter- and intra-assay precision of MAB
and PAB versions of a picloram EIA were assessed
using calibration standards and fortified samples.?3
The mean assay precision was excellent for the
calibration standards (intra-, <7%; inter-, <16%).
When fortified plant extracts were analyzed, the
intra-assay variability of the MAB assay (CV% =
10 to 29) was found to be much lower than that of
the PAB assay (mean CV% > 80). Only the MAB-
based assay was able to efficiently recover spikes
from fortified water (78%), soil extract (73%), and
plant extracts (112%). Despite some systematic in-
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terferences, a dose response was established for
each matrix. The EIA for chlorsulfuron also was
prone to matrix effects, although it was still possible
to establish a dose response for soil extracts.??> The
chlorsulfuron assay’s PQL compared favorably with
both bioassay and HPLC methods. Similar interfer-
ence problems were encountered when the MAB-
based EIA was used to assay triasulfuron in soil
extracts.?26 A clean-up step reduced the interfer-
ences to acceptable levels. The assay was validated
by fortification of various soils over the concentra-
tion range of 0.1 to 10 ppb; the mean recovery was
78% and the CV ranged from 3.2 to 26%. Schwalbe
et al.21* used fortified extracts of biological and soil
samples to validate their FIA and EIA methods for
diclofop-methyl. The IA results correlated well
(R = 0.99) with both a GC and a liquid scintilla-
tion control method.

Good agreement and acceptable precision (in-
ter-, 14%; intra-, 6.3%) were observed when a set of
hydroxyatrazine spiked soil samples were analyzed
by IA and HPLC;!% the overall variation in recov-
eries was from 46 to 100%. A set of 19 soils (for
hydroxyatrazine) and 28 water samples (for atra-
zine) were analyzed; apart from some HPLC-re-
lated interferences, the methods compared well (R
= (0.91 for water). The soil extracts contained some
interferences that were probably caused by residual
matrix components or cross-reacting triazenes. IMS’s
tube-based EIA for atrazine had good precision
over its working range when used to analyze a
variety of water (CV% =4.1to 23.8) and soil (CV%
= 6.8 to 20.3) samples.!** This rugged assay also
compared well with a reference HPLC method when
used to analyze a variety of fortified water and soil
samples. The few discrepancies observed were prob-
ably caused by cross-reacting triazenes or their deg-
radation products. Bushway et al. used a set of water
samples from Czechoslovakia to compare the per-
formance of the tube-based IA for atrazine with a
reference HPLC technique.®?’ The water samples
contained a wide range of atrazine residues (0.2 to
12700 ng/ml). The methods gave consistent results
that correlated well (R = 0.998; log-log compari-
son). The EIA’s repeatability was assessed using a
set of fortified water samples. The samples were
analyzed once on each of 6 days. The CV% ranged
from 5.7 to 10.9 over the fortification range of 0.25
to 10 ng/ml; this is more than satisfactory for a
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residue method. The method’s precision also was
examined using nine water samples (CV% = 5.9 to
26.2). The EIA resuits showed a high bias, which
may have been caused by cross-reactivity with other
triazine herbicides. Bushway’s teamn also used EIA
to determine the extent of atrazine, alachlor, and
carbofuran contamination of well water in Maine.>28
The samples from 58 wells were analyzed by EIA
and a SPE/HPLC reference method. Nine well wa-
ters that had previously tested negative for the three
pesticides were spiked at 0.5, 1, and 5-10 ng/ml and
used as positive controls. The EIA and HPLC re-
sults for the atrazine positive subsets from three
surveys were in good agreement for the atrazine
analyses (R = 0.97). Similarly, correlation coeffi-
cients of 0.94 and 0.96 were obtained for the
carbofuran and alachlor methods, respectively. A
fairly high incidence of false-positive results for the
alachlor EIA was attributed to the possible presence
of alachlor metabolites. The authors were unable to
test their hypothesis because of the lack of reference
metabolites. The alachlor EIA should still be valu-
able as a screening test since it would have facili-
tated the elimination of many alachlor free samples
from further analysis. IMS’s atrazine kit also has
been validated using food samples and milk
samples.3!® 32 The EIA for deethyl- and deisopro-
pylatrazine had an inter-assay CV of 4.5% when
used to analyze deethylatrazine controls on 10 dif-
ferent days.!®> EIA analysis of spiked tap water and
environmental water was accurate, which indicated
the absence of serious matrix effects. When
Schneider et al. monitored atrazine and deethyl-
atrazine levels in soil samples, the EIAs gave results
that were comparable, although somewhat higher
than those of an independent GC method.!86

A total of 13 laboratories participated in an
interlaboratory validation of EIAs for the detection
of S-triazines in water samples.>?* Spiked and
unspiked samples of ground water, drinking water,
and surface water were analyzed; a reference labo-
ratory used GC/MS. A variety of EIA kits were
evaluated in the study including kits from IMS
(Res-i-Mune and Res-i-Quant), Hock’s laboratory,
and Envirogard. Only a few of the laboratories were
able to precisely determine the atrazine content of
the samples. The main problems appeared be the
inexperience of some of the participants and cross-
reactivity by other triazines. In a later more rigorous
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evaluation of the three best assay systems (Res-i-
Quant, Hock’s, and Envirogard), each of the IAs
correctly identified the negative samples. Test kits
that employed broad specificity ABs (Res-i-Quant
and Envirogard) yielded higher than normal atra-
zine levels. The study’s organizers made several
useful recommendations: (1) IA laboratories should
be certified and personnel must be highly trained;
(2) an exact description of the assay’s protocol
should be available; (3) an assay’s working range
should be close to the middle of the calibration
curve; (4) at least six calibration points should be
used; (5) if the matrix is unknown, a fortification
experiment should be undertaken; and (6) four par-
allel measurements should be made per sample to
guard against erratic results.

Goh et al. reported that the IMS tube-based EIA
can give variable results with standard solutions.3!6
ANOVA indicated that most of the variability could
be attributed to the within-assay replicates and prob-
ably resulted from technique problems or a lack of
kit uniformity. Those researchers analyzed a set of
48 soil samples using GC and EIA; the results
indicated good correlation (R? = 0.97) between the
two methods despite a significant bias on the part of
the EIA data that was mostly caused by dilution
artifacts.3!6 Thurman et al. compared the ability of
the IMS tube assay and GC/MS technique to re-
cover a group of triazine herbicides from surface
water and ground water.3!” Both methods were
comparable (R = 0.91) over the range 0.2 to 3 ppb.
The correlation was maintained when the samples
were enriched by SPE; the data were corrected for
cross-reactivity factors. No false negatives were
reported at a DL of 0.2 ppb. The IDAB-EIA for
triazine that was developed by Hammock’s team at
UCLA was used to determine simazine in soil
samples that were from an investigation of leaching
from agricultural fields.*3° There was good correla-
tion between the data produced by the EIA and an
independent GC method (R? = 0.82 to 0.89), al-
though there was evidence of some bias in the
results. At levels below 100 ppb, the EIA gave
higher values than the GC method; whereas this
situation was reversed above 100 ppb. The perfor-
mance of the same assay also has been validated by
its originators; acceptable recoveries were obtained
from spiked waster samples and from spiked soil
extracts. The assay could tolerate up to 10% metha-

nol in the extracts and no interference effects were
observed.!8

Sharp et al.'” assessed the performance of their
EIA for triazines by comparing the ability of the IA
and a conventional GLC/nitrogen phosphorus de-
tector (NPD) method to recover a range of atrazine
spikes from water and soil samples. A paired ¢-test
indicated there was no significant difference be-
tween the methods, although the EIA values for the
soil samples were about 15% higher than the GLC
values. Huber and Hock found no difference in the
performance of the EIA for terbutryn when it was
used to analyze filtered river water and tap water. 18!
The EIA of Wust et al.'®* for atrazine corresponded
well with a GC confirmation technique when used
to analyze a set of water samples. Calibration curves
that were prepared in various unfiltered and unbuf-
fered environmental waters varied little from buffer
controls when analyzed by the EIA of Harrison et
al.1 for atrazine. Shell Research’s EIA for cyanazine
was validated using a variety of atrazine- and
cyanazine-contaminated samples.!?” The IA results
agreed with those of a reference GC method, and
the method has subsequently been used in monitor-
ing applications.

The EIA for molinate was validated by the
preparation of calibration curves in creek and rice
field water.??® Although shifted to the right, the
curves prepared in matrix were parallel to the refer-
ence curve. The assay’s precision was acceptable
(intra-, 4%; inter-, <10%). The assay’s performance
was later verified by -comparison with a GC
method.””>32° The IA and GC methods gave compa-
rable recoveries of molinate (1 ppb to 1 ppm) from
extracted tap, creek, ditch, and rice field water
samples (R? = 0.995). Calibration curves that were
prepared in soil extract were interference free when
less than “5% soil extract” was used, although the
data for low-level spikes showed elevated variabil-
ity and a raised DL. The EIA and GC methods also
compared well when used to analyze soil extracts
and air samples from rice fields (R? = 0.986), al-
though the EIA estimates were biased on the high
side (up to 3x).

The practical usefulness of the molinate EIA
was rigorously tested when the assay was used to
study the herbicide’s dissipation and distribution in
a treated rice field.>*! Negative and positive con-
trols were used to assess the EIA’s reliability. The
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water samples from the rice field were split and
analyzed by GC and EIA. The assay calibration
curve was repeatable (n = 56) and precise. The
positive and negative controls did not exceed the
mean #2SD for the study’s duration. ANOVA
showed that the largest source of the positive
control’s variance was the replicate wells. The EIA’s
estimate of the amount of molinate that was added
to the fortified samples was significantly different
from the actual amount added. The GLC estimates
did not exhibit this effect. Nevertheless, the GLLC
and EIA results for the field water samples were
well correlated (R = 0.9).

Although more rugged than its heterologous
counterpart, the homologous version of the EIA for
maleic hydrazide was affected by residual matrix
components when it was used to screen potato
samples. The matrix effects depended on potato
variety, the antibody, and the method of sample
preparation.?** Spike recoveries were more variable
from the sample matrix than from blanks. Good
correlation between the EIA and a colorimetric
method (R = 0.92) was observed.

Fleeker validated two EIAs for 2,4-D using
ground water samples that had been fortified with
[“C] 2,4-D.'7! The EIA data compared well with
the scintillation control method (R = 0.99). Knopp
et al.!”? used fortified human serum (5 to 250 ppb)
to evaluate an RIA for 2,4-D; analyte recoveries
were in the 94 to 104% range and the inter-assay
CV% was a low 5.3. The RIA of Hall et al.'”* for
2,4-D was validated using fortified river water and
urine (250 and 2500 ppb). The analyte recoveries
were excellent and the intra-assay CV was less than
or equal to 9%. Similar results were obtained for the
same group’s indirect EIA for the detection of 2,4-
D. An EIA for clomazone yielded similar dose-
response curves for spiked extracts of two soil
types.?13 A correlation coefficient of 0.98 was ob-
tained when the EIA of Dargar et al.?!6 for clomazone
was compared with a GLC method. The clomazone
EIA was found to agree with the results of leaf
damage bioassay tests when laboratory test soils
were analyzed, although agreement was not as good
for field soils. The inter- and intra-precision (CV)
for a 10-ppb control were 16.7 and 12.8%, respec-
tively. EIA efficiently recovered imazamethabenz
spikes (12.5 to 200 ppb) from barley and wheat over
the entire spiking range.?3> A mean recovery of
89.8% was obtained for four barley samples that
were spiked with 12.5 ppb.
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A set of 208 samples from rivers and water
treatment plants, some spiked as positive controls,
were used to assess the EIA for alachlor.?!” There
was good agreement between the EIA and the con-
firming GC/MS technique (R = 0.84) (Figure 18),
although the EIA was less accurate and precise
(CV% = 10 to 40). The EIA data were reinterpreted
using threshold levels of 0.5, 1.0, and 5.0 ppb. At
the 1.0-ppb level, 99% of the negative samples were
confirmed by GC/MS. Only 48% of the samples
that were positive at the 1.0-ppb threshold were
confirmed by GC/MS. Overall, the EIA could re-
duce the number of samples requiring confirmation
by 71%. This is a good example of the ability of an
IA to correctly identify negative samples in a screen-
ing application. The precision and accuracy of
Ohmicron’s magnetic particle-based EIA for alochlor
were studied and found to be satisfactory by the
replicate analysis of spiked water samples over a
range of concentrations.?!® When a set of 272 ground
water samples was spiked with 1 ppb alochlor, the
mean recovery of all samples was 107%. The curves
obtained by the dilution of positive samples were
found to parallel the assay calibration curve, which
indicates the absence of serious interferences. There
was good agreement between the EIA and a GC/
MS confirmation technique (R = 0.984). The EIAs
for metolachlor were validated in a recovery study
that used soils that were fortified with 20 and 50 ppb
of analyte.??! The mean recoveries for the direct and
indirect assays were 98 and 89% respectively; the
inter-assay CVs were 14.5 and 14%, respectively,
over 40 assays. Some matrix interferences were
noticed in the direct EIA. The EIA for bentazon was
validated by spiking tap water with the herbicide (1
to 100 ppb) and then analyzing the samples by EIA
and GC. The samples were preconcentrated by SPE
using C8 cartridges. Analyte recoveries ranged from
99 to 118% (SD = 1.8 to 13.4) and there was
excellent agreement between the two methods (R?
=0.95).2%4

The various IAs for paraquat have been vali-
dated using spiked serum (R =0.95), 2%3 spiked soils
(R =0.97),206311 gerym (R =0.997 for the F1A),203.213
plasma (R = 0.998),201332 and milk, potato, and
ground beef 22 Good agreement was established in
a comparison of an EIA and RIA for paraquat (R =
0.96; n=41).2% The precision of the FIA for paraquat
was established by the replicate analysis of low,
medium, and high paraquat spikes in serum samples;
the intra-assay precision was 6 to 9% and the inter-
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assay precision ranged from 6.9 to 11.4%. This is
excellent precision for a rapid screening assay.?!
Van Emon et al.2!!212 demonstrated parallelism be-
tween paraquat calibration curves that were pre-
pared in the presence of different levels biological
matrices. Paraquat recoveries from agricultural work-
ers were generally higher for EIA than GC; more-
over, the EIA afforded lower DLs 2!

C. Insecticides

When used to analyze fortified soil samples, the
chlordane EIA’s precision was adequate for a screen-
ing assay (CV% <20) across the assay’s analytical
range (3.8 to 897 ppm).2¥’ The EIA was able to
correctly detect the presence or absence of analyte
in seven soil samples. Analysis of DDA in sets of
spiked and nonspiked urine samples indicated close
agreement between an EIA for DDA and reference
GC and colorimetric methods.?¢” Extracts of milk
that had been fortified with diflubenzuron and BAY
SIR 8514 and then analyzed by EIA yielded calibra-
tion curves that were parallel to and statistically
indistinguishable from control curves.?*® The
permethrin EIA was validated by demonstration of
an approximately parallel relationship between the
control curve and a curve that was prepared in meat
extract.2*® There was good correlation between the
observed and expected levels of permethrin for
analyte levels greater than 50 ppb. The EIA for
aldicarb was shown to be applicable to a variety of
matrices such as stream water, plasma, urine, and
citrus fruit juices; the dose responses were linear for
the fortified matrices, although some low-level ma-
trix interferences are apparent from the published
curves.2% The precision and accuracy of the mag-
netic particle-based EIA for aldicarb were estab-
lished in a series of experiments that used spiked
water from various sources.””’ An additive dose
response was demonstrated when 160 water samples
from across the U.S. were spiked with 30 ppb of
aldicarb. A correlation coefficient of 0.93 was ob-
tained when 14 ground water samples were ana-
lyzed by EIA and HPLC and GC confirmation
methods.

When used to analyze spiked blood, an RIA for
paraoxon showed good precision (9.5 to 12%) over
the range 0.2 to 3.2 ng.333 The ability of the EIA to
determine 4-nitrophenol in SFE extracts of soil
samples was verified by comparison with a GC

method (R* = 0.999).>'* The ability of the same
assay to detect parathion, after conversion to 4-
nitrophenol, was similarly validated (R% = 0.99). In
the latter regression analysis there was clustering of
the samples at high and low parathion levels. The
EIA for methoprene agreed well with an HPLC
confirmation method when used to analyze wheat,
flour, germ, bran, and tobacco extracts.2’® 27! The
inter- and intra-assay precision of the EIAs for FN,
CPM, and PIRM were studied and found to be
satisfactory.?® The intra-assay CV% was less than
15 for low, medium, and high pesticide wheat
samples in the FN and PIRM assays, and less than
25 in the CPM assay. Subsequent modifications to
the CPM assay improved its precision. The EIA
methods and an independent GC method compared
well when used to analyze the insecticide levels in
whole wheat and milling fractions. The ELISA for
B. thuringiensis israelensis endotoxin correlated well
with a bioassay control method when used to ana-
lyze seven commercial formulations of the insecti-
cide.?”

D. Fungicides

The FIA’s estimates of 2-ABZI in spiked water
samples were within 5% accuracy in a small-scale
experiment.1”® EIA and GC or LC-based methods
were used to recover the following fungicides from
a variety of foods and agricultural produce: MBC
and benomyl,277:279334 metalaxyl,2% triadimefon,?8!
and iprodione.?8? In most cases, there was close
agreement between the IA and the control method.
The performance of an EIA for benomyl and thia-
bendazole was validated by assessing analyte re-
coveries from a variety of fortified commodities.?’®
A GLC method and EIA gave comparable esti-
mates of the fungicide fenpropimorph in spiked tap
water and soil percolation water.?3 The EIA’’s esti-
mates were higher for samples from a treated field,
probably because the IA detects fenpropimorph and
fenpropimorph acid, whereas only the latter is de-
tected by GLC. The EIA for tetraconazole had ex-
cellent precision across its working range (<15%).286

Vil. FUTURE PROSPECTS

Prospects for the future use of IAs in envi-
ronmental laboratories are intimately linked to the
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selection of suitable target analytes, the demon-
strated application of several showcase IA methods,
and the innovative coupling of the AB-AG interac-
tion to emerging technologies from other disciplines.

A. Selection of Target Analytes

IAs can be developed for a wide variety of
agrochemicals and industrial contaminants. The cri-
teria used to select additional target molecules will
have a key influence on whether or not environmen-
tal IAs are eventually accepted as routine tools.
Proposed target molecules should be difficult to
analyze by conventional means.>* Since 1As do not
depend on volatility, thermal stability, or the pres-
ence of chromophores,® they are well suited to
compounds that are difficult to analyze by chro-
matographic methods.*!!?28 Many analytes that
usually require derivatization for detection by GC
or LC methods can be readily detected by IA. There
is a trend for the newer pesticides, especially bio-
logical agents, to be larger, more polar, and less
volatile than their predecessors — which should
make them suitable for analysis by IA.11-% JAs are
typically most sensitive toward large molecules that
have several polar groups.!® Although ABs can be
raised against haptens that are as small as 150 Da,?
assay quality tends to be poorer for small molecules
owing to the preponderance of low-affinity and
low-specificity ABs.!?

Ideally, the target molecule should be at least
moderately soluble in water, both for ease of sepa-
ration from lipid matrices and to facilitate binding
with the ABs in the assay buffer. Hydrophilic mol-
ecules can be difficult to analyze by conventional
methods.

There should be a genuine need for data on the
target molecule’s distribution and fate. Regulatory
agencies, analytical chemists, and IA specialists
could assist each other in the selection of target
molecules by compiling a list of analytes for which
screening techniques would be beneficial. Return
on the initial investment and cost savings will be
greatest for analytes that must be determined in
many samples.*13 A lone technician can readily
analyze more than 100 samples a day with many
environmental IAs. IA efficiency can be further
improved by the automation of individual assay
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steps using liquid handling work stations, automated
micro-titer plate washers, and semiautomated plate
readers or radiation counters,!631:138336 Completely
automated IA systems are now available for clinical
applications,37-33? some of which can process over
100 samples per hour.33833% Since IAs can be used
to screen large sample sets at realistic
costs,!73%77.130.132 they should facilitate large-scale
surveys and monitoring programs that are currently
unrealistic. Analyses that require the detection of
multiple analytes in a few samples, however, are
best undertaken by conventional means.

IAs are intended to complement rather than
replace conventional analytical techniques. In screen-
ing applications, all positive samples and, if neces-
sary, a statistical selection of negative samples should
be confirmed by an independent technique (Figure
7).3% Positive samples can be ranked in order of
suspected residue levels, for prioritized confirma-
tion. The confirmation of all positive samples may
be unnecessary when the presence of a known con-
taminant is being monitored in an ecosystem with
which the analyst is familiar, and which is known to
contain no interferences; in which case, the IA would
serve as a quantitative method. IAs are particularly
useful for the identification of samples that exceed
a threshold value and should be useful in the iden-
tification of waters that exceed contaminant guide-
lines. Particular care must be paid to samples that lie
close to the cut-off point or that yield dubious re-
sults. Such samples should be reanalyzed by the 1A
(Figure 7) and submitted for confirmation analysis
if doubts persist. Positive control samples can help
maintain confidence close to the cut-off concentra-
tion.

B. Factors Affecting Implementation

IAs have yet to make a significant impact in
routine environmental laboratories. In a submission
to the Congress of the U.S., Office of Technology
Assessment, Mumma and Hunter considered the
constraints and opportunities of IAs in light of regu-
latory and legislative influences.!! Regulatory agen-
cies were criticized for being slow to encourage
modern methods such as IAs. The agrochemical
industry, it was argued, should be encouraged to
share their IA data with the scientific community so
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that more informed decisions can be made on the
general usefulness of IA technology.

Approval of an IA by the relevant environmen-
tal regulatory agencies is a crucial prerequisite for
its widespread use in routine laboratories. The ma-
jority of the assays reviewed in the present report
must still be considered research tools rather than
routine methods. Although the California Depart-
ment of Agriculture, which has in the past sup-
ported the development and testing of IAs,!33! in
a risk-taking move has initiated a program to moni-
tor rice paddy water for molinate and thiobencarb
by ELISA.”” The FSIS in the U.S. is reported to
have decided to incorporate [As into its regulatory
program. FSIS has selected a group of pyrethrin
insecticides as its initial target compounds. Several
other regulatory agencies in the U.S. have con-
tracted out the development of new or improved
IAs or have entered into agreement with university
laboratories for the same purpose (for a list, see
Reference 138). The use of some of the more prom-
ising TAs in routine applications and the rational
development and distribution of ABs for additional
target analytes would help to popularize environ-
mental [As.

Without doubt, the poor availability of ABs has
retarded the acceptance of environmental IAs by
routine analysts. Although ABs have been devel-
oped for numerous key analytes in recent years,
those ABs are often unavailable to the scientific
community. Inexperienced laboratories are natu-
rally reluctant to undertake the time-consuming and
somewhat risky development of ABs, particularly if
scepticism about the applicability and general util-
ity of environmental 1As persists.

Several manufacturers of agrochemicals have
taken the lead in the production of ABs to their
products; many of those sera are mentioned in the
present review. Currently, about 50% of pesticide
manufacturers are reported to have healthy TA
projects.? Other manufacturers and producers of
industrial contaminants would do well to follow this
example. Once developed, sera could be made avail-
able to interested researchers through antibody
banks,’® as collaborative research gifts, or as com-
mercially marketed reagents; sera that are not avail-
able for general evaluation and use are of little
value. On this point, it is difficult to justify the
attitude of agrochemical corporations that decline to

make small quantities of sera to their pesticides
available to government laboratories for research
and evaluation purposes. In Burope, the possibility
of supplying ABs and immunoaffinity columns
through a centralized bureau is being studied.34!
Once ABs become more readily available, indi-
vidual users will be free to develop and optimize
their own assays. Alternatively, sera can be pro-
duced and marketed by the private sector. Profit-
ability dictates that private corporations will, at least
initially, develop assays for high-demand applica-
tions, %

Several companies now market 1A kits for the
detection of contaminants in food and in environ-
mental matrices.> 3¢ ImmunoSystems Inc. of
Scarborough, ME, was one of the first companies to
offer A kits for environmental contaminants. This
energetically managed company has developed kits
in tube (Res-I-Mune) and plate (Res-I-Quant) for-
mats for a wide range of compounds including
triazines, alachlor, aldicarb, benomyl, 2,4-D, and
carbofuran. More than any other company, IMS has
pioneered the development and use of commercial
IA kits for environmental applications. Millipore,
who initially distributed some of the IMS assay
systems as their Enviro Gard line of screening tests,
has now acquired IMS. The Millipore/IMS kits are
available for the following analytes: triazines, cy-
clodienes, carbofuran, 2,4-D, aldicarb, alachlor,
benomyl, picloram, PCP, methoprene, metalaxyi,
captan, and PCBs. Several of the kits are available
in tube and plate formats. Bio-Nebraska markets a
kit version of their IA for the detection of mer-
cury.?*2 The kit can be used to test samples either in
the field or laboratory. OHMICRON has developed
a series of Rapid Pesticide Immuno Detection as-
says that use ABs immobilized on magnetic par-
ticles to effect phase separation. The assay format
eliminates tube to tubes variation due to uneven AB
coating.3*> Assays are available for triazines,
aldicarb, alachlor, benomyl, 2,4-D, captan,
carbofuran, cyanazine, metolachlor, carbaryl, and
procymidone. Granite Division of Environmental
Diagnostics Inc. sells rapid format IA kits for
paraquat, but reports minimal sales thus far.3%
Westinghouse BioAnalytic, after having developed
and distributed EIAs for PCP, triazines, carbofuran,
aldicarb, and parathion, has now withdrawn from
the marketplace. EnSys Inc. of North Carolina, how-
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ever, is reported to have developed kits for the
detection of PCBs, PCP, and total petroleum hydro-
carbons. 3

Commercial IA kits should offer a clear-cut cost
advantage over conventional analytical methods, even
after allowing for replicate analyses and the inclu-
sion of control samples. Exorbitant pricing policies
will at best force laboratories with extensive analyti-
cal requirements to develop in-house kits, or, at
worst, to ignore IA technology altogether. On the
other hand, competitive pricing will make IA kits
more attractive to laboratory managers, facilitate the
replicate analysis of samples, help control overall
costs, and improve data comparability. Although the
market for environmental IAs has suffered its share
of growth pains, once the first few assays are firmly
established additional users should emerge to so-
lidify sales and pave the way for future growth.

C. Future Growth Areas

The low cost of JA technology should be par-
ticularly attractive to Third World Countries for
whom analytical costs are virtally prohibitive. Since
JTAs can often be used to analyze body fluids with
little or no clean-up, they could be used to screen
groups of humans following accidental or occupa-
tional exposure to harmful organic contami-
nants, 3985164268 ETA has been successfully used to
monitor agricultural workers for exposure to paraquat
in a pilot study.?!! In Germany, the RIA for 2,4-D
was used to monitor residue levels in the urine of
exposed workers from the agricultural and forestry
sectors.3* EIA also has been used to measure der-
mal and respiratory exposure in operators of all
terrain vehicle towed sprayers.3#7 1As are also ide-
ally suited for the detection of biomarkers of expo-
sure to environmental contaminants (for a review,
see Reference 348). Several assays that have been
developed for the detection of BP-DNA adducts
have been used to screen samples of people that are
considered to have high exposure to that contami-
nant. A novel application of 1A technology has been
the use of EIA to measure increases in cytochrome
P4501A1 levels in cod larvae and juveniles that
were exposed to crude oil. The method may prove
useful not only in detecting biological effects in
exposed natural populations, but also as an acces-
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sory to various lethal and sublethal toxicity tests.>*
Several EIA formats, particularly the coated tube
assays, are ideal for field applications such as moni-
toring adjacent waters during pesticide applications
and the selection of meaningful sampling sites dur-
ing surveillance studies.

Vill. RELATED TECHNOLOGIES

A. ImmunoAffinity Chromatography (IAC)

The selective AB-AG reaction can be used to
extract hapten molecules from complex solutions.
ABs have been used in a novel extraction system to
actively extract paraquat from macerated glass fiber
filters.219211 [n JAC, the ABs are attached to a rigid
or semi-rigid support which is then packed in a
small column. Aqueous phase sample is passed
through the column bed, the immobilized ABs se-
lectively remove the target molecules from solu-
tion, and the analyte is subsequently desorbed and
eluted. A variety of preactivated support materials
are commercially available. The activated columns
are stable and can usually be reused many times.3%0
For high pressure IAC (HPIAC) techniques, the
ABs are immobilized on rigid supports that can
withstand up to 1000 psi.**! IAC combined with
other clean-up methods such as gel permeation chro-
matography (GPC) could be used to selectively
remove contaminant residues from environmental
matrices. JAC has been used to extract the steroid
oestradiol-17b from plasma and milk.>>? Hamers
and Paulussen developed an automated column
switching system to link an IAC column with a C18
HPLC column for the isolation of nortestosterone
from biological samples.?3? Several hundred samples
could be analyzed on each IAC column. Immuno-
columns have also been coupled to on-line to liquid
chromatography columns for the isolation and de-
termination of aflatoxins34 and estrogen analytes,>5
and via a reversed phase precolumn, to an on-line
capillary GC system for the determination of
nortestosterone in large-volume urine samples.3%°
Researchers at Monsanto Agricultural Company
used IAC for the isolation of cytokinins.*’ The
column’s capacity was increased by the use of pu-
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rified IgG, and the method had a dynamic capture
efficiency of 100%. Co-extracted molecules were
not a problem when a MAB-based IAC system was
used to enrich chloramphenicol from swine muscle
tissue with 100% recoveries.>>® IAC has been used
to isolate many other analytes such as aflatoxin Mi
from milk,3*® chloramphenicol from milk (1 1) and
eges, 3% and nortestosterone from defatted meat
samples.36! The availability of continuous supplies
of MABs could help make IAC an attractive option
for analytical chemists. The potential benefits of
IAC warrants a rigorous evaluation of the technique
using some trial environmental analytes for which
ABs have already been developed.

B. Immunosensor Probes and Flow
Injection Immunoanalysis (FIIA)

There is much current interest among clinical
chemists in the development of immunosensor
probes for the in vivo detection of analytes.?62363
Similar probes could be used in nonclinical applica-
tions, such as the monitoring of effluents or receiv-
ing waters.362 Bright et al.36* described an evanes-
cent wave immunosensor that consisted of AB frag-
ments that were labeled with fluorescein and then
immobilized on the end of a fiber optic probe. When
analyte bound to the ABs, a three- to fivefold in-
crease in laser excited fluorescence occurred be-
cause of shielding of the fluorescein from its sol-
vent. The sensor could be regenerated more than 50
times and was evaluated using HSA as analyte. It is
also possible to immobilize the hapten on the probe
surface and to monitor the binding reaction using
ABs that are labeled with a fluorescent marker. 35366
Such a system has recently been reported for the
detection of parathion.3%” A casein-parathion conju-
gate was immobilized on the probe surface, and the
binding of anti-parathion ABs to the hapten was
monitored using a fluorescein isothiocyanate-labeled
second AB. The probe was calibrated using a range
of parathion standards. The probe could detect as
little as 0.3 ppb of parathion, which is excellent
sensitivity. Paraoxon was detected at 100 times
higher concentrations. The probe discriminated
against other anti-cholinesterase insecticides.

In an alternative format, unlabeled primary ABs
are immobilized on the probe; after contact with the

analyte, the probe is exposed to a fluorescein-la-
beled second AB.3%:3 The analyte level is propor-
tional to the intensity of the fluorescent signal that
can be induced by an excitation laser. This sand-
wich format is unsuitable for small haptens and
would have to be modified for use with most envi-
ronmental contaminants of current concern.

Biotronics Systems Corporation has developed
a capacitive affinity sensor for the detection of PCP;
the probe is intended for use in the continuous
monitoring of effluent or receiving water.>’° The
probe consists of a sensor cell that contains capture
ABs which are retained by a size-selective mem-
brane. Hapten molecules are covalently bound to
the sensor’s surface. When the probe is in contact
with sample, free analyte diffuses through the mem-
brane and displaces some of the ABs, which are
bound to the immobilized hapten. A change in the
dielectric constant between two capacitor plates re-
sults, which generates a measurable change in the
cell’s capacitance.

A flow immunosensor has been reported that
could rapidly detect as little as 29 pmol of 24-
dinitrophenol-lysine/200 pl in continuous flow con-
ditions; 7! this probe should be readily adaptable for
use with other analytes in water samples. In research
that opens the way for the development of multi-
channel immunosensors, Hlady et al.>’? demon-
strated the spatially resolved detection of AB-AG
reactions at a solid/liquid interface by means of
excited antigen fluorescence. There are still many
formidable problems associated with the develop-
ment of immunosensor probes,3® such as denatur-
ation of the ABs, nonspecific binding, irreversible
binding of competing compounds,*® and interfer-
ence from impurities in the sample that fluoresce at
the same wavelengths as the tracer;3%> these prob-
lems must be solved if immunoprobes are to be used
outside the research environment.?’3

The proven utility of electrochemical techniques,
such as flow injection analysis combined with elec-
trochemical detection, has sparked interest in the
development of electrochemical IAs (reviewed in
References 74 and 374). Two types of labels have
been explored: (1) enzyme labels that catalyze the
production of electroactive compounds and (2) la-
bels that are themselves electroactive. Several prom-
ising assays for clinically important analytes such as
digoxin (DL: 50 pg/ml) have been developed. Elec-
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trochemical IAs are free from many matrix interfer-
ence problems and afford DLs in the low picogram
per milliliter range with samples that are as small as
20 . Some recent research on this topic has led to
an electrochemical EIA that can be used for the
rapid and sensitive detection of toxic substances in
solution.?”> The traditional model compound 2.4-
DNP-L-lysine was used as the analyte for the initial
research. Basically, the system is a homogeneous
enzyme-linked electroimmunoassay. Anti-analyte
ABs are allowed to bind to an antigen mediator
complex. Introduction of analyte displaces the AG-
mediator in a competitive manner. The displaced
mediator assists the transfer of electrons from a
gold electrode to the HRP. Cycling of the media-
tor between the electrode and the enzyme gener-
ates an electrical current that can be measured.

The immunosensor electrode had a linear response
from O to 1 pM. Similar sensor systems should be
feasible for many small molecular weight environ-
mental contaminants, although, once again, there
are many practical problems that have yet to be
overcome. 376

The adaptation of flow injection analytical tech-
niques for use with biochemical reagents such as
ABs and enzymes have depended to date on ad-
equate contact time between the reagent and analyte
molecules which is achieved by the use of stopped-
flow techniques.>”” Two recently published reviews
have surveyed the FIIA methods proposed thus
far.377:380 The first FIIA method for the detection of
a pesticide in water used an anti-atrazine serum
which was immobilized on immunoaffinity mem-
branes (Figure 19).3”” The membrane is automati-
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FIGURE 18. Kramer and Schmidt's FHA system for the determination of
atrazine. POD, horse radish peroxidase; HPPA, hydroxyphenyl propionic
acid. (Taken from Biosensors & Bioelectronics, Elsevier Advanced Technol-
ogy: Oxford, England. With permission.)
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cally changed after each assay. A “stop-go” se-
quence was used to pump the reagents through the
membrane reactor chamber and a fluorometer was
used to detect the products of a peroxidase tracer.
The calibration curve was linear from 0.02 to 0.3 ng/
ml and the method had a DL of 0.02 ng/ml. The
FIIA’s precision was lower than that of the corre-
sponding EIA, which may have several causes: the
nature of the FIIA reaction, the use of nonequilibrium
conditions, and the immobilization technique. An-
other promising FIIA system uses ABs that are
immobilized on magnetic beads as the main reagent
in the reactor.3® An electromagnetic field is used to
keep the beads stationary while the other reagents
flow through the reactor coil. The reagents are se-
quentially injected in a competitive heterogeneous
sequence, and the amount of unbound label is used
to deduce the analyte concentration.

C. Multianalyte |1As

Theoretical and practical considerations restrict
the use of current IAs to single or dual analytes. 3!
Multianalyte IAs would find ready application in
clinical and environmental laboratories.5!-382.383 Tt
appears that assay formats that are based on labeled
ABs offer the best possibility for the detection of
multiple analytes in small-volume samples. Ekins
and co-workers 51382384 in a recent series of publi-
cations, have described the principles underlying a
multianalyte microspot IA technique (Figures 20
and 21). The authors estimate that the technique,
which is in its infancy, has the potential to detect as
many as 10° different analytes in a 100-ul sample.
The proposed technique would use fluorescent la-
bels, which are about the most active tracers avail-
able. The ABs are to be located in spatially sepa-
rated microspots that collectively form an array on
the surface of a microtiter well or of a probe. In
practice, an array size appropriate to the task at hand
would be used. Each microspot could be directed
against a different analyte. When a small number of
“capture” ABs are exposed to a small-volume
sample, the fraction of AB binding sites that be-
come occupied is directly proportional to analyte
concentration and is independent of the quantity of
capture ABs.32 A labeled second AB can be used
to detect either bound AG or unoccupied ABs (Fig-
ures 20 and 21).%! Both sets of ABs can be labeled
with rare earth fluorophores®! that have distinct

emission patterns;* the antibody occupancy can be
expressed as a ratio of the two signals (Figure 21).
The fluorophores would be quantified using time-
resolved fluorometric detectors.3! The practical ap-
plication of the technique awaits the development
of automated instruments that use spatially accurate
excitation lasers and photon detectors. A theoretical
analysis indicated that the noncompetitive microspot
array assays should have a sensitivity of 4 x 10715
M1— which betters conventional RIA-like assays,
which have a theoretical maximum sensitivity of
about 10-'* M/l regardless of the tracer sys-
tem.*447.61382 The basic principles underlying
multianalyte microspot 1As have been verified by
the use of a laser scanning confocal microscope.*7:6!
This novel assay format has the potential to revolu-
tionize environmental IAs by facilitating the detec-
tion of multiple analytes in a single test, while
improving assay sensitivity. The sensitivity of most
competitive IAs usually falls short of what is theo-
retically achievable. At this time, it appears that the
noncompetitive micro-spot IAs may offer the best
prospect of multianalyte detection at previously un-
surpassed levels.??

The first practical multianalyte IA was devel-
oped for the simultaneous assay of four clinically
important analytes in serum.’®> Four polystyrene
discs were coated with ABs and attached to either
side of a carrier stick. Occupied AB binding sites
were measured using a sandwich technique in which
a second biotin-labeled AB bound to the AB immo-
bilized analyte molecules. The biotin-labeled sec-
ond AB was quantified by means of streptavidin
labeled with a europium chelate. Kricka®? has iden-
tified the following problems that will have to be
solved before multianalyte IAs can become routine
analytical tools: the possibility of cross-reactions,
and difficulties in optimizing the assay ranges for
individual analytes. The former problem can prob-
ably be best addressed by the use of high-specificity
MABSs. Presumably, multianalyte calibration stan-
dards could be used to calibrate each probe or assay.
These are clear grounds for much additional re-
search into the practicality and potential of
multianalyte IAs for environmental contaminants.

IX. CONCLUSIONS

A decade of solid research into the use of IAs
for the detection of environmental contaminants has
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FIGURE 20. Microspotimmunoassay. First incubation: the fractional occupancy of AB binding sites is proportional to
the analyte concentration in the sample solution. Second incubation: the second AB reacts with occupied (noncom-
petitive) or unoccupied sites (competitive). (Reprinted with permission from Ekins et al., Clin. Chim. Acta. 1990, 194,

91-114; Elsevier Science Publishers.)

produced many IAs that can be used to detect low-
level analytes in environmental matrices, often with
little or no sample preparation. In several cases, the
AB’s specificity has been optimized so that detec-
tion of either a target compound or a group of
contaminants is favored. Many of these assays are
worthy of serious evaluation in routine settings be-
cause they combine sensitivity and precision, to-
gether with speed and low cost.

The development of environmental IAs has not
been problem free, however. Although it has been
possible to assay polar analytes in aqueous samples
or in extracts of solid matrices with minimal clean-
up, the assay of hydrophobic analytes in extracts of
fatty samples has proven more difficult. The diffi-
culty is caused by the tendency of residual lipids to
shield the analyte from AB binding sites. The prob-
lem of residual interferences, combined with the
lack of high activity tracer systems, has prevented
IAs from meeting the ultra-trace analytical require-
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ments for classes of compounds such as the HAHs.
Research into the performance of ABs in anhydrous
organic solvents and the development of high-activ-
ity fluorescent tracer systems may help to solve
these problems. Innovative assay designs that are
based on noncompetitive IA formats or that reduce
the levels of AB and tracer in competitive IAs can
also help to improve assay detection limits.

Among the factors that have impeded the wide-
spread use of IAs in environmental laboratories are
the paucity of full-scale and rigorous validation
studies, the lack of certification and official ap-
proval, the high initial cost of assay development,
and the previously poor availability of ABs to im-
portant pollutants. Active interest in IAs will in-
crease as the foregoing difficulties are overcome —
the converse applies.

Research into the development of new environ-
mental IAs should focus on analytes that are either
difficult and costly to analyze by conventional means,
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Publishers.)

or for which there is a strong analytical demand.
Assay kits or reagent ABs for such analytes have
the best chance of stimulating analysts to become
involved with IA technology.

Effective distribution of ABs to high-demand
analytes is essential if IAs are to become more
widely used for routine analytical tasks. University
and corporate laboratories can foster confidence
and interest in environmental IAs by initially dis-
tributing sera on a collaborative basis. Aftera serum’s
potential has been established for a variety of matri-
ces and applications, the ABs can be produced on a
large scale and then widely distributed through AB
banks or by the commercial distribution of 1A kits
or AB reagents.

Much effort is being made to lower the cost of
conventional analytical methods through the use of
innovative techniques, automated analyses, and min-
iaturization. Thus, it is doubtful that marginal cost
savings will suffice to induce analysts to adopt an
IA screening philosophy in the future. Unless the
cost savings are attractive, the analyst will, not un-
reasonably, opt for a conventional method. Conse-
quently, it is important that IA kits for environmen-

tal analytes be reasonably and competitively priced.
On this point, a realistic cost analysis for an A must
make allowance for adequate replication and the
inclusion of negative and positive control samples.

Present efforts by regulatory agencies and oth-
ers to establish guidelines for the validation and
approval of screening assays will most likely lead to
the approval and subsequent widespread use of some
of the more promising environmental IAs. This
process should help accelerate efforts to have other
1As approved. Certification is crucial if 1As are to
develop beyond the stage of being interesting re-
search tools for use in pilot studies. The recently
published validations of 1As for analytes such as the
S-triazine herbicides should increase confidence in
the ability of 1As to deal with real world samples.

The ability to detect multiple analytes in small-
volume samples without the need for sample prepa-
ration is an exciting prospect. A couple of first-
generation multianalyte IAs have already been an-
nounced for clinical analytes. Although much work
remains, it is clear that the successful development
of sensitive multianalyte IAs for clinical analytes
will have immediate implications and spin-off ben-
efits for environmental [As.
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There is a clear need for screening techniques
that will help to lower the sample burden for envi-
ronmental laboratories. The evidence suggests that,
for the foreseeable future, this requirement shall
persist and grow. Cost-effective screening technolo-
gies, such as IAs , that can improve analytical effi-
ciency should be enthusiastically explored. The main
users of environmental IAs will be analytical labo-
ratories that routinely process large sample sets.
Analysts who wish to explore what may be an
unfamiliar technology can start by using commer-
cial IA kits to screen sample sets. Until conftdence
is gained, samples can be processed using both
conventional and IA techniques, after which only a
random selection of negative samples and all posi-
tive samples need be confirmed. The list of analytes
for which ABs and A kits are available is already
impressive and is certain to lengthen over the next
5 years.

EIAs and CIAs are readily incorporated into kits
that are suited to field use by operatives with mini-
mal skills; these kits provide mainly qualitative data.
Quantitative TA kits are best used by technicians
who have mastered the practice of systematic work,
are aware of the underlying scientific principles on
which the particular kit is based, and who can be
relied upon to implement routine quality assurance
practices. The use of portable IAs for the identifica-
tion of contaminated waters, soils, or sediments,
and for monitoring the application of agrochemi-
cals shall probably increase in the coming years.
Once a contaminated body of water is identified,
additional samples can be collected and returned
to the laboratory for screening by a more complex
semiquantitative IA. Apart from reducing the num-
bers of negative samples that are collected, this strat-
egy also can help to broaden the scale and scope of
many environmental studies.

Interest in emerging immunotechnologies such
as FIIA, electrochemical immunoassays,
immunosensors, and IAC is also strong. The appli-
cation of FIIA to environmental analytes offers the
prospects of shorter analyses, ease of automation,
and assay miniaturization. Although still in the early
stages of development, immunosensors could be-
come important tools because of their potential to
continually or intermittently monitor effluents or
receiving waters for the presence of low-level con-
taminants. When automated and interfaced with a
computer, such an immunosensor would in essence
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be a robotic analyst. Multianalyte probes or mul-
tiple single-analyte probes could be attached to a
single robot.

A spate of recent European publications on the
use of TAC for the isolation of mycotoxins, antibi-
otics, anabolic steroids, and pharmaceuticals points
to a fairly obvious use for some of the sera that have
been generated for environmental contaminants.
Immunoaffinity columns could provide a ready
means of selectively isolating trace environmental
contaminants from a variety of matrices — particu-
larly aqueous samples. It can only be a matter of
time before research on this promising topic re-
ceives serious support.

In conclusion, [As are a useful analytical tool
that can complement conventional analytical meth-
ods. Although the technique is not problem free,
none of its identified shortcomings appear to be
insurmountable. Interested analysts should take the
initiative and explore IA’s potential in environmen-
tal applications. The potential value of a selective
and cost-effective screening technology far out-
weighs any associated risk. The overall prognosis is
that environmental IAs may eventually become as
valued by residue analysts as their counterparts are
by clinical chemists.
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APPENDIX
Abbreviations used:

ABs: antibodies

2-ABZI: 2-aminobenzimidazole

AChE: acetylcholinesterase

ACN: acetonitrile

AG: antigen

ANOVA: analysis of variance

AOAC: Association of Official Analytical
Chemists
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BGG: bovine gamma globulin

BLS: Blasticidin S

B, reference tubes in [As (zero analyte bound)

BP: benzo-a-pyrene

BSA: bovine serum albumin

CIA: chemiluminescence immunoassays

CR: cross-reactivity

CDI: carbodiimide

CMC: 1-cyclohexyl-3-(2-morpholinoethyl)
carbodiimide metho-4-toluene sulfonate

CONA: conalbumin

CPMe: chlorpyrifos-methyl

CV: coefficient of variation

CYP: dichlorovinyl cyclopropane carboxylic acid

2,4-D: 2 ,4-dichloro-phenoxyacetic acid

DAB: double antibody (technique)

DCC: dextran-coated charcoal

DCP: 0,0-diethyl-0-{4-carboxyethyl-phenyl]
phosphate

DDA: 2,2-bis(p-chlorophenyl) acetic acid

DDT: 1,1,1-trichloro-di~(4-chlorophenyl)ethane

DiCC: dicyclohexylcarbodiimide

DL: detection limit

DMF: dimethylformamide

DMSO: dimethyl sulfoxide

DNT: 2,4-dinitrotoluene

DTP: 2-(2,4-dichlorophenyl)-3-(1H-1,2,4-
triazoyl-1-yl)propanol

DTT: dithiothreitol

ECD: electron capture detector

EDC: 1-[3-(diethylamino)propyl]-3-ethylcarbo-
diimide

EIA: enzyme immunoassay

ELISA: enzyme linked immunosorbent assays

EMIT: enzyme-mediated IA technique

FIA: fluoroimmunoassay

FIIA: flow injection immunoanalysis

FN: fenitrothion

FSIS: Food Safety and Inspection Service of the
U.S. Department of Agriculture

GLC: gas liquid chromatography

GPC: gel permeation chromatography

HAH: halogenated aromatic hydrocarbon

HPIAC: high pressure IAC

HPLC: high performance liquid chromatography

HSA: horse serum albumin

I, concentration of analyte that causes 50%
inhibition in an IA

IA: immunoassay

IAB: immobilized antibody

IAC: immunoaffinity chromatography

IAsph: antibodies immobilized on plastic spheres

ICT: Imperial Chemical Industries

IDAB: immobilized DAB assay format

IgG: immuno-gamma-globulin

IH: immobilized hapten

IRMA: immunoradiometric assays

IUPAC: Intemnational Union of Pure and Ap-
plied Chemistry

KLH: keyhole lymphocyte albumin

GC: gas chromatography

GLC: gas liquid chromatography

HPIAC: high pressure immunoaffinity chroma-
tography

KLH: keyhole limpet haemocyanin

MABSs: monoclonal antibodies

MATP: methyl phosphonic acid, p-aminophenyl
1,2,2-trimethyl-propyldiester

MB: methabenzthiazuron

MBC: methyl 2-benzimidazolecarbamate

MBS: N-(m-maleimidobenzoyloxy)succinimide

MIB: 2-methylisoborenol

MW: molecular weight

MS: mass spectrometry

na: not applicable

NHS: N-hydroxysuccinimide

NPD: nitrogen phosphorous detector

NSB: tracer that is nonspecifically bound

OD: optical density

OVA: ovalbumin

PA: protein-A

PABs: polyclonal antibodies

PAHs: polycyclic aromatic hydrocarbons

PBA: 3-phenoxybenzoic acid

PBS: phosphate buffered saline

PCBs: polychlorinated biphenyls

PCDDs: polychlorinated dibenzo-p-dioxins

PCDFs: polychlorinated dibenzofurans

PCP: pentachlorophenol

PEG: polyethylene glycol

PM: pirimiphos-methyl

PP: precision profile

PT: pinch test

PQL.: practical quantitation limit

RSA: rabbit serum albumin

RIA: radioimmunoassay

SD: standard deviation of the mean

SFE: supercritical fluid extraction

SPE: solid phase extraction

2,4,5-T: 2,4,5-trichloro-phenoxyacetic acid
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TFZ: thiabendazole
TYG: thyroglobulin
UCLA: University of California, Los Angeles

Glossary

Affinity: A measure of the strength of the bind-
ing reaction between an antigenic determinant and
its antibody.

Antibodies: Protein molecules that are pro-
duced by vertebrate immune systems as a defense
against foreign substances (antigens). Antibodies
bind to specific sites on the foreign substance. The
antibodies used in immunoassays belong to the IgG
class of protein molecules.

Antiserum: Serum that contains antibodies to a
target antigen.

Antigen: Any molecule that can bind specifi-
cally to an antibody’s binding site.

Antigenic determinant: Area of the antigen
that is selectively recognized by an antibody.

Avidity: A measure of the integrated strength
of the binding reactions between antibodies and
antigens. The avidity of a pure antibody refers to
the combined strength of its interactions with anti-
genic determinants on the antigen. Avidity takes
into account AB-AG affinity, multivalency of the
AB or AG which can stabilize AB-AG complexes,
the arrangement of the AB-AG complex, and differ-
ences between the determinants on an AG. In the
case of an antiserum which contains polyclonal
antibodies, avidity refers to the combined strength
of the individual AB-AG reactions. The terms
avidity and affinity have been rather loosely used in
the literature.

B/B,: The ratio of the amount of signal mea-
sured in the presence of analyte to the amount mea-
sured in the absence of analyte.

Binder: In the case of immunoassays, the anti-
bodies are the binder molecules.

Carrier protein: A protein molecule to which
a hapten is attached in order to render it immuno-
genic.

Coating antigen: Antigen that is coupled to
carrier protein and is then immobilized on a solid
phase. Used in many EIA formats.

Hapten: A small molecule that can elicit an
immune response when conjugated to a carrier pro-
tein.
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Immunogen: A substance that can elicit an
immune response in a host species; induces anti-
body production. Generally a high molecular weight
protein or carbohydrate.

Ligand: In the case of immunoassays, the free
hapten, the analyte, the coating antigen, and the
labeled hapten are often referred to as ligands.

Monoclonal: A highly pure antibody that is
produced by a single lymphocyte clone. Each mono-
clonal antibody binds a single defined antigenic site
on the immunogen. Since monoclonal antibodies
can cross-react with other molecules, their specific-
ity should be ascertained.

Plasma: Blood from which the corpuscules
have been removed.

Polyclonal: Complex mixture of distinct anti-
bodies each produced by individual B lymphocyte
clones. The individual clonal antibodies may bind
with a broad range of affinities to different sites on
the immunogen.

Serum: The fluid obtained from clotted blood
or plasma, i.e., blood minus the blood cells and
fibrin.
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